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ABSTRACT

The vaccinia virus (VACV) E3 protein has been shown to be important for blocking activation of the cellular innate im-
mune system and allowing viral replication to occur unhindered. Mutation or deletion of E3L severely affects viral host
range and pathogenesis. While the monkeypox virus (MPXV) genome encodes a homologue of the VACV E3 protein, en-
coded by the F3L gene, the MPXV gene is predicted to encode a protein with a truncation of 37 N-terminal amino acids.
VACYV with a genome encoding a similarly truncated E3L protein (VACV-E3LA37N) has been shown to be attenuated in
mouse models, and infection with VACV-E3LA37N has been shown to lead to activation of the host antiviral protein ki-
nase R pathway. In this report, we present data demonstrating that, despite containing a truncated E3 homologue, MPXV
phenotypically resembles a wild-type (wt) VACV rather than VACV-E3LA37N. Thus, MPXV appears to contain a gene or
genes that can suppress the phenotypes associated with an N-terminal truncation in E3. The suppression maps to se-
quences outside F3L, suggesting that the suppression is extragenic in nature. Thus, MPXV appears to have evolved mecha-
nisms to minimize the effects of partial inactivation of its E3 homologue.

IMPORTANCE

Poxviruses have evolved to have many mechanisms to evade host antiviral innate immunity; these mechanisms may allow these
viruses to cause disease. Within the family of poxviruses, variola virus (which causes smallpox) is the most pathogenic, while
monkeypox virus is intermediate in pathogenicity between vaccinia virus and variola virus. Understanding the mechanisms of
monkeypox virus innate immune evasion will help us to understand the evolution of poxvirus innate immune evasion capabili-
ties, providing a better understanding of how poxviruses cause disease.

onkeypox virus (MXPV) is a member of the family Poxviri-

dae and was first reported to cause disease in humans in the
Congo region of Africain 1972 (1). MPXV is endemic in the west-
ern and central areas of Africa, and the mortality rate from MXPV
infections is approximately 10%, whereas that from variola virus
(VARV) infections is 30% (2, 3). While MPXV is pathogenic in
humans, it spreads poorly from human to human (4). The first
outbreak of MPXV in the Western Hemisphere occurred in 2003,
with 37 confirmed cases occurring in the midwestern United
States (5); however, no fatalities were associated with this out-
break. DNA sequencing of the U.S. MPXV isolates showed they
were more closely related to the less pathogenic West African
strains of MPXV than the more virulent Central African strains.
This may offer one explanation as to why no human fatalities were
associated with this outbreak of MPXYV in 2003 (5).

With the eradication of smallpox and the cessation of the hu-
man smallpox vaccination program, there is a growing concern
that VARV and MPXV could be employed as biological weapons.
This is especially disconcerting, given that today’s human popu-
lation has relatively low or nonexistent immunity to smallpox (1,
6). The use of a vaccinia virus (VACV; smallpox vaccine) to pro-
tect against an MPXV infection has been shown to be 85% effec-
tive in preventing disease (7), but it is highly unlikely that it will be
used as a preexposure vaccine, due to the side effects associated
with vaccination. For these reasons, there is an increasing interest
in gaining a better understanding of how MPXYV is able to evade
innate immunity and cause disease in humans.

The majority of what is known about orthopoxvirus innate
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immune evasion has come through the study of VACV and how it
inhibits the host’s antiviral immune response. The VACV E3L
gene has been shown to play a critical role in inhibiting the cellular
interferon (IFN) antiviral immune response (8). The E3 protein is
able to bind double-stranded RNA (dsRNA) and sequester it away
from known pattern recognition receptors (PRRs; e.g., protein
kinase R [PKR], RIG-I, MDA-5, and OAS), thereby preventing
their activation (8-10).

The VACV E3 protein contains two conserved domains: an
N-terminal Z-nucleic acid (Z-NA) binding domain (BD) and a
C-terminal dsRNA-binding domain. Both of these domains have
been shown to be necessary for wild-type virus pathogenesis in a
mouse model, as well as full IFN resistance (IFN") in vitro (11, 12).
Both the N-terminal and C-terminal domains of the VACV E3
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protein have been shown to be necessary for the complete inhibi-
tion of the PKR pathway (13). In vitro studies show that two
VACV recombinants, VACV-E3LA83N (in which the first 83
amino acids of the N terminus of E3L are deleted) and VACV-
E3LA37N (which encodes only the smaller of the two proteins
[p20] translated from E3L mRNA) have a host range and IFN"
phenotype similar to those of wild-type (wt) VACV in most cells
in culture (14, 15). However, in a mouse model, both VACV-
E3LA83N and VACV-E3LA37N were 100- to 1,000-fold less
pathogenic than wt VACV (16). Phosphorylation of the alpha sub-
unit of eukaryotic translation initiation factor 2 (eIF2a) was de-
tected in culture for cells infected with either virus at late times
postinfection (~9 h postinfection [hpi]), while phosphorylation
of elF2a was not present in wt VACV-infected HeLa cells (13).
Phosphorylation of elF2a has also been detected in mice after
infection with VACV-E3LA83N (13). This suggests that the N
terminus of the E3 protein may be required to inhibit the activa-
tion of the host’s antiviral response.

