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Abstract: Poxviruses are large double-stranded DNA viruses that form viral factories in the cytoplasm
of host cells. These viruses encode their own transcription machinery, but rely on host translation for
protein synthesis. Thus, poxviruses have to cope with and, in most cases, reprogram host translation
regulation. Granule structures, called antiviral granules (AVGs), have been observed surrounding
poxvirus viral factories. AVG formation is associated with abortive poxvirus infection, and AVGs
contain proteins that are typically found in stress granules (SGs). With certain mutant poxviruses lack
of immunoregulatory factor(s), we can specifically examine the mechanisms that drive the formation
of these structures. In fact, cytoplasmic macromolecular complexes form during many viral infections
and contain sensing molecules that can help reprogram transcription. More importantly, the similarity
between AVGs and cytoplasmic structures formed during RNA and DNA sensing events prompts us
to reconsider the cause and consequence of these AVGs. In this review, we first summarize recent
findings regarding how poxvirus manipulates host translation. Next, we compare and contrast SGs
and AVGs. Finally, we review recent findings regarding RNA- and especially DNA-sensing bodies
observed during viral infection.

Keywords: poxvirus; vaccinia virus; myxoma virus; translation; stress granules; antiviral granules;
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1. Introduction

Poxviruses deposit and replicate their DNA exclusively in the cytoplasm, placing significant stress
on the host cell. Unlike the hit-and-run tactics of RNA viruses, for example, poxviruses take over a
host cell for a relatively long period of time. Although these viruses encode their own transcription
machinery, they rely on the host cell for translation. Thus, it is crucial that poxviruses regulate host
translation in a timely manner, ensuring a productive infection. Since mammalian cell stress responses
are closely intertwined with translation control [1,2], poxvirus infection should profoundly impact
host stress response pathways [3].

Poxviruses are fascinating tools with which to study host cell biology and identify intrinsic
host defenses that have broad impacts on viral infection. The large, double-stranded DNA (dsDNA)
poxvirus dedicates over one-third of its genome to producing proteins that evade or combat host
immunity; these viral proteins are called immunoregulatory factors. Studying infections caused by
poxviruses that lack immunoregulatory factors can reveal the cellular defenses that must be neutralized
for a productive infection. One such defense is the formation of antiviral granules (AVGs) in the host
cell. AVGs are similar to stress granules (SGs), indicating the stalled translation, but differ in a number
of ways. By studying AVGs caused by poxvirus infection, we can answer new questions regarding the
nature of this unique host response.
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In this review, we review our current understanding of how poxvirus infection reprograms host
cell translation. Since infection by poxvirus exposes the host cell to viral RNA and DNA, we discuss
the similarities between AVGs and phase-dense particles that sense foreign nucleic acids. Finally,
we summarize recent findings concerning the mechanisms host cells use to detect RNA and DNA
within the cytoplasm.

2. Poxvirus Infection and Host Translation

2.1. Host Translation Shutoff and Differential Regulation of Host Transcripts

Due to their exclusively cytoplasmic lifestyle, poxviruses must remodel the intracellular
environment of the host cell for survival. Vaccinia virus (VACV) infection is a prototypical model
system that can be used to study the impact of infection on processes such as translation. Early
studies showed that VACYV infection in HeLa cells causes significant changes in the abundance of
host transcripts that are associated with de novo protein synthesis. The majority of host transcripts are
suppressed during the viral replication cycle, and a global shut-off of host protein synthesis can be
observed [4]. However, a small fraction of host transcripts remain constant (e.g., apurinic/apyrimidinic
endonuclease 2 (APEX2) and interleukin 6 signal transducer (IL-6ST)), slightly fluctuate in abundance
(e.g., solute carrier family 4 member 3 (SLC4A3)), or are upregulated (e.g., pericentrin (PCNT2) and
Wiskott-Aldrich syndrome protein (WASP)) [5]. WASP is important for VACV infection in the host
cell [6]. However, the mechanism by which host factors such as WASP are selectively upregulated
remains to be investigated.

Elevated ATP level is also crucial for VACV infection [7-11]. VACV specifically increases
nicotinamide adenine dinucleotide dehydrogenase 4 (ND4) and cyclooxygenase-2 (COX2) protein
levels, two mitochondrial proteins that function in the electron transport chain to generate ATP [12].
However, the mechanism on how synthesis of these mitochondrial proteins is regulated also remains
to be elucidated.

2.2. Heat Shock Responses

Heat shock proteins play critical roles for cells, especially under stress conditions. Interestingly;,
heat shock responsive pathways are also particularly important for poxvirus infection [13-16].
How poxviruses manipulate heat shock response for their own benefit is an interesting subject.
Moreover, during poxvirus infection, how heat shock proteins are differentially regulated when a
global translation shut-off is triggered remains to be understood.

In fact, at least in cell culture, for an optimal productive infection, orthopoxviruses, such as
VACYV and monkeypox virus (MPV), require heat shock factor 1 (HSF1) [16], whose activation is
often associated with stress responses [17]. The activated HSF1 functions as a transcription factor to
promote transcription for genes, including Hsp90, Hsp27, and Hsp70. During VACV infection, HSF1
becomes hyperphosphorylated and is then translocated into the nucleus [16]; in this case, sustained
upregulation in MAPK activity by VACV infection may indirectly promote HSF1 activation [18,19].

