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Ebolavirus causes severe hemorrhagic fever, with case fatality rates as high as 90%. Currently, no licensed
vaccine is available against Ebolavirus. We previously generated a replication-deficient, biologically contained
Ebolavirus, EbolaAVP30, which lacks the essential VP30 gene, grows only in cells stably expressing this gene
product, and is genetically stable. Here, we evaluated the vaccine potential of EbolaAVP30. First, we demon-
strated its safety in STAT-1-knockout mice, a susceptible animal model for Ebolavirus infection. We then tested
its protective efficacy in two animal models, mice and guinea pigs. Mice immunized twice with EbolaAVP30
were protected from a lethal infection of mouse-adapted Ebolavirus. Virus titers in the serum of vaccinated
mice were significantly lower than those in nonvaccinated mice. Protection of mice immunized with
EbolaAVP30 was associated with a high antibody response to the Ebolavirus glycoprotein and the generation
of an Ebolavirus NP-specific CD8* T-cell response. Guinea pigs immunized twice with EbolaAVP30 were also
protected from a lethal infection of guinea pig-adapted Ebolavirus. Our study demonstrates the potential of the

EbolaAVP30 virus as a new vaccine platform.

Ebolaviruses (EBOVs; family Filoviridae) cause severe hemor-
rhagic fever in humans and nonhuman primates (NHPs), with
case fatality rates up to 90% (26). Since the first recorded
outbreak in 1976 of EBOV in the Democratic Republic of the
Congo, increasing numbers of outbreaks in Central Africa
have occurred over the last decade (23). Transmission of the
virus results from direct contact of infected humans and ani-
mals with body fluids; however, lethal transmission by aerosol
droplets can also occur (13, 14). Due to its high pathogenicity
and potential for aerosol transmission, EBOV and its sister
virus, Marburgvirus (MARYV), are classified as category A bio-
terrorism threats.

Currently, there are no licensed vaccines or antivirals avail-
able against EBOV. A vaccine against EBOV would be invalu-
able to those closely affected during an outbreak along with
health care personnel, laboratory workers, and military per-
sonnel. Several vaccine candidates have been shown to protect
NHPs: a replication-incompetent adenovirus expressing the
EBOV glycoprotein (GP) (29-31), a replication-competent ve-
sicular stomatitis virus (VSV) expressing GP (7, 15), a recom-
binant paramyxovirus expressing GP (4), and virus-like parti-
cles (VLPs) (38, 41). However, questions regarding acceptable
vaccine doses, prior immunity to the vaccine vector, effective-
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ness in humans, and safety considerations still linger with these
vaccine candidates (10, 25, 42). Therefore, alternative EBOV
vaccine candidates continue to be sought.

We recently generated a replication-deficient, biologically
contained EBOV via reverse genetics, a technique that allows
the generation of infectious EBOV from cloned cDNA (21,
37). This technique provides the opportunity to introduce mu-
tations into the EBOV genome and observe the resulting viral
phenotypes (6, 11, 20, 21, 36, 37). Specifically, we generated a
replication-deficient virus (EbolaAVP30) (9) by deleting the
entire open reading frame of the VP30 gene, which encodes
the essential transcription factor VP30 (18, 27). EbolaAVP30 is
thus replication deficient and biologically contained unless
VP30 protein is provided in frans. To allow for viral amplifi-
cation, we therefore generated a Vero cell line that stably
expresses VP30, designated VeroVP30 (9). EbolaAVP30 un-
dergoes multiple cycles of replication in VeroVP30 cells but
not in parental Vero cells. More importantly, the EbolaAVP30
genome is genetically stable over sequential passages in
VeroVP30 cells (i.e., recombination between the EbolaAVP30
genome and the VP30 cDNA present in VeroVP30 cells does
not occur), thereby partially alleviating safety concerns (9).
Hence, the EbolaAVP30 virus can be grown to reasonably high
titers in helper cells, expresses all viral antigens/proteins, is
genetically stable, and is safe. Here, we evaluate the safety of
EbolaAVP30 as a vaccine in STAT-1-knockout (KO) mice and
assess its protective efficacy in two rodent models, mice and
guinea pigs.

