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Monkeypox virus (MPXV) infection fails to activate the host anti-viral protein, PKR, despite lacking a full-
length homologue of the vaccinia virus (VACV) PKR inhibitor, E3. Since PKR can be activated by dsRNA
produced during a viral infection, we have analyzed the accumulation of dsRNA in MPXV-infected cells.
MPXV infection led to less accumulation of dsRNA than VACV infection. Because in VACV infections
accumulation of abnormally low amounts of dsRNA is associated with mutations that lead to resistance
to the anti-poxvirus drug isatin beta-thiosemicarbazone (IBT), we investigated the effects of treatment of
MPXV-infected cells with IBT. MPXV infection was eight-fold more resistant to IBT than wild-type vac-
cinia virus (wtVACV). These results demonstrate that MPXV infection leads to the accumulation of less
dsRNA than wtVACV, which in turn likely leads to a decreased capacity for activation of the dsRNA-
dependent host enzyme, PKR.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

The VACV E3L gene is highly conserved amongst the chordo-
poxvirinae. The gene is only absent in the avipoxviruses and in
molluscum contagiosum virus (Senkevich et al., 1997; Tulman
et al., 2004). Two proteins are expressed from the E3L gene (Chang
et al., 1992; Yuwen et al., 1993), a full length 190-amino-acid
protein, p25, and a protein truncated of 37 N-terminal amino
acids, p20, that is the product of leaky scanning past the first AUG
codon. In the majority of chordopoxviruses, the protein consists of
two conserved domains. The C-terminal domain is both necessary
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and sufficient for binding to dsRNA (Chang and Jacobs, 1993;
Chang et al., 1995), and contains a consensus dsRNA binding motif.
This domain is necessary for pathogenesis in the mouse model
(Brandt et al., 2005; Brandt and Jacobs, 2001), and is necessary for
replication in most cells in culture (Chang and Jacobs, 1993; Chang
et al., 1995), with the exception of RK13, BHK, and CEF cells. This
domain is also necessary for interferon resistance (IFNR) of VACV
in RK13 cells (Shors et al., 1997). Our data is consistent with this
domain acting possibly as a dsRNA “sponge”, sequestering dsRNA
to prevent its recognition by the host anti-viral machinery.

The majority of poxvirus E3-like proteins also contain a con-
served N-terminal domain. The N-terminal domain is necessary
for pathogenesis in the mouse model (Brandt et al., 2005; Brandt
and Jacobs, 2001), but until recently had been dispensable for
replication and IFNR in all cells in culture we had tested. We have
recently shown that a complete N-terminal domain is necessary
for IFNR in 129 MEFs (White and Jacobs, 2012) and for replication
in mouse JC cells (Arndt et al., 2015). In 129 MEFs, HeLa cells, and
infected mice, the N-terminus is required to fully inhibit PKR
(White and Jacobs, 2012; Langland and Jacobs, 2004). Since PKR is
ces the synthesis of less dsRNA than vaccinia virus, and is more
(2016), http://dx.doi.org/10.1016/j.virol.2016.07.016i
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activated by dsRNA, these results suggest that the N-terminus of
E3 is in some way counteracting the effects of dsRNA.

dsRNA is formed in copious amounts during intermediate and
late gene expression in VACV-infected cells (Jacobs and Langland,
1996). Despite the accumulation of dsRNA, VACV does not lead to
activation of PKR or the 2′5′ OAS/RNase L pathway, and VACV is a
poor inducer of type I IFN (Langland et al., 2006a,b; Xiang et al.,
2002). E3 protein is necessary for inhibition of PKR and the 2′5′
OAS/RNase L pathway and for inhibition of type I IFN gene ex-
pression. Both conserved domains are necessary for full inhibition
of PKR and 2′5′ OAS (Langland and Jacobs, 2004). The mechanism
by which the N-terminus of E3 inhibits PKR is at present unclear.
Nonetheless, infection with VACV containing an N-terminally
truncated E3 leads to activation of PKR and 2′5′ OAS at very late
times post-infection (Langland and Jacobs, 2004), to eIF2α phos-
phorylation in infected mice (Langland and Jacobs, 2004), and
activation of PKR seems to be responsible for the IFN-sensitivity of
VACVE3LΔ83N in strain 129 MEFs (White and Jacobs, 2012).

The majority of dsRNA produced during infection with VACV is
a product of intermediate and late gene expression (Colby and
Duesberg, 1969; Duesberg and Colby, 1969). There is no precise
termination of intermediate and late transcription during VACV
infection, and the result is that long run-on transcripts are formed
(see Fig. 1). If these transcripts contain sequences derived from
genes coded on the opposite strand of DNA, these complementary
transcripts can potentially hybridize to form dsRNA. Processivity of
the VACV polymerase, and thus the length of intermediate and late
transcripts which can form dsRNA during VACV infection, is
regulated by both positive and negative factors (Bayliss and Con-
dit, 1993; Cresawn and Condit, 2007; Cresawn et al., 2007; Prins
et al., 2004). The genetics of dsRNA formation during VACV in-
fection has been primarily brought to light through use of the anti-
poxvirus drug, IBT. IBT increases processivity of the VACV inter-
mediate/late RNA polymerase and leads to synthesis of very long
mRNAs that can form excess dsRNA (Cresawn and Condit, 2007).
This excess dsRNA can lead to activation of PKR and the 2′5′ OAS/
RNase L pathway despite the presence of E3 (Xiang et al., 1998).
Fig. 1. dsRNA accumulation in orthopoxvirus-infected cells. (A) dsRNA is thought to
accumulate from convergent transcripts. At intermediate and late times post-in-
fection, termination of transcription is imprecise, leading to long run-on tran-
scripts. In wild-type VACV, these transcripts can base-pair with transcripts read
from the opposite strand of the genome, forming dsRNA. The anti-poxvirus drug
IBT increases processivity of the viral polymerase, leading to longer transcripts and
accumulation of more dsRNA. (B) IBTR mutants of VACV generate shorter tran-
scripts with less overlap, and thus accumulate less dsRNA. IBT treatment of cells
infected with IBTR mutants of VACV still increases the length of viral transcripts,
but the length of these transcripts is thought to be less than the length of tran-
scripts in IBT-treated cells infected with wtVACV.
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Thus, wtVACV is IBT sensitive (IBTS). Numerous IBTR and IBT-de-
pendent (IBTD) mutants of VACV have been identified and char-
acterized. IBTR and IBTD mutants of VACV still react to IBT by
making increased amounts of longer transcripts (Cresawn and
Condit, 2007). However, in the absence of IBT these mutants ex-
press a polymerase with decreased processivity, resulting in
shorter intermediate/late mRNAs (Cresawn and Condit, 2007). IBT
increases the length of these mRNAs, but since the polymerase has
decreased processivity to start with, the resulting transcripts are
not long enough to make excess dsRNA and overcome the effects
of E3 in these IBT mutants. IBT-resistance maps to two subunits of
the VACV polymerase, A24R and J6R, and to three positive late
transcription factors, G2R, J3R and H5R (Cresawn and Condit,
2007; Cresawn et al., 2007). At restrictive temperatures, a tem-
perature sensitive (ts) mutant of A18R, ts23, is phenotypically si-
milar to treatment of wtVACV with IBT, suggesting that A18R is a
negative regulator of elongation, which when inactivated leads to
accumulation of increased amounts of long post-replicative tran-
scripts and increased amounts of dsRNA (Pacha and Condit, 1985;
Pacha et al., 1990).