Genomic comparisons between MPXV and VACV show se-
quence identity between these two viruses. The MPXV F3 protein
is a homologue of the VACV E3 protein, with the two proteins
having nucleotide and protein sequence identities of 92% and
889%, respectively. The genomic sequence of MPXV suggests that
the F3 protein contains a complete, functional, C-terminal
dsRNA-binding domain, while the first 37 amino acids of the N
terminus of the Z-NA binding domain are deleted. Since the entire
VACV E3 protein has been shown to be necessary for the full
inhibition of PKR in both cells in culture and whole animals and
for pathogenesis in mice, we were interested in characterizing the
inhibition of innate immunity and replication in MPXV-infected
cells. We show that even though the MXPV genome encodes an
altered E3 homologue, MPXV has an IFN" and host range pheno-
type similar to that of wt VACV and it is able to inhibit the cellular
antiviral immune response to a greater extent than a VACV mu-
tant containing an equivalent N-terminal truncation in E3. These
data suggest that MPXV can suppress phenotypes associated with
the lack of an N-terminal domain on its E3 homologue. Replace-
ment of E3L in VACV with F3L did not lead to full inhibition of
PKR and did not rescue replication in cells in culture, indicating
that the suppression of the lack of an N-terminal domain on F3 is
extragenic in nature.

MATERIALS AND METHODS

Sequence analysis. The amino acid sequences of the MPXV F3 (GenBank
accession number AY603973, VACV E3 (GenBank accession number
M35027), and VARV E3 (GenBank accession number 1.22579) were ob-
tained from NCBI (http://www.ncbi.nlm.nih.gov/) and aligned using the
ClustalW program (http://www.ebi.ac.uk/clustalw/).

Cells and viruses. All cell lines were obtained from ATCC, with the
exception of HeLa F2 (used for Western blot analyses of expression and
phosphorylation), which was a kind gift of George Pavlakis, NCI. Vero-E6
cells, baby hamster kidney (BHK-21) cells, rabbit kidney (RK) RK13 cells,
and RK-E3L cells (RK13 cells stably transfected with a plasmid expressing
the E3L gene, using the Tet-Off system from Clontech) were maintained
in Eagle’s minimal essential medium (MEM; Cellgro) supplemented with
5% fetal bovine serum (FBS; HyClone). HeLa F2 cells and BSC-40 cells
were maintained in Dulbecco’s modified minimal essential medium
(DMEM,; Cellgro) supplemented with 5% FBS and 2 mM L-glutamine. JC
(murine adenocarcinoma) cells were maintained in RPMI (ATCC) sup-
plemented with 10% heat-inactivated FBS. All cells were incubated at
37°C in the presence of 5% CO,. For IFN treatment, cells were pretreated
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with the appropriate amount of human alpha A/D interferon (IFN-a A/D;
PBL Assay Science) at 37°C for 18 h. Vaccinia virus Copenhagen (VC-2)
and Western Reserve (WR) strains, designated VACV, were used as the
parental viruses for all the recombinant viruses used throughout this
study. VACV with an E3L deletion (VACVAE3L) and VACV containing a
37-amino-acid N-terminal truncation of E3L (VACV-E3LA37N) were
generated as previously described (15, 17). All experiments with MPXV
(strain WR 7-61) were performed in accordance with the protocols ap-
proved by Arizona State University and the Centers for Disease Control
and Prevention (CDC). For all HeLa and Vero-E6 cell infections, Copen-
hagen strains of vaccinia virus were used, whereas for all JC cell infections,
Western Reserve strains were used. Encephalomyocarditis virus (EMCV)
was obtained from ATCC.

Overlapping PCR. VACV E3L-flanking DNA regions of about 200 bp
in length were amplified from the VACV Copenhagen genome. The up-
stream flanking region was amplified with forward primer 5'-ATGTTAC
AACGCAATCGATACATGAA-3" and reverse primer 5'-TTTTAGAGAG
AACTAACACAACCAGCAAT-3'. The downstream flanking region was
amplified with forward primer 5'-CCTCGTGCAAATATCCAAACGC-3’
and reverse primer 5'-CTGATTCTAGTTATCAATAACAGTTAGTAGT
TT-3". The F3L gene of MPXYV, including the 5" untranslated region ho-
mologous to VACV E3L, was amplified from MPXV DNA through PCR
with primers containing sequences overlapping the amplified flanking
regions of VACV E3L. The forward overlapping primer for F3L was 5'-
GGTTGTGTTAGTTCTCTCTAAAAAAATTTCTAAGATCTATAT
TGA-3’, and the reverse primer was 5'-CTAACTGTTATTGATAACTAG
AATCAGAATCTAATGATGACATAACTAAG-3'. All PCR products
were purified using a Wizard SV Gel and PCR cleanup system (Promega)
according to the manufacturer’s instructions.