Intriguingly, levels of Hsp60, Hsp90, and Hsp70 mRNA and protein are not affected during VACV
infection in cell culture [20-23]. VACV infection even increases the amount of 72-KDa Hsp70 protein
in vivo [21]. Under stress conditions (e.g., heat), heat shock proteins such as HSP90 and HSP70 are
preferentially translated. The mRNAs for these genes are largely excluded from stress granules (SGs),
where stalled translation initiation complexes that are still associated with mRNAs are stored [2,24].
Several factors may contribute to this outcome. The lack of introns in Hsp70 mRNA causes it to be less
prone to regulation by splicing factors [25], as the level of splicing factors can be drastically affected
during stresses such as viral infection. The mRNAs of heat shock proteins also exit the nucleus via
a unique mechanism under conditions when normal mRNA transport is blocked [26]. Moreover,
a ribosomal shunting mechanism ensures the preferential translation of certain heat shock proteins
such as HSP70 (due to the lack of structure within the 5’-untranslated region [5’-UTR]) [27]. However,
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during VACV infection, the presence of certain Hsp70 proteins, such as 72-kDa HSP70, seems to be
dispensable for a productive infection in some cell types [22]. In this case, the elevated synthesis of
72-kDa HSP70 during infection may be due to the intrinsic properties of the mRNA.

HSP90, especially its ATPase activity, is functionally important for VACV to infect mammalian
cells, such as RK13 (rabbit), HeLa (human), and BSC40 (monkey) [23]. HSP90 also interacts with
VACYV core protein 4a [23], but the biological function of this interaction is unclear. Hsp90 mRNA
structure does not differ from that of other cellular mRNAs under normal temperature [28]. Under
heat stress, however, the 5-UTR of Hsp90 mRNA can resist the inhibition of 5-cap dependent
translation [28,29]. How Hsp90 remains translationally active during a VACV infection, however,
remains to be investigated.

Finally, a yeast two-hybrid study identified an interaction between Hsp27/HSPB1 and
VACV-WRO002, C2, and 14 (TNF-a-receptor-like protein, Kelch-like protein, and ribonucleotide
reductase large subunit, respectively) [30,31]. The functional consequence of these interactions,
however, remains unknown.

2.3. Evade the Surveillance

Poxviruses must coordinate with host cellular events to effectively replicate within a host cell.
To do so, these viruses employ a multifaceted strategy to evade the regulatory factors that govern host
translation. This strategy includes re-organizing components of the translation initiation complex,
tipping the balance of signaling pathways that regulate the translation initiation, and evading the
control mechanisms of the global translation shut-down. These tactics are discussed in the later sections.
Poxviruses are not the only viruses that utilize such tactics; African swine fever virus (ASFV), a large,
cytoplasmic DNA virus and the sole member of Asfarviridae, evades host surveillance in a similar
manner. First and foremost, the viral mRNA is heavily camouflaged, making it indistinguishable
from cellular mRNA. For example, poxviruses encode an enzyme complex with guanylyltransferase,
methyltransferase, and RNA triphosphatase activities to generate mRNA with a 5" terminal cap
of m’GpppN [32-35] and a 3’ poly(A) tail [36] that resembles cellular mRNA. Thus, viral protein
synthesis occurs by the canonical cap-dependent mechanism and utilizes the host translation machinery.
Once poxviruses enter a cell, viral early proteins are produced that reprogram the host translation
machinery to deliberately boost viral protein synthesis.

2.4. Manipulating the Translation Machinery

The eukaryotic translation initiation complex elF4F is composed of an m7G-cap-binding subunit
(eIF4E), a small RNA helicase (elF4A), and a large scaffold protein (eIF4G) (Figure 1). The scaffold
molecule, elF4G, interacts with the polyadenylation [poly(A)] binding protein (PABP) that binds to the
3’-terminal region of mRNA. Thus eIF4G bridges the 5'- and 3’-termini of the mRNA via its interaction
with PABP and elF4E [37]. elF4G also interacts with the 43S preinitiation complex (composed of
elF3, the 40S ribosomal subunit, and initiation factors such as elF1, eIF1A, heterotrimeric elF2(c,{3,v),
and elF5) (Figure 1) [38,39].

