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Abstract

All known orthopoxviruses, including ectromelia virus (ECTV), contain a gene in the E3L family.
The protein product of this gene, E3, is a double-stranded RNA-binding protein. It can impact host
range and is used by orthopoxviruses to combat cellular defense pathways, such as PKR and
RNase L. In this work, we constructed an ECTV mutant with a targeted disruption of the E3L
open reading frame (ECTVAE3L). Infection with this virus resulted in an abortive replication
cycle in all cell lines tested. We detected limited transcription of late genes but no significant
translation of these MRNAs. Notably, the replication defects of ECTVAE3L were rescued in
human and mouse cells lacking PKR. ECTVAE3L was nonpathogenic in BALB/c mice, a strain
susceptible to lethal mousepox disease. However, infection with ECTVAE3L induced protective
immunity upon subsequent challenge with wild-type virus. In summary, E3L is an essential gene
for ECTV.
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Introduction

Ectromelia virus (ECTV; also referred to as “mousepox virus”) is a double-stranded DNA
virus in the Poxviridae family of the genus orthopoxvirus. ECTV is a natural pathogen of
mice and primarily infects new hosts through abrasions in the skin (Fenner, 1947).
Following initial replication at the site of infection, the virus spreads to multiple organs and
eventually disseminates to the skin where characteristic pock lesions can manifest in certain
mouse strains (Esteban and Buller, 2005; Fenner and Mortimer, 2006).

The formation of double-stranded RNA (dsRNA) occurs during the replication cycles of
numerous viral infections (Weber et al., 2006). For this reason, dsRNA is an important
pathogen-associated molecule that initiates an anti-viral immune response. With respect to
poxviruses, it has been known for some time that vaccinia virus (VACV) forms abundant
amounts of dSRNA, especially during intermediate and late time points of the infection cycle
(i.e., after DNA replication; “post-replicative”) (Boone et al., 1979; Colby and Duesberg,
1969; Colby et al., 1971; Duesberg and Colby, 1969). Other orthopoxviruses, such as
cowpox virus, also form dsRNA albeit to a varying degree relative to VACV (Frey et al.,
2017). The mechanism of dsRNA formation has been discussed elsewhere (Arndt et al.,
2016; Frey et al., 2017). Briefly, it has been demonstrated using VACV as a model that
dsRNA forms as a result of several factors: minimal intergenic space, convergent
transcription from opposite DNA strands, and inefficient termination of transcription,
particularly during post-replicative time points (Xiang et al., 2000; 1998). These events lead
to the production of mRNAs with the capacity for complementary base pairing, thus
allowing for dsRNA formation in the cytoplasm.

There are two important anti-viral pathways in cells that are induced by the presence of viral
dsRNA: PKR and 2’5’-OAS/RNase L. Upon activation, both pathways can result in the
termination of viral protein synthesis, thus reducing viral dissemination within the host
organism. Upon recognition of dsRNA, PKR phosphorylates the alpha subunit of eukaryotic
initiation factor 2 (elF2a.), which results in translational termination (Proud, 2005). RNase L
non-specifically cleaves cytoplasmic RNA molecules, including viral transcripts, which
inhibits protein synthesis at the level of RNA stability (Chakrabarti et al., 2011). Because
dsRNA is a potent trigger of anti-viral immunity, many viruses have evolved strategies to
evade detection (Langland et al., 2006; Seet et al., 2003). This study focused on the immune
evasion gene E3L, which produces a protein able to blunt anti-viral responses that become
induced by viral dsSRNA.

The E3L gene is conserved among a large fraction of the members of the subfamily
Chordopoxvirinae (Bratke et al., 2013; Haller et al., 2014; Myskiw et al., 2011). It encodes a
protein product (termed E3) with an amino-terminal Z-DNA-binding domain (Kim et al.,
2003) and a carboxy-terminal dsRNA-binding domain (Chang and Jacobs, 1993). This
protein was originally discovered from extracts of VACV-infected cells due to its ability to
bind to Poly(l:C), a synthetic dsRNA analog (Chang et al., 1992; Watson et al., 1991). E3
has been shown to inhibit activation of PKR and RNase L, which is likely due in large part
to its ability to sequester dsSRNA (Chang et al., 1992; Frey et al., 2017; Langland et al., 2006;
Rivas et al., 1998; Xiang et al., 2002; Zhang et al., 2008). Moreover, the dsSRNA-binding
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domain is necessary for the virulence of VACV upon infection of mice (Brandt and Jacobs,
2001). E3L can be an important host range gene since its deletion renders some poxviruses
unable to replicate in cells that are normally permissive for infection (Beattie et al., 1996;
Rahman et al., 2013).

In this study, we demonstrate the critical importance of E3L to the ability of ECTV to
replicate in cultured cells and cause disease in mice. An ECTV mutant (ECTVAE3L)
lacking an intact E3L open reading frame was replication-incompetent in all tested
mammalian cell lines and avirulent in a mouse strain that is highly susceptible to lethal
infection with wild-type ECTV. Interestingly, ECTVAE3L induced protective immunity in
these mousepox-susceptible mice when used as a vaccine prior to challenge with wild-type
virus. This report is the first to characterize ECTVAE3L and to define the role of E3L in the
replication capacity and pathogenicity of mousepox virus.

Materials and methods

Cells and culture methods

Viruses

The following cell lines were used in this study: BS-C-1 (ATCC# CCL-26), HeLa (ATCC#
CCL-2), and L-929 (ATCC# CCL-1). These cell lines were cultured in Dulbecco’s Modified
Eagle Medium (DMEM; Invitrogen) supplemented with 5% fetal bovine serum (FBS;
Gemini BioProducts), and penicillin-streptomycin (Gemini BioProducts). The DMEM
contained 4mM L-glutamine, 1 mM sodium pyruvate, and 4.5 mg/mL D-glucose from the
manufacturer. All cells were maintained at 37°C in a 5% CO> incubator and sub-cultured
when they reached approximately 80-90% confluency. BS-C-1 cells constitutively
expressing the E3 protein of VACV were also utilized (termed BS-C-1+E3L cells;
generously supplied by Dr. Stefan Rothenburg). The E3 protein produced in these cells has
mCherry fused at the C-terminus to aid in visualization using fluorescence microscopy. The
BS-C-1+E3L cells were maintained in the continuous presence of 500 pug/mL Geneticin/
G418 (Gemini BioProducts) to preserve high E3 levels, which were consistently =90%
positive as determined by flow cytometry (Fig. 1A). These cells fully rescue the replication
of VACVAE3SL to wild-type levels (data not shown). Wild-type and PKR knockout mouse
embryonic fibroblasts (MEFs) transformed with SV40 large T antigen were kindly provided
by Dr. Robert Silverman (Jha et al., 2011; Zhou et al., 1999). These cells were grown in
RPMI medium (Invitrogen) supplemented with 10% FBS and penicillin-streptomycin. HeLa
cells in which PKR expression was stably knocked-down by RNA. or cells expressing a
control siRNA were kindly provided by Dr. Charles Samuel (Zhang et al., 2008; Zhang and
Samuel, 2007). These cells were maintained in DMEM+5% FBS containing 1 pg/mL
puromycin (Invivogen) to maintain stable knockdown of PKR. We independently confirmed
the absence of detectable PKR in the MEFs and HeLa cells via Western blotting before
conducting experiments with these cells (data not shown).

