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Activation of Stress Response Pathways Promotes Formation of
Antiviral Granules and Restricts Virus Replication
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The formation of protein-RNA granules is a part of both natural cellular function (P-bodies and nuclear HNRNPs) and the re-
sponse to cellular stress (stress granules and ND10 bodies). To better understand the role of stress-induced granules in viral in-
fection, we have studied the ability of cells to restrict poxvirus replication through the formation of antiviral granules (AVGs).
Of cells infected with a wild-type poxvirus, a small number spontaneously formed AVGs. In these AVG-positive cells, viral gene
expression was inhibited. The addition of compounds that altered RNA helicase activity, induced oxidative stress, or stimulated
translation initiation factor phosphorylation significantly increased the number of AVG-positive cells. When AVGs formed,
both viral translation and titers were decreased even when host translation persisted. Treatment with the antiviral compound
isatin (3-thiosemicarbazone (IBT), a compound that was used to treat smallpox infections, induced AVGs, suggesting a role for
these structures in the pharmacological inhibition of poxvirus replication. These findings provide evidence that AVGs are an
innate host response that can be exogenously stimulated to combat virus infection. Since small molecules are able to stimulate
AVG formation, it is a potential target for new antiviral development.

Poxviruses are a family of double-stranded DNA viruses that
include the human pathogens smallpox, monkeypox, and
cowpox viruses. The family also includes vaccinia virus (VACV),
the vaccine strain that was used to eradicate smallpox from circu-
lation in humans. These viruses are unique among DNA viruses in
that their replication occurs entirely in the cytoplasm and uses
viral biosynthetic machinery for DNA and RNA synthesis. Vac-
cinia virus, the prototype poxvirus, expresses over 200 unique
proteins during the course of replication through an interdepen-
dent cascade of stage-specific transcription events (1-3). As soon
as the viral core enters the cytoplasm, factors packaged within the
virion begin transcribing viral mRNAs. Genome replication is
subsequently initiated at discrete sites in the cytoplasm, called
viral factories. These perinuclear DNA-filled factories are the site
of all viral transcription and are where virus assembly is initiated.
Viral factories become larger and more diffuse as intermediate and
late transcription produce virus structural components that facil-
itate virion morphogenesis (4, 5).

In addition to expressing proteins that drive virus replication,
poxviruses also express a large number of proteins that block the
induction of host antiviral responses (6). Successful poxvirus rep-
lication also requires the evasion of cellular responses that are able
to act immediately. An important example of this response is the
recognition of double-stranded RNA (dsRNA), a potent patho-
gen-associated molecular pattern (PAMP) that is produced dur-
ing poxvirus infection. Recognition of dsRNA by PKR promotes
the phosphorylation of the a subunit of eukaryotic translation
initiation factor 2 (eIF2a), inhibiting both host and viral transla-
tion (7). Vaccinia virus prevents PKR activation by sequestering
dsRNA with the viral E3 protein (8-11). Viruses lacking E3 acti-
vate PKR, resulting in the inhibition of viral protein synthesis.
This attenuates viral replication, highlighting the importance of
elF2a in facilitating poxvirus infection (9, 10, 12-14).

There are three other stress-activated elF2a kinases that are
capable of inducing a broad range of responses designed to protect
the cell. PERK, HRI, and GCN2 respond to endoplasmic reticu-
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lum (ER) stress, oxidative stress, and nutrient deprivation, respec-
tively (14-18). Collectively, the sensing and response pathways
that lead to elF2a inactivation are called the integrated stress re-
sponse (ISR). The ISR encompasses an extensive transformation
of global gene expression, switching from elF2a-dependent gen-
eral host translation to alternative elF2a-independent stress ex-
pression (19-21).

The activation of the integrated stress response often promotes
the formation of ribonucleoprotein aggregates, called stress gran-
ules (SGs), that form at seemingly random sites throughout the
cytoplasm of stressed cells (22). They are composed of mRNA and
RNA binding proteins (including G3BP1, CAPRIN], and TIA1)
and translation initiation components (including 40S ribosomal
subunits, elF3, and eIF4A/E/G) (23). It has been proposed that
stress granules function as a dynamic microdomain in which
mRNA is sorted between decay, storage, or polysome assembly
(24, 25). The assembly of stress granules has been shown to be
influenced by the rates of both translation initiation and termina-
tion; inhibitors of initiation cause decreased polysome formation
and increased SG formation, whereas the prevention of polysome
disassembly with drugs such as emetine and cycloheximide causes
the disassembly of SGs (25, 26). Stress granule formation has been
reported to play a role in restricting virus replication, and many
viruses appear to have evolved mechanisms to circumvent the
formation of these granules during infection (27).
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In previous work, we found that cells infected with a mutant
vaccinia virus that lacks the PKR antagonist protein E3 induce a
host response to virus infection that includes the assembly of cy-
toplasmic granules. Importantly, these granules are distinct from
stress granules in both composition and function. The granules,
which we named antiviral granules (AVGs), show a defined local-
ization, embedded across the surface and within cytoplasmic viral
factories. They do not contain the 40S ribosomal subunit (which
localizes to SGs) and, unlike SGs, do not disassemble when trans-
lation termination is prevented with polysome-stabilizing drugs
such as cycloheximide and emetine (25, 28). We also found that
attenuated vaccinia viruses that induce AVG formation grow to
higher titers in cells where the AVG component TIA1 is deleted
than in wild-type cells. This restoration demonstrates that AVGs
are specifically required for the full inhibition of vaccinia virus
replication.

Having found that AVG formation is an important part of re-
stricting AE3L mutant vaccinia virus (AE3L-VACV), we hypothe-
sized that AVGs might also be capable of inhibiting wild-type vaccinia
virus (WT-VACYV) replication. Here we report that AVGs are natu-
rally induced spontaneously in WT-VACYV infection at a low level
and that their formation can be selectively enhanced.

MATERIALS AND METHODS

Cell lines. U20S cells were a kind gift from David Sabatini (Whitehead
Institute for Biomedical Research). HeLa cells were obtained from the
ATCC. All cell lines were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with glutamine and 10% fetal bovine se-
rum (FBS) (D10).

Viruses, viral infections, and plaque assays. The wild-type Western
Reserve strain of vaccinia virus was obtained from Bernard Moss (NIAID,
NIH) and grown in BHK21 cells. AE3L-VACV was created by using ho-
mologous recombination as previously described (28). Virus stock titers
were determined in triplicate on Vero cells, and virus was stored in ali-
quots at —80°C.

For growth curve experiments, plaque assays were performed as pre-
viously described (28). Samples were serially diluted in triplicate by using
D2 medium, added to confluent BSC-40 cells in 96-well plates, and grown
at 37°C for 18 h. Plates were prepared for immunofluorescence as detailed
below. Cells were stained with rabbit polyclonal antiserum raised against
vaccinia virus A33R (catalog number NR-628; BEI Resources), followed
by Alexa Fluor 568-conjugated donkey anti-rabbit secondary antibody
(Invitrogen). Plaques were manually counted by using a Zeiss Axiovert
200M fluorescence microscope.