MATERIALS AND METHODS

Cells. VeroVP30 cells were established as previously described (9) and grown
in Eagle’s minimal essential medium (MEM) supplemented with 10% fetal calf
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FIG. 1. EbolaAVP30 virus is not virulent in STAT-1-KO mice. Survival curves of STAT-1-KO mice inoculated i.p. with (i) 1,000 MLDs,/mouse
of wild-type (WT) EBOV (n = 3), (ii) 10° cells/mouse of VeroVP30 cells (n = 5), (iii) 2 X 10° FFU/mouse of EbolaAVP30 virus (n = 5), or (iv)
a mixture of EbolaAVP30 virus and VeroVP30 (n = 5). Animals were observed for 28 days after inoculation.

serum (FCS), L-glutamine, vitamins, nonessential amino acid solution, and 5
pg/ml puromycin (Sigma, St. Louis, MO).

Viruses. The EbolaAVP30 virus was generated as previously described (9) and
propagated in VeroVP30 cells in MEM as described above but supplemented
with 2% FCS. The virus was harvested 6 days after infection of the cells at a
multiplicity of infection of 0.1. Harvested virus was partially purified by ultra-
centrifugation at 27,000 rpm for 2 h over 20% sucrose. The viral pellet was
resuspended in sterile phosphate-buffered saline (PBS) and stored at —80°C.
Viral titers were determined by use of a focus-forming assay (visualized with
antibody to the viral VP40 protein) in confluent VeroVP30 cells overlaid with
MEM containing 2% FCS and 1.5% methylcellulose (Sigma).

For challenge studies in mice or guinea pigs, we used a mouse-adapted EBOV
(MA-EBOV) or guinea pig-adapted EBOV (GP-EBOV), subtype Zaire, gener-
ated as previously described (3, 5). All studies involving live EBOV were carried
out under biosafety level 4 conditions at the National Microbiology Laboratory
of the Public Health Agency of Canada in Winnipeg, Canada.

Antibody titers. The levels of EBOV GP-specific immunoglobulin G (IgG)
antibodies in vaccinated mice were examined by using an enzyme-linked immu-
nosorbent assay (ELISA). Briefly, wells of Immulon 2HB plates (Thermon Lab-
systems, Franklin, MA) were coated with purified EBOV GP (34) and blocked
with PBS containing 10 mg/ml bovine serum albumin. EBOV GP-coated wells
were incubated with mouse serum from nonvaccinated and vaccinated mice, and
bound antibodies were detected with goat anti-mouse IgG conjugated to horse-
radish peroxidase (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD) by
use of an ELISA plate reader at an absorbance of 405 nm.

Intracellular staining and flow cytometry. The number of cytokine-producing
CD8" T cells was determined by intracellular staining as described previously
(19). Briefly, splenocytes were stimulated with the control peptide PB1,y3; 71,
(SSYRRPVGI, derived from influenza virus PB1) (1) or the EBOV peptide
NP9 s (SFKAALSSLA, derived from the nucleoprotein NP) (22, 28),
VP40,5,_150 (YFTFDLTALK, derived from the matrix protein VP40), or GP4;_140
(LYDRLASTYV, derived from GP) (22, 39) for 5 h in the presence of brefeldin
A and interleukin-2. Following activation, cells were stained for cell surface CD8
and intracellular gamma interferon (IFN-y) by using the Cytofix/Cytoperm kit
from BD Biosciences (San Jose, CA). The number of cytokine-producing CD8*
T cells was determined by using a FACSCalibur flow cytometer (BD Bio-
sciences).

Inoculation of STAT-1-KO mice. Six-week-old female STAT-1-KO mice
(Charles River) were anesthetized with isoflurane and intraperitoneally (i.p.)
inoculated with (i) wild-type EBOV (1,000 mouse 50% lethal doses [MLDsy]/
mouse), (i) VeroVP30 cells (10° cells/mouse), (iii) EbolaAVP30 virus (2 X 10°
focus-forming units [FFU]/mouse), or (iv) a mixture of EbolaAVP30 virus and
VeroVP30 (10° cells and 2 X 10° FFU/mouse). Animals were observed for at
least 28 days after inoculation.

Challenge studies. Four-week-old female BALB/c mice (The Jackson Labo-
ratory, Bar Harbor, ME) were anesthetized with isoflurane and i.p. immunized
twice at 3-week intervals with 10° FFU of EbolaAVP30 virus; nonvaccinated mice
were immunized with PBS. Eight weeks after the second vaccination, mice were
challenged i.p. with 1,000 MLDs, of MA-EBOV (3). Four days after challenge,
viral titers were determined in the serum of three vaccinated and three nonvac-
cinated mice. The remaining mice were monitored for survival for 28 days.
Female guinea pigs (Charles River) between 200 and 250 g in body weight were
anesthetized with isoflurane and i.p. immunized twice at 3-week intervals with
107 FFU of EbolaAVP30 virus; nonvaccinated guinea pigs were inoculated with
PBS. Three weeks after the second vaccination, guinea pigs were challenged i.p.
with 1,000 LDs, of GP-EBOV (5) and observed for 16 days.