Among the chordopoxviruses only MPXV and the lepor-
ipoxviruses do not contain full N-terminal domains in their E3
homologues. The sequence of the MPXV genome suggests that its
E3L homologue, F3L, will not express the 37 N-terminal amino
acids (Shchelkunov et al., 2001, 2002), and thus is predicted to
encode a protein similar to the VACV E3L-encoded protein, p20.
We have recently shown that MPXV only expresses a p20-
equivalent protein (Arndt et al., 2015). The leporipox viruses,
myxoma and Shope fibroma virus, are missing 89 N-terminal
amino acids (Cameron et al., 1999; Willer et al., 1999). The 37
N-terminal amino acids of E3 contain hydrophobic residues in-
volved in folding of the N-terminal domain, and a VACV peptide
fragment truncated of 37 N-terminal amino acids fails to fold
properly when expressed in Escherichia coli (A. Rich, personal
communication). Despite containing an N-terminally truncated E3
homologue, MPXV is fully IFNR, does not lead to activation of PKR,
and replicates efficiently in JC cells (Arndt et al., 2015).

Since the N-terminal domain of the VACV E3 protein has been
implicated in counteracting the host response to dsRNA (White
and Jacobs, 2012; Langland and Jacobs, 2004), we were interested
in asking if MPXV, which codes for a partially truncated N-term-
inal domain, might differ from VACV, which codes for a full-length
protein, in terms of dsRNA metabolism. In this manuscript, we
demonstrate that MPXV infection leads to the accumulation of less
dsRNA than VACV. Since accumulation of decreased amounts of
dsRNA during VACV infection has been associated with resistance
to the anti-poxvirus drug, IBT, we have analyzed sensitivity of
MPXV to IBT. MPXV is in fact more resistant to IBT than VACV.
2. Materials and methods

2.1. Cells and viruses

HeLa (kind gift of George Pavlakis, NCI) and BSC-40 cells (ATCC)
were maintained in Dulbecco's Modified-Minimal Essential Med-
ium (DMEM; Cellgro) supplemented with 5% Fetal Bovine Serum
(FBS; HyClone). JC (murine adenocarcinoma cells, ATCC) were
maintained in RPMI (ATCC) supplemented with 10% FBS. RK-E3L
cells [RK13 cells (ATCC) stably transfected with a plasmid ex-
pressing the E3L gene, using the Tet-Off system from Clontech]
were maintained in Eagle's minimal essential medium (MEM;
Cellgro) supplemented with 5% FBS. All cells were incubated at
37 °C in the presence of 5% CO2. VACV Copenhagen (VC-2) and
Western Reserve (WR) strains, both designated as VACV, were
used as the parental viruses for all the recombinant viruses used
ces the synthesis of less dsRNA than vaccinia virus, and is more
(2016), http://dx.doi.org/10.1016/j.virol.2016.07.016i
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throughout this study. VACV containing a 37-amino-acid N-term-
inal truncation of E3 (VACV-E3LΔ37N) was generated as pre-
viously described (Chang et al., 1995; Shors et al., 1997). Mon-
keypox virus strains (MPXV) 7–61 (WRAIR), US2003, and Zaire 79
(V79-I-005), were used in this study. All MPXV-Zaire experiments
as well as experiments with recombinant non-Select Agent MPXV
strains were performed in a biosafety level 3 laboratory (BSL-3) in
accordance with protocols approved by Arizona State University,
by The National Institutes of Health, and by the Centers for Disease
Control and Prevention (CDC). Wild type non-Select Agent mon-
keypox strains (7-61 and US2003) were used in a controlled BSL-2
dedicated virus lab.

2.2. Immunofluorescent microscopy

HeLa cells were seeded on poly L-lysine-treated coverslips in
6-well dishes. HeLa cells were infected at a multiplicity of infection
(MOI) of 5 with VACV, VACV-E3LΔ37N, and MPXV. At 3, 6, 9, and
12 h post infection (hpi) the cells were rinsed twice with phos-
phate buffered saline (PBS). Subsequently, ice cold methanol was
added and the cells were placed at �20 °C for 20 min. The cells
were then washed twice with ice cold PBS and blocked with
blocking buffer (0.3% gelatin in PBS, 0.1% triton X-100) at room
temperature for 30 min. Primary antibody [mouse monoclonal, J2
anti-dsRNA (Schonborn et al., 1991)] was diluted in 0.3% gelatin,
0.1% triton x-100 in PBS (GTPBS) and incubated overnight at 4 °C.
The cells were then washed five times with GTPBS for 10 min/
wash. The second primary antibody (rabbit polyclonal anti-E3)
was diluted in GTPBS and the procedure was repeated. Secondary
antibodies [Alexa Fluor 488 and 594 (Invitrogen)] diluted in GTPBS
were added and incubated for 1 h at room temperature in the
dark. After incubation, the cells were washed 3 times with GTPBS
for 10 min/wash, then twice with PBS. 4′6-diamino-2-phenyl-
indole (DAPI, Invitrogen) was added at a concentration of 5 mg/mL
for 15 min at room temperature in the dark. The cells were rinsed
with H2O and then mounted onto slides with ProLong Gold anti-
fade mounting reagent (Invitrogen). The samples were allowed to
cure overnight. Samples were analyzed using the Zeiss Duo con-
focal microscope.