During a productive VACV or ASFV infection, the translation initiation complex, identified
by the presence of elF4G, elF4E, and elF3, is efficiently recruited to viral factories [40-43].
This compartmentalization of protein synthesis significantly favors viral protein production. Actively
translated viral mRNA, however, is not all concentrated within the viral factories. For example, at 6 h
post-infection in HeLa cells, FOL mRNA (the F9 protein is a membrane component of the mature
VACYV virion) is distributed diffusely throughout the cytoplasm [44]. In cells infected with myxoma
virus (MYXV), a rabbit-specific poxvirus, components of the translation initiation complex (e.g., elF4G)
diffuse throughout the cytoplasm [45]. This may explain why the kinetics of infection is slower for
MYXV than for VACV.
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Figure 1. Regulation of the translation initiation complex by Mnk1 and the impact of vaccinia virus
infection. For cellular or viral mRNAs containing the 7-Methylguanosine-cap structure (shown as
M’G) on the 5" end, recruiting host ribosomes to the mRNA is a critical event. The eukaryotic
translation initiation factor 4F (eIF4F) (not shown) plays an important role in this process. eIF4F is a
tripartite complex including a cap-binding subunit (eIF4E) (shown as 4E), a small RNA helicase (eIF4A)
(shown as 4A), and a large scaffold protein (eIF4G) that directly interacts with the poly(A) binding
protein (PABP) and a 40S-ribosome-associated protein (elF3). The mRNA circulates by interacting with
PABP at the 3’-end (depicted by a stop codon of UAG and the poly(A) tail of the mRNA) and associating
with eIF4G at the 5’-end. The 43S preinitiation complex that consists of the small 40S ribosomal subunit
(portrayed in a gray block at the back) and initiation factors, including elF1 (shown as 1), eI[F1A
(shown as 1A), a ternary complex elF2(«, B, v)eGTPemet-tRNA;™¢t (shown as 2, GTP, and a hairpin
structure, respectively), and eIF5 (shown as 5), assembles with eIlF4F complex, via elF3, to form the
485 complex. One of elF4E kinases, Mnk1, binds to elF4G and phosphorylates eIF4E (the red arrow
represents this phosphorylation event, and the 4E connected to P represents phosphorylated eIF4E).
The assembled 48S complex can then scan the mRNA for start codon (AUG). Vaccinia virus (VACV)
manipulates this process by enriching the concentration of elF4G and eIF4E in the viral factories. VACV
requires Mnk1 activity for infection.

In stark contrast to many RNA viruses that inactivate cap-dependent translation, DNA viruses
often promote the assembly of the translation initiation complex [42,43,46-51]. The inactivation of
host protein synthesis by VACV is not caused by the degradation or hypophosphorylation of the
elF4F complex [4,52]. In fact, based on observations in primary cells, VACV infection can increase
elF4F protein levels [42], likely because this complex is compartmentalized during infection. During
a VACV infection, the single-stranded DNA (ssDNA) binding phosphoprotein I3 brings eIlF4G and
elF4G-associated proteins into close proximity with viral factories [40]. The VACV I3 protein is
produced during the early to intermediate stage of the viral life cycle [53], which coincides with its
binding to elF4G at the intermediate stage of the infection [40].

The initiation of translation in mammalian cells is highly regulated. For example, the interaction
between elF4E and elF4G is competitively inhibited by host cell 4E-BPs, which bind eIF4E [38].
The phosphorylation of 4E-BP1 causes the release of elF4E that can then bind to elF4G to assemble
translation initiation complex (Figure 2). 4E-BP phosphorylation is regulated by mTOR/Akt/PI3K
signaling, thus controlling translation in response to diverse stimuli [54]. It is no surprise, then,
that poxviruses can manipulate PI3K/Akt signaling during infection. While MYXV uses the viral
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protein MT-5 to activate Akt in a PI3K-independent manner [55,56], VACV depends on PI3K activity
to activate Akt [57]. Interestingly, phosphorylation of 4E-BP1 during VACYV infection is dependent
upon the PI3K/Akt axis, but this process is not sensitive to rapamycin [57], which targets mTOR.
This suggests an alternative method of mTOR regulation (such as by association of mTOR with rictor
instead of raptor [58]) or the presence of an mTOR-independent pathway to phosphorylate 4E-BP1.
Regardless, phosphorylated 4E-BP1 is then subject to proteasome-dependent degradation during
VACYV infection [42].

VACV

1
———>— MG +
mTOR

AKT VACV— |
1 degradation
VACV — PI3K

Figure 2. Vaccinia virus manipulates 4E-BP to favor viral protein synthesis. Mammalian 4E-BP is a

translation repressor by sequestrating the cap-binding protein eIF4E. The MG and the line represent
the 7-Methylguanosine-cap structure and mRNA, respectively. This inhibition can be lifted through
phosphorylation of 4E-BP via PI3K/AKT/mTOR axis. Vaccinia virus (VACV) infection activates PI3K
(blue arrows represent the activation action), which then stimulates mTOR signaling. In turn, mTOR
mediates phosphorylation of 4E-BP (shown as Ps attached to the 4E-BP1 protein), lifting the block on
elF4E (shown as 4E). In addition to enhancing phosphorylation of 4E-BP1, VACV also reduces the
abundance of 4E-BP1 possibly by promoting the degradation of phosphorylated 4E-BP1.

elF4E activity is also subject to regulation by a kinase called Mnk1 that is directly associated with
elF4G (Figure 1). Mnk1 promotes the phosphorylation of eIF4E, bolstering translation [59,60]. Mnk1
activity is regulated by ERK1/2 MAP kinases and stress-stimulated signals mediated by p38 [60],
allowing translation to respond to environmental and cellular signals. During VACV infection,
both ERK and p38 are activated, and this is associated with eIF4E activation [42]. VACV infection is
severely hindered when Mnk1 is deleted or when an Mnk1 inhibitor is present [42]. Thus, not only
does VACV sequester the translation initial complex, it also manipulates Mnk1 activity to boost viral
protein synthesis.