Fluorescent virus reporter assays using LREV (late mCherry- and early
VENUS-expressing) virus were performed as previously described
(29, 30). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) cytotoxicity assays were performed as previously de-
scribed (31, 32).

Immunofluorescence and drug treatments. For immunofluorescence
(IF) experiments, cells were seeded into a 24-well dish containing 12-mm
clean glass no. 1.5 coverslips (catalog no. GG-12; Neuvitro Corp.). All cells
were fixed in 4% paraformaldehyde (PFA; Electron Microscopy Sciences) at
room temperature for 15 min. Coverslips were permeabilized with cold
methanol for 5 min and blocked with fetal bovine serum (FBS) (5% FBS and
0.05% sodium azide in phosphate-buffered saline [PBS]) before continuing
with IF staining. Primary and secondary antibodies were diluted in block and
incubated with rocking for 1 h at room temperature. Coverslips were washed
three times with PBS after both primary and secondary incubations and
mounted by using ProLong Gold antifade with 4',6-diamidino-2-phenylin-
dole (DAPI) (Invitrogen-Molecular Probes). Where noted, the final wash
buffer also included 5 uM DRAQS5 far-red fluorescent DNA dye (catalog
number 4084; Cell Signaling Technology).
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Mouse monoclonal antibodies (MAbs) against G3BP1 (tt-y) and
poly(A) binding protein (PABP) (10E10), goat polyclonal antibody
against TIA1, and rabbit polyclonal serum against eIF4E were purchased
from Santa Cruz Biotechnology (catalog numbers sc-81940, sc-32318,
sc-1751, and sc-13963). Rabbit MAD against eIF3H (D9C1) was obtained
from Cell Signaling Technology (catalog number 3413). Rabbit poly-
clonal serum against CAPRIN1 was purchased from Proteintech Group
Inc. (catalog number 15112-1-AP). Alexa Fluor 488- and 568-conjugated
donkey polyclonal secondary antibodies were obtained from Invitrogen.

Image scoring was performed by manually counting random fields of
cells stained to visualize viral factories (DAPI regions distinct from the
nucleus) and granules (TIA1, G3BP1, or CAPRIN1). RNP granules were
scored as AVGs if their localization was associated with DNA-stained viral
factories. At least 50 cells were scored for any individual data point shown
on the charts (see Fig. 1, 3, and 7).

For experiments using sodium arsenite (Ars) (catalog number
35000FLUKA; Sigma), thapsigargin (Thap) (catalog number 586005; Cal-
biochem), hippuristanol (Hipp) (a kind gift from J. Pelletier), and rohi-
nitib (RHT) (also called rocaglate 8e [33]) (a kind gift from John Porco at
the Center for Chemical Methodology and Library Development at Bos-
ton University), HeLa or U20S cells were infected with WT-VACV at a
multiplicity of infection (MOI) of 10, as described above. One hour prior
to fixation (6 h postinfection [hpi]), the appropriate chemical was added
as a dilution in PBS for a final concentration of 500 uM Ars, 1 wM Thap,
1 wM Hipp, or 1 pM RHT. For treatments longer than 1 h (e.g., growth
assay, fluorescence reporter assay, MTT assay, and protein extract prepa-
ration), a reduced concentration of 50 wM arsenite was used to prevent
cell death, as indicated in the figure legends. Similar levels of AVG induc-
tion were seen after 1 h of arsenite treatment with both 50 wM and 500 uM
(data not shown). Poxvirus inhibitors (see Fig. 6E) were added at 1 hpi,
fixed at 7 hpi, and processed for immunofluorescence as described above.
Concentrations of 1 pg/ml 1-B-p-arabinofuranosylcytosine (AraC) (cat-
alog number C6645; Sigma), 50 wM isatin B-thiosemicarbazone (IBT)
(catalog number NC9075202; Fisher Scientific), 50 wg/ml rifampin (cat-
alog number R3501; Sigma), and 5 uM ST-246 (a kind gift of Siga Labs,
Corvallis, OR) were used as previously described (30, 34, 35). Type 1
interferon (IFN) was added 24 h prior to infection at 200 U/ml (human
beta la interferon, catalog number 11415-1; PBL Interferon Source). Af-
ter the inoculum was removed and cells were washed, additional IFN in
D2 medium was replaced. All cells were fixed at 7 hpi unless otherwise
noted.

For fluorescence metabolic labeling, cells were prepared as described
above, by treatment with either PBS or 500 wM Ars. One hour prior to
fixation (6 hpi), medium was replaced with D2—Met/Cys depletion me-
dium (DMEM with no methionine and no cysteine; Sigma Gibco).
Twenty minutes prior to fixation, medium was changed again and re-
placed with D2—Met/Cys medium supplemented with 50 wM Click-iT
L-azidohomoalanine (AHA) (or an .-homopropargylglycine [HPG] azide
analog) (Invitrogen Molecular Probes). Following fixation (7 hpi), cells
were permeabilized and incubated for 30 min at room temperature with
1X Click-iT cell reaction buffer and Alexa Fluor 488 detection reagent.
Coverslips were further processed for IF as described above.

Polysome stability assays were performed similarly to previously de-
scribed assays (25). HeLa cells were infected with WT-VACV atan MOI of
10 in D2 medium. Ars solution was added for a final concentration of 500
wM at 5.5 hpi. Thirty minutes later, 20 pg/ml cycloheximide (CHX;
Sigma), 20 pg/ml puromycin (Puro; InvivoGen), or 0.05% dimethyl sul-
foxide (DMSQ) was added and incubated for an additional 2 h. Control
wells were incubated individually with DMSO, CHX, or Puro alone for a
final 2 h. All cells were fixed at 7 hpi.

Coverslips were viewed by using an Axioplan 200M microscope with a
Plan-Apochromat 63X/1.4-numerical-aperture oil immersion objective
and Axiovision software (Zeiss). Three-dimensional stacks were collected
and deconvolved by using ImageJ software (version 1.47n, 1997 to 2013;
W. S. Rasband, U.S. National Institutes of Health, Bethesda, MD, USA
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FIG 1 Antiviral granules form in a small population of cells during wild-type vaccinia virus infection and suppress viral translation. HeLa and U20S cells were
infected with WT-VACV at an MOI of 10. Nascent proteins were metabolically labeled during the final 30 min of growth and fixed at 7 hpi (see Materials and
Methods for details). Cells were stained with antibodies to G3BP1 (red) and with DAPI (blue). (A) Example field of view collected at a X63 magnification, with
a 200% magnification taken from the boxed region. Wild-type viral factories surrounded by diffuse cytoplasmic G3BP1 (arrowheads) or with surrounding
G3BP1 granules (arrows) are marked. Bar = 25 pm. (B) Cells were stained as described above for panel A and additionally processed to conjugate nascent
peptides to an Alexa Fluor 488 fluorophore (green). Examples of each type of factory observed are boxed and labeled (bar = 10 wm). (C) Channel-separated
examples of each factory type: early, active, and repressed. (D) Factories were categorized for factory-localized enrichment of translation or G3BP1 labeling (early,
13.4% = 5.2%; active, 78.1% = 6.8%; repressed, 8.5% = 1.9% [mean * SEM]) (n = 149 cells from 3 biological replicates).

