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The orthopoxvirus (OPV) vaccinia virus (VACV) requires an intact F13L gene to produce enveloped virions (EV) and to form
plaques in cell monolayers. Simultaneous introduction of an exogenous gene and F13L into F13L-deficient VACV results in ex-
pression of the foreign gene and restoration of plaque size. This is used as a method to rapidly generate VACV recombinants
without the need for drug selection. However, whether other OPVs require the orthologs of F13L to generate EV and form
plaques, whether F13L orthologs and EV are important for OPV pathogenesis in natural hosts, and whether a system based on
F13L ortholog deficiency can be used to generate recombinant OPVs other than VACV have not been reported. The F13L or-
tholog in ectromelia virus (ECTV), the agent of mousepox, is EVM036. We show that ECTV lacking EVM036 formed small
plaques and was highly attenuated in vivo but still induced strong antibody responses. Reintroduction of EVM036 in tandem
with the DsRed gene resulted in a virus that expressed DsRed in infected cells but was indistinguishable from wild-type ECTV in
terms of plaque size and in vivo virulence. Thus, our data show that, like F13L in VACV, EVMO036 is required for ECTV plaque
formation and that EVM036 and EV are important for ECTV virulence. Our experiments also suggest that OPVs deficient in
F13L orthologs could serve as safer anti-OPV vaccines. Further, our results demonstrate that ECTV deficient in EVM036 can be
exploited for the rapid generation of fully virulent ECTV expressing foreign genes of interest.

Orthopoxviruses (OPVs) form two types of infectious parti-
cles. The intracellular mature virion (MV) consists of a core
surrounded by a single-membrane bilayer. MVs are released to the
extracellular milieu only after cell lysis, are the principal compo-
nent of OPV viral stocks, and are thought to be important for the
initial infection of a host. While most MVs remain within the
cytosol, some are wrapped by a double trans-Golgi or early-endo-
some membrane, transported to the plasma membrane through
microtubules, and exocytosed, losing the outer envelope in the
process. Some of the resulting enveloped virions (EV) remain at-
tached to the plasma membrane as cell-associated enveloped viri-
ons (CEVs), while others are released as extracellular enveloped
virions (EEVs). EVs are required for the formation of plaques and
dissemination within the host (26, 29). The FI13L gene of VACV
encodes vp37, a highly conserved protein in all OPVs that is es-
sential for the envelopment of MVs to form EVs. Hence, VACV
deficient in FI3L (VACV-AFI3L) is characterized by small
plaques and slow growth in tissue culture (1). Recently, it has been
shown that VACV-AFI3L is highly attenuated in immunocompe-
tent and in severe combined immunodeficient (SCID) mice chal-
lenged intranasally, intracutaneously (i.c.), or intravenously (i.v.)
(16, 31). While these experiments suggest that FI3L and EV are
important for the pathogenesis of OPVs, a caveat is that VACV is
not a natural pathogen of the mouse. Further indications of the
importance of vp37 in the biology of OPVs come from studies
using ST-246, a drug that prevents EV formation by specifically
targeting vp37 (33). It has been shown that ST-246 prevents EV
formation for several OPVs, including VACV, variola virus
(VARV), cowpox virus (CPXV), camelpox virus, and ectromelia
virus (ECTV) (33). Furthermore, ST-246 can be used for the early
treatment of multiple animal species from various OPV infec-
tions, including mice with VACV, CPXV, and ECTYV, rabbits with
rabbitpox, and monkeys with MPXV and VARV (19). However,
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the role of vp37 orthologs in determining the size of OPV plaques
other than VACV and their role in the virulence of OPVs in their
natural hosts have not been confirmed using genetic approaches.

From a practical point of view, homologous recombination to
reintroduce FI13L together with a gene of interest into F13L-defi-
cient VACV and screening for large plaques can be used for the
rapid and efficient generation of recombinant VACV (2, 5, 14, 21).
A similar approach has also been used to generate recombinant
modified vaccinia Ankara (MVA) VACV (27, 28). However, a
comparable system has not been exploited for any other species of
OPV. An analogous method for the generation of fully virulent
recombinant ECTV would be of interest for those in the field.