Transfection and in vivo recombination. I vivo recombination was
performed in BHK-21 cells as described previously (16). Transfections
were performed using the Lipofectamine reagent (Invitrogen) in con-
junction with the Plus reagent (Invitrogen) to enhance the transfec-
tion efficiency. BHK-21 cells were transfected with the F3L PCR prod-
uct according to the manufacturer’s protocol and infected with
VACVAE3L at a multiplicity of infection (MOI) of 0.01. At 48 hpi, the
cells were harvested and plaques were allowed to form in BSC-40 cells.
All viruses were amplified in BHK-21 cells. The recombinant VACV
expressing the F3 protein of MPXV is referred to as VACVAE3L::F3L
(VACV-F3L). VACV-F3L was generated for both the Copenhagen and
WR strains of VACV. Figure 1 indicates the placement of the F3L gene
in the VACV genome relative to that in the VACV-E3LA37N and the
MPXYV genomes.

Interferon sensitivity assay. BSC-40 and RK13 cells were seeded in
6-well plates and pretreated with 0, 1, 10, 100, or 1,000 IU/ml of IFN-«
A/D (cross-reactive with human, monkey, mouse, bovine, rat, cat, pig,
rabbit, guinea pig, or hamster cells; catalog number 11200-2; PBL). Cells
were infected with an estimated amount of 100 PFU of wt VACV,
VACVA37N, VACV-F3L, MPXV, or EMCV and incubated at 37°C in the
presence of 5% CO, for 72 h for MPXV and 48 h for the other viruses.
Plaques were visualized by staining with 0.1% crystal violet in 20% etha-
nol solution.

Multicycle growth kinetics. JC cells were seeded in 6-well plates so
that they were 80% confluent at the time of infection. The cells were
infected with VACV, VACV-E3LA37N, MPXV, or VACV-F3L at an MOI
of 0.01. Infected cells were harvested at 3, 12, 24, 48, and 72 hpi. The titers
of VACV, the VACV recombinants, and MPXV were determined as de-
scribed above.

Real-time PCR. JC cells were infected at an MOI of 5 with VACV,
VACV-E3LA37N, and MPXV. Total RNA was extracted at 1, 2, 4, 6, 8, 10,
and 12 hpi using an RNeasy minikit (Qiagen) according to the manufac-
turer’s instructions. cDNA was generated with 500 ng of total RNA diluted
in 17.5 pl of H,O (RNase and DNase free), followed by addition of 1 pl
oligo(dT) (500 pg/ml; Promega) and incubation at 70°C for 5 min. The
samples were then chilled on ice and a reverse transcription mix (10 p.l of

October 2015 Volume 89 Number 20


http://www.ncbi.nlm.nih.gov/nuccore?term=AY603973
http://www.ncbi.nlm.nih.gov/nuccore?term=M35027
http://www.ncbi.nlm.nih.gov/nuccore?term=L22579
http://www.ncbi.nlm.nih.gov/
http://www.ebi.ac.uk/clustalw/
http://jvi.asm.org

Monkeypox Virus Innate Immune Evasion

4 e |EL promoter>{ E3L L | yai(lzcl-.type .
inia viru:
Untranslated Wild-type
- Fa FaL promoter> plosoe FaL L | Monkeypox virus
Vaccinia virus
—| E4L | E3L promoter E3L ASTN L [ E3La37N
Vaccinia virus
Untranslated
4 Ea ESL promoter> ssglon F3L EL | AE3LFAL

FIG 1 Schematic of viruses used in this study.