[http://imagej.nih.gov/ij/]) and the Parallel Iterative Deconvolution
plug-in released by Piotr Wendykier (GNU General Public License). A
theoretical point spread function was calculated for each image by using
the Diffusion PSF 3D plug-in (R. Dougherty [http://www.optinav.com
/imagej.html]). Images were also captured by using an LSM710-Live Du-
oscan confocal microscope (Zeiss).

Radiolabeling, gel electrophoresis, and Western blot analysis. SDS-
PAGE and Western blotting were performed as previously reported (28).
HelLa cells grown in 12-well dishes were extracted with NP-40 lysis buffer,
transferred onto a polyvinylidene difluoride (PVDF) membrane, and
probed with antibodies according to the manufacturer’s instructions (Li-
Cor Biosciences). A polyclonal antibody recognizing vaccinia virus virion
proteins was purchased from Virostat (catalog number 8101). A mono-
clonal antibody recognizing vaccinia virus virion protein was obtained
from BEI (AB-VACC-MABS, catalog number DD-42). Mouse monoclo-
nal antibody against beta-actin was purchased from Santa Cruz Biotech-
nology (catalog number sc-47778). Rabbit polyclonal serum recognizing
either total eIF2a or a phosphorylation site specifically at serine 52 of
elF2a was purchased from Cell Signaling Technologies or Assay Designs,
respectively (catalog numbers 9722 and BML-SA405-0020, respectively).
Goat anti-mouse IRDye 680RD and anti-rabbit IRDye 800CW secondary
antibodies were diluted 1:2,000 in Li-Cor blocking buffer and incubated
with a membrane for 1 h (Li-Cor Biosciences). All blots were scanned at a
resolution of 169 wm. Quantification was performed by using Image].

Pulse labeling of adherent HeLa cells with [*>S]methionine was per-
formed as previously described (36). Phosphorimages were analyzed by
using a Personal Molecular Imager system and Quantity One software
(Bio-Rad).

RESULTS

Poxvirus-infected cells can spontaneously form antiviral gran-
ules around viral factories. To understand whether antiviral
granule (AVG) structures form during normal virus infection, we
examined cells infected with wild-type vaccinia virus (WT-

June 2014 Volume 34 Number 11

VACV). HeLa cells were infected with WT-VACV and stained
with antibodies against the AVG marker G3BP1 and DAPI to vi-
sualize cytoplasmic viral factories. We noted that G3BP1 staining
was evenly diffuse throughout the cytoplasm in most infected cells
(Fig. 1A, arrowheads). A small number of cells showed G3BP1
localization in distinct granules across the surface and embedded
within the viral replication factory (Fig. 1A, arrows and magnified
inset). Similar experiments were performed with other established
markers of AVGs (CAPRIN1 and TIA1), and we found that facto-
ry-associated granules occurred in 4.8% (*1.4%) of infected
HeLa cells (n = 622 cells from 7 biological replicates). This obser-
vation was confirmed by using U20S cells, where factory-associ-
ated granules were seen in 5.8% (#0.6%) of infected cells (n = 615
cells from 6 replicates). Based on their similar morphology com-
pared to previously described AE3L-induced AVGs (28), we hy-
pothesized that these granules were antiviral in nature.

Cells that form antiviral granules suppress wild-type vac-
cinia virus translation. For cells that have been infected with vac-
cinia virus, active translation has been suggested to be concen-
trated at viral cytoplasmic factories (37, 38). To determine
whether translation was inhibited at viral factories in the subset of
cells that form AVGs, we visualized active protein translation in
individual vaccinia virus-infected cells. Infections were performed
as described above, with the addition of the amino acid analog
L-azidohomoalanine (AHA) 20 min prior to fixation. After fixa-
tion, proteins that had incorporated AHA were conjugated to a
fluorescent probe by using a copper-catalyzed reaction, allowing
us to label nascent peptides (39-42). Cells were also stained with
an antibody against G3BP1 to mark factory-associated granules.
Figure 1B shows a representative field of view from one such ex-
periment, containing three types of viral factories: early, active,

mcb.asm.org 2005


http://imagej.nih.gov/ij/
http://www.optinav.com/imagej.html
http://www.optinav.com/imagej.html
http://mcb.asm.org

Rozelle et al.

A B D 100 - XRKXK KREK
FREK
Stress (inducer) Stress Kinases PBS L ]
Viral - ~ -+ -+ WT-VACV 8 80 1
Replication ~———gy IF2q-POA : i
PKR elF2a Alternative l. [J]

(dsRNA) \ J Stress Response Translation e - elF2a0-PO4 E 60 A
Oxidative _— HRI Normal Translation g
Stress. PERK elF2a Initiation 10 09 3.2 40 a 404
(Arsenite) )

/ i S
ER Stress elF4A < 20 1
(Thapsigargin) /‘ _elF2a L ns
(Hippuristanol / RHT) 0 -

Ars Thap Hipp RHT IFN

C Merged G3BP1 DAPI Merged G3BP1 DAPI
i. WT-VACV \ ; s

G3BP1/DAPI

il | 1 s

FIG 2 Antiviral granule formation is enhanced during alterations of translation initiation. HeLa and U20S cells were infected with WT-VACYV at an MOI of 10.
At 6 hpi, cells were treated with PBS, 500 wM arsenite (Ars), 1 uM thapsigargin (Thap), 1 .M hippuristanol (Hipp), or 1 wM rohinitib (RHT) and fixed an hour
later at 7 hpi. Alternatively, cells were pretreated with 200 U/ml beta 1 interferon for 24 h before infection. Cells were stained with antibodies to G3BP1, TIA1, or
CAPRIN1 and with DAPI. (A) Schematic describing parallel methods to alter translation initiation with small molecules. The activation of multiple stress kinases
results in the phosphorylation of the alpha subunit of eIF2, preventing the formation of the ternary complex necessary for translation initiation. Alternatively,
elF4A is inhibited by hippuristanol and RHT in an elF2a-independent manner. (B) Whole-cell extracts from mock-infected and infected cells treated with 500
M Ars were separated by SDS-PAGE and blotted with an antibody against phosphorylated elF2a (S51) (i) and total eIF2a (ii). A band densitometry comparison
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FIG 3 Arsenite-induced AVGs recruit components similar to those recruited by AE3L-VACV-induced AVGs. HeLa cells were either mock infected (A to C) or infected
with WT-VACV (D to I) or AE3L-VACV (J to L) at an MOI of 10. PBS (A to Fand J to L) or 500 M arsenite (G to I) was added at 6 hpi, and cells were fixed an hour
later. Triplicate coverslips were stained with antibodies against either G3BP1 and eIF3H (A, D, G, and J), TIA1 and eIF4E (B, E, H, and K), or CAPRIN1 and PABP (C,

F, 1, and L) and stained with DAPI. Maximum-intensity projections from multiple z-slices. Boxed areas mark zoomed regions. Bar = 5 pm.

and repressed. Early factories were smaller and not enriched for
G3BP1, and only minimal translation was observed (Fig. 1C). Ac-
tive factories displayed areas of highly active protein translation,
observed as enriched foci across the surface of viral factories, with
no G3BP1 recruitment (Fig. 1C). Factories containing G3BP1
granules, despite having sizes and shapes similar to those of active
factories, did not contain significant translation staining (Fig. 1C).
When factories were scored for translation and G3BP1 enrich-
ment, we saw a consistent trend that factories fell into one of the
three categories (early [13.4% = 3.4%], active [78.1% = 8.1%], or
repressed [8.5 = 1.9%] [means = standard errors of the means
{SEM}]) (n = 149 cells from 3 biological replicates) (Fig. 1D).
Importantly, we did not find any factories that displayed both
active translation and G3BP1 recruitment, arguing that the host
protein G3BP1 negatively regulates viral translation, which is in
contrast to the previously proposed role in support of viral trans-
lation (38). This inverse correlation between viral factory-based
translation and G3BP1 recruitment provides evidence that gran-

ules formed during wild-type vaccinia virus infection are capable
of repressing viral translation.