The following viruses were used during the course of this work: ECTV wild-type (Moscow
strain; gift of Dr. Laurence Eisenlohr), ECTV expressing GFP [Moscow background; gift of
Dr. Luis Sigal (Fang et al., 2008)], ECTVAE3L, VACV wild-type (Western Reserve strain;
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gift of Dr. Laurence Eisenlohr), and VACVAE3LAK3L (Copenhagen background; gift of Dr.
Stefan Rothenburg). VACVAE3LAKS3L was constructed using standard homologous
recombination techniques and expresses green fluorescent protein (GFP) (Brennan et al.,
2014). ECTVAE3L was constructed in a similar manner. Approximatley 90% of the E3L
open reading frame was replaced with the coding sequence for GFP under the transcriptional
control of the poxviral p7.5 early/late promoter. After the infection/transfection stage, a
GFP-positive plaque was isolated and subsequently underwent six rounds of passage in BS-
C-1+E3L cells to ensure that 100% of plaques stably expressed GFP. As a control, we also
constructed a revertant virus (ECTV E3L REV) in which the native E3L open reading frame
was recombined back into ECTVAE3L. To create the revertant virus, we amplified the
region surrounding the E3L locus (~500 bp upstream and downstream) from w.t. ECTV.
After purification of the PCR product, we performed a similar procedure as described above
to generate the ECTV E3L REV. After the initial infection/transfection stage, a GFP-
negative plaque was isolated that subsequently underwent several rounds of passaging on
normal BS-C-1 cells. We then performed sequencing of the E3L gene to confirm that the
wild-type sequence was present in the ECTV E3L REV (data not shown). VACVAE3LAK3L
and ECTVAE3L were titrated using BS-C-1+E3L cells. All other viruses were titrated using
normal BS-C-1 cells. Virus was released from infected cells by three cycles of freezing in
liquid nitrogen followed by thawing in a 37°C water bath. In some experiments, cytosine -
D-arabinofuranoside (AraC; Sigma-Aldrich) was used at a final concentration of 50 pg/mL
to block viral DNA replication. This drug was added at the time of infection.

Female C57BL/6 and BALB/c mice aged 6 to 8 weeks were obtained from Jackson
Laboratories. Immunizations with ECTVAE3L or VACV were carried out using i.p.
injection in 300 pL total volume of 1x PBS. Some infections, as described in the results,
were carried out via injection of virus in 30 L total volume of 1x PBS into the right hind
footpad. Experimental procedures involving mice were carried out in accordance with
regulations from the National Institutes of Health, the Association for Assessment and
Accreditation of Laboratory Animal Care International, and the United States Department of
Agriculture. Animal protocols were approved by the Institutional Animal Care and Use
Committees (IACUC) at Thomas Jefferson University (Philadelphia, PA) [former institution
of L.C. Eisenlohr] and the Children’s Hospital of Philadelphia Research Institute
(Philadelphia, PA) [current institution of L.C. Eisenlohr]. All mouse work was carried out in
a humane manner and virus infections were performed under isoflurane anesthesia. Mice
were sacrificed upon losing 20% of their pre-infection body weight.

Enzyme-linked immunospot (ELISPOT) assay

ELISPOT procedures were carried in a similar manner as described previously (Siciliano et
al., 2014). On the indicated days post-infection, spleens were isolated and processed
(including red blood cell lysis) to create single-cell suspensions. Three mice were used for
each condition and splenocytes were pooled prior to plating and stimulation. T-cells were
activated using bone marrow-derived dendritic cells (BMDCs) that had been incubated in the
presence of the indicated peptides (2 pg/mL final concentration). BMDCs were grown and
prepared in a similar manner as described previously (Hersperger et al., 2012; Siciliano et
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al., 2014). All cells were cultured in the presence of RPMI (Invitrogen) supplemented with
10% FBS. In some experiments, CD4* T-cells were negatively selected using the Dynabeads
Untouched Mouse CD4 Cells kit (Invitrogen) according to the manufacturer’s instructions.
The antibodies used to capture and detect mouse IFN-y and the AEC substrate development
reagents were purchased from BD Biosciences and used according to the manufacturer’s
instructions.

Serum antibody levels—Serum was collected from immunized mice by cheek bleeding
and analyzed for anti-poxvirus 1gG using a standard ELISA protocol. Briefly, serum was
serially diluted (1:500, 1:1,000, 1:2,000, 1:4,000, 1:8,000, and 1:16,000) in 1x PBS
supplemented with 1% low-1gG bovine serum albumin (BSA; Gemini Bio Products). Each
dilution (plated in triplicate) was then incubated in high binding EIA/RIA plates (Corning)
that had been pre-coated with 12,500 PFU VACV (Western Reserve strain) per well. Plates
were washed with PBS+0.01% Tween (PBST) and incubated with peroxidase labeled anti-
mouse IgG (H+L) (Vector Laboratories) at 1:200 dilution in PBS/BSA as above. Plates were
developed using ABST Peroxidase Substrate (KPL) and read at 405 nm.

Fluorescence microscopy

Fluorescence microscopy was carried out using a Zeiss Axiostar plus epifluorescence
microscope and images were captured with an Optronics camera system. All images were
manipulated (brightness, contrast, etc.) in an equivalent fashion using ImageJ software
(version 1.50g). Cells were grown in four-well chamber slides (Nunc Lab-Tek Il; Thermo
Scientific), infected with either ECTV or VACV (MOI=10), and fixed at the indicated time
points with 5% formalin for 10 min. at room temperature. Cell surface expression of B5 and
intracellular levels of dsSRNA were assessed in a similar manner as a prior report (Frey et al.,
2017). For dsSRNA detection, cells were fixed, permeabilized in acetone (Fisher Scientific) at
-20° C, and incubated with anti-dsSRNA monoclonal antibody (clone J2; Scicons). After
washing, the secondary antibody goat anti-Mouse 1gG2a Alexa Fluor 568 (Invitrogen) was
applied. Glass coverslips were then mounted using ProLong Gold antifade reagent with
4’-6-diamidino-2-phenylindole (DAPI; Invitrogen) and allowed to cure overnight prior to
visualization. For surface B5 staining, unpermeabilized cells were fixed and then incubated
with an anti-B5 monoclonal antibody (clone VMC-22; BEI resources NR-553). The same
secondary antibody and mounting procedure was performed as described above for dsSRNA
detection. To visualize actin, fixed and permeabilized cells were incubated in the presence of
Alexa Fluor 488-phalloidin (Invitrogen) before carrying out the previously outlined
mounting procedure.

