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Introduction to thesis format and chapters 
 
This thesis was written in “thesis by publication” format and includes three published 
review papers, two published research articles, one unpublished research article and 
general discussion on on-going work that could potentially lead to future publications. 
Each chapter was referenced individually. The following table briefly outlines 
publication details for all the published papers. 
 
Publication information. 

Chapter Journal and year Impact factor Citations 

1.1 Oncolytic 
Virotherapy (2020) 

Not available 0 

1.2 Cancers (2019) 6.162 2 

1.3 Oncolytic 

Virotherapy (2019) 

Not available 1 

2.1 Journal of Virology 
(2018) 

4.324 7 

2.2 PNAS (2018) 9.58 7 

 

Chapter 1  
Includes three published reviews providing an in-depth introduction to oncolytic 
virotherapy, virus-receptor interactions, limitations of oncotherapy and strategies to 
overcome latter obstacles. 
 

• Chapter 1.1 
The opening chapter reviews the history of oncolytic virotherapy and findings from 
recent pre-clinical and clinical studies. Oncolytic virotherapy presents a self-amplifying 
treatment regime for selective targeting and lysis of cancer cells. This chapter 
highlights the mechanisms by which oncolytic virus (OVs) exert their antitumor activity 
and how the tumor tropism is maneuvered by viral genome and coat protein 
modifications. Furthermore, a brief account on antiviral immune response against 
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oncolytic viruses and strategies in development to avoid virus neutralization are 
discussed in this review.  
 
Significance 
This review covers literature on amenability of OVs to selectively target or re-target 
different tumors based on viral genome and virion architecture. It is imperative to study 
the diversity in OVs to better understand how they can be successfully utilized to treat 
different cancers. Finally, much of the phase studies on oncovirotherapy have suffered 
from pre-existing anti-viral immunity in patients or a rapid onset of neutralizing 
antibodies against the virus upon initial rounds of administration. Despite promising 

results from pre-clinical studies to demonstrate different strategies to bypass the anti-
viral immunity, there is a need to advance latter studies into clinical trials in order to 
utilize OVs to their full potential. 
 
Author contributions 
 
NJ researched literature, wrote all the sections of the review paper, generated the 
figures and made revisions. 
JTP, LB and MB had oversight of contents. 
 
 

• Chapter 1.2 
This review contains a general introduction to picornaviruses, including the breadth of 
their importance with regards to the pathogenicity and therapeutic potential. Also, the 
genome arrangement, capsid protein and non-structural protein compositions are 
discussed in this chapter. The literature on anti-tumor potential of coxsackievirus, 
poliovirus, echovirus, bovine enterovirus, Seneca Valley virus, Theiler’s murine 
encephalomyelitis virus, encephalomyocarditis virus and Mengovirus is summarized 
in a table format. SVV is discussed in detail in relation to its antitumor potential and 
clinical applications. 
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Significance 
For the first time, this review accounts for focused literature on oncolytic 
picornaviruses. Picornaviruses driven by their small virion size, replication in host 
cytoplasm and ability to be conveniently modified as cDNA, provide distinct 
advantages over other oncolytic viruses. Information from this review could potentially 
aid in understanding how strategies used to improve anti-tumor efficacy of one 
picornavirus can be translated into other closely related oncolytic picornaviruses. 
 
Author contributions 
 

NJ researched literature, generated all the figures, created the supplementary movie 
and made revisions. 
CM researched literature, wrote the manuscript and made revisions. 
LB and MB had oversight of contents. 
 
 

• Chapter 1.3 
OVs can broadly be categorized into two groups based on their capsid exterior: (1) 
enveloped viruses and (2) non-enveloped viruses. Enveloped viruses employ a 
relatively direct mode of infection, in which viral and cellular membranes fuse to deliver 
the nucleocapsid. On the other hand, non-enveloped viruses are internalized into the 
host cell through receptor mediated endocytosis. Natural receptors responsible for OV 
attachment and entry are overexpressed in tumors. This chapter includes a 
comprehensive review on interactions between OVs and their natural receptors 
present in tumors. Further to the structural information on OV-receptor complexes, 
differential expression of each receptor in tumors and non-malignant tissues is 
discussed briefly. 
 
Significance 
The expression of oncolytic virus natural receptors can vary depending on the tumor 
type or even the patient. In such instances, structural information on virus-receptor 
interactions could be beneficial in re-targeting different receptors by using soluble 
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protein adaptors or modification of coat proteins. In addition, the knowledge on 
receptors targeted by OVs could prove to be useful in screening patients prior to 
recruitment stage to assess if the treatment option is viable or not. 
 
Author contributions 
 
NJ researched literature, wrote all the sections of the review paper, generated the 
figures and made revisions. 
JTP, LB and MB had oversight of contents. 
 

 

Chapter 2 

This chapter includes two published and one unpublished research articles. Two 
published articles provide insights into Seneca Valley virus (SVV) full capsid, 
procapsid and full-capsid receptor complex structures. The unpublished article 
describes a thermal selection approach in obtaining stable SVV capsids and 
investigation of mutations conferring the thermal stability. 
 

• Chapter 2.1 
Chapter 2.1 was published in 2018. In this study, homogenous fractions of SVV full 
capsids and procapsids were purified by a 10-50% linear potassium tartrate density 
gradient. Cryo-electron microscopy (cryo-EM) reconstructions of SVV full capsids at 
3.8 Å and procapsids at 5.9 Å  identified capsid exteriors to be identical, indicative of 
the same antigenicity in both types of capsids. Further supporting the latter 
observation, a low resolution cryo-EM reconstruction of procapsid-anthrax toxin 
receptor 1 (ANTXR1) complex showed a similar arrangement of the receptor that is 
comparable to previously published low-resolution reconstruction of full capsid-
ANTXR1. In contrast to previously reported procapsid structures on enteroviruses, but 
in agreement with food-and-mouth disease virus (FMDV) procapsid, VP0 in SVV 
procapsid showed a transition to cleaved forms of VP4 and VP2. The only difference 
in capsid proteins was observed at the procapsid interior, where the density 
corresponding to first 28 amino acids was missing. Difference map between SVV full 
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capsid and procapsid, each filtered to 9 Å, showed arrangement of SVV RNA genome 
into a partially ordered dodecahedral cage. RNA loops in this cage were seen to be in 
contact with a positive patch present around the 5-fold axis, thus stabilizing the full 
capsid. SVV full capsids were found to be more acid labile than procapsids with both 
capsid types dissociating into pentamers at pH 5.5 and pH 6.0, respectively. 
 
Significance 
Viruses are extensively studied to help us understand infection and disease. One of 
the by-products of some virus infections are the naturally occurring empty virus 
capsids (containing no genome), termed procapsids, whose function remains unclear. 

Here, we investigated the structure and formation of the procapsids of Seneca Valley 
virus, to better understand how they form, what causes them to form, how they 
behave, and how we can make use of them. One potential benefit of this work is the 
modification of the procapsid to develop it for targeted in vivo delivery of therapeutics 
or to make a stable vaccine against SVV, which could be of great interest to the 
agricultural industry. 
 
Author contributions 
 
NJ purified SVV full capsids, procapsids, carried out SDS-PAGE analysis, plaque 
formation assays, transmission electron microscopy, stability experiments, negative-
stain single-particle reconstruction of procapsid pentamers and cryo-EM image 
processing. NJ prepared the text for aforementioned sections, generated all the 
figures and made revisions. 
MS did high-resolution cryo-EM imaging of SVV capsids. 
ES carried out the sucrose-gradient purification of SVV capsids. 
RAE provided technical assistance with microscopy. 
LNB assisted with SVV purification and had oversight of the project. 
MB carried out cryo-EM image processing, prepared the text on cryo-EM structures 
and had oversight of the project. 
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• Chapter 2.2 
This chapter was published in 2018. Previous studies from our lab and collaborators 
identified anthrax toxin receptor 1 as the high-affinity cellular receptor for SVV by 
genome-scale loss-of-function CRISPR screens and low-resolution cryo-EM. 
ANTXR1 is overexpressed in tumors and serves as one of the two sequentially similar 
receptors for the binding of protective antigen secreted by Bacillus anthracis. The 
second receptor, ANTXR2 is present in normal cells. The knowledge on detailed 
interactions between ANTXR1 and SVV was not known prior to this study. In this 
study, SVV-ANTXR1 complex structure was solved by cryo-EM to an overall nominal 
resolution of 3.8 Å with capsid proteins and receptor contacts resolved to 3.1 Å. In line 
with previously published low-resolution cryo-EM structure, a radial, “crown-like” 
arrangement of ANTXR1 was seen around the 5-fold axis of SVV. The refined atomic 
coordinates showed that ANTXR1 interacts with surface exposed loops of all the 
exterior capsid proteins, VP1-3. Overall, conformational changes in capsid proteins 
and ANTXR1 were minimal post-receptor binding, thus hinting the role of ANTXR1 as 

an attachment receptor. Comparison of SVV footprint on ANTXR1 and ANTXR2 
revealed that residues in contact with SVV are non-conserved between these two 
receptors, thereby providing a plausible structural basis for ANTXR1 recognition by 
SVV. 
 
Significance 
Anthrax toxin receptor 1 (ANTXR1), also known as Tumor Endothelial Marker 8, is 
overexpressed on the surface of tumor cells in over 60% of human cancers. A serious 
drawback for developing specific ligands for targeted therapy against ANTXR1 is the 
cross-reactivity with ANTXR2. Recently, ANTXR1 was identified as the high-affinity 
cellular receptor for Seneca Valley Virus (SVV). SVV has shown promising results as 
an oncolytic agent in clinical trials, and this discovery offers a powerful biomarker for 
selecting patient response to treatment. The identification of specific interaction sites 
between SVV and ANTXR1 lays the foundation to construct potent virus mutants with 
specific cancer tropism that can escape host antibody response and to expand the 
development of both antiangiogenic and anticancer antibody therapy. 
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Author contributions 
 
NJ purified SVV full capsids, carried out SVV-ANTXR1 interaction, initial cryo-EM 
imaging of SVV-ANTXR1 complex, cryo-EM image processing, atomic model building 
and structure analysis. NJ wrote the whole manuscript, prepared all the figures, 
movies and made revisions. 
LB assisted with SVV purification, SVV-ANTXR1 interaction and revisions. 
RAE provided technical assistance with microscopy. 
YT did high-resolution cryo-EM imaging of SVV-ANTXR1. 
MW provided microscope time and had oversight of the project. 

MB did high-resolution cryo-EM imaging of SVV-ANTXR1 and had oversight of the 
project. 
 
 

• Chapter 2.3 
This chapter is unpublished. As previously mentioned in chapter 2.1, SVV procapsids 
suffer from lack of particle stability. The same observation holds true for other 
picornaviral procapsids and virus-like particles (VLPs). VLPs have been shown to be 
useful as drug delivery vectors or as vaccines against diseases. Here, thermal mutants 
of SVV with improved capsid stability were developed by a thermal selection approach. 
In this method, wild-type SVV (SVVwt) was heated at temperatures ranging from 37-
60 oC to select for the temperature that causes a 100-fold reduction in virus titer. At 
first SVV showed a 100-fold decrease when heated at 58.5 oC for 30 mins, which 
further decreased over repeated heating and passaging of the virus. A single viral 
plaque purified and propagated from the latter step was subjected to successive 
rounds of heating at 56 oC, followed by passaging. At this temperature SVV virus titer 
remained stable and the virus was sent for sequencing after the third passage. 
Sequencing of full P1 coding region (VP1-4) and part of the P2 coding region (2A and 
2B) of the SVV-56 mutant (SVV-56mt) revealed two synonymous mutations and two 
non-synonymous mutations. A1776G mutation in the VP2 coding region mutates the 
translated amino acid from I217 to V. Particle stability thermal release assays 
(PaSTRy) of SVVwt and SVV-56mt showed a positive 2 oC shift in both RNA release 
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and the first protein melt peaks in the SVV-56mt, thereby confirming the superior 
particle stability of SVV-56mt. Our cryo-EM structure of the SVV-56mt capsid revealed 
the presence of additional non-covalent interactions at the interpentameric interface, 
thus stabilizing the capsid.t.  
 
Significance 
Seneca Valley virus is a promising anti-cancer agent with proven efficacy in clinical 
trials and also an emerging pathogen infecting pigs in the farming industry. To date, 
there is no available SVV vaccine developed for cancer treatments and the only 
available two vaccines against pathogenic strains are in the form of virus either 

attenuated or inactivated. Thus, the availability of information on how to develop stable 
recombinant SVV virus-like particles could prove to be beneficial for broad range of 
applications. Here, we selected for thermostable SVV mutants and characterized them 
to investigate their enhanced particle stability. Our data demonstrate the importance 
of enhancing the non-covalent interactions in the interpentameric surface in conferring 
superior particle stability. Future studies could be directed with the basis of mutating 
residues between neighboring pentamers to result in stabilizing interactions with the 
overarching goal of exploring this rationale to develop stable SVV VLPs. 
 
Author contributions 
 
NJ purified SVV wild-type and 56mt capsids, assisted with thermal selection assays, 
carried out initial cryo-EM image acquisition and processing, SDS-PAGE analysis, 
sequence analysis, PaSTRy assays, atomic model building and structure analysis. NJ 
prepared the whole manuscript, figures and made revisions. 
CM did the thermal selection assays, RNA isolation, PCR amplification and analyzed 
the sequence. 
ES did the cryo-EM reconstruction of SVV-56mt. 
LB provided assistance with RNA isolation, PCR amplification and revisions. 
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Chapter 3 

 

Discussion and on-going work 

 
Instead of focusing on to what extent the findings from this thesis could aspire potential 
future directions, this chapter covers some of the present work that branched out from 
the published studies. Though methods and materials are not described in detail, 
general methods discussed in other chapters hold true for methods employed in this 
chapter. The findings from these studies are expected to generate future publications. 
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Abstract 

Oncolytic viruses (OVs) are replication competent agents that selectively target cancer 
cells. After penetrating the tumor cells, viruses replicate and eventually trigger cell 
lysis, releasing the new viral progeny, which at their turn will attack and kill neighboring 

cells. The ability of OVs to self-amplify within the tumor while sparing normal cells can 
provide several advantages including the capacity to encode and locally produce 
therapeutic protein payloads, and to prime the host immune system. OVs targeting of 
cancer cells is mediated by host factors that are differentially expressed between 
normal tissue and tumors, including viral receptors and internalization factors. In this 
review article, we will discuss the evolution of oncolytic viruses that have reached the 
stage of clinical trials, their mechanisms of oncolysis, cellular receptors, strategies for 
targeting cancers, viral neutralization and devel- opments to bypass virus 
neutralization.  

 

Keywords: oncolytic viruses, virus-receptor interaction, virus neutralization	 

 

Abbreviations: 
Ad   adenovirus 
ANTXR1  anthrax toxin receptor 1 
APC   antigen-presenting cells 
Bcl-xL   B-cell lymphoma-extra-large 
CAR   coxsackievirus-adenovirus receptor 
CD   cluster of differentiation 
DAF   decay-accelerating factor 
DAMPs  danger-associated molecular patterns 
DCR   disease control rate 
DNA   deoxyribonucleic acid 
dsDNA  double-stranded DNA 
DSG   desmoglein-2 
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EEV   extracellular enveloped particles 
EGFR   epidermal growth factor receptor 
eIF2   eukaryotic translation initiation factor 2 
Fab   antigen-binding fragment 
FDA   food and drug administration 
GAGs   glycosaminoglycans 
GM-CSF  granulocyte-macrophage colony-stimulating factor 
GP   glycoprotein 
HAdV   human adenovirus 
HRV2   human rhinovirus 2 

HSV-1   herpes simplex virus-1 
HVEM   herpes virus entry mediator 
ICAM-1  intercellular adhesion molecule-1 
ICD   immunogenic cell death 
ICP   infected cell protein 
IFN   interferon 
IL   interleukin 
IRES   internal ribosome entry site 
JAM-A  junction adhesion molecule-A 
LDLR   low-density lipoprotein receptor 
LMCV   lymphocytic choriomeningitis virus 
LV   lentiviral 
MAPK   mitogen-activated protein kinases 
MHC   antigen-major histocompatibility complex 
mRNA   messenger RNA 
MSC   mesenchymal stem cell 
MV   measles virus 
NCT   national clinical trial 
NDV   Newcastle disease virus 
NIS   sodium iodide symporter 

OV   oncolytic virus 
PKR   protein kinase R 
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PolySA  polysialic acid 
pRb   retinoblastoma protein 
PV   poliovirus 
RGD   arginine-glycine-aspartic acid 
RNA   ribonucleic acid 
rVSV   recombinant vesicular stomatitis virus 
SA   sialic acid 
ssRNA  single-stranded RNA 
T-VEC  Talimogene Laherparepvec 
TAP   transporter associated with antigen presentation 

TK   thymidine kinase 
TNF-α   tumor necrosis factor-α 
TYRP1  tyrosinase-related protein1 
UV   ultraviolet 
VGF   vaccinia growth factor 
VSV   vesicular stomatitis virus 
VV   vaccinia virus 
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Introduction 

Cancer remains one of the most prevalent non-communicable diseases worldwide1. 
While traditional cancer therapies including chemotherapy, radiotherapy, surgery and 
radiosurgery can result in a beneficial outcome, they often cause severe off-target 
cytotoxicity. The necessity to specifically aim at cancer cells, while sparing healthy 
cells, has encouraged the development of targeted cancer treatment paradigms. In 
recent years significant progress has been made in developing viruses as a 
therapeutic strategy against cancer2. Oncolytic viruses (OVs) are replication 
competent viral strains that specifically infect and lyse cancer cells. Many of the 
advantages of using OVs for cancer therapy arise from the fact they can be considered 

self-amplifying anti-cancer agents. Following tumor cell entry, OVs replicate and 
eventually trigger cell lysis, releasing new viral progeny, which in turn will invade and 
kill neighboring cells. The fact that viral amplification occurs within the tumor is likely 
to play an important role in tumor control through cell-cell spread3. Additionally, viruses 
released from lysed cells can be transported by the circulatory system to tumors 
residing remotely from the original site. 

 
The first documented case of using viruses as a potential cancer treatment dates back 
to 1910s, when a patient diagnosed with cervical carcinoma experienced remission 
after vaccination with a live-attenuated rabies vaccine4. This incident prompted further 
clinical studies using rabies vaccine as an anti-cancer agent and exploitation of many 
other oncolytic viral strains such as Egypt 101 virus5, adenoidal-pharyngeal-
conjunctival virus6, Newcastle disease virus7,8 and mumps virus9. However, it should 
be noted that these initial trials were fraught with unethical practices. In recent years, 
there has been a resurgence of studies focused on possible roles for viruses in killing 
cancer cells. At the moment, more than 70 clinical trials using OVs are either active or 
recruiting patients10 and many other viruses are in pre-clinical trials. This interest was 
ignited in part by the approval of Talimogene Laherparepvec (T-VEC), a modified 
oncolytic herpes simplex virus-111 for clinical use in USA, Europe and Australia12, 
along with the clinical use of adenovirus derived Oncorine for head and neck cancers 
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treatment in China13 and native Echovirus 7 under the name of Rigvir14 for the 
treatment of melanoma in several European countries15. 
 
This review is focused on the evolution of oncolytic viruses that have reached the 
stage of clinical trials, their mechanisms of oncolysis and interactions with cellular 
receptors. In addition, limitations associated with oncovirotherapy such as antiviral 
immune response (viral neutralization) will be discussed along with recent 
developments towards overcoming such obstacles. 
 

Mechanisms of oncolysis 
 
Most oncolytic viruses exert anti-tumor activity by penetrating the tumor cells, 
establishing a lytic cycle and ultimately causing the activation of cell death pathways. 
While some OVs have the natural capacity to infect specific tumors through receptor 
mediated internalization14,16-18, most OVs have been engineered to enhance their 
tumor selectivity and to reduce virulence in normal cells12,13,19,20. Even though natural 
receptors responsible for oncolytic viral entry are expressed on non-malignant cells 
thereby allowing a successful infection21-23, OVs often require a defect in innate 
immunity to successfully infect and propagate, which is only present in tumor cells but 
not in healthy cells24. Alterations in transcriptional and cell signaling pathways, such 
as increased expression of B-cell lymphoma-extra-large (Bcl-xL) and activation of 
mitogen-activated protein kinases (MAPK) signaling can lead cancer cells to be more 
susceptible to OVs25,26. In addition to direct cell lysis, OV infection and subsequent cell 
lysis trigger the release of danger-associated molecular patterns (DAMPs) that 
contribute to a long-lasting adaptive antitumor immune response27-29. In fact, 
substantial effort has been made to develop OVs that encode transgenes designed to 
induce an immunogenic cell death (ICD) with the goal of priming the immune system 
against tumors30-33. ICD releases DAMPs, which are recognized by antigen-presenting 

cells (APCs) such as macrophages and dendritic cells in the tumor microenvironment 
to elicit an innate immune response34. As viral replication and tumor lysis progress, 
APCs produce cytokines, eventually recruiting other immune cells. The ultimate goal 
of this immune priming process is to activate T lymphocytes against specific tumor 
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antigens in order to establish an adaptive immunity35. Evidence for OV-induced innate 
and adaptive immune responses comes from several clinical trials. For instance, 
increased abundance of CD8+ and CD4+ T cells has been reported in patients with 
advanced melanoma, who received T-VEC or coxsackievirus in separate clinical 
trials31,36-38. Patients with metastatic pancreatic adenocarcinoma showed increased B 
cells and natural killer cells when treated with a combination of reovirus and 
paclitaxel/carboplatin and these responses were linked to an increased disease 
control rate (DCR) in responding patients33. Furthermore, increased expression of 
anti-inflammatory cytokines such as interleukin (IL) 6, IL 10 and tumor necrosis factor-
α (TNF-α) was reported in patients with refractory primary or metastatic liver cancer 

treated with poxvirus strain JX-59432, with some patients showing a durable objective 
response according to response evaluation criteria in solid tumors. In addition, OVs 
have also been reported to directly interfere with tumor perfusion. Engineered forms 
of adenoviruses39 and vaccinia virus40 have been shown to elicit antiangiogenic effects 
in mouse models. While not yet clinically documented, the possibility of a single OV to 
employ all three mechanisms of oncolysis in ongoing trials or in future developments 
holds promise. 
 

Architecture of oncolytic viruses 
 
The nature of the genome and the morphology of OVs are two essential factors that 
influence their amenability for cancer treatment development. First, oncolytic viruses 
pose different advantages for oncovirotherapy depending on their DNA or RNA 
genome. The structural stability of DNA combined with the precision of the DNA 
polymerase allows double-stranded DNA (dsDNA) viruses to encode a large number 
of proteins. The dsDNA viruses have the advantage of a stable genome that can be 
engineered to attenuate a pathogenic viral strain, to increase tumor specificity, to avoid 

anti-viral immune response or to code for proteins that can act synergistically with 
existing inflammatory host responses to establish a stronger anti-tumor immune 
response2. A classic example is T-VEC, which has been modified to attain reduced 
neurovirulence41 and to stimulate the immune response42.  
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On the other hand, oncolytic RNA viruses possess the advantages of tumor specificity 
and a low off-target cytotoxicity dependent on the affinity to specific receptor usage. 
Paramyxoviruses and picornaviruses are two virus families that have been extensively 
studied for their oncolytic potential. Newcastle disease virus and measles virus from 
Paramyxoviridae family feature a negative-sense, non-segmented single-stranded 
RNA, which requires conversion into a positive-sense RNA before translation43. In 
picornaviruses, the positive-sense single-stranded RNA (ssRNA) genome acts as a 
messenger RNA (mRNA) and it is translated into the viral polyprotein shortly after 
penetrating the host cells. This provides a mechanism for oncolytic picornaviruses to 
replicate and propagate faster44,45. RNA viruses inherit a high error rate in genome 

replication and therefore are genetically unstable46. From an evolutionary point of 
view, such mechanisms allow them to outmaneuver the host’s antiviral response due 
to viral diversity but can raise challenges for oncovirotherapy, especially when the 
virus is pathogenic in nature.  
 
In addition to the classification of oncolytic viruses based on their genetic materials, 
they can be further sub-divided into two groups depending on virion architecture. 
Herpes simplex virus, vaccinia virus and rhabdoviruses fall into the enveloped DNA 
virus group, whereas adenovirus and reovirus belong to non-enveloped DNA virus 
group. In oncolytic RNA virus group, paramyxoviruses such as Newcastle disease 
virus and measles virus are enveloped, whereas picornaviruses are in the non-
enveloped group. In terms of viral morphology, enveloped viruses are easily amenable 
to modification for use as OVs. Their morphology implies a relatively direct mode of 
infection in which the viral and cellular membranes fuse in order to deliver the 
nucleocapsid to the cytoplasmic space47. The mechanism is mediated by the presence 
of fusion proteins evolved to recognize specific cellular receptors (Figure 1-1-1). 
Triggered by special cues, either changes in pH or the binding of co-receptors, fusion 
proteins undergo major conformational changes bringing the two membranes in close 
proximity and eventually causing them to merge47. Non-enveloped virus architecture 
consists of a protein cage with icosahedral or helical symmetry harbouring the 

genome. Their mechanisms of cell entry are less understood, but it is known to involve 
the binding of a specific cellular receptor (Figure 1-1-1) that could trigger a signaling 
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process leading to capsid endocytosis48. Alternatively, receptor binding could function 
just as an attachment strategy to be followed by entry49. The requirement of a specific 
receptor for tumor recognition and infection has been intensively investigated in 
picornaviruses and adenoviruses (Figure 1-1-1).  

 

Figure 1-1-1. Targeting of receptors overexpressed in cancers with oncolytic 
viruses. Enveloped DNA viruses utilize their surface glycoproteins to bind receptors 
over-expressed in cancers. Herpes simplex virus glycoprotein D binds herpes virus 
entry mediator (HVEM) or nectin-1 prior to initiation of host membrane fusion by HSV 
glycoprotein B. Vaccinia virus and vesicular stomatitis virus bind cell surface 
glycosaminoglycans (GAGs) and low-density lipoprotein (LDLR) receptor, 
respectively. Enveloped, RNA viruses Newcastle disease virus and measles virus 
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interact with cell surface sialic acid (SA) and CD46 or nectin-4, respectively, to 
facilitate entry into host cells. Sialic acid or poly-sialic acid (PolySA) serves as an 
attachment receptor for non-enveloped DNA viruses such as reovirus and human 
adenovirus. Junction adhesion molecule-A (JAM-A) acts as the entry receptor for 
reovirus, whereas coxsackievirus-adenovirus receptor (CAR), CD46, desmoglein-2 
(DSG) have been shown to be the entry receptors for adenoviruses. Parvovirus 
(ssDNA) exploits cell surface transferrin receptor 1 as the entry receptor. Among the 
non-enveloped RNA viruses seneca valley virus, poliovirus, coxsackievirus bind 
anthrax toxin receptor-1 (ANTXR1), CD155, intercellular adhesion molecule-1 (ICAM-
1) or CAR, respectively.  

 

The virion size and morphology are two important factors controlling OVs applicability. 
In order to spread and elicit their antitumor effect, oncolytic viruses must be able to 
overcome numerous physical barriers in the tumor microenvironment such as tight 
cell-cell junctions, extracellular matrix deposits, stromal cells and interstitial fluid 
pressure50. Some oncolytic viruses, such as picornaviruses, have a small size (~30 
nm) and can overcome such physical barriers51,52.   

 
A serious obstacle for both enveloped and non-enveloped oncolytic viruses is to pass 
the genome across the cellular membrane. This can be done either by disrupting the 
membrane continuity or by using a channel formed by viral and/or cellular proteins48. 
 

Strategies for targeting cancer cells and reducing off-target 

cytotoxicity 
 
Selective targeting of tumors is of utmost importance and perhaps the most frequently 
discussed topic in the field of oncovirotherapy due to the use of human pathogenic 
viruses to treat cancers53. These strategies could either involve exploiting inherent 
properties of a wild-type oncolytic virus such as specific receptor/dis-regulated cellular 
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mechanisms usage and/or manipulating specific viral genes and surface properties to 
render tumor specificity. 
 

Utilizing the natural tropism of OVs 
 
Natural tropism is the capacity of a population of viruses to exploit extracellular 
markers expressed in cancer cells or to utilize intracellular pathways or immune-
avoidance mechanisms to target tumors. Receptors responsible for oncoviral 

permissivity in tumors often play an essential role in tumor growth and progression or 
in providing protection from anti-tumor immune mechanisms24. For instance, cluster of 
differentiation (CD) 155, CD46, and integrin α2β1 overexpressed in tumors, providing 
innate immunity for cancer cells, serve as entry ports for oncolytic poliovirus, measles 
virus and echovirus, respectively54-56. On the other hand, herpes virus entry mediator 
(HVEM) and nectin-1, anthrax toxin receptor 1 (ANTXR1), intracellular adhesion 
molecule-1 (ICAM1) and decay-accelerating factor (DAF), laminin receptor, which all 
have a functional role in tumor growth and progression, have been identified as the 
cellular receptors for herpes simplex virus, Seneca Valley virus-001, coxsackievirus 
and Sindbis virus17,57-61. In addition, numerous oncogenic pathways involved in 
carcinogenesis overlap with requirements for a successful infection and replication in 
some native oncolytic viruses. For example, tumor selectivity of Reolysin is dependent 
on a number of endogenous tumor factors such as RAS activation, downregulation of 
interferon (IFN) antiviral response and p53 pathway26,62,63. Furthermore, Newcastle 
disease virus has been shown to target cancer cells overexpressing an anti-apoptotic 
protein Bcl-xL25, while the high specificity of vesicular stomatitis virus for cancer cells 
is governed by its high sensitivity to type I IFNs, a system defective in most cancer 
types64. 
 

Engineered tropism 
 
There are several strategies dictated by their viral architecture for modifying OVs to 
specifically target cancer cells. For enveloped viruses, a direct method is the insertion 
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of glycoproteins from other viruses that recognize the targeted receptor (Figure 1-1-
2). For instance, it was shown that a modified lentiviral vector, that possesses E2 
glycoprotein in the envelope, can target a P-glycoprotein in melanoma65. The 
neurotoxicity of vesicular stomatitis virus (VSV) has been abrogated by the substitution 
of its glycoprotein G with a glycoprotein variant of the lymphocytic choriomeningitis 
virus (LMCV-GP)66. Similarly, coat proteins can be modified with peptide ligands or 
antibody fragments recognized by the desired receptors24,67. Adenovirus capsid fibers 
have been modified with an insertion of arginine-glycine-aspartic acid (RGD) moiety 
acting as the binding site of integrin receptors overexpressed in tumors (Figure 1-1-
2)68. An alternative retargeting approach that does not involve the modification of the 

virus is the use of bispecific soluble adapters designed to bind both the OV and any 
given targeted antigen on cell membrane, mimicking a bona fide virus-receptor 
engagement (Figure 1-1-2). This strategy was employed to redirect HSV binding from 
nectin-1 to epidermal growth factor receptor (EGFR) by using a soluble adaptor protein 
P-V528LH that harbors a gD-binding domain of nectin-1 fused to virus and a single-
chain antibody with affinity to EGFR69. 

 
Figure 1-1-2. Strategies for retargeting cancers with oncolytic viruses. Oncolytic 
viral architecture can be modified primarily in three different ways to target cancer-



 
 

 33 

specific receptors. Pseudotyping of lentiviral (LV) envelope glycoproteins with a 
variant of Sindbis virus envelope protein has enabled successful targeting of P-
glycoprotein expressed on melanoma cells. Substitution of vesicular stomatitis virus 
envelope glycoprotein with a variant glycoprotein from lymphocytic choriomeningitis 
virus glycoprotein (LCMV- GP) has enhanced the tumor specificity of the recombinant 
vesicular stomatitis virus (rVSV). Recombinant adenovirus strains have been 
developed (Ad5lucRGD) by incorporating an RGD moiety required for interaction with 
integrin receptors overexpressed in cancers. Finally, bispecific soluble adaptors (P-
V528LH) have been used in the case of herpes simplex virus (HSV), that includes gD-
binding domain of nectin-1 fused to virus and a single-chain antibody with affinity to 

epidermal growth factor receptor (EGFR). 
 
 
Several genetic modifications have been introduced in some oncolytic viruses to 
warrant tumor selectivity and to monitor the biodistribution of such viruses after 
administration (Table 1-1-1). Mutations introduced into herpes simplex virus-1 (HSV-
1), vaccinia virus (VV), adenovirus (HAdV) and poliovirus (PV) strains have been 
shown to restrict the replication of these viruses to cancer cells and to reduce the 
toxicity associated with wild-type strains. The selectivity of T-VEC, a modified HSV-1 
strain, for tumors is regulated by inherently low expression of protein kinase R (PKR) 
in cancers, that otherwise serves as an upstream target in normal cells to 
phosphorylate eukaryotic translation initiation factor 2 (eIF2) to terminate host cell 
protein synthesis70. However, HSV infected cell protein (ICP) 34.5 protein has the 
capacity to reverse this mechanism by dephosphorylating eIF271. In addition, HSV 
ICP47 can inhibit the transporter associated with antigen presentation (TAP), 
ultimately reducing the expression levels of the antigen-major histocompatibility 
complex (MHC) type I72 Therefore, both ICP34.5 and 47 genomic sites have been 
deleted in T-VEC and replaced with two copies of hematopoietic granulocyte-
macrophage colony-stimulating factor (GM-CSF), that promotes the recruitment of 
dendritic cells and antigen-presenting cells (APC) to the tumor site73. The deletion of 

ICP47 also serves in translocating the herpes virus protein US11 to decrease the 
activity of PKR in cancer cells41.   
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Numerous HAdV strains have been genetically engineered to overcome healthy tissue 
damage and to selectively target tumors. ONYX-015, one of the first strains of 
genetically engineered HAdV, was designed to target p53 gene-deficient tumors. A 
deletion in E1B region prevents the expression of E1B55K protein, that inactivates 
p53-dependent apoptosis in normal cells74. In the absence of E1B55K protein, normal 
cells undergo p53-dependent apoptosis, thereby halting the viral life cycle. By 
contrast, ONYX-015 has the capacity to replicate in tumors with p53 deficiency, given 
the function of E1B55K can be compensated by other mechanisms in tumor cells. An 
in vivo study suggested that ONYX-015 can exert greater antitumor activity when 
combined with radiotherapy75. Furthermore, in a phase II clinical trial in patients with 

recurrent squamous cell cancer of the head and neck, intratumoral administration of 
ONYX-015 in conjunction with 5-fluorouracil and cisplatin showed a more significant 
effect when compared to monotherapy76. H101, a successor of ONYX-015, has been 
further modified with a deletion in E3B gene. H101 was the first HAdV to be approved 
for cancer treatment in China in 2006 under the name of Oncorine13. Next generation 
modified adenoviral strains harbor small deletions in E1A gene (E1ACR2 mutants) to 
suppress the release of E2F transcription factor by ablating the interactions between 
retinoblastoma protein (pRb) and E1A77. This modification further restricts adenoviral 
replication only in tumor cells with activated E2F expression. 
 
In order to make vaccinia virus safer for cancer therapy, two deletions have been 
made: thymidine kinase gene (TK) and vaccinia growth factor gene (VGF)78. Further 
attenuated viral strains have been developed by introducing mutations in F14.5L and 
A56R genes20. These genes are responsible for encoding a secretory signal peptide 
and hemagglutinin, respectively. JX-594, a TK-mutant, expressing GM-CSF has been 
tested in phase I and phase II clinical studies in hepatocellular carcinoma and liver 
cancer as stand-alone treatment or in combination with sorafenib. Collectively, these 
studies showed a safe yet profound anti-tumor response in JX-594 monotherapy and 
combination treatment groups in comparison to sorafenib alone79-81. 
 
Several strategies have been tested in reducing PV neurotoxicity: (1) use of live-
attenuated poliovirus vaccines82, (2) delivery of engineered PV genome deficient of 
P1 coding region (replicons), thereby preventing the formation of new viral progenies 
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and spread83, (3) A133G mutation in cis-acting replication element (CRE) and 
relocation of CRE to a spacer region84, (4) replacement of internal ribosome entry site 
(IRES) of PV (PVSRIPO) with that of human rhinovirus 2 (HRV2)85. Ribonucleoprotein 
complex formed in PVSRIPO is incompatible with HRV2 IRES-mediated translation in 
normal human central nervous system, therefore, rendering the neuronal 
incompetence of PVSRIPO86. PVSRIPO has completed a phase I dose-finding clinical 
study in patients with grade IV malignant glioma with no neurotoxicity reported87.  
 

Virus neutralization  
 
A major limitation for the extensive use of OVs in cancer treatment is the rapid 
neutralization by the immune system, which can restrain the viral spread and reduce 
the efficacy of repeat administrations88. Antiviral immune response could hinder viral 
infection or replication at several stages: 1) Neutralization, opsonization and 
sequestration prior to cell entry, 2) Inhibition of virus replication by induction of antiviral 
responses such as type I interferons in infected cells, and 3) Lysis of infected cells by 
innate immune cells prior to viral-induced lysis of cells. Many of the viruses used in 
cancer therapy are human pathogens and pre-existing antiviral antibodies obstruct the 
systemic delivery to the tumor, limiting the potential routes for viral delivery to 
intratumoral injection. Various pre-clinical and phase I clinical studies have shown 
decreased oncolytic viral replication, viral clearance and reduced anti-tumor activity in 
immunocompetent hosts89-96. 
 
Evidence for pre-existing immunity against oncolytic viruses has been well 
documented for vaccinia virus due to its use in eradicating the smallpox and also for 
reovirus, that is universally abundant in the environment97. In vaccinia virus, 
neutralizing antibodies have been shown to target H3L envelope protein, that plays an 
essential role in viral-host cell membrane fusion98. Structural insights into antibody 

neutralization of reovirus suggested that neutralizing antibodies sterically hinder the 
JAM-A receptor binding to reovirus99.
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Table 1-1-1. M
odified O

ncolytic Viruses in Clinical Trials. C
linical trials as registered at https://clinicaltrials.gov. C

linical trial status 

and N
ational C

linical Trial (N
C

T) identifier num
ber are given w

ithin parentheses at the end of each clinical trial description. 

O
ncolytic virus 

M
odifications 

Developm
ent status 

Exam
ples for Phase studies 

Herpes sim
plex 

virus-1 (HSV-1) 
Replacem

ent of ICP34.5 
and 47 genes with 
granulocyte-m

acrophage 
colony-stim

ulating factor 
(Talim

ogene 
Laherparepvec or T-VEC) 

U.S. FDA approved 
Phase II/III 
 

• 
Patients with unresectable Stage IIIb, IIIc and IV m

elanom
a 

(com
pleted, NCT00769704 and NCT00289016) 

 
• 

In com
bination with pem

brolizum
ab (M

K-3475) for treatm
ent of 

unresectable Stage IIIb-IVM
1c m

elanom
a (active, NCT02263508) 

 
• 

T-VEC as a neoadjuvant treatm
ent after surgery against 

unresectable Stage IIIb-IVM
1a m

elanom
a (active, NCT02211131) 

 
• 

Treatm
ent for unresectable recurrent breast cancer (active, 

NCT02658812) 
 

Adenovirus (Ad) 
Deletion of E1B55K and 
E3B genes (O

ncorine or 
H101) 

Approved in China 
Phase III 
 

• 
Treatm

ent of m
alignant pleural effusions in non-sm

all cell lung 
carcinom

a in com
bination with recom

binant hum
an endostatin 

injections (status unknown, NCT02579564) 
 

• 
Hepatic artery infusion chem

otherapy in com
bination with O

ncorine 
for the treatm

ent of hepatocellular carcinom
a (recruiting, 

NCT03780049) 
 

Deletion of E1B55K, E3B 
and E1ACR2 regions. 
Addition of Arginine-
G

lycine-Aspartic acid m
otif 

in capsid fibers (Delta-24-
RG

D) 

Phase I/II clinical 
trials 

Phase I/II 
 

• 
Safety study in patients with recurrent glioblastom

a (com
pleted, 

NCT01582516) 
 

• 
Treatm

ent for recurrent glioblastom
a and gliosarcom

a, followed by 
adm

inistration of pem
brolizum

ab (active, NCT02798406) 
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Vaccinia virus (VV) 
Deletion of thym

idine 
kinase gene, vaccinia 
growth factor gene and 
expressing granulocyte-
m

acrophage colony-
stim

ulating factor (JX594 
or Pexa-Vec) 

Phase II/III clinical 
trials 

Phase II/III 
 

• 
Com

bination therapy with m
etronom

ic cyclophospham
ide against 

advanced breast cancer and advanced soft-tissue sarcom
a 

(recruiting, NCT02630368) 
 

• 
Treatm

ent for patients with advanced hepatocellular carcinom
a 

unresponsive to sorafenib (com
pleted, NCT01387555) 

 
• 

In com
bination with Durvalum

ab and Trem
elim

um
ab for treatm

ent 
of refractory colorectal cancer (recruiting, NCT03206073) 

 
• 

Treatm
ent for hepatocellular carcinom

a in conjunction with 
sorafenib adm

inistration (active, NCT02562755) 
 

Vesicular stom
atitis 

virus (VSV) 
Expressing interferon-β 
and sodium

 iodide 
sym

porter (VSV-IFN
β-

NIS) 
 

Phase I clinical trials 
Phase I 
 

• 
Treatm

ent for refractory liver cancer or advanced solid tum
ors 

(active, NCT01628640) 
 

• 
As a m

onotherapy and in com
bination with avelum

ab against 
refractory solid tum

ors (recruiting, NCT02923466)  
 

• 
Com

bination therapy with pem
brolizum

ab in refractory non-sm
all 

cell lung cancer and head and neck squam
ous cell carcinom

a 
(recruiting, NCT03647163) 

 

Expressing interferon-β 
and tyrosinase-related 
protein1 genes (VSV-
IFN

β-TYRP1) 

Phase I clinical trials 
Phase I 
 

• 
Treatm

ent for stage III-IV m
elanom

a (recruiting, NCT03865212) 
 

M
easles virus (M

V) 
Encoding sodium

 iodide 
sym

porter (M
V-NIS) 

Phase II clinical trials 
Phase II 
 

• 
Vaccine therapy for recurrent or refractory m

ultiple m
yelom

a with or 
without cyclophospham

ide (active, NCT00450814) 
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• 

In com
bination with cyclophospham

ide for treating patients with 
relapsed/refractory m

yelom
a (recruiting, NCT02192775) 

• 
M

V-NIS infected m
esenchym

al stem
 cells in treating recurrent 

ovarian cancer (recruiting, NCT02068794) 
 

• 
Com

parative study for the effectiveness of M
V-NIS vs 

paclitaxel/topotecan hydrochloride/gem
citabine 

hydrochloride/pegylated liposom
al doxorubicin hydrochloride in 

treating fallopian, ovarian and peritoneal cancer (recruiting, 
NCT02364713) 

 

Poliovirus (PV) 
Internal ribosom

e entry 
site (IRES) of poliovirus 
replaced with that of 
hum

an rhinovirus 2 
(PVSRIPO

) 

Phase II clinical trials 
Phase II 
 

• 
Com

bination therapy of atezolizum
ab and PVSRIPO

 for treatm
ent 

of patients with recurrent m
alignant gliom

a (not yet recruiting, 
NCT03973879) 

 
• 

Stand-alone treatm
ent for patients with grade IV m

alignant gliom
a 

(recruiting, NCT02986178) 
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Pre-clinical studies on prostate-specific attenuated replication competent adenovirus 
(ARCA) showed a decreased antitumor activity in the presence of pre-existing 
antibodies93. In the case of measles virus (MV), pre-existing antibodies act as a major 
limitation in treating cancers in previously vaccinated patients100. Therefore, MV 
oncovirotherapy may only be limited for patients with certain cancers such as 
advanced multiple myeloma, where the immunosuppressed patients have a low level 
of anti-measles antibodies101. Furthermore, the administration of T-VEC is limited to 
intralesional injections for melanoma treatment due to high prevalence of anti-HSV1 
antibodies in humans102. Even in the absence of pre-existing antibodies, the immune 
system will eventually mount a response and severely reduce the period of virus 

efficacy to between a few days and couple of weeks, requiring multiple/increased 
doses of the virus97,103,104. Even more troublesome is the induction of primary antibody 
response or augmentation of a low pre-existing antiviral response upon initial 
administration of low seroprevalence viruses105,106. Such evidence arises from 
neutralization of low human seroprevalence viruses such as vesicular stomatitis virus 
(VSV) in non-immune human serum as early as one hour after exposure107,108. 
 
On the other hand, a major advantage of the stimulating effect raised by OVs on 
immune system against viruses is that it could enhance epitope spread to tumor 
antigens. One pre-clinical study on recombinant measles virus VLPs expressing the 
tumor-specific antigen claudin-6 triggered claudin-6-specific immune responses in 
melanoma mouse models, ultimately inhibiting tumor metastasis109. While generally 
pre-existing immunity for oncolytic viruses reduces their efficacy, a contrary finding 
was reported in the case of Newcastle disease viruses (NDV) where an augmented 
therapeutic effect was observed in melanoma mouse models in the presence of NDV-
specific antibodies through potentiation of systemic anti-tumor immunity110.  
 

Solutions to virus neutralization 
 
The presence of pre-existing anti-viral immunity or the development of neutralizing 
antibodies upon systemic administration of oncolytic viruses highlights the importance 
of developing novel strategies to prolong their availability to access tumors. At proof 
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of concept level, novel OV delivery methods have been proposed and can be 
categorized into four distinct groups (Figure 1-1-3 and table 1-1-2).  
 

Cell carriers 
 
Encapsulation of virus particles in a carrier is a logical approach as a strategy to 
conceal the antigenicity of native virions. Several molecular and cellular carriers have 
been investigated. Murine colon carcinoma cells infected with vesicular stomatitis virus 

(VSV) homed to cancer cells but not to normal cells, when delivered intravenously in 
a mouse lung tumor model111. Reovirus incorporated into dendritic cells and T cells 
can efficiently deliver the virus into cancer cells in the presence of neutralizing 
antibodies in vitro112 and in vivo113. Furthermore, antibody-neutralized reovirus 
complex can be introduced into human monocytes, where internalized complexes 
were processed to release infectious particles, ultimately targeting cancer cells114. 
Mesenchymal stem cells (MSCs) have been used as a delivery system for chimeric 
human adenovirus5/3 (HAdV5/3) with the primary purpose of masking the virus from 
immune attack115. The cellular receptor for HAdV5 entry, coxsackievirus and 
adenovirus receptor (CAR) is poorly expressed in MSCs116. This has been 
circumvented by swapping the receptor binding fiber knob domain of HAdV5 with that 
of HAdV3, allowing a CAR-independent cell binding115.  
 

Liposomes 
 
Liposomes are large hydrophilic spherical vesicles, which have been widely used for 
encapsulation and delivery of diverse range of drugs since they act as a shield from 
cellular and humoral responses117,118. In a pre-clinical study, liposomes were used to 

encapsulate oncolytic alphavirus strain M1 (M-LPO) with anti-tumor efficacy in vitro 

and a reduced immunogenicity in mice when administered intravenously119. A similar 
approach was used to encapsulate a replication-competent, ONYX-015-based 
plasmid in liposomes120. Liposomes harboring the plasmids were resistant to 
antibodies neutralizing the parent strain, while the plasmids could only transfect tumor 
cells which are p53 deficient.  
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Immunomodulators 
 
With the aid of conventional immunosuppressants used in the treatment of 
autoimmune disorders, the host immune response can be partially reduced to favor 
the targeted delivery of oncolytic viruses to tumors. Combination therapy of 
cyclophosphamide and reovirus has been shown to rescue reovirus when 
administered intravenously in mice121. Currently there are seven clinical trials that are 
either completed, active or in recruiting stage for combination or neoadjuvant therapy 
of metronomic cyclophosphamide with oncolytic viruses such as ONCOS-102 
(adenovirus), rQNestin34.5v.2 and T-VEC (HSV-1), MV-NIS (measles virus), and JX-
594 (vaccinia virus)122. In a non-cancer related study, T cells and B cells activated by 

repeated administration of adenovirus has been inhibited by anti-CD 20 en route to 
assist  a successful immunosuppressive regime of liver gene transfer123. 
 

Other strategies 
 
The use of DNA aptamers to shield viruses from neutralizing antibodies has been 
shown as a proof of concept in vitro study with vesicular stomatitis virus (VSV)124. In 
this study, aptamers were developed to bind virus surface as well as the antigen 
binding fragment (Fab) of anti-VSV antibodies, providing a dual protection mechanism 
when used concurrently with VSV. Another example for use of bifunctional adapters 
arises from a recent study on oncolytic adenovirus hTert-Ad treatment in combination 
with DE1scFv-pSia protein containing a DE1 domain of adenovirus hexon and a 
polysialic acid-specific single-chain variable fragment (scFv) to capture neutralizing 
antibodies and for tumor cell recognition, respectively125. 
 
In a different approach, prior treatment of cancer cells with UV-inactivated measles 
virus prevented the neutralization of the active virus, suggesting the possibility of using 
a "decoy virus" to sequester pre-existing antibodies126. Another strategy to counteract 

host anti-viral immunity is to use different serotypes of the virus (native or modified) or 
immune-evasive particle forms of the same virus. The feasibility of using different 
serotypes of adenovirus has been shown in a pre-clinical study, where intravenous 
administration inhibited the formation of bone metastases127. Vaccinia virus produces 
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extracellular enveloped particles (EEV) that possess a cell-derived envelope capable 
of evading neutralizing antibodies128. Therefore, high EVV-producing strains of 
vaccinia virus can be engineered to improve the spread of the virus upon systemic 
delivery129. In the case of measles virus, N-linked glycosylation of hemagglutinin 
resulted in strain resistance to a mixture of monoclonal antibodies130. 
 