AVG formation is enhanced in response to changes in trans-
lation initiation. These results showed that a small subset of cells
infected with vaccinia virus formed AVGs in response to poxvirus
replication and blocked virus translation. Since AVG induction
during AE3L-VACYV infection was shown to require the phos-
phorylation of eIF2a (28), we hypothesized that the activation of
independent environmental stress pathways would increase the
incidence of AVG formation. We first investigated whether small-
molecule stimulators of elF2a phosphorylation, such as the oxi-
dative stress inducer arsenite, would promote AVG formation
during wild-type virus infection (Fig. 2A). Consistent with previ-
ous reports, phosphorylation of eIF2a was enhanced >4-fold in
cells treated with 500 wM sodium arsenite for 1 h (Fig. 2B) (18).
Arsenite treatment of infected HeLa cells led to a dramatic in-
crease in the number of AVGs around wild-type vaccinia virus
factories (Fig. 2Cii). AVGs were also formed when cells infected

of the phosphorylated form normalized to total eIlF2a is shown between gel images. (C) Example images for G3BP1 (red) (middle) and DAPI (blue) (right)
labeling and merged images (left) for PBS (i)-, arsenite (ii)-, thapsigargin (iii)-, hippuristanol (iv)-, rohinitib (v)-, and beta 1 interferon (vi)-treated cells. N, cell
nuclei; arrows, factories with AVGs; solid arrowheads, factories without granules; open arrowheads, stress granules (bar = 5 pm). (D) Quantification of infected
cells with AVGs after treatment with arsenite (91.3% * 1.9% [mean = SEM]), thapsigargin (32.6% * 7.4%), hippuristanol (77.9% = 9.6%), and RHT
(92.8% = 1.6%) but not IFN (4.1% = 0.7%) (P = 0.9997) showed a highly significant (3, P < 0.0001) increase compared to cells treated with PBS alone
(5.3% = 0.8%). All experiments included >50 cells from at least 2 biological replicates. ns, not significant. (E) HeLa cells were infected with WT-VACV, and 500
M arsenite was added 1 h before fixation at 4 to 8 hpi. (i) Cells were stained as described above for panel C (bar = 5 wm). (ii and iii) Magnified dashed boxes
containing viral factories with AVGs are shown in orthogonal views as a maximum-intensity projection, including the top view (x and y, bar = 5 um) (ii) and
side view (z, bar = 2 wm) (ii). Borders of DAPI-stained factories are denoted with dashed lines.
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with WT-VACV were treated with the ER stress inducer thapsi-
gargin (Thap) (1 uwM), which stimulates eIF2a phosphorylation
through activation of the PERK kinase (Fig. 2Ciii). Using these
distinct inducers of the host stress response pathway, we were able
to promote the formation of AVGs by enhancing e[F2a phos-
phorylation.

The stimulation of AVGs was not dependent solely on elF2a
phosphorylation. Treatment of WT-VACV-infected cells with the
elF4A inhibitors hippuristanol (Hipp) (1 pwM) and rohinitib
(RHT) (1 pM) also induced AVGs at VACV factories (Fig. 2Civ
and v) (21, 33, 43). This suggested that various stresses which alter
normal cellular translation initiation lead to AVG formation. Im-
portantly, the induction of AVGs was not a universal response to
all forms of cell stress. When cells were treated with 200 U/ml type
1 interferon (IFN) for 24 h prior to infection to induce antiviral
genes, they did not induce AVGs in WT-VACV-infected cells, nor
did the treatment appear to block the ability of vaccinia virus to
enter cells and set up active replication centers (Fig. 2Cvi). To
determine the extent of granule formation in infected cells, we
quantified the frequency of AVG-positive cells after treatment of
both HeLa and U20S cells for 1 h before fixation at 7 hpi (Fig. 2D).
All treatments except IFN induced AVGs in the majority of WT-
VACV factories (Ars, 91.2% = 1.9%; Thap, 32.6% = 7.3%; Hipp,
77.9% % 9.6%; RHT, 92.1%; IFN, 4.8% [means = SEM of in-
fected cells with virus-associated granules]) (44). AVGs were seen
across nearly all factories with arsenite, hippuristanol, and RHT
treatments, while thapsigargin had a lesser, although highly signif-
icant, effect, consistent with its reported lesser effect on HeLa cells.
These treatments also induced similar numbers of SGs in both
infected and uninfected cells, as previously established (44). These
experiments demonstrated that AVG formation in virus-infected
cells could be enhanced by a variety of compounds that alter rates
of translation initiation through either eIF2a-dependent or -in-
dependent mechanisms.

AVGs are formed around and within cytoplasmic viral facto-
ries and can be induced during all stages of factory develop-
ment. AVGs become apparent during AE3L-VACV infections,
surrounding and embedded within factories as soon as a viral
factory is produced (28). To determine if there was any effect of
time of infection or factory size on the ability to chemically induce
AVGs during infection with WT-VACV, we treated cells with 500
.M sodium arsenite for 1 h in cells that had been infected for
increasing amounts of time. As previously described, cells began
to show viral DNA replication and evidence of factory formation
at between 2 and 4 hpi (45). AVGs were readily seen to be associ-
ated with DAPI-stained cytoplasmic viral factories at all times af-
ter factory formation (Fig. 2E). AVGs induced during early times
of infection appeared to be restrained to the periphery of 1- to
3-pwm-diameter factories (4 to 5 hpi) (Fig. 2E; see also Movies S1
and S2 in the supplemental material). This may be due to the
presence of an ER-derived membrane, which has been shown to
be present until virion assembly begins at around 6 hpi (46). AVGs
formed later in infection (6 to 8 hpi) were observed across the
surface and embedded throughout the volume of larger cytoplas-
mic factories (3- to 8-pum diameter), consistent with those previ-
ously observed at similar times of infection with AE3L-VACV (6
to 8 hpi) (Fig. 2E; see also Movies S3 to S5 in the supplemental
material) (28). These findings show that stress-induced AVGs are
capable of forming at all stages of WT-VACYV factory development
and are found adjacent to and within the factory itself.
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AVG structures formed in wild-type-infected cells are multi-
protein complexes that are insensitive to cycloheximide disso-
lution. To verify that the induced AVGs that we observed during
WT-VACYV infection were similar to those formed during AE3L-
VACYV infections and not simply SGs that are also induced under
these circumstances, we examined their composition and stability.
The colocalization of three mRNA binding proteins (G3BP1,
TIA1, and CAPRINI1) and three translation initiation proteins
(eIF3H, eIF4E, and PABP) with AVGs was determined by using
immunofluorescence (Fig. 3). As expected, each of these proteins
showed a diffuse labeling pattern in the cytoplasm of mock-in-
fected cellsand WT-VACV-infected and PBS-treated cells (Fig. 3A
to F). Consistent with its role in pre-mRNA metabolism, TIA1 was
also seen in the nucleus under similar conditions (Fig. 3B and E)
(22, 47). The addition of 500 WM arsenite to wild-type-infected
HeLa cells caused a rapid enrichment of all AVG components into
dense granules localized coincident with DAPI-stained factories
(Fig. 3G to I). Staining for multiple components simultaneously
showed a large proportion of overlapping signals, showing colo-
calization into similar granule structures (Fig. 3G to I).