Flow cytometry

Flow cytometry data were collected using a FACSCalibur instrument (BD Biosciences)
equipped with red and blue lasers. A minimum of 75,000 total cells were collected for each
sample. The acquired data were analyzed using FCS Express 4 Flow Cytometry (De Novo
Software; version 6.04.0027). To measure intracellular levels of E3, cells were first
harvested via 0.25% trypsin (Invitrogen) digestion and washed once with 1x PBS containing
1% BSA (Gemini BioProducts). Cells were then fixed and permeabilized using the Cytofix/
Cytoperm kit (BD Biosciences) according to the manufacturer’s instructions. After
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permeabilization, monoclonal antibodies were added to the cells to detect levels of E3
protein (BEI resources NR-4547) or dsRNA (clone J2; Scicons). After 40 minutes of
incubation at room temperature, the cells were washed twice with Perm/Wash Buffer (BD
Biosciences) followed by the addition of anti-mouse IgG2a APC (eBioscience) for 30
minutes. A final wash with 1x Perm/Wash Buffer was performed prior to the addition of a
2% paraformaldehyde (Electron Microscopy Sciences) solution in 1x PBS. In experiments
examining the spread of virus, 5x10° BS-C-1 w.t. or BS-C-1+E3L cells were seeded into
six-well plates. They were infected (MOI=0.005) the next day with GFP-expressing ECTV
or ECTVAE3L. After 24, 48, 72, and 96 hours, the cells were harvested using trypsin
digestion and immediately analyzed. Virus spread in the culture was quantified by
measuring the percentage of total cells that were positive for GFP expression at each time
point.

RNase L activity assay

Cells were plated in 6-well culture plates to be 80-90% confluent at the time of infection.
Cells were either infected (MOI=5) or mock treated the following day. Infections were
carried out in DMEM+2% FBS for one hour in minimal volume followed by replacement
with standard media (DMEM+5% FBS). Total RNA was isolated using the PureLink RNA
Mini kit (Invitrogen) following the manufacturer’s instructions. RNA electrophoresis was
performed using a “bleach gel” (Aranda et al., 2012), which contained 1% agarose and 1%
bleach (Clorox; 6% sodium hypochlorite) in 1x TBE buffer. Each lane contained 4 g of
RNA. The gel was stained with ethidium bromide (2 pug/ml) to visualize the 28S and 18S
rRNA bands and any possible RNA cleavage products.

Real-time PCR

BS-C-1 cells were plated in 6-well culture plates one day prior and in sufficient numbers so
as to be 80-90% confluent at the time of infection. Cells were either infected (MOI=5) or
mock treated. Infections were carried out in DMEM+2% FBS for one hour in minimal
volume followed by replacement with standard media (DMEM+5% FBS). Total RNA was
isolated at the indicated times post-infection using the PureLink RNA Mini kit (Invitrogen)
following the manufacturer’s instructions. The relative levels of F17R and HA4L transcripts
were quantified as previously described (Frey et al., 2017). GAPDH was used as the internal
control and for standardization among samples in a similar manner as Arndt, ef a/. (Arndt et
al., 2016). Predesigned primers to detect GAPDH transcripts from rhesus monkey were
purchased from Bio-Rad (qMccCI1D0018506).

Reporter plasmid—A plasmid was constructed using the GeneArt Synthesis service
(Invitrogen) containing the gene for mCherry. The promoter for the VACV gene A14L, a
known late gene (Yang et al., 2013), was placed immediately upstream of the start codon for
mCherry. The promoter for the ECTV Al4L ortholog differs by a single nucleotide from the
VACYV sequence (data not shown). BS-C-1 cells were transfected first and then infected
(MOI=5) with the indicated viruses two hours later. The reporter gene plasmid was
introduced into cells using the Lipofectamine 3000 kit (Invitrogen) according the
manufacturer’s instructions. Fluorescence was measured using flow cytometry or
microscopy at the indicated time points post-infection.
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Western blotting

Results

Cells were plated in 6-well culture plates to be 80-90% confluent at the time of infection.
Cells were either infected (MOI=5) or mock treated the following day. Infections were
carried out in DMEM+2% FBS for one hour in minimal volume followed by replacement
with standard media (DMEM+5% FBS). For elF2a. detection, total protein was collected at
6 hours post-infection using cell extraction buffer (Invitrogen) supplemented with Halt™
Protease and Phosphatase Inhibitor Cocktail (Invitrogen; 100x concentrate) and EDTA
(Invitrogen; 5 mM final concentration). A total of 100 ug of protein for each sample was
separated using 12% Mini-PROTEAN TGX gels (Bio-Rad) and transferred onto a 0.45um
polyvinyl difluoride (PVDF) membrane. Membranes were blocked using StartingBlock™
T20 (in TBS) blocking buffer (Invitrogen). For E3 and A3 protein detection, cells were
infected for 18 hrs prior to isolating total protein as described above. The following primary
antibodies were used: rabbit anti-phospho (Ser51) elF2a. (clone S.674.5; Invitrogen), mouse
anti-total elF2a. (clone EIF2-alpha; Invitrogen), mouse anti-beta actin (clone AC-15; Sigma-
Aldrich), mouse anti-VACV E3 (clone 3015B2; gift of Dr. Stuart Isaacs [(Weaver et al.,
2007)]), and rabbit anti-VACV A3 (gift of Dr. Bernard Moss). Detection using the
appropriate secondary antibody conjugated to alkaline phosphatase (AP) was performed
according to the manufacturer’s instructions (Bio-Rad).

Creation and verification of a mutant ECTV lacking a functional E3L gene

In order to study the importance of the E3 protein to the replication of ECTV, we
constructed a mutant form of the virus (ECTVAE3L) with a disrupted E3L gene [this gene is
also known as ECTV-043 (Chen et al., 2003); E3L is from VACV nomenclature]. Using
standard homologous recombination techniques (Johnston and McFadden, 2004), we
replaced approximately 90% of the open reading frame of E3L with the gene for GFP under
the transcriptional control of the p7.5 early/late promoter. Initially, we used w.t. BS-C-1 cells
for the infection/transfection stage and subsequent passages of GFP-positive plaques.
However, GFP expression was not stable from passage to passage and we failed to isolate
any pure ECTVAE3L after several attempts. Therefore, we made use of BS-C-1 cells
engineered to stably express the E3 protein of VACV (Hand et al., 2015) (Fig. 1A) and were
successful at creating ECTVAE3L in this complementing cell line.

To confirm disruption of the E3L locus, we constructed PCR primers such that one primer of
each pair was internal to the region of E3L replaced by the GFP gene (Fig. 1B). As shown in
Figure 1C, we did not detect a PCR product for the mutant virus but did observe bands of
the expected length for w.t. virus. Using the outermost primers (P1 and P4 in Fig. 1B), we
observed a PCR product for both viruses, as expected (Fig. 1D). The band in the
ECTVAE3L lane was approximately 300 bp longer than in the lane corresponding to w.t.
ECTV because the inserted p7.5 promoter (~100 bp) and GFP coding region (720 bp) is
larger than the E3L gene (573 bp). Therefore, at the genetic level it appeared that the E3L
locus was successfully replaced by the GFP gene. To confirm loss of E3 at the protein level,
we performed a Western blot from extracts of virus-infected cells. As shown in Figure 1E,
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we detected robust levels of E3 from BS-C-1 cells infected with w.t. ECTV but did not
observe any signal from cells infected with ECTVAE3L.