 
Figure 1-1-3. Strategies to avoid virus neutralization. (A) Cell carriers such as 
monocytes (Reovirus-neutralizing antibody complex), dendritic cells (reovirus), 
endothelial cells (measles virus), stromal cells (adenovirus) and killer cells (vaccinia 
virus) remain as most extensively researched solutions to bypass the recognition by 

neutralizing antibodies. (B) Liposomes have been used to incorporate plasmids of 
oncolytic viruses such as Telomerase-specific oncolytic adenovirus (pTS). (C) Anti-
CD20 and cyclophosphamide (immunomodulators) aid in suppressing the antiviral 
immune response associated with adenovirus and reovirus treatment. (D) Other 
solutions to virus neutralization include the use of different serotypes of adenovirus 
strains, sequestration of pre-existing antibodies using UV–inactivated measles virus 
(decoy virus), and shielding of vesicular stomatitis virus and adenovirus with 
coadministration of DNA aptamers and bifunctional protein DE1scFv-pSia, 
respectively.
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Table 1-1-2. Strategies to avoid oncolytic virus neutralization 
 Strategy to avoid 
virus neutralization 

O
ncolytic virus and m

odifications 
Developm

ent status and treated cancer(s) 

Cell carriers 
• 

Vesicular stom
atitis virus-infected m

urine colon carcinom
a 

cells 
 

• 
Reovirus incorporated in T cells and dendritic cells 

 
• 

Reovirus-antibody com
plex loaded into hum

an m
onocytes 

 
• 

Chim
eric adenovirus type 5/3 capsid (O

Ad)-infected 
m

esenchym
al strom

al cells 
 

• 
M

easles virus-infected endothelial, m
onocytic or 

stim
ulated peripheral blood cells 

 
• 

Vaccinia virus introduced into cytokine-induced killer cells 

• 
In vivo study against lung cancer 111 

  
• 

In vivo study against m
etastatic m

elanom
a
112,113 

 
• 

In vivo study against m
elanom

a
114 

 
• 

In vitro study against pancreatic cancer 115 
  

• 
In vivo study against ovarian cancer 131 

  
• 

In vivo study against ovarian cancer 91  
Liposom

es 
• 

Alphavirus strain M
1 encapsulated into liposom

es (M
-

LPO
) 

 
• 

M
odified adenovirus, O

NYX-015 plasm
id encapsulated 

into liposom
es 

 
• 

Telom
erase-specific oncolytic adenovirus plasm

id DNA 
encapsulated into liposom

es (Lipo-pTS) 

• 
In vitro study against hum

an colon carcinom
a and 

epiderm
oid-carcinom

a
119 

 
• 

In vivo study against non-sm
all cell lung cancer 120 

  
• 

In vivo study against colon cancer 132 

Im
m

unom
odulators 

• 
Reovirus therapy in com

bination with cyclophospham
ide 

 
• 

Adenovirus adm
inistration after anti-CD20 treatm

ent 

• 
In vivo study against m

elanom
a
121 

 
• 

G
ene transfer study unrelated to cancer therapy

123 
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O
ther strategies  

• 
Vesicular stom

atitis virus (VSV) shielded by dual-function 
DNA aptam

ers 
 

• 
O

ncolytic adenovirus, hTert-Ad in com
bination with 

bifunctional protein DE1scFv-pSia 
 

• 
UV-inactivated M

easles virus as a decoy virus 
 

• 
Different serotypes of adenovirus 

 
• 

Im
m

une-evasive particle form
s (extracellular enveloped 

particles or EEV) of vaccinia virus 
 

• 
Efficacy study to evaluate the infectivity of VSV in the 
presence of neutralizing antibodies

124 
 

• 
In vivo study against m

urine colon adenocarcinom
a
125 

  
• 

In vitro study against T cell leukem
ia
126 

 
• 

In vivo study against breast cancer bone m
etastasis

127 
 

• 
Efficacy study to show the resistance of EEV to vaccina 
virus-specific antibodies

128 
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Conclusion 
 
Oncolytic virotherapy is a promising field of cancer treatment with selective targeting 
of tumors. However, the antiviral immune response is still a limiting factor hindering 
the outcome of the treatment. While many OVs have a rapid replication in tumors and 
direct oncolysis, it is often the antitumor immunity induced by oncolytic activity that 
contributes to preventing the disease progression and recurrence. When OVs are 
originally pathogenic to humans, specific targeting of tumors has been achieved either 

through the manipulation of viral genome to exploit de-regulated signaling pathways 
in tumors or by modifying viral coat proteins to bind receptors overexpressed in cancer 
cells. However, the expression levels of attachment/entry receptors specific to OVs 
differ depending on the type of cancer and/or patient, highlighting the importance of 
understanding of OV-receptor interactions to modify capsid architecture and re-target 
cancers. The systemic administration still remains a less effective mean of OV delivery 
due to existence of pre-existing neutralizing antibodies or rapid anti-viral immune 
response after initial treatments. To address this issue, novel treatment strategies 
have been developed and showed promise in various proof of concept and pre-clinical 
studies: encapsulation of OV in carriers, modification of capsid or envelope proteins, 
the use of decoy viruses to sequester pre-existing antibodies, multiple administration 
of different viral serotypes and adjuvant therapy with immunomodulators.  
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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. 
 
Keywords: picornavirus, oncolytic virotherapy, poliovirus, coxsackievirus, 
senecavirus 
 
Abbreviations: 
%   percent 
ANTXR1  anthrax toxin receptor 1 
APC   antigen-presenting cells 
ASCL1  Achaete-scute homolog 1 
BBB   blood-brain barrier 

BEV   bovine enterovirus 
CAR   coxsackievirus and adenovirus receptor 
CD155  cluster of differentiation 155 
CREs   cis-acting replicative elements 
CSC   cancer stem cells 
CVA   coxsackievirus A 
CVB   coxsackievirus B 
DAF   decay accelerating factor 
DC   dendritic cells 
DNA   deoxyribonucleic acid 
EC50   effective viral concentrations to cause lysis in 50% of cells) 
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ECHO   echovirus 
eIF   eukaryotic initiation factor 
EMCV   encephalomyocarditis virus 
EV71   enterovirus 71 
FDA   Food and drug administration 
FMDV   foot-and-mouth disease virus 
GFP   green fluorescent protein 
GM-CSF  granulocyte macrophage colony-stimulating factor 
H   hours 
HLA-DR  human leukocyte antigen-DR isotype 

HRV   human rhinovirus 
ICAM-1  intercellular adhesion molecule-1 
IL-4   interleukin-4 
IRES   internal ribosome entry site 
kb   kilo bases 
kg   kilogram 
MB   medulloblastoma 
MEV   Mengovirus 
MOI   multiplicity of infection 
MV-NIS  Measles virus- sodium iodide importer 
NCBI   national center for biotechnology information 
Necl-5   nectin-like protein 5 
NEUROD1  neurogenic differentiation 1 
nm   nanometer 
NSCLC  non-small cell lung cancer 
OVA   ovalbumin 
PD-1   anti-programmed cell death protein 1 
PDB   protein data bank 
PET   positron emission tomography  

PV   poliovirus 

PVR   poliovirus receptor 
RdRp   RNA-dependent RNA polymerase 
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RECIST  response evaluation criteria in solid tumors 
RNA   ribonucleic acid 
SCLC   small-cell lung cancer 
SVV   Seneca Valley virus 
T-VEC  Talimogene Laherparepvec 
TC   T-cells 
TEM8   tumor endothelial marker 8 
TMEV   Theiler’s murine encephalomyelitis virus 
UTR   untranslated region 
VLA-2   very late antigen-2 

vp   virus particle 
VPg   viral genome associated protein 
VSV   vesicular stomatitis virus 
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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 deaths1. 
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 tumors are inoperable or resistant to radio- and chemotherapy, 
emphasizing 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 neighboring cells. 
Furthermore, viral infection can stimulate cytotoxic immune responses against antigen 
from destroyed cells (Figure 1-2-1). 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 cisplatin2, and 
coxsackievirus A21 has greater anti-tumor activity when combined with anti-
programmed cell death protein 1 (PD-1) antibodies against metastatic melanoma, 

bladder cancer, and non-small-cell lung cancer3. Oncolytic virotherapy’s roots extend 
back to early reports of patients with leukemia and Hodgkin’s disease, who survived 
concomitant viral infections and showed evidence of clinical remission4,5. These 
observations led to a number of trials from the mid-to-late 20th century, such as West 
Nile Virus Egypt 101 against various cancers6, Adenovirus versus cervical 
carcinomas7 and Mumps virus against various terminal cancers8. Each of these trials 
showed varying degrees of protective effect. For instance, the trial concerning 
Adenovirus showed that 26 of 40 inoculations resulted in tumor necrosis7, and the 
Mumps virus trial resulted in complete regression of 37 out of 90 trial subjects, as well 
as 42 instances of growth suppression8. In 2015, an important milestone in the 
endeavor to make oncolytic virotherapy a viable therapy was reached. This was the 
approval of the first oncolytic virus, modified herpes simplex virus-1, also known as 
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Talimogene Laherparepvec (T-VEC), by the US Food and Drug Administration (FDA) 
for the treatment of malignant melanomas9. In addition, Oncorine, derived from 
adenovirus, was approved in China in 2005 for the treatment of head and neck 
cancers10,11. 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 
modest12. This is due to several limiting conditions: Oncolytic viruses have to be 
nonpathogenic and genetically stable, while still maintaining infectivity to 
nonhomogeneous cancerous cells13. They also have to be able to overcome the 
unfavorable conditions of the tumor microenvironment, including dense connective 
tissue, poor lymphatic flow and increased interstitial pressure14. 

 
 

 
Figure 1-2-1. Oncolytic picornaviruses as a cancer treatment. The use of oncolytic 
picornaviruses is highlighted by their relative ease of production in high titers in food 
and drug administration (FDA)-approved cell lines. Resulting mature virions can then 
be systemically administered into a patient with a tumor. Most picornaviruses display 
a high tropism to a variety of tumors but not to normal tissues, resulting in intratumoral 
replication and subsequent cellular death. The new viral progeny released from lysed 
cancer cells can then infect neighboring cancer cells. The mere presence of virus 
particles and virus-induced tumor cell death modulates the immune system to activate 
antigen-presenting cells (APC), dendritic cells (DC), and T cells (TC), which 
collectively provide a long-lasting antitumor activity. 
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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 melanomas15, and PexaVec® 
in clinical trials has been combined with sorafenib to combat hepatocellular 
carcinoma16. Oncolytic viruses can also be engineered to express tumor-specific 
peptides, with the purpose of magnifying the immune response against the tumor. 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 
tumors17. It is worth mentioning that the utility of engineered VSV extends beyond OVA 
expression to include expression of immunostimulatory proteins such as interleukin 4 
(IL-4), alternative receptors like Sindbis virus glycoproteins and suicide genes like 
thymidine kinase18. Table 1-2-1 provides a brief summary of those oncolytic viruses 
which have been shown in clinical trials to be especially promising. 
 
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 1-2-2). 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. 
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Table 1-2-1: Prom
ising oncolytic viruses in clinical trials. As registered at https://clinicaltrials.gov

19.  
Species 

Intellectual 
property 

Engineered 
properties 

Stage in 
developm

ent 
Exam

ples of highest Phase clinical trials 

Herpes 
sim

plex 
virus 

T-VEC®
 

 
Expressing 
G

ranulocyte 
M

acrophage 
Colony- 
Stim

ulating Factor 
 

US FDA 
Approved 
 

Phase III 
T-VEC vs. com

bination therapy with 
Prem

bolizum
ab in m

elanom
a 

NCT02263508 
• Active 
 Com

bination with Cisplatin and 
Radiotherapy for head and neck 
cancer 
NCT01161498 
• Term

inated 

Phase III 
T-VEC vs. G

ranulocyte M
acrophage 

Colony Stim
ulating Factor in 

m
elanom

a 
NCT00769704 
• Com

pleted 
 M

elanom
a 

NCT01368276 
• Com

pleted 
 

Adenovirus 
O

ncorine®
 

 
E1b 55k gene 
deletion 
 

Approved 
(China) 
 

Phase III 
Com

bination with Endostatin against 
Non-Sm

all-Cell Lung Cancer 
NCT02579564 
• Com

pleted 

 

Adenovirus 
 

O
NCO

S-102®
 

 
Expressing 
G

ranulocyte 
M

acrophage 
Colony- 
Stim

ulating Factor 
 

Clinical trials 
(Phase I/II) 
 

Phase II 
Com

bination with and Pem
etrexed or 

Cisplatin in unresectable pleural 
m

esothelem
ia 

NCT02879669 
• Active 
Phase I/II 
Com

bination with DCVAC/Pc in 
m

etastatic prostate cancer 
NCT03514836 
• Active 

Phase I/II 
Com

bination with Durvalum
ab in 

advanced peritoneal m
alignancies 

NCT02963831 
• Active 
Phase I 
M

alignant solid tum
ors 

NCT01598129 
• Com

pleted 
 

Vaccinia 
virus 

PexaVec®
/JX594 

 
Expressing 
G

ranulocyte 
M

acrophage 
Colony- 
Stim

ulating Factor 

Clinical trials 
(Phase II/III) 
 

Phase III 
Com

bination with Sorafenib vs. 
Sorafenib m

onotherapy in 
hepatocellular carcinom

a 
NCT02562755 
• Active 

Phase II 
Com

bination with M
etronom

ic 
Cyclophospham

ide in breast cancer or 
soft tissue sarcom

a 
NCT02630368 
• Active 
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and deletion of 
thym

idine kinase 
 

 Phase II 
Unresectable hepatocellular 
carcinom

a 
NCT01171651 
• Com

pleted 

 M
alignant m

elanom
a 

NCT00429312 
• Com

pleted 
 

M
easles 

virus 
M

V-NIS®
 

 
Encoding Hum

an 
Thyroidal Sodium

 
Iodide Im

porter 
 

Clinical trials 
(Phase II) 
 

Phase II 
Com

bination with Cyclophospham
ide 

in refractory m
ultiple m

yelom
a 

NCT02192775 
• Active 
 M

V-NIS vs. com
bination with 

Cyclophospham
ide in treating with 

recurrent/refractory m
ultiple m

yelom
a 

NCT00450814 
• Active 

Phase II 
M

V-NIS Vs. M
V-NIS infected 

m
esenchym

al stem
 cells in recurrent 

ovarian cancer 
NCT02068794 
• Active 
 M

V-NIS vs. chem
otherapy in ovarian, 

fallopian or peritoneal cancer 
NCT02364713 
• Active 
 

Reovirus 
Reolysin®

 
 

N/A 
Clinical trials 
(Phase II/III) 
 

Phase III 
Com

bination with Paclitaxel and 
Carboplatin in platinum

 refractory 
head and neck cancers 
NCT01166542 
• Com

pleted 
 Phase II 
Advanced and m

etastatic breast 
cancer 
NCT01656538 
• Com

pleted 

Phase II 
Bone and soft tissue sarcom

as 
m

etastatic to the lung 
NCT00503925 
• Com

pleted 
 Com

bination with Docetaxel and 
Prednisone vs. Doxitaxel and 
Prednisone in Prostate Cancer 
NCT01619813 
• Com

pleted 
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Picornaviral 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 proteins21. 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 IRES23. 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 respectively24,25. 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 1-2-2). 
 
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 organized into five groups based 
on function and conserved residues; these are: chymotrypsin-like protease, 
parechovirus-like, hepatitis-A-like, apthovirus-like and cardiovirus 2A proteins26. 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 vesicles26. 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 membranes27. 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 
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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 CRE27. The phylogenetic 
relationship and genome structure of the picornaviruses discussed in this review is 
presented in Figure 1-2-329. 

 
Figure 1-2-2. 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 
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capsid surfaces are colored in white, purple and blue, respectively. In capsid 
protomers, VP1, VP2, VP3 and VP4 are colored in blue, green, red and yellow, 
respectively. Figures were generated on ChimeraX20.  
 

 
Figure 1-2-3. 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 site29. (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), 
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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). 
 
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, is 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 cDNA30. 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 problem31. 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 1-2-2. 
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Table 1-2-2. R
eceptors and tissue tropism

s of oncolytic picornaviruses.  
Species 

G
enus 

Receptor 
Cellular entry 

Exam
ples of susceptible cancers 

Coxsackievirus 
 

Enterovirus 
ICAM

-1 & DAF (CVA21) 32 
CAR (CVB3) 33 
 

Receptor m
ediated 

endocytosis 
M

elanom
a (CVA21) 34 

M
ultiple M

yelom
a (CVA21) 35 

Breast Cancer (CVA21) 36 
Bladder Cancer (CVA21) 37 
Endom

etrial Cancer (CVB3) 33 
Poliovirus 

Enterovirus 
Necl5/CD155/PVR

38 

 
Receptor m

ediated 
endocytosis 

Bone/Soft Tissue (LAPV) 39 
Neuroblastom

a (A
133 G

 m
ono-cre PV) 40 

G
liom

a (PVSRIPO
) 41 

Breast Cancer (PVSRIPO
) 42 

M
elanom

a (PVSRIPO
) 43 

Echovirus 
Enterovirus 

DAF (EV7) 44 
VLA-2

45 

 

Receptor m
ediated 

endocytosis 
M

elanom
a

46 
Rhabdom

yosarcom
a

46 
Adenocarcinom

a
46 

Lung carcinom
a

46 
Basal cell carcinom

a
46 

Bovine enterovirus 
Enterovirus 

HLA-DR (putative) 47 
Receptor m

ediated 
endocytosis 

Leukaem
ia

47 
Soft tissue sarcom

a
47 

Seneca Valley virus 
Senecavirus 

ANTXR1/TEM
8

48 
Receptor m

ediated 
endocytosis 

M
edulloblastom

a
49 

Retinoblastom
a

50 
G

liom
a

51 
G

lioblastom
a

52 
Sm

all Cell Lung Cancer 53 
Theiler’s m

urine 
encephalom

yelitis 
Virus 

Cardiovirus 
Sialic acid m

oeties
54 

 
Receptor m

ediated 
endocytosis 

M
elanom

a
54 

Breast Cancer 54 

Encephalom
yocarditis 

virus & M
engovirus 

 

Cardiovirus 
Sialoglycoprotein

55 

 
Receptor m

ediated 
endocytosis 

Renal Carcinom
a (EM

CV) 56 
Sarcom

a (EM
CV) 57 

M
ultiple M

yelom
a (M

EV) 58 
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Seneca Valley virus 
 
Seneca Valley virus (SVV) was originally discovered as a contaminant of cell culture61. 
The selective oncolytic activity of SVV was implied to be receptor mediated, as 
transfection of resistant cells with SVV genomic RNA resulted in productive infection62. 
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 tumor 
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 ANTXR148. This was further corroborated 
by the elucidation of the structural basis for the interaction of SVV and ANTXR1 by 
cryo-electron microscopy63. Seneca Valley Virus (SVV) in the form of wild-type strain 
SVV-001 has been evaluated for selective infection and lysis of cancers including 
retinoblastoma50, medulloblastoma49, glioma51 and small-cell lung cancer, reaching as 
far as phase II clinical trials64. 
 
The oncolytic potential of SVV was first highlighted in a 2007 study62. 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 
pediatric cancer cell lines and two of three adrenal cell carcinomas. Importantly, only 
a few fetal cell lines and none of the adult noncancer cells were infected by SVV62. 
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 neutralizing antibodies62. 
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 tumors and most mice treated with 107 
vp/kg cleared tumors, with two exceptions. Similarly, when athymic mice with Y79 

retinoblastoma xenograft tumors were treated with 108, 1011 or 1014 vp/kg SVV, six of 
eight, seven of seven and five of seven mice, respectively, cleared the tumors62. This 
trial was concluded a decade before the identification of the cellular receptor, and it 
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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 

vitro50. Doses as low as 0.5 viral particles per cell (vp/cell) were sufficient to kill 50% 
of target cells50. These findings were consistent with in vivo trials of immuno-deficient 
mice challenged with intraocular Y79 xenografts, where 19 of 20 tumors were 
successfully treated by a single injection of 1013 vp/kg SVV50. 
 
To research SVV in the application against medulloblastoma (MB), mouse MB models 
were established using ex vivo primary cultures isolated from 10 pediatric patients49. 

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 tumors 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, regardless of cell line permissivity to virus. However, SVV exposure was 
shown to prevent the formation of neurospheres in permissive MB cell lines49. 
Furthermore, two types of aggressive anaplastic MBs permissive to SVV were 
xenografted into Rag2 SCID mice49. Established small and medium tumors 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 tumor sizes. Of note 
is that SVV could cross the blood–brain barrier (BBB) and did not infect any healthy 
mouse brain cells49. 
 
Small-cell lung cancer (SCLC) is an aggressive type of tumor. There are two SCLC 
groups: classic and variant, which make up for 70% and 30%, respectively53. 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 phenotype53. SVV-GFP was tested in three classic and three 

variant ex vivo SCLC primary cultures53. While classic primary cultures were 
completely refractory, variant cultures were highly sensitive to SVV infection with 
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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 neurogenic differentiation 1 (NEUROD1) and lower 
expression of the early neurogenic transcription factor Achaete-scute homolog 1 
(ASCL1) correlated with permissivity to SVV53. 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 tumors had 
similar responses of tumor suppression when treated with 109 to 1011 vp/kg SVV, and 

two out of six mice completely cleared tumors when treated with 1014 vp/kg SVV. 
Kinetics studies showed peak replication of SVV occurred at day three53. 
 
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 cultures51, 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. 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 line51. Three permissive cell 
lines and two resistant cell lines were injected intracranially in mice and allowed to 
form large tumors. At 48 h post-injection, SVV positive areas were evident in 
permissive tumors and increased in size by day seven, confirming the ability for SVV 
to cross the BBB51. A follow-up experiment evaluated the effect of SVV treatment on 
the average survival time with regard to tumor size51. This showed an overall increase 
of survival times for treatment mice in tumor models of permissive cell lines, and one 
of the initially resistant cell lines. The mice with medium tumors had a greater increase 
in average survival time, suggesting a role of intratumoral vasculature for efficacy of 
SVV treatment51. 

 
SVV-001 (the originally isolated strain of SVV) is registered by Neotropix inc52. as 
NTX-010. A preclinical trial tested NTX-010 against 23 cell lines both in vitro and a 
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cohort of 711 mice52. 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 
tumor, Wilms tumor and glioblastoma cell lines52. 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 undertaken65. 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. Neutralizing 
antibodies were detected as early as two weeks into treatment. In terms of outcomes, 

one patient showed disease stabilization, while another five had minor responses, 
which were not sufficient to meet RECIST criteria (response evaluation criteria in solid 
tumors)66. The patient with stable disease was alive three years post-trial, up until the 
time of publication, with positron emission tomography (PET) scans revealing a 50% 
decrease in tumors65. Shortly after, a second phase I clinical trial was launched in a 
cohort of children with neuroblastoma, rhabdomyosarcoma or other rare tumors with 
neuroendocrine features67. 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 stabilization. A rapid neutralizing antibody response to NTX-
010 was also shown in this trial67. 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 established64. A cohort of 58 patients were 
randomized 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 treatment64. It is important 
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to take into consideration that all these studies were conducted before the 
identification of ANTXR1 as the cellular receptor for SVV64. Based on this information, 
future clinical trials might select patients that could potentially benefit from a targeted 
SVV cancer therapy. 
 

Conclusions 
 
This review discussed picornavirus species investigated for anticancer activity (Table 
1-2-1). 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 recruitment19. As not all of the 
clinical trials have associated literature, Table 1-2-3 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 trials48. For over a decade now, Rigvir has been utilized 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–
1990s59. 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 antigens54. 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 199160. 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 research56. Finally, for both EMCV and MEV, 
recent studies have been undertaken, with the most recent EMCV study being explicit 
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in identifying as preclinical research56. 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 1-2-3. Sum
m

ary of the clinical developm
ent of the picornavirus species discussed in this review

. *As registered on 
https://clinical trials.gov

19. 
 Species 

G
enus 

Intellectual 
property 

Stage in 
developm

ent 
Registered clinical trials 

Poliovirus 
Enterovirus 

PVSRIPO
 

Phase I clinical 
trials 

• 
Triple Negative Breast Cancer (NCT03564782, active) 

• 
Recurrent m

alignant gliom
a (NCT02968178, active) 

• 
Unresectable m

elanom
a (NCT03712358, active) 

• 
Recurrent m

alignant gliom
a in children (NCT03043391, active) 

• 
Recurrent glioblastom

a (NCT01491893, active) 
Coxsackievirus 

Enterovirus 
CAVATAK 

Phase I/II clinical 
trials 

• 
M

elanom
a—

Com
bination with pem

bolizum
ab (NCT02565992, active) 

• 
Non-M

uscle Invasive Bladder Cancer—
Com

bination with m
itom

ycin C 
NCT02316171 (com

pleted) 
• 

Advanced m
elanom

a—
Com

bination with ipilim
um

ab (NCT02307149, 
active) 

• 
Head and neck cancer (NCT00832559, term

inated) 
• 

Solid tum
ors (NCT00636558, com

pleted) 
• 

Non-Sm
all Cell Lung Cancer & Bladder Cancer—

Com
bination with 

pem
bolizum

ab (NCT02043665, active) 
• 

Non-Sm
all Cell Lung Cancer—

Com
bination with pem

bolizum
ab 

(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 
Phase I/II clinical 
trials 

• 
Paediatric Cancers—

Com
bination with cyclophospham

ide 
(NCT01048892, com

pleted) 
• 

Solid tum
ors with neuroendocrine features (NCT00314925, 

com
pleted) 

• 
Extensive Stage Sm

all-Cell Lung Cancer (NCT01017601, term
inated) 

Theiler’s m
urine 

encephalom
yelitis 

virus 

Cardiovirus 
N/A 

In vivo testing 
• 

N/A 

Encephalom
yocarditis 

virus & M
engovirus 

Cardiovirus 
N/A 

In vivo testing 
• 

N/A 
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Abstract 
 
Recent advancements in oncolytic virotherapy commend a special attention to 
developing new strategies for targeting cancer cells with oncolytic viruses (OVs). 
Modifications of the viral envelope or coat proteins serve as a logical mean of 
repurposing viruses for cancer treatment. In this review, we discuss how detailed 
structural knowledge of the interactions between OVs and their natural receptors 
provide valuable insights into tumor specificity of some viruses and re-targeting of 
alternate receptors for broad tumor tropism or improved tumor selectivity. 
 
Keywords: oncolytic viruses, virus–receptor interaction, virus entry 
 
Abbreviations: 
Å   angstrom 
AdV   adenovirus 
ANTXR  anthrax toxin receptor  
BTLA   B-lymphocyte and T-lymphocyte attenuator 
CAR   coxsackievirus and adenovirus receptor 
CD   cluster of differentiation 
CEA   human carcinoembryonic antigen 
CPV   canine parvovirus 

CRD   cysteine-repeat-domains 
Cryo-EM  cryo-electron microscopy 
CS   chondroitin sulfate 
CV   coxsackievirus 
DAF   decay-accelerating factor 
DNA   deoxyribonucleic acid 
ds   double-stranded 
DSG2   desmoglein 2 
EC   cadherin domain 
Edm   Edmonston 
EEV   extracellular enveloped virions 
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EGFR   epidermal growth factor receptor 
EV   enterovirus 
FAST   fusion-associated small transmembrane 
FP   fusion protein 
G   glycoprotein 
GAG   glycosaminoglycan 
H   hemagglutinin 
HAdV   human adenovirus 
HN   hemagglutinin-neuraminidase 
HPV   human parvovirus 

HS   heparan sulfate 
HSPG   heparan sulfate proteoglycans 
HSV   herpes simplex virus 
HveA   herpes virus entry mediator A 
HVEM   herpes virus entry mediator 
ICAM-1  intercellular adhesion molecule-1 
ICP   infected cell protein 
IFN   interferon 
Ig   immunoglobulin 
IMV   intracellular mature virions 
JAM-A  junctional adhesion molecule-A 
kbp   kilobase pairs 
L   large protein/polymerase 
LCMV-GP  lymphocytic choriomeningitis virus glycoprotein 
LDLR   low-density lipoprotein receptor 
M   matrix protein 
MAG   myelin-associated glycoprotein 
MAGE-A3  melanoma-associated antigen-A3 
MV   mature virions 
MV   measles virus 

NDV   Newcastle disease virus 
NHMC-IIA  nonmuscle myosin IIA 



 
 

 90 

NIS   sodium iodide symporter 
Nm   nanometer 
NMHC-IIA  non-muscle myosin IIA 
NP   nucleoprotein 
OV   oncolytic virus 
P   phosphoprotein 
PB   penton bases 
PILRα   paired Ig-like type 2α 
PV   poliovirus 
RdRP   RNA dependent RNA polymerase 

RGD   arginine-glycine-aspartic acid 
RhV   rhabdovirus 
RNA   ribonucleic acid 
RV   reovirus 
SA   sialic acid 
SCR   short consensus repeats 
SLAM   signaling lymphocyte activation molecule 
ss   single-stranded 
SVV   Seneca Valley virus 
T-VEC  Talimogene laherparepvec 
TEM8   tumor endothelial marker 8 
TFR1   transferrin receptor 1 
TNF   tumor necrosis factor 
US FDA  United States food and drug administration 
VSV   vesicular stomatitis virus 
VV   vaccinia virus 
WV   wrapped virions 
α   alpha 
αDG   α-dystroglycan 
β   beta 

βhCG   β subunit of human chorionic gonadotropin 
λ   lambda 
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μ   mu 
σ   sigma 
σ1H   head domain of σ1 protein 
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Introduction 
 
Oncolytic virotherapy is a dynamic field of cancer treatment with over 70 clinical trials 
registered to date1. The majority of oncolytic viruses (OVs) are used in their native, 
replication-competent form to cause a direct oncolysis of tumors. For instance, 
coxsackievirus, parvovirus, Newcastle disease virus, measles virus, vaccinia virus and 
Seneca Valley virus have been used in clinical trials in their native forms2-6. On the 
other hand, human pathogenic viruses such as herpes simplex virus-1, poliovirus and 
adenovirus have been genetically modified to limit their replication to tumor sites and 
to reduce their virulence in normal tissues7-9. In addition to the direct oncolysis, OVs 

can kill cancer cells via several indirect mechanisms: the activation of immunologic 
pathways and antiangiogenesis10-11. En route to reaching cancer cells, OVs must 
overcome a range of complex physical and chemical barriers to finally interact with 
specific cellular receptors12. Perhaps the most exhaustive obstacle in systemic 
delivery of OVs is the neutralization of viruses by pre-existing antibodies or triggered 
anti-viral immune response13. One way to bypass the host immunity is to 
mask/manipulate viral surface proteins to avoid recognition by neutralizing 
antibodies14,15. However, eliminating antibody recognition does not guarantee a 
successful infection of tumors with OVs as the cellular uptake will ultimately be 
dependent on virus binding to the cellular receptors. Expression of virus cellular 
receptors in cancers varies depending on tumor type as well as among different 
patients with the same type of cancer16. In such cases, OVs need to be modified to re-
target the cancer via alternative receptors. Thus, the manipulation of OV surface 
proteins to either circumvent anti-viral immune response or to exploit different 
receptors requires in-depth knowledge of how they interact with their cellular receptors 
at a structural level. In this review, we discuss the interactions between clinically 
evaluated OVs and their cellular receptors and how they have been modified to target 
cancers. 
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Oncolytic Viruses And Cancer Tropism 
 

Herpes simplex virus 
 
Herpes simplex virus 1 and 2 (HSV-1 and HSV-2) belong to the family of 
Herpesviridae, genus Simplexvirus17. HSV virion has a complex architecture 
characterized by a dsDNA genome, an icosahedral capsid (nucleocapsid), an 
amorphous layer of protein (tegument) and an envelope18 (Figure 1-3-1A). Both HSV-

1 and -2 are genetically stable and considered to be the most serious human 
pathogens in their family. HSV-1 was shown to be associated with encephalitis and 
orofacial herpes infections, whereas HSV-2 mostly causes genital infections19. The 
remarkable pathogenicity of HSV is attributed to its ability to establish latent infections 
in sensory neurons, thus providing a logical reason to manipulate these strains for 
therapeutic applications. 
 
Talimogene laherparepvec (T-VEC) is a genetically modified strain of HSV-1 and 
represents a major breakthrough in immunotherapy being the first and only US FDA 
approved oncolytic virus to date20-23. T-VEC is presently used as intralesional 
injections to treat non-resectable melanoma with many ongoing phase I/II clinical trials 
showing the possibility of using the virus in conjunction with other treatments such as 
immune checkpoint inhibitors24-25. Furthermore, two other strains of HSV-1, G207 
(Infected cell protein (ICP) 34.5 and ribonucleotide reductase mutated) and NV1020 
(ICP34.5 mutated) have completed phase I/II clinical trials in malignant brain tumors 
and in colorectal cancer liver metastasis, showing partial clinical responses and 
stabilization of metastasis, respectively26-27. 
 
While modifications to the T-VEC genome are aimed at reducing the neurotoxicity of 
the wild-type strain and stimulating a strong immune response in tumor site, 

expression levels of cellular receptors and their interactions with HSV still play a vital 
role in virus entry into tumor cells. HSV utilizes four viral glycoproteins, gB, gD, gH and 
gL (Figure 1-3-1A), expressed on the outer envelope to establish interactions with 
various cell surface receptors and to facilitate cell entry28,29. In order to initiate HSV 



 
 

 94 

cell entry, at least three different classes of cell surface receptors should interact with 
the respective glycoproteins29,30. Current molecular and structural biology literature 
identifies three steps in penetrating host cells: 1) gB attachment to heparan sulfate 
proteoglycans (HSPG)244, 2) gD binding to nectin-131,32, herpes virus entry mediator 
(HVEM)33, or 3-O-sulfated heparan sulfate, and 3) gB binding to paired Ig-like type 2α 
(PILRα)34, nonmuscle myosin IIA (NMHC-IIA) or myelin-associated glycoprotein 
(MAG) and initiation of envelope fusion with plasma membrane29. Upon the envelope 
fusion with host-cell membrane, HSV nucleocapsid is translocated to the nuclear pore 
through which viral DNA is released into the nucleus35. Evidence from various clinical 
studies points toward a direct relationship between the expression of HSV receptors 

in tumors, cancer progression and prognosis. For instance, herpesvirus entry mediator 
(HVEM), a member of the tumor necrosis factor (TNF) superfamily, has been shown 
to play a role in activating inhibitor signaling in T-cells upon binding to BTLA ligand (B-
lymphocyte and T-lymphocyte attenuator)36. Increased expression of HVEM has been 
reported in hepatocellular carcinoma37, gastric cancer38 and melanoma36.Structural 
evidence for interactions between HVEM and HSV gD protein arises from a crystal 
structure of gD ectodomain truncated at residues 285 (gD285) bound to the 
ectodomain of HVEM33 (Figure 1-3-1B). In both HSV-1 and -2, gD is structurally unique 
in comparison to other members of the family due to diverging N-terminal hairpins39. 
The interface between gD285 and HVEM is comprised of interactions between short, 
N-terminal hairpin (1–37) that extends towards the V-like immunoglobin core of gD to 
establish interactions with two cysteine-repeat-domains (CRDs) of HVEM. C-termini 
of gD and HVEM are arranged in opposite directions, presumably anchored to viral 
and cellular membranes, respectively. The observation that only a small segment of 
gD protein is involved in HVEM binding suggests the possibility of manipulating gD 
protein to redirect HSV to a different receptor, such as nectin-1 or 3-O-sulfated 
heparan sulfate, depending on their expression levels in cancers14. Nectin-1 is another 
cell surface receptor that binds gD of HSV32. Nectin-1 belongs to the family of nectin 
or nectin-like receptors that play an important role in cell adhesion40. Results from 
various in vitro and clinical studies have identified increased expression of nectin-1 

and nectin-2 in cancers such as breast cancer41, highly migratory and invasive 
carcinoma42, squamous cell carcinoma43 and colorectal cancer44. In such instances, 
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nectin-1 serves as an excellent predictor of HSV oncolytic sensitivity. Interactions 
between gD and nectin-1 have been characterized by crystallization of truncated forms 
of the gD ectodomain (gD285, truncated residues 1–285) complexed with nectin-131 
(Figure 1-3-1C). The crystal structure identifies both N- and C-termini and a residue 
located in Ig core interacting with the first Ig domain of nectin-1 at 1:1 stoichiometry, 
resembling an interaction pattern similar to nectin-1 homodimers. Interestingly, 
interactions in gD285-nectin 1 interface are similar to those observed in nectin-1 
homodimer interface and distant from gD285-HVEM interface due to the absence of 
N-terminal hairpin. From a physiological point of view, gD binding to nectin-1 can 
abolish nectin-1 dimerization, eventually affecting cell–cell adhesion31. Therefore, 

modified HSV strains could have an additional mechanism of hampering tumor 
progression apart from triggering anti-tumor immunity. 
 
Because of the wide expression of nectin-1 in human cells45, targeting nectin-1 
expressing tumors with HSV-1 could be problematic in the case of systemic 
immunotherapy. Such off-target effects can be minimized either by developing HSV 
mutants capable of escaping nectin-1 while still retaining its ability to bind HVEM, or 
by identifying potential bi-soluble adapters for targeting cognate tumor receptors46. 
First evidence for latter strategy comes from targeting of epidermal growth factor 
receptor (EGFR) expressing cells with a HSV variant modified with P-V528LH adapter 
consisting of gD ectodomain binding region of nectin-1 fused to an EGFR-specific 
monoclonal antibody46. 
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Figure 1-3-1. Structures of enveloped, DNA oncolytic viruses in complex with 
their cellular receptors. (A) Schematic diagram of herpes simplex virus-1 (HSV-1). 
(B) HSV-1 utilizes its surface exposed glycoprotein D ectodomain to bind host cellular 
receptor herpes virus entry mediator A (HveA) ectodomain (PDB: 1JMA). (C) 
Glycoprotein D of HSV also interacts with the first Ig domain of nectin 1 at 1:1 
stoichiometry. Nectin-1 binding site on gD differs from HveA binding site, as evident 
from the crystal structures arranged in the same orientations (PDB: 3SKU). 
 

Vaccinia virus 
 
Vaccinia virus (VV) is a large, enveloped dsDNA virus (~191 kbp) from the genus 

Orthopoxvirus of the Poxviridae family47. The natural host and origin of VV are not 
known48. Characteristic to VV is its replication strategy which takes place in 
cytoplasmic viral factories of infected cells49. The genome of VV encodes more than 
200 proteins, of which approximately 20 are envelope proteins50. During the life cycle 
of VV, three distinct particle types are produced; (1) intracellular mature virions (IMV), 
(2) wrapped virions (WV) and (3) extracellular enveloped virions (EEV)50. Mature 
virions (MV) are stable under virus purification conditions, remaining the most 
extensively studied form of the virus. By contrast to other dsDNA viruses, IMV has a 
complex, asymmetric structure that consists of a nucleoprotein core surrounded by a 
single lipoprotein membrane51. 
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Since its use in eradicating smallpox52, VV has played a seminal role as recombinant 
vectors in gene therapy53. Both wild-type and recombinant strains of VV have been of 
particular interest in oncovirotherapy54. As an oncolytic agent, VV has several 
advantages such as the ability to incorporate a large amount of foreign DNA, fast and 
efficient replication and safety55. Moreover, VV displayed natural cancer tropism, 
selectively targeting tumors after systemic administration54. Clinical trials on VV thus 
far have employed a potent, yet safe form of VV (JX-594), which encodes granulocyte-
macrophage colony-stimulating factor as an immunomodulator55-57. 
 
Vaccinia virus MVs entry into host cells is either mediated by fusion of MV membrane 

with the plasma membrane at neutral pH or through receptor mediated endocytosis 
under acidic conditions58,59. Nonetheless, no receptors have been unequivocally 
identified. Glycosaminoglycans (GAGs), highly polyanionic compounds present on the 
surface of stromal tumor cells, have been suggested as putative receptors facilitating 
VV entry59,60. VV membrane proteins A27L and H3L are essential for fusion of viral 
membrane with cell membrane61,62. Positively charged amino-terminal of A27L can 
also act as a site for binding of heparan sulfate (HS)63. The involvement of additional 
GAGs such as chondroitin sulfate (CS) in binding the VV surface protein D8L has been 
shown, but subsequent studies eliminated the essentiality of these receptors59,64,65. To 
date, an exact mechanism behind VV-induced oncolysis is unknown. Whether the anti-
tumor efficacy is receptor mediated or attributed to tumor vasculature66 or whether 
overexpression of ribonucleotide reductase is essential for viral replication67 still 
remains an open question. 
 

Rhabdoviruses 
 
Members of Rhabdoviridae family are enveloped, negative-sense single-stranded (ss) 

RNA viruses with a 11–15 kb linear genome encoding five proteins: glycoprotein (G), 
matrix protein (M), phosphoprotein (P), polymerase (L) and nucleoprotein (NP)68. 
Rhabdoviruses (RhVs) virions are about 180 nm long and 75 nm wide and have a rod- 
or bullet-shaped geometry. The G protein decorating the envelope is involved in 
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receptor binding, whereas NPs are associated with RNA (NP-RNA). Together with L 
and P, NP-RNA complex forms a ribonucleoprotein particle, which makes contact with 
M proteins beneath the envelope (Figure 1-3-2A). 
 
RhVs have a broad and diverse host specificity with Lyssavirus and Vesiculovirus 
genera, infecting animals and the remaining RhVs infecting plants69. RhVs present 
several advantages that recommend them for development as oncolytic agents. RhV 
infections are relatively rare, therefore there is no pre-existing immunity. Additionally, 
they do not show genetic reassortment, integration in the host genome or malignant 
transformation due to cytoplasmic replication and have a relative ease of large-scale 
virus production in a broad range of cell lines. Several RhVs have been investigated 

for their oncolytic properties70,71. 
 
Vesicular stomatitis virus (VSV) is a vesiculovirus that infects cattle, horses, pigs, and 
other mammals. VSV infections are usually asymptomatic in human and non-lethal in 
animals, with mild flu-like symptoms70. VSV exhibits a robust infectivity and broad 
tropism to tumors, attributed to the defective interferon (IFN) responses in tumor 
cells72. Entry of VSV into tumor cells is initiated by the interactions between its coat 
protein VSV-G (Figure 1-3-2A) and highly ubiquitous cellular receptor, low-density 
lipoprotein receptor (LDLR)73. LDLR is a transmembrane receptor whose functions 
include cell-signaling, endocytosis and trafficking of cellular proteins. The most 
abundantly expressed form of LDLR in solid tumors is LDLR1, shown to be linked to 
low patient survival rate74. The ligand binding domain of LDLR is comprised of 
cysteine-rich repeats conserved among other members of LDLR family75, therefore 
presenting alternative entry points for VSV. Crystal structures of VSV-G in complex 
with two different cysteine-rich domains, CRD2 (Figure 1-3-2B) and CRD3 (Figure 1-
3-2C) of LDLR demonstrate that both binding sites on VSV-G are identical76. VSV-G-
LDLR complex is internalized into host cells through a clathrin-mediated 
endocytosis77,78. In the case of recombinant VSVΔM51 encoding reovirus fusion-
associated small transmembrane (FAST) protein, this mechanism extends from the 

virus-cell fusion to cell-cell fusion79. The process repeats, expanding to un-infected 
cells and could lead to large multinucleated giant cells (syncytia)80. In another study, 
the use of VSV-G substituted with lymphocytic choriomeningitis virus glycoprotein 
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(LCMV-GP) has shown minimal neural toxicity and potent anti-tumor effect in mice 
brain tumor models81. LMCV-GP may bind differentially glycosylated α-dystroglycan 
(αDG) in brain tumors with high-affinity82,83 despite the lower expression levels of αDG 
in human glioblastoma84. 
 
Maraba virus is another vesiculovirus which binds LDLR and has the capacity to infect 
a broad range of human cancers85,86. In order to specifically target cancer cells and to 
enhance replication efficacy, two mutations were introduced: L123W and Q242R in M 
and G proteins, respectively87,88. Maraba virus strain MG1 expressing human 
melanoma-associated antigen-A3 (MAGE-A3) and an adenoviral vector (Ad) 
expressing the same antigen have been developed as an oncolytic vaccine strategy 

with high immune priming efficiency89. 
 

Newcastle disease virus 
 
Newcastle disease virus (NDV) is a ssRNA virus in the genus Avulavirus of 
Paramyxoviridae family90. The enveloped NDV capsid harbors a non-segmented 
negative-sense ssRNA that codes for six proteins (Figure 1-3-2D). Nucleoprotein 
(NP), phosphoprotein (P) and RNA dependent RNA polymerase (RdRP) bind the RNA 
genome to form the nucleocapsid90. Other NDV proteins include matrix protein (M), 
which forms the inner layer of virus envelope, hemagglutinin-neuraminidase (HN) and 
fusion protein (FP), involved in receptor binding and entry, respectively91. 
 
Numerous in vitro studies have shown that NDV is non-pathogenic to humans and 
elicits anti-tumor effects without any genetic modifications or limitations in delivery 
methods92-94. MTH68/H, PV701 and NDV-HUJ are three attenuated strains of NDV 
with highly efficient intratumoral replication, tumor cell lysis and immunostimulation, 
currently in phase I/II clinical trials4,95. In addition, NDV-HUJ strain is able to bypass 

the effect of an anti-apoptotic protein Livin4. 
 
NDV binds tumor cells via interactions between HN and cell surface sialic acids (SA) 
receptors96. SA is a derivative of neuraminic acid overexpressed in multiple 
cancers145–147 and was shown to be associated with the metastasis of breast cancer97. 
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HN has a dual function: to recognize the cell surface receptors, and subsequently to 
promote the fusion activity of the F protein and to cleave off the sialic acid from progeny 
virus particles98. HN is composed of a long stalk connected to a globular head that 
consists of a six-bladed β-sheet propeller99. Two sites have been identified on HN 
dimers that form interactions with sialic acid (Figure 1-3-2E). The first binding site is 
involved in mediating neuraminidase activity, receptor binding and promoting the 
fusion activity of F protein100. The second binding site is located at the membrane-HN 
distal region interface, which aids in tethering the virus in close proximity to the host 
membrane during fusion101,102. 
 

Measles virus 
 
Measles virus (MV) is an enveloped, spherical-shaped, negative-sense ssRNA virus 
(Figure 1-3-2F) from the genus Morbillivirus of the Paramyxoviridae family103. Due to 
its highly contagious nature, MV remains a major human health concern worldwide, 
causing approximately 150,000 deaths annually104. Similar to RhVs, the non-
segmented RNA genome (15–16 kb in size) of MV encodes five structural proteins: 
glycoprotein (G), matrix protein (M), phosphoprotein (P), large protein (L) and 
nucleoprotein (NP)103,105. On the MV envelope there are two types of glycoproteins 
characteristic to paramyxoviruses: 1) hemagglutinin106 and 2) fusion protein107, 
responsible for cell receptor attachment and fusion, respectively. 
 
Live-attenuated MV vaccine strains can be used as oncolytic agents to target different 
receptors overexpressed in tumors3. Measles virus hemagglutinin (H) binds CD46108, 
signaling lymphocyte activation molecule (SLAM)109 or nectin-4 in epithelial cells110. 
Overexpression of CD46 and nectin-4 receptors has been identified as a strategy to 
preferentially target cancers with MV111,112. In addition, SLAM expressed on activated 
B and T-lymphocytes, monocytes, and dendritic cells has been reported to be the main 

entry port for wild-type MV113.  
 
CD46 structure is comprised of a C-terminal domain, a transmembrane domain, a 
short region with unknown function and four modules of short consensus repeats 
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(SCR) 1-4 at the N terminus143,114. The crystal structure of dimeric H-CD46 identifies 
interactions between MV-H and SCR1, SCR1-SCR2 interface and SCR2 of CD46 
(Figure 1-3-2G). CD46 SCR1-2 is pivotal to capsid binding in adenoviruses115, 
discussed later in this review. However, the binding sites of MV-H for CD46 and SLAM 
overlap116, supporting the need to develop strains that can preferentially bind CD46. 
Two amino acid substitutions, N481Y and S546G in MV-H protein, have been shown 
to arm MV strains to efficiently use CD46 as an entry receptor in CD46+ cells117. In 
another study, structural characterization of MV-H-nectin-4 complex revealed that the 
amino-terminal of nectin-4 binds β4-β5 groove of MV-H110 (Figure 1-3-2H). This study 
identified a hydrophobic pocket located in the groove suggested to be involved in 

binding all three receptors for MV, with different residues involved for different 
receptors110. 
 
Similar to RhVs, MV exerts its oncolytic activity by a sequence of virus-cell fusion 
through H protein, cell-cell fusion through F protein and subsequent apoptosis118. The 
Edmonston vaccine strain of MV (MV-Edm) has been modified for non-invasive 
imaging of MV activity in tumors by introducing either sodium iodide symporter (NIS), 
the β subunit of human chorionic gonadotropin (βhCG) or human carcinoembryonic 
antigen (CEA) into the MV genome. The MV-CEA strain has been tested in phase I 
clinical trials in patients with platinum-resistant ovarian cancer, with evidence pointing 
towards the recruitment of anti-tumor effector T-cells to establish an anti-tumor 
immunity119,120. Selective tumor tropism of MV was further validated in a phase I 
clinical trial in myeloma, where systemically administered MV-NIS showed replication 
within tumors121. Alternative to live-attenuated vaccines, recombinant, replication-
competent MV could be developed to re-target different surface receptors expressed 
on tumor cells. This requires the mutation of SLAM and CD46 binding sites, thus 
resulting in a double ablated chimeric H protein to prevent the binding of MV to normal 
cells expressing SLAM and CD46122. Mutations at Y481 and R533 on MV-H and 
subsequent incorporation of single-chain antibodies directed against cognate 
receptors such as EGFR has shown to elicit oncolysis of EGFR-positive tumor models 

in mice123,124. 
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Figure 1-3-2. Structures of enveloped, RNA oncolytic viruses in complex with 
their cellular receptors. (A) Schematic diagram of vesicular stomatitis virus. (B and 
C) Vesicular stomatitis virus (VSV) surface glycoproteins (VSV-G) identify and interact 
with cysteine-rich domains (CRD) on low-density lipoprotein receptors (LDLR) 
expressed in cancer cells. Different CRDs interact with VSV-G at identical locations 
as evident from crystal structures arranged in the same orientation (PDB: 5OLY and 
5OY9). (D) Schematic diagram of Newcastle disease virus (NDV). (E) Newcastle 
disease virus (NDV) surface protein hemagglutinin-neuraminidase (HN) exploits cell 
surface sialic acid (SA) as the cellular receptors. Two SA binding sites exist on HN 
dimers, SA1, and SA2 (PDB: 1USR). (F) Schematic diagram of Measles virus (MV). 
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(G and H) measles virus (MV) H binds CD46 short consensus repeats (SCR) 1, SCR2, 
SCR1-2 interface (PDB: 3INB) and domain 1 of nectin-4 (PDB: 4GJT). 
 

Adenovirus 
 
Human adenoviruses (HAdVs) belong to the family of Adenoviridae, genus 
Mastadenovirus and are divided into seven different species from HAdV-A to -G125. 
They are non-enveloped viruses with an icosahedral capsid protecting a dsDNA 

genome of 26–46 kbp (Figure 1-3-3A). The icosahedral capsid is comprised of 252 
capsomeres, consisting of 240 hexon trimers and 60 penton bases (PB)126. Attached 
to PB plates are trimers of fiber molecules, which utilize the conserved N-terminal 
(residues 1–20) to bind the PB and the C-terminal knob to bind cellular receptors. 
Collectively, hexon trimers, PBs, and fiber molecules are known as the major capsid 
proteins. In addition, 240 copies of the minor protein IX, and several copies of the 
minor proteins IIIa, VI and VII are located on the capsid exterior and interior, 
respectively. All the HAdV strains can cause gastrointestinal infections, with some 
subtypes being reported to cause respiratory, urinary tract infections and 
keratoconjunctivitis127. HAdV is also responsible for viral-induced tumors in mice, with 
subtype A showing the highest oncogenicity, subtype B being weakly oncogenic128,129, 
while C, E and F are known to be non-oncogenic127. 
 
Adenoviruses are one of the most extensively studied viral vectors due to ease of 
genome manipulation. In addition, HAdVs provide several distinct advantages such as 
inherently potent lytic activity and feasibility of manufacturing high viral titers130. 
Numerous HAdV strains have been genetically engineered (ONYX-015 and DNX-
2401) to reduce infection in normal tissues and to selectively target tumors131,132. 
HAdV entry into host cells is a two-step mechanism, which involves the initial 
attachment of the viral fibers to cell surface receptors, followed by interactions with 

other capsid proteins and internalization receptors133. Upon virus internalization by 
endocytosis, the capsid escapes into the cytosol through lysis of endosomal 
membrane and is subsequently trafficked to the nuclear envelope along microtubules, 
where the viral genome enters the host nucleus via nuclear pores134. Most of the 
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HAdVs and other AdV subtypes except HAdV B use the coxsackievirus and 
adenovirus receptor (CAR) for cellular attachment135. CAR is a type I transmembrane 
glycoprotein that belongs to the immunoglobulin (Ig) superfamily. It contains a 
cytoplasmic C-terminal, a hydrophobic transmembrane domain and two extracellular 
Ig-like domains, D1 and D2136. CAR D1 domain alone is sufficient to establish 
interactions with HAdV fiber knob137,138 (Figure 1-3-3B). However, the variable 
expression of CAR in cancers is a significant challenge for HAdV oncovirotherapy139. 
Low expression of CAR was reported for gastric, colon, and prostate cancer cell lines 
under hypoxic conditions140. In addition, CAR expression is downregulated in cancer 
cells treated with chemotherapy or radiation, which poses an issue when using HAdVs 

in combination therapies141. 
 
The majority of subtype B HAdVs and some of subtype D (AdV37) have been shown 
to exploit CD46, a type I transmembrane protein overexpressed in tumors, as the 
attachment receptor142,143. Crystallographic studies showed that AdV11 trimeric fibers 
form a compact knob that interacts with the SCR1-2 regions of three CD46 
molecules115 (Figure 1-3-3C). Complementary or not to CD46, sialic acid has been 
shown to interact with the top region of AdV37 knob trimer. This has been further 
confirmed by structural studies on AdV52, which utilizes its long fibers to bind CAR 
and short fibers to bind polysialic acid144-147 (Figure 1-3-3D). CD80 and CD86 are 
another two members from the Ig superfamily that play a key role in subtype B AdV3 
entry. Both CD80 and CD86 are expressed in dendritic cells, thus targeting these 
receptors by AdV can elicit a strong immune response via T-cell activation148-150. 
 