2.3. Real-time PCR

HeLa cells were infected at an MOI of 5 with VACV, VACV-
E3LΔ37N, and MPXV. Total RNA was extracted 1, 2, 4, 6, 8, 10, and
12 hpi using the RNeasy Mini Kit (Qiagen) according to manufac-
turer's instructions. cDNA was generated with 500 ng of total RNA
diluted in 17.5 mL of H2O (RNase, DNase free) followed by addition
of 1 mL Oligo dT (500 mg/mL, Promega) and incubation at 70 °C for
5 min. Samples were then chilled on ice and the Reverse Tran-
scription mix [10 mL of 5X M-MLV Real Time PCR Buffer (Promega),
20 mL of 1 mM dNTPs, 1 mL of M-MLV Reverse Transcriptase
(200 U/mL, Promega), 0.5 mL of RNasins Plus RNase Inhibitor
(40 U/mLPromega)] was added. The samples were incubated at
37 °C for 1 h and 95 °C for 10 min, and then placed on ice. Real
Time PCR was performed with MJ Mini (BioRad) thermocycler
under the following condition: 95 °C for 10 min, followed by 35
cycles of 95 °C for 15 s, 55 °C for 30 s, and 72 °C for 30 s. Two
hundred ng of cDNA was added to Real Time PCR mix [12.5 mL of
2X iQ SYBR Green Supermix (BioRad) and 2.5 mL of 10 mM Forward
and Reverse Real-Time primers, 5.5 mL H2O for a total volume of
25 mL]. VACV and MPXV M1L transcripts were detected with pri-
mer pairs M1L-F (5′–AAC GGA CCA CAT CCT TCT TC–3′) and M1L-R
(5′–ATC CAA ACG CGT GTG ATA AA–3′). VACV and MPXV G8R
transcripts were detected with primer pairs G8R-F (5′–GCG GAT
CTG TAA ACA TTT GG–3′) and G8R-R (5′–CCT TGG ACA CAG GAA
GAT TAA A–3′) and the MPXV specific primer, MPXV-G8R-R (5′–
Please cite this article as: Arndt, W.D., et al., Monkeypox virus indu
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CCT TGG ACA CTG GAA GGT TAA A–3′). VACV A5L transcripts were
detected with primer pairs A5L-F (5′–TTT CCA TCC GAT TGT TGT
GT–3′) and A5L-R (5′–AGT TCA CTC CTT CCA GCG TT–3′) and MPXV
A5L transcripts were detected with MPXV specific primer pairs,
MPXV-A5L-F (5′–CTT CCA TCC GAT TGT TGT GT–3′) and MPXV-A5L-
R (5′–AGT ACA CTC CTT CCA GCG TT–3′). For VACV and MPXV
genome Real-Time PCR, 500 ng of DNA was added to the Real Time
PCR mix and the same thermocycling conditions and G8R primer
sets were used as described above. GAPDH was used as an internal
loading control and standardization among samples using the
primer pairs GAPDH-F (5′–CCT GTT CGA CAG TCA GCC G–3′) and
GAPDH-R (5′–CGA CCA AAT CCG TTG ACT CC–3′).

2.4. Slot Blot for dsRNA

HeLa cells were mock-infected or infected with VACV, MPXV
7-61, or MPXV Zaire. Total RNA was extracted with the RNeasy
Mini Kit, using QiaShredder homogenization and in-column DNase
treatment as described by the manufacturer (Qiagen). An equal
volume of total RNA (2 mL) was diluted in ddH2O (198 mL). Diluted
RNA was applied through a VacuSlot VS manifold and transferred
onto BrightStar-Plus Positively Charged Nylon Membrane (Am-
bion). The membrane was UV crosslinked with a Stratagene Stra-
talinker 1800 (Stratagene). Western blot analysis was performed
with the J2 monoclonal anti-dsRNA antibody (Scicons). Goat anti-
mouse HRP conjugate was used as the secondary antibody. Probe
specificity was verified using dsRNA and ssRNA ladders (New
England Biolabs) as positive and negative controls respectively. As
additional controls, RNaseIII (NEB) and RnaseA (ThermoFisher)
digestions were performed as described by the manufacturer;
RNaseA digestion was performed with 0.5 mg/mL enzyme in 2x SSC
buffer (300 mM NaCl and 30 mM Sodium Citrate).

2.5. ELISA for Detection of dsRNA

Microtiter plates were coated overnight at 4 °C with 0.4 mg
Protein A per well. Free binding sites on the plates were blocked
with 2% bovine serum albumen (BSA) in PBS. The plate was wa-
shed with 1X PBS and stored at 4 °C. Plates were incubated with J2
mouse monoclonal dsRNA capture antibody (1 mg/mL, IgG2a,
English Scientific Consulting) in ELISA binding buffer (0.1 M Na
HPO, pH 9.0) overnight at 4 °C. Plates were then blocked for 2 h at
room temperature with ELISA blocking buffer (PBS, 1% BSA), fol-
lowed by washing three times with ELISA wash buffer (PBS, 0.05%
Tween-20). Five hundred ng of total RNA was diluted in ELISA
dilution buffer (blocking buffer þ0.05% Tween-20) to a final vo-
lume of 100 mL. The diluted RNA was added to the wells and al-
lowed to incubate overnight at 4 °C. Plates were then washed
4 times with wash buffer followed by incubation for 2 h at room
temperature with the K2 mouse monoclonal dsRNA detection
antibody (IgM, hybridoma supernatant diluted 1:4 in blocking
buffer þ0.05% Tween-20, English Scientific Consulting). The plate
was then washed 4 times with wash buffer, followed by incubation
with anti-mouse IgM antibody (1:1000 in blocking buffer þ0.05%
Tween-20, Santa Cruz Biotechnology) conjugated to HRP for
30 min. The plates were subsequently washed 5 times with wash
buffer followed by addition of 100 mL/well of SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific). dsRNA sig-
nal was quantified by a luminescent plate reader.