The yield of ECTVAE3L was slightly reduced relative to w.t. ECTV

Having successfully created a mutant ECTV lacking the E3L gene, we next examined the
replication capacity of this virus relative to w.t. ECTV expressing GFP (to control for the
presence of the GFP gene). We performed a single-step growth analysis to compare virus
yield at 24 hrs post-infection. We already established from the passaging of virus during the
construction of ECTVAE3L that the mutant cannot grow in normal BS-C-1 cells. Therefore,
we infected equal numbers of normal BS-C-1 and +E3L cells with w.t. ECTV and
ECTVAE3L, respectively. As shown in Figure 2A, there was a small but statistically
significant reduction in the replication capacity of ECTVAE3L relative to w.t. virus.
However, both viruses spread (as assessed using GFP expression) throughout a cell
monolayer in an equivalent manner after being initially infected with a low MOI (Fig. 2B).
With respect to the plaque size, w.t. ECTV produced plaques that were slightly larger than
ECTVAE3L (Fig. 2C). Representative images of plaques produced by both viruses are
shown in Figure 2D. During the course of these experiments, we noticed that the amount of
E3 protein in BS-C-1+E3L cells was less than the levels found in normal BS-C-1 cells
infected with w.t. ECTV (Fig. 2E). Therefore, the slight attenuation of ECTVAE3L
described above may be the result of the lower levels of E3 in the BS-C-1+E3L cells relative
to the levels of this protein observed during natural infection. Moreover, not every single
BSC1+E3L cell produced E3 at all times (Fig. 1A). Finally, it should be noted that we
compared the virus yield from equal numbers of normal BS-C-1 and +E3L cells infected
with w.t. ECTV (MOI=5). The amount of virus produced was slightly higher from the BS-
C-1+E3L cells (average of three trials: 1.8x10% PFU/mL; standard deviation: 2.0x10°%)
relative to normal BS-C-1 cells (average of three trials: 1.1x108 PFU/mL; standard
deviation: 1.6x10°) but the difference was not statistically different. Therefore, the “extra”
E3 in the BS-C-1+E3L cells did not have a dramatic effect on the replication ability of w.t.
ECTV.

ECTVAESL displayed an abortive infection in normal BS-C-1 cells but productive
replication is rescued in BS-C-1+E3L cells

Using immunofluorescence, we next examined various infection events at the cellular level.
We first infected normal BS-C-1 cells with w.t. ECTV expressing GFP and ECTVAE3L.
Both viruses have the GFP gene under the transcriptional control of the poxvirus p7.5 early/
late promoter. As expected based on our prior data, there was no detectable GFP in cells
infected with ECTVAE3L (Fig. 3A). We used DAPI staining to visualize the appearance of
viral DNA in the cytoplasm of infected cells. These “virus factories” were clearly
discernable in cells infected with w.t. ECTV (large areas of extra-nuclear staining; Fig. 3A).
While most cells infected with ECTVAE3L contained a factory, they were significantly
smaller relative to w.t. virus (Fig. 3A). Additionally, we did not detect signs of apoptosis,
such as nuclear fragmentation (Hornemann et al., 2003), in any condition. The lack of
discernible apoptosis induction was confirmed by staining infected cells with an antibody
that specifically detects activated caspase 3. No active caspase 3 signal was observed in any
condition except for the positive control (data not shown).
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We also stained cells to measure the viral protein B5 at the cell surface, which is a late (i.e.,
post-DNA replication) infection event since treatment of cells with AraC prohibited positive
staining (data not shown). We observed robust levels of B5 at the plasma membrane of w.t.
ECTV-infected cells but failed to detect any surface B5 after infection with ECTVAE3L
(Fig. 3A). Additionally, we examined the formation of actin tails, which is another late
infection event (Lynn et al., 2012). These are induced by poxviruses to aid in viral spread
from cell-to-cell (Roberts and G. L. Smith, 2008). We did not detect actin tail formation in
ECTVAE3L-infected cells, whereas they were readily detectable after infection with w.t.
virus (Fig. 3A). We observed comparable results as outlined above (i.e., abortive infection)
upon ECTVAE3L infection of the following cell lines: 293T, HeLa [human], Vero [African
green monkey], L-929, NIH-3T3, and DC2.4 [mouse] (data not shown). We chose these cell
lines because they are derived from different mammalian species and are all permissive for
w.t. ECTV. Finally, we also examined the above parameters in BS-C-1+E3L cells. As shown
in Figure 3B, GFP expression, factory formation, cell surface B5, and the presence of actin
tails were similar between w.t. ECTV- and ECTVAE3L-infected cells.

Higher levels of dsRNA were detected in ECTVAE3L-infected cells compared to w.t. ECTV

Next, we employed a commercially available monoclonal antibody (J2) that binds
specifically to double-stranded RNA (dsRNA). This antibody has been used to detect duplex
RNA in cells infected by certain viruses (Weber et al., 2006). Using this antibody, we
recently reported that ECTV formed significantly lower amounts of dsRNA during infection
of BS-C-1 cells compared to VACV (Frey et al., 2017). Other groups have also used the J2
antibody to measure dsRNA formation in the context of poxvirus infection (Arndt et al.,
2016; Burgess and Mohr, 2015; Liu and Moss, 2016; Willis et al., 2011). Since E3 contains
a dsRNA-binding domain and has been shown experimentally to bind to a dsRNA analog
(Chang et al., 1992; Watson et al., 1991), we reasoned that duplex RNA may be more readily
detectable in cells infected with ECTVAE3L relative to w.t. ECTV. To this point, there is
published evidence suggesting that the presence of E3 likely reduces the binding efficiency
of J2 to its epitope on dSRNA (Frey et al., 2017). As shown in Figure 4A to 4C, we observed
higher levels of dsSRNA in BS-C-1 cells infected with ECTVAE3L compared to w.t. ECTV, a
finding that is consistent with our hypothesis. Treatment of cells at the time of infection with
AraC abolished detectable dsSRNA staining (Fig. 4A). Therefore, in the absence of E3, viral
dsRNA was no longer shielded by this protein; thus, the epitope was presumably more
accessible to the J2 antibody. Similar results were also observed in HeLa and L-929 cells
(data not shown), which we used as representative human- and murine-derived cells,
respectively.

ECTVAESL activates PKR but not RNase L in cells derived from multiple species

Since dsRNA was detected in the majority of ECTVAE3L-infected cells (Fig. 4), we
hypothesized that PKR and/or RNase L would become stimulated in these cells. We used an
antibody that recognizes elF2a after it has been phosphorylated at serine-51 by activated
PKR. As shown in Figure 5A, we found evidence of PKR activation in BS-C-1, HelLa, and
L-929 cells after infection with ECTVAE3L. However, we did not observe a change in the
phosphorylation state of elF2a after infection with w.t. ECTV relative to mock-treated cells
(Fig. 5A). Next, we assessed RNase L activation by employing an assay that detects rRNA
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cleavage products (Silverman et al., 1983; Wreschner et al., 1981). We used
VACVAE3LAKSIL as a control since it has been shown previously to induce RNase L
activation in BS-C-1 cells (Frey et al., 2017). As expected, we observed rRNA breakdown
following infection of BS-C-1 cells with VACVAE3LAKSL (Fig. 5B). Conversely, we did
not detect RNase L activation following infection with ECTVAE3L (Fig. 5B). Interestingly,
neither virus induced rRNA cleavage in HeLa or L-929 cells (Fig. 5B), which suggests that
there may be varying thresholds of RNase L activation in different cell types.