5X Moloney murine leukemia virus [M-MLV] real-time PCR buffer
[Promega], 20 pl of 1 mM deoxynucleoside triphosphates, 1 pl of M-
MLYV reverse transcriptase [200 U/ml; Promega], 0.5 I of RNasin Plus
RNase inhibitor [40 U/pl; Promega]) was added. The samples were incu-
bated at 37°C for 1 h and 95°C for 10 min and then placed on ice. Real-
time PCR was performed with an MJ Mini thermocycler (Bio-Rad) under
the following conditions: 95°C for 10 min and 35 cycles at 95°C for 15s,
55°C for 30 s, and 72°C for 30 s. Two hundred nanograms of cDNA was
added to the real-time PCR mix (12.5 l of 2X iQ SYBR green Supermix
[Bio-Rad], 2.5 pl of 10 mM forward and reverse real-time primers, and
5.5 pl of double-distilled H,O for a total volume of 25 wl). VACV and
MPXV MIL gene transcripts were detected with primer pairs M1L-F (5'-
AAC GGA CCA CAT CCT TCT TC-3') and M1L-R (5'-ATC CAA ACG
CGT GTGATA AA-3'). VACV and MPXV G8R gene transcripts were
detected with the primer pair G8R-F (5'-GCG GAT CTG TAA ACATTT
GG-3') and G8R-R (5'-CCT TGGACA CAG GAA GAT TAA A-3') and
the MPXV-specific primer MPXV-G8R-R (5'-CCT TGG ACA CTG GAA
GGT TAA A-3'), respectively. VACV A5L gene transcripts were detected
with the primer pair A5L-F (5'-TTT CCATCC GAT TGT TGT GT-3" and
A5L-R (5"-AGT TCA CTC CTT CCA GCG TT-3"), and MPXV A5L gene
transcripts were detected with the MPXV-specific primer pair MPXV-
AS5SL-F (5'-CTT CCATCC GAT TGT TGTGT-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 described above
were used. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was
used as the internal loading control, and standardization among samples
was done using the primer pair GAPDH-F (5'-CCT GTT CGA CAG TCA
GCC G-3') and (5'-GA CCA AAT CCG TTG ACT CC-3).

PKR and elF2a phosphorylation. Subconfluent HeLa cell monolay-
ers were infected with VACV, VACVAE3L, VACV-E3LA37N, MPXV, or
VACV-F3L at an MOI of 5 in the presence or absence of 1,000 [U/ml of
IFN-a A/D interferon (PBL). At the indicated times postinfection, cell
lysates were prepared in radioimmunoprecipitation assay (RIPA) buffer.
Cells were scraped into 1 ml of 1X phosphate-buffered saline (PBS) and
pelleted by centrifugation at 1,000 X g and 4°C for 10 min. The cell pellet
was resuspended in 75 pl of RIPA buffer (1X PBS, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, 200 mM NaF, 2 mM Na;VO,) for 10
min, followed by centrifugation at 10,000 X g for 10 min. The superna-
tants were removed, and an equal volume of 2X SDS-PAGE loading buf-
fer (125 mM Tris-HCI, 20% glycerol, 4% SDS, 0.001% bromphenol blue,
0.2% 2-mercaptoethanol) was added. The samples were boiled for 5 min
and analyzed on 12% SDS-polyacrylamide gels. Proteins were transferred
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to a nitrocellulose membrane at 100 V for 60 min in 10 mM N-cyclohexyl-
3-aminopropanesulfonic acid, pH 11, with 20% methanol. The mem-
branes were blocked with TTBS (20 mM Tris-HCI, pH 7.8, 180 mM NaCl,
0.05% Tween 20) with 3% milk (Carnation nonfat dry milk) for 1 h. The
membranes were probed with rabbit anti-phospho-PKR (1:1,000; Ab-
cam), mouse anti-PKR (1:1,000; Santa Cruz), rabbit anti-phospho-elF2«a
(1:1,000; Cell Signaling), and rabbit anti-elF2« (1:1,000; Santa Cruz).
Secondary goat anti-rabbit IgG and goat anti-mouse IgG conjugated to
horseradish peroxidase (1:10,000; Santa Cruz) were added, followed by
chemiluminescence. All lysates were also probed by Western blotting with
goat anti-rabbit immunoglobulin GAPDH (Sigma) to confirm equal
loading of the samples.