Another highly-regulated component of translation initiation is elF2«, a part of the ternary
complex composed of the heterotrimeric elF2(c,f3,v), tRNAiMet and GTP. The elF2 complex is
responsible for binding tRNAiM to the 40S ribosome and for the recognition of the AUG start
codon in a GTP-dependent manner. Start codon recognition leads to the hydrolysis of elF2-bound
GTP, which requires the GTPase-activating factor elF5. Hydrolysis of GTP-elF2 is coupled to
recruitment of the large, 60S ribosome during the elongation phase of translation, when GDP-elF2
is released for regeneration of GTP-elF2 by elF2B, a guanine nucleotide exchange factor. When
elF2« is phosphorylated, however, GTP-elF2 cannot be regenerated and elF2B is sequestrated,
inhibiting translation globally. Serine/threonine kinases such as PKR phosphorylate elF2« in response
to environmental or intracellular inhibitory signals, suppressing the normal rate of translation
(see review [61]). PKR is specifically targeted by viral pathogens because of its direct inhibitory effect on
the viral life cycle [62-64]. In addition to mediating signal transduction in response to proinflammatory
stimuli such as LPS and TNF-«, and participating in the IkB kinase complex, PKR also functions as a
sentinel to detect dSRNA during viral infection [65].

PKR contains an N-terminal dsRNA-binding domain and a C-terminal catalytic domain; it can
sense and bind to dsRNA intermediates or by-products generated during a viral infection, resulting in
PKR dimerization, autophosphorylation, and kinase activation [66]. Poxviruses, without exception,
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develop multi-pronged strategies to evade the PKR pathway. They encode genes to produce
pseudosubstrates of PKR (e.g., VACV K3L, swinepoxvirus C8L, and MYXV M156R) to divert or
sequester PKR, keeping it from phosphorylating elF2x [67-70]. The species specificity of MYXV M156
to European rabbit PKR, but not to PKR from other species, is one of the virulence determinants for
pathogenesis in rabbits [71].

Since dsRNAs are generated during infection, poxviruses produce dsRNA-binding proteins,
such as VACV E3 [72] and MYXV M029 [73], to prevent or delay PKR activation. When a cell is
stimulated by a VACV mutant lacking E3L, PKR activates the type 1 interferon (IFN) response by
modulating the activity of MDADS [74]. Although the apparent effect of the poxvirus E3L family proteins
is to bind dsRNA, these proteins possess different functions in respective viruses [75], and their modes
of action in vitro and in vivo also vary [72,73,76]. Nevertheless, poxviruses utilize the E3L family of
proteins to stall host translation associated with the innate immune response.

Despite the presence of PKR antagonists, poxviruses also use different strategies to minimize
the production of dsRNA. The presence of two negative regulators of VACV gene expression, D9 and
D10, was reported almost 10 year ago [77-79], but the mechanism underlying this regulation was only
recently described. VACV D9 and D10 are decapping enzymes that keep the amount of viral mRNA
at a minimum during infection, preventing the activation of PKR and 2’5’-oligoadenylate synthetase
(OAS)/RNase L-associated RNA decay that inhibits viral protein synthesis [80,81]. In addition, VACV
also takes advantage of the cellular 5-3" mRNA exonuclease Xrnl to reduce the number of potential
PKR and RNase L substrates [82].

Alternatively, strategic negative regulation of viral protein synthesis can be beneficial for viruses.
The VACYV 169 protein inhibits translation in either a cap-dependent or cap-independent manner
during viral infection [83]. Infection with mutant VACV lacking the 169 gene causes enhanced lung
pathology and illness in infected mice that actually promotes the clearance of these viruses [83]. Each of
these strategies allows poxviruses to control the magnitude of host defense responses and deceive host
innate immune surveillance, thus evading host innate and adaptive immunity.

2.5. Codon Usage

During translation, biased viral codon usage can have significant immunological effects.
For example, when host and viral codon usage is not matched, viral protein translation decreases and
immunogenicity is reduced [84,85]. VACYV infection does not appear to alter either the global tRNA
pool or the abundance of individual tRNA species. Instead the population of polysome-associated
tRINAs is skewed based on VACV codon usage [84,86]. Despite an abundance of silenced ribosomes
in the cytosol, VACV compartmentalizes translation of viral mRNA to viral factories and selectively
enriches tRNAs to optimize translation. Multi-tRNA-aminoacyl synthetase (ARS) complex containing
10 ARSs becomes highly concentrated within viral factories by associating with translating ribosomes
during VACYV infection [86]. In addition, “free” ARSs (e.g., tyrosyl-tRNA-synthetase or YRS) that are
not parts of the multi-ARS complex can also be selectively concentrated within the viral factories [86].

2.6. Reactive Oxygen Species (ROS)

Poxvirus infection generates reactive oxygen species (ROS) in the host cell. VACV infection
leads to a switch of energy resource by fully relying on glutamine catabolism [87,88]; these changes
directly influence viral protein synthesis but not viral transcription [87]. Mitochondrial 3-oxidation
of palmitates, products of fatty acid biosynthesis, is crucial for productive VACV infection and also
provides intermediates for the tricarboxylic acid (TCA) cycle [88]. However, these processes generate
superoxide anion, hydrogen superoxide, and other species of ROS. Excessive ROS production can
be detrimental to host cells, but ROS also serve as signaling molecules that promote inflammation,
cell proliferation, and regulate apoptosis [89,90].