In ECTV vp37 differs from the VACV protein in just one
amino acid (197 I-—>V). Here we used homologous recombination
and a triple-selection scheme to generate ECTV (Moscow strain)
deficient in EVMO036, the F13L ortholog in ECTV. We found that,
like VACV-AFI3L, ECTV deficient in EVM036 (ECTV-A036)
produced small plaques. In addition, ECTV-A036 was highly at-
tenuated in vivo but induced a protective immune response in
mousepox-susceptible mice. On the other hand, introduction of
EVMO036 together with an exogenous gene coding for the red flu-
orescent protein DsRed into ECTV-A036 resulted in a virus
(ECTV-DsRed) that formed red fluorescent plaques of wild-type
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FIG 1 Generation of ECTV-A036 and ECTV-DsRed using ECTV-A036 as a backbone. (A) Schematic representation of the ECTV region comprising EVM035
to EVMO037, the plasmid pBSSK-A036 (used to induce the deletion of EVM036), and the resulting mutant virus ECTV-A036. (B) Schematic representation of the
ECTV-A036 region comprising EVMO035 to EVM037, the plasmid pBSSK-RevA036-DsRed (used to reintroduce EVM036 together with DsRed into ECTV-
A036), and the resulting recombinant virus ECTV-DsRed. ECTV sequences are in gray, with a darker shade used for sequences involved in the homologous
recombination (HR1 and HR2). Non-ECTV sequences are in white. **, region of EVM036 with synonymous mutations; ¥, the last 43 bp of EVM036 that were

added as part of the EVMO035 promoter.

(WT) size. Moreover, ECTV-DsRed was similar to ECTV-WT in
terms of growth in tissue culture and in vivo virulence.

MATERIALS AND METHODS

Viruses. Virus stocks were produced and their growth and titers were
determined as previously described (10, 11, 13, 32).

Mice and infections. The Fox Chase Cancer Center Institutional An-
imal Care and Use Committee approved the experimental protocols in-
volving animals. BALB/c and C57BL/6 (B6) mice were purchased from
Taconic when they were 8 to 10 weeks of age and rested at least a week
before use. Unless otherwise indicated, mice were infected with ECTV in
the left footpad with 30 pl phosphate-buffered saline (PBS) containing
3 X 10° PFU or infected intraperitoneally (i.p.) with various numbers of
PFU in 500 wl PBS. Following infection, mice were observed daily for
signs of disease (lethargy, ruffled hair, weight loss, skin rash, and eye
secretions) and imminent death (unresponsiveness to touch, lack of vol-
untary movements).

Generation of ECTV-A036 (Fig. 1A). ECTV Moscow DNA fragments
comprising base pairs 46055 to 46581 (5’ to 3") (homologous recombina-
tion 1 [HR1]) and 47749 to 48106 (HR2) according to the published
sequence (4) were amplified by PCR and subcloned into plasmid
pBluescript II SK™ (pBSSK; Stratagene). Between HR1 and HR2 we
placed the gene for enhanced green fluorescence protein (EGFP) under
the control of the strong early/late 7.5 promoter. 5" of HR1 we inserted the
genes for the red fluorescent protein mCherry driven by the 7.5 promoter
and the Escherichia coli gene gpt driven by the moderate-strength synthetic
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early/late elP1 promoter (17), both in reverse orientation. We named this
plasmid pBSSK-A036. The gpt gene encodes xanthine guanine phospho-
ribosyl transferase, which allows viral replication to proceed in the pres-
ence of 25 pug/ml mycophenolic acid, 250 pwg/ml xanthine, and 15 pwg/ml
hypoxanthine (MXH) (9). To generate ECTV-A036, pBSSK-A036 was
transfected into B-SC-1 using Lipofectamine 2000 (Invitrogen) as di-
rected by the manufacturer, and 4 h later the cells were infected with 0.01
PFU/cell ECTV-WT (ECTV Moscow strain, ATCC VR-1374). The cells
were cultured until most of them appeared infected by cytopathic effect
and displayed green/red fluorescence. The transfected/infected cultures
were lysed by three cycles of freezing and thawing, and various dilutions
were used to infect B-SC-1 cells in the presence of MXH to favor single-
crossover events. Doubly (green/red) fluorescent plaques of wild-type size
were collected and freeze-thawed three times, and the lysates were used to
infect new cells in the presence of MXH. This process was iterated three
times until all the plaques in the culture were green/red fluorescent. Next,
the monolayers were infected in the absence of MXH, and small green
(non-red) plaques were collected. After 13 cycles, all the plaques in a well
were green fluorescent and small. We used the lysates of the selected
plaques as templates and primers with the ECTV sequences 50258 to
50285 (5’ to 3’) and 50979 to 50953 in a PCR. The amplicon was se-
quenced, and the correct insertion of EGFP was confirmed. A clone with
the correct insertion was amplified and named ECTV-A036.