RESULTS

MPXYV produces a truncated version of the VACV E3 protein.
Both VACV and VARV contain an open reading frame (ORF)
approximately 570 nucleotides long encoding E3-like proteins
(Fig. 2A). The major product of this open reading frame in VACV
is a protein that has been called p25 (8). However, the open read-
ing frames in both viruses contain initiator AUG codons at posi-
tion 38, which in the case of VACV has been shown to lead to the
synthesis of small amounts of an N-terminally truncated protein,
p20 (9). The ORF of the MPXV E3 homologue, encoded by the
MPXV F3L gene, is shorter than the corresponding ORFs in
VACYV and VARV. The AUG codon that is presumed to lead to
initiation of translation in the VACV and VARV E3L genes is
instead AUU in MPXYV, and there are two 2-bp deletions in the 5
region of F3L that would lead to a frameshift, even if translation
did initiate at the AUU sequence in MPXV (Fig. 2A). The second
AUG codon in MPXV F3L is intact (Fig. 2A) and is predicted to
encode a protein equivalent to the VACV p20 protein (Fig. 2B). To
determine if the MPXV F3 protein is indeed truncated compared
to the VACV E3 protein, HeLa cells were infected with wt VACV,
VACV-E3LA37N, or MPXV (Fig. 1) at an MOI of 5 PFU/cell and
protein lysates were harvested at 3, 6, 9, and 12 hpi. Western blot
analysis with antiserum that recognizes the VACV E3 proteins
showed that VACV produces both the p25 and p20 products of
E3L, while VACV-E3LA37N generated only the p20 product of
E3L (Fig. 2C). As predicted from the DNA sequence, MPXV pro-
duced a protein that is similar in size to the protein produced by
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FIG 2 (A) VACV-E3L homologue alignment. The first 160 nucleotides of the VACV E3L gene homologues of VACV, VARV, and MPXV were aligned by use of
the ClustalW program. The sequences begin at nucleotide 1 of each gene, which is the start codon in the case of VACV and VARV. The C-terminal dsRNA BD
is highly conserved among all three viruses. Nonhomologous nucleotide differences in MPXV that lead to the inability to generate p25 are shown in gray boxes.
The conserved AUG codon that leads to the generation of p20 (the only product expressed by MPXV) is boxed only. Asterisks indicate the nucleotide positions
of the consensus sequence among all three sequences. (B) Protein sequence alignment. The VACV E3 protein homologues of VACV, VARV, and MPXV were
aligned by use of the ClustalW program. Asterisks, amino acid positions of the consensus sequence among all three sequences; amino acids highlighted in gray,
changes in sequences among MPXV, VARV, and VACV; dots, degree of similarity, with one dot being less conservative than two. The N-terminal Z-NA BD for
VACYV and VARV is highly conserved, whereas the E3 homologue of MPXV (F3) is predicted to contain a 37-amino-acid N-terminal truncation. (C) MPXV
produces a p20 form of VACV-E3. HeLa cells were infected with wt VACV, VACV-E3LA37N, VACV-F3L, and MPXV at an MOI of 5. At 3 (lanes 2 to 6), 6 (lanes 7 to
11), 9 (lanes 13 to 17), and 12 (lanes 18 to 22) hpi, protein lysates were isolated and analyzed by Western blotting with antibodies specific for the C terminus of E3.
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FIG 3 MPXV replication in the presence of IFN. (A) RK13 cells were treated with increasing amounts of IFN-ae A/D for 18 h and then infected with 100 PFU of
MPXV. Cells were stained at 48 hpi with crystal violet. (B) Subconfluent BSC-40 cells were treated with the indicated amount of recombinant IFN for 18 h prior
to infection. Treated cells were infected with approximately 100 PFU of VACV, EMCV, or MPXV. Cells were stained with crystal violet at 48 hpi.

VACV-E3LA37N, a virus engineered to produce a protein with a
deletion of the first 37 amino acids. The MPXV E3-related protein
ran with a slightly higher mobility than the VACV p20 protein
(Fig. 2C, lanes 6, 11, 17, and 22). All viruses expressed E3-like
proteins with similar kinetics, with protein being detected as early
as 3 hpi (Fig. 2C). While the major E3L-encoded protein in
VACV-infected cells is p25, with only smaller amounts of p20
accumulating, large amounts of p20 were made in either MPXV-
or VAVC-E3LA37N-infected cells. This is consistent with the
somewhat weak Kozak sequence of the first initiator AUG (18),
while the AUG at codon 38 of the VACV E3L gene is predicted to
have a strong Kozak sequence (18).

MPXYV possesses an IFN-resistant phenotype. To determine
if MPXYV is able to inhibit the IFN antiviral immune response and
replicate in the presence of IFN, cells were treated with increasing
amounts of IFN-a A/D (0 to 1,000 U/ml) for 18 h. After IFN
treatment, the cells were infected with 100 PFU of MPXV, and 48
h later the plaques were stained with crystal violet. Similar to
VACV plaque formation, MPXV plaque formation was unaf-
fected by IFN treatment (Fig. 3A), while EMCV plaque formation
was decreased by IFN treatment (Fig. 3B). Similar results were
seen in Vero-E6 cells and HelLa cells (data not shown).

MPXYV prevents phosphorylation of PKR and eIF2a. The
VACV E3 protein inhibits the IFN antiviral immune response by
preventing the phosphorylation of PKR and eIF2a (8). The entire
N-terminal domain of the VACV E3 protein is required for full
inhibition of PKR activation both in HeLa cells and in the mouse
model (13). To determine if the lack of a full N-terminal domain
encoded by the MPXV F3L gene also yields a protein that fails to
fully inhibit the activation of PKR, HeLa cells were either mock in-
fected or infected with wt VACV, VACV-E3LA37N, VACVAE3L,
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or MPXYV in the presence or absence of IFN treatment. Protein
lysates were harvested at 6 and 9 hpi and analyzed by Western
blotting with antiserum that recognizes the phosphorylated forms
of PKR and elF2a. Mock-infected and wt VACV-infected cells
showed undetectable levels of phosphorylated PKR and elF2a
(Fig. 4, lanes 1 to 6). In contrast, VACVAE3L-infected cells
showed high levels of phosphorylated PKR and elF2a at both 6
and 9 hpi (Fig. 4, lanes 7 to 10), irrespective of IFN treatment.
VACV-E3LA37N induced the phosphorylation of PKR and elF2a
at 9 hpi (Fig. 4, lanes 12 and 14) but not 6 hpi (Fig. 4, lanes 11 and
12), corresponding to the late activation of the PKR pathway, as
previously described (13). Most notably, MPXV did not cause the
phosphorylation of PKR and eIF2« at either time point regardless
of IEN treatment (Fig. 4, lanes 15 to 18). These data suggest that
despite encoding an N-terminally truncated E3 homologue,
MPXYV can fully inhibit the activation of PKR more similarly to wt
VACYV than to VACV-E3LA37N.

