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Abstract

Mechanisms to elicit antiviral immunity, a natural host response to viral pathogen challenge, are of 

imminent relevance to cancer immunotherapy. ‘Oncolytic’ viruses, naturally existing or 

genetically engineered viral agents with cell type-specific propagation in malignant cells, were 

ostensibly conceived for their tumor cytotoxic properties. Yet, their true therapeutic value may rest 

in their ability to provoke antiviral signals that engage antitumor immune responses within the 

immunosuppressive tumor microenvironment. Coopting such ‘oncolytic’ viral agents to instigate 

antitumor immunity is not an easy feat. During co-evolution with their hosts, viruses acquired 

sophisticated strategies to block inflammatory signals, intercept innate antiviral interferon 

responses and prevent antiviral effector responses, e.g. by interfering with antigen presentation and 

T cell costimulation. The resulting struggle of host innate inflammatory and antiviral responses vs. 

viral immune evasion and suppression, determines the potential for antitumor immunity to occur. 

Moreover, paradigms of early host:virus relations established in normal immunocompetent 

organisms may not hold in the profoundly immunosuppressive tumor microenvironment. In this 

review, we explain the mechanisms of recombinant non-pathogenic poliovirus, PVSRIPO, which 

is currently in Phase-1 clinical trials against recurrent glioblastoma. We focus on an unusual 

host:virus relationship, defined by the simple and cytotoxic replication strategy of poliovirus, 

which generates inflammatory perturbations conducive to tumor antigen-specific immune priming.
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INTRODUCTION

Viruses, from a clinical translational perspective, are exceedingly complex biological agents, 

that unfold a range of disparate activities in their target tissues. The much-touted ability of 

many viruses to attach to, enter, replicate in, and kill high-passage clonal cancer cell lines in 
vitro often yields efficacy in immunocompromised rodent tumor models. These properties, 

embodied in the adjective ‘oncolytic’, do not constitute a sufficient rationale for clinical 

application. Rather, it is the full range of virus:host relations that determine the response to 

tumor targeting with viruses. Naturally, this range is not limited to unilateral (‘oncolytic’) 

viral tumor cytopathogenicity, but encompasses an elaborate, multilayered relationship with 

the host’s immune system. First and foremost, viruses administered to cancer patients 

encounter an onslaught of innate antiviral and host inflammatory processes that determine 

the virus’ fate and define the potential for therapeutic outcomes. The central questions 

addressed in this review are: (1) can safe viral agents be derived, whose range of actions is 

not thwarted by the innate antiviral response; and (2) can the interplay between viral tumor 

cytotoxicity and the resulting innate host inflammatory response generate conditions 

conducive to provoking antitumor immunity?

This review centers on PVSRIPO, the live attenuated (Sabin) type 1 poliovirus vaccine 

containing a foreign internal ribosomal entry site (IRES) of human rhinovirus type 2 (1). 

This IRES substitution in PVSRIPO is associated with profound neuro-attenuation, manifest 

as the inability of PVSRIPO to cause polio- or meningo-encephalomyelitis after 

intracerebral inoculation in old-world primates that serve as WHO-standard model 

organisms for studies of poliovirus neurovirulence (2), or in human subjects (3). This 

constitutes the basis for PVSRIPO biosafety. The primary rationale for pursuing PVSRIPO 

for clinical application is poliovirus’ intriguing tropism for CD155, an immune checkpoint 

molecule virtually universally expressed in malignant cells of solid neoplasia, as well as in 

myeloid and endothelial cells (4). Enteroviruses (poliovirus is their flagship member) have a 

peculiar, unusually simple relationship with the host innate antiviral interferon (IFN) 

response system. We believe that this is a decisive factor in the immunogenic mechanisms of 

PVSRIPO (5). Lastly, tumor infection with PVSRIPO elicits a range of acute inflammatory 

events leading to profuse immune cell invasion, resulting in an immune-engaged tumor 

microenvironment. These events resemble classic cascades of the inflammatory response to 

pathogen challenge and are highly desirable in the cancer immunotherapy context (6).

