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Abstract

An oncolytic virus (OV) based on poliovirus (PV), the highly attenuated polio-/rhinovirus
recombinant PVSRIPO, may deliver targeted inflammatory cancer cell killing; a principle that is
showing promise in clinical trials for recurrent glioblastoma (GBM). The two decisive factors in
PVSRIPO anti-tumor efficacy are selective cytotoxicity and its in situ immunogenic imprint.
While our work is focused on what constitutes PVSRIPO cancer cytotoxicity, we are also studying
how this engenders host immune responses that are vital to tumor regression. We hypothesize that
PVSRIPO cytotoxicity and immunogenicity are inextricably linked in essential, complimentary
roles that define the anti-neoplastic response. Herein we delineate mechanisms we unraveled to
decipher the basis for PVSRIPO cytotoxicity and its immunotherapeutic potential.

Introduction

Immunotherapy approaches that bolster immune effector responses against cancer have
gained traction after demonstrating significant clinical responses in several indications [1].
These therapies reverse tumor-induced blockades that skew inflammatory responses to favor
tumor expansion and persistence and thereby unmask the tumor to the host immune system.
Efficacious immunotherapy approaches rely upon the immune system’s ability to recognize
and react to the distress ligands and neo-antigens present in all cancer cells. Viruses offer a
unique advantage for immunologically ‘revealing’ tumors, having co-evolved with
mammalian immune systems for millennia and training our immune system to recognize and
kill infected and/or damaged cells.

OVs may recruit immune effector responses through a two-pronged mechanism: infecting
and directly lysing cancer cells while simultaneously activating inflammatory anti-viral
pathways (Figure 1). Among the major requisite attributes for OVs is documented affinity
and specificity for malignant tissue in patients. Our group has developed an attenuated
recombinant oncolytic PV that relies on a confluence of many factors to deliver
inflammatory cytotoxicity specifically to cancer cells (Figure 1). This strategy was inspired
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by founding work, demonstrating that replacement of the cognate PV internal ribosomal
entry site (IRES), essential for driving translation initiation at the P\ RNA genome, with
that of the human rhinovirus 2 (HRV2) completely abolishes the inherent, grim
neurovirulence of PV [2]. The recombinant, called PVSRIPO for PV (Sabin)-Rhinovirus
IRES PV Open reading frame, is derived from the (Sabin) live-attenuated type 1 vaccine
strain of PV [3]. PVSRIPO is currently being evaluated in a Phase-1 clinical trial against
recurrent GBM, where it has shown durable complete radiographic and clinical responses in
several patients [4]. Critical mediators of PVSRIPQO’s clinical efficacy are its uniquely
simple, swift and violent cytotoxicity and its unique relation to Mda5, an intriguing cytosolic
pattern recognition receptor (PRR) with a powerful immunogenic range [5] (Figure 1). We
are working fervently to identify mechanisms mediating both of these aspects of PVSRIPO
oncolytic immunotherapy, as they will likely open opportunities to broaden and enhance
clinical application.

The PV receptor CD155 in cancer

To be successful, OVs must have tropism for tumor tissue and/or stromal components,
usually determined by host cell surface entities (receptors) participating in virus attachment
and entry functions. PV tropism is exceedingly simple, because all attachment and entry
events are mediated by a single molecule, necessary and sufficient for PV host cell entry, the
Ig-superfamily cell adhesion molecule CD155 (a.k.a. PVR, Necl5) [6]. Although the
physiologic roles of CD155 remain poorly defined, its arguably most intriguing attribute is
near-universal ectopic upregulation in solid neoplasia [7]. This is certainly true for GBM [8],
as demonstrated in immunoblots from a panel of primary patient explant GBM
xenotransplantation lines with diverse molecular signatures (e.g. with regard to PTEN and
AKT status; Figure 2). CD155 has been shown to enhance cancer cell motility and
invasiveness [9], regulate NK cell activity [10], and become transcriptionally up-regulated
during DNA damage signaling [11]. It is plausible that near-ubiquitous CD155 expression in
cancer is due to selective pressure from one or more of these functions.

Of interest, e.g. in the context of GBM where macrophages and myeloid-derived suppressor
cells (MDSCs) comprise a significant portion of tumors, CD155 is also expressed on
antigen-presenting cells (APCs; explaining its designation as a cluster of differentiation
molecule; [12,13]; Figure 1). Wild-type PV infection of these cells leads to their pro-
inflammatory activation and facilitates antigen presentation/immune effector functions [13].
We confirmed these findings for PVSRIPO and are working to assess how APC infection by
PVSRIPO may contribute to antitumor efficacy in murine models.