2.6. In vitro PKR kinase assay

Semi-confluent monolayers of HeLa cells were infected with
VACV, or MPXV at an MOI of 5. Total RNA was isolated using the
RNeasy Mini Kit (Qiagen) at 1, 6, 12, and 24 hpi, according to
manufacturer's instructions. For cytoplasmic extracts of PKR, HeLa
ces the synthesis of less dsRNA than vaccinia virus, and is more
(2016), http://dx.doi.org/10.1016/j.virol.2016.07.016i
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Table 1
VACV IBTR genes and MPXV homologues compared with BLASTp.

Protein name VACV
gene

MPXV gene VACV protein
ref sequence

MPXV protein
ref sequence

DNA helicase A18R WRAIR124 YP_233020.1 AAU01334.1
DNA-dependent RNA
polymerase sub-
unit rpo132

A24R WRAIR170 YP_233026.1 AAU01340.1

Late transcription
elongation

G2R WRAIR065 YP_232962.1 AAU01276.1

VLTF-4 H5R WRAIR089 YP_232985.1 AAU01299.1
Multifunctional poly-
A polymerase
subunit

J3R WRAIR081 YP_232977.1 AAU01291.1

DNA-dependent RNA
polymerase sub-
unit rpo147

J6R WRAIR084 YP_232980.1 AAU01294.1

Table 2
VLTF-4 homologues compared with ClustalW2.

Species Gene Protein ref sequence

Vaccinia virus H5R YP_232985.1
Monkeypox virus WARAIR089 AAU01299.1
Variola virus I5R NP_042132.1
Camelpox virus CamMLVgp101 NP_570491.1
Myxoma virus m073R NP_571787.1
Tetrapox virus TATV_DAH68_106 YP_717412.1
Ectromelia virus EVM087 NP_671605.1
Horsepox virus HSPV104 ABH08210.1
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cell monolayers were pretreated with rhIFN A-D for 18 h prior to
extraction and subsequently washed and scraped into ice cold PBS.
The cells were pelleted by centrifugation at 1000� g for 10 min at
4 °C and resuspended in Nonidet P-40 lysis buffer [20 mM HEPES,
pH 7.5, 120 mM KCl, 5 mM MgCl, 1 mM dithiothreitol (DTT), 10%
(vol/vol) glycerol, 0.5% Nonidet P-40] at a volume of 100 mL per
100 mm dish of cells at 80% confluency. Nuclei and cell debris
were removed by centrifugation at 10,000� g for 10 min at 4 °C.
Cytoplasmic extracts were stored on ice, until needed. 500 ng of
total RNA was added to in vitro kinase buffer (5 mM MgOAc, 5 mM
MnCl, 20 mM HEPES, pH 7.5, 10% Glycerol, 100 mM KCl, 1 mM DTT,
1 mM Benzamidine, 100 mM ATP). A 30 mL reaction containing
10 mL of NP-40 extract and the 500 ng of total RNA was added to
the in vitro kinase buffer and incubated at 30 °C for 10 min, after
which 30 mL of 2X SDS-PAGE loading buffer was added. Samples
were boiled and analyzed on 12% polyacrylamide gels by SDS-
PAGE and Western blot for phosphorylated PKR as described
above.

2.7. Western blotting

Infected or mock-infected cells were lysed with an SDS solution
containing a protease/phosphatase inhibitor and β-mercap-
toethanol, and proteins were harvested from a QiaShredder col-
umn (Qiagen). Harvested samples were heated at 95 °C for five
minutes, then run on 10% polyacrylamide gels, followed by
transfer to nitrocellulose membranes. Western blots were probed
with primary antibodies overnight at 4 °C, rinsed with tris-buf-
fered saline-Tween 20 (TBST), then probed with appropriate sec-
ondary antibodies, and washed three times with TBST. Visualiza-
tion was done with Dura Western Blotting Kit (Thermo Scientific)
according to the manufacturer’s instructions.

2.8. Plaque reduction assay

BSC-40 cells in 6-well plates were infected with �100 pfu of
virus and incubated in media containing IBT at 2-fold increasing
concentrations as indicated in Fig. 8A. When plaques appeared,
two to three days after infection, cells were stained with crystal
violet and counted.

2.9. IBT sensitivity assay

HeLa cells in 6-well plates were infected at an MOI of 5 with
VACV, VACV-A24R-R1, MPXV, VACV-ΔE3L, or were mock-infected.
One hpi, media containing IBT was added at final concentrations of
1.8–120 mM IBT. At 9 hpi, media was removed and cells were wa-
shed with PBS and prepared as described above for Western
blotting. Blots were probed with 1:1000 anti-phospho PKR (Mil-
lipore) or 1:5000 anti-E3/F3, followed by a horseradish perox-
idase-conjugated secondary.

2.10. Flow cytometry analysis

HeLa cells were mock-infected or infected with either wtVACV,
VACV-A24R-R1, or MPXV. Infected cells were either untreated or
treated with 45 mM IBT. At 6 hpi, cells were trypsinized and fixed
with CytoPerm/Fix kit (BD). Cells were stained with rabbit anti-
VACV and mouse anti-dsRNA (Scicons) overnight at 4 °C. Cells
were washed and stained with anti-rabbit-IgG Pacific Blue (BD)
and anti-mouse-IgG 488 (Abcam) for 4 °C. Cells were washed, re-
suspended in FACS buffer (1% FBS, 0.9% sodium azide in PBS) and
were analyzed by flow cytometry using a BD LSRFortessa Cell
Analyzer. Up to 50,000 total cells were collected and then gated to
exclude non-viable cells.
Please cite this article as: Arndt, W.D., et al., Monkeypox virus indu
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2.11. Bioinformatics

The VACV genes A24R, G2R, H5R, J3R, and J6R have been shown
to be mutable to IBTR (Cresawn and Condit, 2007; Cresawn et al.,
2007; Latner et al., 2000). Mutations in A18R can phenotypically
copy IBT treatment (Bayliss and Condit, 1993). BLASTp (Altschul
et al., 1997) was used to compare the wild type products of these
genes to their homologues in MPXV. Table 1 lists the sequences
used in this analysis. MPXV homologues were also searched for
mutations known to confer IBT resistance in VACV. Strains used for
analysis were VACV Western Reserve and MPXV WRAIR7-61.