SAFETY OF THE RECOMBINANT POLIO:RHINOVIRUS CHIMERA, PVSRIPO

In humans, productive poliovirus replication is restricted to two sites: the gastrointestinal 

tract and its associated lymphatic structures, and medullary/spinal cord motor neurons (7, 8). 

These reservoirs for poliovirus propagation coincide with CD155 expression (9, 10). 

Poliovirus propagation in the gastrointestinal tract does not produce overt enteric pathology 

and is generally clinically silent; tropism for lower motor neurons is the reason for the 

pathognomonic signature of poliovirus -paralytic poliomyelitis- and an obvious grave 

concern for biosafety considerations.
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Therefore, clinically safe, replication-competent polioviruses require complete ablation of 

their neurovirulent potential. The desirable safety characteristics for an ‘oncolytic’ 

poliovirus construct essentially are identical to the demands on a safe live-attenuated 

poliovirus vaccine: (1) retain undiminished propagation in neoplastic cells (or mitotically 

active gastrointestinal epithelial cells); (2) high level of intrinsic neuro-attenuation; (3) 

stability of the neuro-attenuated genotype. Neuro-attenuation of poliovirus has been 

famously achieved with the Sabin vaccine strains, which attain at least 2 of these 3 desirable 

characteristics (11). The poliovirus (Sabin) vaccines were derived through variable passage 

in diverse explant cell cultures of several old-world primate species and/or through selection 

with non-human primate neurovirulence testing (12). Sequencing of their genomes revealed 

a major safety mechanism of each of the 3 Sabin vaccine strains: single point mutations in a 

critical area of the viral IRES [stem loop domain V; (13)]. Incidences of poliovirus (Sabin) 

vaccine-associated poliomyelitis in vaccine recipients are associated with genetic reversion 

of these single point IRES mutations to the wild type sequence (14, 15).

The IRES is a highly structured, essential ~480 nucleotide (nt) feature in the 5′ untranslated 

region of the polioviral genome, responsible for attracting host translation factors and, thus, 

ribosomes to viral RNA (16, 17). Stem loop domain V, harboring all 3 attenuating poliovirus 

(Sabin) IRES point mutations, is the main structure involved in recruiting the ‘ribosome-

adaptor’ of the mammalian translation apparatus, the translation initiation helicase 

composed of eukaryotic initiation factors 4G (eIF4G):eIF4A:eIF4B (18, 19). Neuro-

attenuation of the poliovirus (Sabin) vaccine strains likely is due to cell type-specific defects 

in recruiting eIF4G:4A:4B and, hence, ribosomes in neurons (18–20). The extreme genetic 

austerity of poliovirus (a genome of ~7,400 nt encodes for 7 non-structural proteins involved 

in RNA replication) is the reason for an exceedingly simple life cycle. Poliovirus:host 

relations are shaped by the virus’ ability to direct protein synthesis at incoming genomes 

immediately upon host cell entry. Therefore, the capacity for instantly recruiting ribosomes 

to incoming viral RNA dictates all subsequent steps in the virus life cycle and explains the 

neuro-attenuation phenotype achieved by single IRES point mutations in the poliovirus 

(Sabin) vaccines.

In PVSRIPO, instead of the single attenuating point mutation at nt 480 in stem loop domain 

V of the IRES of its precursor poliovirus type 1 (Sabin), the entire IRES is swapped with its 

counterpart from human rhinovirus type 2. Compared to poliovirus type 1 (Sabin), this 

improves one and adds the 3rd demand on a safe, replication-competent poliovirus: (1) 

PVSRIPO retains high cytolytic potential in mitotically active cells, e.g. neoplastic cells, due 

to unhinged protein kinase C (PKC)-Raf-ERK1/2-MNK signaling to protein synthesis 

machinery (21–27); (2) the genetic footprint for neuro-attenuation is much sturdier and 

mediates an elevated level of ‘neuronal incompetence’ (28–31); (3) PVSRIPO exhibits 

genetic stability upon serial propagation, e.g. in intended target tissues for PVSRIPO (29) or 

during manufacturing through serial passage in Vero (Chlorocebus Sabaeus kidney) cells. 