MPXYV replicates in JC cells. While the N terminus of VACV
E3 is required for full inhibition of PKR both in cells in culture and
in the mouse model (13), until recently the N terminus has not
been shown to be necessary for replication in any cells in culture
(our recent data [11] have shown that the N terminus is necessary
for IFN" in mouse embryonic fibroblast [MEFs]). We have iden-
tified murine JC cells to be a model where a full N-terminal do-
main is required for the replication of VACV (Fig. 5). VACVs
containing either N-terminal or C-terminal truncations in E3
(i.e., VACV-E3LA37N [Fig. 5B] or VACV-E3LA83N and VACV-
E3LA26C [Fig. 5A]) replicate poorly in JC cells. Considering that
MPXV contains a natural N-terminal truncation in F3L, we hy-
pothesized that this virus would not be able to replicate in these
cells. Therefore, we performed multistep growth kinetics assays in
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JC cells, comparing the replication of wt VACV, VACV-
E3LA37N, and MPXV. At 72 hpi, wt VACV replicated to high
titers, whereas VACV-E3LA37N replicated poorly in JC cells (Fig.
5B). Remarkably, despite expressing an N-terminally truncated F3
protein, MPXV was able to replicate to titers similar to those of wt
VACYV in these cells (Fig. 5B). This suggests either that the amino
acid changes present in the MPXV F3 protein (see Fig. 2B) may
compensate for the lack of a full-length N-terminal Z-NA binding
domain (BD) or that the virus has evolved an alternative mecha-
nism or mechanisms to counteract the host antiviral innate im-
mune response.

Accumulation of viral early, intermediate, and late tran-
scripts in VACV- and MPXV-infected cells. To determine the
stage at which VACV with N-terminal mutations in E3 is blocked,
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, WR strain)
viral transcripts (Fig. 6). In VACV-infected JC cells at 2 hpi, viral
transcripts were induced by 10-fold and continued to increase to
more than 1,000-fold for the intermediate and late genes by 12 hpi
(Fig. 5A and B). In the cells infected with VACV-E3LA37N, all
three genes were induced at 2 hpi, but intermediate and late tran-
scripts failed to be induced to levels comparable to those in
VACV-infected cells at later times postinfection (Fig. 6A), corre-
lating with the inability of VACV-E3LA37N to replicate to wild-
type titers within these cells. MPXV early and late viral transcripts
were induced to levels similar to those of VACV early and late viral
transcripts at all time points; however, the amounts of intermedi-
ate viral transcripts were 10-fold higher in VACV-infected cells at
late times postinfection (Fig. 6A). In addition, we performed
quantitative PCR to measure viral genomic replication initiation
using the G8R-specific primer set (Fig. 6B). Similar to the findings
for viral G8R transcription initiation, VACV genomic replication
initiated at about 2 hpi and continued to increase until 12 hpi (Fig.
6B, closed diamonds). MPXV DNA replication (Fig. 6B, closed
squares) was delayed approximately 2 h but reached the same level
as VACV DNA replication by 8 hpi. Very little DNA replication
was detected in JC cells infected with VACVA37N, consistent with
alack of intermediate and late gene expression. These data suggest
that VACV-E3LA37N is restricted in JC cells at the transition from
early to intermediate gene expression.
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The MPXV F3 protein recues IFN resistance in RK13 and
BSC-40 cells but does not rescue the VACV-E3LA37N pheno-
type in JC cells. To determine if the amino acid sequence
changes present in the MPXV F3 protein are compensating for
the lack of a full-length N-terminal Z-NA BD (Fig. 2B), we
generated a VACV that expresses the F3 protein of MPXV by
inserting the F3L gene in the place of E3L (VACV-F3L; Fig. 1).
This virus expressed a 20-kDa E3-like protein with kinetics of
expression similar to those of the F3 protein from MPXV (Fig.
2C). We then asked if F3 could restore the IFN" phenotype of
VACVAE3L. A plaque reduction assay in the presence of in-
creasing amounts of IFN in RK13 and BSC-40 cells showed that
the F3 protein was able to restore the IFN" phenotype of a
VACYV in which the E3 protein was deleted (Fig. 7A and B).
These data suggest that the MPXV F3 protein is sufficient for
conferring the IFN" phenotype of MPXV.