Generation of ECTV-DsRed using ECTV-A036 as the backbone
(Fig. 1B). We first generated a plasmid, pBSSK-RevA036-MCS, in which a
DNA fragment comprising EVM036 with 12 synonymous mutations in
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the last 43 bp (GAGAGATTGGGTATCTAGCCACAGTAAATCGTTGA
AAATTTAA — CGTGACTGGGTCTCCAGTCACTCTAAAAGCTTGA
AGATTTAA) and a multiple cloning site and the last 43 bp of EVM036
was placed between HR1 and HR2. We included the last 43 bp of EVM036
immediately after DsRed because they may be part of the EVM35 pro-
moter. The synonymous mutations in EVM036 were to prevent recombi-
nation between identical repeats. To generate pBSSK-RevA036-MCS, we
used three PCRs. The first two reactions, performed in parallel, used
ECTV Mos DNA as the template. For the first PCR, we used the forward
primer FP:49054-49082 (ttaatcccgggctgcagCCTATATGCCCTATTAT
CATACTGTCGAC; lowercase letters represent non-ECTV nucleotides
[the PstI site is underlined], and uppercase letters represent ECTV nucleo-
tides 49054 to 49082). The reverse primer was RP:49962-49578 (tgctag
cggatccgeggecgectcgagTATTTGAGAGAGATTGGGTATCTAGC
CACAGTAAATCGTTGAAAATTTAAAAATAGAAAATAGAGACG
TATAGAACACCATCATG; lowercase letters are non-ECTV nucleotides
with multiple restriction sites, and uppercase letters represent ECTV se-
quence from nucleotide 49962 to 49578). The second PCR used the for-
ward primer FP:49613-59mut (gccgeggatcegcetageacgegtaagagetcggtaccT
TAAATCTTCAAGCTTTTAGAGTGACTGGAGACCCAGTCACGTTCAA;
lowercase letters represent non-ECTV sequences with several restriction
sites, uppercase letters represent ECTV nucleotides 49613 to 49659, and
boldface indicates synonymous mutations). The reverse primer was RP:
51101-51077 (ttatatcgatgatatcGTGTTGTCTAACGTATTGGACATGCT
TAT; lowercase indicates non-ECTV sequences, underlining indicates an
EcoRV site, and uppercase represents ECTV sequences 51101 to 51077).
The amplicons of the two PCRs were mixed, and a new PCR was per-
formed using FP:49054-49082 and RP:51101-51077. The resulting am-
plicon was cloned into plasmid pBSSK ™ using EcoRV and PstI restriction
enzymes to give the final product pBSSK-RevA036-MCS, which can be
used to introduce any gene into ECTV. To specifically introduce DsRed,
pBSSK-RevA036-MCS was digested with Nhel, and a PCR amplicon
comprising the sequences of the 7.5 promoter and DsRed was cloned using
the In-Fusion PCR cloning system (Clontech) to generate the targeting
vector pBSSK-RevA036-DsRed.