Recent studies have identified desmoglein 2 (DSG2) as a new receptor for HAdV3, 
HAdV7, HAdV11 and HAdV14 strains of subtype B151. DSG2 is a type 1 
transmembrane glycoprotein present in epithelial cells that plays an essential role in 
cell-cell adhesion152-153. The extracellular domain of DSG2 is comprised of four 
cadherin domains, EC1-EC4, with EC2 and EC3 accounting for the region that binds 
trimeric fiber knob of HAdV3154. DSG2 is overexpressed in a range of epithelial 

cancers, acting as a marker for targeting such cancers with AdV155-158. A cryo-EM 
study showed that DSG2 EC2-EC3 fragment binds the top of the trimeric HAdV3 in 
2:1 or 1:1 stoichiometry159 (Figure 1-3-3E). EC2 and EC3 establish interactions with 
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the loop regions of monomers 1 and 2, respectively, while the third HAdV monomer of 
the knob is not engaged. Furthermore, mutagenesis experiments identified D261 as 
an essential knob residue required for DSG2 binding159. 
 
Endocytosis of the HAdV-CAR complex is mediated by the interactions between 
internalization receptors, integrins and five-fold capsid vertices160. Structural 
information is available on entry receptors αvβ3 integrins bound to adenovirus, which 
shows the requirement of Arg-Gly-Asp (RGD) moiety on the penton base to interact 
simultaneously with several integrins in different orientations to facilitate integrin 
clustering and subsequent viral entry into host cells via endocytosis161,162. However, 
mutation of RGD sequence was associated with only a reduced viral infection but not 

complete abolishment163. Though no plausible mechanisms have been proposed for 
an integrin-independent entry pathway of AdV, there is evidence for compensation for 
loss of penton-integrin interactions through recruitment of fiber receptors163,164. In the 
absence of sufficient levels of CAR for a successful infection, re-targeting of integrin 
receptors by incorporation of an RGD moiety in the fiber knob of AdV5 has shown to 
be efficient in promoting infection of ovarian tumor cells165. 
 

Reovirus 
 
Reoviridae is a family of non-enveloped, dsDNA viruses with an icosahedral capsid 
structure (~85 nm in diameter) composed of a large outer layer, and a smaller inner 
layer (Figure 1-3-3F). Reovirus (RV) dsDNA is structured into 12 segments, 
categorized into three size-dependent groups: large, medium and small166,167. The 
outer shell of the capsid and at the vertices of the virion are formed by heterodimers 
of µ1 and σ3 proteins, while pentamers of λ2 protein form a channel connecting to 
trimers of attachment protein σ1168. 
 
RV requires interactions with junctional adhesion molecule-A (JAM-A)169 and cell 
surface monosaccharides such as sialic acid170 to penetrate the host cell. JAM-A 
expression has been proposed to be linked to tumor cell proliferation and progression, 
whereas in some cases an inverse relationship was observed171. The first step of the 
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RV binding to host cells involves a low-affinity interaction of the lower part (stalk) of σ1 
protein with cell surface sialic acid (Figure 1-3-3G). This process facilitates the 
anchoring of RV capsid in close proximity to host-cell membrane in order to initiate 
interactions with a secondary receptor. High-affinity interactions between JAM-A D1 
domain and the head domain of σ1 protein (σ1H)169 serve as the second step in RV 
host-cell attachment (Figure 1-3-3H). 
 
Reolysin, a wild-type, non-pathogenic, serotype 3 RV, has been widely investigated in 
preclinical and clinical settings172. Phase I and II clinical trials of advanced solid tumors 
and recurrent gliomas173-175, and combination therapy with paclitaxel/carboplatin or 
docetaxel176,177 showed Reolysin to be safe and effective. 

 

Parvovirus 
 
Human parvovirus (HPV) is a single-stranded DNA virus in the Parvoviridae family, 
associated with a wide variety of diseases in humans178. The genome of HPV is 
packaged inside an icosahedral capsid of ~280 Å in diameter. The capsid is composed 
of 60 structural subunits, in which major capsid protein VP2 is the primary protein 
(~95%) while the minor capsid protein VP1 is less abundant (~5%)179. Capsid proteins 
have an eight-stranded, antiparallel β-barrel “jelly roll” fold. Engineered and wild-type 
strains of HPV demonstrate a tumor-selective replication with excellent safety profiles. 
Oncolytic activity of HPV is attributed to the direct oncolysis as well as induced anti-
tumor immunity180. 
 
HPV B19 strain binds the erythrocyte P19 antigen expressed in erythroid progenitor 
cells181. However, entry into host cells requires the involvement of α5β1 integrin co-
receptor182, known to be essential for tumor progression in certain cancers183. 
Modifications of I367S and H373R in the dimple region of the capsid in rat parvovirus 

strain H-1PV have engineered the virus to re-target integrin receptors expressed in 
cancers184. In another study, transferrin receptor 1 (TFR1) has been identified as the 
cellular receptor for canine parvovirus (CPV)185. TFR1 is a membrane glycoprotein 
linked to many diseases including cancers185. However, TFR1 expression is variable 
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across different cancers186. The structure of CPV-TFR1 complex demonstrates an 
example for a receptor saturating only a few of the 60 equivalent binding sites on the 
capsid, resulting in an asymmetric interaction185. 

 
Figure 1-3-3. Structures of non-enveloped, DNA oncolytic viruses in complex 
with their cellular receptors. (A) Schematic diagram of human adenovirus (AdV). 
(B) Coxsackievirus-adenovirus receptor (CAR) extracellular D1 domain interacts with 
a monomer of AdV12 knob (PDB: 1P69). (C) AdV 11 exploits CD46 as the primary 
receptor. AdV knob monomer interacts with short consensus repeat (SCR) 1 and 
SCR1-2 interface. Another knob monomer binds the base of SCR2 (PDB: 3O8E). (D) 
AdV52 utilizes its short fibers to bind polysialic acid (polySA) and monomer 1 and 3 of 
the knob trimers interact with two polySA (PDB: 6G47). (E) Desmoglein 2 (DSG2) acts 
as the receptor for AdV3 with two distinct receptor:knob ratios of 1:1 and 1:2 observed. 
DSG2 EC2 and EC3 interact with monomer 1 and 2 of AdV3 knob, respectively (PDB: 
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6QNT). (F) Schematic diagram of human Reovirus (RV). (G) RV exploits cell surface 
sialic (SA) acid as its attachment receptor to tether the virus in close proximity to host 
membrane to interact with an entry receptor, junction adhesion molecule-A (JAM-A). 
SA binds to the stalk of the trimeric sigma protein (PDB: 3S6X), whereas (H) JAM-A 
D1 domain interacts with the head of the trimeric sigma protein (PDB: 3EOY). 
 

Coxsackievirus 
 
Coxsackievirus (CV) is a non-enveloped, positive-sense ssRNA virus (~7.4 kb) from 
the family of Picornaviridae, genus Enterovirus (Figure 1-3-4A). CV is a major human 
pathogen causing a number of diseases including myocarditis and 
meningoencephalitis187. CV serotypes are categorized into two groups; (1) 
coxsackievirus A (CVA) and coxsackievirus B (CVB)188. CV RNA genomes code for 
four structural proteins VP1–VP4 that form an icosahedral capsid, and seven non-
structural proteins189,190. Characteristic to enteroviruses is the presence of four types 
of particles in their life cycle: mature virion, procapsid devoid of RNA, an expanded A-
particle and an empty particle after RNA exit191. 
 
Receptor binding in enteroviruses takes place in the “canyon”, a depression located 
at 5-fold axis of the capsid. The binding of the receptor displaces a fatty acid molecule 
called the “pocket factor” located in a hydrophobic pocket within VP1, below the 
canyon base. Loss of the pocket factor induces a series of conformational changes in 
capsid architecture, leading to capsid expansion and externalization of VP1 N-
terminus as well as VP4 for membrane anchoring and subsequent RNA transfer192. 
This mechanism holds true for most of the enteroviruses and has been well 
characterized for poliovirus (PV)193.194, enterovirus 71 (EV71)195 and CV196. 
 
CVs utilize three different receptors for cellular entry. CAR acts as both attachment 

and entry receptor for CVB3196. Cryo-EM reconstruction of CVB3 bound to full length 
human CAR has shown that the N-terminal region of CAR D1 domain contains the 
binding sites for CVB3196 (Figure 1-3-4B). In the CVB3-CAR interface, A and G β 
strands of D1 domain form contacts with the north and south rims of CVB3 canyon. 
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All the external CVB3 capsid proteins are involved in CAR binding with majority of the 
interactions localized to VP1. Of note is the moderately conserved nature of these 
receptor binding residues across six different CVB serotypes197. VP2 residue N165 
has been suggested to be critical in stabilizing the electrostatic interactions between 
the capsid and CAR198. The distal end of CAR D1 domain is a shared site for CVB3 
and adenovirus (as previously discussed) and their binding sites overlap on C β strand 
and FG loop196. Additionally, the involvement of decay-accelerating factor (DAF) as an 
attachment receptor in the CVB3-RD strain has been demonstrated by another cryo-
EM study199, with one DAF molecule linking two adjacent protomers on the capsid 
exterior. The northern end of the VP2 puff (residues 129–180) in one protomer is linked 

to the south end of the puff of the adjacent protomer, and the bulk of the interactions 
are condensed between short consensus repeat (SCR) 2 and the north end of the puff. 
Unlike CAR D1 domain, DAF does not enter the canyon and thus, does not induce the 
conformational changes required for genome delivery into the host cell200. 
 
On the other hand, CVA binds both DAF and intercellular adhesion molecule-1 (ICAM-
1)201,202. DAF binding does not induce conformational changes and primarily acts as 
an attachment receptor203, whereas ICAM-1 acts as an attachment/entry receptor for 
CVA. Overexpression of DAF and ICAM-1 has been reported in multiple cancers204-

208. ICAM-1 is a transmembrane immunoglobin with three structural components: 
extracellular N-terminus, transmembrane domain, and cytoplasmic C-terminus209. 
Structural insights into CVA-ICAM-1 stem from several cryo-EM investigations201,202 
(Figure 1-3-4C). Similar to other enteroviruses, the canyon of CVA24v binds ICAM-1 
D1 domain at the quasi 3-fold axis of the capsid202. The CVA24v-ICAM-1 interface is 
comprised of interactions established between the FG loop of ICAM-1 D1 domain and 
VP1. Finally, C and D β strands of ICAM-1 D1 domain interact with the VP1 GH loop, 
whereas the DE loop of D1 forms additional contact with VP2 in CVA24v. This study 
also provides insights into adapting CVA strains for a sialic acid binding as a 
secondary receptor by mutating residue 250 of VP2 to tyrosine. Sialic acid metabolism 
has been shown to be upregulated in metastatic cancers and acts as a receptor for 

other oncolytic viruses discussed here such as adenovirus, Newcastle disease virus 
and reovirus. 
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The therapeutic potential of CVA21 or CAVATAK has been investigated in various 
preclinical melanoma studies as monotherapy210 or in combination with doxorubicin211. 
Furthermore, CAVATAK has completed a phase I clinical trial in patients with 
advanced melanoma with promising safety and anti-tumor activity recorded22. In vivo 
studies of non-small-cell lung cancer xenograft models treated with CVB3 
demonstrated abscopal effect of this therapy, suggesting an enhancement of 
antitumor immunity212. 
 

Poliovirus 
 
Poliovirus (PV), a member of Enterovirus genus, family Picornaviridae, is the main 
causative agent of paralytic poliomyelitis213. Three different PV serotypes can be 
differentiated according to their antigenic properties214. Similar to CV, PV possesses 
a negative-sense ssRNA genome of 7.5 kb coding for seven non-structural proteins 
and four structural proteins, which constitute the icosahedral capsid (Figure 1-3-4D) 
as previously described for CV215,216. 
 
Poliovirus entry into host cells is initiated by the interactions between poliovirus 
receptor CD155, and capsid canyon217-220. PV undergoes the same conformational 
changes characteristic to other enteroviruses. A-particle formation194,221, exit of RNA 
genome at a location on 2-fold axis193 and empty particle formation222 have been 
extensively characterized. CD155 is an onco-immunologic protein overexpressed in 
human cancers with a role in tumor cell invasion and migration223. CD155 is a type I 
immunoglobulin-like transmembrane protein that contains three ectodomains D1–
D3218,224. CD155 expression is upregulated in carcinomas225–227 and less abundantly 
expressed in normal tissues with the exception of liver development or 
regeneration228. In the PV-CD155 complex (Figure 1-3-4E), the D1 domain of CD155 

binds VP1, and VP2 of one protomer and VP3 of adjacent protomer at the capsid quasi 
3-fold axis219. In the PV capsid, C-terminal, GH, EF, BC loops, C β strand of VP1, B β 
strand, GH loop of VP3 and EF loop of VP2 occupy the CD155 binding site. 
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Poliovirus infection is rapid and remarkably efficient, releasing as high as 10,000 
mature virions per infected cell at 6 h post-infection229. Even though a rapid replication 
warrants the applicability of PV in oncovirotherapy, a counter mechanism must be in 
place to minimize the neurotoxicity associated with wild-type PV. The neuro-
attenuated variant of PV, PVSRIPO has completed a phase I dose-finding clinical 
study in patients with grade IV malignant glioma with no neurotoxicity reported230. 

 

Seneca Valley virus 
 
Seneca Valley Virus is the only member of Senecavirus genus of the Picornaviridae 
family. The overall structure of SVV has an icosahedral symmetry and is comprised of 
a non-enveloped protein capsid harboring a positive-sense ssRNA genome of 
approximately 7.3 kb231 (Figure 1-3-4F). Similar to CV and PV, the SVV genome 
encodes seven non-structural proteins and four structural proteins. To date, the SVV 
strains have been classified into 3 clades232-234, with the prototype SVV-001 being the 
sole member of clade I. 
 
SVV cell entry is dependent on its cellular receptor: anthrax toxin receptor 1 
(ANTXR1), also known as tumor endothelial marker 8 (TEM8)235. ANTXR1 is a type I 
transmembrane protein overexpressed in many types of cancers, but weakly 
expressed in healthy tissues236. The role of ANTXR1 is unknown beyond its function 
as a toxin and virus receptor; indeed, ANTXR1 knockout mice exhibit no major 
phenotypic abnormalities237. However, ANTXR1 blockade has been shown to 
decrease tumor angiogenesis and to potentiate an anti-tumor effect towards certain 

cancers238. Our group identified the surface exposed loops on SVV-001 capsid 
exterior, BC loop, loop II of VP1, the “puff” loop of VP2, and the “knob” loop of VP3 
which form the binding site for the extracellular domain of ANTXR1239 (Figure 1-3-4G). 
Furthermore, we showed that SVV binding site on ANTXR1 is non-conserved in its 
paralogous receptor, ANTXR2, which is expressed in normal cells, thereby providing 
a structural basis for tumor specificity of SVV240. SVV empty capsid binds ANTXR1, 
suggesting it may have potential as a vaccine or as virus-like particles for the 
development of tumor-targeted delivery of drugs240. 
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As suggested from both functional and structural studies, the tumor tropism of SVV-
001 is attributed to receptor mediated internalization of the virus, a phenomenon 
common to other oncolytic picornaviruses. However, a successful SVV-001 infection 
may also require an additional innate immune defect235. SVV-001 in its native form 
provides several advantages for oncovirotherapy: the native virus is genetically stable 
and non-toxic to healthy tissues, it is safe and it homes to tumors when administered 
systemically and pre-existing immunity for SVV is rare241. Several preclinical, phase 
I/II clinical studies have demonstrated the anti-tumor potential, intratumoral replication 
and safety of SVV in treating solid tumors with neuroendocrine features242,243. 
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Figure 1-3-4. Structures of non-enveloped, RNA oncolytic viruses in complex 
with their cellular receptors. (A) Schematic diagram of coxsackievirus (CV). (B) D1 
domain of coxsackievirus-adenovirus receptor (CAR) acts as the binding site for 
coxsackievirus B (CVB) capsid proteins VP1-VP3 (PDB: 1JEW). (C) Coxsackievirus 
A variant 24 (CVA24v) capsid proteins VP1 and VP2 interact with the D1 domain of 
intracellular adhesion molecule-1 (ICAM-1) (PDB: 6EIT). (D) Schematic diagram of 
poliovirus (PV). (E) Poliovirus utilizes CD155 on the cell surface as its cellular receptor. 
Similar to ICAM1 and CAR, CD155 D1 domain binds PV capsid proteins VP1 and VP2 
from one protomer and VP3 from the adjacent protomer (PDB: 3J8F). (F) Schematic 
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diagram of Seneca Valley Virus (SVV). (G) Anthrax toxin receptor 1 binds to surface-
exposed loops of VP1–VP3 on SVV capsid (PDB: 6CX1). 
 

Conclusion 
 
Oncolytic viruses (OVs) either have an inherent ability to successfully replicate in 
cancer cells or they have been modified to exploit de-regulated signaling pathways in 
tumors. Nevertheless, the attachment of OVs to specific receptors found in cancers 

plays a pivotal role in OV tumor cell entry, subsequent viral replication and cell lysis. 
However, the expression of these receptors varies in different cancers and also among 
individual patients. Furthermore, the presence of natural receptors of OVs in normal 
cells may pose a potential challenge when the virus is pathogenic in nature. Therefore, 
understanding the structural details concerning how OVs interact with their receptors 
can inform the development of more efficient-targeted therapies to exploit cognate 
receptors and to reduce off-target cytotoxicity. Additionally, oncovirotherapy is 
constantly facing the challenge of overcoming anti-viral immunity in cancer patients. 
In this case, the knowledge of OV-receptor interactions is necessary to modify the viral 
capsid or envelope proteins in order to bypass the immune response without impairing 
the ability to bind their cellular receptors. 
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Thesis overview, aims and hypotheses 
 
 
Since its serendipitous discovery in 2002, Seneca Valley virus (SVV) has gained a 
significant reputation as a potent oncolytic picornavirus for the treatment of cancers 
with neuroendocrine features. Following numerous pre-clinical studies, SVV has 
reached phase I and phase II clinical trials in pediatric solid tumors and small-cell lung 
cancer, respectively. Some of the many advantages of SVV include: preferential 
targeting of cancer cells, no off-target cytotoxicity thus allowing systemic 
administration, no pre-existing antibodies against SVV and the small particle size 
allows penetration of solid tumors. Recent studies from our lab and the collaborators 
identified anthrax toxin receptor 1 (ANTXR1) as the high-affinity cellular receptor for 
SVV. ANTXR1 expression is upregulated in tumors, but not in normal cells, thereby 
providing a valuable biomarker for selective targeting cancers with SVV. However, as 
evident from clinical trial data, SVV treatment has been shown to be significantly 
affected by the development of neutralizing antibodies within two weeks of initial virus 
administration. Therefore, this warrants investigation into development of SVV 
mutants or virus-like particles that can bypass the immune response, whilst still 
retaining antigenic properties. In order to develop aforementioned particles for future 
therapy, it is essential to first understand the capsid architecture/structure of SVV 
capsids and how they interact with their cellular receptor.  

 
The first aim of this study was to investigate the full capsid and procapsid structures 
found in SVV life cycles. Procapsids represent an antigenically similar form of empty 
capsids (without RNA) to that of full capsids and thus, characterization of procapsids 
could provide insights to its suitability to be used as a vaccine for cancer therapy. 
Procapsids reported in the literature for other picornaviruses such as poliovirus, 
rhinovirus, enterovirus 71, coxsackievirus and foot-and-mouth-disease virus were 
found to be antigenically similar to mature virions. Therefore, it was hypothesized that 
SVV procapsid exterior could be similar to full capsid exterior. 
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The second aim of this thesis was to characterize the interactions between SVV 
mature virions and ANTXR1. Understanding the interactions between SVV and 
ANTXR1 at an atomic level could prove be beneficial when modifying the capsid 
exterior to re-target different cancers or to develop mutant strains than can deter the 
recognition by neutralizing antibodies. The characterization of SVV full capsids in the 
first study in this thesis identified prominent surface exposed loops in capsid viral 
protein (VP) 1, VP2, and VP3, but no deep canyons around the five-fold axis, which 
was found to be the receptor binding site for most of the enteroviruses. This is in line 
with what has been reported for FMDV and such surface exposed loops were found 
to be responsible for FMDV receptor attachment. This led to the hypothesis that 

ANTXR1 attachment to SVV may occur at these surface exposed loops. 
 
The characterization of SVV mature virion and procapsid stabilities in the first study 
revealed that SVV procapsid to be less stable than the full capsid. This is in agreement 
with other picornavirus procapsids, which were reported to be far less abundant and 
unstable. The unstable nature of SVV procapsid could pose a serious challenge during 
storage and transportation if they were to be used as a cancer vaccine. Therefore, as 
the third aim of this thesis, a thermal selection approach was used to isolate SVV 
capsids with increased stability at high temperatures. Investigation of mutations or 
conformational changes conferring superior capsid stability could provide information 
to rationally design stable VLPs. In the case of FMDV, it has been shown that 
stabilizing interactions at the capsid pentamer-pentamer interface play a critical role 
in increasing the particle stability. Hence it was hypothesized that mutations and/or 
conformational changes in the interpentameric interface of SVV could lead to 
increased particle stability. 
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Abstract 
 
Seneca Valley virus (SVV), like some other members of the Picornaviridae, forms 
naturally occurring empty capsids, known as procapsids. Procapsids have the same 
antigenicity as full virions, so they present an interesting possibility for the formation 
of stable virus-like particles. Interestingly, although SVV is a livestock pathogen, it has 
also been found to preferentially infect tumor cells and is being explored for use as a 
therapeutic agent in the treatment of small-cell lung cancers. Here we used cryo-
electron microscopy to investigate the procapsid structure and describe the transition 
of capsid protein VP0 to the cleaved forms of VP4 and VP2. We show that the SVV 
receptor binds the procapsid, as evidence of its native antigenicity. In comparing the 
procapsid structure to that of the full virion, we also show that a cage of RNA serves 
to stabilize the inside surface of the virus, thereby making it more acid stable. 
 
Keywords: Seneca Valley virus, cryo-electron microscopy, picornavirus, capsid 
 
Abbreviations: 
%   percent 
2D   two-dimensional 
3D   three-dimensional 
Å   angstrom 
ANTXR1  anthrax toxin receptor 1 
cm   centimeter 
CMOS  complementary metal-oxide-semiconductor 
cryo-EM  cryo-electron microscopy 
CTF   contrast transfer function 
DMEM  Dulbecco's modified Eagle medium 
el   electrons 
EM   electron microscopy 
EMDB   electron microscopy data bank 
EV71   enterovirus 71 
FBS   fetal bovine serum 
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FMDV   foot-and-mouth disease virus 
g   the relative centrifugal force 
h   hour 
HAV   hepatitis A virus 
kDa   kilodaltons 
kT   Boltzmann constant 
kV   kilovolt 
L   leader protein 
LDS   lithium dodecyl sulfate 
M   molarity 

MES   2-(N-morpholino)ethanesulfonic acid) 
min   minute 
ml   milliliter 
mM   millimolar 
MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium    bromide  
MW   molecular weight 
N   normality 
nm   nanometer 
oC   degree Celsius 
OD   optical density 
PBS   phosphate-buffered saline 
PDB   protein data bank 
PEG   polyethylene glycol 
PFA   plaque formation assay 
PFU   plaque-forming unit 
PV   poliovirus 
RNA   ribonucleic acid 
RPMI   Roswell Park Memorial Institute medium 
s   seconds 
SDS-PAGE  sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SVV   Seneca Valley virus 
TEM   transmission electron microscopy 
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VLPs   virus-like particles 
vol   volume 
wt   weight 
β   beta 
μl   microliter 
μm   micrometer 
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Introduction 
 
Oncolytic virotherapy uses replication-competent viruses for fighting tumors. A number 
of viruses that specifically infect and kill cancer cells, while leaving the surrounding 
tissue unharmed, are currently in diverse stages of clinical trials1. Seneca Valley virus 
(SVV) is a newly emerged picornavirus with potent antitumor activity2. Several studies 
have shown that SVV is capable of specifically infecting and lysing cancer cells with 
neuroendocrine features2-4. This treatment method has a number of advantages: the 
virus can be systemically administered, it is capable of penetrating solid tumors, 
preexisting antibodies against SVV are rare, and both pediatric and adult early-phase 

clinical trials have proven its safety2,5-8. Recently, we identified the anthrax toxin 
receptor 1 (ANTXR1) to be the high-affinity receptor for SVV in cancer cells9. This 
presents a unique example of a receptor shared between a mammalian virus and a 
bacterial toxin. From a therapeutic perspective, ANTXR1 constitutes a highly specific 
biomarker for the identification of potential patients for SVV virotherapy. ANTXR1, also 
known as tumor endothelial marker 8, has been found to be overexpressed in 60% of 
human cancers9 and less expressed in healthy tissues10. Currently, there is 
widespread interest in finding therapeutic agents to target ANTXR111-13. 
Understanding the formation and stability of the viral capsid would open the way to 
developing SVV as a viable treatment against cancer, either as an oncolytic agent or 
by constructing virus-like particles (VLPs) for targeted in vivo drug delivery. 
 
Phylogenetic analysis indicates the existence of 3 clades of the virus14. Clade I 
contains the strain SVV-001, which was originally developed for cancer treatment. 
Clades II and III contain strains first identified in Brazil, Canada, China, and the United 
States and are associated with swine vesicular diseases14,15. The association of SVV 
with these types of symptoms in livestock is rather new, and there are still unanswered 
questions regarding the causality between the viral infection and vesicular disease. 
Nevertheless, this association raises concerns due to its similarity with that seen in 
other major swine diseases. Given the possibility that SVV infection could pose a 

serious problem for the farming industry, there would be a need for constructing a 
vaccine against the virus, and VLPs could serve as useful candidates. 
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SVV is the sole member of the Senecavirus genus in the Picornaviridae family, and it 
shows the closest sequence similarity with cardioviruses16,17. Its 7,280-nucleotide-long 
genome is translated into a single polyprotein, which is subsequently cleaved into 12 
polypeptides in the standard picornavirus L-4-3-4 arrangement17. It has been shown 
for many picornaviruses that the assembly pathway involves the initial formation of 
pentamers from structural proteins VP0, VP1, and VP3, which further self-assemble 
into full capsids, a process that can be associated with a further cleavage of VP0 into 
VP2 and VP4. As a result, 60 copies of each of the four structural proteins form an 
icosahedral capsid with the typical picornavirus architecture. Five copies of VP1 are 
circularly distributed around the 5-fold axis, while VP2 and VP3 alternate around the 

3-fold axis. The three major capsid proteins, VP1, VP2, and VP3, have a similar jelly 
roll fold with 8 β-strands arranged in a barrel-like structure. VP4 is a smaller, less well 
ordered protein that is located in the interior of the capsid, under the 5-fold axis. 
 
Despite more than 200 picornavirus structures having been solved either by cryo-
electron microscopy (cryo-EM) or X-ray crystallography (http://viperdb.scripps.edu), 
there is still little known about the capsid assembly pathway. The existence of empty 
capsids resembling the full virion has been reported for several picornaviruses. For 
members of the Enterovirus genus, the presence of a late-entry intermediate empty 
capsid with a sedimentation coefficient of 80S is well documented as a final stage of 
the genome uncoating process18. More puzzling is the presence of a procapsid, having 
a sedimentation coefficient of 75S, observed in enteroviruses19-23, hepatoviruses24, 
and aphthoviruses25. Several roles have been proposed: as a strategy for the storage 
of pentamers to be used later for full virion assembly, as a way of deterring the 
recognition by neutralizing antibodies, as a procapsid in which the RNA will be further 
packaged, or as a simple dead-end during viral assembly. In all the studied cases, the 
procapsid is less stable, which hinders its use as a VLP for vaccine development or 
as a nanocarrier for drug delivery. 
 
The existence of procapsids for members of other genera of the Picornaviridae is 

elusive, since they are far less abundant and very unstable26. Procapsids have been 
reported for several enteroviruses, such as poliovirus (PV)19, rhinovirus22, enterovirus 
71 (EV71)21, and coxsackieviruses20,23, as well as for foot-and-mouth disease virus 
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(FMDV)27 and hepatitis A virus (HAV)24. No empty particles of any type have been 
reported for cardioviruses, the closest structural relatives to senecavirus. 
 
Here we used cryo-EM in combination with other techniques to study the role of the 
SVV procapsid. The exterior of the SVV full capsid and procapsid appeared identical. 
Most of the differences occurred on the inside of the capsid, where the N-terminal end 
of VP1 is disordered in the procapsid but becomes ordered in the full virion when in 
contact with the viral RNA. Unlike the majority of picornaviruses, most copies of VP0 
were cleaved in both the procapsid and the full capsid of SVV. Variations in pH 
affected the stability of both the procapsid and the full virion. Interestingly, in the full 
virion, part of the genome appeared ordered into a large dodecahedral cage. In 

addition, we showed that ANTXR1, the cellular receptor of SVV, was able to bind both 
the full virion and the procapsid. 

 

Materials and methods 
 

Growth and purification of SVV 
 
H446wt cells (ATCC, HTB-171) were grown in Dulbecco's modified Eagle medium 
(DMEM; catalog number 11995-073; Gibco) supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin-streptomycin to 80% to 90% confluence in at least 30 
T150 flasks. On the day of inoculation, the growth medium was removed and the cells 
were washed once with phosphate-buffered saline (PBS). The PBS was replaced with 
DMEM supplemented with 1% penicillin-streptomycin containing SVV at a virus dose 
to allow approximately 25 SVV particles per cell using a virus clonal stock that had 
previously been plaque purified three times. After 2 days postinfection, most of the 
cells were detached in a single-cell suspension. The cell suspension was transferred 
to 500-ml Nalgene bottles and spun down at 10,000 × g for 30 min at 4°C. The 
supernatant was transferred to a clean Nalgene bottle and mixed at 4 parts 
supernatant to 1 part 10,000-molecular-weight (MW) polyethylene glycol (PEG) 
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solution (100 g of 10,000-MW PEG from Sigma, 6 g NaCl, and 250 ml Millipore water, 
which were autoclaved and adjusted to pH 7.2 with 0.1 N NaOH). The PEG-containing 
supernatant was mixed overnight at 4°C to precipitate out the virus. On the following 
day, the pegylated supernatant was spun down at 10,000 × g for 30 min at 4°C. The 
virus-containing PEG precipitate pellet was reconstituted in PBS (5 ml) and dialyzed 
with an 80,000- to 100,000-molecular-weight-cutoff filter three times, with 1 liter PBS 
being replaced every 4 h. The dialyzed virus was placed onto a 1.33-g/ml CsCl 
gradient in a heat-sealed polyallomer tube (catalog number 342413; Beckman) and 
spun at 360,000 × g at 20°C for 7 to 8 h. The virus band was isolated by first puncturing 
a hole at the top of the tube and then using an 18-gauge needle to pull out the virus 

band from the side of the tube. The purified virus was dialyzed into PBS supplemented 
with magnesium and calcium (PBS++), which was replaced every 4 h for a total of 10 
exchanges. The concentration was determined by calculating the optical density at 
260 nm (OD260) and OD280. The ratio for OD260/OD280 should be between 1.6 and 1.7, 
and 1 OD unit with a 1-cm path length equals 9.5e12 virus particles. The aliquoted 
virus stocks were stored at −70°C. 
 
To further achieve more purified and homogeneous fractions of SVV empty and full 
capsids, a mixed population of SVV empty and full capsids was subjected to a 
potassium tartrate linear gradient. Briefly, H446wt cells harvested from 16 T175 flasks 
were transferred into 250-ml Nalgene bottles and centrifuged at 10,000 × g for 30 min 
at 4°C in a JA-20 rotor fitted to an Avanti J-26XPI high-speed centrifuge (Beckman 
Coulter). The supernatant was loaded into 38.5-ml open-top, polypropylene tubes 
(catalog number Z60105SCA; Beckman) and centrifuged at 86,000 × g for 1 h at 4°C 
in an SW32 Ti rotor fitted to an Optima XPN-80 ultracentrifuge (Beckman Coulter). 
The pellet was resuspended in potassium tartrate purification buffer (10 mM Tris-HCl, 
200 mM NaCl, 50 mM MgCl2, pH 7.5). The resuspended virus pellet was loaded onto 
a 10 to 50% potassium tartrate linear gradient in a 16.5-ml open-top, polypropylene 
tube (catalog number Z60303SCA; Beckman) and subjected to a final round of 
ultracentrifugation at 105,000 × g for 2.5 h at 4°C in an SW32.1 Ti rotor. Two distinct 

fractions of virus (an upper band and a lower band) were pulled out from top to bottom 
using an 18-gauge needle and dialyzed overnight in PBS at 4°C. 
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Transmission electron microscopy 
 
Dialyzed virus bands were visualized under a transmission electron microscope 
according to in-house protocols. In brief, 4 μl of the sample was applied onto a glow-
discharged, carbon grid for 1 min, and the excess sample was blotted off. The grids 
were stained with 1% uranyl acetate for 1 min, followed by blotting of excess stain, 
and were examined on a Philips CM100 transmission electron microscope (Philips 
Electron Optics, Eindhoven, The Netherlands) operating at 100 kV. 
 

Negative-stain single-particle reconstruction of pentamers 
 
The procapsid sample at pH 6.0 from the previous section was used for further imaging 
and image reconstruction. Briefly, 36 micrographs were acquired at a ×40,000 (pixel 
size = 3.12 Å) magnification on a JEOL JEM-2200FS TEM (JEOL Ltd., Tokyo, Japan) 
operating at 200 kV and equipped with a F416 CMOS camera (Tietz Video and Image 
Processing Systems, Gauting, Germany). The reconstruction of the pentameric unit 
was carried out with the EMAN2 package (version 2.1)61. First, 9,112 particles were 

manually picked and subjected to contrast transfer function (CTF) correction. 
Thereafter, one round of reference-free two-dimensional (2D) classification was 
carried out with six iterations, and the bad classes were discarded. The initial 
reference-free 3D classification was performed, with selected good classes totaling 
8,256 particles, and the resulting model was further refined for 10 iterations using 
pentameric symmetry. The resolution of the constructed EM map was estimated to be 
17.8 Å on the basis of the “gold standard” Fourier shell correlation cutoff of 0.143. A 
model of the pentameric structure generated from the SVV crystal structure (PDB 
accession number 3CJI) was fitted in the Chimera program. 
 

Cryo-EM of full capsid and procapsid 
 
Cryo-EM samples were prepared by adding 3.5 μl of purified SVV to Quantifoil R2/2 
grids previously glow discharged for 8 s. These were then blotted with Whatman no. 
5 filter paper before being plunged into liquid ethane using an FEI Vitrobot IV 
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automated vitrification device at 100% humidity. The images were collected on an FEI 
Polara microscope equipped with a K2 Summit camera in superresolution mode with 
a final superresolution pixel size of 0.822 Å and at a total dose of 30 el/Å2 over 30 
frames. 
 
The frames were aligned by the use of driftcorr software62, and CTF parameters were 
estimated with the ctffind program63. The virus particles were selected using the 
Gautomatch (version 0.5) program (http://www.mrc-
lmb.cam.ac.uk/kzhang/Gautomatch/). The selected image particles were extracted 
and subjected to 2D and 3D classification using Relion (version 1.4) software64, and 
after the removal of bad classes, the remaining particles were split into empty and full 

classes for refinement, imposing icosahedral symmetry. Each class was then 
additionally refined and sharpened using Relion (version 2.1-beta-1) software. The 
particles were separated into two half data sets for all of the subsequent reconstruction 
steps following the gold standard procedure. The additional refinement and 
sharpening with the more recent version of Relion software improved the resolution, 
marginally giving the final reported values of 5.9 Å for the procapsid and 3.8 Å for the 
virion (Figure 2-1-2; Table 2-1-1). 
 

Cryo-EM procapsid-receptor complex  
 
SVV and ANTXR1 (catalog number 13367-H02H; Sino Biological Inc.) were mixed in 
a ratio of approximately 10:1 receptors per binding site, kept for 90 min at 37°C, and 
transferred onto ice for another 90 min. Grids were prepared by applying 3 μl of sample 
on glow-discharged Quantifoil holey carbon grids (Quantifoil Micro Tools GmbH) and 
flash-frozen using a Leica KF80 cryofixation device (C. Reichert Optische Werke AG). 
Micrographs were collected on a JEOL JEM-2200FS microscope (JEOL Ltd.) on a 
TVIPS F416 CMOS camera (TVIPS, Gauting, Germany) at a calibrated magnification 
of ×50,000, corresponding to a pixel size of 2.53 Å. A number of 214 images of empty 
capsid were selected, and a 3D reconstruction was computed using the icosahedral 
symmetry in Relion (version 1.4) software64. The resolution was estimated to be 33 Å, 
according to a Fourier shell cutoff of 0.5. 
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Plaque formation assay 
 
The infectious virus titer in two virus fractions was determined by standard plaque 
formation assay. H446wt cells were seeded in 6-well plates at 70% confluency 1 day 
prior to infection. Serial dilutions of the upper band (10−3 to 10−7) and lower band 
(10−6 to 10−10) were prepared in R10 medium (RPMI 1640 medium [catalog number 
31800-022; Gibco] supplemented with 0.01 M HEPES [catalog number 11344-041l; 
Gibco]) and 0.02 M sodium bicarbonate (catalog number 205-633-8; Applichem). 
Confluent monolayers of H446wt cells in duplicate wells were infected with 250 μl of 
each dilution and the R10 medium control for 1 h at 37°C. The plates were gently tilted 
every 15 min to ensure uniform adsorption. After 1 h, the virus suspension was 

removed from each well and the cells were immediately overlaid with 2 ml of R10 
medium containing 2% FBS and 1% agarose (SeaPlaque; catalog number 50100; 
Lonza). The agarose was allowed to set at room temperature for 15 min, and the plates 
were incubated at 37°C for 24 h thereafter. Plaques were stained with 100 μl of 5 
mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; catalog 
number M2128; Sigma) per well. The plaques were counted after incubation of the 
plates at 37°C for 3 h under dark conditions. 
 

Quantification of total protein in empty and full capsid fractions 
 
The total protein contents in two virus fractions were determined by using a Qubit 
protein assay kit (catalog number 1814929; Life Technologies) according to the 
manufacturer's protocol. Briefly, 10-μl volumes of the sample were incubated with 190 
μl of Qubit working solution (1:200 of Qubit reagent/Qubit buffer), and the reaction 
mixture was incubated under dark conditions at room temperature for 15 min. The 
same procedure was followed for Qubit protein standards 1, 2, and 3. The readings 
were recorded for duplicate samples from each fraction by using a Qubit (version 1.0) 
fluorometer (Life Technologies). 
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Structural protein analysis in SDS-PAGE 
 
Protein precipitation of two virus fractions was carried out using the trichloroacetic acid 
precipitation method. Protein denaturation for SDS-PAGE was performed according 
to the recommended NuPAGE specifications. Briefly, 15 μl of each protein sample (7 
to 15 μg) was mixed with 5 μl of 4× LDS sample loading buffer (catalog number 
NP0007; Thermo Fisher Scientific) and 500 mM dithiothreitol (catalog number 
SLBH1672V; Sigma), followed by heating at 90°C for 10 min. Then, 5 μl of a 
prestained Bio-Rad low-range protein ladder (catalog number 161-0305) and 20 μl of 
each sample were loaded onto a Novex Bolt 4 to 12% bis-Tris Plus gel. 
Electrophoresis was undertaken in a Bio-Rad PowerPac 200 instrument at a constant 

voltage of 80 V in 1× 2-(N-morpholino)ethanesulfonic acid (MES) running buffer until 
the dye front reached the end of the gel. The gel was stained by the 0.1% Coomassie 
brilliant blue G-250 (0.02%, wt/vol) colloidal staining method overnight and was 
destained in Milli-Q water for 12 h. The gel image was captured on a Uvidoc imaging 
system (Uvitec, Cambridge, United Kingdom). 
 

pH stability of SVV empty and full capsids 
 
The acid sensitivity of empty capsids and full capsids was investigated according to 
methods adapted from published protocols65. Each sample was mixed with 
phosphate-buffered saline (PBS) solutions of different pHs (5 to 7.5) at a ratio of 1:10. 
Samples were incubated at room temperature for 30 min and subsequently visualized 
by electron microscopy as described above. 
 

Accession number(s) 
 
Cryo-EM maps of the full virion and procapsid can be found in the Electron Microscopy 
Data Bank (https://www.ebi.ac.uk/pdbe/emdb/) under accession numbers EMDB-
7110 and EMDB-7111, respectively. 
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Results 
 

SVV procapsid purification and characterization 
 
Both full capsids and naturally occurring procapsids of SVV were observed by electron 
microscopy, with procapsids representing 10 to 20% of the total number of particles, 
depending on the preparation. SVV purification in a linear 10 to 50% (wt/vol) potassium 
tartrate gradient resulted in two distinct bands, namely, a light sedimentation band and 
a heavy sedimentation band. Transmission electron micrographs of these fractions 
highlighted the presence of homogeneous populations of procapsids and full capsids, 
respectively (Figure 2-1-1A and B). The purification of SVV using sucrose gradients 
yielded unsatisfactory results. Additionally, cryo-EM studies were hampered by high 
sucrose concentrations; therefore, additional purification steps were required. 
 

 
Figure 2-1-1. Purification and characterization of SVV procapsids. (A) A 
negatively stained electron micrograph of the heavy sedimentation fraction collected 
from a 10 to 50% potassium tartrate gradient demonstrates the presence of full 
capsids. (B) A negatively stained electron micrograph of light sedimentation fraction 
depicts a homogeneous population of SVV empty capsids, as evident by the stain 
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inside. Electron micrographs were recorded at a magnification of ×33,000 on a Phillips 
CM100 TEM operating at 100 kV. Bars, 200 nm. (C) SDS-PAGE analysis of full and 
procapsid fractions shows the cleavage in VP0 (∼43 kDa) to VP2 (∼36 kDa) and VP4 
(∼7 kDa) in procapsids (lane E), similar to that in full capsids (lane F). The VP1 (27 
kDa) and VP3 (31 kDa) bands were observed in both fractions. Lane M, molecular 
mass markers, with the numbers on the left indicating the molecular mass of each 
band (in kilodaltons). 
 
To further confirm the purity of each fraction, full and procapsid stocks were titrated 
using plaque formation assays (PFA) on H446wt monolayers. H446wt cells are wild-

type small-cell lung cancer cells which have previously been used for SVV infection 
studies as well as virus production and purification9. Our PFA showed a 104-fold 
difference in the number of infectious virus particles between the procapsids and the 
full virions, highlighting the relative homogeneity of the separated fractions. We further 
validated this finding by measuring the total protein content in order to establish the 
particle/PFU ratios in the respective fractions. Similar to other picornaviruses, such as 
PV, the SVV full capsid fraction accounts for a particle/PFU ratio of 7.1 × 102. As 
expected, this value increased to 2.4 × 106 in the procapsid fraction due to the relative 
absence of infectious particles. 
 

Structure of SVV capsid and procapsid 
 
We used cryo-EM to solve the structure of the full capsid and procapsid to resolutions 
of 3.8 Å and 5.9 Å, respectively (Figure 2-1-2 and table 2-1-1). The two structures are 
largely similar, with the obvious exception being the missing genomic RNA in the 
procapsid (Figure 2-1-2C). The procapsid is not expanded, and its external surface 
appears identical to the full particles at this resolution and, correspondingly, also 
displays the same antigenicity as the full virion. The atomic model, derived from X-ray 
crystallography (PDB accession number 3CJI)16, was fitted into the cryo-EM density 
without alteration and with excellent agreement (Figure 2-1-2E). 
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Figure 2-1-2. Cryo-EM of SVV full capsid and procapsid. (A) A representative 
micrograph showing procapsids (white arrow) and mature virions (black arrow). Bar, 
50 nm. (B) Outside and cutaway views of the procapsid (left) and full virion (right). Bar, 

10 nm. (C) A central slice through the procapsid (left) and the full virion (right). Note 
the ordered RNA closest to the capsid in the full virion. (D) The Fourier shell correlation 
curves for gold standard reconstructions of the procapsid and full virion. (E) The X-ray 
model of SVV agrees well with the cryo-EM map of the SVV capsid. Blue, VP1; green, 
VP2; red, VP3; orange, VP4. (F) VP4 adopts the same conformation in the procapsid 
(left) and full virion (right), although the virion is clearly better resolved than the 
procapsid. 
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Table 2-1-1. Cryo-EM imaging and data processing statistics. aThe value in 
parentheses is the binned value. bGold standard forward scatter = 0.143 criterion. 

Characteristics Value(s) 

No. of micrographs used 367 

No. of particles 

• Full capsid 

• Empty capsid 

 

20,949 
3,526 

Sampling (Å/pixel) 0.822 (1.644)a 

Defocus range (μm) 1.5-5.0 

Resolution (Å)b 

• Full capsid 

• Empty capsid 

 
3.8 

5.9 

 
 

Procapsid binds ANTXR1 
 
The fact that the full capsid and the procapsid have identical external surfaces (Figure  
2-1-2B) suggested that the SVV procapsid would also be able to bind the cellular 
receptor. In the case of poliovirus, it has been shown that receptor binding triggered 
partial conformational changes associated with viral entry28. We incubated the soluble 
domain of ANTXR1 with purified capsid and collected a small cryo-EM data set of the 
empty capsid decorated particles. Despite its modest resolution, the calculated map 
clearly displayed the crown-like arrangement of receptors around the 5-fold axis, as 
shown for the full capsid9, confirming the procapsid affinity for ANTXR1 (Figure 2-1-
3). 
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Figure 2-1-3. SVV procapsids bind the ANTXR1. (A) The cryo-EM reconstruction of 
SVV procapsid-ANTXR1 demonstrates the full decoration of ANTXR1 on the capsid 
surface, similar to that of the virion-ANTXR1complex. Bar, 10 nm. (B) Central sections 
through the procapsid-ANTXR1 EM map are devoid of any central density 
corresponding to viral RNA (green arrow) and show bound ANTXR1 on the capsid 
surface (blue arrow). (C) The resolution of the density map was assessed to be 33 Å, 
according to a Fourier shell cutoff of 0.5. 
 

 

VP0 is cleaved in the procapsid  
 
The next objective in our study was to determine whether the procapsids isolated 
during SVV purification are actual procapsids (73S) or empty capsid intermediates 
formed after the RNA release (80S). In general, picornavirus procapsids are a product 
of 14S pentameric assembly prior to RNA encapsidation. Thus, the picornavirus 

procapsid protein composition is mainly composed of uncleaved, myristoylated VP0, 
VP1, and VP3. However, the VP0 (∼43 kDa) in SVV empty capsids was found to be 
cleaved into VP2 (∼36 kDa) and VP4 (∼7 kDa), with a relatively small amount of VP0 
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being left intact (Figure 2-1-1C). Similarly, the protein composition of the mature virion 
was found to consist of VP1 (27 kDa), VP2, VP3 (∼31 kDa), and VP4, as is 
characteristic for picornaviruses (Figure 2-1-1C). The band corresponding to VP0 in 
the virion fraction could be due to the presence of minute amounts of procapsids (with 
uncleaved VP0). The observation that VP4 still remains in place within the empty 
capsids confirms that they are procapsids and not empty capsids resulting from RNA 
release. The mechanisms governing the cleavage of VP0 to VP2 and VP4 in 
procapsids are still unclear. Nonetheless, it is thought to occur as a result of an 
autocatalytic process responsible for the cleavage of VP0 in provirions27,29 or perhaps 
by the activity of aberrantly encapsidated 3C protease27. Previous studies on type A 

FMDV procapsids have highlighted the cleavage of VP0 to VP2 and VP427. A histidine 
residue required for cleavage in PV (H195 of VP2)29, also found in FMDV (H145 of 
VP2)27, is positioned identically in SVV (H204 of VP2), suggesting a similar role in 
autocleavage (Figure 2-1-4). Furthermore, this apparently unusual cleavage of VP0 in 
procapsids may be a time-dependent event, as reported with the type A FMDV empty 
capsids27, thus resulting in a mixture of protomers with uncleaved VP0 and protomers 
with the cleavage products, VP2 and VP4. However, it is apparent that a bulk 
proportion of VP0 in SVV procapsids have undergone cleavage, as indicated by a faint 
VP0 band and stronger VP2 and VP4 bands (Figure 2-1-1C). 
 

 
 
Figure 2-1-4. VP0 cleavage site in picornaviruses. (A) The position of H204 from 
SVV is analogous to that of its conserved counterparts H145 from the PV procapsid 
(PDB accession number 1POV) (B) and H195 from an FMDV procapsid (PDB 
accession number 4IV1) (C). Only VP4 (yellow) and VP2 (green) are shown; the 
SVV procapsid map is shown semitransparently in panel A. 
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Acid lability of SVV virions and procapsids 
 
The capsids of picornaviruses act as a protective shell for the encapsidated RNA 
genome until a suitable host environment is encountered for virus uncoating. 
Therefore, understanding the environmental factors to which the virus is receptive can 
provide valuable insights into its biology and potential mechanisms of infection. From 
a therapeutic perspective, such information is of importance in designing inactivated 
vaccines and stable VLP preparations. 
 
We carried out pH stability experiments in phosphate-buffered saline (PBS) at pH 
values of between 5.0 and 7.5 with 0.5 pH unit increments. Negative-stain 

transmission electron microscopy (TEM) images showed that SVV virions 
disassemble into pentameric subunits at pH values of ≤5.5 (Figure 2-1-5A), whereas 
this was observed at pH values of ≤6.0 (Figure 2-1-5B) with procapsids. These results 
suggest that SVV virions are more resistant to acidic conditions than procapsids. 
However, this result is somewhat contradictory to the acid stability of FMDV virions, 
which has been shown to be inferior to that of FMDV procapsids. Full capsids of FMDV 
A serotypes have been shown to dissociate at slightly below neutrality, with pH50 
values, defined as the pH where 50% of infectivity is measurable, ranging from 6.0 to 
6.65, whereas the natural empty capsid demonstrated pH50 values of 6.0 to 6.3530. 
Investigations into the FMDV infection pathway have shown the necessity of such acid 
lability, since full capsids undergo disassembly in the increasingly acidic environment 
of early endosomes. On the other hand, human rhinovirus strain A2 virions uncoat in 
late endosomal compartments, requiring a higher acid stability31. Therefore, it can be 
speculated that SVV disassembly may be a process that is strictly dependent on low-
acidic-pH environments in late endosomal compartments. Since SVV virions differ 
from empty capsids due to the presence of RNA, the increased pH stability of SVV 
virions could be governed by the interactions between the RNA genome and capsid 
proteins. 
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Figure 2-1-5. pH stability of SVV full capsids and procapsids. (A) Electron 
micrographs of purified virions, diluted in phosphate-buffered saline at pHs ranging 
from 5.0 to 7.5 and incubated for 30 min at room temperature, show that the capsid 

disassembles into pentamers at pHs of ≤5.5. (B) Procapsids were found to be more 
acid labile, with capsid disassembly into pentamers being observed at pHs of ≤6.0. 
Scale bars= 200 nm. 
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Procapsid dissociation into pentamers 
 
We characterized the morphology of pentameric populations observed in procapsids 
at pH 6.0 by using negative-stain electron microscopy (EM) single-particle 
reconstruction (Figure 2-1-6). Class averages showed a 5-fold symmetry 
characteristic of that of picornaviruses (Figure 2-1-6B). A three-dimensional (3D) 
reconstruction of the pentamer from this study adequately highlighted the 5-fold 
symmetry of the structure as well as a depression at the center of the pentamer (Figure 
2-1-6D). Fitting of the atomic model of the pentamer into the EM map demonstrated a 
good correlation between the two components, hence validating the low-resolution 3D 
model (Figure 2-1-6D). 

 

 
 
 
Figure 2-1-6. Negative-stain single-particle reconstruction of procapsid 
pentamers. (A) An electron micrograph of negatively stained procapsids at pH 6.0 
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shows that most of the procapsids appeared to be disassembled into pentamers (red 
boxes) at this pH. Bar, 50 nm. (B) Class averages of particles picked from 36 
micrographs were obtained using the EMAN2 image processing suite. These class 
averages demonstrated the presence of particles with 5-fold symmetry, thereby further 
validating the presence of pentamers. (C) The 3D reconstruction generated from good 
class averages had an estimated resolution of 17.8 Å, according to the gold standard 
Fourier shell correlation cutoff of 0.143. Bars, 10 nm. (D) Fitting of the crystal structure 
of SVV pentamer into the EM density map revealed a good correlation between the 
crystal structure and the EM map. Scale bar= 10 nm. 
 