Prior work (Rahman et al., 2013; Zhang et al., 2008) — along with our data — point to PKR as
the primary anti-viral pathway that blunts the replication cycle of E3L-null poxviruses (Fig.
3A). Therefore, we compared the replication capacity of ECTVAE3L relative to w.t. ECTV
in PKR competent and deficient cells. We used PKR™~ MEFs (mouse) and PKR knockdown
HeLa cells (human) for these experiments. As shown in Figure 5C, the absence of PKR
restored the replication of ECTVVAE3L to wild-type levels in both cell types. In these
experiments, we used GFP expression as a proxy for productive replication capacity. Similar
results were also obtained using single-cycle growth curves (data not shown).

Late genes are transcribed but not translated in ECTVAE3L-infected cells

The immunofluorescence data in Figure 3 showed that ECTVAE3L was unable to complete
its replication cycle within infected cells. Cytoplasmic DAPI staining revealed that
ECTVAE3L began DNA replication but was not able to complete the process. The virus
factories were present but significantly smaller than those found during w.t. infection. Since
expression of viral intermediate and late genes relies on prior DNA replication (Broyles,
2003; Vos and Stunnenberg, 1988), we turned our attention to the examination of “post-
replicative” gene transcription. The dsRNA staining in Figure 4 indicated that intermediate
and/or late gene transcription occurred in ECTVAE3L-infected cells because the presence of
AraC precluded dsRNA detection. Moreover, prior research has shown that dsRNA is mostly
formed at late time points of the VACV infection cycle (Boone et al., 1979; Colby and
Duesberg, 1969; Duesberg and Colby, 1969). Therefore, we determined if the levels of post-
replicative transcripts varied between ECTVAE3L and w.t. virus by performing real-time
PCR analysis of two late genes, HAL and F17R (VACV nomenclature). As shown in Figure
6A, the levels of these transcripts were significantly reduced following infection with
ECTVAE3L. In summary, the data in Figure 4 and Figure 6A, clearly demonstrate that late
gene transcripts were present in ECTVAE3L-infected cells but they were at significantly
lower levels compared to w.t. virus.

We next determined if translation of late transcripts could be detected within ECTVAE3L-
infected cells. To address this question, we used a reporter construct in which the gene for
mCherry was placed under the control of a known late gene promoter. We initially
performed a time course experiment to measure mCherry expression in cells that were
transfected with the reporter plasmid and subsequently infected. As shown in Figure 6B, we
failed to detect fluorescence in cells that had been infected with ECTVAE3L whereas w.t.
ECTYV yielded a clear mCherry signal beginning at 8 hrs post-infection. Fluorescence was
absent in w.t. ECTV-infected cells treated with AraC (data not shown), which confirmed that
expression of mCherry was restricted to the predicted post-replicative time point. To confirm
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our findings from the reporter assays, we attempted to detect expression of the A3 protein
(VACV nomenclature), which is a late gene product (Assarsson et al., 2008; Rosel and
Moss, 1985). In a Western blot assay, the levels of A3 within ECTVAE3L-infected cells
were substantially lower than the amount detected for w.t. virus but similar to AraC-treated
w.t. infection (Fig. 6C). Therefore, the presence of late gene products during ECTVAE3L
infection was virtually undetectable. To establish the role of PKR-mediated translational
arrest in this process, we conducted a similar infection/transfection experiment (as in Fig.
6B) in w.t. and PKR~~ MEFs. We observed equivalent levels of mCherry fluorescence (Fig.
6D) and A3 protein (data not shown) in PKR™~ MEFs infected with either virus. Moreover,
the presence of B5 at the plasma membrane was fully restored in the PKR 7~ MEFs (Fig.
6E). In summary, it appears that PKR is the host factor principally responsible for curtailing
the replication cycle of ECTVAE3L.

ECTVAESL is non-pathogenic in mousepox-susceptible mice and stimulates T-cell

responses

We next examined the /n vivo characteristics of ECTVAES3L. To determine if the mutant
virus retained any virulent properties, we infected BALB/c mice in a hind footpad with
10,000 PFU. This is a relatively high challenge dose in this mouse strain, which experiences
a lethal outcome following infection with low amounts of w.t. ECTV (Xu et al., 2008).
Footpad inoculation is often used in an attempt to mimic the natural dermal route of
transmission (Fenner, 1947). As a control, we also created a revertant virus (ECTV E3L
REV) in which the native E3L sequence was returned to the ECTVAE3L virus. As shown in
Figure 7A, infections with w.t. ECTV and ECTV E3L REV resulted in 100% mortality — as
expected — whereas all mice infected with ECTVAE3L survived. Swelling at the site of
inoculation was severe for C57BL/6 mice infected with the revertant virus but did not
manifest following ECTVAE3L infection (Fig. 7B). The assessment of swelling was
performed in C57BL/6 mice, a mousepox-resistant strain, because it can be difficult to
assess changes in footpad thickness in susceptible mice that succumb quickly to the
infection.

We also employed C57BL/6 mice to assess the generation of ECTV-specific T-cell responses
during acute infection. We used a panel of previously identified I-AP-restricted epitopes
[(Siciliano et al., 2014) and unpublished results] to quantify CD4* T-cell responses using an
IFN-y ELISPOT assay. We observed positive responses following infection with both
ECTVAE3L and ECTV E3L REV but the overall magnitude of these responses was reduced
for the former (Fig. 7C). Additionally, we noticed that all of the positive responses following
infection with ECTVAE3L were derived from early genes (Fig. 7C). Conversely, positive
responses induced by ECTV E3L REV were distributed across antigens expressed at
multiple time points of the viral replication cycle (Fig. 7C). We also quantified the response
raised against the immunodominant H-2KP (MHC class I)-restricted epitope from the B8R
protein of VACV (Tscharke, 2005), which is an early viral gene product (Symons et al.,
2002). Both viruses induced detectable B8R-specific CD8* T-cells but — similar to the CD4*
T-cell data — the magnitude was lower following ECTVAE3L infection compared to the
revertant virus (Fig. 7D).
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ECTVAESL induces protective immunity in mousepox-susceptible mice

Since we established that ECTVAE3L induces detectable immune responses, we
investigated whether these could protect mice against lethal mousepox disease. We
immunized mice with either a low (1x10% PFU) or high (1x10° PFU) dose of ECTVAE3L
and then challenged with two different amounts of w.t. ECTV thirty days later. We used
1x10* PFU VACV (Western Reserve strain) as a positive control (Hersperger et al., 2014).
After challenge with 1,000 PFU w.t. ECTV in previously immunized BALB/c mice, we did
not observe mortality in any group (Fig. 8A). However, the mock-vaccinated (saline) mice
displayed significant weight loss while the ECTVAE3L and VACV groups maintained stable
body weights (Fig. 8A). Next, we challenged another group of immunized mice with 3,000
PFU w.t. ECTV, which is a commonly used infection dose (Fang and Sigal, 2006;
Hersperger et al., 2012) and the highest amount allowed by our current IACUC protocol.
The saline group was the only condition to experience mortality (Fig. 8B). Every group
except for the VACV-immunized mice experienced some degree of morbidity but the saline
condition displayed the most severe loss of body weight (Fig. 8B). As outlined in Table 1,
the majority of mice in the saline group experienced several clinical signs of illness, such as
pock lesions, whereas these disease signs were minimal in the ECTVAE3L-immunized
groups. Since all mice were challenged in a hind limb, we also measured the infected
footpad to detect swelling. The saline condition displayed the greatest increase in footpad
thickness and the swelling remained the highest of any group at day 25 post-challenge in the
surviving animals (Fig. 8C). The swelling in the other groups was in the process of resolving
by the same time point (Fig. 8C).