Upon binding CD155, the PV capsid undergoes a conformational expansion, extruding the
myristoylated capsid protein VP4 and externalizing the N-terminus of VP1. These events
may enable association of the disintegrating viral capsid with the cell membrane and
mediated trans-membrane cytosolic transfer of the viral RNA genome [14]. Once arrived
within the cytoplasm, viral RNA genomes are immediately translated, initiating the next
important step in mediating oncolytic efficacy.
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PVSRIPO targets neoplasia-specific conditions for translation initiation

In addition to expression of CD155 in cancerous cells, PVSRIPO cytotoxicity and
inflammation is specific to cancer cells due to advantages for unorthodox, alternative
translation initiation employed by PV (and all picornaviruses). In essence, PV is a
sophisticated mechanism to propagate a highly toxic mRNA. The PVSRIPO +strand RNA
genome, ~7.3Kb in length, is 5’ tethered to a viral protein (\VPg) in lieu of the canonical 5’ 7-
methyl-guanosine (m’G) cap on eukaryotic mRNAs [15,16]. Approximately 7.5% of the
genetically extremely austere viral RNA is devoted to a structurally complex 5’ UTR
element mediating m’G-cap-independent translation initiation: the IRES. Exemplified by the
live-attenuated PV (Sabin) vaccines, it is clear that the IRES is a major factor in PV
neuropathogenicity. The Sabin serotypes each carry critical attenuating point mutations in
stem-loop domain V of the IRES [nt positions 480 (type 1); 481 (type 2); 472 (type 3)] [17].
These affect an IRES region coordinating assembly and/or function of ribonucleoprotein
complexes (RNPs) containing canonical translation factors (eukaryotic initiation factor (elF)
4G, elF4A, elF4B; [18,19]) and, possibly, accessory IRES trans-acting factors (ITAFs; e.g.
poly(rC) binding protein 2 (PCBP2); Ser-Arg (SR) rich protein 20 (SRp20); [18-22])
[23,24]. The IRES RNP recruits 40S ribosomal subunits (e.g. via elF4G and elF3; or -
alternatively- via a mechanism involving ITAFs) and the Sabin point mutations likely
disrupt IRES structure, the IRES RNP, or dynamic events in ribosome recruitment in ways
that interfere with this process specifically in neurons [18,23-25].

We believe that the unprecedented, profound neuro-attenuation of PVSRIPO [26] with
retention of full IRES competence in malignant cells [27] is due to combination of both (i)
neuron-specific functional deficits of the HRV2 IRES; and (ii) globally permissive
conditions for m’G-cap-independent translation initiation in cancer, including initiation at
the HRV2 IRES. With regard to (i): we identified a neuron-specific IRES RNP that, due to
interactions with host RNA-binding proteins, is incompatible with ribosome recruitment at
the HRV2 IRES [28-30]. The double stranded RNA binding protein 76 (DRBP76; a.k.a.
NF90) displays fundamentally distinct isoform expression, subcellular partitioning and, thus,
RNA-binding properties in normal neuronal cells compared to malignancies [30]. In
neuronal cells, DRBP76 is predominantly cytoplasmic [30]. It associates with the HRV2
IRES in such cells [28] and interferes with PVSRIPO ribosome recruitment [29]. In fact,
DRBP76 has been reported to act as an RNA-binding protein with broad antiviral properties,
precisely due to its (potential) roles in translation control [31]. In neoplastic cells, DRBP76
is restricted to the nuclear compartment, excluding it as a factor in PVSRIPO translation
[30].

