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Abstract: Cells are continually exposed to stressful events, which are overcome by the activation
of a number of genetic pathways. The integrated stress response (ISR) is a large component of
the overall cellular response to stress, which ultimately functions through the phosphorylation of
the alpha subunit of eukaryotic initiation factor-2 (eIF2x) to inhibit the energy-taxing process of
translation. This response is instrumental in the inhibition of viral infection and contributes to
evolution in viruses. Mammalian orthoreovirus (MRV), an oncolytic virus that has shown promise in
over 30 phase I-III clinical trials, has been shown to induce multiple arms within the ISR pathway,
but it successfully evades, modulates, or subverts each cellular attempt to inhibit viral translation.
MRV has not yet received Food and Drug Administration (FDA) approval for general use in the clinic;
therefore, researchers continue to study virus interactions with host cells to identify circumstances
where MRV effectiveness in tumor killing can be improved. In this review, we will discuss the ISR,
MRV modulation of the ISR, and discuss ways in which MRV interaction with the ISR may increase
the effectiveness of cancer therapeutics whose modes of action are altered by the ISR.

Keywords: mammalian orthoreovirus; integrated stress response; elF2«; translation initiation;
stress granules

1. Introduction

The survival of every organism requires the inheritance of genetic information during
reproduction and the ability to adapt to more efficient replication in a changing environ-
ment. Since viruses are obligate intracellular parasites, this results in dynamic interactions
between viruses and their hosts. Both are subject to the law of natural selection, pitting
viruses and their hosts against one another as viruses evolve to better infect and replicate
within a host that evolves to more efficiently inhibit viral disease. This struggle between
the virus and the host contributes to the evolution we observe in both systems. In animals,
simple to complex antiviral responses have been identified that work to recognize and
inhibit virus replication and spread, while viruses have evolved counter measures to evade
and suppress host defenses. While the immune response is often credited with the full
task of protecting animals from viral infection, the role of the cellular stress response,
an essential first line of defense that is integral in slowing viral spread and alerting the
immune response to impending danger against viral pathogens, is frequently overlooked.
In order for viruses to successfully replicate, they need to evade, neutralize, or subvert the
stress response.

Mammalian orthoreovirus (MRV) is a double-stranded RNA (dsRNA) virus that
belongs to the family Reoviridae [1]. The virus contains 10 genome segments that encode
eight structural proteins (o1, 02, 03, ul, u2, Al, A2, and A3) and four nonstructural proteins
(o1s, oNS, uNS and puNSC) [1]. MRV attaches to cells via junction adhesion molecule-A
(JAM-A) and/or sialic acid on the surface of the cell and enters by clathrin-mediated
endocytosis [2,3]. Upon entry, the virus outermost capsid proteins are cleaved to activate
the viral membrane penetration protein ul, which pokes holes in the endosome and early
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lysosome for virus escape [4,5]. The intact viral core enters the cytoplasm and begins
transcribing the enclosed dsRNA to produce messenger RNAs (mRNAs) that are then
engaged by cellular machinery for primary rounds of translation [6]. Early viral protein
synthesis, including that of the factory matrix uNS protein, results in the formation of
inclusion bodies, called viral factories (VFs), where subsequent transcription, translation,
packaging, replication, and assembly occur [7-11]. MRV is generally considered a clinically
benign virus and therefore has been used as a model for the investigation of the structure,
function, and host interactions of members of the Reoviridae family of viruses for many
years. Within the past 20-25 years, MRV has also been investigated as an oncolytic, or
cancer-lysing, virus. While MRV was originally thought to primarily kill tumor cells
through direct lysis, further investigation in vitro, in preclinical, and in clinical trials has
shown that MRV infection of tumor cells elicits an antitumor immune response that is
thought to play a major role in the cancer-killing ability of the virus [12,13]. To date,
MRYV has been investigated in over 30 phase I-1II clinical trials against numerous cancers
(Table 1) [12,14], and it has shown to be (1) safe, as most reported side effects are considered
low-grade, flu-like symptoms, (2) tumor tropic, as most tumors contain replicating MRV
in intravenous administered patients, and (3) beneficial to varying degrees to numerous
patients with differing cancer types. Additionally, while MRV therapy has been shown to be
effective as a monotherapy, almost all phase II and III clinical trials have investigated MRV
therapy in combination with standard cancer therapies including chemotherapy, which
have been shown to work synergistically with MRV in vitro and in preclinical trials [15-18].
As MRV has progressed through clinical trials, it has become clear that not all tumors
are amenable to MRV therapy, even though the virus is able to infect and replicate in
greater than 80% of all tumors when given intravenously [19]. Therefore, it is important to
further study virus-host cell interactions to clarify genetic mutations and physiological
environments found in tumors that are most amenable to MRV therapy. In this review, we
will discuss MRV activation, modulation, and mechanisms employed to evade the cellular
integrated stress response (ISR).

Table 1. Summary of current (black), completed (green), and withdrawn (red) clinical trials listed on www.clinicaltrials.gov.

Cancer NCT Number Phase Treatment Specifically Inhibited
by ISR
Pelareorep /Reolysin/Reovirus o
Bladder NCT02723838 I Gemcitabine Gemcitabine: [20]
. . Cisplatin: [21,22]
Cisplatin
Bone and soft tissue NCT00503295 1I Pelareorep /Reolysin/Reovirus
NCT00528684 I Pelareorep /Reolysin/Reovirus
Brain . .
Pelareorep /Reolysin/Reovirus
NCT02444546 I GM-CSF
NCT01656538 il Pelareorep/Reolysin/Reovirus Paclitaxel: [23]
Paclitaxel
Pelareorep /Reolysin/Reovirus
Letrozole
NCT04102618 I Atezolizumab
Breast Trastuzumab
NCT04445844 I Pelareorep /Reolysin/Reovirus

Retifanlimab

Pelareorep /Reolysin/Reovirus
NCT04215146 1I Avelumab Paclitaxel: [23]
Paclitaxel
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Table 1. Cont.