The VP1 N terminus becomes ordered in contact with the genome 
 
In SVV, the major differences between the interior of the full capsid and the procapsid 
were observed at the capsid floor. Consistent with the procapsid structures of other 
picornaviruses, peptides located at the internal surface were disordered19,21,24,27. The 
most obvious difference was on the N-terminal end of VP1, where the first 28 amino 
acids were disordered in the procapsid (Figure 2-1-7). Nevertheless, while no density 

was visible for the first 14 amino acids, at a lower threshold there was visible density 
for the next 14 residues, which indicates the presence of a partially ordered 
conformation. The disordered and partially ordered parts of VP1 are strongly 
negatively charged and arrange themselves in clear patches at the interior of the full 
capsid in a manner reminiscent of that for enteroviruses (Figure 2-1-8). 
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Figure 2-1-7. Capsid interior. (A) Details of the SVV procapsid centered on a 3-fold 
axis. The atomic model of the mature virion is depicted in ribbons. The density, 
displayed semitransparently, accurately accommodates the model, except for the first 
28 residues of VP1 (blue). (B) Masked density of the VP1 N terminus from the SVV 
full capsid is well ordered in comparison to SVV procapsids. (C to E) Interior views of 
full capsid protomers of PV (C), FMDV (D), and SVV (E) demonstrating the disordered 
N termini on their procapsid counterparts (dark blue). The PDB accession numbers of 
the full capsid protomers of PV, FMDV, and SVV are 1HXS, 4GH4, and 3CJI, 
respectively. VP1, VP2, VP3, and VP4 are colored in light shades of blue, green, red, 
and orange, respectively. (F to H) Interior views of a single protomer of procapsids of 
PV (F), FMDV (G), and SVV (H) identifying cleaved VP0 in SVV and FMDV and intact 
VP0 in PV. The PDB accession numbers of the single protomer of procapsids of PV, 
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FMDV, and SVV are 1POV, 4IH4, and 3CJI, respectively. VP1, VP2, and VP3 are 
colored in light shades of blue, green, and red, respectively; VP4 is colored in orange. 
 
 

 
 
 
Figure 2-1-8. Comparison of electrostatic surfaces of picornaviruses. The top 
row contains the electrostatic surfaces of full capsid pentamers of EV71 (PDB 
accession number 3VBS) (A), SVV (PDB accession number 3CJI) (B), PV (PDB 
accession number 2PLV) (C), and FMDV (PDB accession number 4GH4) (D). The 
bottom row contains the electrostatic surfaces of empty capsid pentamers of EV71 
(PDB accession number 3VBU) (E), SVV (PDB accession number 3CJI) (F) PV (PDB 
accession number 1POV) (G), and FMDV (PDB accession number 4IV1) (H). In 
general, the empty capsids have fewer negatively charged patches. This is especially 
true of SVV and PV. Red, negative; blue, positive; white, neutral. The color scale runs 
from −10 to 10 kT/e. 
 

The SVV genome is partially ordered inside the capsid 
 
A careful inspection of the interior of the full capsid map showed a large part of the 
genome being ordered. A partially ordered genome has been reported in other 
picornavirus or picorna-like virus structures32-36. However, they were mostly 
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represented by loops of genomic material forming contacts with capsid proteins. Cryo-
EM studies of RNA bacteriophages, such as MS237,38 or Qβ39, have shown that most 
of the genome is ordered inside the capsid. 
 
Our structure shows a large dodecahedral cage on the interior of the capsid, with 
densities sized to accommodate RNA helices (Figure 2-1-9). The cage is not evident 
at 3.8 Å and becomes clear only at resolutions lower than ∼6 Å, as observed in the 
case of MS2 bacteriophage38. This effect is probably due to the fact that the RNA chain 
is more flexible than the capsid proteins. Imposing icosahedral symmetry averages 
different regions of the genome into common secondary structural motifs visible only 
at a lower resolution. A similar RNA cage was reported for the nodaviruses40,41, 

suggesting a common strategy for viral RNA folding. Inside the pentagonal face of the 
cage, five small densities under the density corresponding to the VP4 protein were 
visible. These densities could accommodate part of the disordered residues of VP4 
and RNA loops involved in the contact with the central part of VP4, which was partially 
disordered in both the full capsid and procapsid. Nevertheless, compared to other 
enteroviruses and aphthoviruses, the electrostatic potential of the interior of the SVV 
capsid showed that a highly positive region is present around the 5-fold axis (Figure 
2-1-8). These arrangements of positive residues at the interior of the capsid could be 
involved in binding viral RNA loops similarly to the Ljungan virus35 and 
parechoviruses34,36. 
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Figure 2-1-9. Ordered RNA structure inside the SVV mature capsid. The 
difference map between the full virion and the procapsid map, each filtered to 9 Å, 
shows that part of the genome is ordered. (A) An exterior view of the RNA cage, 
looking down the 5-fold axis. (B) View from the interior of the cage along the 5-fold 
axis. The VP4 proteins at the 5-fold axis form a star between the RNA densities. 
 
 

Discussion 
 
For many picornaviruses, two types of particles are produced during infection: the 
native empty particles (procapsids) and full virions. The two populations are 
discernible using electron microscopic methods and can be purified by different 
methods of gradient density ultracentrifugation. In most cases, the two forms of the 
capsids have an identical external structure and share the same antigenic properties. 
Despite lacking the internal RNA, procapsids have the same protein composition as 
the native virions. In the case of enteroviruses, a different class of empty particles 
exists. Following a major conformational change which leads to an expansion of the 
capsid into the A particle18, the genome is externalized42,43, leaving behind an altered 
empty capsid: the B particle44. The B particle is antigenically different from the native 
virion and has a different protein composition. Altered empty capsids have been 
structurally characterized in detail for several enterovirus members, such as PV44, 
rhinoviruses45, enterovirus 71 (EV71)46, coxsackieviruses47, and equine rhinitis A 
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virus48, as well as for other picornaviruses, such as kobuviruses49, or for picorna-like 
viruses, such as bee viruses50,51. In all these cases the structures show a capsid 
expanded by 4 to 6%, lacking VP4, and showing more disorder on the interior of the 
capsid. For enteroviruses, the expansion often leads to large holes at the 2-fold axes, 
supporting the idea of RNA exit at or near this site42,43,52. The antigenic properties of 
the expanded empty particles are also distinct, as was shown for PV53 and EV7154. 
However, the procapsids are much less well studied. Procapsid structures have been 
solved by cryo-EM or X-ray crystallography for enteroviruses, such as PV19, EV7121, 
rhinovirus22, and coxsackieviruses20,23. All these structures show an unexpanded 
capsid with an uncleaved VP0 arranged in a conformation different from that of the 

final configuration of VP2 and VP4 in the mature capsid. It was shown in several cases 
that VP0 cleavage is conditional on the presence of viral RNA19. The cleavage of VP0 
into VP4 and VP2 is a condition required for a successful infection in the case of 
enterovirus, where insertion of VP4 in the cellular membrane is necessary for RNA 
translocation55. For other members of the picornavirus family, which rely on 
acidification to trigger the uncoating process, VP0 is never cleaved. This is the case 
for the procapsid structures of parechoviruses35,36 or kobuviruses56. The case of 
aphthoviruses is somewhat different. For FMDV the VP0 cleavage gradually occurs, 
even in the absence of RNA, at room temperature over several weeks27. This is not 
the case for SVV, where the VP0 cleavage occurs spontaneously. Similar to FMDV, 
the SVV procapsid seems to contain a low percentage of residual uncleaved VP0 
(Figure 2-1-1C). Interestingly, it has been shown that FMDV pentamers can 
reassociate into an empty capsid in an inside-out arrangement57. This unnatural 
conformation would expose the VP4 region to the exterior of the capsid. The structures 
both of pentamers and of the inside-out empty capsid show no density corresponding 
to VP4, suggesting that VP4 is essential for the correct procapsid assembly. A different 
situation is observed in the case of EV7158 and coxsackieviruses23, where VP0 is not 
cleaved in the procapsid and no density corresponding to the VP4 region is observed, 
indicating that this region is not ordered. A possible explanation could be that the 
cleavage of VP0 in the absence of the viral RNA would lead to the dissociation of VP4 

from the capsid. In contrast, for SVV the partial attachment of the terminal VP4 β-
strand to the VP2 β-barrel (Figure 2-1-4 and 2-1-7) stabilizes the structure and enables 
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the cleavage of VP0 and the assembly of the resulting VP2 and VP4 in a stable 
procapsid. This terminal β-strand of VP4 is specific for SVV, with all the other 
picornavirus structures showing a short α-helix in this region (Figure 2-1-7). 
 
Despite the similarities between SVV and FMDV, their response to exposure to an 
acid environment is different. While the procapsid of FMDV is more stable than the 
corresponding mature virion59, the procapsid of SVV is less stable than the full capsid 
containing the RNA, suggesting a role of the genomic RNA in stabilizing the capsid. 
Much effort was put in increasing the stability of FMDV VLPs for use as a vaccine; it 
was shown that the stability of different serotypes could be increased by mutating 
residues at the interface of the protomers25,60. A similar effort for increasing the stability 

of SVV procapsids could benefit the construction of VLPs to be used as nanocarriers 
in cancer treatment or as vaccines against the animal pathogen serotypes. 
 
The mechanism of VP0 cleavage was examined in detail in PV29, and it was shown to 
involve a conserved histidine residue located in a pocket at the base of VP2 (Figure 
2-1-4). The cleavage implies that the residues corresponding to the VP4-VP2 
connection would have to penetrate the pocket containing the conserved histidine to 
position the scissile bond sufficiently close. Our structure shows that in both the SVV 
mature capsid and the procapsid the conformations of VP2 and VP4 are in close 
proximity to the histidine residue at position 204 responsible for the cleavage. The C 
terminus of VP4 is fully ordered and stops on top of the H204 residue, while the first 
11 residues of VP2 are disordered but would easily reach the first ordered residue. In 
comparison, in PV and FMDV procapsids the ordered part of VP4 covers a much 
larger part of the pocket, while in FMDV, VP4 is located farther away (Figure 2-1-4). 
Overall, the position of VP4 in SVV more closely resembles that in PV than that in 
FMDV. 
 
The length of the disordered N terminus of VP1 could also be responsible for the 
different behavior of VP0 cleavage in senecaviruses compared with that in 
enteroviruses and aphthoviruses. In the mature capsids of both FMDV and PV, the 

histidine pocket is covered by the N terminus of VP1, while in the procapsid, the same 
region is disordered and thus permits access to the pocket. A smaller flexible region 
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occluding the pocket would lead to a more rapid cleavage of VP0. In the case of SVV, 
there are 14 fully disordered residues in the N-terminal part of VP1, whereas FMDV 
has 26 disordered residues and PV has 67 disordered residues (Figure 2-1-7). 
 
The structure of the SVV procapsid highlights several features of related viruses in a 
unique combination. These lead us to believe that SVV procapsids could prove to 
become useful tools as VLPs or as drug delivery mechanisms for targeting cancers. 
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Abstract 
 
Recently, the use of oncolytic viruses in cancer therapy has become a realistic 
therapeutic option. Seneca Valley virus (SVV) is a newly discovered picornavirus, 
which has earned a significant reputation as a potent oncolytic agent. Anthrax toxin 
receptor 1 (ANTXR1), one of the cellular receptors for the protective antigen secreted 
by Bacillus anthracis, has been identified as the high-affinity cellular receptor for SVV. 
Here, we report the structure of the SVV-ANTXR1 complex determined by single-
particle cryo-electron microscopy analysis at near-atomic resolution. This is an 
example of a shared receptor structure between a mammalian virus and a bacterial 

toxin. Our structure shows that ANTXR1 decorates the outer surface of the SVV capsid 
and interacts with the surface-exposed BC loop and loop II of VP1, “the puff” of VP2 
and “the knob” of VP3. Comparison of the receptor-bound capsid structure with the 
native capsid structure reveals that receptor binding induces minor conformational 
changes in SVV capsid structure, suggesting the role of ANTXR1 as an attachment 
receptor. Furthermore, our results demonstrate that the capsid footprint on the 
receptor is not conserved in anthrax toxin receptor 2 (ANTXR2), thereby providing a 
molecular mechanism for explaining the exquisite selectivity of SVV for ANTXR1. 
 
Keywords: Seneca Valley virus, cryo-electron microscopy, picornavirus, virus-
receptor interactions, cancer therapy 
 
Abbreviations: 
%   percent 
2D   two-dimensional 
3D   three-dimensional 
Å   angstrom 
ANTXR1  anthrax toxin receptor 1 
ANTXR2  anthrax toxin receptor 2 
COOT   crystallographic object-oriented toolkit 

cryo-EM  cryo-electron microscopy 
CTF   contrast transfer function 
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Cα   alpha carbon 
Cβ   beta carbon 
d   days 
el   electron 
EMDB   electron microscopy data bank 
FBS   fetal bovine serum 
Fc   fragment crystallizable 
FMDV   foot-and-mouth disease virus 
FSC   Fourier shell correlation 
g   the relative centrifugal force 

h   hour 
i.v.   intravenous 
ig   immunoglobulin 
kb   kilobases 
kV   kilovolt 
LDV   leucine-aspartic acid-valine 
Mg   milligram 
Min   minutes 
ml   milliliter 
mM   millimolar 
nm   nanometer 
o   degree 
oC   degree Celsius 
PA   protective antigen 
PDB   protein data bank 
PISA   protein Interfaces, surfaces and assemblies 
RIVEM  radial interpretation of viral electron density maps 
rmsd   root-mean-square deviation 
RNA   ribonucleic acid 
RPMI   Roswell Park Memorial Institute medium 

s   second 
SCLC   small-cell lung cancer 
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SVV   Seneca Valley virus 
vol   volume 
wk   weeks 
wt   wild-type 
α   alpha 
β   beta 
μl   microliter 
μm   micrometer 
π   pi 
σ   sigma 
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Introduction 
 
Seneca Valley virus (SVV) is a small (∼30 nm in diameter) icosahedral virus harboring 
a positive-sense, single-stranded RNA genome of 7.3 kb. The RNA genome encodes 
seven nonstructural proteins—2A, 2B, 2C, 3A, 3B, 3C, and 3D—and four capsid 
proteins—VP1, VP2, VP3, and VP41-3. Several studies have highlighted the capacity 
of SVV to preferentially infect and kill tumor cells with neuroendocrine features without 
resulting in detrimental off-target effects4,5. SVV has been investigated for its antitumor 
activity in phase I clinical trials against pediatric solid tumors and in phase II clinical 
trials against small-cell lung cancers (SCLC)6-8. The efficacy of SVV treatment in 

oncovirotherapy has been shown to be limited due to the host immune response within 
3 wk of viral infusion7. There is increasing interest in the development of SVV mutants, 
which can retain their capacity to bind and infect tumor cells while bypassing the host 
antiviral immune response. Recently published results from our own work and 
collaborators unveiled anthrax toxin receptor 1 (ANTXR1), a type I transmembrane 
protein, as the cellular receptor governing specificity for SVV infection9. In comparison 
with the second anthrax toxin receptor (ANTXR2), ANTXR1 is weakly expressed in 
normal tissues but overexpressed in a wide variety of human tumors10. Little is known 
about the role of ANTXR1 in the development of normal tissue, and studies of ANTXR1 
knockout mice failed to reveal any major phenotypic abnormalities11. However, tumor 
growth and tumor blood vessel density were significantly decreased in these mice12. 
Moreover, in patients enrolled in a phase I clinical study of SVV in advanced solid 
tumors with neuroendocrine features, i.v. administration of the oncolytic virus showed 
high specificity for tumor cells with no evidence of infection and propagation in the 
surrounding normal tissue6,7. In combination these studies provide a valuable strategy 
for selective targeting of ANTXR1 overexpression in tumor cells with SVV without 
impact on the adjacent normal tissue. However, the exact locations and the nature of 
interactions between SVV and ANTXR1 have not been characterized. Cryo-electron 
microscopy (Cryo-EM) structure of SVV-ANTXR1 from this study identifies surface-
exposed loops of VP1, VP2, and VP3 as the sites of receptor attachment. 

Furthermore, the atomic model of SVV-ANTXR1 complex shows residues participating 
in the capsid footprint on the receptor are not conserved among ANTXR1 and 
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ANTXR2, thereby providing a plausible explanation for tumor specificity of SVV. 
Findings from this study, in conjunction with future work on SVV-antibody interaction 
sites, can provide a promising stage for the development of SVV mutants with 
improved clinical applications. 
 
 

Materials and methods 
 

Virus production and purification 
 
SVV full capsids were purified according to methods adapted from previously 
published protocols2. Briefly, SCLC H446wt cells (ATCC, HTB-171) were grown in 
Roswell Park Memorial Institute medium (RPMI) 1640 (catalog no. 1851354; Gibco) 
supplemented with 10% (vol/vol) FBS and 1% (vol/vol) penicillin–streptomycin to 
∼80% confluency in eight T175 flasks. Cells were infected by replacing the existing 
medium with RPMI medium 1640 containing 2% (vol/vol) FBS and plaque-purified 
SVV stock at a multiplicity of infection of 1, followed by incubation at 37 °C for 3 d. The 
detached cells after 3 d were treated with 0.05% (vol/vol) Triton ×100 in RPMI 1640 
for 30 min at room temperature to permeabilize cell membranes. Thereafter, the cell 
suspension was transferred into 250-ml Nalgene bottles and centrifuged at 10,000 × 
g for 30 min at 4 °C. The resulting supernatant was transferred into six 38.5-ml open-
top, polypropylene tubes (catalog no. Z60105SCA; Beckman Coulter) and spun down 
at 120,000 × g for 1 h in a Beckman Coulter SW32Ti rotor at 4 °C. After discarding the 
supernatant, the virus pellet was resuspended in CsCl purification buffer (137 mM 

NaCl, 5 mM KCl, 25 mM Tris base, 0.8 mM NaH2PO4, pH 7.4) overnight at 4 °C. 
Suspended virus was loaded onto a 1.38-g/ml isopycnic CsCl gradient prepared in a 
16.5-ml open-top polypropylene tube (catalog no. Z60303SCA; Beckman Coulter) and 
centrifuged at 61,580 × g for 18 h in a Beckman Coulter SW 32.1 Ti rotor at 22 °C. 
Viral bands were collected and dialyzed against PBS buffer overnight at 4 °C. Final 
virus concentration in dialyzed fraction was measured by a Qubit protein concentration 
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assay kit (catalog no. 1814929; Life Technologies). Samples were stored at −80 °C 
until used. 
 

SVV-ANTXR1 Interaction 
 
The interaction between SVV and ANTXR1 was carried out according to previously 
published protocols9. In brief, SVV purified from the previous step (0.2 mg/ml) was 
mixed with recombinant human ANTXR1-Fc (1 mg/ml) (catalog no. 13367-H02H; Sino 
Biological) in equal volumes. The virus-receptor mixture was incubated at 37 °C for 90 
min, followed by another 90 min incubation in an ice bath. 
 

Cryo-EM Sample Preparation and Data Collection 
 
Cryo-EM specimens were prepared by applying 2.5–4.0 μl of SVV-ANTXR1 mixture 
from the above step onto glow-discharged QF-1.2/1.3 grids (Quantifoil). Excess liquid 
was blotted off on a Vitrobot IV (Thermo Fisher Scientific) at 100% humidity for 3 s 
with blot force 0, immediately followed by plunge-freezing the grid into liquid ethane at 
liquid nitrogen temperature. Frozen grids were imaged at 73,000× magnification on a 
Talos Arctica cryo-transmission electron microscope (Thermo Fisher Scientific) 
operating at 200 kV, with a Falcon III direct electron detector (Thermo Fisher Scientific) 
in integrating mode at a dose rate of 80 el/pixel/s. Images of grid areas with thin ice 
were recorded automatically following low-dose procedures with the EPU software 
(Thermo Fisher Scientific) at a pixel size of 1.42 Å/pixel. 
 

Image Processing and Single-Particle Analysis of the SVV-ANTXR1 Complex 
 
A total of 39 movie frames (each containing a dose of 1 el/Å2/frame) were aligned, 
dose-weighted, and summed with MotionCor233, resulting in a total dose of 39 
el/Å2/image. Defocus estimation was performed with Ctffind434. Only micrographs with 
a good fit correlation to 4.0 Å were used for single-particle analysis of the SVV-
ANTXR1 complex. Manual particle selection was carried out in E2BOXER35, yielding 
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7,457 single-particle images. Subsequent 2D classification, 3D classification, and 3D 
refinement were carried out with Relion 1.436. Briefly, picked particles were extracted 
with a box size of 420 pixels and were subjected to several rounds of reference-free 
2D classification. Good class averages were manually identified, and junk particles 
were omitted. A selection of 6,782 good particles were subjected to reference-based 
3D classification by using a low-pass-filtered (50 Å) electron density map of the SVV 
crystal structure (PDB ID : 3CJI) as the initial 3D model. The resulting experimental 
3D model of the SVV-ANTXR1 complex was further refined and postprocessed. Final 
overall resolution of the reconstruction was estimated as 3.8 Å between independently 
refined data sets at a Fourier shell correlation of 0.143. A local resolution map was 

calculated with Resmap37. 
 

Atomic Model Building and Refinement 
 
The crystal structures of SVV (PDB ID: 3CJI) and ANTXR1 (PDB ID: 3N2N) were used 
as starting models to build the atomic model of the SVV-ANTXR1 complex. The 
aforementioned crystal structures were fitted into the cryo-EM map, first manually and 

then by using the fitmap function of UCSF Chimera38. One asymmetric unit and its 
symmetry-related neighbors were selected and masked, and the surrounding map 
was excluded. Initial atomic coordinates were subjected to manual rigid-body fitting 
into the segmented reconstruction with COOTt39. The discrepancies between the 
atomic model and the cryo-EM map were further minimized by subjecting the atomic 
model built with COOT to further refinement by Phenix40 with the 
phenix.real_space_refine program. Model refinement was carried out for five iterations 
until satisfactory model refinement statistics were obtained according to MolProbity41. 
The model was further validated by building independent atomic models for the two 
half maps used in the 3D refinement and then comparing these models with one 
another and with the atomic model built from the full map14 (SI Appendix, Figure 2-2-
S3). Chimera and ChimeraX42 were used as the primary programs for visualization of 
structures and production of figures. The interactions between SVV and ANTXR1 at 
the interface (SI Appendix, Figure 2-2-S3) were elucidated using Chimera and JsPISA 
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online server (www.ccp4.ac.uk/pisa). Spherical projection of the receptor footprint on 
SVV was generated using the program RIVEM43. 

 

Data Availability 
 
The cryo-EM map of the SVV-ANTXR1 complex was deposited in the EMDataBank 
(EMDB) database under entry code 7772. Model coordinates were uploaded to the 
Protein Data Bank with PDB access code 6CX1. 
 
 

Results 
 

Overall Structure of SVV-ANTXR1 Complex 
 
In this study, we used cryo-electron microscopy (cryo-EM) single-particle analysis to 
study the interaction between SVV and the ANTXR1 receptor (Figure 2-2-S1). We 
used a fusion construct of ANTXR1 with the Ig Fc (immunoglobulin fragment 
crystallizable) region, since Fc has previously been reported to be useful in improving 

the stability and solubility of bound partner protein13. The structure features a crown-
like arrangement of ANTXR1 around the fivefold axis of the capsid (Figure 2-2-1A). 
The strong electron potential corresponding to the receptor in our 3D reconstruction 
has a similar overall absolute value as the electron potential inside the capsid (Figure 
2-2-1A), suggesting that the equilibrium between the soluble ANTXR1 domain and the 
SVV-receptor complex in vitro is sufficient to saturate most binding sites located on 60 
asymmetric units. The average radius of the receptor-decorated SVV capsid remains 
unchanged at ∼150 Å as in the native structure, and no rearrangement of the capsid 
proteins was observed (Figure 2-2-1B). The largest radius of 210 Å spans from the 
center of the capsid to the Fc region at the tip of the attached ANTXR1 (Figure 2-2-
1B). Local resolution estimation of the cryo-EM map indicates 3.1 Å within the capsid 
structure, while the resolution within the ANTXR1 domain is 4.25–4.75 Å (SI Appendix, 
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Figure 2-2-S2 A and B) and within the ANTXR1-linked Fc fragment >5 Å, suggesting 
some flexibility of this region (SI Appendix, Figure 2-2-S2 A and B). Overall, the map 
features corresponding to the polypeptide chain and most of its side chains were of 
sufficient quality for atomic model building of capsid proteins VP1–4 and the receptor 
region of the ANTXR-Fc fusion (Figure 2-2-1 C and D and SI Appendix, Table 2-2-S1). 
The model was validated by building two separate atomic models from independent 
maps as a result of independent refinement and reconstruction14; its side chain 
conformations match the known polypeptide sequence in well-resolved areas, and it 
has been checked for correct stereochemical geometry (SI Appendix, Figure 2-2-S1 
and S2 and Table 2-2-S1). 

 

Interactions Between SVV and ANTXR1 
 
We determined the mechanism of interaction between SVV and ANTXR1 and 
localized the receptor contact sites to surface-exposed loops on the virus. The BC 
loop and loop II of VP1, the “puff” of VP2, and the “knob” of VP3 (Figure 2-2-1C) 
comprise an interface area of 742 Å2 on each ANTXR1-binding site. The involvement 

of all exterior capsid proteins in receptor attachment is a phenomenon consistent with 
most species in the Enterovirus genus15-19. Our refined atomic model of the SVV-
ANTXR1 complex suggests that hydrogen-bonding (H-bond) interactions are 
exclusive to the VP1-ANTXR1 and VP2-ANTXR1 interfaces, whereas a variety of 
amino acid interactions are shared among all three interfaces. In VP1, the BC loop 
located at the center of the icosahedral triangle and adjacent loop II establish contacts 
between helices α4 and α3 of ANTXR1, respectively (Figure 2-2-2A). We detected 
only one H-bond at the VP1-ANTXR1 interface, formed between N94 on VP1 loop II 
and E122 on ANTXR1 α3 helix (Figure 2-2-2A). The opposite end of the receptor is 
anchored to the capsid near the icosahedral threefold axis by interactions established 
between the α2–α3 loop of ANTXR1 and the knob of VP3 (Figure 2-2-2B). 
Interestingly, the majority of the ANXTR1 footprint is located on the puff loop of VP2 
elevated between the BC loop and loop II of VP1 (interface area ∼489 Å2) (Figure 2-
2-2 C and D). The contact between ANTXR1 and the puff loop is stabilized by H-bonds 
formed between Y160 on α4 and T180 and Y182 on the puff (Figure 2-2-2C). In 
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addition, the puff loop interacts with helix α3 and with loops α2–α3 and β2–β3 of 
ANTXR1 (Figure 2-2-2C and D). 
 

 
 
Figure 2-2-1. Cryo-EM structure of the SVV-ANTXR1 complex. (A) Radially colored 
iso-potential surface of the reconstructed electron potential map, contoured at 2.4 σ 
above average, displayed along the icosahedral fivefold axis. ANTXR1 (blue) bound 
to SVV (green) demonstrates a “crown-like” arrangement around the fivefold axis. (B) 
Central sections through normalized cryo-EM reconstructions of the undecorated full 
SVV capsid (left half, EMDB access code 7110) and of the SVV-ANTXR1 complex 
(right half, present study). The capsid dimension does not change upon receptor 
binding. The capsid interior appears filled with RNA in both reconstructions. (C) Atomic 
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model in ribbon representation of ANTXR1 complexed to one capsid protomeric unit 
with VP1, VP2, VP3, VP4, and ANTXR1 colored in blue, green, red, orange, and 
magenta, respectively. The same color scheme is used throughout the figures. (D) 
Segmented iso-electron potential surfaces contoured at 2.4 σ of capsid proteins and 
ANTXR1. Refined side-chain conformations of a fitted atomic model show excellent 
correspondence with the structure. (Scale bars: 100 Å). 
 

 
 
Figure 2-2-2. Interactions between SVV capsid proteins and ANTXR1. All three 
proteins located on the exterior of the capsid (VP1-3) are involved in receptor binding. 

Potential non–H-bond interactions and H-bond interactions are illustrated in black 
dashed and red solid lines, respectively. (A) Residue E63 on the BC loop of VP1 forms 
anion-π interactions with F159 on helix α4 of ANTXR1. Our atomic model shows that 
residue N94 on loop II of VP1 can H-bond with E122 on helix α3 of ANTXR1. (B) 
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Residue L113 on the α2–α3 loop of ANTXR1 form potential van der Waals interactions 
with S66 and the adjacent A65 on the knob of VP3. (C) Residues L157 and F159 on 
helix α4 of ANTXR1 form van der Waals interactions with P184 and T180 on the puff 
of VP2, respectively. D156 adjacent to L157 on ANTXR1 participates in establishing 
van der Waals interactions with L178 and P184 on the puff loop. Potential H-bonds 
could be formed between Y160 on the α4 helix and T180 and two residues upstream 
with Y182. Furthermore, Y160 on α4 helix is in contact with P184 on the puff loop via 
aromatic interactions. (D) H121 on α3 helix and Y119 on the α2– α3 loop interact with 
P184 and P185 by establishing aromatic and van der Waals interactions, respectively. 
T87 and R88 on the β2–β3 loop are in contact with K171 and N186 on the puff loop 

via electrostatic interactions. 
 

Changes in Capsid Proteins and the Receptor Post Interaction 
 
Picornaviruses, especially the members of the Enterovirus genus, undergo significant 
changes in capsid structure upon receptor binding, which is a prerequisite for the 
formation of the “A-particle”16-20. However, the existence of an A-particle has not been 

reported for SVV or for members of the Aphthovirus genus, such as Foot and Mouth 
Disease Virus (FMDV). Comparison of the atomic crystal structures of the native SVV 
capsid and the receptor-decorated capsid from this study shows a root-mean-square 
deviation (rmsd) of 0.88 in Cα positions (Figure 2-2-3). Although the overall changes 
are subtle, several regions with significant conformational changes can be 
distinguished in all four SVV capsid proteins and ANTXR1 (SI Appendix, Figure 2-2-
S4). These changes are better understood by examining the fit of the X-ray–based 
model with the refined asymmetric unit coordinates in our cryo-EM map (Figure 2-2-
3). In VP1, the major differences are observed in the N-terminal extension located at 
the interior of the capsid close to the icosahedral fivefold axis (rmsd ∼1.6 Å) (Figure 
2-2-3A, panel 1). The first four residues are shifted by an average of 2 Å, accounting 
for the largest deviation in this region. Interestingly, the locally well-resolved map 
features suggest that this region is not as disordered as in enteroviruses. Minor 
changes in VP1 can be observed in the GH loop (residues 185–215) located near the 
icosahedral twofold axis (rmsd 1.1 Å) (Figure 2-2-3A, panel 2). Even though the overall 
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conformational changes in the BC loop remain minimal, residues 58–64, which include 
receptor-binding E63, are shifted by 1.3 Å in their Cα positions, on average (SI 
Appendix, Figure 2-2-S4A). The largest changes within VP2 are observed in the puff 
and the loop composed of residues 142–151 (Figure 2-2-3C, panels 1 and 2). Even 
though the changes observed in the puff are minimal in general, residues 178–186, 
which contribute to the bulk of receptor interactions, show considerable shifts in their 
Cα positions (∼1 Å). A buried region that consists of residues 142–151 undergoes the 
largest conformational alteration in VP2 (Figure 2-2-3 C, panel 1) (rmsd ∼1.9 Å). 
Although this region harbors the integrin-binding motif LDV21, local conformational 
changes of this magnitude do not aid in exposing the above-mentioned motif for 

ANTXR1 interaction. In addition, the VP3 N-terminal extension located near the 
icosahedral fivefold axis shows considerable conformational changes compared with 
native structure (rmsd ∼1.3 Å) (Figure 2-2-3C, panel 1). Unsurprisingly, the knob of 
VP3, which establishes van der Waals interactions with ANTXR1, undergoes a major 
change—in particular in the region composed of residues 62–67 that is shifted closer 
to the α2–α3 loop of ANTXR1 by an average rmsd of 1.8 Å. G63 in VP4, which has 
been reported to be in contact with the RNA genome2, was not well resolved in our 
cryo-EM reconstruction, suggesting that this residue may become disordered after 
interaction with the receptor (Figure 2-2-3D, panel 1). The loss of order in VP4 G63 is 
accompanied by changes in RNA appearance in the iso-electron potential map of the 
SVV-ANTXR1 complex (SI Appendix, Figure 2-2-S1C), which appears to be less 
ordered in comparison with that of mature virions2. Features of RNA loops were visible 
only at lower contour levels in our reconstruction. Compared with other capsid 
proteins, VP4 largely retains its fold (rmsd ∼0.9 Å), except for the missing G63 residue 
and residues 14–17, 35–38, and 64–65, which shift by 1.3, 1.1, and 1.2 Å, respectively 
(Figure 2-2-3D, panels 1 and 2 and SI Appendix, Figure 2-2-S4D). 
 
The changes in the ANTXR1 structure upon capsid attachment are more significant 
(rmsd ∼1.2 Å) (Figure 2-2-3E and SI Appendix, Figure 2-2-S4E). Interestingly, these 
changes are observed in the strands β1 and β3, the helix α6, and the β5–α5 loop, 

which are not in direct contact with capsid proteins (rmsd of 2.5, 2.5, 1.8, and 2.7 Å, 
respectively). It is important to note that these individual deviations represent the 
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largest contribution to the overall rmsd in the refined ANTXR1 model. Overall, the 
changes in SVV capsid proteins and ANTXR1 post interaction remain minimal and do 
not provide any significant insights into their functional relevance. 

 
Figure 2-2-3. Structural changes in capsid proteins and ANTXR1 post receptor 
binding. Changes in the structure of capsid proteins and ANTXR1 were determined 
by calculating the shifts in Cα positions relative to the initial structure. Gray ribbons 
represent crystal structures (PDB ID codes 3CJI and 3N2N). Color scales indicate 
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degree of Cα rmsd (blue and red colors representing minimal and maximum changes, 
respectively). (A) N-terminal extension (1) (residues 1–31) and GH loop of VP1 (2) 
(residues 185–215) deviate most. (B) Puff (residues 172–200) (1) and residues 142–
151 (2) on CD loop are two surface-exposed regions on VP2 with the highest 
conformational changes. (C) In VP3, N-terminal (1) residues (1–30) undergo moderate 
changes upon receptor binding. The knob (2) (residues 57–73), which is involved in 
receptor interaction, shows significant conformational changes. (D) VP4 undergoes 
smaller conformational changes compared with other capsid proteins (1, 2). VP4 is 
devoid of electron density corresponding to G63 (1), suggesting a disordering of this 
region upon receptor binding. (E) Changes in ANTXR1 are observed in strands β1 

and β3, helix α6, and loop β5– α5. 
 

Comparison of Capsid Footprint on ANTXR1 with ANTXR2 and Integrins 
 
Our structure provides the structural basis to explain the selectivity of SVV to ANTXR1 
over ANTXR2 and integrin receptors. ANTXR2, which is abundantly expressed in 
normal tissues22, has a 10 times higher affinity for the protective antigen (PA) of 

anthrax toxin than ANTXR123,24 and is responsible for its internalization22,25,26. Integrin 
receptors function as cell-surface receptors for FMDV27 and adopt an α/β open sheet 
fold similar to that of ANTXR1 and ANTXR228. When the refined structure of ANTXR1 
from our study (Figure 2-2-4A) was superimposed with crystal structures of ANTXR2 
[Figure 2-2-4B, Protein Data Bank (PDB) ID code 1SHT] and α2β1 integrin (Figure 2-
2-4C, PDB ID code 5HJ2), the three structures agreed very closely in their overall fold 
(Figure 2-2-4D). However, the sequences of ANTXR1 and α2β1 integrin differ greatly 
from each other with a sequence homology of only 15%, whereas ANTXR1 and 
ANTXR2 share a closer sequence homology of 50% (Figure 2-2-4E). When comparing 
the footprint of ANTXR1 on the SVV capsid to the corresponding regions on ANTXR2, 
we can distinguish both conserved (Figure 2-2-4A, gray ribbon) and non-conserved 
residues (Figure 2-2-4A, pink ribbon). Residues 156, 157, 159 on helix α4; T87 and 
R88 on the β2–β3 loop; and L113 on the α2–α3 loop constitute the non-conserved 
residues on ANTXR1 that interact with SVV (Figure 2-2-4A and E). On the other hand, 
Y160 on helix α4; H121 and E122 on helix α3; and Y119 on the α2–α3 loop fall into 
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the conserved residues that interact with SVV (Figure 2-2-4A and E). Nevertheless, 
the side-chain rotamers of E122 and Y160 are visibly shifted in our experimental map 
of ANTXR1 (Figure 2-2-4F), thereby disfavoring the H-bond formation with N94 (VP1) 
and T180 (VP2), respectively. Side chains of H121 and Y119 located on helix α3 are 
in similar locations in ANTXR2 and may therefore interact with SVV as observed at 
the VP2-ANTXR1 interface. However, these interactions alone may not be sufficient 
to establish a stable link between ANTXR2 and SVV to facilitate entry into 
nontumorous host cells. 
 

 
Figure 2-2-4. Comparison of SVV-binding footprint on ANTXR1 with 
corresponding regions on ANTXR2 and α2β1 integrin to understand the 
specificity of SVV to ANTXR1. Ribbon diagrams illustrate the structures of (A) 
ANTXR1, (B) ANTXR2 and α2β1, and (C) α2β1 integrin colored in different shades of 
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gray with non-conserved regions of ANTXR1 highlighted in magenta. (D) 
Superimposed structures of ANTXR1, ANTXR2, and α2β1 integrin. (E) Aligned 
sequences of ANTXR1, ANTXR2, and α2β1 integrin with capsid-binding sites 
indicated by red boxes. Residues depicted on black or gray backgrounds represent 
identical or similar sequences, respectively. Diverging residues are displayed on a 
white background. (F) Conformational shifts in side chains of conserved residues in 
ANTXR1 in comparison with ANTXR2. H-bond forming E122 and Y160 residues 
demonstrates the highest shifts of 3.2 and 2.7 Å in ANTXR2, thereby potentially 
hindering their capacity to form H-bonds unlike ANTXR1. H121 and Y119 are the only 
two conserved residues in ANTXR2 that may establish interactions with SVV similar 

to that of ANTXR1. 
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Discussion 
 
In summary, our cryo-EM structure allowed us to explain how SVV discriminates 
between ANTXR1 and ANTXR2. Sequence comparison of ANTXR2 with ANTXR1 
bound to SVV revealed that most of the receptor residues contributing to virus-receptor 
interactions are not conserved among the two receptors. Therefore, this ensures 
specific targeting of tumors expressing ANTXR1 with SVV, without causing any off-
target effect on normal cells that highly express ANTXR2. Interestingly, these residues 
were found to be among the key amino acids governing the striking difference in 
protective antigen (PA)-binding affinities between ANTXR1 and ANTXR2 in previous 

studies29. 
 
Our findings reveal that the affinities of a mammalian virus and a bacterial toxin to the 
same receptor are differentiated by similar non-conserved regions at their virus-
receptor– and toxin-receptor–binding interfaces. Compared with other picornaviruses 
currently investigated as potential oncolytic agents such as poliovirus30 and 
coxsackievirus31, SVV has the valuable advantage of a high-affinity cellular receptor 
that is also a widely spread tumor marker. One major challenge in advancing SVV as 
an oncolytic agent is the patient’s immune response. SVV is not a human pathogen. 
Therefore, there exists no innate immunity in patients6,7. However, after 2–3 weeks 
following virus administration, the host organism develops immunity, and the virus is 
cleared from the organism6,7. Hence, it would be of major significance for future work 
to investigate the interactions between SVV and neutralizing antibodies and to identify 
key residues on the capsid surface involved in these interactions. So far, the only 
information regarding SVV-antibody interaction stems from the study of genetic 
variation of stock pathogen SVV strains responsible for neonatal mortality and 
vesicular lesions in pigs3. In all of the different SVV strains reported3, the ANTXR1-
binding site is highly conserved, except for the E63T mutation on the BC loop of VP1. 
Of importance is the ability of these strains to bypass recognition by neutralizing 
monoclonal antibodies3,32. This observation suggests that the ANTXR1-binding site on 

SVV may partially overlap with the binding epitope of neutralizing antibodies. Future 
work will involve investigating the interactions between SVV and neutralizing 
antibodies to identify and mutate residues on the capsid surface that interact with 
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antibodies. Thus, the findings from this study encourage the development of potent 
SVV mutants in oncovirotherapy capable of evading the host immune response, while 
retaining their ability to preferentially kill tumors. 
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Supplementary information 
 

 
 
Supplementary Figure 2-2-1. Cryo-EM data processing, FSC curve and cutaway 
view of SVVANTXR1 density map. (a) The initial step of cryo-EM data processing 
involved manual selection of 7,457 particles from 4,245 micrographs. Scale bar: 50 Å. 
Selected particles were then subjected to 8 rounds of 2D classification with 25 
iterations run at each round using 20 classes. Particles from good classes in 2D 

classification (6,782) were used to reconstruct the initial 3D model based on SVV 
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crystal structure (PDB:3CJI) with icosahedral symmetry (I4) for 30 iterations. Above-
mentioned initial cryo-EM map was further refined and post-processed with I4 
symmetry imposed. Scale bar: 100 Å. (b) The gold standard FSC between 
independent cryo-EM maps indicates overall resolution of 3.8 Å (FSC=0.143). The 
resolution between the merged cryo-EM maps and model-generated density is 4.05 Å 
(FSC=0.5). (c) A radially colored cutaway view of iso-electron potential surface of 
Gaussian-filtered SVV-ANTXR1 cryo-EM map contoured at 2.4 σ, viewed along 
icosahedral 5-fold axis. Red-colored interior corresponds to the RNA cage present in 
mature virions. Scale bar: 100 Å. 
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Supplementary table 2-2-1. Cryo-EM data collection, atomic model refinement 
and validation statistics. 
Parameter Value 
Data Collection   
                                       Equipment             FEI Talos Arctica 
                           Voltage (kV)                 200  
                                       Pixel size (Å/pixels)                      1.42 
                                       Electron dose rate                 80 el/pixels/s  
                                       Total electron dose                                                                      39 el/Å2 
                                       Defocus range (µm)                 0.5-3.5 
                                       Detector                 FEI Falcon III 
                                       Number of movie-frames                 46 
                                       Number of micrographs                                                       4,245 
                                       Software used for movie-frame 
                                       alignment 

                MotionCorr2 

3D refinement   
                                       Software                                            Relion 1.4 
                                       Initial number of particles                 7,457 
                                       Final number of particles                 6,782 
                                       Symmetry imposed                 I4 
                                       Fourier shell correlation (FSC) 
                                       threshold 

                0.143 

                                       Map resolution (Å)                 3.8  
                                       Resolution range (Å)                                                                    3.1-5.5  
Atomic modeling   
                                       Software          Coot and Phenix  
                                       Initial models used (PDB)                 3CJI, 3N2N 
                                       Map sharpening B-factor (Å2)                                                  -100 
                                       Resolution (map to model-generated 
                                       density (Å)  

                4.05 

                                       Model refinement range (Å)                 204-2.8 
                                       Number of non-hydrogen atoms                  7,724 
                                       Number of protein residues                 979 
R.M.S. deviations   
                                       Bond lengths (Å)                                                                        0.01 
                                       Bond angles (o)                 1.20 
Model Validation   
                                       Overall map-to-model CC  
                                       (up to 3.1 Å resolution shell)    

                0.856 

                                       MolProbity score                 1.95 
                                       Clashscore                 6.93 
                                       Cb deviations                 0 
                                       Poor rotamers (%)                 0.94 
Ramachandran plot   
                                       Favored (%)                 89.35 
                                       Allowed (%)                 10.62 
                                       Outliers (%)                 0.03 
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Supplementary Figure 2-2-2. Local resolution estimation and overall quality of 
the cryo-EM map. (a) Local resolution-based coloring of Gaussian-filtered SVV-
ANTXR1 shows that the majority of capsid structure is resolved to 3.1 Å. Scale bar: 
100 Å The local resolution of ANTXR1 falls between 4.25-4.50 Å. Fragment 
crystallizable (Fc) region located on the tip of the ANTXR1-Fc fusion has a lower 
resolution of 5.5 Å, which may be attributed to its flexibility, to larger alignment errors 
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at high radius, or both. (b) Histogram quantifying number of voxels in each resolution 
bin. (c) Segmented isoelectron potential surfaces (contoured at 4.5 σ) for selected 
amino acids on the SVV capsid surface, and for ANTXR1. In the SVV capsid, side 
chains rotamers were clearly resolved for all major 20 amino acids, while side chains 
on the receptor were only observed for some of the residues. (d) Segmented α-helices 
and β-strands of ANTXR1. 
 
 
 
 
 
 
 



 
 

 200 

 
Supplementary Figure 2-2-3. Cryo-EM model validation with independent 
reconstructions and radial projection of SVV-ANTXR1 binding interface. (a) 
Superimposed atomic models built from odd (brown), even (blue) and full (purple) 
cryo-EM maps. Atomic models built from two independent reconstruction correlate 
well with one another and with the atomic model built from the full map. (b) The Fourier 

shell correlation curves for odd map vs odd map to model-generated density and even 
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map vs even map to model-generated density consistently indicate a resolution of 4.1 
Å at FSC=0.5. (c) Triangle represents an asymmetric unit of the virus and black circles 
denote the receptor footprint on one asymmetric unit. The residues are radially colored 
on RGB scale, representing the most interior residues in blue color and exterior 
residues in red color. Triangles, oval, and pentamer represent 3-fold, 2-fold, and 5-
fold axes, respectively. Figure generated with RIVEM. 
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Supplementary Figure 2-2-4. Per-residue RMSD plots for SVV capsid proteins 
and ANTXR1. Cα position in each residue after virus-receptor interaction was 
compared to native residues. (a) Most significant changes in VP1 can be observed in 
N-terminal extension (residues 1-33) and GH loop (residues 185-215). (b) In VP2, N-
terminal residue 12, puff (residues 172-200) and residues 142-151 undergo 
considerable conformational shifts upon receptor binding. (c) Significant changes in 
VP3 are localized to N-terminus (residues 1-30) and the knob (residues 57-73). (d) 
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Minor conformational shifts can be observed in VP4 with disordered G63 residue. (e) 
Conformational shifts in ANTXR1 are much higher in comparison to SVV and are 
mainly observed in beta strands β1 and β13, helix α6, and the β5-α5 loop. 
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Supplementary Figure 2-2-5. Biological assembly of the SVV-ANTXR1 complex. 
Colored ribbon representation highlights one asymmetric unit. Blue, VP1; green, VP2; 
red, VP3; orange, VP4. This figure is Peekavu compatible and scan the asymmetric 
unit using Peekavu installed on your smartphone and tablet to view the interactions in 
augmented reality.  
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Abstract 
 
 
Seneca Valley virus (SVV) is a newly-discovered picornavirus in the Senecavirus 
genus. SVV-001 strain is the only member of Clade I and has shown promise as an 
oncolytic virus against tumors with neuroendocrine features. SVV strains from Clade 
II and III have been linked to porcine idiopathic vesicular disease across several 
countries and pose a serious threat in the agricultural industry. The discovery of 
anthrax toxin receptor 1 (ANTXR1) as the cellular receptor SVV has paved a pathway 
to develop structure-based virus-like particles (VLPs) to mimic the architecture of 

naturally-occurring empty capsids of SVV. However, these empty capsids are 
inherently less stable and tedious to purify. Thus, this warrants investigation into 
factors conferring the SVV capsid stability and combining this knowledge to 
recombinantly express SVV VLPs. In this study, we isolated a thermostable mutant of 
SVV by thermal selection assays. Sequencing of the selected mutant revealed four 
mutations, which did not cause a net effect on the particle stability. Cryo-EM analysis 
of SVV-56mt structure showed conformational shifts at the interpentameric surface 
that facilitated the formation of additional hydrogen bonds and aromatic interactions, 
which could serve as capsid stabilizing factors. Site-directed mutagenesis of 
interpentameric residues to strengthen the interface interactions could be used to 
develop stable and novel SVV vaccines in the future studies. 
 
 
Keywords: Seneca Valley virus, virus-like particles, picornavirus, thermostable, cryo-
EM 
 
Abbreviations: 
%   percent 
2D   two-dimensional 
3D   three-dimensional 
Å   angstrom 

a.u.   arbitrary unit  
ANTXR1  anthrax toxin receptor 1 
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cDNA   complementary DNA 
COOT   crystallographic object-oriented toolkit 
CPE   cytopathic effect 
cryo-EM  cryo-electron microscopy 
CTF   contrast transfer function 
Cα   alpha carbon 
Cβ   beta carbon 
d   days 
DNA   deoxyribonucleic acid 
el   electron 

FBS   fetal bovine serum 
FMDV   foot-and-mouth disease virus 
FSC   Fourier shell correlation 
G   the relative centrifugal force 
H   hour 
ISOLDE  interactive structure optimization by local direct exploration 
kb   kilobases 
kDa   kilodalton 
kV   kilovolt 
L   leader protein 
LoG   Laplacian of Gaussian 
M   protein ladder 
MDFF   molecular dynamics flexible fitting 
MES   2-(N-morpholino)ethanesulfonic acid 
mg   milligram 
min   minutes 
ml   milliliter 
mM   millimolar 
MOI   multiplicity of infection 
mt   mutant 

MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
nm   nanometer 
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nt   nucleotide 
o   degree 
oC   degree Celsius 
ORF   open reading frame 
PaSTRy  particle stability thermal release assay 
PCR   polymerase chain reaction 
PDB   protein data bank 
PFU   plaque-forming unit 
PISA   protein Interfaces, surfaces and assemblies 
PIVD   porcine idiopathic vesicular disease 

PTA   phosphotungstic acid  
PV   poliovirus 
RdRp   RNA-dependent RNA polymerase 
rmsd   root-mean-square deviation 
RNA   ribonucleic acid 
RPMI   Roswell Park Memorial Institute medium 
SCLC   small-cell lung cancer 
SD   standard deviation 
sec   second 
SVV   Seneca Valley virus 
TM   melting temperature 
TR   release temperature 
UTR   untranslated region 
V   volt 
VLP   virus-like particle 
vol   volume 
wt   wild-type 
α   alpha 
β   beta 
μg   microgram 

μl   microliter 
μm   micrometer 
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μM   micromolar 
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Introduction 
 
 
Oncolytic virotherapy has emerged as a promising treatment modality for selectively 
targeting cancers1. Oncolytic viruses are replication-competent agents that specifically 
target tumor cells in its native or engineered form. Several members in Herpesviridae, 
Adenoviridae, Poxviridae, Paramyxoviridae, Rhabdoviridae, Reoviridae, Parvoviridae 
and Picornaviridae families have been widely investigated for their antitumor activity 
in clinical trials2. Picornaviruses are non-enveloped, positive-sense, single-stranded 
RNA viruses, whose RNA genome is harbored by an icosahedral capsid of ~30 nm 
diameter3. Picornaviruses present several distinct advantages as oncolytic agents: 

they do not integrate into host genome during replication therefore, not genotoxic, 
picornaviruses do not encode oncogenes, their genome can conveniently be 
manipulated as cDNA and the small capsid size allows penetration of the blood-brain-
barrier4. Several picornaviruses such as Coxsackievirus A215, engineered poliovirus 
(PV) PVSRIPO6 and Seneca Valley virus (SVV)7 have already been tested for their 
antitumor efficacy in clinical trials. 
 