Many mammalian poxviruses encode cellular Cu, Zn-superoxide dismutase (SOD) homologs that
are catalytically inert [91-93]. Although evidently not essential for viral replication and virulence under
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laboratory conditions, poxvirus SODs are expressed abundantly during the late stage of infection
and are packaged into virions [91,92]. While these viral SODs are capable of binding Zn, they cannot
bind copper and have no catalytic activity. Instead, poxvirus SODs, such as those encoded by
leporipoxviruses, form stable complexes with copper chaperones for host SODs, thus limiting the
catalytic activity of host SODs [93]. This explains why the presence of viral SODs gradually decreases
the activity of host SODs during infection with MYXV or Shope fibroma virus (SFV). The resulting
increase in ROS may in turn inhibit apoptosis, particularly in immune cells, and promote the growth of
infected cells [89]. Moreover, increases in ROS during viral infection may reprogram the immunological
and pathological landscape (review by Paiva and Bozza 2014 [94]) by generating polarized Th2 cells [95]
and inhibiting NK cell functions [96]. All of these factors may contribute to the tumorigenic property
of some poxviruses in vivo (such as SFV) [93].

The effects of ROS on translation during poxvirus infection are not well characterized. However,
increases in ROS appear to trigger misacylation-associated decreases in translation fidelity [97].
Translation fidelity can also be affected in response to viral infections (e.g., VACV); in these cases,
methionine residues are aminoacylated to non-methionyl-tRNAs for translation [98]. The cellular and
immunological implications of this phenomenon remain unexplored, but the functional alteration of
gene products can certainly be expected [99].

3. Poxvirus Infection, Where Stress Granules and Antiviral Granules Cross Paths

3.1. Stress Granules

Cellular stress responses triggered by environmental stress (e.g., nutrient deprivation, oxidative
stress, and endoplasmic reticulum [ER] stress) or viral infections induces the formation of cytoplasmic
complexes called stress granules (SGs) that sequester host [100] and viral RNAs [44]. SGs are
membraneless organelles in the cytoplasm that contain mRNA and RNA-binding proteins, and form to
temporarily suppress translation when conditions are unfavorable for cell growth. Thus, SGs possess
antiviral properties because they inhibit global protein synthesis.

5Gs are composed of: (1) the stalled translation initiation complex (elF3, eIF4F, the small ribosomal
subunits, and PABP-1) and associated mRNA [100], (2) RNA-binding proteins that may silence
translation (e.g., TIA-1, TIAR [101], and Argonaute [102]) or affect mRNA stability (e.g., endonuclease
PMR1 [103]), (3) SG-nucleating factors that affect RNA metabolism (e.g., G3BP1 [104], CAPRIN1 [105]),
and (4) other proteins that are recruited to SGs because they interact with SG components (e.g., TRAF2
binds to eIF4G [106]).

Many factors affect the formation and dissolution of SGs. For example, misfolded proteins are
known to facilitate the formation of ribonucleoprotein granules [107], while chaperone proteins, such
as HSP70, are important for the dissolution of SGs [108]. VACV infection induces the production
of heat shock proteins in vivo [21], possibly heading off SG formation. Moreover, viruses have
developed strategies to neutralize the function of SG components to prevent the sequestration of viral
RNAs [109-115] and to avoid activating innate immune signaling [115]. Interestingly, VACV does not
specifically inhibit SG formation under stress conditions (e.g., oxidative stress). It is no surprise, then,
that chemicals that can stimulate SG formation have profound antiviral effects on many poxviruses,
including wild-type (wt) VACV and monkeypox virus [44]. Thus, pharmaceuticals that potentiate SG
formation may constitute effective antiviral therapies.

3.2. Antiviral Granules (AVGs) and the PKR/eIF2 x Axis

The formation of antiviral granules (AVGs), sometimes called antiviral stress granules
(avSGs) [115], can be stimulated by infection with replication-defective viruses [45,115,116]. Poxvirus
infections induce the formation of AVGs around viral factories in the cytoplasm of mammalian
cells [44,45,116]. While AVGs contain components common to SGs, reagents that delay or inhibit
translation elongation, such as cycloheximide and emetine, cannot disassemble AVGs (as they can
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disassemble SGs) [45,116]. Thus, the architecture and organization of AVGs may be very different from
that of SGs, and different mechanisms may drive their formation.

The formation of poxvirus AVGs is associated with abortive infection either with mutant viruses
that contain deletions in genes related to host-range function (e.g., VACV E3L [116] and MYXV
MO62R [45]) or with a wt strain that causes a small number of AVGs to form spontaneously [44].
The mechanism behind the spontaneous formation of AVGs during wt poxvirus infection remains
to be investigated. In the case of abortive infections with mutant poxviruses, AVG formation is
likely related to deleted viral proteins [45,116] and their associated host targets [45,117]. However,
we do not understand how AVG formation is regulated or what impact these granules have on the
immunological landscape.

Poxvirus has to evade innate immune surveillance to avoid the global shutdown of translation.
One major barrier is PKR activation that is associated with innate immune and stress responsive
signaling, and PKR function is antagonized by the VACV E3 protein [118]. Interestingly, infection with
a VACV mutant that lacks E3L induces the formation of AVGs in the cytoplasm [44,45,116]. In this
case, AVGs are formed in an elF2a-dependent manner [45,116], because AVGs do not form when
murine embryonic fibroblasts expressing a dominant negative el[F2oc mutation for phosphorylation
(elF2cx S51A) are infected with the VACV-E3L null virus (VACV-E3LKO) [74,116].

3.3. Antiviral Granules and the SAMD9 Pathway

AVG formation is not entirely dependent on PKR and elF2«, however. Sterile o motif
domain-containing protein 9 (SAMD?9) also affects AVG formation [45]. The SAMD9 gene is
conserved in mammals, showing signatures of pathogen-driven positive selection [119]. Although
it is known to possess antineoplastic properties, the biological function of SAMD9 protein remains
poorly characterized.