Cycloheximide has been shown to cause dissociation of stress
granules but not AVGs (25, 28). Infected cells treated with 20
pg/ml cycloheximide in the presence of 500 wM arsenite retained
factory-associated AVGs, whereas non-factory-associated gran-
ules, presumably stress granules, were lost (96% of infected cells
with AVGs; n = 51) (Fig. 4D). Similar results were obtained by
using emetine (D. K. Rozelle and J. H. Connor, unpublished data).
Next, we showed that 20 pg/ml puromycin after 500 .M arsenite
treatment caused no change in AVG or stress granule prevalence,
indicating that dispersion of stress granule components requires
polysome disassembly and not merely ribosome inhibition (97%
and 96% of cells retained arsenite-induced AVGs [n = 40] and
SGs [n = 52], respectively) (Fig. 4F and L). The initial experiments
established that AVGs are able to form during wild-type vaccinia
virus infections.

AVGs sequester viral mRNAs. To understand how AVGs
might repress viral translation, we determined whether the sub-
cellular localization of viral mRNAs was altered when AVGs were
formed. To accomplish this, we used fluorescence in situ hybrid-
ization (RNA-FISH) to specifically label viral mRNAs. RNA-FISH
probes recognizing the vaccinia virus FOL gene were seen spread
throughout the cytoplasm of productively infected HeLa cells at 7
hpi (Fig. 5i). When infected cells were treated with 500 WM arsen-
ite (as in Fig. 2), both G3BP1 staining and FOL mRNA probes
became localized to granules (Fig. 5ii). We saw a similar shift of
both G3BP1 protein and viral FOL mRNA after treatment with
hippuristanol (Fig. 5iii).

To determine if the G3BP1 protein aggregates and viral FOL
mRNA foci were localized in a similar structure, we analyzed their
colocalization. Individual AVGs were identified as regions where
levels of staining for G3BP1 protein (Fig. 5, green line) and viral
factory DNA (blue) were above the normalized background level.
Background levels were 0.2 relative fluorescence units (RFU) us-
ing PBS-treated cells infected with WT-VACV (Fig. 5i). In in-
fected cells treated with either 500 pM arsenite or 1 wM hip-
puristanol, the level of FOL mRNA staining (red) was above
background levels at all locations identified as AVGs (Fig. 5ii and
iii). To quantify the degree of mRNA enrichment at AVGs, we
compared the mean intensity of the FOL RNA probe signal at these
AVG regions with that of nongranule cytoplasmic regions. In-
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FIG 4 Arsenite-induced stress granules but not antiviral granules disassemble during elongation inhibition. HeLa cells were infected with WT-VACV at an MOI
of 10 or mock infected and left untreated (A and G), treated with 0.5 mM arsenite for 30 min (B and H), treated with 10 pg/ml cycloheximide for 1 h (Cand I),
treated with arsenite for 90 min with the addition of cycloheximide after 30 min (D and J), treated with 20 wg/ml puromycin for 1 h (E and K), or treated with
arsenite for 90 min with the addition of puromycin after 30 min (F and L). Cells were fixed at 7 hpi and stained with antibodies to CAPRINT1 (red) and with DAPI
(blue). Fields of view were collected at a X 63 magnification. Arrows mark viral factories with AVGs, white arrowheads mark factories without AVGs, and open
arrowheads mark SGs. Bar = 5 wm. Quantification of infected cells showing factory-associated CAPRIN1 granules (A to F) or of all cells with stress granules (G

to L) is shown in each panel (n = 100 each).

fected cells treated with arsenite showed an enrichment in the FOL
mRNA intensity of 159.1% = 8.8% at AVGs relative to that in the
cytoplasm, and cells treated with hippuristanol showed a similar
168.3% = 12.5% enrichment (1 = 13 cells from 2 biological rep-
licates). This result shows that AVGs contain components capable
of enriching viral mRNAs from the cytoplasm. Levels of enrich-
ment were found to be similar at SGs (data not shown), suggesting
that SGs could also sequester viral RNAs.

Induced AVGs suppress translation of viral but not stress-
induced host mRNAs. Since induced AVGs form in almost all
cells following the addition of arsenite, we hypothesized that they
have the ability to significantly inhibit vaccinia virus replication.
To determine the effect of AVGs on viral gene expression, we
examined protein synthesis following arsenite treatment. Micro-
scopic images of nascent peptides in virus-infected HeLa cells
showed that active translation was localized primarily to AVG-
free factories in infected cells (Fig. 6Ai, white arrows). In contrast,
in cells treated with 500 M arsenite, viral factories surrounded by
AVGs were devoid of translation, indicating that arsenite-pro-
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moted AVG formation prevented viral translation (Fig. 6Aii, yel-
low arrows).

Our investigations until this point were performed by using
500 wM arsenite to induce cytoplasmic granules, consistent with
previous reports (44, 48—50). While this concentration of arsenite
consistently produces a robust stress response and assembly of
granules, we wanted to determine if AVGs were able to form at
lower concentrations. By adding a range of arsenite concentra-
tions for 1 h to HeLa cells infected with WT-VACV, we deter-
mined that similar numbers of AVGs were induced in infected
cells treated with 50 M arsenite (78.0% = 19.2%) and 500 uM
arsenite (90.7% = 3.0%; P = 0.2345), compared with the reduced
response seen after 10 wM arsenite treatment (16.0% = 2.8%)
(Fig. 6B, white bars). When the cytotoxicity imposed upon cells by
treatment with 500 WM arsenite (31.3% = 1.3% of control cell
metabolism) was compared to that imposed by treatment with 50
M (52.7% = 1.6%), we found a statistically significant increase
in host metabolic capacity (P < 0.0001) (Fig. 6B, gray bars). This
showed us that 50 WM arsenite was the lowest concentration at
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FIG 5 Antiviral granules are formed around viral mRNA. HeLa cells were infected with WT-VACV at an MOI of 10. At 6 hpi, cells were treated with PBS, 500
WM arsenite (Ars), or 1 wM hippuristanol (Hipp) and fixed an hour later. Eighteen custom fluorescent oligonucleotides targeting the entire open reading frame
of vaccinia virus FOL mRNA were hybridized prior to staining with antibodies to G3BP1 and with DAPI. Shown are example fields of view with individual
channels for DAPI (blue), G3BP1 (red), and FOL mRNA (green) and merged images for PBS (i), Ars (ii), and Hipp (iii) treatments. N, cell nuclei; arrows, factories
with AVGs; solid arrowheads, factories without granules; open arrowheads, SGs (bar = 5 pm). Charts display channel intensities of DAPI (blue), G3BP1 (red),
and FOL mRNA (green) normalized for each channel between all images. The regions analyzed are marked with white bars on the merged images. The

background level is indicated on each chart with a dashed line (0.2 RFU).