Seneca Valley virus (strain 001) is a novel, naturally occurring oncolytic virus falling 
into Senecavirus genus in the family of Picornaviridae8. Evidence on antitumor 
potential of SVV stems from early-phase adult and pediatric clinical trials on small-cell 
lung cancer (SCLC) and solid tumors, respectively9. SVV stands out as a promising 
oncolytic candidate due to some advantages other than those general to 
picornaviruses: low prevalence of pre-existing antibodies, proven safety in its native 
form, and the systemic delivery of the virus1. The exquisite selectivity to tumors is 
primarily governed by the high-affinity cellular receptor of SVV, anthrax toxin receptor 
1 (ANTXR1)10-12. ANTXR1 is overexpressed in over 60% of human cancers but less 
expressed in non-malignant tissues, thus acting as a valuable biomarker for SVV 
oncovirotherapy12. While the infectious virion is capable of lysing cancer cells and 
triggering and immune response, SVV virus-like particles (VLPs) present the 

possibility of exploiting the non-infectious viral capsid as a targeted nanocarrier for 
existing chemotherapeutics.  
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Phylogenic analysis of other SVV strains isolated from Brazil, Canada, China, 
Colombia, Thailand, Vietnam and the United States has identified the evolution of the 
virus into three distinct clades13. While non-pathogenic SVV-001 is the sole member 
of the clade I, strains from clades II and III are associated with porcine idiopathic 
vesicular disease (PIVD)14-17. Similarities between Senecavirus-associated swine 
vesicular disease and other major swine diseases have raised concerns over potential 
SVV outbreaks18, where a readily available vaccine of SVV would be greatly beneficial. 
The most effective vaccines developed against related picornaviruses, foot-and-mouth 
disease virus (FMDV) and poliovirus, are either inactivated virus, or attenuated forms 
of the live virus. However, the aforementioned forms of vaccines pose some 

challenges. Live-attenuated vaccines can regain their virulence or evolve into vaccine-
derived strains19.  Inactivated vaccines fail to induce a long-lasting immunity and 
require repeated administration20. Currently the only available vaccines against PIVD 
caused by SVV are attenuated, recombinant rSVAm SacII virus21 and inactivated SVV 
CH-FJ-2017 virus22. Thus, developing a stable SVV virus-like particle could become 
beneficial in overcoming the limitations associated with presently available vaccines. 
 
Understanding capsid architecture and their formation lay the foundation for 
developing VLPs. The single-stranded RNA genome of SVV is composed of 7,280 
nucleotides (nt), which are organized into a single, central open reading frame (ORF) 
flanked by 5’-, 3’- untranslated regions (UTR) and a poly(A) tail of an unknown length8. 
The ORF (6,543 nt) encodes a 2181 amino acid long polyprotein, which is cleaved by 
viral proteases into P1, P2 and P3 regions. These regions are then further cleaved to 
yield 12 polypeptides that follow a standard picornaviral L-4-3-4 schema. L denotes 
the Leader protein located at the 5’ end of the translated genome, whereas 4-3-4 
represent four structural proteins (VP4, VP2, VP3, VP1), three non-structural proteins 
(2A, 2B, 2C) and four non-structural proteins (3A, 3B, 3C, 3D), respectively8. 5’-UTR 
and 3’-UTR regions are composed of 666 nt and 71 nt nucleotides, respectively. The 
capsid formation of many picornaviruses is initiated by the assembly of five protomers 
comprised of VP0, VP1 and VP3 into pentamers, which further self-assemble into a 

final mature virion upon genome packaging, or into an empty capsid - known as the 
procapsid23. VP3 and VP1 are initially cleaved from P1 proteolytically, while VP2 and 
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VP4 are processed from VP0 following maturation cleavage, which is conditional on 
the presence of RNA genome. Procapsids that have been characterized for some of 
the picornaviral genera such as Senecavirus24, Enterovirus25-29, Aphthovirus30 and 
Hepatovirus31 have been shown to closely resemble the antigenicity of full capsids. 
Due to the absence of the RNA genome, VP0 remains uncleaved in most picornaviral 
procapsids.  
 
In a previous study, we managed to purify and characterize SVV virions and 
procapsids24. In SVV capsids, five copies of VP1 are arranged around the 5-fold axis, 
while VP2 and VP3 alternate around the 3-fold axis. VP4 is arranged on the capsid 

interior, around the 5-fold axis24,32. The tertiary structures of VP1, VP2, VP3 share a 
similar jelly-roll fold, a topology in which eight β-strands arrange into two antiparallel 
sheets. In contrast, VP4 is much smaller in size and less ordered. With the exception 
of disordered VP1 N-terminal in procapsid interior, the SVV procapsid structure closely 
relates to the mature virion. Uncharacteristically, VP0 in the SVV procapsid was shown 
to be cleaved into VP2 and VP4, a phenomenon speculated to be a result of 
autocatalytic cleavage, or aberrantly encapsidated 3C proteases33. Despite displaying 
the same antigenicity as mature virion and binding its cellular receptor, ANTXR1, SVV 
procapsids suffer from reduced stability and abundancy. The low stability of SVV 
procapsids may partly be attributed to the absence of interactions between the RNA 
genome and capsid proteins, which are otherwise seen in mature virions, stabilizing 
the capsid structure. Procapsid instability also aggravates the issue of their low 
abundance, as virus purification methods often use harsh gradients, such as cesium 
chloride, causing disassembly of empty capsids. Therefore, it is important to better 
understand factors that influence SVV capsid stability and fitness in order to utilize that 
knowledge for VLP development.  
 
In our quest for stable virus-like particles, mimicking interactions between capsid 
proteins and RNA genome is not feasible. A more logical approach would be to 
challenge native virus particles with harsh environmental conditions, such as high 

temperatures, low pH, and bacterial strains to isolate resistant particles. The 
aforementioned approach is well-suited for RNA viruses such as picornaviruses 
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whose population consists of mutant spectra rather than a clonal population, a 
phenomenon known as quasispecies34. Quasispecies are a consequence of the highly 
error-prone nature of virally encoded RNA-dependent RNA polymerase (RdRP), an 
enzyme that catalyzes RNA virus replication. Although the resulting virions fall within 
the same species, they are sufficiently distinct to be recognized as from different 
species. Thus, exposure of picornaviruses to challenging environments can exert 
selective pressure on unfit phenotypes, whilst inevitably isolating the population of 
virus particles that can withstand such conditions. The possibility of isolating stable 
virus particles has been reported in the case of foot-and-mouth disease virus and 
poliovirus. Improved pH and temperature stability of FMDV have been shown to be 

associated with non-synonymous mutations that replace amino acids located in the 
interpentameric surface and VP1 N-terminus35-37. Type I poliovirus capsids with high 
thermal stability have been obtained by serial thermal inactivation and virus 
amplification38-40. In the latter studies, one or two amino acid substitutions within VP1 
β-barrel conferred the heat resistance and were found to be essential in maintaining 
the antigenic stability at high temperatures. 
 
In this study, we used a thermal selection assay of repeated cycles of heat treatment 
and passaging of SVV to isolate a thermostable mutant. The thermal resistance of the 
mutant was characterized by particle stability and thermal shift assay, which revealed 
the dissociation of capsids into pentamers at a slightly higher temperature than the 
wild-type capsid. The sequence analysis sheds light onto mutations in the genome, 
which did not indicate to play a clear role in conferring the thermal stability. Cryo-
electron microscopy structure of the SVV thermostable mutant showed conformational 
shifts at the pentamer-pentamer interface, which resulted in a network of additional H-
bonds to stabilize the capsid. The findings from this study show the importance of 
manipulating the interpentameric surface to enhance the SVV capsid stability. This 
information could have potential implications in SVV virus-like particle development to 
be used as a vaccine against cancer or to control SVV-induced porcine idiopathic 
vesicular disease. 
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Materials and methods 
 

Virus and cells 
 
Initial plaque purified stocks of SVV-001 wild-type (wt) were kindly provided by Dr. 
Linde A. Miles and Dr. John T. Poirier from the Molecular Pharmacology Program and 
Department of Medicine, Memorial Sloan Kettering Cancer Center, Manhattan, New 
York, United States. SVVwt was amplified using small-cell lung cancer (SCLC) 
H446wt cells (ATCC, HTB-171) propagated in Roswell Park Memorial Institute 1640 
medium (RPMI1640; catalog number 11-875-127; GibcoTM, Fischer scientific) 
supplemented with 10% (vol/vol) fetal bovine serum (FBS). 
 

SVVwt purification 
 
SVVwt full capsids were purified for thermal selection experiments according to 
methods adapted from previously published protocols24. Briefly, H446wt cells grown 
to ~80% confluency in eight T175 flasks were infected with SVV stock at a multiplicity 
of infection (MOI) of 1 in RPMI1640 supplemented with 2% FBS. Cells were incubated 
at 37 oC for 2 days until full cytopathic effect (CPE) was observed. Amplified virus was 
harvested by treating the cells with 0.05% (vol/vol) Triton X100 in RPMI1640 for 30 
min at room temperature. The cell suspension was loaded into 250-ml Nalgene bottles 
and was subjected to high speed centrifugation at 10,000 x g for 30 min at 4 oC. The 
resulting supernatant was loaded into 38.5-ml open-top polypropylene ultracentrifuge 
tubes (catalog number Z60105SCA; Beckman Coulter) and centrifuged at 120,000 x 

g for 1 h at 4 oC using a Beckman Coulter SW32Ti rotor. The virus pellet was 
resuspended in CsCl purification buffer (137 mM NaCl, 5 mM KCl, 25 mM Tris base, 
0.8 mM NaH2PO4, pH 7.4) at 4 oC overnight. Resuspended virus was further clarified 
using a 1.33 g/ml isopycnic gradient spinning at 61,580 x g for 18 h at 22 oC in a 
SW32.1 Ti rotor. The viral band was pulled out and dialyzed overnight at 4 oC. The 
virus titer was determined by plaque formation assay as described below. 
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Plaque formation assay 
 
H446wt cells were seeded in a 12-well plate at 70% confluency one day prior to the 
assay. Confluent monolayers of H446wt cells were infected with serial dilutions of SVV 
in RPMI1640. After 1 h of incubation at 37 oC, virus dilutions were removed from the 
plates and each well was immediately overlaid with RPMI1640 supplemented with 2% 
FBS and 1% agarose (SeaPlaque; catalog number 50100; Lonza). The plates were 
stained with 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT; catalog number M2128; Sigma) for plaque visualization and after 24 h 
incubation at 37 oC. 
 

Selection of thermostable SVV mutants and plaque purification 
 
Thermal selection experiments to isolate heat resistant SVV mutants were conducted 
according to the methods adapted from previously published protocols on poliovirus38. 
Purified SVVwt stock was heated for 30 min at temperatures between 37 oC and 60 
oC using a Bio-Rad T100TM thermal cycler (Bio-Rad, Hercules, California, United 

States), followed by cooling at 4 oC to screen for the temperatures causing a 100-fold 
loss of virus titer. To assess the virus stability at 58.5 oC, SVVwt stock diluted to 5 x 
107 PFU/ml was heated at 58.5 oC for 30 mins and the surviving population was 
propagated at 37 oC in H446wt cells. Amplified virus was harvested by repeated cycles 
of freeze-thawing and was used for subsequent heating and propagation cycles. 
Sequential pre- and post-heating titers we determined by plaque assays at 37 oC 
(n=3). A single viral plaque was extracted after the third passage, and subjected to 
three cycles of thermal selection at 56 oC, respectively. 
 

Mutant virus purification, RNA isolation and sequencing 
 
Purification of SVV-56 mutant (mt) was performed according to the same protocol 
used for wild-type strain purification. RNA of wild-type SVVwt and 56mt was isolated 
using a Nucleospin® RNA virus mini kit (Macherey-Nagel reference number: 
740956.250) as recommended by manufacturer’s protocol. Extracted viral RNA was 
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used as templates for the reverse-transcription of two sets of cDNA using high 
capacity cDNA reverse transcription kit (Applied Biosystems reference number: 
4368814). Generated cDNA1 codes for parts of the 5’ untranslated region, 
downstream capsid coding P1 region and cDNA2 codes for parts of P1 region and of 
P2 region. Polymerase chain reaction (PCR) amplification of reverse-transcribed 
cDNA1 and cDNA2 was carried out in five successive reactions using copy-proof 
Phusion Hot Start II DNA polymerase (ThermoFisher Scientific catalogue number: 
F549L), following manufacture’s guidelines. Primers used in five PCR reactions were 
as follows: GGCAACATCCAACCTGCTTTTG (forward 1), 
TTTGTGAGGAGACCCGCTAATCC (reverse 1), 

TTCAGTAGACTTCTCGACCTCCTC (forward 2), 
AGGAGTTCTGTGTCTCTGAGGATTG (reverse 2), 
GTCCCAATTTCATCAACCCCTATCAAG (forward 3), 
TTGTGCAGGCTAAACCAACCATCAG (reverse 3), 
CTACATCTCGCCCAGTGACTACC (forward 4), 
TGTTTTACAGCGGTGCTTTTCTTCTC (reverse 4), 
CATGCTGATTGGGGGACTATTTACG (forward 5), 
GCAGCTATTTGGTTCCAGTCTTTGAC (reverse 5). PCR amplicons were run on a 
2% agarose gel at 60 V, followed by extraction of migrated fragments using a 
QIAGEN MinElute® Gel extraction kit (QIAGEN catalogue number: 28604) 
according to the supplied protocol. Purified PCR amplicons were sequenced by 
Genetic Analysis Services, University of Otago, Dunedin, New Zealand.  
 

SDS-PAGE 
 
In order to concentrate the samples for SDS-PAGE analysis, viral proteins from SVVwt 
and SVV-56mt were precipitated by methanol-chloroform extraction method41. 
Concentrated protein samples were denatured according to Invitrogen Bolt 4-12% Bis-
Tris plus gel specifications (Invitrogen catalog number NW04120BOX). Following the 
denaturation, 33 μg of each SVVwt and SVV-56mt samples was loaded into the gel 
and protein bands were separated by gel electrophoresis at a constant voltage of 80 
V in 2-(N-morpholino)ethanesulfonic acid (MES) buffer. 
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Particle stability thermal release assay (PaSTRy) 
 
Increased thermal stability of SVV-56mt in comparison to SVVwt was investigated by 
a plate-based thermofluorometric assay using hydrophobic residue binding protein 
dye, SYPRO orange and RNA binding dye SYTO942. Briefly, separate reactions 
mixtures containing virus quantities of 1 μg and 1.5 μg for respective RNA and protein 
binding assays, 20 μM SYTO9, 7.5X SYPRO orange and PBS were prepared to a 
final reaction volume of 20 μl. Plates were loaded into a ViiA 7 Real-Time PCR System 
(ThermoFisher Scientific) and subjected to a thermal denaturation protocol of 2 min 
holding at 25 oC, 25-95 oC ramping at 0.05 oC/sec and finally holding at 95 oC for 2 
mins. 

 

Transmission electron microscopy 
 
Purified SVVwt and SVV-56mt samples were visualized under the transmission 
electron microscope according to in-house protocols. Briefly, 3.5 μl of each sample 
was added onto a glow-discharged 200-mesh carbon grid and the excess liquid was 

blotted off. Immediately, the grids were stained with 1% phosphotungstic acid (PTA), 
followed by blotting of excess stain and drying. Grids were imaged on a Philips CM100 
transmission electron microscopy (Philips Electron Optics, Eindhoven, Netherlands) 
operating at 100 kV. 
 

Cryo-electron microscopy 
 
Cryo-EM samples were prepared by adding 3.5 μl of purified 0.34 mg/ml SVV-56mt to 
Quantifoil R2/1 grids that were coated with 0.2 mg/ml of graphene oxide and glow 
discharged. Samples were blotted with Whatman filter paper for 2.0 s with a blot force 
of 1.0 then plunged into liquid ethane cooled with liquid nitrogen using a semi-
automated FEI Vitrobot MkIV. Vitrified samples were imaged using the FEI Titan Krios. 
Each stack was exposed to a total dose of 68 el/Å2 over 30 frames with a final pixel 
size of 0.86 Å. 
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Frames were motion corrected using MotionCor243 and CTF parameters were 
estimated using the Gctf program44. RELION (version 3.1)45 software was used to 
auto-pick and then extract 211,958 particles using a template-free procedure based 
on a LoG filter. After 2D and 3D classification of a useful subset of auto-picked 
particles, 113,052 particles were extracted and binned 2-fold. Particles then 
underwent refinement, imposing icosahedral symmetry. Further refinement and 
postprocessing was then performed using RELION (version 3.1) on unbinned particles 
to achieve a final resolution of 2.6 Å. 
 

Atomic model building and refinement 
 
SVV-001 crystal structure (PDB ID: 3CJI) was used as the starting homology model 
for SVV-56mt model building and refinement. One asymmetric unit and its symmetry 
related neighbors were first manually fitted into the cryo-EM map using UCSF 
ChimeraX46, and the corresponding electron density was masked out. Fitted atomic 
coordinates were subjected to molecular dynamics flexible fitting (MDFF) using 
ISOLDE47. COOT48 was used to analyze the fitted polypeptide chain, its side-chain 

rotamers and to introduce VP2 I217V mutation. The mutated atomic coordinates were 
subjected to MDFF, followed by iterative positional and B-factor refinement using 
Phenix real-space refinement49. Model refinement was continued until the coordinates 
satisfied validation criteria in MolProbity50. ChimeraX was used to visualize the cryo-
EM map and refined coordinates. The interactions in VP2-VP3 interface were 
calculated by ChimeraX and PISA51.  
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Results 
 

Selection of thermostable SVV virions 
 
The primary purpose of this study was to obtain a thermally stable SVV mutant by 
repeated cycles of heat exposure and subsequent propagation of viable virus as one 
step in our quest to make a stable VLP. Since our previous work characterized the pH 
stability of SVV but not the thermal stability, we first sought to screen for the 
temperature at which a 100-fold decrease in viral titer could be detected. Studies on 
poliovirus38, FMDV52 and hepatitis A virus53 temperature stability were used as points 
of reference for a maximum temperature of 60 oC in this screening process. Our 
thermal screening experiment revealed the stability of SVV virion at temperatures 
ranging from 37-55 oC with temperatures exceeding 56 oC exerting a significant 
pressure on SVV infectivity. Furthermore, a 100-fold reduction of SVV infectivity at 
58.5 oC, when compared to the control at 37 oC, served as the initial temperature for 
our subsequent thermal selection experiments (Figure 2-3-1A). Next, the stability of 
the virus at 58.5 oC was assessed by sequential heating, followed by passaging and 

virus titration at 37 oC. However, the serial passaging of the surviving virus population 
at 58.5 oC did not result in statistically insignificant pre- and post-heated virus titers 
except at the third passage (Figure 2-3-1B). Therefore, a single plaque was isolated 
and purified from the third passage and was subjected to three repeated cycles of 
heating at a slightly lower temperature of 56 oC, followed by passaging and virus 
titration at 37 oC. At 56 oC, pre- and post-heated virus titers remained stable through 
three passages, confirming the improved thermal stability of the virus (Figure 2-3-1C).  
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Figure 2-3-1. Thermal selection of SVV-56mt. (A) Wild-type SVV (SVVwt) was 
incubated at temperatures ranging from 37 oC-60 oC, followed by cooling at 4 oC. 
Thermal resistant virus population at each temperature was evaluated by plaque 
assays on H446wt cells. (B) SVVwt was incubated at 58.5 oC for 30 mins and 
immediately cooled to 4 oC. The surviving population of SVV was passaged in H446wt 
cells at 37 oC and the titer was determined by plaque assay. This stock served as the 
pre-heated sample for the next selection cycle. The selection cycles were repeated for 
9 passages and pre- and post-heating titers were calculated by plaque assays on 
H446wt cells (n= PFU readings from 3 wells ± standard deviation (SD); * P < 0.05 
according to paired student’s T-test). (C) Since the pre- and post-heated virus titers 
from the previous experiment did not reach to a point, where the loss of titer was 
statistically insignificant, a single plaque was isolated from the third passage and 
propagated. The propagated virus was incubated at 56 oC for 30 mins, followed by 
cooling at 4 oC. The surviving pool of viruses was passaged in H446wt cells at 37 oC. 
The virus titer was determined by plaque assay. This process was repeated for three 
cycles with titers calculated for pre- and post-heated samples (n= PFU readings from 

3 wells ± standard deviation (SD); * P < 0.05 according to paired student’s T-test). (D) 
Mutations observed in thermostable SVV mutants mapped into relative genome 
positions. A1765G and G3753A in VP2 and 2B coding regions were found to be the 
only non-synonymous mutations (purple). C2514T and A3417G in VP3 and VP1 
coding regions were the only synonymous mutations (dark grey).       
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With regard to the thermal stability, the SVV mutant stable at 56 oC (SVV-56mt) is on 
a par with previously reported poliovirus type-I thermal mutants at 51 oC, 53 oC, and 
57 oC38. In the case of enteroviruses such as poliovirus54,55, enterovirus 7156, 
coxsackievirus57 the root cause for loss of infectivity with elevated temperatures has 
been shown to be associated with subtle conformational changes in capsid proteins. 
However, our previous and preliminary studies suggest that the loss of SVV infectivity 
with elevated temperatures may not be attributed to conversion of SVV full virions to 
A-particles and ultimately to a spent, empty capsid as shown with enteroviruses. On 
the contrary, SVV full capsids undergo complete dissociation, exposing packaged 
RNA, leading them to degradation (data not shown). Thus, SVV-56mt population may 

represent a variant that maintains overall capsid integrity as well as the native 
antigenic properties. 

 

Identification of mutations in SVV-56mt 
 
Purified SVV-56mt virus (Figure 2-3-2A and B) was used to extract RNA, from which 
cDNA was generated, PCR amplified and sequenced. The sequenced segments of 
the SVV-56mt genome coding for the P1 region and part of the P2 region showed two 
synonymous and two non-synonymous mutations (Figure 2-3-1D). A1765G in the VP2 
coding region and G3753A in 2B coding region fall into the non-synonymous 
mutations, whereas identified synonymous mutations, C2514T and A3417G located 
in VP3 and VP1 coding regions, respectively. The two silent mutations were found to 
be mostly conserved among 96 sequenced Senecavirus isolates reported in GenBank 
but the non-synonymous mutations from our study could not be traced to any of the 

sequenced genomes, indicating that the latter two mutations are a product of exerted 
selection pressure. A1765G mutation leads to the mutation of VP2-I217V, and this 
single amino acid substitution represents the only amino acid substitution in the SVV-
56mt capsid. VP2-I217V is buried inside the capsid within the 8-stranded β-barrel and 
does not participate in receptor binding58. In reported stable picornavirus capsids, 
mutations in the capsid pocket or interpentameric interface were found to be key 
members stabilizing poliovirus38,39 and FMDV capsids. However, in the SVV capsid, a 
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pocket harboring a lipid moiety (pocket factor) is not present and I217V mutation is not 
located on the interpentameric interface, thus suggesting an alternate mechanism in 
conferring capsid stability. 
 

Thermal stability of SVV-56mt 
 
The thermal resistance of SVV-56mt was characterized by particle stability thermal 
release assay that measures thermal-induced shifts in fluorescence for exposed RNA 
and hydrophobic residues in capsid proteins by using SYTO9 and SYPRO orange 
dyes, respectively42. In this RNA-based assay, an approximate 2 oC increase was 
observed in the RNA release temperature (TR) between SVVwt (59 oC) and SVV-56mt 
(61 oC) (Figure 2-3-2C and D). Similarly, there was a positive 2 oC shift in the first 
melting temperature (TM1) between SVVwt (61 oC) and SVV-56mt (63.5 oC) (Figure 2-
3-2C and D). While the first peak of the protein-based assay accounts for the 
disassembly of capsid into pentamers, the second peak corresponds to the 
denaturation of pentamers/capsid proteins. In our study, the second melting 
temperatures (TM2) for both SVVwt and SVV-56mt remains the same suggesting that 

stabilizing interactions between protomers or within a protomers remain unchanged. 
Contradictory to poliovirus mutants, whose thermal stability was shown to be 
associated with synchronized temperatures for RNA release and first protein melting 
event38, there is a 2.5 oC difference in TR and TM for both SVVwt and SVV-56mt. This 
suggests that improved thermal stability in SVV-56mt does not govern RNA release 
and capsid dissociation in synchrony. This was also shown to be true for the more 
thermostable hepatitis A virus, whose TR was higher than TM31. 
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Figure 2-3-2. Comparison of capsid proteins and thermal stabilities between 
SVVwt and SVV-56mt. (A) A representative negative-stained micrograph of purified 
SVV-56mt. Scale bar, 100 nm. (B) SDS-PAGE analysis of SVVwt and SVV-56mt 
shows the presence of VP1 (27 kDa), VP3 (31 kDa) and VP0 (43 kDa) cleaved into 
VP2 (36 kDa) and VP4 (7 kDa). M= protein ladder. Release of viral RNA and exposure 
of hydrophobic residues from capsids in response to heating were monitored by 
SYTO9 and SYPRO Orange dyes respectively, with wild-type shown in dark blue, and 
56 °C resistant viral population shown in red. (C) Normalized curve derived from melt 
curve actual values (D) Derivative plot of melt curves (n=3 ± SD; P < 0.001 for both 
SYTO9 and SYPRO Orange assays; a.u.=arbitrary units) 
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Structure of SVV-56mt provides insights into conformational changes 
conferring the capsid stability 
 
Purified SVV-56mt was further concentrated to 0.34 mg/ml and used for cryo-EM 
sample preparation. Vitrified samples were imaged using a Titan Krios 300 kV cryo-
transmission electron microscope coupled with a Gatan K3 direct electron detector 
(Figure 2-3-3A). Following 2D classification in Relion-3.1, a total number of 113,052 
particles were used to reconstruct the cryo-EM structure of SVV-56mt. The global 
resolution of the postprocessed cryo-EM map was calculated to be 2.6 Å according to 
the gold standard Fourier shell correlation of 0.143 (Figure 2-3-3C). In our cryo-EM 

map (Figure 2-3-3B), electron densities corresponding to the polypeptide backbone 
and side-chain rotamers were visible, which allowed us to carry out atomic model 
building using a combination of ISOLDE, COOT and Phenix (Table 2-3-1). Refined 
atomic coordinates are in agreement with the map features with a cross-correlation of 
0.865 (Figure 2-3-3D and E). 
 
External features of SVV-56mt capsid structure remains similar to that of SVVwt with 
no apparent changes in map dimensions. Significant changes in the capsid exterior 
were observed in the VP3 “knob” loop (Figure 2-3-3F), where residues 58-60 of the 
loop have shifted approximately 2.8 Å towards the 3-fold axis, followed by a 5.8 Å shift 
of residues 61-67 towards the 2-fold axis (Figure 2-3-3F). As a result of the latter 
conformational changes in the knob loop, anthrax toxin receptor 1 (ANTXR1) binding 
residues, S66 and A65 have shifted closer to the virus-receptor interface. This  may 
favor stronger interactions with the receptor. The other three receptor binding loops, 
VP1 BC loop, loop II and VP2 “puff loop” remain conserved in the SVV-56mt structure, 
thus presumably allowing receptor interactions as described in our previously 
published study (Figure 2-3-3F). 
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Table 2-3-1. Cryo-EM data collection, model building and refinement statistics. 
 
Parameter 
 

Value 

Data collection 
 

 

Microscope FEI Titan Krios 
Detector FEI Vitrobot MkIV 
Pixel size (Å/pixel) 0.86 
Total electron dose 68 el/Å2 
Motion correction MotionCor2 
Number of movie-frames 30 
 
3D reconstruction 
 

 

Software Relion-3.1 
Initial number of particles 211,958 
Final number of particles in the 
reconstruction 

113,052 

Imposed symmetry I1 
Fourier shell correlation (FSC) cut-off 0.143 
Map resolution (Å) 2.6 
 
Atomic modeling and refinement 
statistics 
 

 

Software COOT, ISOLDE, Phenix  
Homology model (PDB accession code) 3CJI 
B-factor (Å2) -100  
Total number of atoms 6253 
Protein atoms 6253 
Other atoms 0 
RMSD2 bond length (Å) 0.0039 
RMSD2 bond angles (o) 1.03 
Molprobity score 1.26 
All atom clashscore 2.93 
Cβ deviations 0 
Ramachandran plot (%)  

• Favored 
• Allowed  
• Outliers 

96.95 
3.05 
0 
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Figure 2-3-3. Cryo-electron microscopy structure of SVV-56mt. (A) A 
representative cryo-EM micrograph showing a homogenous population of SVV-56mt 
full capsids. Scale bar, 100 nm. (B) Radially colored cryo-EM reconstruction of SVV-
56mt viewed down the 2-fold axis. Scale bar, 50 nm. (C) The Fourier shell correlation 
curve for the gold standard reconstruction of SVV-56mt full capsid. The global 
resolution of the reconstruction at FSC 0.143 cutoff is 2.6 Å. (D) Refined atomic 
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coordinates of SVV-56mt fitted into masked out electron density for one asymmetric 
unit. Blue, VP1; lime-green, VP2; red, VP3; orange, VP4. Pentagon, isosceles triangle, 
and the oval shapes denote 5-fold, 3-fold and 2-fold axes of symmetry, respectively. 
(E) Quality of the cryo-EM map showing the electron densities corresponding to the 
polypeptide chain and most of the side-chain rotamers in VP2 and VP3 G-strands. 
I217 mutation (purple) was clearly distinguishable in the G-strand of the VP2 β-barrel. 
(F) SVV-ANTXR1 coordinates (PDB ID: 6CX1; grey colored ribbons) fitted into the 
refined SVV-56mt coordinates. Receptor binding BC loop, loop II of VP1 and the “puff” 
loop of VP2 remain conserved in the mutant structure. The knob loop of VP3 
undergoes significant conformational shifts. Residues 58-60 of the loop shifted 

approximately 2.8 Å towards the 3-fold axis, followed by a 5.8 Å shift of residues 61-
67 towards the 2-fold axis. This rearrangement places A65 and S66 in close proximity 
to L113 of ANTXR1, which may aid in establishing stronger interactions with the 
receptor. 
 

 
In agreement with the sequence data, I217V mutation in the VP2 G strand could be 
observed in our cryo-EM structure (Figure 2-3-3E). The exact role of this point 
mutation with regards to the mutant capsid stability was unclear and could not be 
dissected by our cryo-EM structure. However, subtle conformational changes were 
observed at the interpentameric 2-fold (Figure 2-3-4A and table 2-3-2) and 3-fold axes 
(Figure 2-3-4B and table 2-3-2) of the SVV-56mt capsid, which could play a pivotal 
role in conferring superior SVV-56mt particle stability. At the 2-fold axis, α-helix of VP3, 
H-I loop and the G-strand have shifted towards VP2 in the neighboring pentamer, 
tightening the interactions in the 2-fold junction of the interpentameric surface (Figure 
2-3-4C). As a result of aforementioned shifts, six additional H-bonds, G95-S147, R67-
L199, E257-K201, T253-L204 (Figure 2-3-4C, top left), A23-I156 and R62-C152 
(Figure 2-3-4C, bottom left) were observed between VP2 and VP3, which were 
otherwise not present in the wild-type structure (Figure 2-3-4C, right column). At the 
3-fold axis, D-E loop of VP3 has slightly rearranged to the axis center and forms three 

hydrogen bonds, R210-A127, R210-P124 and R210-G123 with the F-G loop of VP2 
from the neighboring pentamer (Figure 2-3-4D, top left). Conversely, only two H-bonds 
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were observed between VP2 F-G loop and VP3 D-E loop at the 3-fold axis of the 
SVVwt capsid (Figure 2-3-4D, top right). Furthermore, H-I loop of VP2 has shifted 
towards the center of the 3-fold axis in the SVV-56mt capsid and this rearrangement 
places F126 in an electrostatically attractive edge-to-face geometry59 relative to the 
neighboring F126, thus allowing stronger aromatic interactions (Figure 2-3-4D, bottom 
left). Overall, our cryo-EM structure revealed the importance of conformational 
rearrangement of H-I loop, D-E loop, α-helix, G-strand of VP3 and H-I loop of VP2 in 
supporting increased particle thermal stability of SVV-56mt. 

 

Figure 2-3-4. Conformational shifts at the pentamer-pentamer interface of SVV-
56mt.  (A) At the 2-fold axis, α-helix of VP3 and H-I loop  have shifted towards VP2 in 
the neighboring pentamer, tightening the interactions in the 2-fold junction of the 
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interpentameric surface. (B) At the 3-fold axis, the conformational shifts were less 
prominent and marked by subtle movement of VP2 and VP3 loops towards the center 
of the 3-fold axis. Isosceles triangle, and the oval shapes denote 3-fold and 2-fold axes 
of symmetry, respectively. Blue, VP1; lime-green, VP2; red, VP3; orange, VP4. SVVwt 
coordinates are shown in purple color (C) Interactions at the 2-fold axis of the 
interpentameric surface. Four additional H-bonds, G95-S147, R67-L199, E257-K201, 
T253-L204 were observed between VP2 and VP3 (top left). At the interior A23-I156 
and R62-C152 H-bonds were observed between VP2 and VP3 (bottom left). In 
contrast, the SVVwt capsid lacked these H-bonds at the 2-fold axis of the pentamer-
pentamer interface (top and bottom right) (D) At the 3-fold axis, D-E loop of VP3 has 

slightly rearranged to the axis center and forms three hydrogen bonds, R210-A127, 
R210-P124 and R210-G123 with the F-G loop of VP2 from the neighboring pentamer 
(top left). On the other hand, only two H-bonds were observed between VP2 F-G loop 
and VP3 D-E loop at the 3-fold axis of the SVVwt capsid (top right). Furthermore, H-I 
loop of VP2 has shifted towards the center of the 3-fold axis in the SVV-56mt capsid 
and this rearrangement places F126 in an electrostatically attractive edge-to-face 
geometry relative to the neighboring F126 (bottom left), thus allowing stronger 
aromatic interactions compared to the wild-type (bottom right). 
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Table 2-3-2. The comparison of H-bonds in SVV-56mt pentamer-pentamer 
interface with that of SVV-wt. 

 

Residues 

Distance (Å) 

SVV-56mt SVV-wt 

G95-S147 2.9 4.1 

R67-L199 2.9 4.1 

E257-K201 3.9 4.7 

T253-L204 1.8 4.1 

A23-I156 3.1 4.1 

R62-C152 2.7 4.7 

R210-A127 4.1 4.0 

R210-P124 4.2 5.3 

R210-G123 4.1 6.0 
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Discussion 
 
Seneca Valley virus stands out as a clinically important virus in terms of its native 
oncolytic capacity and is also widely considered to be an economically-significant 
pathogen causing porcine idiopathic vesicular disease around the world. Nonetheless, 
to date, no effort has been made to investigate factors governing the SVV particle 
stability or to obtain stable SVV capsids, which could provide valuable information 
towards developing structure-based virus-like particles (VLPs). The ready availability 
of SVV VLPs could become beneficial in targeted cancer therapeutics and/or as a 
vaccine against a potential SVV pandemic across the farming industries in the world. 

As a first step towards this, in our previously published study, we purified and 
characterized naturally-occurring, antigenically similar, empty capsids (procapsids) of 
SVV24. However, the SVV procapsid was found be unstable and cumbersome to purify 
by commonly used purification methods.  
 
In our present study, we attempted to enhance the SVV capsid stability by sequential 
cycles of heat treatment and passaging of the virus to select for temperature mutants 
with increased thermostability. Bio-selection of fit particles remains as one of the 
methods, which has been employed to obtain thermostable particles of poliovirus38,39, 
acid-resistant FMDV capsids60 and also to adapt live enterovirus vaccines to infect 
less susceptible cell lines61. An alternative approach is the in silico prediction of the 
effect of point mutations on protein stability, followed by mutagenesis, which has been 
employed to obtain thermostable foot-and-mouth disease virus SAT2 capsids37. 
However, the latter approach fails to account for any additive or compensatory effects 
of multiple mutations62. From our thermal selection assays, we isolated SVV mutants 
stable at 56 oC through repeated cycles of heat exposure and passaging. Indeed, this 
result from our thermal inactivation assay agrees well with the particle stability thermal 
release assay (PaSTRy), which confirmed a positive 2 oC shift in the RNA release 
temperature (TR) and the first melting point of the capsid proteins (TM1). However, no 
apparent changes were observed for the second melting point of the capsid proteins. 

This led us to hypothesize that tight interpentameric junctions could be associated with 
the increased stability SVV-56mt capsid. 
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To corroborate our aforementioned hypothesis, we purified and sequenced the P1 
coding and P2 coding regions of the SVV-56mt. Interestingly, our sequence data 
revealed only two non-synonymous mutations, A1765G in the VP2 coding region and 
G3753A in 2B coding region and two synonymous mutations, C2514T and A3417G 
located in VP3 and VP1 coding regions. The only non-synonymous mutation in the 
SVV-56mt capsid coding region translates into I217V mutation in the G-strand of the 
VP2 β-barrel. VP2 residue 217 harboring G-strand is located opposite to the F-strand, 
which forms the “puff” or E-F loop that extends towards capsid exterior to form contacts 
with the receptor, anthrax toxin receptor 1 (ANTXR1).  
 

To further investigate the effect of I217V mutation on overall capsid integrity, we 
calculated the structure of SVV-56mt by cryo-electron microscopy. Our structure 
showed that this conservative mutation of an aliphatic amino acid to a residue with a 
shorter side chain did not have any impact on disrupting or stabilizing the VP2 β-barrel, 
thus allowing VP2 receptor binding site, “puff” or E-F loop to remain unchanged. In 
contrast, single amino acid substitutions have been shown to play a vital role in 
conferring the thermostability in poliovirus. In poliovirus, capsid thermostability was 
shown to be enhanced by V87A and I194V mutations in the VP1 B- and G-strands, 
respectively. Both of the above mutations may result in a more spacious pocket in the 
capsid to retain the pocket factor at high temperatures, thereby preventing the 
conversion of full capsids to A-particles. The latter holds true for most of the 
enteroviruses such as enterovirus 71 and coxsackievirus A16 capsids, which were 
shown to be prone to destabilization upon substitution to larger amino acids63. 
 
Despite the absence of any capsid stabilizing effect from I217V mutation, our cryo-EM 
structure demonstrated subtle conformational shifts around the 2-fold and 3-fold axis 
of the interpentameric surface. H-I loop, D-E loop, α-helix, G-strand of VP3 and H-I 
loop of VP2 in the SVV-56mt capsid were found to be rearranged in close proximity to 
favor additional H-bonds and aromatic across interpentamer boundaries. This 
stabilization of interface between pentamers by enhancing non-covalent interactions 

has served as the rationale for designing thermostable FMDV SAT2 capsids37. On the 
other hand, inherent capsid stability of the hepatitis A virus was shown to be attributed 
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to a flip in the psi torsion angle of VP2 peptide, which cause the first 53 residues of 
the N-terminus to extend across the interpentamer interface to interact strongly with 
the neighboring pentamer31. Our results and aforementioned literature collectively 
highlight the importance of manipulating the pentamer-pentamer interface of viral 
capsids to develop stable capsids. 
 
The key interpentameric interactions identified in this study holds promise in future 
studies on developing stable SVV VLPs through site-directed mutagenesis of 
interpentameric residues to improve the capsid thermostability. Future work will 
involve translating this knowledge in developing SVV VLPs and assessing their shelf-

life and immunity under suboptimal storage conditions and longer durations. 
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Chapter 3 
 

Discussion and on-going work 
 
 
This thesis presents for the first time structural insights into oncolytic Seneca Valley 
virus. Though the crystal structure of SVV mature virion was published as early as in 
2008, two years after the commencement of oncolytic studies, there was no literature 
available on receptor interactions or potential use of SVV VLPs in cancer therapeutics. 
From our research article published on the Journal of Virology, we were able to 
demonstrate the similarities between SVV procapsid and full capsid architectures and 
receptor interactions, thus providing a basis for its use in cancer therapeutics or as a 

vaccine against pathogenic strains of SVV. However, SVV procapsids were found to 
be less stable when compared to mature virions, which could be a consequence of 
loss of interactions between the RNA genome and capsid proteins. Not only this may 
hinder the potential use of SVV procapsids but also poses a challenge in purifying 
intact procapsids using commonly used density based gradients such as cesium 
chloride. This was validated by our futile attempts to purify intact SVV procapsids using 
cesium chloride isopycnic gradients. In ways to improve picornaviral particle stability, 
recent work on poliovirus temperature-stable mutants presents a benchmark1,2. Thus, 
we adapted latter bio-selection methodology to isolate thermostable SVV mutants 
through successive cycles of heating and passaging of the virus. This study has 
already been concluded with the manuscript prepared for publication (Chapter 2.3). 
Chapter 2.3 was the first study to arise from the findings in chapter 2.1. 
 
As a second project extending from the procapsid study, we further looked to automate 
the SVV particle picking from cryo-EM micrographs, improve the resolution of the 
capsid reconstruction and then conduct a symmetry-mismatch reconstruction of the 
SVV genome. Investigating the high-resolution structural details of the SVV RNA cage 
and its interactions with capsid proteins will help to better understand the mechanisms 
conferring a higher particle stability in SVV mature virions. Though the high-symmetry 



 
 

 246 

of virus particles contributes towards reconstructing high-resolution structures 
routinely, structural information on asymmetrical components inside the capsid such 
as genome and viral proteases are often biased by overlapping symmetry of the 
capsid3,4. To circumvent the latter issue, cryo-EM density map of the virus can be used 
as a mask to subtract the capsid projection from the particle images, ultimately 
resulting in the genome projection (Figure 3-1). Thereafter, the orientation of the 
genome can be calculated by searching for 60 equivalent orientations of the capsid4. 
This method was successfully employed to elucidate structures of dsRNA viruses such 
as cyprovirus5, MS2 bacteriophage6, and more recently dsDNA herpes simplex virus7. 
 

 
Figure 3-1. Cryo-EM reconstruction of the SVV RNA genome. (A) SVV full capsid 
images. (B) SVV full capsid images after subtracting the capsid density. (C) The 
Fourier shell correlation curve for the gold standard reconstruction of the SVV RNA 
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cage. (D) Radially colored iso-potential surface of the reconstructed electron potential 
map of SVV RNA. 
 
 
As a preliminary attempt to reconstruct the SVV RNA genome, we subjected 37,129 
subtracted genome images to 3D refinement in relion-3.0. According to the gold-
standard Fourier shell cut-off of 0.143, the resolution of the asymmetric reconstruction 
was calculated to be 12.83 Å (Figure 3-1C) with densities corresponding to RNA loops 
clearly visible (Figure 3-1D). As previously shown with the asymmetric reconstruction 
of coxsackievirus A10 genome8, SVV RNA genome is arranged as discontinuous 
double-stranded RNA segments (Figure 3-1D). In order to obtain a high-resolution 

reconstruction to visualize any secondary structures present in the RNA density, we 
intend to collect closer to one million particles by cryo-EM image acquisition. As a first 
step towards this, it is imperative to have a high-throughput, automated particle picking 
model generated for SVV. Therefore, recently developed GPU-accelerated crYOLO 
(You Only Look Once)9 was used to automate SVV particle picking by manually 
picking particles from cryo-EM micrographs and then using picked particle coordinates 
and images to generate a general model for SVV particle picking. As suggested by 
the software developers, trained images were carefully chosen to account for the 
variability in cryo-EM images; for instance, different ice thickness, contaminations, 
overlapping particles, broken particles and the carbon grid. Particle picking automation 
with crYOLO demonstrated satisfactory results, which were not seen with previously 
used automated particle picking platforms (Figure 3-2). 
 
In search for an ideal microscope and detector setup to acquire micrographs for the 
SVV RNA project, freshly purified SVV full capsids were imaged using a Titan Krios, 
equipped with a Falcon III direct electron detector at Okinawa Institute of Science and 
Technology. Due either to a low particle concentration of the original preparation or as 
a result of mishandling the sample during shipping, the number of particles observed 
per micrograph was very low (2714 particles from 1610 micrographs) (Figure 3-3A). 
Nonetheless, cryo-EM reconstruction of the SVV full capsid was resolved to a nominal 

resolution of 3.02 Å (Figure 3-3B and 3C). 
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Figure 3-2. Automated particle picking by crYOLO. (A and B) Representative cryo-
EM micrographs and picked particle coordinates (red boxes) demonstrate the 
accuracy of particle picking model generated for SVV. Scale bar, 100 nm. 

 

 
 
Figure 3-3. Structure of SVV full capsid at 3.02 Å. (A) A representative cryo-EM 
micrograph of SVV full capsids. Images were recorded using a Titan Krios operating 

A B 

A 

B 
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at 300 kV, coupled with a Falcon III detector in integrating mode at a pixel size of 0.845 
Å. Scale bar, 100 nm. (B) The Fourier shell correlation curve for the gold standard 
reconstruction of the full capsid. (C) Radially colored cryo-EM density map of the SVV 
full capsid. Scale bar, 10 nm. 
 
 
Surprisingly, the presence of long, irregular, thread-like structures were present in 
some of the cryo-EM micrographs (Figure 3-4A), which assumed a conformation 
similar to RNA, as previously been shown with Echovirus disassembly studies10. Upon 
magnifying low-pass filtered micrographs, densities corresponding to presumably, the 
secondary structure elements of the SVV RNA (pseudoknots), became visible (Figure 

3-4B). Present work involves generating a model for automated picking of double-
stranded RNA segments using crYOLO, as currently available filamentous templates 
in the crYOLO general model were not able to accurately pick RNA segments in the 
initial trials. There has been recent research highlighting the involvement of viral RNA 
pseudoknots in frameshifting and internal translation initiation during viral replication. 
Thus, studying the structure of unpacked RNA and pseudoknots could provide insights 
into controlling aforementioned processes to manipulate viral protein synthesis25. 
 

 
 
Figure 3-4. SVV RNA. (A) A representative cryo-EM micrograph of SVV RNA. Images 
were recorded using a Titan Krios operating at 300 kV, coupled with a Falcon III 
detector in integrating mode at a pixel size of 0.845 Å. Scale bar, 100 nm. (B) 

 
 
 

B 
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Magnified image of boxed area in A, demonstrating the secondary structure elements 
of RNA. 
 
 
Another study that originated from the findings in chapter 2.1 was investigating the 
capsid disassembly pathway of SVV and the structure of SVV pentamers. Members 
in the Enterovirus have been extensively characterized for conformational changes as 
a result of different environmental cues such as elevated temperatures, low pH and 
receptor interactions10-12. Aforementioned cues trigger a series of conformational 
changes in the virus, leading to an expanded, activated particle (A-particle), in which 
VP1 N-terminal and VP4 are externalized form umbilical connectors to facilitate RNA 

exit through the 2-fold axis11-14. Alternatively, the members of Reoviridae and 
Totiviridae families harbor much larger pores, with a diameter of 15 Å, to facilitate RNA 
exit15,16. A similar observation has been reported for equine rhinitis A virus (ERAV), 
which showed the existence of expanded particles with a 17 Å pore located on the 3-
fold axis17. However, there has been no reports of expanded A particles in the life 
cycle of SVV. Similar to the foot-and-mouth disease virus (FMDV)18, SVV was found 
to be acid-sensitive, thus resulting in the viral disassembly into pentamers. A recent 
study on echoviruses 18 and 30 demonstrated the opening of capsids by the loss of 
one, two, or three pentamers under acidic conditions to allow release of the genome10. 
The latter study provides a plausible mechanism for the exit of RNA genomes and 
their double-stranded segments. 
 
Interestingly, during the 2D classification of SVV procapsid particles, a class average 
representing capsids with one pentamer missing (SVV-1p) was obtained (Figure 3-
5A), suggesting that there could be different disassembly intermediates for SVV. Next, 
a low-resolution 3-D volume of the SVV-1p was reconstructed by using SVV procapsid 
as the reference volume and imposing the C5 symmetry on Relion-3.1 (Figure 3-5B to 
D). The global resolution of the reconstruction was at 27.6 Å (Figure 3-5B) and clearly 
demonstrated the loss of one pentamer (Figure 3-5C). Similar to echovirus particles 

with one pentamer expelled, SVV-1p particles retained overall icosahedral symmetry 
after losing one pentamer (Figure 3-5D). Though vast majority of picornavirus 
literature has been focused on understanding the mechanisms that underpin the 
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genome egress in enteroviruses, it remains elusive if such mechanisms hold true for 
other genera. Hence investigating the genome exit and capsid disassembly 
mechanisms of SVV will not only contribute to the existing knowledge in picornavirus 
capsid disassembly and genome translocation, but will also provide insights into 
developing antiviral drugs against pathogenic strains of SVV. 
 

 
Figure 3-5. Reconstruction of SVV empty capsids with one pentamer missing. 
(A) A class average of SVV-1p particles. (B) The Fourier shell correlation curve for the 
gold standard reconstruction of SVV-1p. (C) Radially colored SVV-1p map viewed 
down the 5-fold axis. (D) A view of the map rotated 180o clockwise. Scale bar 10 nm. 
 
To further understand the process of SVV capsid disassembly, SVV capsids incubated 
at 52 oC and pH 5.5 for 30 sec, 1 min, 2 min, 5 min time points were processed for 
cryo-EM imaging. Frozen grids were imaged on a JEOL 2200FS microscope operating 
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at 200 kV and data were collected as tilt series from -60o to +60o with 2o increments 
using serialEM19. Movie-frames were recorded on a DE20 direct electron detector and 
movies were aligned using MotionCorr220. Motion-corrected movie frames were 
aligned using IMOD21 and used for tomogram reconstruction on IMOD. Cryo-electron 
tomograms of SVV full capsids heated at 52 oC clearly demonstrated the presence of 
disassembly intermediates, with half capsids visible at this time point (Figure 3-6A and 
B). Present work is focused on extracting various disassembly intermediates as 
subtomograms and subjecting them to subtomogram averaging using EMAN2.322. 
 

 
Figure 3-6. Cryo-electron tomogram of SVV incubated at 52 oC for 30 sec. (A) A 
central slice through the reconstructed density demonstrating the presence of SVV 
disassembly intermediates. Scale bar 100 nm. (B) The inset from (A) showing a 
magnified view of different disassembly intermediates. Scale bar 50 nm. 
 
 
In addition, SVV full capsids incubated at pH 5.5 phosphate buffer were frozen and 
imaged using the same in-house microscope setup. Movie-frames were recorded at a 
pixel size of 2.3 Å and motion corrected using MotionCorr2. Cryo-EM micrographs 
depicted the presence of SVV pentamers, mostly oriented as “top views” (Figure 3-
7A). Preferred orientation could be result of the graphene oxide coating on the C-Flat 
grids. A similar preferred top view orientation on the carbon was previously reported 
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for bovine enterovirus 14s particles23. Nonetheless, 1147 particles were picked and 
classified by Relion-3.0 (Figure 3-7B), which further confirmed the disassembly of SVV 
capsids into pentamers under acidic conditions. Presently, cryo-EM sample 
preparation condition are being optimized to obtain a high-resolution structure of SVV 
pentamers. Understanding the structure of SVV pentamer and its antigenicity could 
become beneficial in functionalizing them for future therapeutic applications in its 
native form or by engineering different multimeric structures to deliver drugs. 
Interestingly, our preliminary studies shows that SVV pentamers can bind ANTXR1, 
thus promise the potential of its use as a vaccine against cancers. In addition, SVV 
pentamer’s ability to bind ANTXR1 can be maneuvered to sequester the neutralizing 

antibodies developed against SVV treatment, concurrently with the initial 
administration of SVV or prior to successive rounds of administration. Such safeguard 
mechanisms could potentially provide protection for SVV against neutralizing 
antibodies developed during clinical trials. 

 
Figure 3-7. SVV pentamers. (A) A representative cryo-electron micrograph of SVV 
full capsids incubated at pH 5.5 for 30 mins. Black arrows indicate the top views of 
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SVV pentamers.  Scale bar 100 nm. (B) Class averages of SVV pentamers 
demonstrating the preferred orientation on graphene oxide.  
 
In chapter 2.2 (SVV-ANTXR1 publication), a missing density for the VP4 glycine 63 
was noticed (chapter 2.2, figure 2-2-3). In the SVV full capsid reconstruction, this 
residue was found to be in contact with RNA loops. Thus, we investigated the RNA 
densities of SVV-ANTXR1 complex and SVV capsid at different contour levels and 
found that the RNA density in SVV-ANTXR1 complex is less ordered in comparison to 
the RNA density in mature virion (Figure 3-8). The densities corresponding to RNA 
loops in SVV-ANTXR1 complex first started to become visible only at lower thresholds 
(Figure 3-8B) oppose to the mature virion (Figure 3-8A). Even though the changes in 

capsid proteins are not as significant as other enteroviruses upon receptor attachment, 
we believe that the loose interactions between RNA and capsid proteins could 
contribute to a decrease in capsid stability, which could play an important role in capsid 
dissociation in endosomes. 