Cancer

NCT Number

Phase

Treatment

Specifically Inhibited
by ISR

Colorectal

NCT01274624

Pelareorep /Reolysin/Reovirus
Irinotecan

Leucovorin

Fluorouracil

Bevacizumab

Fluorouracil: [24]

NCT01622543

1I

Pelareorep /Reolysin/Reovirus
Folfox
Bevacizumab

Head and neck

NCTO00753038

I

Pelareorep /Reolysin/Reovirus
Carboplatin
Paclitaxel

Paclitaxel: [23]

NCT01166542

1

Pelareorep /Reolysin/Reovirus
Carboplatin
Paclitaxel

Paclitaxel: [23]

Lung

NCTO01708993

I

Pelareorep /Reolysin/Reovirus
Pemetrexed
Docetaxel

Pemetrexed: [25]
Docetaxel: [26]

NCT00861627

I

Pelareorep /Reolysin/Reovirus
Carboplatin
Paclitaxel

Paclitaxel: [23]

NCT00998192

I

Pelareorep /Reolysin/Reovirus
Paclitaxel
Carboplatin

Paclitaxel: [23]

Melanoma

NCT00984464

II

Pelareorep /Reolysin/Reovirus
Carboplatin
Paclitaxel

Paclitaxel: [23]

NCT00651157

1I

Pelareorep /Reolysin/Reovirus

NCT03282188

/1

Pelareorep /Reolysin/Reovirus
GM-CSF

Myeloma

NCT01533194

Pelareorep /Reolysin/Reovirus

NCT02514382

Pelareorep /Reolysin/Reovirus
Bortezomib
Dexamethasone

Bortezomib: [27,28]

NCT03015922

Pelareorep /Reolysin/Reovirus
Lenalidomide
Pomalidomide

NCT02101944

Pelareorep /Reolysin/Reovirus
Carfilzomib
Dexamethasone

NCT03605719

Pelareorep /Reolysin/Reovirus
Carfilzomib

Dexamethasone

Nivolumab

Ovarian or fallopian

tube

NCT00602277

Pelareorep /Reolysin/Reovirus

NCT01199263

1I

Pelareorep /Reolysin/Reovirus
Paclitaxel

Paclitaxel: [23]
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Table 1. Cont.

Cancer

Specifically Inhibited

NCT Number Phase Treatment by ISR

Pancreatic

Pelareorep /Reolysin/Reovirus

Gemcitabine

Irinotecan Gemcitabine: [20]
Leucovorin Fluorouracil: [24]
Fluorouracil

Pembrolizumab

NCT02620423 I

Pelareorep /Reolysin/Reovirus

NCT00998322 II Gemcitabine

Pelareorep /Reolysin/Reovirus
NCT01280058 II Carboplatin Paclitaxel: [23]
Paclitaxel

Pelareorep /Reolysin/Reovirus

NCT03723915 1 Pembrolizumab

Prostate

Pelareorep /Reolysin/Reovirus
NCT01619813 1I Docetaxel, Docetaxel: [26]
Prednisone

Unspecified

Pelareorep /Reolysin/Reovirus

NCT01240538 I Cyclophosphamide

2. Integrated Stress Response

The ISR is a cellular process to recognize and respond to various stressors including
viral infection, hypoxia, nutrient deficiency, and amino acid deprivation [29-32]. While the
cell utilizes multiple stress pathways to recognize stress including the unfolded protein
response (UPR) and the heat shock response (HSR), the ISR is intertwined with these
responses and culminates in the inhibition of energy intensive protein translation [33].
When the cell experiences stress, four serine/threonine kinases—heme-regulated inhibitor
(HRI), general control non-depressible 2 (GCN2), protein kinase R (PKR), or PKR-like
endoplasmic reticulum kinase (PERK)—are activated via dimerization and autophospho-
rylation [34-37]. The activated kinases phosphorylate the alpha subunit of eukaryotic
initiation factor-2 (elF2c), resulting in near global translational inhibition as a way for the
cell to preserve energy and to direct the translation of select genes involved in assisting with
stress mitigation [38]. elF2« is the regulatory subunit of guanosine triphosphate hydrolase
(GTPase) elF2, which is a heterotrimer composed of elF2«, eIlF23, and elF2y [39]. elF2 is
part of the ternary complex that includes elF2, GTP, and the initiator methionine transfer
RNA (Met-tRNA;) and is essential for ribosomal scanning during translation initiation [40].
Before the translation of mRNA begins, the ternary complex binds the 40S ribosomal
subunit with initiation factors elF1, eIlF1A, elF3, and elF5 to form the 43S preinitiation
complex (PIC) (Figure 1) [41]. 43S PIC binds to the mRNA along with the elF4F complex
and elF4B, at which point it is referred to as the 485 PIC and is primed to begin scanning for
the AUG start codon. As the 485 complex moves along the mRNA, the ternary complex is
responsible for recognizing the AUG start codon in the appropriate context [42]. Once the
AUG is identified, elF5 functions as a GTPase catalytic protein enhancing elF2 hydrolysis
of bound guanosine triphosphate (GTP) to guanosine diphosphate (GDP) [43]. GTP hydrol-
ysis results in release of the inactive GDP-bound elF2. Then, elF5B facilitates the binding of
the 60S ribosomal subunit to the 40S ribosomal subunit, and the remaining initiation factors
are released [44]. The 80S ribosome is now positioned on the AUG and begins elongation
of the protein. Since translation initiation is a cyclic process, each of these proteins and
the ribosomal subunits are recycled and can be reutilized for translation initiation. For
ternary complex formation, GDP-bound elF2 must release and replace GDP for GTP, which
is a process that occurs slowly without the help of e[F2B—a guanine nucleotide exchange
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factor (GEF) [45]. elF2B is made up of two symmetrical and active copies of five subunits:
«, 3,8, v, and €. While elF2Be is the minimal active unit for GEF activity, the efficiency is
low and greatly increased upon the full assembly of elF2B [46]. In addition to eIF2 having
a higher affinity for GDP than GTP, elF5 remains bound to el[F2-GDP and inhibits GDP
dissociation to limit the spontaneous release of GDP and binding of GTP [45,47]. The
elF2« subunit facilitates binding to eIF2B into a productive or nonproductive confirmation.
elF2« specifically favors the productive confirmation where the eIlF2y subunit, which is
bound to GDP, sits within the elF2Be catalytic site [48] and the elF2« subunit sits within the
elF2Bo/ 3 /6 subunit, allowing the removal of eIF5 and exchange of GTP for GDP-bound
elF2 [46]. GTP-elF2 is now free to bind Met-tRNA; to form a new ternary complex that is
ready to bind the 40S ribosomal subunit and begin ribosomal scanning.