To determine if the F3 protein could restore a fully wild-type
phenotype to VACVAE3L, we examined PKR and elF2a phos-
phorylation at late times postinfection in HeLa cells. HeLa cells
were infected with wt VACV, VACV-E3LA37N, VACVAE3L, or
VACV-F3L atan MOI of 5 PFU/cell. At 3, 6,9, and 12 hpi, protein
lysates were obtained and analyzed by Western blotting for the
phosphorylated form of PKR and elF2a. As demonstrated above,
no detectable levels of phosphorylated PKR or elF2a were de-
tected in wt VACV-infected cells, whereas cells infected with
VACVAE3L showed high levels of PKR and eIF2a phosphoryla-
tion from 3 to 12 hpi (Fig. 8A, lanes 3,9, 15, and 21). Cells infected
with VACV-E3LA37N showed PKR and elF2a phosphorylation
at 9 and 12 hpi (Fig. 8A, lanes 17 and 23), whereas cells infected
with MPXV showed no PKR and eIF2a phosphorylation at 9 hpi
and low levels of phosphorylation at 12 hpi (Fig. 8A, lanes 18 and
24). The cells infected with VACV-F3L also showed detectable
levels of PKR and eIF2a phosphorylation at only 9 hpi and 12 hpi
(Fig. 8A, lanes 16 and 22), suggesting that the amino acid changes
present in the F3 protein were not able to fully inhibit the activa-
tion of PKR in a VACV background.

We then asked if the F3 protein of MPXV could restore
VACVAE3L replication in the JC cells. Multicycle growth kinetic
assays were performed with VACV-F3L in JC cells. The titers of
VACV-F3L were similar to those of VACV-E3LA37N, suggesting
that VACV-F3L replicated poorly in these cells (Fig. 8B). There-

October 2015 Volume 89 Number 20


http://jvi.asm.org

Monkeypox Virus Innate Immune Evasion

I *k 1
i *% 1
1.00E+08 g
1.00E+07
+ _ 1.00E+06
g |
EE
B
> 2 1.00E+05
; 1.00E+04 l
1.00E+03 %
wt-VACV VACVAE3L VACV-E3LA83N VACV-E3LA26C
A ® 0 hpi @72 hpi
10000
L i |
I |
[ ik l
1000 ot !
(]
2]
©
o
B a0
T
[5)
L
10 : - :
: P
B wt-VACV VACV-E3LA37N MPXV

FIG 5 Replication in JC cells. (A) JC cells were infected with the indicated viruses at an MOI of 0.01 PFU/cell. Infected cells were harvested at 0 and 72
hpi, and the titer was determined by plaque assay in RK-E3L cells. Data are presented as means with standard errors from three experiments. **, P < 0.01.
(B) JC cells were either mock infected or infected with wt VACV, VACV E3LA37N, or MPXV at an MOI of 0.01 PFU/cell. Viruses were harvested at 72 hpi,
and the titer was determined by plaque assay in BSC-40 cells. Data represent the fold increase in viral growth at 72 hpi and are presented as means with
standard errors from multiple experiments. Statistical analyses were done by using an unpaired ¢ test comparing wt VACV and MPXV to VACV-

E3LA37N. **, P =< 0.01; ***, P < 0.001.

fore, the amino acid changes present in the F3 protein could not
compensate for the lack of a full-length N-terminal domain on F3.
These data suggest that an alternative viral mechanism(s) is com-
pensating for the lack of a full-length N-terminal Z-NA BD, allow-
ing full inhibition of PKR activation in HeLa cells and replication
in JC cells.

DISCUSSION

MPXYV is capable of causing a severe smallpox-like disease in hu-
mans and, following the eradication of smallpox in 1977, has be-
come the most problematic virus within the genus Orthopoxvirus
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in regard to human health (19). This is surprising given that
MPXYV is predicted to express a homologue of the VACV innate
immune evasion protein, E3, which is missing 37 N-terminal
amino acids (Fig. 2B). Similar truncations of E3 in VACV have
been shown to prevent full inhibition of the host antiviral PKR
pathway (13) and to attenuate virus-induced pathogenesis in mice
(12, 16). Therefore, to begin to understand the disease associated
with an MPXYV infection, we have begun an investigation of how
MPXYV subverts the host’s antiviral immune response. In this
study, we have demonstrated that despite expressing a truncated
homologue of E3, MPXV can fully inhibit activation of the PKR
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pathway and can replicate in cells in which a full-length E3 is
required for replication of VACV. This suggests that MPXV con-
tains a gene or genes that suppress the phenotypes normally asso-
ciated with a lack of a full-length E3 in VACV. Suppression ap-
pears to be extragenic in nature, since VACV containing MPXV
F3L in place of E3L was phenotypically indistinguishable from
VACV-E3LA37N.