The reason for PVSRIPO’s improved genetic stability is the distinct origin of its IRES. The 

type 1 poliovirus (Sabin) IRES acquired its artificial point mutation after selection in tissue 

culture/non-human primates (the reason for this is unknown); this mutation does not occur in 

circulating wild-type poliovirus strains, i.e. it has been selected against through thousands of 

years of poliovirus:human co-speciation and co-evolution. Thus, it represents an artificially 
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imposed impediment to viral fitness that is subject to reversion. In contrast, PVSRIPO 

contains the intact, fully functional, evolutionarily optimized IRES of human rhinovirus type 

2. The rhinoviral IRES in PVSRIPO functions precisely as it has evolved to, whereas the 

Sabin IRESes represent artificial, ‘tainted’ versions of their ideal form.

TARGETING THE CD155 IMMUNE CHECKPOINT

Of all aspects dictating the virus:host relationship, few are more important than those that 

determine host cell type-specific tropism, i.e. host cell receptors mediating viral attachment 

and entry. This is true for the subject of this review, poliovirus, whose status as one of the 

great scourges of humanity is due to its receptor choice. The limitations imposed on viruses 

by their target tropism inherently restrict their potential clinical utility, as viruses evolved to 

target host cell receptors in their preferred replication sites in their host’s organism rather 

than neoplastic disease.

Given the role of receptor specificity in determining host:virus interactions, it is intuitive that 

tropism is critical when attempting to target malignancy with viruses. The poliovirus 

receptor [PVR (32); a.k.a. Nectin-like molecule 5 (Necl5) (4); CD155 (33)] was discovered 

through a monoclonal antibody that blocks poliovirus infection of HeLa cells (34). CD155 is 

necessary and sufficient to convey susceptibility to poliovirus (32). Only humans and old-

world primates express a functional poliovirus receptor and are susceptible to paralytic 

poliomyelitis (Chimpanzees are more susceptible than old world primate species that are 

phylogenetically more distant to humans); resistance of new world non-human primate 

species to poliovirus was linked to sequence differences in their CD155 gene (35). In 

addition to defining the essentially human-only host range, CD155 is the principal 

determinant of poliovirus’ tightly restricted tissue and cell tropism in the gastrointestinal 

tract and its associated lymphatic structure and in lower motor neurons (7, 8). In addition to 

these sites of active poliovirus propagation, CD155 was detected on cells of monocytic 

lineage (monocytes, macrophages, dendritic cells) (36–38) and on endothelial cells (39, 40). 

Both, monocytic lineage and endothelial cells are susceptible to poliovirus infection in vitro, 

but likely are not significant reservoirs for viral propagation in vivo. For example, studies in 

CD155-transgenic mice revealed high levels of CD155 expression in kidneys (41), likely due 

to the large endothelial compartment in this organ; yet, there is no poliovirus replication in 

the kidneys of CD155-transgenic mice, or infected chimpanzees (7, 8). A potential function 

for monocytic-lineage cell infection for poliovirus susceptibility or in the pathogenesis of 

paralytic poliomyelitis is unknown. Infection of CNS endothelial cells may facilitate 

crossing of the blood-brain-barrier and may be a prelude to CNS invasion (42).

Amongst its relatives within the nectin/nectin-like family of cell adhesion molecules, CD155 

stands out because of its intricate relation with cancer (4). CD155 expression is high in 

virtually all solid neoplasias (4), except Burkitt lymphoma, where CD155 is transcriptionally 

silenced, possibly due to Epstein Barr virus infection (43). We recently described validation 

of an immunohistochemistry protocol for reliable detection of CD155 expression in 

formaldehyde-fixed, paraffin-embedded tumor tissue sections [in glioblastoma; (9)]. 