VLTF-4, the product of H5R, was found to differ the most be-
tween MPXV and VACV, including a lack of several amino acids
from VACV that were found in MPXV. To determine how well
conserved H5R is across the orthopoxviruses, ClustalW2 (Goujon
et al., 2010; Larkin et al., 2007) was used to align and compare the
protein product of H5R and its homologues in several ortho-
poxviruses. Table 2 lists the sequences used in this analysis.
3. Results

3.1. MPXV produces less dsRNA than VACV in HeLa cells

We hypothesized that there is a second viral mechanism
compensating for the lack of a full length N-terminus of F3 in
MPXV (Arndt et al., 2015). Since the N-terminus of E3 has been
shown to be necessary for inhibition of dsRNA-dependent en-
zymes (Langland and Jacobs, 2004), we further hypothesized that
MPXV could compensate for the lack of a full-length N-terminal
domain on its E3 homologue by producing less dsRNA. Therefore,
we decided to compare the accumulation of dsRNA during a MPXV
and VACV infection. dsRNA accumulation in methanol-fixed HeLa
cells was visualized by immunofluorescence with antibodies that
specifically recognize dsRNA (Schonborn et al., 1991). We co-
stained cells for E3 protein to ensure that all the cells were
ces the synthesis of less dsRNA than vaccinia virus, and is more
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infected. At 3 hpi, E3 and F3 proteins were detected in VACV-,
VACV-E3LΔ37N-, and MPXV-cells, but no dsRNA was detected at
this time (data not shown). At 6 hpi, both E3 protein and dsRNA
were detected in VACV- and VACV-E3LΔ37N-infected cells
(Fig. 2A). Punctate staining was observed for both E3 protein and
Fig. 2. VACV and MPXV dsRNA levels in HeLa cells at 6 hpi and 9 hpi. HeLa cells were inf
the cells were fixed with methanol and stained for the presence of E3 or F3 (green) an
overlay of all three images. Yellow indicates the co-localization of E3 or F3 and dsRNA.
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dsRNA and the merge showed that E3 protein overlays with a
significant portion of the dsRNA. This suggests that E3 protein and
dsRNA may be interacting in the infected cells, most likely through
E3 protein's C-terminal dsRNA binding domain (BD). Remarkably,
no dsRNA staining was observed in MPXV-infected cells. The lack
ected at an MOI of 5 with VACV, VACV-E3LΔ37N and MPXV. At 6 hpi (A) or 9 hpi (B)
d dsRNA (Red). Nuclei (blue) were stained with DAPI. Merge panels represent an
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of dsRNA accumulation in these cells was not due to a low level of
MPXV infection since F3 protein was detected in all the cells
(Fig. 2A). Infected HeLa cells stained at 9 hpi showed high levels of
dsRNA for both the VACV and VACV-E3LΔ37N with E3 protein co-
localizing with the dsRNA (Fig. 2B). Again, no accumulation of
dsRNA was observed in the MPXV-infected cells at this time, de-
spite positive staining for F3 protein (Fig. 2B).

We also tested for dsRNA detectable by flow cytometry. HeLa
cells were either mock-infected or infected with VACV or MPXV
(Fig. 3). At 6, 9, 12, 18, or 24 hpi cells were fixed with for-
maldehyde, permeabilized, and stained for dsRNA. They were then
analyzed in a flow cytometer. At 9 hpi, 2% of VACV-infected cells
stained positive for dsRNA. This level of MPXV- infected cells po-
sitive for dsRNA was not observed until 12 hpi. By this time, more
than 20% of VACV-infected cells contain detectable dsRNA. The
maximum % of MPXV-infected cells staining positive for dsRNA
was 5.8%, four-fold less than the maximum for VACV-infected cells.
At every time point throughout the infection, VACV had a greater
percentage of cells with detectable dsRNA than MPXV.

While cell-based methods for detecting dsRNA likely detect
pre-existing RNA, they may be confounded by the presence of
dsRNA-binding proteins, which may partially mask dsRNA and
interfere with detection by dsRNA-binding antibodies. In fact,
quantitative differences seen between immunohistochemistry and
flow cytometry detection of dsRNA-staining cells may be due to
differences in the proteins bound to dsRNA following differing
fixation methods (Huynh, Cotsmire, and Jacobs, unpublished ob-
servations). In order to eliminate problems associated with the
presence of dsRNA-binding proteins, we used several techniques
to detect the presence of dsRNA in de-proteinized RNA extracts
from infected cells.

First we analyzed potential dsRNA levels with a modified slot
Fig. 3. Flow cytometry assay of dsRNA in infected cells. HeLa cells were mock infecte
trypsinized and fixed with CytoPerm/Fix kit (BD). Cells were stained with antibodies aga
exclude non-viable cells.
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blot using antibodies to detect dsRNA in RNA that had been iso-
lated from infected cells. We initially performed several control
assays to confirm the specificity of the procedure. Increased
staining was detected at 12 hpi with VACV (Fig. 4A, lane 1): this
staining was sensitive to araC treatment, which blocks inter-
mediate and late gene expression and blocks accumulation of viral
dsRNA (Kibler et al., 1997). Denatured and snap-frozen RNA from
infected cells did not give a detectable signal, but renaturation
restored antibody detection (Fig. 4A, lane 2). Commercially avail-
able dsRNA gave a signal, while commercially available ssRNA did
not (Fig. 4A, lanes 3 and 4). The signal from either commercially
available dsRNA (Fig. 4A, lane 3) or RNA from infected cells (lane 5)
was sensitive to treatment with RNase III, but relatively insensitive
to treatment with RNase A. These controls demonstrate that this
assay specifically recognizes dsRNA.

HeLa cells were infected using VACV, VACV-E3LΔ37N, and
MPXV at an MOI of 5 and total RNA was isolated at 3, 6, 9, and
12 hpi. Isolated RNA was slot-blotted onto a charged nylon mem-
brane and probed with antibodies to dsRNA. VACV and VACV-
E3LΔ37N generated detectable amounts of dsRNA at 6 hpi and
dsRNA levels continued to increase through 12 hpi (Fig. 4B and C).
In contrast, MPXV dsRNA was not detected until 9 hpi and in-
creased slightly through 12 hpi; however, the total amount of
dsRNA generated by MPXV appeared to be less than the levels
observed for VACV and VACV-E3LΔ37N (Fig. 4B and C).