Translational

Inhibition
(2 bo

Met-tRNA,

PABP elF5.

\elFS’
=Dy
f

Amino acid Heme deficiency
deprivation Phosphate

dsRNA recognition Unfolded protein

W |
° WM @on

Figure 1. Phosphorylation of eukaryotic initiation factor-2 (eIF2«) results in translational inhibition.
Under normal conditions (bottom), the 40S ribosomal subunit and initiation factors elF1, elF1A,
elF3, elF4B, elF4F complex, and eIF5 come together along with the ternary complex (elF2, guanosine
triphosphate [GTP], and initiator methionine transfer RNA [Met-tRNA;}) to form the 48S preinitiation
complex (PIC). The 48S PIC begins scanning for the start codon, AUG, in the correct context, resulting
in GTP hydrolysis and elF2-GDP release along with the other initiation factors. The 60S subunit binds
with the 40S subunit and translation elongation begins. eIF2-GDP binds elF2B, which exchanges GDP
for GTP, allowing elF2-GTP to bind another Met-tRNA;, form the 485 PIC, and initiate translation
again. During stress, eIF2« is phosphorylated by elF2« kinases (general control non-depressible 2
(GCN2), protein kinase R (PKR), PKR-like endoplasmic reticulum kinase (PERK), or heme-regulated
inhibitor (HRI)), triggering elF2-GDP to get stuck binding elF2B within the nonproductive site,
inhibiting the exchange of GDP for GTP. The 48S PIC, missing ternary complex (485* PIC), cannot
initiate translation and becomes stuck at the 5" end (top), resulting in ribonucleoprotein complex
accumulation and stress granule formation.

During times of stress, the elF2« kinases (PKR, PERK, GCN, and HRI) are activated
and phosphorylate serine at amino acid 51 (551) of e[F2«, which alters binding to eIF2B.
Phosphorylated (P)-elF2«x is inhibited from binding eIF2B in the productive confirma-
tion and instead binds in a nonproductive confirmation in which elF2« is bound to the
elF2Boc/ 3 /b subunit, but within another location, and elF2y moves into close proximity
with the opposing elF2Be subunit (Figure 1) [46]. This not only inhibits the GEF activity of
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the bound elF2 protein, but it also prevents the binding of other elF2 proteins [49]. As elF2
is expressed in vast excess compared to elF2B [50], a small increase in the phosphorylation
of elF2« can efficiently inhibit all e[F2B activity. Subsequently, this inhibits GDP removal
from elF2, e[F2-Met-tRNA; binding and the formation of a ternary complex. Therefore,
when translation is initiated, the 48S PIC lacking the ternary complex (485* PIC) stalls
at the 5" end of the mRNA and cannot begin ribosomal scanning [51]. Ribosomes that
have already initiated and are undergoing elongation are unaffected and will continue to
translate until they fall off the RNA, ultimately resulting in the accumulation of RNAs with
one 48S* PIC stalled at the 5" end. These ribonucleoprotein (RNP) complexes, composed
of ribosomal subunits, initiation factors, and mRNA are quickly bound by RNA binding
proteins Ras-GAP SH3 domain-binding protein 1 and 2 (G3BP1 and G3BP2), T-cell intracel-
lular antigen 1 (TIA-1), and TIA-1 related protein (TIAR) to form nonmembrane bound
inclusions called stress granules (SGs) [52,53]. Stalled RNPs are stored in SGs until the
stress within the cell is alleviated.

Even when translation is inhibited, various regulatory processes direct select genes
that are necessary to alleviate or control stress to be preferentially translated [54]. While
the understanding of mechanisms by which genes are selected to be translated during
stress is incomplete, researchers have shown that SGs and upstream open reading frames
(uORFs) play key roles in this regulation [55-57]. As mentioned above, SGs accumulate
stalled RNPs, but they also act as a triage center, allowing specific genes to be translated,
degraded, or stored [56]. As SGs form, they are enriched in mRNAs and initiation factors,
and it has been suggested that select genes can experience increased translation through
the increased formation of initiation complexes in SGs [54,57]. In addition, SGs have also
been shown to specifically appropriate large mRNAs, while those that are smaller tend
to escape sequestration [58]. This control of release or exemption from sequestration and
selective translation may play a role in regulating protein synthesis under stress conditions
when SGs are present.