Finally, we measured the pre-challenge immune responses generated by the VACV or
ECTVAE3L immunizations. In contrast to C57BL/6 mice, we did not possess a panel of
MHC class I- or Il-restricted epitopes for BALB/c mice, so we could not quantify T-cell
responses. However, we did measure poxvirus-specific 1gG from the sera of immunized
animals one day prior to challenge. As shown in Figure 8D, all groups except for the saline
condition demonstrated detectable virus-specific antibodies with the VACV group displaying
the highest titers. In summary, ECTVAE3L induced protective adaptive immune responses
despite being replication incompetent.

Discussion

In this study, we characterized a novel ECTV mutant lacking the ability to produce a
functional protein product from the E3L gene. We find that E3L is an essential gene for the
productive replication of ECTV in all tested cells. To date, most of the work done on E3L
has focused on VACV and various E3L mutants of this virus. Here, we hoped to expand our
knowledge of this gene by examining its importance to another orthopoxvirus.

An E3L gene encoding a protein with Z-DNA- and dsRNA-binding domains, which are
present in the ECTV and VACV versions of E3L, have been identified in almost all
sequenced parapoxviruses, orthopoxviruses, and clade Il poxviruses (Bratke et al., 2013).
Using VACV as a model, E3 has been shown to be an important host range factor. For
example, VACVAES3L replicates poorly in HeLa (human), Vero (non-human primate), and
L-929 (mouse) cells (Beattie et al., 1996; Chang et al., 1995; Langland and Jacobs, 2002).
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Conversely, loss of E3L has minimal impact on the replication of VACV in BHK-21 (Syrian
hamster), CEF (chicken), or RK-13 (rabbit) cells (Beattie et al., 1995; Chang et al., 1995;
Langland and Jacobs, 2002).

We infected multiple cell lines derived from several mammalian species that are permissive
for w.t. ECTV. Interestingly, we found that ECTVAE3L could not productively infect any of
these cells. We were unable to detect GFP expression or late gene protein production even at
48 hrs post-infection with ECTVAE3L (data not shown). Therefore, E3L is somewhat
dispensable for VACV depending on the cell type but appears to be completely essential for
ECTV in all of the cell lines we tested. E3L may be vital to the replication of ECTV because
it lacks a functional K3L gene. The protein product of K3L has been demonstrated to inhibit
PKR by acting as an elF2a mimic (Davies et al., 1992). The ECTV K3L open reading frame
contains several mutations that result in a truncated protein predicted to be non-functional
(Bratke et al., 2013; Chen et al., 2003; V. P. Smith and Alcami, 2002). Thus, without K3L to
aid E3L, it seems likely that ECTV has become wholly reliant on the latter in order to
complete its replication cycle within cells that contain functional PKR.

DAPI staining revealed the presence of viral factories within ECTVAE3L-infected cells but
they were severely blunted in size compared to those found within w.t. virus-infected cells.
Therefore, the mutant virus is able to commence genome replication but this process cannot
be completed. Previous studies have shown that the transcription of late genes relies on prior
DNA replication — hence the term “post-replicative” transcripts (Broyles, 2003; Vos and
Stunnenberg, 1988). Multiple lines of evidence from our work show that mMRNA synthesis of
late genes does occur during the replication cycle of ECTVAE3L; however, the overall levels
of these MRNAs are greatly reduced relative to w.t. virus. Thus, it seems that transcription of
late genes does not require the finalization of viral genome replication prior to the initiation
of their synthesis. Additionally, we find that translation of late MRNAs is inhibited due to a
PKR-mediated block during infection with ECTVAE3L. In summary, our data suggest that
certain intermediate and/or late protein products may be essential for the completion of viral
genome replication, which would result in large viral factories as visualized by DAPI
staining.

Given that ECTVAES3L is replication-defective /n vitro, we hypothesized that it would be
non-pathogenic in BALB/c mice, a strain that is susceptible to mousepox disease. As
predicted, there were no signs of mortality or weight loss in this mouse strain after infection
with ECTVAE3L via the footpad or i.p. routes. Therefore, this ECTV mutant appears to be
completely avirulent /n vivo. Interestingly, footpad infection with ECTVAESL failed to yield
detectable swelling of the limb, which indicates that a robust local inflammatory response
did not manifest. Despite the lack of clinical signs of infection and inflammation, a single
inoculation with a relatively low amount of ECTVAE3L induced virus-specific adaptive
immune responses. However, the B- and T-cell responses elicited by ECTVAE3L were of a
lower magnitude relative to w.t. ECTV (in C57BL/6 mice) or VACV (in BALB/c mice).
Nevertheless, these immune responses protected BALB/c mice from death after challenge
with w.t. ECTV. Both ECTVAE3L immunization groups experienced some weight loss after
challenge, but the high dose ECTVAE3L group was protected against all other clinical signs
of mousepox to a greater extent than immunization with a 10-fold lower dose. In future
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studies, we will examine different doses, multiple immunizations, and inoculation routes to
determine if higher magnitude immune responses can be generated by ECTVAE3L. In the
process, we will also learn if complete protection against signs of mousepox disease,
including weight loss, can be achieved. Lastly, our findings also raise an interesting
possibility that at least a portion of the pathology associated with mousepox infection of
susceptible mice may be immune-mediated. It also appears that the removal viral PKR
inhibitors from poxvirus vaccine vectors may be a beneficial strategy to dampen immune-
mediated pathology while still eliciting protective immune responses (Bravo Cruz et al.,
2017).

Historically, replication-competent w.t. VACV was employed to eradicate smallpox virus but
its use as a vaccine vector has since been curtailed due to safety concerns in humans. This
led to the development of highly attenuated poxviruses with improved safety profiles,
especially in immunocompromised individuals and those contraindicated to receive w.t.
VACV. Most of these weakened or replication-incompetent poxviruses have been various
versions of VACV (Jacobs et al., 2009), such as MVA and NYVAC, but some work has also
been done with an avipoxvirus called ALVAC (Franchini et al., 2004; Paoletti et al., 1994).
The deletion of E3L from VACV or MVA yields highly attenuated viruses that are
replication-deficient in many cells, including those derived from humans (Chang et al.,
1995; Ludwig et al., 2006). These E3L-null mutants can induce protective immunity against
subsequent challenge with homologous or heterologous viruses (Denzler et al., 2011;
Jentarra et al., 2008; Volz et al., 2018). Our work here indicates that ECTVAE3L could be
considered as another option for an attenuated vaccine vector. Its lack of replication
competence /n vitro and virulence in BALB/c mice suggests that it would be nonpathogenic
in humans and other animals. Wild-type ECTV is already known to be pathogenic only in
mice (Buller et al., 1986). Therefore, ECTVAE3L would likely be further attenuated in non-
murine hosts compared to w.t. virus.