To generate ECTV-DsRed, B-SC-1 cells were transfected in six-well
plates with pBSSK-RevA036-DsRed and infected with 0.1 PFU/cell
ECTV-A036. When complete cytopathic effect was observed, the cells
were collected, the viruses were released by three cycles of freeze-thawing,
and 10-fold dilutions of the lysates were used to infect B-SC-1 cells in
six-well plates. Large nonfluorescent plaques were selected. The process
was iterated three times to yield pure large plaques. The resulting virus was
amplified and named ECTV-DsRed. Correct insertion of DsRed was de-
termined by PCR, as described above.

In vitro growth curves. To measure single-step virus growth, mono-
layers of B-SC-1 cells were infected with ECTV-A036 or ECTV-DsRed at
5 PFU/cell. At various times, the cells and supernatants were collected and
freeze-thawed three times, and various dilutions of the resulting lysates
were used in duplicate to infect new monolayers of B-SC-1 cells in 12-well
plates. Titers in the lysates were determined as previously. To determine
multistep growth, the procedure was identical except that the B-SC-1
monolayers were infected with 0.01 PFU/cell of ECTV-A036 or ECTV-
DsRed.

ELISA. We determine antibodies to ECTV in sera using an enzyme-
linked immunosorbent assay (ELISA) with recombinant EVM135 protein
(the ortholog of VACV A33R) as previously described (12). Briefly, 96-
well flat-bottom radioimmunoassay/enzyme immunoassay plates (Corn-
ing) were coated with 100 ng of recombinant EVM135/A33R in 0.1 ml
PBS at 4°C overnight. Plates were blocked for 2 h at 37°C with PBS con-
taining 2% bovine serum albumin (BSA). Mouse sera were serially diluted
in PBS containing 0.5% BSA and 0.05% Tween 20, and 0.1 ml was added
to each well. The plates were incubated for 1 h at 37°C and washed three
times with PBST (PBS with 0.05% Tween 20). Peroxidase-conjugated
affinity-purified goat anti-mouse IgG (0.1 ml; vy chain specific; KPL Inc.)
was added to each well diluted 1:2,000 in PBST, and wells were incubated
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for 0.5h at 37°C and washed five times with PBST. Sure-Blue TMB 1-com-
ponent microwell peroxidase substrate (50 pl; KPL Inc.) was added to
each well, and the reaction was stopped by the addition of 0.1 ml 0f 0.12 M
HCIL. The optical density at 450 nm was determined using a microplate
spectrophotometer (nQuant; Bio-Tec).

Statistical analysis. We used the log-rank (Mantel-Cox) survival test,
the two-tailed 7 test for two samples, or the nonparametric Mann-Whit-
ney test as applicable using Prism software. All experiments to character-
ize the viruses were repeated a minimum of two times.