While stress-associated genes are translated preferentially during the stress response,
they are often translated at low levels during non-stress conditions. The presence of uORFs
ensures that some stress response genes are expressed only when cells are undergoing
stress. One of the most studied and best examples of this is within the gene encoding
activating transcription factor 4 (ATF4). The ATF4 protein functions as a transcriptional
activator that is responsible for the upregulation of many genes, such as C/EBP homologous
protein (CHOP) [59], growth arrest and DNA damage 34 (GADD34) [60], eIF4E binding
protein 1 (4E-BP1) [61], tRNA synthetases [62], and other proteins that play critical roles
in regulating the ISR [63]. The gene for ATF4 has one open reading frame (ORF) that
encodes the ATF4 protein, with two uORFs that are non-coding [63]. Under non-stressful
conditions, the translational machinery (inclusive of the ribosome and initiation factors)
initiates translation at the first uUORF and encounters a termination signal; however, the
40S ribosomal subunit reinitiates at the second uORF instead of releasing the mRNA. The
second uORF is out of frame with ATF4, and it elongates past the ATF4 encoding ORF,
until it encounters a stop codon. This process results in the translation of a non-functional
protein. When cells are under stress, the translation initiation factor elF2« is less available,
such that after initiation at the first uORF and termination, the ribosome moves past
the second uORF and instead reinitiates at the ATF4 encoding ORF. This combination
of initiation/reinitiation events results in the low expression of ATF4 in the absence of
stress, and high expression of the protein in the presence of stress [63]. Upon cellular
stress, ATF4 and other selectively translated proteins including transcription activators,
cell cycle inhibitors, nutrient transporters, tRNA synthetases, and P-elF2« inhibitors such
as GADD34 work together to adapt to the cellular stress and prepare the cell to return to a
normal state [64]. If the stress is maintained for an extended time, these proteins instead
direct the cell toward autophagy or apoptosis [65].

Together, the ISR works to mitigate the negative impacts of stress on the cell and
to return the cell back to normal. It does this through stress sensing by elF2« kinases,
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inhibition of ternary complex formation, and SG formation that results in the inhibition
of energy-consuming translation. In the context of viral infection-induced translation
inhibition, the sequestration of initiation factors to SGs, and induction of autophagy
and apoptosis limit the spread of virus throughout the host. Virus-induced stress also
inhibits viral spread further via cross talk between the stress response and the innate and
adaptive immune response. For example, PKR, P-elF2«, and ATF4 have been implicated in
promoting the production of type-I interferons (IFNs) and the pro-inflammatory interleukin-
6 (IL-6) [66]. Therefore, most viruses that successfully infect and replicate within hosts with
a stress response have evolved mechanisms to inhibit and /or subvert the ISR.

3. Mammalian Orthoreovirus and the ISR

Following binding and endocytosis, MRV is able to escape late endosomes or early
lysosomes as early as 1 h post-infection (h p.i.) and begin transcribing and translating
protein [67]. Most strains of MRV induce P-elF2x and SG formation within infected cells
by as early as 2 h p.i. [68], which is well before a substantial quantity of viral mRNA
can be translated. This poses a problem for the virus, as the inhibition of translation
should render the virus inert. However, MRV mRNAs manage to escape this cellular
attempt at translational shutoff and continue to be translated. Not only does the virus
mRNA escape the translational inhibition of P-elF2¢, but virus-induced cellular stress
appears to significantly increase MRV replication [69]. When the active S51 is mutated
to an alanine, rendering eIlF2o constitutively active in mouse embryonic fibroblasts and
preventing translation inhibition through the ISR [70], MRV replicates to lower titers than
in cells with phosphorylatable, wild-type elF2c [69]. Moreover, MRV also replicates to
lower titers in ATF4 knockout cells relative to cells with wild-type ATF4 [69]. In addition to
MRYV benefiting from virus-induced stress, a recent report also suggests that select stressors
given prior to virus infection increase MRV replication [71]. Finally, MRV infection itself
has been found to induce the expression of ATF4 and downstream effectors of the ISR [69].
This begs the question: how does the virus evade the effects of the ISR, and why would
stress be beneficial for the virus?

When MRV infects cells, at least two elF2«x kinases are activated, translation is inhib-
ited, and SGs form within the cell to sequester RNPs [68,69,72]. Virus recognition by the
antiviral PKR and ribonuclease L (RNAse L) proteins contribute to translational inhibition
observed in most strains of MRV, but at least one additional stress kinase is necessary for
the formation of SGs [68,73]. MRV induction of PKR activation is well documented, but
the exact mechanism by which the virus induces PKR is unknown. PKR recognizes and
becomes active by binding to dsRNA within the cytoplasm [74]. Since dsRNA is a product
of replication in RNA viruses, PKR can recognize virus infection and induce translation
shutoff. RNAse L is also activated as a result of dsRNA recognition [75]. However, since
MRV has been suggested to protect its dSRNA within the viral core throughout infection, it
has been difficult to explain the MRV induction of these pathways. More recently, PKR has
been shown to recognize structured single-stranded RNA (ssRNA) with dsRNA regions,
which might explain its activation during MRV infection [76].