Suppression of the N-terminal truncation of the MPXV E3
homologue may be a factor in the pathogenesis of MPXV in hu-
mans and nonhuman primates. Similar truncations in VACV E3
lead to the activation of PKR in cells in culture (13), to the phos-
phorylation of elF2a in infected mice (13), to IFN sensitivity in
MEFs (11), and to a 100-fold reduction in virulence in mice (16).
IFN sensitivity in MEFs is fully reversed by ablation of PKR, sug-
gesting that in MEFs the sole function of the N terminus is to
inhibit PKR activation (11). Thus, suppression of PKR activation
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during MPXYV infection may be a factor in promoting pathogen-
esis in humans and nonhuman primates. On the other hand,
MPXYV is not pathogenic in most strains of inbred mice, unless
IFN signaling is abrogated (20). Similarly, VACV in which the
region coding for the N-terminal domain of E3 is deleted is as
pathogenic as wt VACV in IENAR /™ mice (11). Thus, the lack of
a full-length E3 homologue may be one factor that limits the
pathogenesis of MPXV in mice. Earl et al. (21) showed that in
MPXV-infected (intranasal route) inbred strains of mice, such as
BALB/c and C57/BIk, there is a large IFN-\ and CCL5 response in
the lungs which is absent in MPXV-infected CAST/EiJ mice, a
strain susceptible to MPXV. Further, they showed that inbred
strains with mutated IFN-\ or IFN-X receptor genes displayed an
intermediate phenotype in MPXV susceptibility between wild-
type strains and CAST/Ei] mice, suggesting that there were addi-
tional host factors impacting pathogenesis (21). Since the natural
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host of MPXV is thought to be a rodent (22), it is possible that
MPXYV has evolved several mechanisms to limit pathogenesis in
the native host, including by increasing sensitivity to type I IFNs
through partial truncation of the MPXV E3 homologue.

The N-terminal Z-NA binding domain of VACV E3 is not
necessary for replication in most cells in culture (13). However, we
have recently shown that the N terminus is necessary for IFN
resistance in primary MEFs (11), and in this study, we have shown
that the N terminus is necessary for the replication of VACV in
murine JC cells. VACV-E3LA37N-infected JC cells accumu-
lated early mRNA and early protein but demonstrated reduced
levels of intermediate and late mRNAs and did not initiate
DNA replication. The replication of E3L mutants of VACV in
JC cells correlated with the predicted ability to bind to Z-NA
(23). MPXV replicates efficiently in JC cells, despite lacking a
full N-terminal Z-NA binding domain. Again, this appears to
be due to suppressors at a second site, since VACV with the
truncated F3L in place of E3L replicates as poorly in JC cells as
VACV-E3LA37N does.
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The nature of the suppressors in MPXV with a truncation of
F3Lis unclear. We have shown that MPXV makes less dsSRNA than
VACV (unpublished data). The synthesis of decreased amounts of
dsRNA has been associated with resistance to the antipoxvirus
drug isatin-beta-thiosemicarbazone (IBT) (24), and MPXV is in
fact more resistant to IBT than VACV is (unpublished). Since the
bulk of our data suggest that the N terminus of E3 functions to
antagonize double-helical RNA (11), it is tempting to speculate
that there is a cause-and-effect relationship between suppression
of the lack of a full-length E3 homologue, decreased synthesis of
dsRNA, and IBT resistance (IBT"). However, as of yet no IBT"
mutations in a VACV-E3LA37N background have restored repli-
cation in JC cells (our unpublished observations). Mapping of the
genes that allow replication in JC cells may shed light on the mech-
anism of suppression of the lack of a full-length E3L homologue in
MPXV.

Of the chordopoxviruses that contain an E3L homologue,
only MPXV and the leporipoxviruses myxoma virus (MYXV)
and shope fibroma virus lack a full-length homologue (25-28).
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Like MPXV, MYXYV pathogenesis is restricted to only certain
species and has little or no capability for pathogenesis in all
others (29, 30). For both MYXV and MPXV, restriction in mice
requires signaling through the type I and type II IEN pathways
(20, 30). This is similar to the restriction in pathogenesis that
we have seen with VACV lacking an intact E3 N-terminal do-
main (11).

In conclusion, we have shown that MPXV contains a suppres-
sor of the lack of a full-length N-terminal domain on its E3 ho-
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mologue, which allows full inhibition of PKR and allows replica-
tion in JC indicator cells. Thus, MPXV appears to have evolved
other, yet undiscovered mechanisms to limit activation of the
host’s antiviral immune response to compensate for the loss of the
N terminus of F3.
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