RESULTS

Generation of ECTV-A036 and ECTV-DsRed. We generated
ECTV-A036 by homologous recombination using plasmid
pBSSK-A036 as the targeting vector and ECTV Moscow as the
backbone. Because we expected that ECTV deficient in EVMO036
would form small plaques and be overgrown by WT virus (1), we
developed a method of triple selection (EGFP, mCherry, and gpt)
(Fig. 1A) which is described in detail in Materials and Methods.
We generated ECTV-DsRed from ECTV-A036, using homolo-
gous recombination and plasmid pBSSK-RevA036-DsRed (Fig.
1B), which is also described in Materials and Methods. Two days
after the lysate of the transfection/infection was plated, some red
plaques could be easily distinguished by fluorescence microscopy
indicating successful recombination (Fig. 2A). Plaques were col-
lected at 3 days postinfection (dpi). At the next cycle, only red
plaques were visible, and selection was stopped at the third cycle.
To verify the deletion of EVM036 in ECTV-A036 and its reinser-
tion in ECTV-DsRed, we performed PCR on lysates of cells in-
fected with different viruses using the 5'-3’ primers ECTV:50258 —
50285 and ECTV:50979-50953 to amplify the junction between
EVMO036 and EVMO037. The expected amplicon was found in ly-
sates of cells infected with ECTV WT and ECTV-DsRed but not of
those infected with EVM-A036. On the other side, primers de-
signed to amplify the junction of EVM043 and EVMO044 amplified
similar fragments with the three viruses (Fig. 2B). Figure 2C shows
microphotographs with phase contrast, green or red fluorescence,
and merged images to highlight the different phenotypes of the
plaques produced by ECTV-A036 and ECTV-DsRed on B-SC-1
cells. At 3 and 6 dpi, ECTV-A036 formed plaques that were not
visible by phase contrast but could be distinguished as two or three
green fluorescent cells. Conversely, a plaque formed by ECTV-
DsRed at 3 dpi was easy to identify by phase contrast and was
composed of many red fluorescent cells. An ECTV-WT plaque
with phase contrast is also shown for comparison. Note that the
microphotographs with ECTV-WT and ECTV-DsRed at 6 dpi are
not shown because at this time the monolayers were destroyed.

ECTV-A036 but not ECTV-DsRed grows poorly in tissue cul-
ture. We next characterized the viruses for their ability to replicate
in tissue culture. B-SC-1 cells were infected with ECTV-WT,
ECTV-A036, and ECTV-DsRed with 5 PFU/cell to measure sin-
gle-step growth (Fig. 3A) or 0.01 PFU/cell to measure multistep
growth (Fig. 3B). At 5 PFU/cell, the three viruses produced similar
numbers of infectious particles during the first 12 h of infection.
At 0.01 PFU/cell, ECTV-WT and -DsRed produced similar
amounts of infectious virus that were significantly higher than the
amounts produced by ECTV-A036 at every time point. These data
demonstrate that ECTV-A036 is defective in cell-to-cell spread
but not in its ability to generate MVs.

ECTV-A036 but not ECTV-DsRed is severely attenuated in
vivo. To study the contribution of EVM036 to ECTV virulence,
BALB/c mice were infected in the footpad with ECTV-WT, -A036,
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FIG 2 Identification of ECTV-A036 and ECTV-DsRed. (A) Microphotograph showing a red ECTV-DsRed plaque within ECTV-A036 (green)-infected cells 2
days after infection of B-SC-1 cells with a lysate of B-SC-1 cells infected with ECTV-A036 and transfected with pBSSK-RevA036-DsRed. (B) PCR analysis of
lysates of the indicated viruses using primers to amplify the junction of EVM036 and EVM037 or the junction of EVM43 and EVM44. (C) Monolayer of B-SC-1
cells infected with the indicated viruses and visualized by microscopy on the indicated day postinfection.

or -DsRed. All the mice infected with ECTV-A36 survived the
infection indefinitely without symptoms even with doses as high
as 107 PEU i.p. On the other hand, as little 10 PFU of ECTV-DsRed
or ECTV-WT in the footpad was 100% lethal (Fig. 4A). At 7 dpi
with 3000 PFU in the footpad, virus titers were high for the three
viruses in the footpad indicating in situ replication. However, the
mice infected with ECTV-A036 had very little or no detectable
virus in the draining lymph node (D-LN) and no detectable virus
in livers and spleens, indicating poor or no lymphohematogenous
spread. Conversely, all the mice infected with either ECTV-WT or
ECTV-DsRed had similarly high virus loads in D-LN, livers, and