The activation of more than one of the stress kinases is necessary for the formation
of SGs, as the deletion of any single kinase is not sufficient to prevent MRV induction of
SGs [68]. PKR is likely involved as it has been implicated in activating the ISR as described
above. PERK, an endoplasmic reticulum (ER) transmembrane protein that recognizes
unfolded protein and ER stress [77], is a second likely candidate stress kinase. MRV has
recently been shown to remodel and excise fragments from the ER [78], potentially to act
as a platform for viral replication. This remodeling and excising of the ER likely activates
PERK. Similar to downstream ISR targets el[F2x and ATF4, PERK knockout leads to a
slight inhibition of MRV replication in mouse embryonic fibroblast cells [69], supporting
the idea that the virus replicates to increased levels in cells where the ISR is intact. In
addition, a recent report found that MRV replicates to higher levels within in vitro models
of head and neck cancer in an ATF4-dependent manner in the presence of PERK inhibitor,



Viruses 2021, 13, 200

8 of 18

GSK2606414 [79]. In this same study, while GSK2606414 increased virus replication, PERK
knockdown was not beneficial for replication, suggesting that another effect of GSK2606414
is necessary for the observed increase in replication [79]. Together, these findings suggest
that an intact and activated ISR, including the downstream effects of P-e[F2«, ATF4, and
PERK benefits MRV replication. While less is known about MRV activation of HRI or
GCN2, sodium arsenite, a stressor leading to high levels of HRI activation, was shown to
increase virus replication when cells were pretreated or treated up to 2 h p.i. [71]. Whether
this is dependent on HRI activity is unclear as cellular heat shock, which also activates
HRI, does not significantly increase virus replication [71]. As for GCN2, a nonsignificant
decrease in ATF4 expression has been shown with GCN2 knockdown in MRV infected
cells [79], but further investigation is necessary to determine its relevance.

3.1. MRV Evades and Disrupts SGs

Once the ISR is activated, and translation is inhibited by P-elF2x and SGs, the virus
employs various methods to combat this inhibition. First, the virus interferes with SG
formation induced by infection. By 2 h p.i. SGs form, and shortly thereafter, viral core
particles are observed embedded within SGs [68]. Since viral mRNAs are transcribed
from within the core and are released from the A2 turrets [6], it is possible that the cellular
RNA binding proteins found in SGs bind to the exposed mRNA, resulting in viral core
sequestration in SGs. This is supported by evidence that transcription is required for the
association of the viral core and SGs [68]. Since SGs sort mRNA into groups to be translated,
stored, or degraded [56], it stands to reason that SGs may erroneously allow viral mRNA
to be translated. SGs are enriched with long mRNAs, on average 7 kB in length, while
those that are shorter or have short 3’ untranslated regions (UTRs) are more resistant to
SG sequestration [58]. Therefore, one possible mechanism of escape of MRV mRNAs from
SGs is that the relatively short MRV mRNAs are not highly enriched at SGs, unlike longer
mRNAs. The ten MRV genome segments: small (S) S14, medium (M) M1-3, and large
(L) L1-3, all produce mRNAs that are smaller than 4 kB long [1], suggesting the virus
mRNAs may overcome SG enrichment that other long mRNAs cannot. This may explain
why early during infection (2—4 h p.i.), the S (around 1.2 kB) and M (around 2.2 kB) genes
express large amounts of protein, while the larger L (around 4 kB) genes express very
little [80]. Expression of the L genes at around 4-6 h p.i. correlates well with the timing of
SG dissipation [68,80], suggesting that SG disruption may be beneficial for the expression
of the L genes.

As infection proceeds, SGs are disrupted, and MRV infection renders cells unable
to form SGs, even following treatment with strong stress-inducing drugs [81,82]. The
disruption of SGs during MRV infection requires virus gene expression, suggesting that
the virus actively prevents SG assembly [68]. While the mechanism by which MRV inhibits
SGs is not fully elucidated, SG disruption correlates with the formation of VFs [68], which
are inclusion bodies that form during infection where many of the processes of the virus
life cycle occur. VFs are primarily composed of the factory matrix protein pNS [7], the RNA
binding protein oNS [8], the virus core proteins 02, u2, A1, A2, and A3, and the assembled
core, and they are the site of viral transcription, translation, packaging, replication, and
assembly [7-11]. Early during infection, VFs can be observed in close proximity to SGs [83],
and it has been hypothesized that SGs may act as a platform or may contain a cellular
protein necessary for formation of VFs. While the SG could act as a platform for VF
formation, this does not seem to be a requirement as transfected cells expressing only uNS
form viral factory-like (VFL) structures in the absence of SGs [7]. Instead, it seems more
plausible that a cellular factor that is necessary for the formation of SGs and VFs is usurped
by the virus. This would explain why VF formation coincides with SG disruption and
why MRV replicates to higher titers in G3BP1/2 knockout human osteosarcoma U20S
cells, which cannot form SGs, compared to wild-type U20S cells [82]. Moreover, MRV
core VF proteins oNS and uNS are the only viral proteins necessary for SG disruption
and inhibition [82]. G3BP1 is a core effector protein necessary for SG assembly that has
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been shown to associate with oNS [82,84], which may enable MRV disassembly of the
SG. During infection, numerous SG-associated proteins including G3BP1/2, cytoplasmic
activation- and proliferation-associated protein 1 (caprinl), and ubiquitin-specific protease
10 (USP10) [82], and initiation factors and ribosomal subunits [11] are found around the
periphery and within VFs. Sequestering these SG-associated proteins to the VFs may
inhibit new SG formation, even in the presence of high levels of P-e[F2« [81]. Altogether,
the available data suggests that virus mRNAs evade SG-induced translation inhibition
and virus proteins disrupt SG formation, allowing MRV to escape the inhibitory effects of
this aspect of the ISR. However, elF2x phosphorylation is not inhibited in MRV-infected
cells [81], even when SGs are disrupted by MRV, and therefore, the virus also requires a
mode of escape against the translational inhibition generated by P-elF2c.