which AVGs still formed in the majority of cells. By using this
reduced amount of arsenite, especially during prolonged experi-
ments, such as the growth assays described below, we were able to
minimize the pleiotropic effects of arsenite while retaining most of
its AVG-inducing potency.

To verify that the AVG-induced translation inhibition shown
in Fig. 6A led to a decrease in viral protein accumulation, we
probed whole-cell extracts with vaccinia virus-specific antibodies.
Two antibodies raised against vaccinia virus virions (polyclonal
and monoclonal) were used to compare the inhibition of viral
protein production during AVG production. The polyclonal se-
rum detected increasing amounts of viral protein at molecular
masses of 80, 50, 30, and 25 kDa at between 6 and 24 hpi in WT-
VACV-infected cells treated with PBS (Fig. 6Ci, lanes 5 to 8). In
contrast, infected cells treated with 50 wM arsenite had negligible
protein production, even at 24 hpi (Fig. 6Civ, lanes 9 to 12). A
similar expression pattern was seen by using an alternative mono-
clonal antibody recognizing an individual 35-kDa vaccinia virus
protein (Fig. 6Cii).

To determine whether this inhibition of viral protein synthesis
could be explained by a general inhibition of all cellular transla-
tion, we metabolically labeled cells with [**S]methionine-cysteine.
Radiolabeled proteins made in vaccinia virus-infected cells
showed a characteristic shift from host expression to WI-VACV
expression at between 6 and 24 hpi (Fig. 6Di, lanes 4 to 6) (51).
Cells infected in the presence of 50 uM arsenite showed none of
the bands associated with viral protein production at either 6 or 24
hpi (Fig. 6Dj, lanes 7 to 9). Instead of viral proteins, we observed a
translation pattern which resembled that seen during a cellular
stress response (Fig. 6Di) (52). When lanes at 24 hpi are compared
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side by side (Fig. 6Dii), it is apparent that conditions promoting
AVG formation allow the translation of a subset of host proteins
but inhibit viral protein synthesis. Therefore, AVG formation is
associated with an inhibition of viral protein translation but not
with a complete inhibition of host mRNA translation.

Arsenite-induced AVGs suppress wild-type vaccinia virus
replication. Since stress-induced AVGs resulted in decreased
viral protein production, we hypothesized that AVGs would
prevent the formation of mature virions and reduce viral titers.
To quantify viral replication, HeLa cells were infected with
WT-VACYV and grown in medium containing PBS, 50 uM ar-
senite, or 200 U/ml interferon (IFN was added 24 h prior to
infection; all other treatments were added at 1 hpi). Virus titers
in cells treated with PBS displayed the expected exponential
growth rate for wild-type vaccinia virus, reaching a maximal
titer of 6.2 X 107 PFU/ml by 72 hpi (Fig. 7A). Virus grown in
cells treated with arsenite showed a complete absence of viral
replication, with no significant increase in titers by 72 hpi (Fig.
7A). Growth of virus in IFN-treated cells was indistinguishable
from that with PBS-alone treatments, reaching similar titers at
all time points (Fig. 7A).

These results were confirmed by using a modified WT-VACV
that expresses a fluorescent reporter from a late viral promoter.
Cells treated with PBS or IFN as described above showed strong
fluorescence expression at 16 hpi (100% * 1.3% and 92.7% *
1.0% [means *= SEM] for normalized PBS- and IFN-treated cells,
respectively). In contrast, cells infected in the presence of 50 puM
arsenite showed a fluorescent signal indistinguishable from the
background signal (0.04% = 0.1% relative to PBS) (Fig. 7B). Sim-
ilar results were obtained when cells were grown in the presence of
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FIG 6 Arsenite-induced antiviral granules suppress wild-type vaccinia virus translation. (A) Example fields of view from cells grown as described in the legend
of Fig. 2, with the addition of PBS (i) or 500 wM arsenite (ii) during the final hour of growth (6 to 7 hpi). Yellow arrows, factories with AVGs; white arrows,
factories without granules (bar = 25 um). (B) HeLa cells were infected as described above for panel A; treated with 0, 10, 50, or 500 M arsenite; and fixed an hour
later. Cells were stained with antibodies to G3BP1 and TIA1 and with DAPI, and AVGs were counted (white bars display mean numbers of infected cells with
AVGs = SEM) (0 uM, 5.2% = 1.3%; 10 M, 16.0% = 2.8%; 50 M, 78.0% = 19.2%; 500 uM, 90.7% = 3.0%) (n = 50 for at least 3 biological replicates). An
MTT cytotoxicity assay was performed on HeLa cells with similar treatments according to procedures described in Materials and Methods. Gray bars display the
mean percentages = SEM of retained cellular metabolism normalized to PBS values (0 uM, 100.0% = 1.2%; 10 wM, 85.6% = 4.3%; 50 wM, 52.7% = 1.6%; 500
M, 31.3% = 1.3%) (from at least 4 biological replicates). A two-tailed unpaired ¢ test of 50 and 500 M arsenite treatments showed a statistically significant
difference in cell toxicity (P < 0.0001) but not AVG induction (P = 0.2345). (C) Arsenite (50 M) was added to HeLa cells, and cells were infected with
WT-VACV atan MOI of 10 or mock treated. Whole-cell extracts made from cells at 0, 6, 8, or 24 hpi were blotted with a vaccinia virus virion polyclonal antibody
(i), a vaccinia virus monoclonal antibody (ii), or a beta-actin loading control (iii). (Di) Autoradiogram of an SDS-PAGE gel showing [**S]Met-Cys incorporation
into newly synthesized proteins (cells were grown as described above for panel C). (ii) Lanes at 24 hpi are grouped together for direct comparison. Molecular mass
standards are indicated at the left in kilodaltons.