A 15-
5 pfulcell

Log10 pfu

O ECTV-0036
E ectv-wt
A ECTV-DsRed

hpi

spleens, demonstrating that ECTV-WT and ECTV-DsRed dis-
seminated and replicated in vivo with high and similar efficiencies
(Fig. 4B). Hence, EVMO036 is required for the virulence of ECTV in
immunocompetent mice, and ECTV-A036 can be used as a back-
bone to generate recombinant ECTV virus of WT virulence.
Challenge with ECTV-A036 induces a humoral immune re-
sponse and protects susceptible mice from mousepox. Since
ECTV-A036 was highly attenuated in vivo and undetectable in
organs, we next determined whether ECTV-A036 could induce
antibody (Ab) responses. We inoculated mousepox-resistant
C57BL/6 mice with 5 X 10* PFU ECTV-A036 i.p. or 3,000 PFU

0.01 pfu/cell

Log1q pfu

O ECTV-0036
E ectv-wT
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T T 1
0 20 40 60 80

hpi

FIG 3 ECTV-A036 but not ECTV-DsRed grows poorly in tissue culture. B-SC-1 cells were infected with 5 (A) or 0.01 (B) PFU/cell of the indicated viruses.
Amounts of cell-associated and free virus were determined at the indicated times after infection.
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FIG 4 ECTV-A036 but not ECTV-DsRed is severely attenuated in vivo. (A) BALB/c mice were infected with various doses of ECTV-WT, ECTV-A036, or
ECTV-DsRed in the footpad, and survival was monitored. Experiments had 5 (left and middle) or 3 (right) mice/group. (B) Virus titers in the indicated organs
of BALB/c mice (n = 3) at the indicated dpi. Each data point indicates an individual mouse (P < 0.0001 for values for all organs).

ECTV-WT in the footpad. Four weeks later, all the mice had sim-
ilar levels of anti-ECTV antibodies in their sera, as determined in
an ELISA, indicating that ECTV-A036 induced humoral immune
responses (Fig. 5A). To determine whether ECTV-A036 could be
used as a vaccine, susceptible BALB/c mice were infected with
3,000 PFU ECTV-A036 in the footpad and at 28 dpi were chal-
lenged with 3,000 PFU ECTV-WT in the other footpad or with 10°
PFU intraperitoneally. All mice that received ECTV-A036 sur-
vived (Fig. 5B) without any symptoms of infection, while all con-
trol unimmunized mice succumbed, suggesting that OPVs defi-
cient in FI13L orthologs could be used as safe vaccine vectors in
immunocompetent individuals.

DISCUSSION

ECTV is a natural mouse pathogen that serves as an excellent
model of human smallpox and is also useful for studying viral
pathogenesis, basic immunology, and vaccine efficacy (7). These
types of studies frequently require the production of recombinant
viruses with WT virulence. In the past, we have used homologous
recombination and selection based on plaque fluorescence with-
out drugs to replace a short fragment of ECTV (nucleotides
189898 to 189949) that lies in a large noncoding region of ECTV,
with the sequences coding for EGFP being driven by the 7.5 pro-

A
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moter. This resulted in a virus, ECTV 189898 p7.5-EGFP, that
had WT virulence but expressed cytosolic EGFP. However, the
isolation of this recombinant took 7 months, and the system is
useful only for recombinants that are fluorescent. More recently,
we generated ECTV expressing firefly luciferase (ECTV-Luc) by
replacing EGFP with luciferase in ECTV 189898 p7.5-EGFP and
selecting nonfluorescent plaques. While this method is broadly
applicable, selecting nonfluorescent plaques is very difficult and
time-consuming. The Buller lab introduced the E. coli lacZ and
mouse [l4 genes into the disrupted CHO gene using gpt as a tran-
sient selection marker (3). However, this method requires MXH
selection, which in our hands requires many rounds of selection
and is time-consuming. Others have replaced the thymidine ki-
nase (TK) gene with the gene of interest followed by selection with
xanthine-guanine phosphoribosyltransferase as performed with
VACV (5), but this resulted in a severely attenuated virus (23).
Jackson et al. used TK™ ECTV as the backbone and inserted the
interleukin 4 (IL-4) gene together with the herpes simplex virus
(HSV) TK gene immediately downstream of the early promoter
for the ECTV ortholog of VACV F7L. While this virus was highly
virulent due to IL-4, the control virus with the HSV TK alone was
less virulent than ECTV WT (18). We generated ECTV deficient in