3.2. MRV Overcomes the Effects of P-eIF2«

To overcome P-elF2«x so that MRV genes are translated when cellular translation has
been effectively shut off as a result of the ISR, the virus must either sequester active ternary
complex or use an elF2-independent method for translation initiation. Several factors
necessary for translation initiation are localized to the periphery or within VFs, leading
to the hypothesis that the VF acts as a sheltered environment within the cell where viral
translation can continue even when there are high levels of P-e[F2«x [81]. Viral cores that
enter the cell and those that are made during the early stages of infection embed themselves
in VFs and transcribe viral mRNA [8]. Initiation factors elF4E, which binds the 5 cap,
and elF3A and elF3B, which make up the 43S PIC, can all be observed within or at the
periphery of VFs. Along with 40S and 60S ribosomal subunits and elongation factors, many
of the necessary factors are concentrated at the VF, suggesting that they may be exclusively
used for MRV specific translation [11,82]. Moreover, ribopuromycylation studies in MRV-
infected cells show active translation at the VF, strengthening this premise [11]. While elF2
has not been shown to be sequestered at the VF, it is possible that e[F2« is selectively and
locationally protected from phosphorylation, allowing an active ternary complex to form
specifically at the VE, even though global cellular levels of P-elF2«x are high. This hypothesis
piggybacks off the observation that the PKR inhibiting MRV protein, 03, is found localized
at the VF in most MRV strains [72]. 03 binds RNA and inhibits PKR activation and the
phosphorylation of elF2« [85,86]. Thus, PKR is suggested to not be active and elF2« is
not phosphorylated regionally near 03 localized VFs, whereas PKR remains active outside
the VF vicinity elsewhere in the cell. This hypothesis is strengthened when examining
03 localization in cells infected with the MRV viral strain T3DF, which does not induce
translation shutoff. The T3DF 03 protein is diffusely distributed throughout the cytoplasm
instead of being localized to the VF as seen in other strains, which is predicted to allow the
inhibition of PKR activation throughout the cell [72].

There is strong data supporting that VFs are the sites of viral translation, but the
possibility that they can shelter ternary complex protein elF2 from stress kinases is less
certain. The overarching problem with this hypothesis is that MRV induces high levels of P-
elF2o throughout infection while also producing massive amounts of viral proteins [80,81].
As stated above, elF2 is in vast excess compared to the GEF elF2B, which is needed for the
efficient exchange of GDP with GTP, and P-elF2« acts as a competitive inhibitor of eIF2B.
Therefore, even a slight increase in P-elF2« results in an almost complete inhibition of
elF2B. Even if VFs can shelter elF2o from being phosphorylated, once the ternary complex
completes its function in translation initiation, eI[F2cc will not be able to efficiently replace
GDP for GTP to become active and to continue initiating new rounds of translation. Thus,
for the virus to use elF2-dependent translation, it seems likely the virus may also employ a
mechanism to overcome elF2B inhibition.

One potential solution to this problem is if the virus encodes or induces an ISR
antagonist that can reverse the effects of P-elF2« inhibition on eIF2B function. Recently,
a small molecule ISR inhibitor (ISRIB) was identified that acts to stabilize assembled
elF2B [87,88]. As mentioned previously, eIF2B is composed of two copies of five subunits—
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«, 3,5, v, and e—that assemble to form the fully function elF2B. ISRIB is able to bind to and
stabilize the interaction between the two eIF2B% subunits that are part of the regulatory unit
composed of elF2Bx, elF2Bf3, and elF2B? [88,89]. An increased assembly of eIF2B results
in increased GEF activity, allowing for increased resistance to P-e[F2« [90]. If one of the
MRV proteins mimics ISRIB, we would expect that even with virus-induced P-elF2«, the
function of eIF2B would be enhanced, and translation could continue. Furthermore, since
most of the MRV proteins localize to VF, we might expect this increased elF2B assembly
and function to also localize around the VFs. Another possible solution to this problem
would be if MRV encoded a protein that is functionally similar to the AcP10 protein of
beluga whale coronavirus, which is a P-elF2o/elF2B inhibitor [91]. AcP10 specifically
binds to eIlF2B and inhibits P-elF2« binding, thereby allowing non-phosphorylated elF2«
to bind and GEF function to continue, effectively reversing the impact of P-el[F2«x even
when induced by high levels of stress via sodium arsenite [91]. Further investigation into
the function of MRV proteins will identify if the virus encodes proteins involved in altering
elF2B function or has other mechanisms to overcome the eIlF2B problem.

3.3. MRV May Employ elF2-Independent and/or Cap-Independent Translation

The above-mentioned hypotheses assume that MRV requires the ternary complex
for the translation of its genes, but it is also conceivable, albeit less likely, that MRV uses
an elF2-independent translation initiation [92]. A downstream effect of P-elF2« is the
upregulation of elF4E binding protein (4E-BP), which is instrumental in the inhibition of
cap-dependent translation [93]. Therefore, viruses use internal ribosome entry sequences
(IRESs) to recruit the necessary initiation factors and ribosomal subunits independent of the
5’ cap. One class of IRESs, class 4, are the only IRESs to date that have been identified to also
be independent of elF2 [94]. The identified class 4 IRESs are 150-200 nucleotide long RNA
structures between two ORFs that bind and recruit the 40S ribosomal subunit to the AUG
start codon where the 80S ribosome assembles and translation begins [95]. Interestingly;
IRESs encoded in viruses of the Dicistroviridae family have been shown to benefit from
cellular stress similar to MRV [96], but this seems to be a rare commonality between MRV
and the Dicistroviridae. MRV mRNAs have not been demonstrated to possess IRESs, and
the 5’ UTR proceeding the AUG start codon of each gene segment is likely too short to
form an IRES. Another method of elF2-independent translation initiation that may be more
plausible for MRV is the use of a different initiation factor than eIF2 for introduction of
the Met-tRNA;. Both hepatitis C virus [97] and poliovirus [98] have been suggested to use
elF5B to deliver Met-tRNA; in the absence of eIF2 when levels of P-elF2« are high. While
elF5B has not historically been recognized for its ability to bring the Met-tRNA; to the 43S
PIC, it is a homolog of the prokaryotic IF2 [99], which is part of the ternary complex and is
responsible for delivering the Met-tRNA; in prokaryotes similar to elF2 in eukaryotes [100].
As more research has detailed the function of eIF5B, it is now clear that viruses as well as
cellular genes (i.e., X-linked inhibitor of apoptosis protein [XIAP]) can utilize eIF5B instead
of elF2 during cellular stress [101]. Thus far, eIF5B has not been formally identified at VFs,
but as one of the SG-associated proteins, it is plausible that SG disruption and recruitment
could result in eIF5B localization to VFs.