1 uM hippuristanol (0.5% * 0.3% relative to PBS) (Fig. 7B).
Thapsigargin (1 wM), which induced AVGs in an intermediate
number of infected cells (Fig. 2D), showed a corresponding reduc-
tion in viral growth, as predicted (48.8% = 1.7% relative to PBS)
(Fig. 6B). These data support the idea that vaccinia virus replica-
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tion detected by a plaque assay and a reporter virus is inversely
proportional to AVG formation (Fig. 2D). Viral growth was abro-
gated by both arsenite and hippuristanol, which induced the larg-
est number of AVGs, supporting our hypothesis that AVG forma-
tion limits the replication of wild-type VACV.
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FIG 7 Arsenite-induced antiviral granules suppress wild-type vaccinia virus
replication. (A) HeLa cells were infected with WT-VACV atan MOI of 0.1 and
treated at 1 hpi in triplicate with PBS or 50 wM arsenite. In a separate set of
wells, 200 U/ml beta 1 interferon was added 24 h before infection. Samples
were harvested at 2, 24, 48, and 72 hpi, and viral titers were measured by a
plaque assay on BSC-40 cells. The chart displays standard errors of the means
for at least 2 independent experiments. (B) HeLa cells were infected with an
LREV vaccinia virus expressing the mCherry reporter from the late promoter
(G8) at an MOI of 1. Normalized late-stage expression after treatment with
arsenite (—0.7% = 1.0%), thapsigargin (48.5% = 2.7%), and hippuristanol
(—0.2% = 0.5%) but not IFN (101.1% = 8.4%) (P = 0.9999) showed a sig-
nificant decrease (3, P < 0.05; #:#%, P < 0.005; *#:%, P < 0.0001).

The smallpox virus antiviral IBT induces AVGs, while other
poxvirus antivirals do not. Following our finding that com-
pounds that modulate translation initiation by perturbing cellular
homeostasis could inhibit poxvirus replication, we were interested
in whether known poxvirus inhibitors also induced the formation
of AVGs. To investigate this, we treated infected cells with several
known poxvirus inhibitors: 1 pg/ml arabinofuranosylcytosine
(AraC) (a CTP analog that inhibits viral DNA replication), 50 uM
isatin B-thiosemicarbazone (IBT) (inhibits normal viral tran-
scription termination), 50 wg/ml rifampin (virion assembly in-
hibitor), and 5 pM ST-246 (virion assembly inhibitor) (53-56).
While a majority of the compounds did not significantly induce
AVG formation, IBT enhanced AVG formation even better than
arsenite (AraC, 1.3% * 1.4%; IBT, 94.5% * 2.2%; rifampin,
6.8% =+ 3.8%; ST-246, 3.4% * 1.0% [mean = SEM for infected
cells with AVGs]) (n = 50 with at least 2 biological replicates) (Fig.
8A and C). Immunofluorescence analysis of IBT-treated WT-
VACV-infected Hela cells showed that G3BP1, TIA1l, and
CAPRIN1 (Fig. 8A and data not shown) all locate to granules
associated with cytoplasmic factories. Hybridization with fluores-
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cent probes recognizing FOL viral mRNA (as shown in Fig. 5)
showed a similar enrichment at AVGs of 157.3% compared to the
level in the cytoplasm (n = 8). Intriguingly, no cytoplasmic SGs
were apparent with IBT treatment, suggesting a more specific
method of AVG induction than with arsenite and hippuristanol,
both of which promote AVG and SG formation simultaneously.

Arsenic-based therapies have a long history of use as potent
therapeutic agents (57, 58). Despite their accepted usage for sev-
eral severe diseases, arsenic therapies remain highly toxic. To
compare the toxicity of our in vitro arsenite and IBT treatments,
we performed an MTT assay. Ideally, an antiviral treatment would
have sufficient specificity to limit virus replication at a concentra-
tion below that which causes cellular damage. Despite optimizing
our arsenite treatment by using the lowest concentration possible,
cells treated with 50 M arsenite retained only 50.7% of the met-
abolic capacity of PBS-treated control cells, indicating that the
antiviral effect of arsenite occurred at concentrations at which
cellular damage also occurred (Fig. 6B). In comparison, cells
treated with IBT retained 83% of their metabolic capability (Fig.
7C). This significant reduction in cellular cytotoxicity paired with
an equivalent potency for viral inhibition in the absence of SG
induction shows that IBT is a substantially more specific antiviral
treatment than arsenite.

IBT is an antipoxvirus drug thought to inhibit postreplicative
transcription termination, resulting in excessive dsRNA produc-
tion (54). To verify that AVG enrichment occurred under condi-
tions that inhibit viral replication, we grew WT-VACYV in the pres-
ence of 50 uM IBT. Plaque assays showed inhibition similar to
that with arsenite treatment (Fig. 8E). Late-stage fluorescence re-
porter virus expression corroborated this finding, yielding only
background fluorescence signals compared with PBS treatment
(<0.1% relative to PBS) (Fig. 8F).

DISCUSSION

The experiments presented above show that the disruption of
poxvirus replication by various means triggers the formation of
host protein dense antiviral granules (AVGs). AVGs are differen-
tiated from other ribonucleoprotein granules based on their local-
ization to cytoplasmic viral factories, their composition (lacking
eIF3B and 40S ribosome subunits), and their stability in the pres-
ence of translation elongation inhibitors. AVGs contain many of
the same components as canonical stress granules, such as mRNA
binding proteins (TIA1, G3BP1, and CAPRIN1), translation ini-
tiation components (eIF4E, eIF3H, and PABP), translation regu-
lators (FXR1, FXR2, and FMRP), as well as other proteins (28, 59).

While neither SGs nor AVGs have been shown to contain large
ribosomal subunits, consistent with their arrest before the forma-
tion of the 80S complex, stress granules accumulate 40S ribo-
somes, while AVGs fail to recruit small subunits. In previous
work, AVGs have been shown to be required for the suppression
of vaccinia virus replication. AE3L-VACV grown in mouse em-
bryonic fibroblast (MEF) cells lacking the core AVG component
TIA1 showed a rescue of viral titers despite similar levels of eIF2a
phosphorylation in both knockout and WT MEF cells (28). This
leads us to propose that AVGs are not temporary holding and
sorting sites of preinitiated mRNAs (the proposed function for
SGs) but exist solely to restrict viral translation.

Our experiments show that viral mRNA is enriched at AVGs
(and SGs) and that these granules lack ribosomal components
necessary for translation. This supports a mechanism in which
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FIG 8 The smallpox virus antiviral IBT induces antiviral granules. (A) HeLa and U20S cells were infected with WT-VACV at an MOI of 10 in the presence of
0.05% DMSO, 1 pg/ml 1-B-D-arabinofuranosylcytosine (AraC), 50 wM isatin 3-thiosemicarbazone (IBT), 50 pg/ml rifampin (Rifamp), or 5 wM ST-246 and
fixed at 7 hpi. Coverslips were stained with antibodies to G3BP1 (red), hybridized with FOL mRNA probes (green) and DAPI (blue) as described in the legend of
Fig. 5. (A) Example field of view for cells treated with IBT, showing the localization of G3BP1 and FOL mRNA to AVGs at cytoplasmic viral factories. (B) Cells were
grown as described above for panel A, with the addition of 10 pg/ml cycloheximide during the final hour of growth (6 to 7 hpi). Quantification of infected cells
showing factory-associated G3BP1/CAPRIN1 granules is shown in the merged panel (91%; n > 50 from each of 2 biological replicates). (C) Chart showing
quantification of infected cells with AVGs after treatment with DMSO (0.0%), AraC (1.4% = 1.4%), IBT (94.5% = 2.2%), rifampin (6.8% = 3.8%), and ST-246
(3.4% = 1.0%). Only IBT treatment showed a significant incidence of AVG formation compared to treatment with DMSO alone (s, P < 0.0001). All
experiments included >50 cells from at least 2 biological replicates. (D) HeLa cells were treated with 0.05% DMSO, 500 uM arsenite, 50 uM arsenite, or 50 WM
IBT for 24 h before the MTT assay was performed. Absorbance values normalized to DMSO values (relative light units [RLU]) showed a statistically significant
increase in cell metabolism for treatment with 50 uM IBT (85.0% = 3.7%) compared to treatment with either 500 LM arsenite (30.2% = 1.0%; P = 0.0004) or
50 wM arsenite (50.7% = 4.5%; P = 0.013). (E and F) Viral growth was determined after the addition of 50 wM IBT by a plaque assay (log,, PFU/ml) (E) and