 
Figure 3-8. Cryo-EM maps of SVV full capsid (A) (EMDB: 7110) and SVV-ANTXR1 
(B) complex filtered to 10 Å and contoured at 3.1 σ above average. Densities 
corresponding to RNA loops only started to appear at 2.6 σ above average in SVV-
ANTXR1 reconstruction. RNA density in full capsid is stronger than the SVV-ANTXR1, 
thereby suggesting the presence of a less ordered RNA structure in SVV-ANTXR1 
complex. 
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Indeed, the latter hypothesis was further confirmed by the PaSTRy assay as ANTXR1 
bound SVV full capsids showed a higher fluorescence signal at 20 oC, thus indicating 
that the genome in the SVV-ANTXR1 complex is more exposed than the mature virion 
(Figure 3-9). The degree of RNA exposure or capsid destabilization was dependent 
on the virus: receptor ratio as 1:300 and 1:60 ratios showed 105-fold and >2x105-fold 
quench in the fluorescence signals, respectively. At 1:60 ratio, the initial fluorescence 
signal and the RNA release temperature were identical to that of the mature virion. 
Interestingly, the initial fluorescence signal of the SVV-ANTXR1 complex at 37 oC, 
without subsequent incubation at 4 oC, increased by 105-fold when compared to the 
complex incubated at 4 oC. This indicates that there’s a significant exposure of RNA 

in the SVV-ANTXR1 complex at 37 oC, which is concealed after bringing the 
temperature down to 4 oC. It is important to note that both the published structures of 
SVV-ANTXR1 complex were obtained after incubation at 37 oC, followed by cooling 
down to 4 oC or incubation at 4 oC alone. Therefore, any significant conformational 
changes or pores exposing the RNA genome in the SVV-ANTXR1 complex was not 
visible in the published structures. However, the starting temperature for the PaSTRy 
assay was 20 oC, which could have caused an exposure of the RNA. This high 
fluorescence signal was maintained throughout the temperature range suggesting a 
significant exposure of RNA in the SVV-ANTXR1 complex. A similar increase in the 
RNA fluorescence signal has previously been reported for coxsackievirus A10 A-
particle. However, unlike CVA10 mature virions that transform into A-particles even in 
the absence of heat24, low pH or receptor binding, the presence of an expanded 
particle for SVV may be dependent on both receptor attachment and heat or low pH. 
To further validate this hypothesis, we plan to acquire cryo-EM data for SVV full 
capsids incubated with ANTXR1 at 37 oC and then elucidate the structure by single 
particle analysis. Collectively, these results are expected to produce another 
publication. 
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Figure 3-9. Particle stability thermal release assay curves for SVV full capsids 
incubated with different receptor ratios. Blue- 1:600, red- 1:300, green- 1:60, 
magenta- 1:10, orange- SVV full capsids, black- 1:600 (37 oC- 4 oC- 37 oC). RFU 
(relative fluorescence units). 
 
Despite addressing the missing structural information on SVV capsids and their 

receptor interactions, how SVV is neutralized neutralizing antibodies found in the 
serum of patients remains to be elucidated. In picornaviruses, virus neutralization has 
been shown to occur via four mechanisms: (1) neutralizing antibody binding causes 
the aggregation of virus particle, (2) neutralizing antibodies compete with the cellular 
receptors for overlapping binding sites, (3) antibody binding at a remote site causes 
conformational shifts in the receptor binding sites and (4) antibody binding arrest the 
virus capsid in a stable conformation, thereby preventing the capsid proteins from 
undergoing necessary conformational shifts required for uncoating26. Future studies 
should be focused on characterizing the interactions between SVV and neutralizing 
antibodies and then mutating the SVV residues participating in antibody binding. This 
brings us to the question “what if the SVV receptor and antibody binding footprints are 
fully overlapped?”. A promising answer for the latter question stems from a genome 
wide analysis study of different SVV strains, which showed non-synonymous 
mutations in VP1, VP2, VP3 with a high conservation in receptor binding site across 
several SVV strains27 (Figure 3-10). Most importantly, the same study showed the 
ability of these strains to bypass two monoclonal antibodies, which were previously 
shown to neutralize SVV-001. These findings suggest that SVV receptor and antibody 
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binding sites may only partially overlap, thus allowing successful mutation of antibody 
binding residues without impairing the receptor binding.  
 

 
Figure 3-10. Mapping of structural protein mutations observed in different SVV 
isolates. VP1 blue, VP2 green, VP3 red and VP4 orange. Mutations are shown in 
spheres. The grey color mutation represents the only mutation in the receptor binding 
site. 
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Abstract: Oncolytic viruses (OVs) are replication competent agents that selectively target
cancer cells. After penetrating the tumor cell, viruses replicate and eventually trigger cell
lysis, releasing the new viral progeny, which at their turn will attack and kill neighbouring

cells. The ability of OVs to self-amplify within the tumor while sparing normal cells can
provide several advantages including the capacity to encode and locally produce therapeutic
protein payloads, and to prime the host immune system. OVs targeting of cancer cells is
mediated by host factors that are differentially expressed between normal tissue and tumors,

including viral receptors and internalization factors. In this review article, we will discuss the
evolution of oncolytic viruses that have reached the stage of clinical trials, their mechanisms
of oncolysis, cellular receptors, strategies for targeting cancers, viral neutralization and

developments to bypass virus neutralization.
Keywords: oncolytic viruses, virus-receptor interaction, virus neutralization

Introduction
Cancer remains one of the most prevalent non-communicable diseases worldwide.1

While traditional cancer therapies including chemotherapy, radiotherapy, surgery
and radiosurgery can result in a bene!cial outcome, they often cause severe off-
target cytotoxicity. The necessity to speci!cally aim at cancer cells, while sparing
healthy cells, has encouraged the development of targeted cancer treatment para-
digms. In recent years signi!cant progress has been made in developing viruses as
a therapeutic strategy against cancer.2 Oncolytic viruses (OVs) are replication
competent viral strains that speci!cally infect and lyse cancer cells. Many of the
advantages of using OVs for cancer therapy arise from the fact they can be
considered self-amplifying anti-cancer agents. Following tumor cell entry, OVs
replicate and eventually trigger cell lysis, releasing new viral progeny, which in
turn will invade and kill neighboring cells. The fact that viral ampli!cation occurs
within the tumour is likely to play an important role in tumor control through cell-
cell spread.3 Additionally, viruses released from lysed cells can be transported by
the circulatory system to tumors residing remotely from the original site.

The !rst documented case of using viruses as a potential cancer treatment dates back
to 1910s, when a patient diagnosed with cervical carcinoma experienced remission after
vaccinationwith a live-attenuated rabies vaccine.4 This incident prompted further clinical
studies using rabies vaccine as an anti-cancer agent and exploitation of many other
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oncolytic viral strains such as Egypt 101 virus,5 adenoidal-
pharyngeal-conjunctival virus,6 Newcastle disease virus7,8 and
mumps virus.9 However, it should be noted that these initial
trials were fraught with unethical practices. In recent years,
there has been a resurgence of studies focused on possible
roles for viruses in killing cancer cells. At the moment, more
than 570 clinical trials using OVs are either active or recruiting
patients,10 while many other viruses are in pre-clinical trials.
This interest was ignited in part by the approval of Talimogene
Laherparepvec (T-VEC), a modi!ed oncolytic herpes simplex
virus-111 for clinical use in USA, Europe and Australia,12

along with the clinical use of adenovirus derived Oncorine
for head and neck cancers treatment in China13 and native
Echovirus 7 under the name of Rigvir14 for the treatment of
melanoma in several European countries.15

This review is focused on the evolution of oncolytic
viruses that have reached the stage of clinical trials, their
mechanisms of oncolysis and interactions with cellular
receptors. In addition, limitations associated with oncovir-
otherapy such as antiviral immune response (viral neutra-
lization) will be discussed along with recent developments
towards overcoming such obstacles.

Mechanisms of Oncolysis
Most oncolytic viruses exert anti-tumor activity by penetrat-
ing the tumor cells, establishing a lytic cycle and ultimately
causing the activation of cell death pathways. While some
OVs have the natural capacity to infect speci!c tumors
through receptor-mediated internalization,14,16-18 most OVs
have been engineered to enhance their tumor selectivity and
to reduce virulence in normal cells.12,13,19,20 Even though
natural receptors responsible for oncolytic viral entry are
expressed on non-malignant cells thereby allowing
a successful infection,21–23 OVs often require a defect in
innate immunity to successfully infect and propagate,
which is only present in tumor cells but not in healthy
cells.24 Alterations in transcriptional and cell signaling path-
ways, such as increased expression of B-cell lymphoma-
extra-large (Bcl-xL) and activation of mitogen-activated pro-
tein kinases (MAPK) signaling can lead cancer cells to be
more susceptible to OVs.25,26 In addition to direct cell lysis,
OV infection and subsequent cell lysis trigger the release of
danger-associated molecular patterns (DAMPs) that contri-
bute to a long-lasting adaptive antitumor immune
response.27–29 In fact, substantial effort has been made to
develop OVs that encode transgenes designed to induce an
immunogenic cell death (ICD) with the goal of priming the
immune system against tumors.30–33 ICD releases DAMPs,

which are recognized by antigen-presenting cells (APCs)
such as macrophages and dendritic cells in the tumor micro-
environment to elicit an innate immune response.34 As viral
replication and tumor lysis progress, APCs produce cyto-
kines, eventually recruiting other immune cells. The ultimate
goal of this immune priming process is to activate
T lymphocytes against speci!c tumor antigens in order to
establish an adaptive immunity.35 Evidence for OV-induced
innate and adaptive immune responses comes from several
clinical trials. For instance, increased abundance of CD8+
andCD4+ Tcells has been reported in patients with advanced
melanoma, who received T-VEC or coxsackievirus in sepa-
rate clinical trials.31,36-38 Patients with metastatic pancreatic
adenocarcinoma showed increased B cells and natural killer
cells when treated with a combination of reovirus and pacli-
taxel/carboplatin and these responses were linked to an
increased disease control rate (DCR) in responding
patients.33 Furthermore, increased expression of anti–in"am-
matory cytokines such as interleukin (IL) 6, IL 10 and tumor
necrosis factor-! (TNF-!) was reported in patients with
refractory primary or metastatic liver cancer treated with
poxvirus strain JX-594,32 with some patients showing
a durable objective response according to response evalua-
tion criteria in solid tumors. In addition, OVs have also been
reported to directly interfere with tumor perfusion.
Engineered forms of adenoviruses39 and vaccinia virus40

have been shown to elicit antiangiogenic effects in mouse
models. While not yet clinically documented, the possibility
of a single OV to employ all three mechanisms of oncolysis
in ongoing trials or in future developments holds promise.

Architecture of Oncolytic Viruses
The nature of the genome and the morphology of OVs are
two essential factors that in"uence their amenability for
cancer treatment development. First, oncolytic viruses
pose different advantages for oncovirotherapy depending
on their DNA or RNA genome. The structural stability of
DNA combined with the precision of the DNA polymerase
allows double-stranded DNA (dsDNA) viruses to encode
a large number of proteins. The dsDNA viruses have the
advantage of a stable genome that can be engineered to
attenuate a pathogenic viral strain, to increase tumor speci-
!city, to avoid anti-viral immune response or to code for
proteins that can act synergistically with existing in"amma-
tory host responses to establish a stronger anti-tumor
immune response.2 A classic example is T-VEC, which
has been modi!ed to attain reduced neurovirulence41 and
to stimulate the immune response.42
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On the other hand, oncolytic RNA viruses possess the
advantages of tumor speci!city and a low off-target cyto-
toxicity dependent on the af!nity to speci!c receptor usage.
Paramyxoviruses and picornaviruses are two virus families
that have been extensively studied for their oncolytic poten-
tial. Newcastle disease virus and measles virus from
Paramyxoviridae family feature a negative-sense, non-
segmented single-stranded RNA, which requires conversion
into a positive-sense RNA before translation.43 In picorna-
viruses, the positive-sense single-stranded RNA (ssRNA)
genome acts as a messenger RNA (mRNA) and it is trans-
lated into the viral polyprotein shortly after penetrating the
host cells. This provides a mechanism for oncolytic picor-
naviruses to replicate and propagate faster.44,45 RNA viruses
inherit a high error rate in genome replication and therefore
are genetically unstable.46 From an evolutionary point of
view, such mechanisms allow them to outmaneuver the
host’s antiviral response due to viral diversity but can
raise challenges for oncovirotherapy, especially when the
virus is pathogenic in nature.

In addition to the classi!cation of oncolytic viruses based
on their genetic materials, they can be further sub-divided
into two groups depending on virion architecture. Herpes
simplex virus, vaccinia virus and rhabdoviruses fall into the
enveloped DNA virus group, whereas adenovirus and reo-
virus belong to the non-enveloped DNA virus group. In the
oncolytic RNA virus group, paramyxoviruses such as
Newcastle disease virus and measles virus are enveloped,
whereas picornaviruses are in the non-enveloped group. In
terms of viral morphology, enveloped viruses are easily
amenable to modi!cation for use as OVs. Their morphology
implies a relatively direct mode of infection in which the
viral and cellular membranes fuse in order to deliver the
nucleocapsid to the cytoplasmic space.47 The mechanism is
mediated by the presence of fusion proteins evolved to
recognize speci!c cellular receptors (Figure 1). Triggered
by special cues, either changes in pH or the binding of co-
receptors, fusion proteins undergo major conformational
changes to bring the two membranes in close proximity and
eventually causing them to merge.47 Non-enveloped virus
architecture consists of a protein cage with icosahedral or
helical symmetry harbouring the genome. Their mechanisms
of cell entry are less understood, but it is known to involve
the binding of a speci!c cellular receptor (Figure 1) that
could trigger a signaling process leading to capsid
endocytosis.48 Alternatively, receptor binding could function
just as an attachment strategy to be followed by entry.49 The
requirement of a speci!c receptor for tumor recognition and

infection has been intensively investigated in picornaviruses
and adenoviruses (Figure 1).

The virion size and morphology are two important
factors controlling OVs applicability. In order to spread
and elicit their antitumor effect, oncolytic viruses must be
able to overcome numerous physical barriers in the tumor
microenvironment such as tight cell-cell junctions, extra-
cellular matrix deposits, stromal cells and interstitial "uid
pressure.50 Some oncolytic viruses, such as picornaviruses,
have a small size (~30 nm) and can overcome such phy-
sical barriers.51,52

A serious obstacle for both enveloped and non-
enveloped oncolytic viruses is to pass the genome across
the cellular membrane. This can be done either by disrupt-
ing the membrane continuity or by using a channel formed
by viral and/or cellular proteins.48

Strategies for Targeting Cancer Cells and
Reducing off-Target Cytotoxicity
Selective targeting of tumors is of utmost importance and
perhaps the most frequently discussed topic in the !eld of
oncovirotherapy due to the use of human pathogenic
viruses to treat cancers.53 These strategies could either
involve exploiting inherent properties of a wild-type onco-
lytic virus such as speci!c receptor/dis-regulated cellular
mechanisms usage and/or manipulating speci!c viral
genes and surface properties to render tumor speci!city.

Utilizing the Natural Tropism of OVs
Natural tropism is the capacity of a population of viruses to
exploit extracellular markers expressed in cancer cells or to
utilize intracellular pathways or immune-avoidance mechan-
isms to target tumors. Receptors responsible for oncoviral
permissivity in tumors often play an essential role in tumor
growth and progression or in providing protection from anti-
tumor immune mechanisms.24 For instance, cluster of differ-
entiation (CD) 155, CD46, and integrin !2"1 overexpressed in
tumors, providing innate immunity for cancer cells, serve as
entry ports for oncolytic poliovirus, measles virus and echo-
virus, respectively.54–56 On the other hand, herpes virus entry
mediator (HVEM) and nectin-1, anthrax toxin receptor 1
(ANTXR1), laminin receptor, intracellular adhesion mole-
cule-1 (ICAM1) and decay-accelerating factor (DAF), which
all have a functional role in tumor growth and progression,
have been identi!ed as the cellular receptors for herpes sim-
plex virus, Seneca Valley virus-001, Sindbis virus and
coxsackievirus.17,57-61 In addition, numerous oncogenic path-
ways involved in carcinogenesis overlapwith requirements for
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a successful infection and replication in some native oncolytic

viruses. For example, tumor selectivity of Reolysin is depen-

dent on a number of endogenous tumor factors such as RAS

activation, downregulation of interferon (IFN) antiviral

response and p53 pathway.26,62,63 Furthermore, Newcastle

disease virus has been shown to target cancer cells overexpres-

sing an anti-apoptotic protein Bcl-xL,25 while the high

speci!city of vesicular stomatitis virus for cancer cells is
governed by its high sensitivity to type I IFNs, a system
defective in most cancer types.64

Engineered Tropism
There are several strategies dictated by their viral archi-
tecture for modifying OVs to speci!cally target cancer

Figure 1 Targeting of receptors overexpressed in cancers with oncolytic viruses. Enveloped DNA viruses utilize their surface glycoproteins to bind receptors over-
expressed in cancers. Herpes simplex virus glycoprotein D binds herpes virus entry mediator (HVEM) or nectin-1 prior to initiation of host membrane fusion by HSV
glycoprotein B. Vaccinia virus and vesicular stomatitis virus bind cell surface glycosaminoglycans (GAGs) and low-density lipoprotein (LDLR) receptor, respectively.
Enveloped, RNA viruses Newcastle disease virus and measles virus interact with cell surface sialic acid (SA) and CD46 or nectin-4, respectively, to facilitate entry into
host cells. Sialic acid or poly-sialic acid (PolySA) serves as an attachment receptor for non-enveloped DNA viruses such as reovirus and human adenovirus. Junction adhesion
molecule-A (JAM-A) acts as the entry receptor for reovirus, whereas coxsackievirus-adenovirus receptor (CAR), CD46, desmoglein-2 (DSG) have been shown to be the
entry receptors for adenoviruses. Parvovirus (ssDNA) exploits cell surface transferrin receptor 1 as the entry receptor. Among the non-enveloped RNA viruses Seneca
Valley virus, poliovirus, coxsackievirus bind anthrax toxin receptor-1 (ANTXR1), CD155, intercellular adhesion molecule-1 (ICAM-1) or CAR, respectively.
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cells. For enveloped viruses, a direct method is the inser-
tion of glycoproteins from other viruses that recognize the
targeted receptor (Figure 2). For instance, it was shown
that a modi!ed lentiviral vector, that possesses E2 glyco-
protein in the envelope, can target a P-glycoprotein in
melanoma.65 The neurotoxicity of vesicular stomatitis
virus (VSV) has been abrogated by the substitution of its
glycoprotein G with a glycoprotein variant of the lympho-
cytic choriomeningitis virus (LMCV-GP).66 Similarly, coat
proteins can be modi!ed with peptide ligands or antibody
fragments recognized by the desired receptors.24,67

Adenovirus capsid !bers have been modi!ed with an
insertion of arginine-glycine-aspartic acid (RGD) moiety
acting as the binding site of integrin receptors overex-
pressed in tumors (Figure 2).68 An alternative retargeting

approach that does not involve the modi!cation of the
virus is the use of bispeci!c soluble adapters designed to
bind both the OV and any given targeted antigen on cell
membrane, mimicking a bona !de virus-receptor engage-
ment (Figure 2). This strategy was employed to redirect
herpes simplex virus-1 binding from nectin-1 to epidermal
growth factor receptor (EGFR) by using a soluble adaptor
protein P-V528LH that harbors a gD-binding domain of
nectin-1 fused to virus and a single-chain antibody with
af!nity to EGFR.69

Several genetic modi!cations have been introduced in
some oncolytic viruses to warrant tumor selectivity and to
monitor the biodistribution of such viruses after adminis-
tration (Table 1). Mutations introduced into herpes simplex
virus-1 (HSV-1), vaccinia virus (VV), adenovirus (HAdV)

Figure 2 Strategies for retargeting cancers with oncolytic viruses. Oncolytic viral architecture can be modi!ed primarily in three different ways to target cancer-speci!c
receptors. Pseudotyping of lentiviral (LV) envelope glycoproteins with a variant of Sindbis virus envelope protein has enabled successful targeting of P-glycoprotein expressed
on melanoma cells. Substitution of vesicular stomatitis virus envelope glycoprotein with a variant glycoprotein from lymphocytic choriomeningitis virus glycoprotein (LCMV-
GP) has enhanced the tumor speci!city of the recombinant vesicular stomatitis virus (rVSV). Recombinant adenovirus strains have been developed (Ad5lucRGD) by
incorporating an RGD moiety required for interaction with integrin receptors overexpressed in cancers. Finally, bispeci!c soluble adaptors (P-V528LH) have been used in
the case of herpes simplex virus (HSV), that includes gD-binding domain of nectin-1 fused to virus and a single-chain antibody with af!nity to epidermal growth factor
receptor (EGFR).
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Table 1 Modi!ed Oncolytic Viruses in Clinical Trials

Oncolytic Virus Modi!cations Development

Status

Examples for Phase Studies

Herpes simplex virus-1

(HSV-1)

Replacement of ICP34.5 and 47

genes with granulocyte-

macrophage colony-stimulating

factor (Talimogene

Laherparepvec or T-VEC)

US FDA

approved

Phase II/III
! Patients with unresectable Stage IIIb, IIIc and IV melanoma

(completed, NCT00769704 and NCT00289016)
! In combination with pembrolizumab (MK-3475) for treat-

ment of unresectable Stage IIIb-IVM1c melanoma (active,

NCT02263508)
! T-VEC as a neoadjuvant treatment after surgery against

unresectable Stage IIIb-IVM1a melanoma (active,

NCT02211131)
! Treatment for unresectable recurrent breast cancer (active,

NCT02658812)

Adenovirus (Ad) Deletion of E1B55K and E3B

genes (Oncorine or H101)

Approved in

China

Phase III
! Treatment of malignant pleural effusions in non-small cell

lung carcinoma in combination with recombinant human

endostatin injections (status unknown, NCT02579564)
! Hepatic artery infusion chemotherapy in combination with

Oncorine for the treatment of hepatocellular carcinoma

(recruiting, NCT03780049)

Deletion of E1B55K, E3B and

E1ACR2 regions. Addition of

Arginine-Glycine-Aspartic acid

motif in capsid !bers (Delta-24-

RGD)

Phase I/II clinical

trials

Phase I/II
! Safety study in patients with recurrent glioblastoma (com-

pleted, NCT01582516)
! Treatment for recurrent glioblastoma and gliosarcoma, fol-

lowed by administration of pembrolizumab (active,

NCT02798406)

Vaccinia virus (VV) Deletion of thymidine kinase

gene, vaccinia growth factor

gene and expressing

granulocyte-macrophage colony-

stimulating factor (JX594 or

Pexa-Vec)

Phase II/III clinical

trials

Phase II/III
! Combination therapy with metronomic cyclophosphamide

against advanced breast cancer and advanced soft-tissue

sarcoma (recruiting, NCT02630368)
! Treatment for patients with advanced hepatocellular carci-

noma unresponsive to sorafenib (completed,

NCT01387555)
! In combination with Durvalumab and Tremelimumab for

treatment of refractory colorectal cancer (recruiting,

NCT03206073)
! Treatment for hepatocellular carcinoma in conjunction with

sorafenib administration (active, NCT02562755)

Vesicular stomatitis

virus (VSV)

Expressing interferon-!

and sodium iodide symporter

(VSV–IFN!-NIS)

Phase I clinical

trials

Phase I
! Treatment for refractory liver cancer or advanced solid

tumors (active, NCT01628640)
! As a monotherapy and in combination with avelumab against

refractory solid tumors (recruiting, NCT02923466)
! Combination therapy with pembrolizumab in refractory non-

small cell lung cancer and head and neck squamous cell

carcinoma (recruiting, NCT03647163)

Expressing interferon-!

and tyrosinase-related protein1

genes (VSV–IFN!-TYRP1)

Phase I clinical

trials

Phase I
! Treatment for stage III–IVmelanoma (recruiting, NCT03865212)

(Continued)
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and poliovirus (PV) strains have been shown to restrict the
replication of these viruses to cancer cells and to reduce
the toxicity associated with wild-type strains. The selec-
tivity of T-VEC, a modi!ed HSV-1 strain, for tumors is
regulated by inherently low expression of protein kinase
R (PKR) in cancers, that otherwise serves as an upstream
target in normal cells to phosphorylate eukaryotic transla-
tion initiation factor 2 (eIF2) to terminate host cell protein
synthesis.70 However, HSV infected cell protein (ICP)
34.5 has the capacity to reverse this mechanism by depho-
sphorylating eIF2.71 In addition, HSV ICP47 can inhibit
the transporter associated with antigen presentation (TAP),
ultimately reducing the expression levels of the antigen-
major histocompatibility complex (MHC) type I.72

Therefore, both ICP34.5 and 47 genomic sites have been
deleted in T-VEC and replaced with two copies of hema-
topoietic granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF), that promotes the recruitment of dendritic
cells and antigen-presenting cells (APC) to the tumor
site.73 The deletion of ICP47 also serves in translocating
the herpes virus protein US11 to decrease the activity of
PKR in cancer cells.41

Numerous HAdV strains have been genetically engi-
neered to overcome healthy tissue damage and to selec-
tively target tumors. ONYX-015, one of the !rst strains of
genetically engineered HAdV, was designed to target p53
gene-de!cient tumors. A deletion in E1B region prevents
the expression of E1B55K protein, that inactivates p53-
dependent apoptosis in normal cells.74 In the absence of

E1B55K protein, normal cells undergo p53-dependent
apoptosis, thereby halting the viral life cycle. By contrast,
ONYX-015 has the capacity to replicate in tumors with p53
de!ciency, given the function of E1B55K can be compen-

sated by other mechanisms in tumor cells. An in vivo study
suggested that ONYX-015 can exert greater antitumor
activity when combined with radiotherapy.75 Furthermore,
in a Phase II clinical trial in patients with recurrent squa-

mous cell cancer of the head and neck, intratumoral admin-
istration of ONYX-015 in conjunction with 5-"uorouracil
and cisplatin showed a more signi!cant effect when com-
pared to monotherapy.76 H101, a successor of ONYX-015,

has been further modi!ed with a deletion in E3B gene.
H101 was the !rst HAdV to be approved for cancer treat-
ment in China in 2006 under the name of Oncorine.13 Next

Table 1 (Continued).

Oncolytic Virus Modi!cations Development

Status

Examples for Phase Studies

Measles virus (MV) Encoding sodium iodide

symporter (MV-NIS)

Phase II clinical

trials

Phase II
! Vaccine therapy for recurrent or refractory multiple mye-

loma with or without cyclophosphamide (active,

NCT00450814)
! In combination with cyclophosphamide for treating patients

with relapsed/refractory myeloma (recruiting,

NCT02192775)
! MV-NIS infected mesenchymal stem cells in treating recur-

rent ovarian cancer (recruiting, NCT02068794)
! Comparative study for the effectiveness of MV-NIS vs pacli-

taxel/topotecan hydrochloride/gemcitabine hydrochloride/

pegylated liposomal doxorubicin hydrochloride in treating

fallopian, ovarian and peritoneal cancer (recruiting,

NCT02364713)

Poliovirus (PV) Internal ribosome entry site

(IRES) of poliovirus replaced

with that of human rhinovirus 2

(PVSRIPO)

Phase II clinical

trials

Phase II
! Combination therapy of atezolizumab and PVSRIPO for

treatment of patients with recurrent malignant glioma (not

yet recruiting, NCT03973879)
! Stand-alone treatment for patients with grade IV malignant

glioma (recruiting, NCT02986178)

Notes: Clinical trials as registered at https://clinicaltrials.gov. Clinical trial status and National Clinical Trial (NCT) identi!er number are given within parentheses at the end
of each clinical trial description.
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generation modi!ed adenoviral strains harbor small dele-
tions in E1A gene (E1ACR2 mutants) to suppress the
release of E2F transcription factor by ablating the interac-
tions between retinoblastoma protein (pRb) and E1A.77

This modi!cation further restricts adenoviral replication
only in tumor cells with activated E2F expression.

In order to make vaccinia virus safer for cancer ther-
apy, two deletions have been made: thymidine kinase gene
(TK) and vaccinia growth factor gene (VGF).78 Further
attenuated viral strains have been developed by introdu-
cing mutations in F14.5L and A56R genes.20 These genes
are responsible for encoding a secretory signal peptide and
hemagglutinin, respectively. JX-594, a TK-mutant, expres-
sing GM-CSF has been tested in Phase I and Phase II
clinical studies in hepatocellular carcinoma and liver can-
cer as stand-alone treatment or in combination with sor-
afenib. Collectively, these studies showed a safe yet
profound anti-tumor response in JX-594 monotherapy
and combination treatment groups in comparison to sora-
fenib alone.79–81

Several strategies have been tested in reducing PV neu-
rotoxicity: (1) use of live-attenuated poliovirus vaccines,82

(2) delivery of engineered PV genome de!cient of P1 cod-
ing region (replicons), thereby preventing the formation of
new viral progenies and spread,83 (3) A133G mutation in
cis-acting replication element (CRE) and relocation of CRE
to a spacer region,84 (4) replacement of internal ribosome
entry site (IRES) of PV (PVSRIPO) with that of human
rhinovirus 2 (HRV2).85 Ribonucleoprotein complex formed
in PVSRIPO is incompatible with HRV2 IRES-mediated
translation in normal human central nervous system, there-
fore, rendering the neuronal incompetence of PVSRIPO.86

PVSRIPO has completed a Phase I dose-!nding clinical
study in patients with grade IV malignant glioma with no
neurotoxicity reported.87

Virus Neutralization
A major limitation of the extensive use of OVs in cancer
treatment is the rapid neutralization by the immune system,
which can restrain the viral spread and reduce the ef!cacy
of repeat administrations.88 Antiviral immune response
could hinder viral infection or replication at several
stages: 1) Neutralization, opsonization and sequestration
prior to cell entry, 2) Inhibition of virus replication by
induction of antiviral responses such as type I interferons
in infected cells, and 3) Lysis of infected cells by innate
immune cells prior to viral-induced lysis of cells. Many of
the viruses used in cancer therapy are human pathogens and

pre-existing antiviral antibodies obstruct the systemic deliv-
ery to the tumor, limiting the potential routes for viral
delivery to intratumoral injection. Various pre-clinical and
Phase I clinical studies have shown decreased oncolytic
viral replication, viral clearance and reduced anti-tumor
activity in immunocompetent hosts.89–96

Evidence for pre-existing immunity against oncolytic
viruses has been well documented for vaccinia virus due
to its use in eradicating the smallpox and also for reovirus,
that is universally abundant in the environment.97 In vacci-
nia virus, neutralizing antibodies have been shown to target
H3L envelope protein, that plays an essential role in viral-
host cell membrane fusion.98 Structural insights into anti-
body neutralization of reovirus suggested that neutralizing
antibodies sterically hinder the JAM-A receptor binding to
reovirus.99 Pre-clinical studies on prostate-speci!c attenu-
ated replication competent adenovirus (ARCA) showed
a decreased antitumor activity in the presence of pre-
existing antibodies.92 In the case of measles virus (MV),
pre-existing antibodies act as a major limitation in treating
cancers in previously vaccinated patients.100 Therefore, MV
oncovirotherapy may only be limited for patients with cer-
tain cancers such as advanced multiple myeloma, where the
immunosuppressed patients have a low level of anti-
measles antibodies.101 Furthermore, the administration of
T-VEC is limited to intralesional injections for melanoma
treatment due to high prevalence of anti-HSV1 antibodies in
humans.102 Even in the absence of pre-existing antibodies,
the immune system will eventually mount a response and
severely reduce the period of virus ef!cacy to between
a few days and couple of weeks, requiring multiple/
increased doses of the virus.97,103,104 Even more trouble-
some is the induction of primary antibody response or
augmentation of a low pre-existing antiviral response upon
initial administration of low seroprevalence viruses.105,106

Such evidence arises from neutralization of low human
seroprevalence viruses such as vesicular stomatitis virus
(VSV) in non-immune human serum as early as one hour
after exposure.107,108

On the other hand, a major advantage of the stimulating
effect raised by OVs on immune system against viruses is
that it could enhance epitope spread to tumor antigens. One
pre-clinical study on recombinant measles virus VLPs
expressing the tumor-speci!c antigen claudin-6 triggered
claudin-6-speci!c immune responses in melanoma mouse
models, ultimately inhibiting tumor metastasis.109 While
generally pre-existing immunity for oncolytic viruses
reduces their ef!cacy, a contrary !nding was reported in
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the case of Newcastle disease viruses (NDV) where an
augmented therapeutic effect was observed in melanoma
mouse models in the presence of NDV-speci!c antibodies
through potentiation of systemic anti-tumor immunity.110

Solutions to Virus Neutralization
The presence of pre-existing anti–viral immunity or the
development of neutralizing antibodies upon systemic
administration of oncolytic viruses highlights the importance
of developing novel strategies to prolong their availability to
access tumors. At proof-of-concept level, novel OV delivery
methods have been proposed and can be categorized into four
distinct groups (Figure 3 and Table 2).

Cell Carriers
Encapsulation of virus particles in a carrier is a logical
approach as a strategy to conceal the antigenicity of native
virions. Several molecular and cellular carriers have been
investigated. Murine colon carcinoma cells infected with
vesicular stomatitis virus (VSV) homed to cancer cells but
not to normal cells, when delivered intravenously in
a mouse lung tumor model.111 Reovirus incorporated into

dendritic cells and T cells can ef!ciently deliver the virus
into cancer cells in the presence of neutralizing antibodies
in vitro112 and in vivo.113 Furthermore, antibody-
neutralized reovirus complex can be introduced into
human monocytes, where internalized complexes were
processed to release infectious particles, ultimately target-
ing cancer cells.114 Mesenchymal stem cells (MSCs) have
been used as a delivery system for chimeric human ade-
novirus5/3 (HAdV5/3) with the primary purpose of mask-
ing the virus from immune attack.115 The cellular receptor
for HAdV5 entry, coxsackievirus and adenovirus receptor
(CAR) is poorly expressed in MSCs.116 This has been
circumvented by swapping the receptor binding !ber
knob domain of HAdV5 with that of HAdV3, allowing
a CAR-independent cell binding.115

Liposomes
Liposomes are large hydrophilic spherical vesicles, which
have been widely used for encapsulation and delivery of
diverse range of drugs since they act as a shield from cellular
and humoral responses.117,118 In a pre-clinical study, lipo-
somes were used to encapsulate oncolytic alphavirus strain

Figure 3 Strategies to avoid virus neutralization. (A) Cell carriers such as monocytes (Reovirus-neutralizing antibody complex), dendritic cells (reovirus), endothelial cells
(measles virus), stromal cells (adenovirus) and killer cells (vaccinia virus) remain as most extensively researched solutions to bypass the recognition by neutralizing
antibodies. (B) Liposomes have been used to incorporate plasmids of oncolytic viruses such as Telomerase-speci!c oncolytic adenovirus (pTS). (C) Anti-CD20 and
cyclophosphamide (immunomodulators) aid in suppressing the antiviral immune response associated with adenovirus and reovirus treatment. (D) Other solutions to virus
neutralization include the use of different serotypes of adenovirus strains, sequestration of pre-existing antibodies using UV–inactivated measles virus (decoy virus), and
shielding of vesicular stomatitis virus and adenovirus with coadministration of DNA aptamers and bifunctional protein DE1scFv-pSia, respectively.
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M1 (M-LPO) with anti-tumor ef!cacy in vitro and a reduced
immunogenicity in mice when administered intravenously.119

A similar approach was used to encapsulate a replication-
competent, ONYX-015-based plasmid in liposomes.120

Liposomes harboring the plasmids were resistant to antibodies
neutralizing the parent strain, while the plasmids could only
transfect tumor cells which are p53 de!cient.

Immunomodulators
With the aid of conventional immunosuppressants used in the
treatment of autoimmune disorders, the host immune response
can be partially reduced to favor the targeted delivery of
oncolytic viruses to tumors. Combination therapy of cyclopho-
sphamide and reovirus has been shown to rescue reovirus
when administered intravenously in mice.121 Currently, there
are seven clinical trials that are either completed, active or in
recruiting stage for combination or neoadjuvant therapy of
metronomic cyclophosphamide with oncolytic viruses such
as ONCOS-102 (adenovirus), rQNestin34.5v.2 and T-VEC
(HSV-1), MV-NIS (measles virus), and JX-594 (vaccinia

virus).122 In a non-cancer related study, T cells and B cells
activated by repeated administration of adenovirus have been
inhibited by anti-CD 20 en route to assist a successful immu-
nosuppressive regime of liver gene transfer.123

Other Strategies
The use of DNA aptamers to shield viruses from neutraliz-
ing antibodies has been shown as a proof-of-concept
in vitro study with vesicular stomatitis virus (VSV).124 In
this study, aptamers were developed to bind virus surface

as well as the antigen-binding fragment (Fab) of anti-VSV
antibodies, providing a dual protection mechanism when
used concurrently with VSV. Another example for use of
bifunctional adapters arises from a recent study on onco-
lytic adenovirus hTert-Ad treatment in combination with
DE1scFv-pSia protein containing a DE1 domain of ade-
novirus hexon and a polysialic acid-speci!c single-chain
variable fragment (scFv) to capture neutralizing antibodies
and for tumor cell recognition, respectively.125

Table 2 Strategies to Avoid Oncolytic Virus Neutralization

Strategy to

Avoid Virus

Neutralization

Oncolytic Virus and Modi!cations Development Status and Treated Cancer(s)

Cell carriers ! Vesicular stomatitis virus-infected murine colon carcinoma cells

! Reovirus incorporated in T cells and dendritic cells

! Reovirus-antibody complex loaded into human monocytes

! Chimeric adenovirus type 5/3 capsid (OAd)-infected mesench-

ymal stromal cells

! Measles virus-infected endothelial, monocytic or stimulated

peripheral blood cells

! Vaccinia virus introduced into cytokine-induced killer cells

! In vivo study against lung cancer111

! In vivo study against metastatic melanoma112,113

! In vivo study against melanoma114

! In vitro study against pancreatic cancer115

! In vivo study against ovarian cancer131

! In vivo study against ovarian cancer91

Liposomes ! Alphavirus strain M1 encapsulated into liposomes (M-LPO)

! Modi!ed adenovirus, ONYX-015 plasmid encapsulated into

liposomes

! Telomerase-speci!c oncolytic adenovirus plasmid DNA

encapsulated into liposomes (Lipo-pTS)

! In vitro study against human colon carcinoma and epider-

moid-carcinoma119

! In vivo study against non-small cell lung cancer120

! In vivo study against colon cancer132

Immunomodulators ! Reovirus therapy in combination with cyclophosphamide

! Adenovirus administration after anti-CD20 treatment

! In vivo study against melanoma121

! Gene transfer study unrelated to cancer therapy123

Other strategies ! Vesicular stomatitis virus (VSV) shielded by dual-function DNA

aptamers

! Oncolytic adenovirus, hTert-Ad fused with bifunctional pro-

tein DE1scFv-pSia

! UV–inactivated Measles virus as a decoy virus

! Different serotypes of adenovirus

! Immune-evasive particle forms (extracellular enveloped par-

ticles or EEV) of vaccinia virus

! Ef!cacy study to evaluate the infectivity of VSV in the

presence of neutralizing antibodies124

! In vivo study against murine colon adenocarcinoma125

! In vitro study against T cell leukemia126

! In vivo study against breast cancer bone metastasis127

! Ef!cacy study to show the resistance of EEV to vaccina

virus-speci!c antibodies128
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In a different approach, prior treatment of cancer cells
with UV–inactivated measles virus prevented the neutraliza-
tion of the active virus, suggesting the possibility of using
a “decoy virus” to sequester pre-existing antibodies.126

Another strategy to counteract host anti-viral immunity is
to use different serotypes of the virus (native or modi!ed) or
immune-evasive particle forms of the same virus. The feasi-
bility of using different serotypes of adenovirus has been
shown in a pre-clinical study, where intravenous administra-
tion inhibited the formation of bone metastases.127 Vaccinia
virus produces extracellular enveloped particles (EEV) that
possess a cell-derived envelope capable of evading neutraliz-
ing antibodies.128 Therefore, high EVV-producing strains of
vaccinia virus can be engineered to improve the spread of the
virus upon systemic delivery.129 In the case of measles virus,
N-linked glycosylation of hemagglutinin resulted in strain
resistance to a mixture of monoclonal antibodies.130

Conclusion
Oncolytic virotherapy is a promising !eld of cancer treat-
ment with selective targeting of tumors. However, the
antiviral immune response is still a limiting factor hin-
dering the outcome of the treatment. While many OVs
have a rapid replication in tumors and direct oncolysis, it
is often the antitumor immunity induced by oncolytic
activity that contributes to preventing the disease pro-
gression and recurrence. When OVs are originally patho-
genic to humans, speci!c targeting of tumors has been
achieved either through the manipulation of viral genome
to exploit de-regulated signaling pathways in tumors or
by modifying viral coat proteins to bind receptors over-
expressed in cancer cells. However, the expression levels
of attachment/entry receptors speci!c to OVs differ
depending on the type of cancer and/or patient, high-
lighting the importance of understanding of OV-receptor
interactions to modify capsid architecture and re-target
cancers. The systemic administration still remains a less
effective mean of OV delivery due to the existence of
pre-existing neutralizing antibodies or rapid anti-viral
immune response after initial treatments. To address this
issue, novel treatment strategies have been developed and
showed promise in various proof-of-concept and pre-
clinical studies: encapsulation of OV in carriers, modi!-
cation of capsid or envelope proteins, the use of decoy
viruses to sequester pre-existing antibodies, multiple
administration of different viral serotypes and adjuvant
therapy with immunomodulators.
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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.

Keywords: picornavirus; oncolytic virotherapy; poliovirus; coxsackievirus; senecavirus

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-e↵ects
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 e�cacy 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 e�cacy 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 e↵ect. 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.

Cancers 2019, 11, 685; doi:10.3390/cancers11050685 www.mdpi.com/journal/cancers
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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 e↵ective 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 e↵ectiveness 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 e↵ect 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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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 5ȝ 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 50 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 50 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 50 and 30 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 30 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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Figure 3. Genome-based phylogeny of di↵erent 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 di↵erent 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 di↵erentiated from other similar viruses by host range [32]. Today,
Coxsackievirus species are divided into group A, comprising 23 serotypes which a↵ect mainly skeletal
muscle in murine models, and group B, which a↵ects 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 su�cient 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 una↵ected. 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
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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 e↵ects 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 e↵ect 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 e↵ect (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 o↵-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 bu↵ered
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 e↵ect 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 e↵ect was further corroborated in vivo. In a
vaccination assay, C56BL/6 mice pretreated with CVA21-lysed MB49-ICAM-1 bladder cancer cells were
e↵ectively 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 e↵ect 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 e↵ect [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 e↵ect 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 e↵ect 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 e↵ects were seen in both treatment
groups, with all mice developing myositis. Modulation of the dose only a↵ected antitumoural e�cacy,
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 e↵ect 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 di↵erences 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-e↵ects 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 e↵ects in all, 31-1-93 showed high moderate e↵ects 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 e↵ect 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 Di↵erentiation 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 a↵erent 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 su�cient 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 50

untranslated region (50 UTR) [57]. The rationale for the relocation to the specific spacer site in the 50

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 su�cient to clear tumours in 82% of mice, and also e↵ectively 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 e↵ect [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 e↵ect 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 di↵erence 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
U87MGDEGFR 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 50 UTR and 1824 in VP3 [89].

In melanoma cells, PVSRIPO e↵ectively evades the innate immune response, where other related
viruses such as Enchephalomyocarditis virus (EMCV) cannot, and the mechanism of this is independent
of melanoma di↵erentiation-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 e�cacy.
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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-�)
IFN-�, (interleukin-12) IL-12 and (tumor necrosis factor- ↵)TNF-↵ production [90]. The immune
stimulating e↵ect 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-� and TNF-↵ 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-e↵ects, 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 e↵ect 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 di↵erent 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
e�cacy 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 e�cacy, 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-di↵erentiated 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 ↵2�1, 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 ↵2�1. This e↵ect could be ablated by treatment with anti-↵2�1 antibodies [103].
EV1 was shown to be able to spread from one tumour to another and exert protective e↵ects 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 ↵2�1, EV1 selectively destroyed the cancer cell lines [38]. Moreover, EV1 was shown
to be e↵ective against prostate tumours of markedly di↵erent sizes in vivo. In severe combined
immune-deficient (SCID) mice, EV1 treatment of relatively small PC-3 tumours of 30–40 mm3 diameter
was su�cient to reduce them to an average of 1 mm3 [100]. Di↵erent doses between 103 and 107

TCID50 were used to test the e�cacy of EV1 in large LNCaP tumours of 300 mm3. The low dose of EV1
had a transient but significant protective e↵ect, 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
↵2�1 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 di↵erent 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 e�ciently 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-e↵ect. 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 di↵erence 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 su�cient 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 di↵erentially 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 di↵erentiation 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 (e↵ective
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 e↵ect 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 e↵ect 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 e�cacy 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 o↵ered
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 su�cient 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



Cancers 2019, 11, 685 19 of 29

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 di↵erence 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 e↵ectively 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 di↵erent 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 e↵ect 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 e↵ect 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 e�cacious 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 e↵ect 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 30 end of the 50 UTR to the 30 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 e↵ect 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 NFB signalling
reduced CCRCC susceptibility to EMCV by promoting apoptosis [73]. Conversely, interventions that
increased NFB 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)-↵ mediated
cell apoptosis [126] and oxygen-dependent degradation of hypoxia-inducible factor (HIF)-↵, 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 50 UTR, and one miR133b and one miR208a in the 30

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-e↵ects.
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 di↵er 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 su�cient 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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Abstract: Recent advancements in oncolytic virotherapy commend a special attention to
developing new strategies for targeting cancer cells with oncolytic viruses (OVs).
Modi!cations of the viral envelope or coat proteins serve as a logical mean of repurposing

viruses for cancer treatment. In this review, we discuss how detailed structural knowledge of
the interactions between OVs and their natural receptors provide valuable insights into tumor
speci!city of some viruses and re-targeting of alternate receptors for broad tumor tropism or

improved tumor selectivity.
Keywords: oncolytic viruses, virus–receptor interaction, virus entry

Introduction
Oncolytic virotherapy is a dynamic !eld of cancer treatment with over 70 clinical
trials registered to date.1 The majority of oncolytic viruses (OVs) are used in their
native, replication-competent form to cause a direct oncolysis of tumors. For instance,
coxsackievirus, parvovirus, Newcastle disease virus, measles virus, vaccinia virus and
Seneca Valley virus have been used in clinical trials in their native forms.2–6 On the
other hand, human pathogenic viruses such as herpes simplex virus-1, poliovirus and
adenovirus have been genetically modi!ed to limit their replication to tumor sites and
to reduce their virulence in normal tissues.7–9 In addition to the direct oncolysis, OVs
can kill cancer cells via several indirect mechanisms: the activation of immunologic
pathways and antiangiogenesis.10,11 En route to reaching cancer cells, OVs must
overcome a range of complex physical and chemical barriers to !nally interact with
speci!c cellular receptors.12 Perhaps the most exhaustive obstacle in systemic deliv-
ery of OVs is the neutralization of viruses by pre-existing antibodies or triggered anti-
viral immune response.13 One way to bypass the host immunity is to mask/manip-
ulate viral surface proteins to avoid recognition by neutralizing antibodies.14,15

However, eliminating antibody recognition does not guarantee a successful infection
of tumors with OVs as the cellular uptake will ultimately be dependent on virus
binding to the cellular receptors. Expression of virus cellular receptors in cancers
varies depending on tumor type as well as among different patients with the same
type of cancer.16 In such cases, OVs need to be modi!ed to re-target the cancer via
alternative receptors. Thus, the manipulation of OV surface proteins to either cir-
cumvent anti-viral immune response or to exploit different receptors requires in-depth
knowledge of how they interact with their cellular receptors at a structural level. In
this review, we discuss the interactions between clinically evaluated OVs and their
cellular receptors and how they have been modi!ed to target cancers.
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Oncolytic Viruses And Cancer
Tropism
Herpes Simplex Virus
Herpes simplex virus 1 and 2 (HSV-1 and HSV-2) belong to
the family of Herpesviridae, genus Simplexvirus.17 HSV
virion has a complex architecture characterized by a
dsDNA genome, an icosahedral capsid (nucleocapsid), an
amorphous layer of protein (tegument) and an envelope
(Figure 1A).18 Both HSV-1 and -2 are genetically stable
and considered to be the most serious human pathogens in
their family. HSV-1 was shown to be associated with ence-
phalitis and orofacial herpes infections, whereas HSV-2
mostly causes genital infections.19 The remarkable patho-
genicity of HSV is attributed to its ability to establish latent
infections in sensory neurons, thus providing a logical rea-
son to manipulate these strains for therapeutic applications.

T-VEC is a genetically modi!ed strain of HSV-1 and
represents a major breakthrough in immunotherapy being
the !rst and only US FDA approved oncolytic virus to
date.20–23 T-VEC is presently used as intralesional injec-
tions to treat non-resectable melanoma with many ongoing
Phase I/II clinical trials showing the possibility of using
the virus in conjunction with other treatments such as
immune checkpoint inhibitors.24,25 Furthermore, two
other strains of HSV-1, G207 (Infected cell protein (ICP)

34.5 and ribonucleotide reductase mutated) and NV1020

(ICP34.5 mutated) have completed Phase I/II clinical trials

in malignant brain tumors and in colorectal cancer liver

metastasis, showing partial clinical responses and stabili-

zation of metastasis, respectively.26,27

While modi!cations to the T-VEC genome are aimed at
reducing the neurotoxicity of the wild-type strain and stimulat-

ing a strong immune response in tumor site, expression levels

of cellular receptors and their interactionswithHSV still play a

vital role in virus entry into tumor cells. HSVutilizes four viral

glycoproteins, gB, gD, gH and gL (Figure 1A), expressed on

the outer envelope to establish interactions with various cell
surface receptors and to facilitate cell entry.28,29 In order to

initiate HSV cell entry, at least three different classes of cell

surface receptors should interact with the respective

glycoproteins.29,30 Current molecular and structural biology

literature identi!es three steps in penetrating host cells: 1) gB

attachment to heparan sulfate proteoglycans (HSPG)244, 2) gD

binding to nectin-1,31,32 herpes virus entry mediator

(HVEM),33 or 3-O-sulfated heparan sulfate, and 3) gB binding

to paired Ig-like type 2! (PILR!),34 nonmuscle myosin IIA

(NMHC-IIA) or myelin-associated glycoprotein (MAG) and

initiation of envelope fusion with plasma membrane.29 Upon

the envelope fusionwith host-cellmembrane,HSVnucleocap-

sid is translocated to the nuclear pore throughwhich viral DNA

Figure 1 Structures of enveloped, DNA oncolytic viruses in complex with their cellular receptors. (A) Schematic diagram of herpes simplex virus-1 (HSV-1). (B) HSV-1
utilizes its surface exposed glycoprotein D ectodomain to bind host cellular receptor herpes virus entry mediator A (HveA) ectodomain (PDB: 1JMA). (C) Glycoprotein D
of HSV also interacts with the !rst Ig domain of nectin 1 at 1:1 stoichiometry. Nectin-1 binding site on gD differs from HveA binding site, as evident from the crystal
structures arranged in the same orientations (PDB: 3SKU).
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is released into the nucleus.35 Evidence from various clinical
studies points toward a direct relationship between the expres-
sion of HSV receptors in tumors, cancer progression and
prognosis. For instance, herpesvirus entry mediator (HVEM),
a member of the tumor necrosis factor (TNF) superfamily, has
been shown to play a role in activating inhibitor signaling in
T-cells upon binding to BTLA ligand (B-lymphocyte and
T-lymphocyte attenuator).36 Increased expression of HVEM
has been reported in hepatocellular carcinoma,37 gastric
cancer38 and melanoma.36 Structural evidence for interactions
between HVEM and HSV gD protein arises from a crystal
structure of gD ectodomain truncated at residues 285 (gD285)
bound to the ectodomain of HVEM (Figure 1B).33 In both
HSV-1 and -2, gD is structurally unique in comparison to other
members of the family due to diverging N-terminal hairpins.39

The interface between gD285 and HVEM is comprised of
interactions between short, N-terminal hairpin (1–37) that
extends towards the V-like immunoglobin core of gD to estab-
lish interactions with two cysteine-repeat-domains (CRDs) of
HVEM. C-termini of gD and HVEM are arranged in opposite
directions, presumably anchored to viral and cellular mem-
branes, respectively. The observation that only a small segment
of gD protein is involved in HVEM binding suggests the
possibility of manipulating gD protein to redirect HSV to a
different receptor, such as nectin-1 or 3-O-sulfated heparan
sulfate, depending on their expression levels in cancers.14

Nectin-1 is another cell surface receptor that binds gD of
HSV.32 Nectin-1 belongs to the family of nectin or nectin-
like receptors that play an important role in cell adhesion.40

Results from various in vitro and clinical studies have identi-
!ed increased expression of nectin-1 and nectin-2 in cancers
such as breast cancer,41 highly migratory and invasive
carcinoma,42 squamous cell carcinoma43 and colorectal
cancer.44 In such instances, nectin-1 serves as an excellent
predictor of HSV oncolytic sensitivity. Interactions between
gD and nectin-1 have been characterized by crystallization of
truncated forms of the gD ectodomain (gD285, truncated resi-
dues 1–285) complexed with nectin-1 (Figure 1C).31 The
crystal structure identi!es both N- and C-termini and a residue
located in Ig core interacting with the !rst Ig domain of nectin-
1 at 1:1 stoichiometry, resembling an interaction pattern similar
to nectin-1 homodimers. Interestingly, interactions in gD285-
nectin 1 interface are similar to those observed in nectin-1
homodimer interface and distant from gD285-HVEM inter-
face due to the absence of N-terminal hairpin. From a
physiological point of view, gD binding to nectin-1 can
abolish nectin-1 dimerization, eventually affecting cell–cell
adhesion.31 Therefore, modi!ed HSV strains could have an

additional mechanism of hampering tumor progression apart
from triggering anti-tumor immunity.