Utilization of this assay in 19 samples of triple-negative breast cancer is shown in Figure 1. 

The mechanisms underlying CD155 upregulation in neoplasia are poorly understood, but 
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have been linked to disruption of normal tissue architecture (44) or the DNA damage 

response (45). CD155 recently emerged as an immune checkpoint, due to its high-affinity 

binding to T cell immunoreceptor with Ig and ITIM domains (TIGIT) on natural killer- and 

T cells; its poorly understood physiological roles therefore may involve modulation of the 

immune response (46–50). Broadly upregulated CD155 expression in solid neoplasia means 

that neoplastic cells in such lesions are susceptible to PVSRIPO infection. While CD155 

expression is categorically required for mediating tumor cell susceptibility to PVSRIPO, 

CD155 expression levels may not influence targeting by PVSRIPO (9), as the number of 

receptors required for productive infection of host cells likely is extremely low (51).

THE INNATE ANTIVIRAL RESPONSE

Arguably, the most important first line of host defense against virus infection is the innate 

antiviral interferon (IFN) response (52). The appearance of viral signatures engages pattern 

recognition receptors, which activate a signaling network that results in transcriptional 

induction of type 1 IFNs (53). Type 1 IFNs, through autocrine and paracrine effects 

[mediated via the type 1 IFN receptor (IFNAR) and downstream JAK-STAT signaling 

cascades], set up an anti-viral state characterized by the induction of IFN-stimulated genes 

(ISG) (54).

Preclinical investigations of viral cancer-targeting agents frequently involve clonal high-

passage cancer cell lines that either cannot produce or sense a type 1 IFN response, e.g. due 

to loss of expression of type 1 IFNs or IFNAR. This choice has been justified with claims 

that such phenotypes may epitomize the malignant state (55). There is much empirical 

evidence that refutes these -largely unsubstantiated- claims. Loss of type 1 IFN 

expression/IFN responsiveness is a well-known effect of tissue culture, even in non-

cancerous cells. The Vero cell line, immortalized (non-transformed) Chlorocebus Sabaeus 
kidney cells, is a staple of viral vaccine manufacture (56). Vero cells cannot mount type 1 

IFN responses upon virus infection (57), because they lost the type 1 IFN gene cluster 

during serial passage in tissue culture (58). Therefore, it cannot be assumed that high-

passage clonal cancer cell lines accurately represent the IFN status of their tissue of origin.

The catastrophic genetic heterogeneity of advanced, treatment-refractory cancers likely gives 

rise to subsets of tumor cells where the integrity of genes involved in the innate antiviral IFN 

response is lost. However, claiming the loss of IFN ‘competence’ as a defining characteristic 

of the malignant state is a gross misrepresentation. This is borne out in studies of the innate 

antiviral IFN response in primary explant patient tumor cells, prior to extended passage in 

tissue culture, e.g. in glioblastoma (59). Also, even many clonal high-passage cancer cell 

lines frequently exhibit normal type I IFN responses upon virus infection. A case in point is 

the SUM149 triple negative inflammatory breast cancer cell line used in our studies (Fig. 2) 

(6).

The innate antiviral IFN response can represent a formidable barrier to achieving any 

biologically significant activities with viral agents, as it can thwart the infectious cascade 

prior to any such activities taking hold. However, inhibition or attenuation of antiviral IFN 

responses to overcome this barrier may not be therapeutically logical, as the immunotherapy 
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benefit of oncolytic viruses may depend on such IFN responses (60). With PVSRIPO, we 

are exploiting the unique and remarkable relative IFN insensitivity of poliovirus. Poliovirus 

infection can proceed to full cytopathogenicity, even in cells that were pre-treated with type 

1 IFNs and exhibit productive type 1 IFN responses (61). This is evident with PVSRIPO 

infection of SUM149 cells, where at multiplicities of infection of 0.1 (implying multiple 

rounds of infection in the culture in the presence of an active type 1 IFN response), complete 

cytolysis as indicated by eIF4G cleavage and decrease in total protein is achieved (Fig. 2) 