Myxoma virus (MYXV) is a rabbit-specific poxvirus with a restricted natural host tropism for
pathogenesis. Due to the oncolytic and immunotherapeutic potential of MYXYV, its immunoregulatory
effects in humans have attracted attention in recent years. M062R of MYXV belongs to the poxvirus
host range C7L superfamily and is a functional homolog of the prototype, VACV C7L [120,121]. VACV
KI1L is not a member of the C7L superfamily, but possess a similar host range function and can
complement the function of C7L [122]. Human SAMD? is a target of both VACV K1L and host range
C7L superfamily proteins [117,123,124], indicating that this host protein is important to the poxvirus
life cycle and may play a role in host defense signaling. Importantly, abortive poxvirus infection
(M062R-null MYXYV or C7L and K1L double-knockout vaccinia virus [VACV-C7LK1L-DKOY]) can cause
human SAMD9-dependent AVG formation [45].

Although both PKR and SAMD?9 are involved in AVG formation, there is no evidence that
these regulatory pathways overlap. M062R-null MYXV infection of HeLa cells does not stimulate
significant phosphorylation of elF2c [45]. On the contrary, wt MYXV infection produces a low
level of phosphorylated elF2« during the later stage of the infection [73], possibly due to PKR
activation triggered by an abundance of dsRNA. The case of eI[F2x phosphorylation during infection by
VACV-C7LK1L-DKO is more complex than for M062R-null MYXYV infection. At 6 h post-infection with
VACV-C7LK1L-DKO, very little phosphorylated elF2« is detected in cells compared with infection by
VACV E3L-null virus. However, at a later time point (e.g., 9 h post-infection), eI[F2a phosphorylation
can be detected in cells infected with VACV-C7LK1L-DKO. This is probably due to a lack of E3 protein
synthesis and the continuous accumulation of viral dsRNAs.

SAMD? also redistributes into SGs during stalled translation, suggesting that it may be a
stress response element. It is noteworthy that the localization of SAMD?9 to SGs requires treatment
with a relatively high concentration of sodium arsenate over a long period of time, compared to
other SG components. Regardless, the fact that SAMD9 participates in SG formation in an elF2x
phosphorylation-dependent or independent manner [45] suggests that SAMD9 may be involved in
translation regulation.
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In many cases, the particular organization of host proteins within SAMD9-dependent AVGs is
virus specific. In M062R-null MYXYV infected cells, components of the translation initiation complex
(e.g., eIF4G) do not localize exclusively with G3BP1 [45], a marker of SGs and an indicator of translation
suppression. Our own lab is investigating the signaling events that distinguish infection with
MO62R-null MYXV from infection with VACV-C7LK1L-DKO. Even though translation shutdown
is thought to occur during infection with VACV-C7LK1L-DKO, SAMD9-driven formation of AVGs
in M062R-null MYXYV infection does not necessarily result in the complete shutdown of translation
(unpublished data by Li, Nounamo, and Liu).

3.4. Antiviral Granules and Innate Sensing Molecules

Intriguingly, sensing molecules and antiviral factors, such as RIG-I, MDA-5, PKR, OAS,
and RNase L, are detected within AVGs formed during infection with various viruses [115], and some
of these factors can be detected in AVGs generated during poxvirus infection (unpublished data by
J. Liu). In certain cases, these interactions have been confirmed via co-immunoprecipitation [74,125].
These sensing molecules appear to enhance type I IFN expression via IRF3 [74,115], and the presence
of viral RNA seems to coincide with the AVG-associated co-localization of sensing molecules and
IEN activation. This co-localization can be observed during infection with both RNA [115] DNA
viruses [45]. Both polyinosinic-polycytidylic acid [poly(I:C)] and viral RNA are able to stimulate the
granule formation in a PKR-dependent manner. The composition of these granule structures varies,
however. For example, SAMD9, which is antagonized by MYXV M062, VACV C7, and VACV K1,
does not localize to poly(I:C)-stimulated granules (unpublished data by J. Liu). Instead, SAMD9
determines the organization of AVGs formed during infection with M062R-null MYXV and the VACV
C7L and K1L double-knockout virus [45]. In fact, in some cell lines, the presence of C7L and K1L
provides resistance to type I IFN and the IRF1-stimulated antiviral stage during VACV infection [126].
In addition to type I IFN activation, we expect diverse signaling events can be initiated during the
organization of AVGs as those observed in SGs [127].

In summary, it is important to investigate the function and regulation of AVGs to better
understand host-intrinsic defenses against viral pathogens at a cellular level. We can utilize poxvirus
immunoregulatory factors (e.g., MYXV M062) as tools to probe and dissect the molecular mechanisms
that link AVGs and signal transduction events that orchestrate antiviral effects. We should also
consider whether AVGs serve different functions depending on the presence of particular stimuli
(e.g., the presence of exclusively foreign RNA or DNA in the cytoplasm). Thus, in the following
discussion, we consider the biological functions of poxvirus-stimulated granules in light of their
similarity to other RNA- and DNA-sensing bodies that are generated during the innate immune
response to viral infections.