Because of the wide expression of nectin-1 in human
cells,45 targeting nectin-1 expressing tumors with HSV-1
could be problematic in the case of systemic immunother-
apy. Such off-target effects can be minimized either by
developing HSV mutants capable of escaping nectin-1
while still retaining its ability to bind HVEM, or by
identifying potential bi-soluble adapters for targeting cog-
nate tumor receptors.46 First evidence for latter strategy
comes from targeting of epidermal growth factor receptor
(EGFR) expressing cells with a HSV variant modi!ed with
P-V528LH adapter consisting of gD ectodomain binding
region of nectin-1 fused to an EGFR-speci!c monoclonal
antibody.46

Vaccinia Virus
Vaccinia virus (VV) is a large, enveloped dsDNA virus
(~191 kbp) from the genus Orthopoxvirus of the
Poxviridae family.47 The natural host and origin of VV are
not known.48 Characteristic to VV is its replication strategy
which takes place in cytoplasmic viral factories of infected
cells.49 The genome of VVencodes more than 200 proteins,
of which approximately 20 are envelope proteins.50 During
the life cycle of VV, three distinct particle types are pro-
duced; (1) intracellular mature virions (IMV), (2) wrapped
virions (WV) and (3) extracellular enveloped virions
(EEV).50 Mature virions (MV) are stable under virus pur-
i!cation conditions, remaining the most extensively studied
form of the virus. By contrast to other dsDNA viruses, IMV
has a complex, asymmetric structure that consists of a
nucleoprotein core surrounded by a single lipoprotein
membrane.51

Since its use in eradicating smallpox,52 VV has played
a seminal role as recombinant vectors in gene therapy.53

Both wild-type and recombinant strains of VV have been
of particular interest in oncovirotherapy.54 As an oncolytic
agent, VV has several advantages such as the ability to
incorporate a large amount of foreign DNA, fast and
ef!cient replication and safety.55 Moreover, VV displayed
natural cancer tropism, selectively targeting tumors after
systemic administration.54 Clinical trials on VV thus far
have employed a potent, yet safe form of VV (JX-594),
which encodes granulocyte-macrophage colony-stimulat-
ing factor as an immunomodulator.55,56,57

Vaccinia virus MVs entry into host cells is either mediated
by fusion of MV membrane with the plasma membrane at
neutral pH or through receptor-mediated endocytosis under
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acidic conditions.58,59 Nonetheless, no receptors have been
unequivocally identi!ed. Glycosaminoglycans (GAGs),
highly polyanionic compounds present on the surface of stro-
mal tumor cells, have been suggested as putative receptors
facilitating VV entry.59,60 VV membrane proteins A27L and
H3L are essential for fusion of viral membrane with cell
membrane.61,62 Positively charged amino-terminal of A27L
can also act as a site for binding of heparan sulfate (HS).63 The
involvement of additional GAGs such as chondroitin sulfate
(CS) in binding the VV surface protein D8L has been shown,
but subsequent studies eliminated the essentiality of these
receptors.59,64,65 To date, an exact mechanism behind VV-
induced oncolysis is unknown. Whether the anti-tumor ef!-
cacy is receptor-mediated or attributed to tumor vasculature66

or whether overexpression of ribonucleotide reductase is
essential for viral replication67 still remains an open question.

Rhabdoviruses
Members of Rhabdoviridae family are enveloped, nega-
tive-sense single-stranded (ss) RNA viruses with a 11–15
kb linear genome encoding !ve proteins: glycoprotein (G),
matrix protein (M), phosphoprotein (P), polymerase (L)
and nucleoprotein (NP).68 Rhabdoviruses (RhVs) virions
are about 180 nm long and 75 nm wide and have a rod- or
bullet-shaped geometry. The G proteindecorating the
envelope is involved in receptor binding, whereas NPs
are associated with RNA (NP-RNA). Together with L
and P, NP-RNA complex forms a ribonucleoprotein parti-
cle, which makes contact with M proteins beneath the
envelope (Figure 2A).

RhVs have a broad and diverse host speci!city with
Lyssavirus and Vesiculovirus genera, infecting animals and
the remaining RhVs infecting plants.69 RhVs present sev-
eral advantages that recommend them for development as
oncolytic agents. RhV infections are relatively rare, there-
fore there is no pre-existing immunity. Additionally, they
do not show genetic reassortment, integration in the host
genome or malignant transformation due to cytoplasmic
replication and have a relative ease of large-scale virus
production in a broad range of cell lines. Several RhVs
have been investigated for their oncolytic properties.70,71

Vesicular stomatitis virus (VSV) is a vesiculovirus that
infects cattle, horses, pigs, and other mammals. VSV
infections are usually asymptomatic in human and non-
lethal in animals, with mild "u-like symptoms.70 VSV
exhibits a robust infectivity and broad tropism to tumors,
attributed to the defective interferon (IFN) responses in
tumor cells.72 Entry of VSV into tumor cells is initiated by

the interactions between its coat protein VSV-G
(Figure 2A) and highly ubiquitous cellular receptor, low-
density lipoprotein receptor (LDLR).73 LDLR is a trans-
membrane receptor whose functions include cell-signaling,
endocytosis and traf!cking of cellular proteins. The most
abundantly expressed form of LDLR in solid tumors is
LDLR1, shown to be linked to low patient survival rate.74

The ligand binding domain of LDLR is comprised of
cysteine-rich repeats conserved among other members of
LDLR family,75 therefore presenting alternative entry
points for VSV. Crystal structures of VSV-G in complex
with two different cysteine-rich domains, CRD2
(Figure 2B) and CRD3 (Figure 2C) of LDLR demonstrate
that both binding sites on VSV-G are identical.76 VSV-G-
LDLR complex is internalized into host cells through a
clathrin-mediated endocytosis.77,78 In the case of recombi-
nant VSV!M51 encoding reovirus fusion-associated small
transmembrane (FAST) protein, this mechanism extends
from the virus-cell fusion to cell-cell fusion.79 The process
repeats, expanding to un-infected cells and could lead to
large multinucleated giant cells (syncytia).80 In another
study, the use of VSV-G substituted with lymphocytic
choriomeningitis virus glycoprotein (LCMV-GP) has
shown minimal neural toxicity and potent anti-tumor
effect in mice brain tumor models.81 LMCV-GP may
bind differentially glycosylated "-dystroglycan ("DG) in
brain tumors with high-af!nity82,83 despite the lower
expression levels of "DG in human glioblastoma.84

Maraba virus is another vesiculovirus which binds
LDLR and has the capacity to infect a broad range of
human cancers.85,86 In order to speci!cally target cancer
cells and to enhance replication ef!cacy, two mutations
were introduced: L123W and Q242R in M and G proteins,
respectively.87,88 Maraba virus strain MG1 expressing
human melanoma-associated antigen-A3 (MAGE-A3)
and an adenoviral vector (Ad) expressing the same antigen
have been developed as an oncolytic vaccine strategy with
high immune priming ef!ciency.89

Newcastle Disease Virus
Newcastle disease virus (NDV) is a ssRNA virus in the
genus Avulavirus of Paramyxoviridae family.90 The envel-
oped NDV capsid harbours a non-segmented negative-
sense ssRNA that codes for six proteins (Figure 2D).
Nucleoprotein (NP), phosphoprotein (P) and RNA depen-
dent RNA polymerase (RdRP) bind the RNA genome to
form the nucleocapsid.90 Other NDV proteins include
matrix protein (M), which forms the inner layer of virus
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envelope, hemagglutinin-neuraminidase (HN) and fusion
protein (FP), involved in receptor binding and entry,
respectively.91

Numerous in vitro studies have shown that NDV is
non-pathogenic to humans and elicits anti-tumor effects

without any genetic modi!cations or limitations in

Figure 2 Structures of enveloped, RNA oncolytic viruses in complex with their cellular receptors. (A) Schematic diagram of vesicular stomatitis virus. (B and C) Vesicular
stomatitis virus (VSV) surface glycoproteins (VSV-G) identify and interact with cysteine-rich domains (CRD) on low-density lipoprotein receptors (LDLR) expressed in
cancer cells. Different CRDs interact with VSV-G at identical locations as evident from crystal structures arranged in the same orientation (PDB: 5OLY and 5OY9). (D)
Schematic diagram of Newcastle disease virus (NDV). (E) Newcastle disease virus (NDV) surface protein hemagglutinin-neuraminidase (HN) exploits cell surface sialic acid
(SA) as the cellular receptors. Two SA binding sites exist on HN dimers, SA1, and SA2 (PDB: 1USR). (F) Schematic diagram of Measles virus (MV). (G and H) measles virus
(MV) H binds CD46 short consensus repeats (SCR) 1, SCR2, SCR1-2 interface (PDB: 3INB) and domain 1 of nectin-4 (PDB: 4GJT).
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delivery methods.92–94 MTH68/H, PV701 and NDV-HUJ
are three attenuated strains of NDV with highly ef!cient
intratumoral replication, tumor cell lysis and immunosti-
mulation, currently in Phase I/II clinical trials.4,95 In addi-
tion, NDV-HUJ strain is able to bypass the effect of an
anti-apoptotic protein Livin.4

NDV binds tumor cells via interactions between HN and
cell surface sialic acids (SA) receptors.96 SA is a derivative
of neuraminic acid overexpressed in multiple cancers145–147

and was shown to be associated with the metastasis of breast
cancer.97 HN has a dual function: to recognize the cell sur-
face receptors, and subsequently to promote the fusion activ-
ity of the F protein and to cleave off the sialic acid from
progeny virus particles.98 HN is composed of a long stalk
connected to a globular head that consists of a six-bladed !-
sheet propeller.99 Two sites have been identi!ed on HN
dimers that form interactions with sialic acid (Figure 2E).
The !rst binding site is involved in mediating neuraminidase
activity, receptor binding and promoting the fusion activity of
F protein.100 The second binding site is located at the mem-
brane-HN distal region interface, which aids in tethering the
virus in close proximity to the host membrane during
fusion.101,102

Measles Virus
Measles virus (MV) is an enveloped, spherical-shaped,
negative-sense ssRNA virus (Figure 2F) from the genus
Morbillivirus of the Paramyxoviridae family.103 Due to its
highly contagious nature, MV remains a major human
health concern worldwide, causing approximately 150,000
deaths annually.104 Similar to RhVs, the non-segmented
RNA genome (15–16 kb in size) of MV encodes !ve
structural proteins: glycoprotein (G), matrix protein (M),
phosphoprotein (P), large protein (L) and nucleoprotein
(NP).103,105 On the MV envelope there are two types of
glycoproteins characteristic to paramyxoviruses: 1)
hemagglutinin106 and 2) fusion protein,107 responsible for
cell receptor attachment and fusion, respectively.

Live-attenuated MV vaccine strains can be used as onco-
lytic agents to target different receptors overexpressed in
tumors.3 Measles virus hemagglutinin (H) binds CD46,108

signaling lymphocyte activation molecule (SLAM)109 or
nectin-4 in epithelial cells.110 Overexpression of CD46 and
nectin-4 receptors has been identi!ed as a strategy to prefer-
entially target cancers with MV.111,112 In addition, SLAM
expressed on activated B and T-lymphocytes, monocytes,
and dendritic cells has been reported to be the main entry
port for wild-type MV.113

CD46 structure is comprised of a C-terminal domain,
a transmembrane domain, a short region with unknown
function and four modules of short consensus repeats
(SCR) 1-4 at the N terminus.143,114 The crystal structure
of dimeric H-CD46 identi!es interactions between MV-
H and SCR1, SCR1-SCR2 interface and SCR2 of CD46
(Figure 2G). CD46 SCR1-2 is pivotal to capsid binding
in adenoviruses,115 discussed later in this review.
However, the binding sites of MV-H for CD46 and
SLAM overlap,116 supporting the need to develop
strains that can preferentially bind CD46. Two amino
acid substitutions, N481Y and S546G in MV-H protein,
have been shown to arm MV strains to ef!ciently use
CD46 as an entry receptor in CD46+ cells.117 In another
study, structural characterization of MV-H-nectin-4 com-
plex revealed that the amino-terminal of nectin-4 binds
!4-!5 groove of MV-H (Figure 2H).110 This study iden-
ti!ed a hydrophobic pocket located in the groove sug-
gested to be involved in binding all three receptors for
MV, with different residues involved for different
receptors.110

Similar to RhVs, MV exerts its oncolytic activity by a
sequence of virus-cell fusion through H protein, cell-cell
fusion through F protein and subsequent apoptosis.118 The
Edmonston vaccine strain of MV (MV-Edm) has been
modi!ed for non-invasive imaging of MV activity in
tumors by introducing either sodium iodide symporter
(NIS), the ! subunit of human chorionic gonadotropin
(!hCG) or human carcinoembryonic antigen (CEA) into
the MV genome. The MV-CEA strain has been tested in
Phase I clinical trials in patients with platinum-resistant
ovarian cancer, with evidence pointing towards the recruit-
ment of anti-tumor effector T-cells to establish an anti-
tumor immunity.119,120 Selective tumor tropism of MV
was further validated in a Phase I clinical trial in myeloma,
where systemically administered MV-NIS showed replica-
tion within tumors.121 Alternative to live-attenuated vac-
cines, recombinant, replication-competent MV could be
developed to re-target different surface receptors
expressed on tumor cells. This requires the mutation of
SLAM and CD46 binding sites, thus resulting in a double
ablated chimeric H protein to prevent the binding of MV
to normal cells expressing SLAM and CD46.122 Mutations
at Y481 and R533 on MV-H and subsequent incorporation
of single-chain antibodies directed against cognate recep-
tors such as EGFR has shown to elicit oncolysis of EGFR-
positive tumor models in mice.123,124
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Adenovirus
Human adenoviruses (HAdVs) belong to the family of
Adenoviridae, genus Mastadenovirus and are divided into
seven different species from HAdV-A to -G.125 They are
non-enveloped viruses with an icosahedral capsid protect-
ing a dsDNA genome of 26–46 kbp (Figure 3A). The
icosahedral capsid is comprised of 252 capsomeres, con-
sisting of 240 hexon trimers and 60 penton bases

(PB).38,126 Attached to PB plates are trimers of !ber mole-
cules, which utilize the conserved N-terminal (residues
1–20) to bind the PB and the C-terminal knob to bind
cellular receptors. Collectively, hexon trimers, PBs, and
!ber molecules are known as the major capsid proteins. In
addition, 240 copies of the minor protein IX, and several
copies of the minor proteins IIIa, VI and VII are located on
the capsid exterior and interior, respectively. All the HAdV

Figure 3 Structures of non-enveloped, DNA oncolytic viruses in complex with their cellular receptors. (A) Schematic diagram of human adenovirus (AdV). (B)
Coxsackievirus-adenovirus receptor (CAR) extracellular D1 domain interacts with a monomer of AdV12 knob (PDB: 1P69). (C) AdV 11 exploits CD46 as the primary
receptor. AdV knob monomer interacts with short consensus repeat (SCR) 1 and SCR1-2 interface. Another knob monomer binds the base of SCR2 (PDB: 3O8E). (D)
AdV52 utilizes its short !bers to bind polysialic acid (polySA) and monomer 1 and 3 of the knob trimers interact with two polySA (PDB: 6G47). (E) Desmoglein 2 (DSG2)
acts as the receptor for AdV3 with two distinct receptor:knob ratios of 1:1 and 1:2 observed. DSG2 EC2 and EC3 interact with monomer 1 and 2 of AdV3 knob,
respectively (PDB: 6QNT). (F) Schematic diagram of human Reovirus (RV). (G) RV exploits cell surface sialic (SA) acid as its attachment receptor to tether the virus in close
proximity to host membrane to interact with an entry receptor, junction adhesion molecule-A (JAM-A). SA binds to the stalk of the trimeric sigma protein (PDB: 3S6X),
whereas (H) JAM-A D1 domain interacts with the head of the trimeric sigma protein (PDB: 3EOY).
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strains can cause gastrointestinal infections, with some
subtypes being reported to cause respiratory, urinary tract
infections and keratoconjunctivitis.127 HAdV is also
responsible for viral-induced tumors in mice, with subtype
A showing the highest oncogenicity, subtype B being
weakly oncogenic,128,129 while C, E and F are known to
be non-oncogenic.127

Adenoviruses are one of the most extensively studied viral
vectors due to ease of genome manipulation. In addition,
HAdVs provide several distinct advantages such as inherently
potent lytic activity and feasibility of manufacturing high viral
titers.130 Numerous HAdV strains have been genetically engi-
neered (ONYX-015 and DNX-2401) to reduce infection in
normal tissues and to selectively target tumors.131,132

HAdV entry into host cells is a two-step mechanism,
which involves the initial attachment of the viral !bers to
cell surface receptors, followed by interactions with other
capsid proteins and internalization receptors.133 Upon
virus internalization by endocytosis, the capsid escapes
into the cytosol through lysis of endosomal membrane
and is subsequently traf!cked to the nuclear envelope
along microtubules, where the viral genome enters the
host nucleus via nuclear pores.134 Most of the HAdVs
and other AdV subtypes except HAdV B use the coxsack-
ievirus and adenovirus receptor (CAR) for cellular
attachment.135 CAR is a type I transmembrane glycopro-
tein that belongs to the immunoglobulin (Ig) superfamily.
It contains a cytoplasmic C-terminal, a hydrophobic trans-
membrane domain and two extracellular Ig-like domains,
D1 and D2.136 CAR D1 domain alone is suf!cient to
establish interactions with HAdV !ber knob
(Figure 3B).137,138 However, the variable expression of
CAR in cancers is a signi!cant challenge for HAdV
oncovirotherapy.139 Low expression of CAR was reported
for gastric, colon, and prostate cancer cell lines under
hypoxic conditions.140 In addition, CAR expression is
downregulated in cancer cells treated with chemotherapy
or radiation, which poses an issue when using HAdVs in
combination therapies.141

The majority of subtype B HAdVs and some of subtype D
(AdV37) have been shown to exploit CD46, a type I trans-
membrane protein overexpressed in tumors, as the attachment
receptor.142,143 Crystallographic studies showed that AdV11
trimeric !bers form a compact knob that interacts with the
SCR1-2 regions of three CD46 molecules (Figure 3C).115

Complementary or not to CD46, sialic acid has been shown
to interact with the top region of AdV37 knob trimer. This has
been further con!rmed by structural studies on AdV52, which

utilizes its long !bers to bind CAR and short !bers to bind
polysialic acid (Figure 3D).144,145,146,147 CD80 and CD86 are
another two members from the Ig superfamily that play a key
role in subtype B AdV3 entry. Both CD80 and CD86 are
expressed in dendritic cells, thus targeting these receptors by
AdV can elicit a strong immune response via T-cell
activation.148,149,150

Recent studies have identi!ed desmoglein 2 (DSG2) as
a new receptor for HAdV3, HAdV7, HAdV11 and
HAdV14 strains of subtype B.151 DSG2 is a type 1 trans-
membrane glycoprotein present in epithelial cells that
plays an essential role in cell-cell adhesion.152,153 The
extracellular domain of DSG2 is comprised of four cad-
herin domains, EC1-EC4, with EC2 and EC3 accounting
for the region that binds trimeric !ber knob of HAdV3.154

DSG2 is overexpressed in a range of epithelial cancers,
acting as a marker for targeting such cancers with
AdV.155,156,157,158 A cryo-EM study showed that DSG2
EC2-EC3 fragment binds the top of the trimeric HAdV3
in 2:1 or 1:1 stoichiometry (Figure 3E).159 EC2 and EC3
establish interactions with the loop regions of monomers 1
and 2, respectively, while the third HAdV monomer of the
knob is not engaged. Furthermore, mutagenesis experi-
ments identi!ed D261 as an essential knob residue
required for DSG2 binding.159

Endocytosis of the HAdV-CAR complex is mediated by
the interactions between internalization receptors, integrins
and !ve-fold capsid vertices.160 Structural information is
available on entry receptors !v"3 integrins bound to adeno-
virus, which shows the requirement of Arg-Gly-Asp (RGD)
moiety on the penton base to interact simultaneously with
several integrins in different orientations to facilitate integrin
clustering and subsequent viral entry into host cells via
endocytosis.161,162 However, mutation of RGD sequence
was associated with only a reduced viral infection but not
complete abolishment.163 Though no plausible mechanisms
have been proposed for an integrin-independent entry path-
way of AdV, there is evidence for compensation for loss of
penton-integrin interactions through recruitment of !ber
receptors.163,164 In the absence of suf!cient levels of CAR
for a successful infection, re-targeting of integrin receptors
by incorporation of an RGD moiety in the !ber knob of
AdV5 has shown to be ef!cient in promoting infection of
ovarian tumor cells.165

Reovirus
Reoviridae is a family of non-enveloped, dsDNA viruses
with an icosahedral capsid structure (~85 nm in diameter)
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composed of a large outer layer, and a smaller inner layer
(Figure 3F). Reovirus (RV) dsDNA is structured into 12
segments, categorized into three size-dependent groups:
large, medium and small.166,167 The outer shell of the
capsid and at the vertices of the virion are formed by
heterodimers of µ1 and !3 proteins, while pentamers of
"2 protein form a channel connecting to trimers of attach-
ment protein !1.168

RV requires interactions with junctional adhesion
molecule-A (JAM-A)169 and cell surface monosaccharides
such as sialic acid170 to penetrate the host cell. JAM-A
expression has been proposed to be linked to tumor cell
proliferation and progression, whereas in some cases an
inverse relationship was observed.171 The !rst step of the
RV binding to host cells involves a low-af!nity interaction
of the lower part (stalk) of !1 protein with cell surface
sialic acid (Figure 3G). This process facilitates the anchor-
ing of RV capsid in close proximity to host-cell membrane
in order to initiate interactions with a secondary receptor.
High-af!nity interactions between JAM-A D1 domain and
the head domain of !1 protein (!1H)169 serve as the
second step in RV host-cell attachment (Figure 3H).

Reolysin, a wild-type, non-pathogenic, serotype 3 RV,
has been widely investigated in preclinical and clinical
settings.172 Phase I and II clinical trials of advanced
solid tumors and recurrent gliomas,173–175 and combina-
tion therapy with paclitaxel/carboplatin or docetaxel176,177

showed Reolysin to be safe and effective.

Parvovirus
Human parvovirus (HPV) is a single-stranded DNA virus in
the Parvoviridae family, associated with a wide variety of
diseases in humans.178 The genome of HPV is packaged
inside an icosahedral capsid of ~280 Å in diameter. The
capsid is composed of 60 structural subunits, in which
major capsid protein VP2 is the primary protein (~95%)
while the minor capsid protein VP1 is less abundant
(~5%).179 Capsid proteins have an eight-stranded, antipar-
allel #-barrel “jelly roll” fold. Engineered and wild-type
strains of HPV demonstrate a tumor-selective replication
with excellent safety pro!les. Oncolytic activity of HPV is
attributed to the direct oncolysis as well as induced anti-
tumor immunity.180

HPV B19 strain binds the erythrocyte P19 antigen
expressed in erythroid progenitor cells.181 However, entry
into host cells requires the involvement of $5#1 integrin co-
receptor,182 known to be essential for tumor progression in
certain cancers.183 Modi!cations of I367S and H373R in the

dimple region of the capsid in rat parvovirus strain H-1PV
have engineered the virus to re-target integrin receptors
expressed in cancers.184 In another study, transferrin receptor
1 (TFR1) has been identi!ed as the cellular receptor for
canine parvovirus (CPV).185 TFR1 is a membrane glycopro-
tein linked to many diseases including cancers.185 However,
TFR1 expression is variable across different cancers.186 The
structure of CPV-TFR1 complex demonstrates an example
for a receptor saturating only a few of the 60 equivalent
binding sites on the capsid, resulting in an asymmetric
interaction.185

Coxsackievirus
Coxsackievirus (CV) is a non-enveloped, positive-sense
ssRNA virus (~7.4 kb) from the family of Picornaviridae,
genus Enterovirus (Figure 4A). CV is a major human patho-
gen causing a number of diseases including myocarditis and
meningoencephalitis.187 CV serotypes are categorized into
two groups; (1) coxsackievirus A (CVA) and coxsackievirus
B (CVB).188 CV RNA genomes code for four structural
proteins VP1–VP4 that form an icosahedral capsid, and
seven non-structural proteins.189,190 Characteristic to enter-
oviruses is the presence of four types of particles in their life
cycle: mature virion, procapsid devoid of RNA, an expanded
A-particle and an empty particle after RNA exit.191

Receptor binding in enteroviruses takes place in the
“canyon”, a depression located at 5-fold axis of the capsid.
The binding of the receptor displaces a fatty acid molecule
called the “pocket factor” located in a hydrophobic pocket
within VP1, below the canyon base. Loss of the pocket
factor induces a series of conformational changes in capsid
architecture, leading to capsid expansion and externaliza-
tion of VP1 N-terminus as well as VP4 for membrane
anchoring and subsequent RNA transfer.192 This mechan-
ism holds true for most of the enteroviruses and has been
well characterized for poliovirus (PV),193,194 enterovirus
71 (EV71)195 and CV196.

CVs utilize three different receptors for cellular entry.
CAR acts as both attachment and entry receptor for
CVB3.196 Cryo-EM reconstruction of CVB3 bound to
full length human CAR has shown that the N-terminal
region of CAR D1 domain contains the binding sites for
CVB3 (Figure 4B).196 In the CVB3-CAR interface, A and
G # strands of D1 domain form contacts with the north and
south rims of CVB3 canyon. All the external CVB3 capsid
proteins are involved in CAR binding with majority of the
interactions localized to VP1. Of note is the moderately
conserved nature of these receptor binding residues across
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six different CVB serotypes.197 VP2 residue N165 has

been suggested to be critical in stabilizing the electrostatic

interactions between the capsid and CAR.198 The distal

end of CAR D1 domain is a shared site for CVB3 and

adenovirus (as previously discussed) and their binding

sites overlap on C ! strand and FG loop.196 Additionally,

the involvement of decay-accelerating factor (DAF) as an

attachment receptor in the CVB3-RD strain has been

demonstrated by another cryo-EM study,199 with one

DAF molecule linking two adjacent protomers on the

capsid exterior. The northern end of the VP2 puff (residues

129–180) in one protomer is linked to the south end of the

Figure 4 Structures of non-enveloped, RNA oncolytic viruses in complex with their cellular receptors. (A) Schematic diagram of coxsackievirus (CV). (B) D1 domain of
coxsackievirus-adenovirus receptor (CAR) acts as the binding site for coxsackievirus B (CVB) capsid proteins VP1-VP3 (PDB: 1JEW). (C) Coxsackievirus A variant 24
(CVA24v) capsid proteins VP1 and VP2 interact with the D1 domain of intracellular adhesion molecule-1 (ICAM-1) (PDB: 6EIT). (D) Schematic diagram of poliovirus (PV).
(E) Poliovirus utilizes CD155 on the cell surface as its cellular receptor. Similar to ICAM1 and CAR, CD155 D1 domain binds PV capsid proteins VP1 and VP2 from one
protomer and VP3 from the adjacent protomer (PDB: 3J8F). (F) Schematic diagram of Seneca Valley Virus (SVV). (G) Anthrax toxin receptor 1 binds to surface-exposed
loops of VP1–VP3 on SVV capsid (PDB: 6CX1).
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puff of the adjacent protomer, and the bulk of the interac-
tions are condensed between short consensus repeat (SCR)
2 and the north end of the puff. Unlike CAR D1 domain,
DAF does not enter the canyon and thus, does not induce
the conformational changes required for genome delivery
into the host cell.200

On the other hand, CVA binds both DAF and intercellular
adhesion molecule-1 (ICAM-1).201,202 DAF binding does not
induce conformational changes and primarily acts as an attach-
ment receptor,203 whereas ICAM-1 acts as an attachment/entry
receptor for CVA. Overexpression of DAF and ICAM-1 has
been reported inmultiple cancers.204,205,206,207,208 ICAM-1 is a
transmembrane immunoglobin with three structural compo-
nents: extracellular N-terminus, transmembrane domain, and
cytoplasmic C-terminus.209 Structural insights into CVA-
ICAM-1 stem from several cryo-EM investigations
(Figure 4C).201,202 Similar to other enteroviruses, the canyon
of CVA24v binds ICAM-1 D1 domain at the quasi 3-fold axis
of the capsid.202 The CVA24v-ICAM-1 interface is comprised
of interactions established between the FG loop of ICAM-1D1
domain and VP1. Finally, C and D ! strands of ICAM-1 D1
domain interactwith theVP1GH loop,whereas theDE loop of
D1 forms additional contact with VP2 in CVA24v. This study
also provides insights into adapting CVA strains for a sialic
acid binding as a secondary receptor by mutating residue 250
of VP2 to tyrosine. Sialic acid metabolism has been shown to
be upregulated in metastatic cancers and acts as a receptor for
other oncolytic viruses discussed here such as adenovirus,
Newcastle disease virus and reovirus.

The therapeutic potential of CVA21 or CAVATAK has
been investigated in various preclinical melanoma studies
as monotherapy210 or in combination with doxorubicin.211

Furthermore, CAVATAK has completed a Phase I clinical
trial in patients with advanced melanoma with promising
safety and anti-tumor activity recorded.22 In vivo studies
of non-small-cell lung cancer xenograft models treated
with CVB3 demonstrated abscopal effect of this therapy,
suggesting an enhancement of antitumor immunity.212

Poliovirus
Poliovirus (PV), a member of Enterovirus genus, family
Picornaviridae, is the main causative agent of paralytic
poliomyelitis.213 Three different PV serotypes can be differ-
entiated according to their antigenic properties.214 Similar
to CV, PV possesses a negative-sense ssRNA genome of 7.5
kb coding for seven non-structural proteins and four struc-
tural proteins, which constitute the icosahedral capsid
(Figure 4D) as previously described for CV.215,216

Poliovirus entry into host cells is initiated by the inter-
actions between poliovirus receptor CD155, and capsid
canyon.217–220 PV undergoes the same conformational
changes characteristic to other enteroviruses. A-particle
formation,194,221 exit of RNA genome at a location on 2-
fold axis193 and empty particle formation222 have been
extensively characterized. CD155 is an onco-immunologic
protein overexpressed in human cancers with a role in
tumor cell invasion and migration.223 CD155 is a type I
immunoglobulin-like transmembrane protein that contains
three ectodomains D1–D3.218,224 CD155 expression is
upregulated in carcinomas225–227 and less abundantly
expressed in normal tissues with the exception of liver
development or regeneration.228 In the PV-CD155 com-
plex (Figure 4E), the D1 domain of CD155 binds VP1, and
VP2 of one protomer and VP3 of adjacent protomer at the
capsid quasi 3-fold axis.219 In the PV capsid, C-terminal,
GH, EF, BC loops, C ! strand of VP1, B ! strand, GH loop
of VP3 and EF loop of VP2 occupy the CD155 binding
site.

Poliovirus infection is rapid and remarkably ef!cient,
releasing as high as 10,000 mature virions per infected cell
at 6 hrs post-infection.229 Even though a rapid replication
warrants the applicability of PV in oncovirotherapy, a
counter mechanism must be in place to minimize the
neurotoxicity associated with wild-type PV. The neuro-
attenuated variant of PV, PVSRIPO has completed a
Phase I dose-!nding clinical study in patients with grade
IV malignant glioma with no neurotoxicity reported.230

Seneca Valley Virus
Seneca Valley Virus is the only member of Senecavirus
genus of the Picornaviridae family. The overall structure of
SVVhas an icosahedral symmetry and is comprised of a non-
enveloped protein capsid harboring a positive-sense ssRNA
genome of approximately 7.3 kb (Figure 4F).231 Similar to
CV and PV, the SVV genome encodes seven non-structural
proteins and four structural proteins. To date, the SVV strains
have been classi!ed into 3 clades,232–234 with the prototype
SVV-001 being the sole member of clade I.

SVV cell entry is dependent on its cellular receptor:
anthrax toxin receptor 1 (ANTXR1), also known as tumor
endothelial marker 8 (TEM8).235 ANTXR1 is a type I
transmembrane protein overexpressed in many types of
cancers, but weakly expressed in healthy tissues.236 The
role of ANTXR1 is unknown beyond its function as a
toxin and virus receptor; indeed, ANTXR1 knockout
mice exhibit no major phenotypic abnormalities.237
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However, ANTXR1 blockade has been shown to decrease
tumor angiogenesis and to potentiate an anti-tumor effect
towards certain cancers.238 Our group identi!ed the sur-
face exposed loops on SVV-001 capsid exterior, BC loop,
loop II of VP1, the “puff” loop of VP2, and the “knob”
loop of VP3 which form the binding site for the extracel-
lular domain of ANTXR1 (Figure 4G).239 Furthermore, we
showed that SVV binding site on ANTXR1 is non-con-
served in its paralogous receptor, ANTXR2, which is
expressed in normal cells, thereby providing a structural
basis for tumor speci!city of SVV.240 SVV empty capsid
binds ANTXR1, suggesting it may have potential as a
vaccine or as virus-like particles for the development of
tumor-targeted delivery of drugs.240

As suggested from both functional and structural stu-
dies, the tumor tropism of SVV-001 is attributed to recep-
tor-mediated internalization of the virus, a phenomenon
common to other oncolytic picornaviruses. However, a
successful SVV-001 infection may also require an addi-
tional innate immune defect.235 SVV-001 in its native form
provides several advantages for oncovirotherapy: the
native virus is genetically stable and non-toxic to healthy
tissues, it is safe and it homes to tumors when adminis-
tered systemically and pre-existing immunity for SVV is
rare.241 Several preclinical, Phase I/II clinical studies have
demonstrated the anti-tumor potential, intratumoral repli-
cation and safety of SVV in treating solid tumors with
neuroendocrine features.242,243

Conclusion
Oncolytic viruses (OVs) either have an inherent ability to
successfully replicate in cancer cells or they have been
modi!ed to exploit de-regulated signaling pathways in
tumors. Nevertheless, the attachment of OVs to speci!c
receptors found in cancers plays a pivotal role in OV
tumor cell entry, subsequent viral replication and cell
lysis. However, the expression of these receptors varies
in different cancers and also among individual patients.
Furthermore, the presence of natural receptors of OVs in
normal cells may pose a potential challenge when the virus
is pathogenic in nature. Therefore, understanding the
structural details concerning how OVs interact with their
receptors can inform the development of more ef!cient-
targeted therapies to exploit cognate receptors and to
reduce off-target cytotoxicity. Additionally, oncovirother-
apy is constantly facing the challenge of overcoming anti-
viral immunity in cancer patients. In this case, the knowl-
edge of OV-receptor interactions is necessary to modify

the viral capsid or envelope proteins in order to bypass the
immune response without impairing the ability to bind
their cellular receptors.
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Cryo-Electron Microscopy Structure of Seneca Valley Virus
Procapsid

Mike Strauss,a* Nadishka Jayawardena,b Eileen Sun,a* Richard A. Easingwood,c Laura N. Burga,b Mihnea Bostinab,c

aDepartment of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston,
Massachusetts, USA

bDepartment of Microbiology and Immunology, University of Otago, Dunedin, New Zealand
cOtago Centre for Electron Microscopy, University of Otago, Dunedin, New Zealand

ABSTRACT Seneca Valley virus (SVV), like some other members of the Picornaviri-
dae, forms naturally occurring empty capsids, known as procapsids. Procapsids have
the same antigenicity as full virions, so they present an interesting possibility for the
formation of stable virus-like particles. Interestingly, although SVV is a livestock
pathogen, it has also been found to preferentially infect tumor cells and is being ex-
plored for use as a therapeutic agent in the treatment of small-cell lung cancers.
Here we used cryo-electron microscopy to investigate the procapsid structure and
describe the transition of capsid protein VP0 to the cleaved forms of VP4 and VP2.
We show that the SVV receptor binds the procapsid, as evidence of its native antige-
nicity. In comparing the procapsid structure to that of the full virion, we also show
that a cage of RNA serves to stabilize the inside surface of the virus, thereby making
it more acid stable.

IMPORTANCE Viruses are extensively studied to help us understand infection and
disease. One of the by-products of some virus infections are the naturally occurring
empty virus capsids (containing no genome), termed procapsids, whose function re-
mains unclear. Here we investigate the structure and formation of the procapsids of
Seneca Valley virus, to better understand how they form, what causes them to form,
how they behave, and how we can make use of them. One potential benefit of this
work is the modification of the procapsid to develop it for targeted in vivo delivery
of therapeutics or to make a stable vaccine against SVV, which could be of great in-
terest to the agricultural industry.

KEYWORDS Seneca Valley virus, cryo-electron microscopy, picornavirus, procapsid

Oncolytic virotherapy uses replication-competent viruses for fighting tumors. A
number of viruses that specifically infect and kill cancer cells, while leaving the

surrounding tissue unharmed, are currently in diverse stages of clinical trials (1). Seneca
Valley virus (SVV) is a newly emerged picornavirus with potent antitumor activity (2).
Several studies have shown that SVV is capable of specifically infecting and lysing
cancer cells with neuroendocrine features (2–4). This treatment method has a number
of advantages: the virus can be systemically administered, it is capable of penetrating
solid tumors, preexisting antibodies against SVV are rare, and both pediatric and adult
early-phase clinical trials have proven its safety (2, 5–8). Recently, we identified the
anthrax toxin receptor 1 (ANTXR1) to be the high-affinity receptor for SVV in cancer cells
(9). This presents a unique example of a receptor shared between a mammalian virus
and a bacterial toxin. From a therapeutic perspective, ANTXR1 constitutes a highly
specific biomarker for the identification of potential patients for SVV virotherapy.
ANTXR1, also known as tumor endothelial marker 8, has been found to be overex-
pressed in 60% of human cancers (9) and less expressed in healthy tissues (10).
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Currently, there is widespread interest in finding therapeutic agents to target ANTXR1
(11–13). Understanding the formation and stability of the viral capsid would open the
way to developing SVV as a viable treatment against cancer, either as an oncolytic
agent or by constructing virus-like particles (VLPs) for targeted in vivo drug delivery.

Phylogenetic analysis indicates the existence of 3 clades of the virus (14). Clade I
contains the strain SVV-001, which was originally developed for cancer treatment.
Clades II and III contain strains first identified in Brazil, Canada, China, and the United
States and are associated with swine vesicular diseases (14, 15). The association of SVV
with these types of symptoms in livestock is rather new, and there are still unanswered
questions regarding the causality between the viral infection and vesicular disease.
Nevertheless, this association raises concerns due to its similarity with that seen in other
major swine diseases. Given the possibility that SVV infection could pose a serious
problem for the farming industry, there would be a need for constructing a vaccine
against the virus, and VLPs could serve as useful candidates.

SVV is the sole member of the Senecavirus genus in the Picornaviridae family, and it
shows the closest sequence similarity with cardioviruses (16, 17). Its 7,280-nucleotide-
long genome is translated into a single polyprotein, which is subsequently cleaved into
12 polypeptides in the standard picornavirus L-4-3-4 arrangement (17). It has been
shown for many picornaviruses that the assembly pathway involves the initial forma-
tion of pentamers from structural proteins VP0, VP1, and VP3, which further self-
assemble into full capsids, a process that can be associated with a further cleavage of
VP0 into VP2 and VP4. As a result, 60 copies of each of the four structural proteins form
an icosahedral capsid with the typical picornavirus architecture. Five copies of VP1 are
circularly distributed around the 5-fold axis, while VP2 and VP3 alternate around the
3-fold axis. The three major capsid proteins, VP1, VP2, and VP3, have a similar jelly roll
fold with 8 !-strands arranged in a barrel-like structure. VP4 is a smaller, less well
ordered protein that is located in the interior of the capsid, under the 5-fold axis.

Despite more than 200 picornavirus structures having been solved either by cryo-
electron microscopy (cryo-EM) or X-ray crystallography (http://viperdb.scripps.edu),
there is still little known about the capsid assembly pathway. The existence of empty
capsids resembling the full virion has been reported for several picornaviruses. For
members of the Enterovirus family, the presence of a late-entry intermediate empty
capsid with a sedimentation coefficient of 80S is well documented as a final stage of the
genome uncoating process (18). More puzzling is the presence of a procapsid, having
a sedimentation coefficient of 75S, observed in enteroviruses (19–23), hepatoviruses
(24), and aphthoviruses (25). Several roles have been proposed: as a strategy for the
storage of pentamers to be used later for full virion assembly, as a way of deterring the
recognition by neutralizing antibodies, as a procapsid in which the RNA will be further
packaged, or as a simple dead-end during viral assembly. In all the studied cases, the
procapsid is less stable, which hinders its use as a VLP for vaccine development or as
a nanocarrier for drug delivery.

The existence of procapsids for members of other genera of the Picornaviridae is
elusive, since they are far less abundant and very unstable (26). Procapsids have been
reported for several enteroviruses, such as poliovirus (PV) (19), rhinovirus (22), entero-
virus 71 (EV71) (21), and coxsackieviruses (20, 23), as well as for foot-and-mouth disease
virus (FMDV) (27) and hepatitis A virus (HAV) (24). No empty particles of any type have
been reported for cardioviruses, the closest structural relatives to senecavirus.

Here we used cryo-EM in combination with other techniques to study the role of the
SVV procapsid. The exterior of the SVV full capsid and procapsid appeared identical.
Most of the differences occurred on the inside of the capsid, where the N-terminal end
of VP1 is disordered in the procapsid but becomes ordered in the full virion when in
contact with the viral RNA. Unlike the majority of picornaviruses, most copies of VP0
were cleaved in both the procapsid and the full capsid of SVV. Variations in pH affected
the stability of both the procapsid and the full virion. Interestingly, in the full virion, part
of the genome appeared ordered into a large dodecahedral cage. In addition, we
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showed that ANTXR1, the cellular receptor of SVV, was able to bind both the full virion
and the procapsid.

RESULTS
SVV procapsid purification and characterization. Both full capsids and naturally

occurring procapsids of SVV were observed by electron microscopy, with procapsids
representing 10 to 20% of the total number of particles, depending on the preparation.
SVV purification in a linear 10 to 50% (wt/vol) potassium tartrate gradient resulted in
two distinct bands, namely, a light sedimentation band and a heavy sedimentation
band. Transmission electron micrographs of these fractions highlighted the presence of
homogeneous populations of procapsids and full capsids, respectively (Fig. 1A and B).
The purification of SVV using sucrose gradients yielded unsatisfactory results. Addition-
ally, cryo-EM studies were hampered by high sucrose concentrations; therefore, addi-
tional purification steps were required.

To further confirm the purity of each fraction, full and procapsid stocks were titrated
using plaque formation assays (PFA) on H446wt monolayers. H446wt cells are wild-type
small-cell lung cancer cells which have previously been used for SVV infection studies
as well as virus production and purification (9). Our PFA showed a 104-fold difference
in the number of infectious virus particles between the procapsids and the full virions,
highlighting the relative homogeneity of the separated fractions. We further validated
this finding by measuring the total protein content in order to establish the particle/
PFU ratios in the respective fractions. Similar to other picornaviruses, such as PV, the
SVV full capsid fraction accounts for a particle/PFU ratio of 7.1 ! 102. As expected, this
value increased to 2.4 ! 106 in the procapsid fraction due to the relative absence of
infectious particles.

Structure of SVV capsid and procapsid. We used cryo-EM to solve the structure of
the full capsid and procapsid to resolutions of 3.8 Å and 5.9 Å, respectively (Fig. 2). The
two structures are largely similar, with the obvious exception being the missing
genomic RNA in the procapsid (Fig. 2C). The procapsid is not expanded, and its external

FIG 1 Purification and characterization of SVV procapsids. (A) A negatively stained electron micrograph
of the heavy sedimentation fraction collected from a 10 to 50% potassium tartrate gradient demonstrates
the presence of full capsids. (B) A negatively stained electron micrograph of light sedimentation fraction
depicts a homogeneous population of SVV empty capsids, as evident by the stain inside. Electron
micrographs were recorded at a magnification of !33,000 on a Phillips CM100 TEM operating at 100 kV.
Bars, 200 nm. (C) SDS-PAGE analysis of full and procapsid fractions shows the cleavage in VP0 ("43 kDa)
to VP2 ("36 kDa) and VP4 ("7 kDa) in procapsids (lane E), similar to that in full capsids (lane F). The VP1
(27 kDa) and VP3 (31 kDa) bands were observed in both fractions. Lane M, molecular mass markers, with
the numbers on the left indicating the molecular mass of each band (in kilodaltons).
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surface appears identical to the full particles at this resolution and, correspondingly,
also displays the same antigenicity as the full virion. The atomic model, derived from
X-ray crystallography (PDB accession number 3CJI) (16), was fitted into the cryo-EM
density without alteration and with excellent agreement (Fig. 2E).

Procapsid binds ANTXR1. The fact that the full capsid and the procapsid have
identical external surfaces (Fig. 2B) suggested that the SVV procapsid would also be
able to bind the cellular receptor. In the case of poliovirus, it has been shown that
receptor binding triggered partial conformational changes associated with viral entry
(28). We incubated the soluble domain of ANTXR1 with purified capsid and collected a

FIG 2 Cryo-EM of SVV full capsid and procapsid. (A) A representative micrograph showing procapsids (white arrow) and mature
virions (black arrow). Bar, 50 nm. (B) Outside and cutaway views of the procapsid (left) and full virion (right). Bar, 10 nm. (C)
A central slice through the procapsid (left) and the full virion (right). Note the ordered RNA closest to the capsid in the full
virion. (D) The Fourier shell correlation curves for gold standard reconstructions of the procapsid and full virion. (E) The X-ray
model of SVV agrees well with the cryo-EM map of the SVV capsid. Blue, VP1; green, VP2; red, VP3; orange, VP4. (F) VP4 adopts
the same conformation in the procapsid (left) and full virion (right), although the virion is clearly better resolved than the
procapsid.
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small cryo-EM data set of the empty capsid decorated particles. Despite its modest
resolution, the calculated map clearly displayed the crown-like arrangement of recep-
tors around the 5-fold axis, as shown for the full capsid (9), confirming the procapsid
affinity for ANTXR1 (Fig. 3).

VP0 is cleaved in the procapsid. The next objective in our study was to determine
whether the procapsids isolated during SVV purification are actual procapsids (73S) or
empty capsid intermediates formed after the RNA release (80S). In general, picornavirus
procapsids are a product of 14S pentameric assembly prior to RNA encapsidation. Thus,
the picornavirus procapsid protein composition is mainly composed of uncleaved,
myristoylated VP0, VP1, and VP3. However, the VP0 (!43 kDa) in SVV empty capsids
was found to be cleaved into VP2 (!36 kDa) and VP4 (!7 kDa), with a relatively small
amount of VP0 being left intact (Fig. 1C). Similarly, the protein composition of the
mature virion was found to consist of VP1 (27 kDa), VP2, VP3 (!31 kDa), and VP4, as is
characteristic for picornaviruses (Fig. 1C). The band corresponding to VP0 in the virion
fraction could be due to the presence of minute amounts of procapsids (with uncleaved
VP0). The observation that VP4 still remains in place within the empty capsids confirms
that they are procapsids and not empty capsids resulting from RNA release. The
mechanisms governing the cleavage of VP0 to VP2 and VP4 in procapsids are still
unclear. Nonetheless, it is thought to occur as a result of an autocatalytic process
responsible for the cleavage of VP0 in provirions (27, 29) or perhaps by the activity of
aberrantly encapsidated 3C protease (27). Previous studies on type A FMDV procapsids
have highlighted the cleavage of VP0 to VP2 and VP4 (27). A histidine residue required
for cleavage in PV (H195 of VP2) (29), also found in FMDV (H145 of VP2) (27), is
positioned identically in SVV (H204 of VP2), suggesting a similar role in autocleavage
(Fig. 4). Furthermore, this apparently unusual cleavage of VP0 in procapsids may be a
time-dependent event, as reported with the type A FMDV empty capsids (27), thus
resulting in a mixture of protomers with uncleaved VP0 and protomers with the
cleavage products, VP2 and VP4. However, it is apparent that a bulk proportion of VP0
in SVV procapsids have undergone cleavage, as indicated by a faint VP0 band and
stronger VP2 and VP4 bands (Fig. 1C).

Acid lability of SVV virions and procapsids. The capsids of picornaviruses act as
a protective shell for the encapsidated RNA genome until a suitable host environment
is encountered for virus uncoating. Therefore, understanding the environmental factors
to which the virus is receptive can provide valuable insights into its biology and

FIG 3 SVV procapsids bind the ANTXR1. (A) The cryo-EM reconstruction of SVV procapsid-ANTXR1
demonstrates the full decoration of ANTXR1 on the capsid surface, similar to that of the virion-
ANTXR1complex. Bar, 10 nm. (B) Central sections through the procapsid-ANTXR1 EM map are devoid of
any central density corresponding to viral RNA (green arrow) and show bound ANTXR1 on the capsid
surface (blue arrow). (C) The resolution of the density map was assessed to be 33 Å, according to a Fourier
shell cutoff of 0.5.
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potential mechanisms of infection. From a therapeutic perspective, such information is
of importance in designing inactivated vaccines and stable VLP preparations.

We carried out pH stability experiments in phosphate-buffered saline (PBS) at pH
values of between 5.0 and 7.5 with 0.5 pH unit increments. Negative-stain transmission
electron microscopy (TEM) images showed that SVV virions disassemble into pentam-
eric subunits at pH values of !5.5 (Fig. 5A), whereas this was observed at pH values of
!6.0 (Fig. 5B) with procapsids. These results suggest that SVV virions are more resistant
to acidic conditions than procapsids. However, this result is somewhat contradictory to
the acid stability of FMDV virions, which has been shown to be inferior to that of FMDV
procapsids. Full capsids of FMDV A serotypes have been shown to dissociate at slightly
below neutrality, with pH50 values, defined as the pH where 50% of infectivity is
measurable, ranging from 6.0 to 6.65, whereas the natural empty capsid demonstrated
pH50 values of 6.0 to 6.35 (30). Investigations into the FMDV infection pathway have
shown the necessity of such acid lability, since full capsids undergo disassembly in the
increasingly acidic environment of early endosomes. On the other hand, human
rhinovirus strain A2 virions uncoat in late endosomal compartments, requiring a higher
acid stability (31). Therefore, it can be speculated that SVV disassembly may be a
process that is strictly dependent on low-acidic-pH environments in late endosomal
compartments. Since SVV virions differ from empty capsids due to the presence of RNA,
the increased pH stability of SVV virions could be governed by the interactions between
the RNA genome and capsid proteins.