An additional hurdle MRV must overcome to continue viral protein translation in
the stressed cell is stress-induced inhibition of cap-dependent translation. During pro-
longed exposure of stress and P-elF2«, cells halt cap-dependent translation in favor of
cap-independent translation [102]. ATF4, which is selectively translated during stress via
an uORF mechanism discussed above, upregulates 4E-BP [93], which accumulates and com-
petitively binds eIF4E to inhibit binding to the 5’ cap. Stress-associated proteins including
hypoxia-inducible factor 1o« (HIF-1«), fibroblast growth factor 9 (FGF-9), and p53 possess
mechanisms to overcome this inhibition [103]. This is accomplished by utilizing death
associated protein 5 (DAP5) and elF4GlI, both of which are suggested to be upregulated
during stress [104,105], bind RNA structures within the 5 UTR, and restore translation
in a cap-independent manner [103]. DAP5 and elF4GI are homologs and associate with
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additional initiation factors, suggesting that DAP5 or eIlF4GI binding recruits the necessary
factors for translation initiation. The use of DAP5, eIlF4GI, or a similar factor by MRV to
overcome cap-dependent translation inhibition is an intriguing hypothesis, as the virus
has been suggested to switch from cap-dependent translation early during infection to cap-
independent translation as infection proceeds [106]. Furthermore, MRV has been shown to
effectively inhibit translation of the stress protein HIF-1& [107,108], which may suggest that
MRYV can usurp DAPS5 or elF4GI for viral protein translation, thereby inhibiting HIF-1x
expression. Whether MRV mRNAs have the necessary structure within the 5 UTR for
DAPS or elF4GI recognition remains to be determined.

3.4. MRV Benefits from the ISR

Regardless of the mechanism in which MRV overcomes the individual hurdles that
result from the ISR, such as P-elF2«, SGs, and subsequent translational inhibition (Figure 2),
the virus not only successfully evades the ISR but appears to benefit from its activation.
This suggests that the cellular environment presented during the ISR awards the virus with
conditions that lead to more efficient replication. Since the stress response is intimately con-
nected with modifying and relocalizing the cellular translational machinery, this suggests
that the MRV benefit from stress induction may be a result of the virus taking advantage of
these altered regulatory processes involved in mRNA translation. When the cell is alerted
to viral infection via PKR and other stress kinases, large amounts of translation factors
are sequestered at SGs [109]. This may organize the translation initiation factors into a
confined space that is ripe for virus commandeering and exploitation, giving the virus an
advantage in replication relative to non-stressed situations. Supporting this hypothesis,
MRYV localizes to and disrupts SGs early during infection, freeing the translation initiation
factors from SG sequestration and recruiting them to VFs for use in viral mRNA translation.
Moreover, following SG disruption, the virus may continue to benefit from the ISR, as
MRV mRNA can exclusively be translated in the presence of increased levels of P-elF2«,
which inhibits a majority of the competing cellular mRNA translation. This may stem from
as yet incompletely described methods used by MRV to locationally inhibit or overcome
P-elF2x and elF2B at the VE. However, SG disruption, VF localization of and regulation of
P-elF2a/elF2B levels, and overcoming translational shutoff does not tell the entire story, as
MRYV also replicates better in cells where ATF4, a downstream ISR gene, can be activated.
This is not an MRV-specific phenomena, as human immunodeficiency virus (HIV) and
murine cytomegalovirus (MCMYV) also both benefit from ATF4 signaling [110,111]. In
addition, research suggests that ATF4 is an inhibitor of interferon regulatory factor 7 (IRF7),
which is a main regulator of type-I IEN [112]. IRF7 is normally expressed at baseline levels
but is greatly increased during virus infection [112], suggesting that ATF4 activation may
decrease the negative impacts of type-I IFN on virus replication. MRV may also benefit
from actions present in ATF4-regulated genes, such as GADD34-induced inhibition of
elF2o phosphorylation [60,113], or by other, as yet unidentified processes. Therefore, while
it makes sense that MRV would benefit from the ISR as many cellular factors necessary for
translation are organized into SGs and usurped specifically for MRV translation, there is
still much to be learned about MRV and its interaction with the ISR.
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VFs aid in escape from P-elF2c

1. VFs provide a sheltered environment

2. MRV-induced elF2B function and stabilization
3. elF2-independent translation initiation

Q
® Q MRV escapes SG-induced
translation inhibiton

E 9 1. Small mMRNAs escape SG
. 2. VF-induced destruction of SG
Virus Factory

Figure 2. Potential mechanisms of Mammalian orthoreovirus (MRV) evasion of the integrated stress response (ISR). Upon
virus attachment (A), MRV is endocytosed and escapes the endosome/lysosome to release the transcribing core. Early
during infection (B), MRV induces P-elF2, inhibiting eIF2B guanine nucleotide exchange factor (GEF) activity, shutting
off translation, and inducing stress granule (SG) formation. Since MRV encodes small messenger RNAs (mRNAs) (C), the
viral mRNAs escape the SG and are translated, allowing viral factories (VFs) formation, which disrupt SGs. The virus
efficiently translates its mRNA even with high levels of P-elF2«x, and therefore, it uses one or more of these methods:
(D) VFs act as a shelter to inhibit eIF2a phosphorylation and sequester necessary components for translation to the VF,
(E) MRV encodes a protein that inhibits P-elF2« binding to eIF2B and/or stabilizes the fully assembled eIF2B, or (F) MRV
uses elF2-independent translation, employing other initiation factors (i.e., e[F5B) to deliver Met-tRNA;. Together, MRV uses
these methods to allow the translation of viral proteins when cellular translation is inhibited.