4. SGs and RNA-stimulated Antiviral Stress Granules as Signaling Hubs

SG and AVG formation trigger different downstream signaling events depending on the type
of viral infection. The term “antiviral stress granule” (avSG) is often inter-changeable with AVG,
but avSG is typically used in cases where RNA viruses manipulate the formation of SG-like structures.
The assembly of avSGs during viral infection may enhance the innate immune response.

The N-terminal domain of PKR is important for avSG-associated type I IFN activation [115],
while the kinase domain is dispensable [128,129]. Infection with a mutant influenza A virus (IAV)
that lacks non-structural protein 1 (NS1) causes the formation of avSGs [115]. This 2012 study by
Onomoto et al. [115] links the recruitment of sensing molecules such as MDA5 and RIG-I to avSGs
with the activation of IFN signaling. A separate study investigated the effect of IAV NS1 on granule
formation and suggested that these granules serve as signal transduction hubs, but the activation of
RNA sensor(s) is not essential for PKR-dependent SG formation [130].

Encephalomyocarditis virus (EMCV) infection causes transient SG formation that is quickly
resolved by the viral protein 3C protease via its cleavage of G3BP1 [125]. Mutant G3BP1 that is
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resistant to cleavage sustains the formation of avSGs, resulting in the elevated expression of innate
immune cytokines and type I IFN [125]. EMCV leader (L) protein, on the other hand, inhibits avSG
formation in a PKR-dependent manner and can also suppress type I IFN production [131]. At the time
of avSG formation where phosphorylated PKR interacts with G3BP1, MDAS is recruited to granules
containing G3BP1, TIAR, and dsRNA during EMCYV infection. The enrichment of MDAS5, and possibly
its substrates, in these avSGs optimizes signal transduction to upregulate cytokine expression [125].
In a separate study, however, MDAS5 pathway activation did not trigger granule formation [128].
Moreover, MDAS localization into avSGs is dispensable for type 1I IFN expression. Thus, avSG
formation can have various consequences, and the factors that regulate avSG formation appear to be
particularly complex.

Finally, infection with Sendai virus strain Cantell generates RNA species that stimulate
the formation of two kinds of cytoplasmic granule structures. In addition to avSG-like
complexes, an avSG-independent granule structure forms but lacks SG components and sensor
molecules [132]. Both granules harbor RNA species that are potent type I IFN inducers. Nevertheless,
this evidence suggests that a somewhat convoluted mechanism governs RNA surveillance within the
cytosolic compartment.

Interestingly, overexpressing SG components triggers innate immune signaling and associated
transcription remodeling. For example, ectopic expression of G3BP1 promotes NF-kB- and
JNK-associated transcriptional activation [127]. In this case, inactivated PKR is recruited to SGs
for activation in order to conduct antiviral activities. These conclusions are supported by the evidence
that mostly inactivated PKRs were recruited to SGs formed after G3BP1 overexpression [127]. Thus,
G3BP1 is an important factor associated with the signaling events that take place within SGs.

In the event of an RNA virus infection, the formation of cytoplasmic granules coincides with
the antiviral response. Although the exact triggers of antiviral signaling may vary for different
RNA viruses, these cytoplasmic granules serve as a regulatory hub from which to organize an
appropriate response. As a common component of SGs, G3BP1 recruits other signaling factors that
induce transcription remodeling. Among these factors and depending on the pathogen, the roles
of innate immune sensors (e.g., PKR, MDAS5, or RIG-I) may have to be individually characterized.
The precise mechanism by which these distinct granules (avSG-like or —independent) are regulated
remains to be determined.

5. Cytoplasmic Bodies Containing Viral DNA: Signaling Beyond Translation

The AVGs formed during poxvirus infection contain viral DNA, but it is not known if this viral
DNA activates unique antiviral signaling pathways. It is noteworthy, however, that these cytoplasmic
complexes may not regulate translation directly.

Cytosolic DNA presents a dangerous signal, and mammalian cells have developed specialized
sentinels to patrol cytoplasmic compartments and resolve crises. Since poxviruses deposit and replicate
their genomic DNA in distinct cytoplasmic compartments, these viruses are useful tools with which to
study DNA-stimulated immune sensing and signal transduction. For example, VACV C16 protein
binds to DNA-dependent protein kinase (DNA-PK) to prevent DNA sensing in a cell-type dependent
manner [133]. Thus, the potential link between the stimulated antiviral state and the presence of
cytosolic DNA during abortive poxvirus infection encourages a closer examination of the DNA-sensing
mechanisms used by mammalian cells. Much of the data on how these DNA-containing granule
structures stimulate a type I IFN response came from studies of other viruses [134-141].

5.1. DNA-Sensing Bodies Containing IFN y-inducible Protein 16 (IFI16)

Herpesviruses typically deposit their DNA into the host cell nucleus. In some cell types, however,
herpesvirus particles are ubiquitinated and degraded by the proteasome, exposing viral DNA to the
cytoplasmic compartment [142]. IFN y-inducible protein 16 (IFI16) is a cellular sensor for transfected
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DNA and herpes simplex virus type 1 (HSV-1); IFI16, via activation of STING, coordinates IRF3 and
NF-kB signaling to induce type I IFN and the expression of other cytokines [135].