With regard to (ii): the absence of cytoplasmic DRBP76 in neoplastic cells suggests that
there may be fewer obstacles to viral IRES competence in such cells. Rather then just
tolerating viral translation, our studies indicate that neoplastic cells exhibit relaxed
conditions for translation initiation that actually favor viral, m’G-cap independent
translation. This is due to broadly de-regulated mitogenic signal transduction cascades that
converge on translation machinery. For example, oncogenic H-Ras transduction of neuron-
like HEK293 cells, which are resistant to PVSRIPO translation and cytotoxicity [32], fully
restores HRV2 IRES competence and PVSRIPO translation/propagation [33]. This effect is
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in large part due to the activation of the downstream ERK1/2 substrate, MAPK-interacting
kinase (MNK) [33]. MNK is mainly known for phosphorylation of its signature substrate,
the m’G-cap-binding protein elF4E [34,35], but the functional consequences of this event
for translation control remains obscure. We recently identified a novel connection between
MNK and mTOR signaling, that has profound implications for the homeostatic balance of
mitogenic signaling in cancer cells and is liable to exert important influence on post-
transcriptional gene regulatory systems, e.g. translation control [23,24]. We believe that our
observations explain the remarkably specific and efficient translation, propagation and
cytotoxicity of PVSRIPO in malignant cells [4]. We found that a major effect of ERK1/2-
MNK signaling is to temper (potentially toxic) runaway AKT activity via stimulation of
mTORC1/concomitant repression of mMTORC2 (the kinase for AKT(S473); [36]) [24]. This
balancing between Ras-MEK-ERK1/2 and PI3K-AKT signaling, centered on the functions
of MNK, relieves constitutive AKT-mediated activation of the Ser-Arg rich protein kinase
(SRPK) to enhance PVSRIPO IRES-mediated translation and cytotoxicity [24]. Indeed, in
vivo studies using a GBM xenograft model revealed that upstream AKT inhibition (with
PI3K inhibitors) enhances tumor regression when combined with PVSRIPO [33]. While the
mechanism by which SRPK activity restricts viral translation is currently under
investigation, it is likely that nucleo-cytoplasmic shuttling SR proteins, principal substrates
of SRPK, play a role. One SR protein in particular, SRp20, is a confirmed ITAF [20]. We
hypothesize that active SRPK-mediated phosphorylation of SRp20 (or other SR proteins)
may favor cytoplasmic accumulation and translation involvement of shuttling SR proteins, a
scenario that was documented for the shuttling SR protein ASF/SF2 [37]. In cancerous cells,
SRPK activity/SRp20 phosphorylation occurs at an equilibrium that facilitates IRES
mediated translation [24]. Of course it is likely that other events converging on translation
machinery in transformed cells, e.g. those affecting elF4G and its many binding partners in
the translation initiation scaffold, also play a role in enabling unfettered PVSRIPO
translation competence.

Future perspectives

To fully grasp the immunotherapeutic potential of PVSRIPO oncolysis, we have developed
robust syngeneic murine models of GBM and other cancer types. These models will enable
us discern how immunological events shape PVSRIPO cancer immunotherapy (see Figure
1) and to build a platform to test how PVSRIPO therapy may be broadened, enhanced or
optimized. While another oncolytic PV construct was shown to produce efficacious anti-
tumor CD8 T cell responses in a syngeneic murine cancer model [38], resolving issues such
as: (i) does PVSRIPO oncolytic efficacy entirely rely on such responses? (ii) what is the
mechanism linking viral cytotoxicity and innate anti-viral immunity to the adaptive anti-
tumor immune response? (iii) are there tumor-specific or patient-specific determinants for
efficacy? are of high priority.

Although the exact host immune response to PVSRIPO oncolysis in patients remains
unclear, we hypothesize that the multiplex direct viral effects on the host cell and the host
innate anti-viral defense conspire to engage effector antitumor immune responses directed
against the target tumor (Figure 1). Of particular interest in this context is recent insight that
implicate PV-related enteroviruses (Coxsackie B viruses), their cytotoxic effects on
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pancreatic insulin-producing beta cells, and their relation to Mda5 and the innate anti-viral
interferon response, in the pathogenesis of type 1 diabetes [39,40]. In this scenario, a
convergence of targeted enteroviral cytotoxicity and Mda5 engagement result in recruiting
cytotoxic T cell responses against beta cell antigens [41]. The immunogenic potential
implicit in such enterovirus-induced autoimmune pathogenesis is evident as the power to
breach self-tolerance, a property most desirable for overcoming the notorious suppression of
immune effector responses inherent to cancer.

Conclusions

Our approach of using an attenuated PV recombinant for the treatment of cancer was
founded on the exquisite specificity of the virus for malignancy, both tumor cells and
stromal APCs. This begins at the earliest stage with the virus’ relation to its receptor
(CD155), continues with factors that govern IRES competence in cancerous cells and
(simultaneously) engage the cytosolic pattern recognition receptor MDAS. Perhaps the most
exciting answers on how PVSRIPO efficacy is achieved will come from future studies
focused on identifying the role(s) of the host immune system’s response to loco-regional
virus tumor cell killing and inflammation. Defining such roles is of utmost importance,
because it will guide future efforts to optimize OV therapy in the clinic and extend the
clinical spectrum of indications suitable to intervention with PVSRIPO.
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Hypothetical model of PVSRIPO oncolytic immunotherapy mechanisms. A combination of
(left) direct viral tumor cytotoxicity and engagement of Mdab/the anti-viral IFN response;
and (middle) PVSRIPO non-lethal infection and pro-inflammatory stimulation of tumor-
associated macrophages (TAM) and/or dendritic cells; (right) recruits immune effector
responses directed against tumor neo-antigens.
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Figure 2.
CD155 expression is common in GBM. Primary patient explant GBM xenografts (passaged

exclusively in mice) were harvested and lysed for immunoblot analysis. CD155 (variable
electrophoretic mobility is due to distinct glycosylation patterns); PTEN; p-AKT(S473) and
(T308); and GAPDH were analyzed by immunaoblot.
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