Upon closer examination of ECTVAE3L at the cellular level, we find that early events of the
viral replication cycle occur but post-replicative protein production is blocked. An ELISPOT
assay quantifying epitope-specific CD4* T-cells revealed that positive responses were
principally restricted to early gene products. It seems that the late gene products in the initial
inoculum (present in the injected virions) were insufficient to elicit T-cell responses. It is
possible that a higher dose of ECTVVAE3L or multiple immunizations would have induced T-
cell responses against post-replicative proteins. However, we have evidence suggesting that
these approaches would also not yield meaningful CD4* T-cell responses to late gene
products (K.S. Forsyth, manuscript in preparation). Therefore, de novo protein synthesis and
possibly endogenous antigen processing (Miller et al., 2015) appear to be important to the
priming of poxvirus-specific CD4* T-cells. If ECTVAE3L were to be used as a vaccine
vector, it seems that the expression of a recombinant antigen would need to be placed under
the transcriptional control of an early viral promoter.

In conclusion, we report that ECTV relies on E3 to complete a productive replication cycle.
We detect significantly more dsRNA within cells infected with ECTVAE3L relative to w.t.
virus. This exposed, E3-unbound dsRNA activates PKR, which blocks late protein
production and, hence, the completion of genome replication and virion assembly. Despite
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ECTVAE3L being replication-defective and nonpathogenic in mousepox-susceptible
animals, this mutant virus is able to induce protective immunity in immunized mice
challenged with w.t. ECTV. Future work may reveal w.t. ECTV or ECTVAE3L to be
attractive vaccine vectors.
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Highlights

Ectromelia virus (ECTV) requires E3L to replicate in cultured cells derived
from multiple mammalian species.

ECTV lacking E3L (ECTVAE3L) does not complete genome replication and
displays little to no translation of late genes.

The replication defects of ECTVAE3L were rescued in human and mouse
cells lacking PKR, which is an important host anti-viral protein.

ECTVAE3L was nonpathogenic in BALB/c mice, a strain susceptible to lethal
mousepox disease.

When used a vaccine, ECTVAE3L induced protective immunity upon
subsequent challenge with wild-type ECTV.
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Figure 1. Construction and confirmation of ECTVAE3L
(A) Uninfected w.t. BS-C-1 and BS-C-1+E3L cells were stained intracellularly for E3

protein and analyzed using flow cytometry. The positive gate was set based upon staining in
the w.t. cells, which are negative for E3. (B) Representation (not drawn to scale) of the
genome of w.t. ECTV in the region of the E3L gene (ECTV-043) and the approximate
location where the GFP cassette was inserted to disrupt the coding region of E3L. The
arrows depict the binding locations of PCR primers (P). (C and D) Using the primers shown
in (B), PCR reactions were performed to confirm deletion of the predicted sequence from
the E3L locus. The positive control (pos. ctrl.) reaction was carried out using primers (not
depicted) to amplify a shared sequence located elsewhere in the genome. (E) BS-C-1 cells
were infected (MOI=5) for 18 hrs prior to isolating total protein. A Western blot was
performed to detect E3 from these cellular extracts. Separate lanes of the SDS-PAGE gel
were loaded with equal amounts of total protein to detect actin, which was used as a loading

control.

Virology. Author manuscript; available in PMC 2019 May 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Frey et al.

A

Page 22

10°3  p=0.08 8 1007 m ECTVwt GFP . 12007 p=003
S ]
j‘g— 80- Il ECTVAE3L UN) ~ 1000-:
) 7 2] 4 0= i
= 10 E/ 604 % g 800.
S o oS 600
& o 2 401 o= 1
10 S i %}% 4004
o 204 B ol
& ) < ]
10° e 0 0-
c§<Q Q?-’\’ 24 48 72 96 é(Q Q}’\/
: ,\@ Hours Post-infection - év
& @ Q& <&
< <
. BS-C-1 w.t. cells: no virus
ECTV w.t. GFP ECTVAE3L
: X T D BS-C-1+ES3L cells: no virus

wo sl

[ BS-C-1 w.t. cells: ECTV-infected

# of cells

BS-C-1wt  BS-C-1+E3L 10o° - 2 o 0"

cells cells

E3 protein

Figure 2. Growth comparison between wild-type ECTV and ECTVAE3L
(A) Equal numbers of normal BS-C-1 and +E3L cells were infected (MOI=5) with w.t.

ECTV and ECTVAESL, respectively. At 24 hrs post-infection, virus was harvested from
cells and quantified using a standard plaque assay. The bars depict the average of four
separate wells and the error bars represent the standard deviations. The data are
representative of two independent experiments. Statistical analysis [performed using
GraphPad Prism software (version 7.0c)] was carried out using the Mann-Whitney test. (B)
Normal BS-C-1 or BS-C-1+E3L cells were initially infected with a low amount (MOI1=0.01)
of w.t. ECTV expressing GFP or ECTVAE3L, respectively. The capacity of each virus to
spread within the well was quantified using flow cytometry. The graph depicts the levels of
GFP at the indicated times post-infection. The bars depict the average of four separate wells
at each time point and the error bars represent the standard deviations. The data are
representative of two independent experiments. (C) Cells were infected as in (B) using a
MOI of 0.001. Plaques were visualized at day five post-infection using a 1% crystal violet
solution (in 20% methanol/1x PBS). The diameter of individual plaques [representative
phase contrast images shown in (D) for each virus] were measured using ImageJ software
(version 1.509) at the widest point of the area of observable cytopathic effect. A total of 40
plaques for each virus across two separate experiments were quantified and plotted. The bars
depict the average and the error bars represent the standard deviations. Statistical analysis
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was performed as above. (E) Levels of intracellular E3 protein were analyzed using flow
cytometry in the following conditions: uninfected normal BS-C-1 cells, normal BS-C-1 cells
infected (MOI=5) with w.t. ECTV for 18 hrs, and uninfected BS-C-1+E3L cells. The data
are representative of two independent experiments.
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Figure 3. ECTVAES3L infection of w.t. BS-C-1 cells resulted in an abortive replication cycle
Normal BS-C-1 (A) or BS-C-1+E3L (B) cells were infected (MOI=10) with the indicated

viruses. At 24 hrs post-infection, cells were examined for GFP expression, stained with
DAPI to visualize virus factories (arrows) and cell nuclei (N), stained for B5 at the plasma
membrane, or stained for actin. Examples of actin tails are indicated by the arrow heads.
Representative images are depicted; each row does not necessarily show the same field of
view.
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Figure 4. Higher amounts of dsRNA were detected during infection with ECTVAE3L compared
tow.t. ECTV