Procapsid dissociation into pentamers. We characterized the morphology of
pentameric populations observed in procapsids at pH 6.0 by using negative-stain
electron microscopy (EM) single-particle reconstruction (Fig. 6). Class averages showed
a 5-fold symmetry characteristic of that of picornaviruses (Fig. 6B). A three-dimensional
(3D) reconstruction of the pentamer from this study adequately highlighted the 5-fold
symmetry of the structure as well as a depression at the center of the pentamer (Fig.
6D). Fitting of the atomic model of the pentamer into the EM map demonstrated a
good correlation between the two components, hence validating the low-resolution 3D
model (Fig. 6D).

The VP1 N terminus becomes ordered in contact with the genome. In SVV, the
major differences between the interior of the full capsid and the procapsid were
observed at the capsid floor. Consistent with the procapsid structures of other picor-
naviruses, peptides located at the internal surface were disordered (19, 21, 24, 27). The
most obvious difference was on the N-terminal end of VP1, where the first 28 amino
acids were disordered in the procapsid (Fig. 7). Nevertheless, while no density was
visible for the first 14 amino acids, at a lower threshold there was visible density for the
next 14 residues, which indicates the presence of a partially ordered conformation. The
disordered and partially ordered parts of VP1 are strongly negatively charged and
arrange themselves in clear patches at the interior of the full capsid in a manner
reminiscent of that for enteroviruses (Fig. 8).

FIG 4 VP0 cleavage site in picornaviruses. (A) The position of H204 from SVV is analogous to that of its conserved
counterparts H145 from the PV procapsid (PDB accession number 1POV) (B) and H195 from an FMDV procapsid
(PDB accession number 4IV1) (C). Only VP4 (yellow) and VP2 (green) are shown; the SVV procapsid map is shown
semitransparently in panel A.
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The SVV genome is partially ordered inside the capsid. A careful inspection of
the interior of the full capsid map showed a large part of the genome being ordered.
A partially ordered genome has been reported in other picornavirus or picorna-like
virus structures (32–36). However, they were mostly represented by loops of genomic
material forming contacts with capsid proteins. Cryo-EM studies of RNA bacterio-
phages, such as MS2 (37, 38) or Q! (39), have shown that most of the genome is
ordered inside the capsid.

Our structure shows a large dodecahedral cage on the interior of the capsid, with
densities sized to accommodate RNA helices (Fig. 9). The cage is not evident at 3.8 Å
and becomes clear only at resolutions lower than !6 Å, as observed in the case of MS2
bacteriophage (38). This effect is probably due to the fact that the RNA chain is more
flexible than the capsid proteins. Imposing icosahedral symmetry averages different
regions of the genome into common secondary structural motifs visible only at a lower
resolution. A similar RNA cage was reported for the nodaviruses (40, 41), suggesting a
common strategy for viral RNA folding. Inside the pentagonal face of the cage, five
small densities under the density corresponding to the VP4 protein were visible. These
densities could accommodate part of the disordered residues of VP4 and RNA loops
involved in the contact with the central part of VP4, which was partially disordered in
both the full capsid and procapsid. Nevertheless, compared to other enteroviruses and
aphthoviruses, the electrostatic potential of the interior of the SVV capsid showed that

FIG 5 pH stability of SVV full capsids and procapsids. (A) Electron micrographs of purified virions, diluted
in phosphate-buffered saline at pHs ranging from 5.0 to 7.5 and incubated for 30 min at room
temperature, show that the capsid disassembles into pentamers at pHs of "5.5. (B) Procapsids were
found to be more acid labile, with capsid disassembly into pentamers being observed at pHs of "6.0.
Bars, 200 nm.
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a highly positive region is present around the 5-fold axis (Fig. 8). These arrangements
of positive residues at the interior of the capsid could be involved in binding viral RNA
loops similarly to the Ljungan virus (35) and parechoviruses (34, 36).

DISCUSSION
For many picornaviruses, two types of particles are produced during infection: the

native empty particles (procapsids) and full virions. The two populations are discernible
using electron microscopic methods and can be purified by different methods of
gradient density ultracentrifugation. In most cases, the two forms of the capsids have
an identical external structure and share the same antigenic properties. Despite lacking
the internal RNA, procapsids have the same protein composition as the native virions.
In the case of enteroviruses, a different class of empty particles exists. Following a major
conformational change which leads to an expansion of the capsid into the A particle
(18), the genome is externalized (42, 43), leaving behind an altered empty capsid: the
B particle (44). The B particle is antigenically different from the native virion and has a
different protein composition. Altered empty capsids have been structurally character-
ized in detail for several enterovirus members, such as PV (44), rhinoviruses (45),
enterovirus 71 (EV71) (46), coxsackieviruses (47), and equine rhinitis A virus (48), as well
as for other picornaviruses, such as kobuviruses (49), or for picorna-like viruses, such as
bee viruses (50, 51). In all these cases the structures show a capsid expanded by 4 to
6%, lacking VP4, and showing more disorder on the interior of the capsid. For entero-

FIG 6 Negative-stain single-particle reconstruction of procapsid pentamers. (A) An electron micrograph of negatively stained
procapsids at pH 6.0 shows that most of the procapsids appeared to be disassembled into pentamers (red boxes) at this pH.
Bar, 50 nm. (B) Class averages of particles picked from 36 micrographs were obtained using the EMAN2 image processing suite.
These class averages demonstrated the presence of particles with 5-fold symmetry, thereby further validating the presence of
pentamers. (C) The 3D reconstruction generated from good class averages had an estimated resolution of 17.8 Å, according
to the gold standard Fourier shell correlation cutoff of 0.143. Bars, 10 nm. (D) Fitting of the crystal structure of SVV pentamer
into the EM density map revealed a good correlation between the crystal structure and the EM map. Bar, 10 nm.
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viruses, the expansion often leads to large holes at the 2-fold axes, supporting the idea
of RNA exit at or near this site (42, 43, 52). The antigenic properties of the expanded
empty particles are also distinct, as was shown for PV (53) and EV71 (54). However, the
procapsids are much less well studied. Procapsid structures have been solved by
cryo-EM or X-ray crystallography for enteroviruses, such as PV (19), EV71 (21), rhinovirus
(22), and coxsackieviruses (20, 23). All these structures show an unexpanded capsid
with an uncleaved VP0 arranged in a conformation different from that of the final
configuration of VP2 and VP4 in the mature capsid. It was shown in several cases that
VP0 cleavage is conditional on the presence of viral RNA (19). The cleavage of VP0 into
VP4 and VP2 is a condition required for a successful infection in the case of enterovirus,
where insertion of VP4 in the cellular membrane is necessary for RNA translocation (55).
For other members of the picornavirus family, which rely on acidification to trigger the
uncoating process, VP0 is never cleaved. This is the case for the procapsid structures of
parechoviruses (35, 36) or kobuviruses (56). The case of aphthoviruses is somewhat
different. For FMDV the VP0 cleavage gradually occurs, even in the absence of RNA, at

FIG 7 Capsid interior. (A) Details of the SVV procapsid centered on a 3-fold axis. The atomic model of the mature virion is depicted
in ribbons. The density, displayed semitransparently, accurately accommodates the model, except for the first 28 residues of VP1
(blue). (B) Masked density of the VP1 N terminus from the SVV full capsid is well ordered in comparison to SVV procapsids. (C to E)
Interior views of full capsid protomers of PV (C), FMDV (D), and SVV (E) demonstrating the disordered N termini on their procapsid
counterparts (dark blue). The PDB accession numbers of the full capsid protomers of PV, FMDV, and SVV are 1HXS, 4GH4, and 3CJI,
respectively. VP1, VP2, VP3, and VP4 are colored in light shades of blue, green, red, and orange, respectively. (F to H) Interior views
of a single protomer of procapsids of PV (F), FMDV (G), and SVV (H) identifying cleaved VP0 in SVV and FMDV and intact VP0 in PV.
The PDB accession numbers of the single protomer of procapsids of PV, FMDV, and SVV are 1POV, 4IH4, and 3CJI, respectively. VP1,
VP2, and VP3 are colored in light shades of blue, green, and red, respectively; VP4 is colored in orange.
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room temperature over several weeks (27). This is not the case for SVV, where the VP0
cleavage occurs spontaneously. Similar to FMDV, the SVV procapsid seems to contain
a low percentage of residual uncleaved VP0 (Fig. 1C). Interestingly, it has been shown
that FMDV pentamers can reassociate into an empty capsid in an inside-out arrange-
ment (57). This unnatural conformation would expose the VP4 region to the exterior of
the capsid. The structures both of pentamers and of the inside-out empty capsid show
no density corresponding to VP4, suggesting that VP4 is essential for the correct
procapsid assembly. A different situation is observed in the case of EV71 (58) and
coxsackieviruses (23), where VP0 is not cleaved in the procapsid and no density
corresponding to the VP4 region is observed, indicating that this region is not ordered.
A possible explanation could be that the cleavage of VP0 in the absence of the viral
RNA would lead to the dissociation of VP4 from the capsid. In contrast, for SVV the
partial attachment of the terminal VP4 !-strand to the VP2 !-barrel (Fig. 4 and 7)

FIG 8 Comparison of electrostatic surfaces of picornaviruses. The top row contains the electrostatic surfaces of full capsid pentamers of EV71 (PDB accession
number 3VBS) (A), SVV (PDB accession number 3CJI) (B), PV (PDB accession number 2PLV) (C), and FMDV (PDB accession number 4GH4) (D). The bottom row
contains the electrostatic surfaces of empty capsid pentamers of EV71 (PDB accession number 3VBU) (E), SVV (PDB accession number 3CJI) (F) PV (PDB accession
number 1POV) (G), and FMDV (PDB accession number 4IV1) (H). In general, the empty capsids have fewer negatively charged patches. This is especially true
of SVV and PV. Red, negative; blue, positive; white, neutral. The color scale runs from !10 to 10 kT/e.

FIG 9 Ordered RNA structure inside the SVV mature capsid. The difference map between the full virion
and the procapsid map, each filtered to 9 Å, shows that part of the genome is ordered. (A) An exterior
view of the RNA cage, looking down the 5-fold axis. (B) View from the interior of the cage along the 5-fold
axis. The VP4 proteins at the 5-fold axis form a star between the RNA densities.
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stabilizes the structure and enables the cleavage of VP0 and the assembly of the
resulting VP2 and VP4 in a stable procapsid. This terminal !-strand of VP4 is specific for
SVV, with all the other picornavirus structures showing a short "-helix in this region
(Fig. 7).

Despite the similarities between SVV and FMDV, their response to exposure to an
acid environment is different. While the procapsid of FMDV is more stable than the
corresponding mature virion (59), the procapsid of SVV is less stable than the full capsid
containing the RNA, suggesting a role of the genomic RNA in stabilizing the capsid.
Much effort was put in increasing the stability of FMDV VLPs for use as a vaccine; it was
shown that the stability of different serotypes could be increased by mutating residues
at the interface of the protomers (25, 60). A similar effort for increasing the stability of
SVV procapsids could benefit the construction of VLPs to be used as nanocarriers in
cancer treatment or as vaccines against the animal pathogen serotypes.

The mechanism of VP0 cleavage was examined in detail in PV (29), and it was shown
to involve a conserved histidine residue located in a pocket at the base of VP2 (Fig. 4).
The cleavage implies that the residues corresponding to the VP4-VP2 connection would
have to penetrate the pocket containing the conserved histidine to position the scissile
bond sufficiently close. Our structure shows that in both the SVV mature capsid and the
procapsid the conformations of VP2 and VP4 are in close proximity to the histidine
residue at position 204 responsible for the cleavage. The C terminus of VP4 is fully
ordered and stops on top of the H204 residue, while the first 11 residues of VP2 are
disordered but would easily reach the first ordered residue. In comparison, in PV and
FMDV procapsids the ordered part of VP4 covers a much larger part of the pocket, while
in FMDV, VP4 is located farther away (Fig. 4). Overall, the position of VP4 in SVV more
closely resembles that in PV than that in FMDV.

The length of the disordered N terminus of VP1 could also be responsible for the
different behavior of VP0 cleavage in senecaviruses compared with that in enterovi-
ruses and aphthoviruses. In the mature capsids of both FMDV and PV, the histidine
pocket is covered by the N terminus of VP1, while in the procapsid, the same region is
disordered and thus permits access to the pocket. A smaller flexible region occluding
the pocket would lead to a more rapid cleavage of VP0. In the case of SVV, there are
14 fully disordered residues in the N-terminal part of VP1, whereas FMDV has 26
disordered residues and PV has 67 disordered residues (Fig. 7).

The structure of the SVV procapsid highlights several features of related viruses in
a unique combination. These lead us to believe that SVV procapsids could prove to
become useful tools as VLPs or as drug delivery mechanisms for targeting cancers.

MATERIALS AND METHODS
Growth and purification of SVV. H446wt cells (ATCC, HTB-171) were grown in Dulbecco’s modified

Eagle medium (DMEM; catalog number 11995-073; Gibco) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin to 80% to 90% confluence in at least 30 T150 flasks. On the day of
inoculation, the growth medium was removed and the cells were washed once with phosphate-buffered
saline (PBS). The PBS was replaced with DMEM supplemented with 1% penicillin-streptomycin containing
SVV at a virus dose to allow approximately 25 SVV particles per cell using a virus clonal stock that had
previously been plaque purified three times. After 2 days postinfection, most of the cells were detached
in a single-cell suspension. The cell suspension was transferred to 500-ml Nalgene bottles and spun down
at 10,000 ! g for 30 min at 4°C. The supernatant was transferred to a clean Nalgene bottle and mixed
at 4 parts supernatant to 1 part 10,000-molecular-weight (MW) polyethylene glycol (PEG) solution (100
g of 10,000-MW PEG from Sigma, 6 g NaCl, and 250 ml Millipore water, which were autoclaved and
adjusted to pH 7.2 with 0.1 N NaOH). The PEG-containing supernatant was mixed overnight at 4°C to
precipitate out the virus. On the following day, the pegylated supernatant was spun down at 10,000 !
g for 30 min at 4°C. The virus-containing PEG precipitate pellet was reconstituted in PBS (5 ml) and
dialyzed with an 80,000- to 100,000-molecular-weight-cutoff filter three times, with 1 liter PBS being
replaced every 4 h. The dialyzed virus was placed onto a 1.33-g/ml CsCl gradient in a heat-sealed
polyallomer tube (catalog number 342413; Beckman) and spun at 360,000 ! g at 20°C for 7 to 8 h. The
virus band was isolated by first puncturing a hole at the top of the tube and then using an 18-gauge
needle to pull out the virus band from the side of the tube. The purified virus was dialyzed into PBS
supplemented with magnesium and calcium (PBS""), which was replaced every 4 h for a total of 10
exchanges. The concentration was determined by calculating the optical density at 260 nm (OD260) and
OD280. The ratio for OD260/OD280 should be between 1.6 and 1.7, and 1 OD unit with a 1-cm path length
equals 9.5e12 virus particles. The aliquoted virus stocks were stored at #70°C.
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To further achieve more purified and homogeneous fractions of SVV empty and full capsids, a mixed
population of SVV empty and full capsids was subjected to a potassium tartrate linear gradient. Briefly,
H446wt cells harvested from 16 T175 flasks were transferred into 250-ml Nalgene bottles and centrifuged
at 10,000 ! g for 30 min at 4°C in a JA-20 rotor fitted to an Avanti J-26XPI high-speed centrifuge
(Beckman Coulter). The supernatant was loaded into 38.5-ml open-top, polypropylene tubes (catalog
number Z60105SCA; Beckman) and centrifuged at 86,000 ! g for 1 h at 4°C in an SW32 Ti rotor fitted
to an Optima XPN-80 ultracentrifuge (Beckman Coulter). The pellet was resuspended in potassium
tartrate purification buffer (10 mM Tris-HCl, 200 mM NaCl, 50 mM MgCl2, pH 7.5). The resuspended virus
pellet was loaded onto a 10 to 50% potassium tartrate linear gradient in a 16.5-ml open-top, polypro-
pylene tube (catalog number Z60303SCA; Beckman) and subjected to a final round of ultracentrifugation
at 105,000 ! g for 2.5 h at 4°C in an SW32.1 Ti rotor. Two distinct fractions of virus (an upper band and
a lower band) were pulled out from top to bottom using an 18-gauge needle and dialyzed overnight in
PBS at 4°C.

Transmission electron microscopy. Dialyzed virus bands were visualized under a transmission
electron microscope according to in-house protocols. In brief, 4 !l of the sample was applied onto a
glow-discharged, carbon grid for 1 min, and the excess sample was blotted off. The grids were stained
with 1% uranyl acetate for 1 min, followed by blotting of excess stain, and were examined on a Philips
CM100 transmission electron microscope (Philips Electron Optics, Eindhoven, The Netherlands) operating
at 100 kV.

Negative-stain single-particle reconstruction of pentamers. The procapsid sample at pH 6.0 from
the previous section was used for further imaging and image reconstruction. Briefly, 36 micrographs
were acquired at a !40,000 (pixel size " 3.12 Å) magnification on a JEOL JEM-2200FS TEM (JEOL Ltd.,
Tokyo, Japan) operating at 200 kV and equipped with a F416 CMOS camera (Tietz Video and Image
Processing Systems, Gauting, Germany). The reconstruction of the pentameric unit was carried out with
the EMAN2 package (version 2.1) (61). First, 9,112 particles were manually picked and subjected to
contrast transfer function (CTF) correction. Thereafter, one round of reference-free two-dimensional (2D)
classification was carried out with six iterations, and the bad classes were discarded. The initial
reference-free 3D classification was performed, with selected good classes totaling 8,256 particles, and
the resulting model was further refined for 10 iterations using pentameric symmetry. The resolution of
the constructed EM map was estimated to be 17.8 Å on the basis of the “gold standard” Fourier shell
correlation cutoff of 0.143. A model of the pentameric structure generated from the SVV crystal structure
(PDB accession number 3CJI) was fitted in the Chimera program.

Cryo-EM of full capsid and procapsid. Cryo-EM samples were prepared by adding 3.5 !l of purified
SVV to Quantifoil R2/2 grids previously glow discharged for 8 s. These were then blotted with Whatman
no. 5 filter paper before being plunged into liquid ethane using an FEI Vitrobot IV automated vitrification
device at 100% humidity. The images were collected on an FEI Polara microscope equipped with a K2
Summit camera in superresolution mode with a final superresolution pixel size of 0.822 Å and at a total
dose of 30 e/Å2 over 30 frames.

The frames were aligned by the use of driftcorr software (62), and CTF parameters were estimated
with the ctffind program (63). The virus particles were selected using the Gautomatch (version 0.5)
program (http://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/). The selected image particles were ex-
tracted and subjected to 2D and 3D classification using Relion (version 1.4) software (64), and after the
removal of bad classes, the remaining particles were split into empty and full classes for refinement,
imposing icosahedral symmetry. Each class was then additionally refined and sharpened using Relion
(version 2.1-beta-1) software. The particles were separated into two half data sets for all of the
subsequent reconstruction steps following the gold standard procedure. The additional refinement and
sharpening with the more recent version of Relion software improved the resolution, marginally giving
the final reported values of 5.9 Å for the procapsid and 3.8 Å for the virion (Fig. 2; Table 1).

Cryo-EM procapsid-receptor complex. SVV and ANTXR1 (catalog number 13367-H02H; Sino Bio-
logical Inc.) were mixed in a ratio of approximately 10:1 receptors per binding site, kept for 90 min at
37°C, and transferred onto ice for another 90 min. Grids were prepared by applying 3 !l of sample on

TABLE 1 Cryo-EM imaging and data processing statistics

Characteristic Value(s)
No. of micrographs used 367

No. of particles
Full capsid 20,949
Empty capsid 3,526

Sampling (Å/pixel) 0.822 (1.644)a

Defocus range (!m) 1.5–5

Resolution (Å)b

Full capsid 3.8
Empty capsid 5.9

aThe value in parentheses is the binned value.
bGold standard forward scatter " 0.143 criterion.
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glow-discharged Quantifoil holey carbon grids (Quantifoil Micro Tools GmbH) and flash-frozen using a
Leica KF80 cryofixation device (C. Reichert Optische Werke AG). Micrographs were collected on a JEOL
JEM-2200FS microscope (JEOL Ltd.) on a TVIPS F416 CMOS camera (TVIPS, Gauting, Germany) at a
calibrated magnification of !50,000, corresponding to a pixel size of 2.53 Å. A number of 214 images of
empty capsid were selected, and a 3D reconstruction was computed using the icosahedral symmetry in
Relion (version 1.4) software (64). The resolution was estimated to be 33 Å, according to a Fourier shell
cutoff of 0.5.

Plaque formation assay. The infectious virus titer in two virus fractions was determined by
standard plaque formation assay. H446wt cells were seeded in 6-well plates at 70% confluence 1 day
prior to infection. Serial dilutions of the upper band (10"3 to 10"7) and lower band (10"6 to 10"10)
were prepared in R10 medium (RPMI 1640 medium [catalog number 31800-022; Gibco] supple-
mented with 0.01 M HEPES [catalog number 11344-041l; Gibco]) and 0.02 M sodium bicarbonate
(catalog number 205-633-8; Applichem). Confluent monolayers of H446wt cells in duplicate wells
were infected with 250 !l of each dilution and the R10 medium control for 1 h at 37°C. The plates
were gently tilted every 15 min to ensure uniform adsorption. After 1 h, the virus suspension was
removed from each well and the cells were immediately overlaid with 2 ml of R10 medium
containing 2% FBS and 1% agarose (SeaPlaque; catalog number 50100; Lonza). The agarose was
allowed to set at room temperature for 15 min, and the plates were incubated at 37°C for 24 h
thereafter. Plaques were stained with 100 !l of 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; catalog number M2128; Sigma) per well. The plaques were
counted after incubation of the plates at 37°C for 3 h under dark conditions.

Quantification of total protein in empty and full capsid fractions. The total protein contents in
two virus fractions were determined by using a Qubit protein assay kit (catalog number 1814929; Life
Technologies) according to the manufacturer’s protocol. Briefly, 10-!l volumes of the sample were
incubated with 190 !l of Qubit working solution (1:200 of Qubit reagent/Qubit buffer), and the reaction
mixture was incubated under dark conditions at room temperature for 15 min. The same procedure was
followed for Qubit protein standards 1, 2, and 3. The readings were recorded for duplicate samples from
each fraction by using a Qubit (version 1.0) fluorometer (Life Technologies).

Structural protein analysis in SDS-PAGE. Protein precipitation of two virus fractions was carried out
using the trichloroacetic acid precipitation method. Protein denaturation for SDS-PAGE was performed
according to the recommended NuPAGE specifications. Briefly, 15 !l of each protein sample (7 to 15 !g)
was mixed with 5 !l of 4! LDS sample loading buffer (catalog number NP0007; Thermo Fisher Scientific)
and 500 mM dithiothreitol (catalog number SLBH1672V; Sigma), followed by heating at 90°C for 10 min.
Then, 5 !l of a prestained Bio-Rad low-range protein ladder (catalog number 161-0305) and 20 !l of each
sample were loaded onto a Novex Bolt 4 to 12% bis-Tris Plus gel. Electrophoresis was undertaken in a
Bio-Rad PowerPac 200 instrument at a constant voltage of 80 V in 1! 2-(N-morpholino)ethanesulfonic
acid (MES) running buffer until the dye front reached the end of the gel. The gel was stained by the 0.1%
Coomassie brilliant blue G-250 (0.02%, wt/vol) colloidal staining method overnight and was destained in
Milli-Q water for 12 h. The gel image was captured on a Uvidoc imaging system (Uvitec, Cambridge,
United Kingdom).

pH stability of SVV empty and full capsids. The acid sensitivity of empty capsids and full capsids
was investigated according to methods adapted from published protocols (65). Each sample was mixed
with phosphate-buffered saline (PBS) solutions of different pHs (5 to 7.5) at a ratio of 1:10. Samples were
incubated at room temperature for 30 min and subsequently visualized by electron microscopy as
described above.

Accession number(s). Cryo-EM maps of the full virion and procapsid can be found in the Electron
Microscopy Data Bank (https://www.ebi.ac.uk/pdbe/emdb/) under accession numbers EMD-7110 and
EMD-7111, respectively.
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Recently, the use of oncolytic viruses in cancer therapy has become
a realistic therapeutic option. Seneca Valley Virus (SVV) is a newly
discovered picornavirus, which has earned a significant reputation
as a potent oncolytic agent. Anthrax toxin receptor 1 (ANTXR1),
one of the cellular receptors for the protective antigen secreted
by Bacillus anthracis, has been identified as the high-affinity cel-
lular receptor for SVV. Here, we report the structure of the SVV-
ANTXR1 complex determined by single-particle cryo-electron micros-
copy analysis at near-atomic resolution. This is an example of a shared
receptor structure between a mammalian virus and a bacterial toxin.
Our structure shows that ANTXR1 decorates the outer surface of the
SVV capsid and interacts with the surface-exposed BC loop and loop II
of VP1, “the puff” of VP2 and “the knob” of VP3. Comparison of the
receptor-bound capsid structure with the native capsid structure re-
veals that receptor binding induces minor conformational changes in
SVV capsid structure, suggesting the role of ANTXR1 as an attach-
ment receptor. Furthermore, our results demonstrate that the capsid
footprint on the receptor is not conserved in anthrax toxin receptor 2
(ANTXR2), thereby providing a molecular mechanism for explaining
the exquisite selectivity of SVV for ANTXR1.

cryo-electron microscopy | picornavirus | virus receptor interaction |
Seneca Valley Virus | cancer therapy

Seneca Valley Virus (SVV) is a small (!30 nm in diameter)
icosahedral virus harboring a positive-sense, single-stranded

RNA genome of 7.3 kb. The RNA genome encodes seven
nonstructural proteins—2A, 2B, 2C, 3A, 3B, 3C, and 3D—and
four capsid proteins—VP1, VP2, VP3, and VP4 (1–3). Several
studies have highlighted the capacity of SVV to preferentially
infect and kill tumor cells with neuroendocrine features without
resulting in detrimental off-target effects (4, 5). SVV has been
investigated for its antitumor activity in phase I clinical trials
against pediatric solid tumors and in phase II clinical trials
against small-cell lung cancers (SCLC) (6–8). The efficacy of
SVV treatment in oncovirotherapy has been shown to be limited
due to the host immune response within 3 wk of viral infusion
(7). There is increasing interest in the development of SVV
mutants, which can retain their capacity to bind and infect tumor
cells while bypassing the host antiviral immune response. Recently
published results from our own work and collaborators unveiled
anthrax toxin receptor 1 (ANTXR1), a type I transmembrane
protein, as the cellular receptor governing specificity for SVV
infection (9). In comparison with the second anthrax toxin re-
ceptor (ANTXR2), ANTXR1 is weakly expressed in normal
tissues but overexpressed in a wide variety of human tumors (10).
Little is known about the role of ANTXR1 in the development of
normal tissue, and studies of ANTXR1 knockout mice failed to
reveal any major phenotypic abnormalities (11). However, tumor
growth and tumor blood vessel density were significantly de-
creased in these mice (12). Moreover, in patients enrolled in a
phase I clinical study of SVV in advanced solid tumors with
neuroendocrine features, i.v. administration of the oncolytic virus

showed high specificity for tumor cells with no evidence of in-
fection and propagation in the surrounding normal tissue (6, 7). In
combination these studies provide a valuable strategy for selective
targeting of ANTXR1 overexpression in tumor cells with SVV
without impact on the adjacent normal tissue. However, the exact
locations and the nature of interactions between SVV and
ANTXR1 have not been characterized. Cryo-electron microscopy
(Cryo-EM) structure of SVV-ANTXR1 from this study identifies
surface-exposed loops of VP1, VP2, and VP3 as the sites of receptor
attachment. Furthermore, the atomic model of SVV-ANTXR1
complex shows residues participating in the capsid footprint on the
receptor are not conserved among ANTXR1 and ANTXR2, thereby
providing a plausible explanation for tumor specificity of SVV.
Findings from this study, in conjunction with future work on SVV-
antibody interaction sites, can provide a promising stage for the
development of SVV mutants with improved clinical applications.

Results
Overall Structure of SVV-ANTXR1 Complex. In this study, we used
cryo-electron microscopy (cryo-EM) single-particle analysis to
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Anthrax toxin receptor 1 (ANTXR1), also known as Tumor En-
dothelial Marker 8, is overexpressed on the surface of tumor
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ANTXR1 was identified as the high-affinity cellular receptor for
Seneca Valley Virus (SVV). SVV has shown promising results as
an oncolytic agent in clinical trials, and this discovery offers a
powerful biomarker for selecting patient response to treat-
ment. The identification of specific interaction sites between
SVV and ANTXR1 lays the foundation to construct potent virus
mutants with specific cancer tropism that can escape host an-
tibody response and to expand the development of both
antiangiogenic and anticancer antibody therapy.
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study the interaction between SVV and the ANTXR1 receptor.
We used a fusion construct of ANTXR1 with the Ig Fc (fragment
crystallizable) region, since Fc has previously been reported to be
useful in improving the stability and solubility of bound partner
protein (13). The structure features a crown-like arrangement of
ANTXR1 around the fivefold axis of the capsid (Fig. 1A). The
strong electron potential corresponding to the receptor in our
3D reconstruction has a similar overall absolute value as the

electron potential inside the capsid (Fig. 1A and Movie S1),
suggesting that the equilibrium between the soluble ANTXR1
domain and the SVV-receptor complex in vitro is sufficient to
saturate most binding sites located on 60 asymmetric units. The
average radius of the receptor-decorated SVV capsid remains
unchanged at !150 Å as in the native structure, and no rear-
rangement of the capsid proteins was observed (Fig. 1B). The
largest radius of 210 Å spans from the center of the capsid to the

Fig. 1. Cryo-EM structure of the SVV-ANTXR1 complex. (A) Radially colored iso-potential surface of the reconstructed electron potential map, contoured at
2.4 ! above average, displayed along the icosahedral fivefold axis. ANTXR1 (blue) bound to SVV (green) demonstrates a “crown-like” arrangement around
the fivefold axis. (B) Central sections through normalized cryo-EM reconstructions of the undecorated full SVV capsid (left half, EMDB access code 7110) and of
the SVV-ANTXR1 complex (right half, present study). The capsid dimension does not change upon receptor binding. The capsid interior appears filled with
RNA in both reconstructions. (C) Atomic model in ribbon representation of ANTXR1 complexed to one capsid protomeric unit with VP1, VP2, VP3, VP4, and
ANTXR1 colored in blue, green, red, orange, and magenta, respectively. The same color scheme is used throughout the figures. (D) Segmented iso-electron
potential surfaces contoured at 2.4 ! of capsid proteins and ANTXR1. Refined side-chain conformations of a fitted atomic model show excellent corre-
spondence with the structure. (Scale bars: 100 Å.)
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Fc region at the tip of the attached ANTXR1 (Fig. 1B). Local
resolution estimation of the cryo-EM map indicates 3.1 Å
within the capsid structure, while the resolution within the
ANTXR1 domain is 4.25–4.75 Å (SI Appendix, Fig. S3 A and B)
and within the ANTXR1-linked Fc fragment >5 Å, suggesting
some flexibility of this region (SI Appendix, Fig. S1 A and B).
Overall, the map features corresponding to the polypeptide
chain and most of its side chains were of sufficient quality for
atomic model building of capsid proteins VP1–4 and the re-
ceptor region of the ANTXR-Fc fusion (Fig. 1 C and D and SI
Appendix, Table S1). The model was validated by building
two separate atomic models from independent maps as a
result of independent refinement and reconstruction (14); its
side chain conformations match the known polypeptide se-
quence in well-resolved areas, and it has been checked for
correct stereochemical geometry (SI Appendix, Figs. S2 and
S3 and Table S1).

Interactions Between SVV and ANTXR1. We determined the mech-
anism of interaction between SVV and ANTXR1 and localized
the receptor contact sites to surface-exposed loops on the virus.
The BC loop and loop II of VP1, the “puff” of VP2, and the
“knob” of VP3 (Fig. 1C) comprise an interface area of 742 Å2

on each ANTXR1-binding site. The involvement of all exte-
rior capsid proteins in receptor attachment is a phenomenon
consistent with most species in the Enterovirus genus (15–19).
Our refined atomic model of the SVV-ANTXR1 complex sug-
gests that hydrogen-bonding (H-bond) interactions are exclusive
to the VP1-ANTXR1 and VP2-ANTXR1 interfaces, whereas a
variety of amino acid interactions are shared among all three
interfaces. In VP1, the BC loop located at the center of the
icosahedral triangle and adjacent loop II establish contacts be-
tween helices !4 and !3 of ANTXR1, respectively (Fig. 2A). We
detected only one H-bond at the VP1-ANTXR1 interface,
formed between N94 on VP1 loop II and E122 on ANTXR1 !3
(Fig. 2A). The opposite end of the receptor is anchored to the
capsid near the icosahedral threefold axis by interactions estab-
lished between the !2–!3 loop of ANTXR1 and the knob of VP3
(Fig. 2B). Interestingly, the majority of the ANXTR1 footprint is
located on the puff loop of VP2 elevated between the BC loop
and loop II of VP1 (interface area !489 Å2) (Fig. 2 C and D).
The contact between ANTXR1 and the puff loop is stabilized by
H-bonds formed between Y160 on !4 and T180 and Y182 on the
puff (Fig. 2C). In addition, the puff loop interacts with helix
!3 and with loops !2–!3 and "2–"3 of ANTXR1 (Fig. 2 C
and D).

Changes in Capsid Proteins and the Receptor Post Interaction.
Picornaviruses, especially the members of the Enterovirus ge-
nus, undergo significant changes in capsid structure upon re-
ceptor binding, which is a prerequisite for the formation of the
“A-particle” (16–20). However, the existence of an A-particle
has not been reported for SVV or for members of the Aph-
thovirus genus, such as Foot and Mouth Disease Virus (FMDV).
Comparison of the atomic crystal structures of the native SVV
capsid and the receptor-decorated capsid from this study shows a
root-mean-square deviation (rmsd) of 0.88 in C! positions (Fig.
3). Although the overall changes are subtle, several regions with
significant conformational changes can be distinguished in all
four SVV capsid proteins and ANTXR1 (SI Appendix, Fig. S4).
These changes are better understood by examining the fit of the
X-ray–based model with the refined asymmetric unit coordinates
in our cryo-EM map (Fig. 3). In VP1, the major differences are
observed in the N-terminal extension located at the interior of
the capsid close to the icosahedral fivefold axis (rmsd !1.6 Å)
(Fig. 3 A, 1). The first four residues are shifted by an average of 2 Å,
accounting for the largest deviation in this region. Interest-
ingly, the locally well-resolved map features suggest that

this region is not as disordered as in enteroviruses. Minor
changes in VP1 can be observed in the GH loop (residues 185–
215) located near the icosahedral twofold axis (rmsd 1.1 Å) (Fig.
3 A, 2). Even though the overall conformational changes in the
BC loop remain minimal, residues 58–64, which include
receptor-binding E63, are shifted by 1.3 Å in their C! positions,
on average (SI Appendix, Fig. S4A). The largest changes within
VP2 are observed in the puff and the loop composed of residues
142–151 (Fig. 3 C, 1 and 2). Even though the changes observed in
the puff are minimal in general, residues 178–186, which con-
tribute to the bulk of receptor interactions, show considerable
shifts in their C! positions (!1 Å). A buried region that consists
of residues 142–151 undergoes the largest conformational al-
teration in VP2 (Fig. 3 C, 1) (rmsd !1.9 Å). Although this region
harbors the integrin-binding motif LDV (21), local conforma-
tional changes of this magnitude do not aid in exposing the
above-mentioned motif for ANTXR1 interaction. In addition,
the VP3 N-terminal extension located near the icosahedral
fivefold axis shows considerable conformational changes com-
pared with native structure (rmsd !1.3 Å) (Fig. 3 C, 1). Un-
surprisingly, the knob of VP3, which establishes van der Waals
interactions with ANTXR1, undergoes a major change—in
particular in the region composed of residues 62–67 that is

Fig. 2. Interactions between SVV capsid proteins and ANTXR1. All three
proteins located on the exterior of the capsid (VP1-3) are involved in re-
ceptor binding. Potential non–H-bond interactions and H-bond interactions
are illustrated in black dashed and red solid lines, respectively. (A) Residue
E63 on the BC loop of VP1 forms anion-# interactions with F159 on helix
!4 of ANTXR1. Our atomic model shows that residue N94 on loop II of
VP1 can H-bond with E122 on helix !3 of ANTXR1. (B) Residue L113 on the
!2–!3 loop of ANTXR1 form potential van der Waals interactions with
S66 and the adjacent A65 on the knob of VP3. (C) Residues L157 and F159 on
helix !4 of ANTXR1 form van der Waals interactions with P184 and T180 on
the puff of VP2, respectively. D156 adjacent to L157 on ANTXR1 participates
in establishing van der Waals interactions with L178 and P184 on the puff
loop. Potential H-bonds could be formed between Y160 on the !4 helix and
T180 and two residues upstream with Y182. Furthermore, Y160 on !4 helix is
in contact with P184 on the puff loop via aromatic interactions. (D) H121 on
!3 helix and Y119 on the !2–!3 loop interact with P184 and P185 by
establishing aromatic and van der Waals interactions, respectively. T87 and
R88 on the "2–"3 loop are in contact with K171 and N186 on the puff loop
via electrostatic interactions.
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Fig. 3. Structural changes in capsid proteins and ANTXR1 post receptor binding. Changes in the structure of capsid proteins and ANTXR1 were determined by
calculating the shifts in C! positions relative to the initial structure. Gray ribbons represent crystal structures (PDB ID codes 3CJI and 3N2N). Color scales
indicate degree of C! rmsd (blue and red colors representing minimal and maximum changes, respectively). (A) N-terminal extension (1) (residues 1–31) and
GH loop of VP1 (2) (residues 185–215) deviate most. (B) Puff (residues 172–200) (1) and residues 142–151 (2) on CD loop are two surface-exposed regions on
VP2 with the highest conformational changes. (C) In VP3, N-terminal (1) residues (1–30) undergo moderate changes upon receptor binding. The knob (2)
(residues 57–73), which is involved in receptor interaction, shows significant conformational changes. (D) VP4 undergoes smaller conformational changes
compared with other capsid proteins (1, 2). VP4 is devoid of electron density corresponding to G63 (1), suggesting a disordering of this region upon receptor
binding. (E) Changes in ANTXR1 are observed in strands !1 and !3, helix !6, and loop !5–!5.
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shifted closer to the !2–!3 loop of ANTXR1 by an average rmsd
of 1.8 Å. G63 in VP4, which has been reported to be in contact
with the RNA genome (2), was not well resolved in our cryo-EM
reconstruction, suggesting that this residue may become disor-
dered after interaction with the receptor (Fig. 3 D, 1). The loss of
order in VP4 G63 is accompanied by changes in RNA appear-
ance in the iso-electron potential map of the SVV-ANTXR1
complex (SI Appendix, Fig. S1C), which appears to be less
ordered in comparison with that of mature virions (2). Fea-
tures of RNA loops were visible only at lower contour levels in
our reconstruction. Compared with other capsid proteins,
VP4 largely retains its fold (rmsd !0.9 Å), except for the
missing G63 residue and residues 14–17, 35–38, and 64–65,

which shift by 1.3, 1.1, and 1.2 Å, respectively (Fig. 3 D, 1 and
2 and SI Appendix, Fig. S4D).
The changes in the ANTXR1 structure upon capsid attach-

ment are more significant (rmsd !1.2 Å) (Fig. 3E and SI Ap-
pendix, Fig. S4E). Interestingly, these changes are observed in
the strands "1 and "3, the helix !6, and the "5–!5 loop, which are
not in direct contact with capsid proteins (rmsd of 2.5, 2.5, 1.8,
and 2.7 Å, respectively). It is important to note that these indi-
vidual deviations represent the largest contribution to the overall
rmsd in the refined ANTXR1 model. Overall, the changes in
SVV capsid proteins and ANTXR1 post interaction remain
minimal and do not provide any significant insights into their
functional relevance.

Fig. 4. Comparison of SVV-binding footprint on ANTXR1 with corresponding regions on ANTXR2 and !2"1 integrin to understand the specificity of SVV to
ANTXR1. Ribbon diagrams illustrate the structures of (A) ANTXR1, (B) ANTXR2 and !2"1, and (C) !2"1 integrin colored in different shades of gray with
nonconserved regions of ANTXR1 highlighted in magenta. (D) Superimposed structures of ANTXR1, ANTXR2, and !2"1 integrin. (E) Aligned sequences of
ANTXR1, ANTXR2, and !2"1 integrin with capsid-binding sites indicated by red boxes. Residues depicted on black or gray backgrounds represent identical or
similar sequences, respectively. Diverging residues are displayed on a white background. (F) Conformational shifts in side chains of conserved residues in
ANTXR1 in comparison with ANTXR2. H-bond forming E122 and Y160 residues demonstrates the highest shifts of 3.2 and 2.7 Å in ANTXR2, thereby po-
tentially hindering their capacity to form H-bonds unlike ANTXR1. H121 and Y119 are the only two conserved residues in ANTXR2 that may establish in-
teractions with SVV similar to that of ANTXR1.
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Comparison of Capsid Footprint on ANTXR1 with ANTXR2 and Integrins.
Our structure provides the structural basis to explain the selectivity
of SVV to ANTXR1 over ANTXR2 and integrin receptors.
ANTXR2, which is abundantly expressed in normal tissues (22),
has a 10 times higher affinity for the protective antigen (PA) of
anthrax toxin than ANTXR1 (23, 24) and is responsible for its
internalization (22, 25, 26). Integrin receptors function as cell-
surface receptors for FMDV (27) and adopt an !/" open sheet
fold similar to that of ANTXR1 and ANTXR2 (28). When the
refined structure of ANTXR1 from our study (Fig. 4A) was
superimposed with crystal structures of ANTXR2 [Fig. 4B, Protein
Data Bank (PDB) ID code 1SHT] and !2"1 integrin (Fig. 4C,
PDB ID code 5HJ2), the three structures agreed very closely in
their overall fold (Fig. 4D). However, the sequences of
ANTXR1 and !2"1 integrin differ greatly from each other with
a sequence homology of only 15%, whereas ANTXR1 and
ANTXR2 share a closer sequence homology of 50% (Fig. 4E).
When comparing the footprint of ANTXR1 on the SVV capsid to
the corresponding regions on ANTXR2, we can distinguish both
conserved (Fig. 4A, gray ribbon) and nonconserved residues (Fig.
4A, pink ribbon). Residues 156, 157, 159 on helix !4; T87 and
R88 on the "2–"3 loop; and L113 on the !2–!3 loop constitute the
nonconserved residues on ANTXR1 that interact with SVV (Fig.
4 A and E). On the other hand, Y160 on helix !4; H121 and
E122 on helix !3; and Y119 on the !2–!3 loop fall into the con-
served residues that interact with SVV (Fig. 4 A and E). Never-
theless, the side-chain rotamers of E122 and Y160 are visibly
shifted in our experimental map of ANTXR1 (Fig. 4F), thereby
disfavoring the H-bond formation with N94 (VP1) and T180
(VP2), respectively. Side chains of H121 and Y119 located on
helix !3 are in similar locations in ANTXR2 and may therefore
interact with SVV as observed at the VP2-ANTXR1 interface.
However, these interactions alone may not be sufficient to es-
tablish a stable link between ANTXR2 and SVV to facilitate entry
into nontumorous host cells.

Discussion
In summary, our cryo-EM structure allowed us to explain how
SVV discriminates between ANTXR1 and ANTXR2. Sequence
comparison of ANTXR2 with ANTXR1 bound to SVV revealed
that most of the receptor residues contributing to virus-receptor
interactions are not conserved among the two receptors. Therefore,
this ensures specific targeting of tumors expressing ANTXR1 with
SVV, without causing any off-target effect on normal cells that
highly express ANTXR2. Interestingly, these residues were found
to be among the key amino acids governing the striking difference
in PA-binding affinities between ANTXR1 and ANTXR2 in pre-
vious studies (29).
Our findings reveal that the affinities of a mammalian virus

and a bacterial toxin to the same receptor are differentiated by
similar nonconserved regions at their virus-receptor– and toxin-
receptor–binding interfaces. Compared with other picornavi-
ruses currently investigated as potential oncolytic agents such as
poliovirus (30) and coxsackievirus (31), SVV has the valuable
advantage of a high-affinity cellular receptor that is also a widely
spread tumor marker. One major challenge in advancing SVV as
an oncolytic agent is the response of the patient’s immune re-
sponse. SVV is not a human pathogen. Therefore, there exists no
innate immunity in patients (6, 7). However, after 2–3 weeks
following virus administration, the host organism develops im-
munity, and the virus is cleared from the organism (6, 7). Hence,
it would be of major significance for future work to investigate
the interactions between SVV and neutralizing antibodies and to
identify key residues on the capsid surface involved in these in-
teractions. So far, the only information regarding SVV-antibody
interaction stems from the study of genetic variation of stock
pathogen SVV strains responsible for neonatal mortality and
vesicular lesions in pigs (3). In all of the different SVV strains

reported (3), the ANTXR1-binding site is highly conserved, except
for the E63T mutation on the BC loop of VP1. Of importance is
the ability of these strains to bypass recognition by neutralizing
monoclonal antibodies (3, 32). This observation suggests that the
ANTXR1-binding site on SVV may partially overlap with the
binding epitope of neutralizing antibodies. Future work will
involve investigating the interactions between SVV and neu-
tralizing antibodies to identify and mutate residues on the
capsid surface that interact with antibodies. Thus, the findings
from this study encourage the development of potent SVV mu-
tants in oncovirotherapy capable of evading the host immune re-
sponse, while retaining their ability to preferentially kill tumors.

Materials and Methods
Virus Production and Purification. SVV full capsids were purified according to
methods adapted from previously published protocols (2). Briefly, SCLC
H446wt cells (ATCC, HTB-171) were grown in Roswell Park Memorial In-
stitute medium (RPMI) 1640 (catalog no. 1851354; Gibco) supplemented with
10% (vol/vol) FBS and 1% (vol/vol) penicillin–streptomycin to !80% con-
fluency in eight T175 flasks. Cells were infected by replacing the existing
medium with RPMI medium 1640 containing 2% (vol/vol) FBS and plaque-
purified SVV stock at a multiplicity of infection of 1, followed by in-
cubation at 37 °C for 3 d. The detached cells after 3 d were treated with
0.05% (vol/vol) Triton !100 in RPMI 1640 for 30 min at room temperature
to permeabilize cell membranes. Thereafter, the cell suspension was trans-
ferred into 250-mL Nalgene bottles and centrifuged at 10,000 ! g for 30 min
at 4 °C. The resulting supernatant was transferred into six 38.5-mL open-top,
polypropylene tubes (catalog no. Z60105SCA; Beckman Coulter) and spun
down at 120,000 ! g for 1 h in a Beckman Coulter SW32Ti rotor at 4 °C. After
discarding the supernatant, the virus pellet was resuspended in CsCl purifi-
cation buffer (137 mM NaCl, 5 mM KCl, 25 mM Tris base, 0.8 mM NaH2PO4,
pH 7.4) overnight at 4 °C. Suspended virus was loaded onto a 1.38-g/mL
isopycnic CsCl gradient prepared in a 16.5-mL open-top polypropylene tube
(catalog no. Z60303SCA; Beckman Coulter) and centrifuged at 61,580 ! g for
18 h in a Beckman Coulter SW 32.1 Ti rotor at 22 °C. Viral bands were col-
lected and dialyzed against PBS buffer overnight at 4 °C. Final virus
concentration in dialyzed fraction was measured by a Qubit protein
concentration assay kit (catalog no. 1814929; Life Technologies). Samples
were stored at "80 °C until used.

SVV-ANTXR1 Interaction. The interaction between SVV and ANTXR1 was
carried out according to previously published protocols (9). In brief, SVV
purified from the previous step (0.2 mg/mL) was mixed with recombinant
human ANTXR1-Fc (1 mg/mL) (catalog no. 13367-H02H; Sino Biological) in
equal volumes. The virus-receptor mixture was incubated at 37 °C for 90 min,
followed by another 90 min incubation in an ice bath.

Cryo-EM Sample Preparation and Data Collection. Cryo-EM specimens were
prepared by applying 2.5–4.0 #L of SVV-ANTXR1 mixture from the above
step onto glow-discharged QF-1.2/1.3 grids (Quantifoil). Excess liquid was
blotted off on a Vitrobot IV (Thermo Fisher Scientific) at 100% humidity for
3 s with blot force 0, immediately followed by plunge-freezing the grid into
liquid ethane at liquid nitrogen temperature. Frozen grids were imaged at
73,000! magnification on a Talos Arctica cryo-transmission electron micro-
scope (Thermo Fisher Scientific) operating at 200 kV, with a Falcon III direct
electron detector (Thermo Fisher Scientific) in integrating mode at a dose
rate of 80 el/pixel/s. Images of grid areas with thin ice were recorded au-
tomatically following low-dose procedures with the EPU software (Thermo
Fisher Scientific) at a pixel size of 1.42 A! /pixel.

Image Processing and Single-Particle Analysis of the SVV-ANTXR1 Complex. A
total of 39 movie frames (each containing a dose of 1 el/A!2/frame) were
aligned, dose-weighted, and summed with MotionCor2 (33), resulting in a
total dose of 39 e"/A!2/image. Defocus estimation was performed with
Ctffind4 (34). Only micrographs with a good fit correlation to 4.0 A! were
used for single-particle analysis of the SVV-ANTXR1 complex. Manual par-
ticle selection was carried out in E2BOXER (35), yielding 7,457 single-particle
images. Subsequent 2D classification, 3D classification, and 3D refinement
were carried out with Relion 1.4 (36). Briefly, picked particles were extracted
with a box size of 420 pixels and were subjected to several rounds of reference-
free 2D classification. Good class averages were manually identified, and junk
particles were omitted. A selection of 6,782 good particles were subjected to
reference-based 3D classification by using a low-pass-filtered (50 A!) electron
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density map of the SVV crystal structure (PDB ID code 3CJI) as the initial 3D
model. The resulting experimental 3D model of the SVV-ANTXR1 complex
was further refined and postprocessed. Final overall resolution of the re-
construction was estimated as 3.8 A! between independently refined data sets
at a Fourier shell correlation of 0.143. A local resolution map was calculated
with Resmap (37).

Atomic Model Building and Refinement. The crystal structures of SVV (PDB ID
code 3CJI) and ANTXR1 (PDB ID code 3N2N) were used as starting models to
build the atomic model of the SVV-ANTXR1 complex. The aforementioned
crystal structures were fitted into the cryo-EMmap, firstmanually and then by
using the fitmap function of UCSF Chimera (38). One asymmetric unit and its
symmetry-related neighbors were selected and masked, and the surround-
ing map was excluded. Initial atomic coordinates were subjected to manual
rigid-body fitting into the segmented reconstruction with Coot (39). The
discrepancies between the atomic model and the cryo-EM map were further
minimized by subjecting the atomic model built with Coot to further re-
finement by Phenix (40) with the phenix.real_space_refine program. Model
refinement was carried out for five iterations until satisfactory model re-
finement statistics were obtained according to MolProbity (41). The model

was further validated by building independent atomic models for the two
half maps used in the 3D refinement and then comparing these models with
one another and with the atomic model built from the full map (14) (SI
Appendix, Fig. S2). Chimera and ChimeraX (42) were used as the primary
programs for visualization of structures and production of figures. The in-
teractions between SVV and ANTXR1 at the interface (SI Appendix, Fig. S5)
were elucidated using Chimera and JsPISA online server (www.ccp4.ac.uk/
pisa). Spherical projection of the receptor footprint on SVV was generated
using the program RIVEM (43).

Data Availability. The cryo-EM map of the SVV-ANTXR1 complex was de-
posited in the EMDataBank (EMDB) database under entry code 7772. Model
coordinates were uploaded to the Protein Data Bank with PDB access
code 6CX1.
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