Human IFI16 and murine IFI204 (p204) belong to the PYHIN (pyrin and HIN domain-containing)
protein family, and both bind DNA with a HIN200 domain. Although IFI16 is predominantly localized
to the nucleus [143], acetylation of IFI16 at nuclear-localization signal motifs lead to its retention in
the cytoplasm, allowing it to sense HSV DNA [139]. In this case, IFI16 associates with cytoplasmic
viral HSV-1 DNA [142]; these cytoplasmic sensing bodies are similar in function to AVGs, but do not
contain RNA or translation machinery.

These IFI16 DNA-sensing bodies have been initially characterized. First, IFI16 is present in
the cytoplasm in a cell-type dependent manner (e.g., in macrophages and lymphocytes), probably
due to the presence of specific acetyltransferases or deacetylases in the cytoplasm. Next, along with
HSV DNA and IFI16, STING, the sensing adaptor molecule, and some proteasome components are
co-localized [142]. Upon DNA sensing, STING is redistributed into discrete cytoplasmic foci [144].
Moreover, STING translocation from the endoplasmic reticulum (ER) to perinuclear vesicles relies on
Sec5 and the translocon-associated protein complex (TRAP) [144] (Sec5 is a component of the octameric
exocyst complex [145] and TRAP is a component of ER-associated translocation machinery [146,147]).
STING interacts with TBK1 to trigger type I IFN. TBK1, on the other hand, is regulated by essential
autophagy proteins (e.g., Atg9a) [148], and dsDNA is a sufficient stimulus to redistribute TBK1 to the
punctate structures [148].

These findings suggest the presence of a previously uncharacterized DNA-containing cellular
entity that organizes selective proteasome activity, enriches sensing, and orchestrates adaptor molecules
to respond to viral infection. To further complicate the matter, however, other antimicrobial-signaling
pathways are channeled through this DNA-sensing. For example, cytosolic DNA sensing by IFI16 also
activates inflammasomes, at least in CD4" T cells [136-138,149].

5.2. Other DNA-Sensing Bodies

Numerous DNA sensors have been identified in the mammalian cell. In resting, non-monocytic
cells [150], Ku70, Ku80, and the catalytic subunit of DNA-PK (all of which make up the DNA-PK
complex) bind to cytosolic DNA to form punctate structures. TBK1 localizes to these structures
to trigger IRF3-dependent innate immune responses [151]. Furthermore, seemingly redundant
DNA-sensing molecules utilize STING as a common adaptor to trigger the IFN response. For example,
intracellular sensing of foreign DNA in conventional dendritic cells (cDC) by DDX41, a helicase,
via STING has been reported [152]. Meiotic recombination 11 homolog A (MRE11) coordinates with
RAD50 to mediate DNA sensing upstream of STING, as well [153]. Cyclic GMP-AMP synthase (cGAS),
another DNA sensor, forms complexes with foreign DNA in macrophages [141,154]. Intriguingly,
cGAS and IFI16 seem to interact, and this interaction appears to stabilize IFI16, preventing its
proteasome-associated degradation [141]. Finally, p53 and HIN 200 family members, including
p202 and antaxia-telangiectasia mutated kinase (ATM), can serve as DNA sensors in the cytoplasm to
trigger apoptosis [155] and regulate caspase activation [156,157], respectively.

Opverall, it is not clear why so many different DNA sensors exist for cytosolic surveillance; although
these sensing molecules vary by cell type, this alone does not account for their diversity. We should
also examine the differences in target recognition among individual cytosolic DNA sensors. Moreover,
whether these seemingly redundant DNA sensors are regulated by the organization of cytoplasmic
granule structures remains to be investigated. In the case of herpesvirus DNA, a surveillance system
composed of proteasomes seems to be in place to digest the viral capsid and coordinate subsequent
DNA sensing [142]. These series of events then influence signal transductions that activate distinct gene
expression program. In professional immune cells such as macrophages and cDCs, these specialized
DNA sensing mechanisms affect not only the innate response, but they also potentiate the activation
of adaptive immunity [158]. Overall, these data raise new questions regarding the biological relevance
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of cytoplasmic DNA-associated sensing bodies in terms of pathogenesis and pro-inflammatory or
autoimmune conditions.

6. Concluding Remarks

Immunoregulatory factors produced by poxviruses are novel tools that can help us understand
host immune defense mechanisms. Mutant poxviruses that lack immunomodulatory genes allow us
to discover novel cellular responses that are important for intrinsic immunity and overall cell biology.
Poxviruses reprogram host cell translation to benefit the viral life cycle, but the dsDNA and RNA
intermediates (or RNA byproducts) generated during poxvirus infection present danger signals to the
host cell. Thus, poxviruses use viral factors to neutralize host defense molecules that are detrimental
to the viral life cycle.

The observation that poxvirus infection induces the formation of AVGs surrounding viral factories
raises some key questions: are these granular structures indicative of unique host defenses associated
with translation control? What is the decision point for a host cell to generate AVGs? It appears
that either the PKR/elF2 phosphorylation axis or the SAMD9 pathway controls the AVG formation,
but there may be additional regulatory mechanisms governing this process.

It will be intriguing to see whether the SAMD?9 pathway regulates translation in some way. Recent
progress in the study of cellular RNA- and DNA-sensing reveals a dynamic host surveillance system
in the cytoplasm. These unique entities, including poxvirus-stimulated granules and sensing bodies,
prompt us to expand our view of how these structures are assembled. Thus, poxvirus is an invaluable
tool with which we can examine host regulatory mechanisms that function beyond translation.
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