B
Footpad Challenge (3000 pfu) ip Challenge (108 pfu)
100 @ 100 O
S 80 80
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FIG 5 ECTV-A036 induces a humoral immune response and serves as a vaccine. (A) C57BL/6 mice were inoculated in the footpad with 3,000 PFU or i.p. with
10" PFU of the indicated viruses. Titers of Ab to the ECTV protein EVM135 were determined in serum at 30 dpi by ELISA. (B) BALB/c mice were infected in the
footpad with 3000 PFU ECTV-A036 or left uninfected. At 28 dpi they were challenged with ECTV-WT, and survival at different dpi was determined. P = 0.0034.
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EVMO036 and developed a system similar to the one already de-
scribed for VACV deficient in F13L (2, 5) with the goal of simpli-
fying and accelerating the production of ECTV recombinants with
WT virulence. We found that like its VACV counterpart, ECTV-
A036 has a small-plaque phenotype. We have also shown that
ECTV-A036 can be used as a backbone for the rapid generation of
recombinant ECTV viruses by selecting against its small-plaque
phenotype. To be useful in pathogenesis studies, it was also im-
portant that the recombinants regain virulence. A possible diffi-
culty was that the terminal sequences of EVMO036 are part of the
EVMO035 promoter and the introduction of an intervening se-
quence between the two genes could have resulted in an attenu-
ated virus due to EVM035 deficiency. To circumvent this problem,
we performed a PCR site-directed mutagenesis in which we ma-
nipulated the nucleotides at the 3" end of EVM036 without affect-
ing translation and added the WT sequence between gene of in-
terest and EVMO035. We found that reintroduction of this silently
mutated gene to its original location together with DsRed resulted
in recombinant virus that formed WT-size plaques. Moreover,
ECTV-DsRed was as virulent as ECTV-WT. Thus, the newly de-
veloped system provides a fast and efficient method to produce
fully pathogenic recombinant ECTV. We have generated in the
laboratory other nonfluorescent recombinants with similar suc-
cess (data not shown) in as little as 3 weeks with little effort.

The use of VACV as the smallpox vaccine allowed the success-
ful worldwide eradication of smallpox. Additionally, VACV is a
popular vector used for other vaccines against pathogens like HIV
(6, 8, 15, 24). Unfortunately, the current smallpox vaccine is un-
safe for immunocompromised individuals and children.

Although ECTV-A036 was highly attenuated in immunocom-
petent but susceptible BALB/c mice, it induced humoral immune
responses that were similar to those induced by ECTV-WT. More-
over, following ECTV-A036 immunization, BALB/c mice were
fully protected from ECTV-WT challenge. These results are con-
sistent with previous reports showing protective immunity after
immunization with ECTV deficient in the ortholog of A36R (22)
and with VACV LC16m8, which has a frameshift mutation in B5SR
(20, 30). Neither of these viruses produces EV. Thus, our findings
warrant further exploration of mutants with alterations in F13L or
its orthologs to develop a safer smallpox vaccine or vaccine vectors
for other diseases.

EV are thought to be essential for cell-to-cell spread in tissue
culture and for spread within the host (25, 29). In VACV, forma-
tion of EV is fully dependent on FI3L. Thus, VACV deficient in
FI13L has a small-plaque phenotype (1). Very recently, it was also
shown that VACV deficient in F13L is attenuated in immunocom-
petent and immunodeficient mice (31). However, whether the
FI3L ortholog has a similar role in other OPVs had never been
explored. In this study, we showed that as in VACV, EVMO036 is
essential for cell-to-cell spread, as its deletion resulted in a virus
that formed small plaques and produced significantly less viral
progeny following infection of cells at low multiplicity. Further-
more, ECTV-A036 was highly attenuated in immunocompetent
BALB/c mice, indicating that EVs are important for pathogenesis
of an OPV in a natural host.
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