(A) BS-C-1 cells were infected (MOI=10) with the indicated viruses for 24 hrs prior to
staining for dsRNA (red) and cell nuclei/virus factories (DAPI; blue). Images (400x total
magnification) were merged using ImageJ software and are representative of two
independent trials. AraC was added at the time of infection where indicated. (B) BS-C-1
cells were infected as above prior to staining for intracellular dSRNA using flow cytometry.
The depicted data are representative of two independent trials. (C) BS-C-1 cells were
infected as above for various lengths of time prior to measuring dsRNA positivity using flow
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cytometry. The bars depict the average and the error bars represent the standard deviations of
three independent trials for each time point.
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Figure 5. PKR was the primary anti-viral pathway responsible for inhibiting the replication
cycle of ECTVAE3L

(A) The indicated cell lines were infected (MOI=5) for 6 hrs prior to isolating total protein.
A Western blot was performed to detect the indicated proteins from these cellular extracts.
Since we could not strip the membrane and re-probe, separate lanes of a SDS-PAGE gel
were loaded with equal amounts of total protein and run concurrently. These data are
representative of three independent trials. (B) Cells were infected as above with the indicated
viruses. Total RNA was isolated at 16 hrs post-infection and separated using a 1% bleach
TBE gel. Each lane contained 4 ug of RNA. The data are representative of two independent
trials. (C) The indicated cells were infected (MOI=10) for 18 hrs prior to measuring GFP
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expression using flow cytometry. The depicted data are representative of two independent
trials.
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Figure 6. Transcription of late genes was detected but their translation was severely blunted
during the replication cycle of ECTVAE3L

(A) BS-C-1 cells were infected (MOI=5) with ECTVAE3L or w.t. ECTV. Total RNA was
isolated at the indicated time points. Real-time reverse-transcriptase PCR was performed
using gene-specific primers for F17R and H4L. The data points represent duplicate reactions
from two independent infections. Statistical analysis [performed using GraphPad Prism
software (version 7.0c)] was carried out using the Mann-Whitney test. * denotes a p value
<0.05. (B) BS-C-1 cells were transfected and then infected (MOI=5) with the indicated
viruses two hours later. Fluorescence was measured using flow cytometry at the indicated
time points after adding virus. The bars depict the average and the error bars represent the
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standard deviations of three wells per virus per time point. The depicted data are
representative of two independent trials. (C) BS-C-1 cells were infected (MOI=10) for 18
hrs prior to isolating total protein. A Western blot was performed to detect A3 from these
cellular extracts. Separate lanes of the SDS-PAGE gel were loaded with equal amounts of
total protein to detect actin, which was used as a loading control. AraC was added at the
time of infection where indicated. The depicted data are representative of two independent
trials. (D) Wild-type or PKR™~ MEFs were transfected/infected as in (B). Fluorescence was
observed 18 hrs after adding virus. Roughly equal numbers of cells are in each image (all at
400x total magnification) as determined by DAPI staining (data not shown). (E) Wild-type
and PKR™~ MEFs were infected (MOI=10) with the indicated viruses. At 24 hrs post-
infection, cells were examined for GFP expression, stained with DAPI to visualize virus
factories and cell nuclei, and stained for B5 at the plasma membrane. Representative images
(all at 100x total magnification) from two independent trials are shown. The DAPI and B5
images show the same field of view.
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Figure 7. ECTVAE3L was nonpathogenic in vivo but induced detectable T-cell responses
(A) Groups of BALB/c mice (n=5 per group) were infected with 10,000 PFU of the

indicated viruses in the right hind footpad and monitored for mortality. (B) Groups of
C57BL/6 mice (n=5 per group) were infected as above. Swelling of the infected footpad was
measured using digital calipers on the indicated days post-infection. Data points indicate the
average value at each time point and the error bars represent the standard deviation. (C)
C57BL/6 mice were infected as above. On day 10 post-infection, splenocytes were isolated
and pooled (n=3 per group) prior to isolating CD4" T-cells. An ELISPOT assay was
performed to quantify CD4* T-cells responses to individual 15-mer peptides derived from
both early and post-replicative viral gene products (Assarsson et al., 2008). The dashed line
indicates the threshold (defined as three times the standard deviation of the DMSO control)
for positive responses. The names of viral proteins from which each peptide is derived are
indicated using VACV nomenclature. The numbers in parentheses indicate the amino acid
position at the beginning of each 15-mer peptide (amino acid #1 is at the N-terminus of the
protein). The depicted data are representative of two independent trials. The bars depict the
average and the error bars represent the standard deviation. SFC, spot forming cells. (D) An
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ELISPOT assay was performed as above except that total splenocytes (pooled, n=3 per
group) were stimulated with the immunodominant MHC class I-restricted epitope derived
from the VACV B8 protein (amino acids #20-27). The bars depict the average and the error
bars represent the standard deviation. SFC, spot forming cells.
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Figure 8. ECTVAES3L elicited protective immunity against lethal mousepox disease in BALB/c
mice

(A and B) Groups of BALB/c mice (n=5 per group) were immunized via i.p. injection with
VACYV (1x10% PFU), two different doses of ECTVAE3L (1x10* PFU or 1x10° PFU), or
mock-immunized using 1x PBS (saline). After 30 days, mice were challenged with the
indicated amounts of w.t. ECTV in the right hind footpad and monitored for mortality and
weight loss. Data points indicate the average value at each time point and the error bars
represent the standard deviation. +, death event in the saline group. (C) Footpad thickness
was measured using digital calipers for all mice (n=5 per group) challenged with 3,000 PFU
w.t. ECTV. The bars depict the average and the error bars represent the standard deviation. A
one-way ANOVA test revealed that the groups were significantly different from each other.
Further statistical analysis of column pairs was carried out using the Mann-Whitney test. All
statistical tests were performed using GraphPad Prism software (version 7.0c). n.s., not

Virology. Author manuscript; available in PMC 2019 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Frey et al.

Page 34

significant. (D) Serum was isolated one day prior to challenge for all mice that received
3,000 PFU w.t. ECTV as in (B). A standard ELISA was performed to measure levels of anti-
poxvirus IgG. Each bar indicates a different serum dilution; from left to right: 1:500,
1:1,000, 1:2,000, 1:4,000, 1:8,000, and 1:16,000. The bars depict the average and the error
bars represent the standard error of the mean of the values obtained from individual mice
(n=5 per group). The depicted data are representative of two independent trials.
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Observations related to mousepox disease following challenge with 3,000 PFU of wild-type ECTV.

Table 1

Visible pock Persistent Fogtpad scaE/eg;LSéZrtg on
lesions on skin swelling infected footpad%
Saline 4/5 33# 5/5
1x10* ECTVAE3L 1/5 5/5 2/5
1x10% ECTVAE3L 0/5 2/5 1/5
VACV 0/5 0/5 0/5

*
defined as footpad thickness greater than or equal to 3.0 mm at day 25 post-challenge

two mice did not survive to this time point

9,
/ﬂobserved at any point during the post-challenge period
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