An ELISA-based assay with the J2 (IgG2a) anti-dsRNA antibody
as the capture antibody and the K2 (IgM) anti-dsRNA antibody as
the detection antibody was also used to determine quantitatively
the amount of potential dsRNA produced during virus infection.
Total RNA was extracted from HeLa cells infected with VACV and
MPXV and added to an ELISA plate containing the capture anti-
body. MPXV dsRNA levels were an average of 40–50% lower when
d or infected with either wtVACV or MPXV. At 6, 9, 12, 18 or 24 hpi, cells were
inst dsRNA and analyzed by flow cytometry the next day. Total cells were gated to
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Fig. 4. Slot blot detection of dsRNA in extracts from virus-infected cells. Cells were
infected with virus and then total RNA was extracted at multiple time points post-
infection using the RNeasy Kit (Qiagen). Equal volumes of extract were then
transferred onto BrightStars-Plus Positively Charged Nylon Membrane (Ambion)
using a vacuum slot apparatus. dsRNAwas visualized on the blot by probing with J2
anti-dsRNA antibodies and Goat anti-mouse HRP conjugate secondary antibody. (A)
To verify the specificity of the J2 antibody in a slot blot, the following controls were
performed: Lane 1: HeLa cells were mock pretreated or pretreated with 40 mg/mL
AraC 1 h prior to infection with VACV WR. Total RNA was extracted at 3 and 12 hpi.
Lane 2: BSC-40 cells were infected with WR and total RNA was extracted at 8 hpi.
RNA was denatured by boiling at 95 °C for 5 min; samples where then either snap
frozen or left at room temperature to reanneal in either no, low, or high salt con-
ditions. Lanes 3–5: dsRNA ladder, ssRNA ladder, and WR 12 hpi-extract were either
mock treated or treated with RNAse III (dsRNA specific) or RnaseA (ssRNA specific)
RnaseA digestion was done in 2XSSC (300 mM NaCl and 30 mM Sodium Citrate).
(B) Lanes 1–4: HeLa cells were mock infected or infected with VACV WR, MPXV
7-61, or MPXV Zaire at an MOI of 5. Total RNA was collected at 6, 9, and 12 hpi. RNA
extractions were performed in triplicate; figure shows representative results. Lane
5: Serial 2-fold dilutions of the VACV WR 12 hpi-extract were included to verify
that the exposure was in the linear range. (C) Band intensity of slot blots was
analyzed with TotalLab Quant. The intensity of the WR 12 hpi-extraction was ca-
librated to 100 arbitrary units. The triplicate extraction intensities were averaged;
error bars show standard deviation. Significance was calculated with unpaired
2-tailed t-test. Asterisks indicate significance of difference from corresponding
VACV WR time point. *po0.05, **po0.01, and ***po0.005.

Fig. 5. ELISA for VACV and MPXV dsRNA levels. HeLa cells were infected with VACV
and MPXV at an MOI 5. At 1, 2, 4, 6, 8, 10, and 12 hpi cells were harvested, total RNA
was extracted, and 500 ng of total RNA was added to ELISA plate. Signal was
quantified by Luminescent plate reader. Data presented are means with standard
error of multiple experiments.

Fig. 6. Use of PKR activation to detect dsRNA in extracts from the infected cells.
HeLa cells were either mock infected or infected with VACV or MPXV. RNA was
extracted at 1, 6, 12, and 24 hpi. RNA was added to an in vitro PKR activation assay
with IFN-treated HeLa lysate. The lysates were than analyzed by Western blot,
using antiserum that recognizes PKR phosphorylation at Threonine 446.
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compared to VACV between 6 and 12 hpi (Fig. 5).
Finally, we performed an in vitro PKR assay to compare the

amounts of potential dsRNA capable of activating PKR that is
generated during a VACV or MPXV infection (Fig. 6). For this assay,
RNA was isolated at 1, 6, 12 and 24 hpi from mock-, VACV-, and
MPXV-infected cells. Isolated RNA was incubated with cytoplasmic
extracts containing unphosphorylated PKR, and ATP was added as
the substrate for PKR. The amount of phosphorylated PKR was
determined by Western blot with antibodies specific for the
phosphorylated form of PKR. At 6 hpi, RNA from VACV-infected
cells induced PKR phosphorylation. The ability of RNA isolated
from VACV-infected cells to activate PKR increased through 24 hpi.
Please cite this article as: Arndt, W.D., et al., Monkeypox virus indu
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At 6 hpi the levels of phosphorylated PKR observed for RNA iso-
lated from MPXV-infected cells were similar to levels seen for
mock-infected cells. MPXV RNA isolated at 12 hpi induced PKR
phosphorylation, and the ability to activate PKR increased through
24 hpi. However, RNA isolated from MPXV-infected cells as late as
24 hpi was less efficient at activating PKR than RNA isolated from
VACV-infected cells at 12 or 24 hpi.