a fluorescence reporter assay (0.17% = 1.4% RFU; P < 0.0001) (F).

viral mRNA in AVGs is sequestered from the translation-compe-
tent pool of mRNAs. Translation modulation (through ISR stim-
ulation or elF4A modulation) triggers an antiviral survey of the
cell, during which mRNAs that are not in active polysomes are
identified as nonself transcripts. In our model, we do not propose
that viral mRNAs are uniquely trafficked to AVGs, but rather, we
propose that AVGs are formed where concentrations of mRNAs
that are not associated with ribosomes are located. Thus, it is pos-
sible for newly synthesized viral mRNAs to be sequestered into
AVGs following cell stress, while mRNAs that were actively being
translated are shuttled into SGs. This could explain the presence of
viral mRNAs in both structures following arsenite and hippurista-
nol treatments (Fig. 5).

Previous descriptions of the vaccinia virus cytoplasmic rep-
lication factory have proposed tight coordination between
transcription and translation apparatuses at vaccinia virus fac-
tories (38). Our experiments make use of recent advances in
click chemistry to draw a clear distinction between factories that
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support active translation and those that are repressed by AVGs
(Fig. 1 and 6). Our analysis does provide some support that facto-
ry-associated translation sites do exist at the surface of viral facto-
ries. Our data, however, clearly distinguish between actively trans-
lating foci at viral factories (which lack G3BP1, CAPRIN1, and
TIA1) and AVG foci, where translation is repressed. We did not
find support for previous work suggesting that G3BP and Caprinl
are recruited to active translation sites (38). Instead, our results
suggest that these proteins are recruited only when poxvirus trans-
lation is inhibited.

The fact that both viral and environmental stressors can induce
the formation of AVGs in poxvirus-infected cells suggests that
cells are perpetually balanced between normal translation and
stress-responsive translation, consistent with the model shown in
Fig. 9. This transition is controlled by the phosphorylation of
elF2a in response to canonical stress-sensing kinases (PERK,
PKR, HRI, or GCN2) (14-18). Activation of stress pathways leads
to an extensive transformation in global gene expression, prevent-
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FIG 9 Model of stress-induced AVG formation. Our results show that both
viral and environmental stressors are capable of inducing AVGs. Phosphory-
lation of elF2a can be accomplished by activating canonical stress sensors
(PERK, PKR, HRI, or GCN2). This leads to an extensive transformation of
global gene expression (stressed environment marked by a dashed box), pre-
venting viral and host housekeeping mRNAs from recruiting 60S ribosome
components while at the same time promoting the transcription and transla-
tion of stress response genes. An alternative alteration of translation initiation
through the use of eIF4A inhibitors also leads to an increased amount of
non-polysome-associated mRNA (both constitutive host mRNA and viral
mRNA), which becomes bound by mRNA binding proteins such as G3BP1,
TIA1, and CAPRINI. During vaccinia virus infection, the formation of AVG-
type granules through this process causes the aggregation of cytoplasmic viral
factory-associated AVGs that are capable of viral translation and replication
repression.

ing viral and host housekeeping mRNAs from recruiting 60S ri-
bosomal subunits while at the same time promoting the transcrip-
tion and translation of stress response genes (19). Inhibition of
translation initiation leads to polysome disassembly and the for-
mation of cytoplasmic granules through the binding of RNA bind-
ing proteins (TIA1, G3BP1, and CAPRIN1) to nontranslating
mRNAs. Stress granules formed in this manner have been pro-
posed to serve as mRNA triage and sorting compartments (24).
When cells undergo the transition from normal to stressed trans-
lation during infection with vaccinia virus, viral RNA levels are
enriched at both SGs and AVGs. While data supporting sorting
and triage roles for AVGs are lacking, we predict that this is a
potential mechanism by which AVGs could exert a specific anti-
viral effect on viral messages.

The sensitivity of poxviruses to cytoplasmic granule formation
is contrary to the behavior of other viruses in the face of homeo-
static disruption. Flaviviruses (Japanese encephalitis virus [JEV]),
togaviruses (Semliki forest virus [SFV] and chikungunya virus
[CHIKV]), and picornaviruses (poliovirus [PV]) all produce pro-
teins that directly antagonize granule formation. In these viruses,
SG formation is prevented through the direct sequestration of
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host proteins. JEV core protein directly binds CAPRIN1, prevent-
ing it from recognizing viral mRNA. Preventing this interaction
allows SG formation and impairs viral propagation (48). Simi-
larly, nsP3 proteins from SFV and CHIKV have been shown to
sequester G3BP1 in viral replication complexes and to prevent SG
formation (60, 61). Polioviruses produce a protease that cleaves
G3BP1, resulting in the formation of compositionally unique
RNA granules that are unable to repress viral replication (62, 63).
Influenza A virus takes an indirect approach to avoid SG forma-
tion by suppressing upstream signaling. Virally encoded NS1 pro-
tein sequesters immunogenic dsRNA and blocks PKR activation,
much like the role that the E3 protein plays in blocking AVG
formation during vaccinia virus infection (64, 65).

AVGs are a natural host defense that we have now shown is
induced by various natural stresses, including the ISR. Vaccinia
virus has numerous immunomodulatory proteins that are capable
of preventing the recognition of and response to normal replica-
tion. We have shown that these blockages can be overcome by
therapeutically targeting alternative pathways. Significant re-
search has already been performed on integrated stress pathways.
The fact that we are able to induce an AVG response using numer-
ous cell and virus stress agents suggests that there are multiple
targets to activate AVG formation. Initial attempts at inducing
AVGs with arsenite during infections with monkeypox virus have
also confirmed that AVGs are not a vaccinia virus-specific effect
and likely act in a similar manner for all poxviruses (C. M. Filone,
D. K. Rozelle, and J. H. Connor, unpublished data). Additionally,
because AVGs are formed by the aggregation of host proteins,
there is likely a higher barrier to the development of drug-resistant
mutants. An additional benefit of targeting such a conserved path-
way is the likelihood of broad antiviral activity. With the monu-
mental financial and technical burdens of developing novel anti-
viral therapeutics, future development will favor broadly
applicable drug targets such as AVGs.
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