4. Mammalian Orthoreovirus Modulation of the ISR Impact on Cancer Therapeutics

Cancer causes the second most deaths globally each year behind cardiovascular dis-
eases. While cancer can be classified by the site in the body, the tissue type, and the genetic
markers it expresses, each patient’s cancer is completely distinct and varies compared to
other patients [114]. This makes treating cancer patients difficult even with a wide gamut
of cancer therapeutics available and has shuttled in a new era of personalized medicine
that is tailored to each person [115]. It is becoming commonplace for clinicians to biopsy
a patient’s tumor for sequencing, aiding in the determination of the appropriate therapy
for that individual’s tumor [116]. Even with our advances in cancer treatment, it can be
difficult to successfully treat advanced tumors that are resistant to many standard therapies.
A large driver of tumor resistance to therapy is the cellular stress response, which has been
shown to confer resistance to chemotherapy and radiotherapy (Table 1) [117]. Both of these
therapies also induce large amounts of cellular stress exacerbating this problem, and there-
fore, novel therapeutics that inhibit or overcome the ISR are needed to combat ISR-induced
resistance. As mentioned previously, MRV has been shown to work synergistically with
various therapeutic agents in vitro and in preclinical trials including radiation, docetaxel,
rapamycin, paclitaxel, gemcitabine, fluorouracil, cisplatin, and doxorubicin [15-18]. It is
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interesting to speculate that MRV modulation of the cellular stress response may play a
role in this synergy.

While the ISR is meant to bring stressed cells back into homeostasis, this can be an
issue in cancers, as the stress response is modified in many tumors, leading to resistance
to various therapies. For instance, in 15% of prostate cancer patients, a mutated SPOP
gene results in excess caprinl expression, resulting in increased SG formation [26]. This
is problematic, as SGs mitigate the effect of docetaxel, which is the most common drug
administered to prostate cancer patients [26]. Another chemotherapeutic that is sensitive
to SGs is oxaliplatin, which is a common treatment for colon cancer. Oxaliplatin has
been shown to be ineffective in Kirsten rat sarcoma 2 viral oncogene (KRAS)-mutated
colon cancers where SGs are prevalent. When SGs are inhibited with cyclooxygenase 1/2
(COX1/2) inhibitors in KRAS-mutated colon cancers, researchers found that the cells were
resensitized to oxaliplatin [118]. SGs can also make tumors more aggressive. For example,
the SG-associating protein receptor for activated C kinase 1 (RACK1) is sequestered to SGs
during stress, inhibiting its apoptotic induction. Morusin, a novel drug from the Morus alba
linn root, has been shown to use RACK1-dependent apoptosis to induce cancer cell killing
in vitro, but it also induces SGs [119]. When morusin was used with ISRIB to inhibit SG
formation, there was significantly more cell killing [119], suggesting that SG disruption,
a well-defined phenotype of MRV infection, benefits the activity of the drug. In addition,
when G3BP1, the critical SG effector protein, is knocked down in osteosarcoma cells and
then implanted in mice, there are decreased SGs and metastasis compared to wild-type
cells [120]. Together, these studies suggest that SG disruption can benefit cancer patients
by inhibiting tumor aggressiveness, spread, and resistance to therapy:.

Apart from the well-documented undesirable impact of SGs, researchers have iden-
tified other aspects of the ISR that negatively impact cancer prognosis and treatment. In
acute myeloid leukemia patients, repeat exposure to daunorubicin has been shown to
induce the ISR and ATF4 expression, resulting in increased drug efflux, via ATP binding
cassette subfamily B member 1 (ABCB1), and treatment failure [121]. When ISRIB and
U0126, a MAPK/ERK kinase 1/2 (MEK1/2) inhibitor, were used to inhibit stress signaling,
daunorubicin-resistant K562 bone marrow cells were resensitized to drug [121]. In addi-
tion, gemcitabine-resistant pancreatic ductal adenocarcinoma has increased gemcitabine-
mediated apoptosis when ISRIB or siRNA against ATF4 is introduced to cells [20]. Realizing
the impact of the ISR on cancer patients, researchers now suggest that stress markers P-
elF2o and PKR can be used as biomarkers to identify cancers with increased cellular stress
and as a tool for patient prognosis [122-124]. Taken altogether, these examples confirm
the need for novel therapeutics that specifically target the ISR and SGs and based on our
understanding of MRV disruption of SGs, enhanced replication in stressed cells, and past
clinical successes suggest that MRV may be an ideal candidate therapeutic for tackling
stress resistance in cancer therapy.

5. Conclusions

The ISR is an important regulator of cellular stress and an important blockade for the
invasion of viruses. Upon MRV infection, virus detection by elF2x kinases, phosphorylation
of elF2«, inhibition of translation, and sequestration of translation machinery to SGs work
together to prevent virus translation and replication. Unfortunately for the cell, MRV
has evolved various mechanisms to evade, modulate, and subvert the ISR to successfully
replicate within the cell. Since MRV is an oncolytic virus that has been shown to work
synergistically with various cancer therapeutics that are altered by the ISR, this points
to MRV as a potentially ideal supplementing therapeutic to use in concert with these
drugs. Further investigation into the battle between MRV and the ISR will increase our
understanding of the basic biology of the virus and likely identify possible applications for
MRV therapy as a synergistic treatment for tumors undergoing stress, either from mutation,
environment, or as a result of other therapeutic approaches.
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