3.2. Accumulation of viral RNA and DNA from MPXV-infected cells

To determine if the decreased accumulation of dsRNA during
MPXV infection was due to a decrease in accumulation of mRNA,
we examined the production of early, intermediate, and late viral
transcripts using real-time quantitative PCR with primers specific
for early (M1L), intermediate (G8R), and late (A5L) viral transcripts
(Fig. 7A). The majority of dsRNA produced during a poxvirus in-
fection is due to accumulation of intermediate and late transcripts
(Duesberg and Colby, 1969). In VACV-infected cells, a considerable
increase of intermediate and late viral transcripts was detected by
4 hpi and their levels continued to increase throughout the in-
fection (Fig. 7A). Prior to 4 hpi, the levels of intermediate and late
viral transcripts were relatively low, consistent with the im-
munofluorescence and slot blot data at 3 hpi, which did not show
accumulation of detectable dsRNA. Considerable increases in
MPXV intermediate and late viral transcripts were detected by
6 hpi and continued to increase throughout the infection (Fig. 7A).
These data suggest that MPXV viral transcription may be delayed
by two hours as compared to VACV transcription. However, this
does not explain why dsRNA was not observed by immuno-
fluorescence in the MPXV-infected cells at both 6 and 9 hpi
ces the synthesis of less dsRNA than vaccinia virus, and is more
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Fig. 7. Accumulation of viral RNA and DNA in HeLa cells. HeLa cells were either
mock infected or infected with VACV and MPXV at an MOI of 5. RNA (A) or DNA (B)
was extracted at 1, 2, 4, 6, 8, 10, and 12 hpi. (A) Real-Time quantitative reverse-
transcriptase PCR was performed with gene-specific primers for M1L (early), G8R
(intermediate) and A5L (late) viral transcripts. (B) Real-Time quantitative PCR for
viral DNA was performed with G8R-specific primers on 500 ng of total DNA.
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(Fig. 2A and B), as the levels of MPXV viral transcripts at 8 hpi were
similar to those levels observed for VACV at 6 hpi. At later times,
VACV infection leads to higher levels of intermediate and late
mRNA synthesis, which may account for the difference in accu-
mulation of dsRNA later than 9 hpi. Since intermediate and late
viral transcription occurs immediately following the initiation of
genomic replication (Keck et al., 1990; Wright et al., 1991; Wright
and Moss, 1989), we have also analyzed accumulation of viral
genomic DNA using real-time quantitative PCR (Fig. 7B). qPCR for
viral genomic DNA was performed with the G8R gene specific
primer set on DNA extracted from HeLa cells infected with VACV
and MPXV. VACV genomic DNA was first detectable at approxi-
mately 2 hpi and increased considerably from 4 to 6 hpi (Fig. 7B).
MPXV genomic DNA was first detectable at approximately 4 hpi
and increased significantly from 6 to 10 hpi. Ultimately, VACV and
MPXV generated similar levels of viral genome by 10 hpi. These
data suggest that the MPXV life cycle may be delayed by two hours
in HeLa cells as compared to VACV. Again, this is unlikely to be the
cause of the decreased accumulation of dsRNA in a MPXV-infected
cell.

3.3. MPXV is resistant to the anti-poxvirus drug IBT

The anti-poxvirus drug IBT has been shown to increase the
amount of dsRNA present during an infection by inducing longer
than normal intermediate and late viral transcripts (Prins et al.,
2004). This increase in transcript length results in an increase in
dsRNA accumulation, presumably from transcripts being read from
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opposing strands of the genome, in a convergent manner (see
Fig. 1). IBTR mutants of VACV accumulate less dsRNA than wtVACV
and it is suspected this is due to the generation of shorter inter-
mediate and late transcripts in the presence or absence of IBT
(Bayliss and Condit, 1993) (see Fig. 1). Since MPXV appears to be
producing less dsRNA than VACV, we hypothesized that MPXV
may be naturally resistant to IBT, leading to the reduced accu-
mulation of dsRNA observed in MPXV-infected cells.

Fig. 8A shows results of plaque reduction assays with multiple
viruses as a function of IBT concentration. Plaque formation with
both wtVACV and VACV-E3LΔ37N were highly sensitive to IBT
treatment, with an IC50 of less than 15 mM. Plaque formation by
VACV-A24R-R1, a known IBTR virus (kindly provided by Dr. Rich
Condit), was highly resistant to IBT treatment with an IC50 greater
than 120 mM. Three different strains of MPXV all showed inter-
mediate sensitivity to IBT, with IC50s of 20–60 mM.

We also performed multi-step growth kinetics with VACV,
MPXV, and VACV-A24R-R1 in BSC-40 cells in the presence of
60 mM IBT (Fig. 8B). In the absence of IBT, VACV, MPXV, and VACV-
A24R-R1 replicated to similar titers; however, in the presence of
IBT, VACV replication was reduced by two logs whereas replication
of MPXV and VACV-A24R-R1 was relatively unaffected (Fig. 8B).
Together, these results demonstrate that MPXV has an IBTR

phenotype.
Accumulation of detectable dsRNA after IBT treatment was

determined by flow cytometry analysis (Fig. 8C and D). At 6 hpi,
few of the infected cells had accumulated dsRNA that was de-
tectable by flow cytometry. Treatment with 45 mM IBT led to the
accumulation of detectable dsRNA in 10–20% of cells infected with
wtVACV. Less than 1% dsRNAþ cells were detected after IBT
treatment of VACV-A24R-R1- or MPXV-infected cells.

To determine if treatment with IBT of cells infected with these
viruses led to the dsRNA-dependent activation of anti-viral path-
ways we monitored phosphorylation of PKR. Western blot ana-
lyses on protein lysates isolated at 9 hpi from HeLa cells infected
with VACV, MPXV, and VACV-A24R-R1, treated with increasing
amounts of IBT show an increase in phosphorylated PKR for both
VACV and MPXV (Fig. 8E). Phosphorylated PKR was detected at
low levels of IBT for VACV in treated cells (0.2 mM), and peaked at
1.8 mM IBT. Phosphorylated PKR was not detected in VACV-A24R-
R1-infected cells until much higher levels (3.7 mM) and peaked at
15 mM IBT. Phosphorylated PKR was first detected at intermediate
levels of IBT in MPXV-infected cells (1.8 mM) and peaked at 15 mM
IBT. This is consistent with the relative sensitivities of these viruses
to IBT.
4. Discussion

In this manuscript we demonstrate that less dsRNA accumu-
lates during MPXV infection compared to infection with VACV.
While the MPXV life cycle appeared to be delayed by 2 h compared
to the VACV life cycle, MPXV produced less dsRNA at relative time
points. Additionally, the decreased accumulation of dsRNA did not
correlate with a decreased accumulation of late transcripts. How-
ever, the accumulation of less dsRNA was associated with partial
resistance to the anti-poxviral drug IBT. Thus, MPXV appears to be
naturally resistant to IBT. It is possible that the decreased accu-
mulation of dsRNA is compensating for the lack of a full length E3
homologue in MPXV.