(6). As with other aspects of the poliovirus:host relationship, this phenotype is mostly due to 

the exceedingly simple (and cytotoxic) viral life cycle. The relative IFN-insensitivity 

phenotype of poliovirus was linked to the actions of a highly cytotoxic viral protease, 2Apro 

(61), which is responsible for cleavage of eIF4G in infected cells (Fig. 2) (62). Immediate 

early eIF4G cleavage upon poliovirus/PVSRIPO entry shuts off host protein synthesis, 

providing an enormous advantage to the virus, by eliminating host cell protein synthesis and 

favoring selective viral translation (62). This highly cytotoxic program can succeed in the 

presence of an active type 1 IFN response (61), explaining why with PVSRIPO, stimulation 

of the innate antiviral IFN response and tumor cell killing can occur in the same cell (Fig. 2). 

This means that upon PVSRIPO infection, the tumor cell proteome is released in the 

presence of potent pathogen-associated molecular patterns [PAMP; viral double-stranded 

RNA; (63)], danger-associated molecular patterns (DAMP) and an active type 1 IFN 

response (Fig. 2).

THE HOST INNATE INFLAMMATORY RESPONSE TO PVSRIPO TUMOR 

INFECTION

PVSRIPO must be inoculated intratumorally to unfold its range of activities leading up to 

antitumor immunity (64). Systemic administration of any tumor-targeting viral agent faces 

high hurdles, e.g. the blood brain barrier, circulating serum neutralizing antibodies, 

complement, a failure to reach the intended target and/or reach critical concentration in the 

intended target. Since all ‘oncolytic’ viruses are naturally devoid of pathogenicity or 

attenuated versions of pathogenic precursors, their ability to home to the intended target may 

be much reduced. After intratumoral virus administration: what are the host:virus 

interactions that determine the response to tumor infection?

As intimated above, the primary goal of oncolytic virus therapy is to generate new antitumor 

immune populations that persist after the virus is cleared from the host, thereby producing 

lasting antitumor immunity, capable of restricting tumor progression and distant metastatic 

lesions. Our empirical findings indicate that intratumoral infusion of PVSRIPO may elicit a 

highly intriguing mix of early innate antiviral activation, pro-inflammatory stimulation and 

immune cell invasion that may provide an ideal platform/context for generating antitumor 

immunity.

The initial cellular immune response to pathogen infection is mediated by neutrophils and 

macrophages, which directly destroy pathogens, kill pathogen-infected cells, and recruit 

antigen presenting cells and adaptive immune cells to generate anti-pathogen memory (65). 

Thus, phagocytes function not only as an effector arm of the immune system, but also a 
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critical mediator of adaptive immune responses. Therefore, towards the development of 

productive 8 antitumor immunity, the engagement and activation of phagocytes holds 

potential to elicit multilayered innate and adaptive responses.

In breast and prostate cancer xenotransplantation models, single intratumoral administration 

of PVSRIPO led to rapid production of chemokines and cytokines one day after therapy (6). 

Analysis of tumor immune infiltrates following therapy revealed rampant neutrophil influx 

1–2 days after treatment (Fig. 2) (6). This was reminiscent of immune cell infiltrations that 

had been described, but not defined, in earlier studies of PVSRIPO treatment in mouse 

xenotransplantation models with human malignant glioma models (27, 29, 66). Neutrophil 

tumor invasion was associated with the production of type I IFNs and markers of neutrophil 

activity including myeloperoxidase (MPO), H2O2, and inducible nitric oxid synthase (iNOS) 

(6).

Intriguingly, the response to PVSRIPO tumor infection was dominated by neutrophils and 

not macrophages; which may indicate a DAMP response (67), along with pro-inflammatory 

cytokines/chemokines that recruit neutrophils and induce endothelial adhesion proteins 

involved in leukocyte transendothelial migration. Indeed, several key chemokines known to 

recruit neutrophils (e.g. CCL3, CCL4, CCL5, CSF3, IL-6, etc.) were observed in PVSRIPO-

treated xenografts (6). The source of these cytokines is the subject of ongoing investigations; 

however, it is likely that tissue-resident macrophages and endothelial cells likely participate 

in neutrophil recruitment (68).