Poxviruses, despite containing a dsDNA genome, are notorious
for inducing the synthesis of dsRNA (Colby and Duesberg, 1969;
Duesberg and Colby, 1969). The majority of the dsRNA induced
during VACV infection is thought to be the product of symmetrical
transcription from intermediate and late genes read from opposite
strands of the viral genome (Langland et al., 2006a), although early
ces the synthesis of less dsRNA than vaccinia virus, and is more
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Fig. 8. MPXV sensitivity to IBT. (A) MPXV sensitivity to IBT: Plaque Reduction. BSC-40 cells were infected with �100 pfu of virus and treated with two-fold increasing concentrations of
IBT. Viruses used were VACV, VACV-A24R-R1, VACV-E3LΔ37N, twoWest African strains of MPXV (7-61 and US-2003), andMPXV Zaire (Central African strain). Plaques were stained with
crystal violet and counted. Results appear as the percentage of the number of plaques present in the untreated cells from three replicates. (B) MPXV sensitivity to IBT: Multi-cycle Growth.
Multi-cycle growth kinetics assays were performed in BSC-40 cells. The cells were infected with VACV, MPXV, and VACV-A24R-R1 at an MOI of 0.01 in the presence of absence of 60 mM
IBT. Viruses were harvested at 0 and 72 hpi and titered by plaque assay in RK-E3L cells. Data presented are means with standard error of multiple experiments. (C) MPXV sensitivity to
IBT: Accumulation of Free dsRNA. HeLa cells weremock infected or infectedwith either wt VACV, VACV A24R-R1 orMPXV. Infected cells were either untreated or treatedwith 45 mM IBT.
After 6 hpi, cells were trypsinized and fixed. Cells were stained with antibodies against total VACV and dsRNA and were subjected to flow cytometry the next day. Total cells were gated
to exclude non-viable cells. (D) Quantitation of replicate results from Panel C. Statistical difference was determined by t test using Holm-Sidak method with alpha¼5%. (E) MPXV
sensitivity to IBT: PKR Phosphorylation. Hela cells were infected with VACV, MPXV, or VACV-A24R-R1 at an MOI of 5 and treated one hour post infection with two-fold increasing
concentrations of IBT. Western blot analyses were performed with antibodies directed against the phosphorylated form of PKR and with antibodies to the viral protein E3/F3. Western
blot band intensities were measured with Image Quant, normalized to GAPDH levels, and shown as a percentage of the band intensity at the highest (15 mM) level of IBT treatment.
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dsRNA has been detected in cells infected with virus deleted of the
host range gene, K1L (Willis et al., 2011). The accumulation of
post-replicative dsRNA is not due to overlapping genes, but to
imprecise termination of transcription for at least some transcripts
(Colby and Duesberg, 1969; Duesberg and Colby, 1969).

Regulation of the size of post-replicative transcripts, and thus
of accumulation of dsRNA, has been studied extensively during
infection with VACV. The anti-poxvirus drug, IBT, has been shown
to increase the length of post-replicative transcripts (Cresawn and
Condit, 2007; Cresawn et al., 2007), leading to accumulation of
excess dsRNA, and the activation of PKR and the 2′5′ OAS/RNase L
pathway (Xiang et al., 1998). IBTR and IBTD mutants of VACV have
been isolated and have been shown to lead to the accumulation of
smaller post-replicative transcripts in the absence of IBT treatment
(Cresawn and Condit, 2007; Cresawn et al., 2007). IBT treatment
increases the size of transcripts generated from IBTR and IBTD

mutants of VACV (Cresawn and Condit, 2007; Cresawn et al.,
2007), but presumably not to the point of leading to the accu-
mulation of excess dsRNA. IBTR and IBTD mutants map to three
positive regulators of elongation, G2R, J3R, and H5R, and to two
subunits of the viral DNA-dependent RNA polymerase, J6R and
A24R (Cresawn and Condit, 2007; Cresawn et al., 2007). A tem-
perature sensitive mutant of A18R is a phenocopy of IBT treatment,
suggesting that A18R is a negative regulator of elongation, and that
loss of function of A18R leads to longer post-replicative transcripts
and accumulation of excess dsRNA (Pacha and Condit, 1985; Pacha
et al., 1990).

For four of the five genes that are known to harbor IBT muta-
tions in VACV, G2R, J3R, J6R and A24R, the MPXV homologues are
98–99% identical at the amino acid level, and do not contain
polymorphisms at the known sites leading to IBTR. A18R is also
very similar between VACV and MPXV, with 97% amino acid
identity. Only the product of H5R, VLTF-4, differs appreciably be-
tween VACV and MPXV, with an amino acid identity of only 89%.
VACV VLTF-4 is smaller than MPXV VLTF-4. Alignment of VLTF-4
homologues of multiple orthopoxviruses, including VACV, MPXV,
variola virus, and camelpox virus indicates that VACV has accu-
mulated two unique deletions relative to the other ortho-
poxviruses. It is at present unclear if the differences in sensitivity
to IBT between VACV and MPXV are due to changes in H5R, as yet
uncharacterized polymorphisms in the other candidate IBT genes,
or to polymorphisms in other as yet uncharacterized genes.
Mapping of the IBT genes in MPXV will be needed to answer these
questions.

It is tempting to speculate that the accumulation of decreased
amounts of dsRNA is compensating for the lack of a full-length
N-terminal domain on the E3 homologue of MPXV (F3). The
N-terminal domain of VACV E3 is required for full inhibition of
PKR activation in both infected cells in culture and in mice
(Langland and Jacobs, 2004). The N-terminal domain is also re-
quired to inhibit the 2′5′ OAS/RNase L pathway in some infected
cells (Langland and Jacobs, 2004). Since both pathways are acti-
vated by dsRNA, it is likely that the N-terminal domain is required
to fully counteract the effects of dsRNA in infected cells. In HeLa
cells, the N-terminus is only needed to inhibit PKR activation at
very late times post-infection (Langland and Jacobs, 2004), times
at which high levels of dsRNA accumulate in infected cells. Thus, it
is possible that accumulation of decreased amounts of dsRNA
could abrogate the need for a full length N-terminus at very late
times post-infection. Determining if the IBT alleles of MPXV rescue
the phenotypes associated with lack of a full length N-terminal
domain on E3 will provide support for this hypothesis.

In conclusion, in this manuscript we demonstrate that MPXV
leads to accumulation of less dsRNA than VACV and is more re-
sistant to the anti-poxvirus drug IBT than VACV. This, along with
the partial truncation of the dsRNA-binding F3 protein in MPXV,
Please cite this article as: Arndt, W.D., et al., Monkeypox virus indu
resistant to the anti-poxvirus drug, IBT, than vaccinia virus. Virology
suggests that the paradigm for synthesis and modulation of the
effects of dsRNA that has arisen from studies of VACV is likely not
universal for all orthopoxviruses.
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