Neutrophil invasion in the respiratory tract is a hallmark of rhinovirus infection (69–74) (the 

histopathologic and inflammatory response to poliovirus infection in the gastrointestinal 

tract is unknown). Rhinoviruses and polioviruses are part of the Enterovirus genus in the 

Picornavirus family; the recombinant IRES in PVSRIPO is that of human rhinovirus type 2. 

Since neutrophil invasion of the respiratory tract occurs with natural infection, direct 

administration of large quantities of virus directly into tumors, as in our pre-clinical rodent 

tumor models (Fig. 2) (6), where susceptible host cells abound, may exacerbate the 

inflammatory response and neutrophil infiltration.

Such neutrophil engagement may lead to direct tumor cell killing via the release of cytotoxic 

proteins and reactive oxygen species as well as indirect killing through the production of 

TNF-α (6). Perhaps more importantly, neutrophils may be involved in mediating a transition 

to adaptive antitumor immunity following PVSRIPO therapy through the production of pro-

inflammatory cytokines (75).

CONCLUSIONS

Viruses could play a valuable role in cancer immunotherapy regimens in the future. This will 

require diverting focus away from attempts to maximize cytotoxicity in malignant cells, 

which defined the field for decades, and better efforts to refine our understanding of the 

host:virus immune interface. Intricate host innate antiviral response systems compete with 

elaborate immune evasion and suppression strategies adopted by viruses to out-smart their 

hosts. Developing efficacious viral cancer immunotherapy approaches will only be possible 
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when fully taking this complexity into account. In the emerging cancer immunotherapy 

landscape, viral targeting strategies likely will need to be combined with other modalities. 

Immunogenic mechanisms outlined in this review, e.g. eliciting type 1 IFN responses in 

infected cancer cells, or recruiting immune cell invasion into notoriously immunologically 

‘cold’ neoplasias, are sought-after principles with broad appeal for combination with other 

forms of immunotherapy.
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Figure 1. 
Immunohistochemistry for the PV receptor (CD155) in 19 triple-negative breast cancer 

cases. For methods and detailed information on the assay, expression scoring, etc. see 

Chandramohan et al. (9). The table summarizes expression scores in the 19 cases. The 

numbered panels show IHC results for the corresponding cases in the table. Size bars 

represent 1 mm (7, 14) or 100 μm (4, 8, 10, 17).
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Figure 2. 
PVSRIPO replication induces type I IFN responses and profound neutrophil invasion in a 

breast cancer xenotransplantation model (SUM149) (6). A. Infection of SUM149 (triple 

negative breast cancer) cells with PVSRIPO at a multiplicity of infection (MOI) of 0.1 

causes prototypical signs of active viral translation (viral proteins 2BC/2C), viral 

cytopathogenic damage (eIF4G cleavage), and the type 1 IFN response (induction of ISGs 

IFIT1 and ISG15). At later intervals post infection (72 hrs), there is global loss of the 

proteome (see the GAPDH loading control) due to sweeping destruction of cancer cells. B–
E. Immunohistochemistry for CD11b, a marker of myeloid cells, in SUM149 

xenotransplanted tumors in athymic mice. These cells were determined to be largely 

neutrophils via flow cytometry [CD11b+, F4/80 negative, Ly6C+, Ly6G+ (6)]. Tumors in 

mock-treated animals (B; see detail at higher magnification in D) contain minimal neutrophil 

infiltrates. In contrast, PVSRIPO-treated tumors exhibit massive neutrophil invasion (C; see 

detail at higher magnification in E). For methods and detailed information on the assay, the 

xenotransplantation model, etc. see Holl et al. (6). Size bars represent 500 μm (B, C) or 100 

μm (D, E).
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