All animal experiments were performed in accordance with approved animal
use protocols and according to the guidelines set forth by the Canadian Council
of Animal Care and the University of Wisconsin—Madison.

RESULTS

EbolaAVP30 virus is not pathogenic in STAT-1-KO mice.
To evaluate the safety of EbolaAVP30 virus, STAT-1-KO
mice, which are susceptible to wild-type EBOV infection (2),
were inoculated ip. with wild-type EBOV (1,000 MLDs/
mouse), VeroVP30 cells (10° cells/mouse), EbolaAVP3(0 virus
(2 X 10° FFU/mouse), or a mixture of EbolaAVP30 virus and
VeroVP30 (10° cells and 2 X 10° FFU/mouse). STAT-1-KO
mice inoculated with EbolaAVP30 virus, VeroVP30 cells, or a
mixture of both showed no signs of illness and survived for the
entire observation period (28 days) after inoculation (Fig. 1).
In contrast, 3 days after inoculation with wild-type EBOV,
STAT-1-KO mice showed signs of disease, with ruffled fur and
weight loss (data not shown), and by day 6, all mice had
succumbed to infection (Fig. 1). These data demonstrate the
safety and lack of virulence of the EbolaAVP30 vaccine can-
didate.

Antibody response of mice immunized with EbolaAVP30
virus. To assess EbolaAVP30 virus as a potential vaccine can-
didate, we first determined its immunogenicity in mice by vac-
cinating mice three times at 3-week intervals. When serum
samples, collected 2 weeks after each vaccination, were tested
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FIG. 2. EbolaAVP30 virus induces an antibody response to the EBOV glycoprotein GP. Mice (n = 4) were vaccinated with EbolaAVP30 virus
three times at 3-week intervals, whereas nonvaccinated mice (n = 4) were inoculated with PBS. Serum samples were collected 2 weeks after each
vaccination, and the amounts of IgG against purified EBOV GP were determined by ELISA, as described in Materials and Methods. Results are
expressed as the mean absorbance (optical density [OD]) at 405 nm (= standard deviation) of samples diluted to 1:100.

for IgG antibodies by ELISA with purified GP (Fig. 2), vacci-
nated animals showed elevated antibody titers against GP after
the first vaccination relative to those in nonvaccinated mice
(Fig. 2); these antibody titers further increased after the sec-
ond and third vaccinations This finding demonstrates the abil-
ity of the biologically contained EbolaAVP30 virus to elicit
antibodies to GP.

CD8™ T-cell responses in vaccinated mice. We next exam-
ined cellular immune responses to vaccination in mice. Since
two vaccinations resulted in high antibody titers in mice (see
above), we performed only two vaccinations for all further
experiments. Eight days after the second immunization, four
vaccinated and two nonvaccinated mice were euthanized and
their spleens were removed. Splenocytes were isolated and
stimulated with the EBOV peptide NP,,4 555 (SFKAALSS
LA), VP40,,,_,4o (YFTFDLTALK), or GP,4;_,49 (LYDRLA

STV), or with the influenza virus peptide PB1,y;_,;; (SSYRR
PVGI), for 5 h in the presence of brefeldin A and interleukin-2.
In vaccinated animals, stimulation with the EBOV peptide
NP,¢_»g5 resulted in IFN-y-positive CD8™ cells in the range of
0.11% to 1.26% of the total CD8™ cell population (Fig. 3). For
the two nonvaccinated mice, the numbers of IFN-y-positive
CD8™" cells were appreciably lower, i.e., 0.056% and 0.032%
(Fig. 3). Stimulation of cells with the influenza virus peptide
PB1,y5_7, did not elicit a significant response in vaccinated or
nonvaccinated mice (data not shown). No IFN-y-positive
CD8" cells were detected for cells stimulated with EBOV
peptide VP40,,_;49 0r GP14;_;140 (data not shown).
Protective efficacy of EbolaAVP30 virus in mice. To assess
the protective efficacy of EbolaAVP30 virus, we immunized 18
4-week-old mice twice (with a 3-week interval) with 10° FFU of
EbolaAVP30 virus; 13 control mice were similarly inoculated
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FIG. 3. Cellular immune response in EbolaAVP30-vaccinated mice. Mice (n = 4) were immunized twice at 3-week intervals with EbolaAVP30;
nonvaccinated mice (n = 2) were simultaneously inoculated with PBS. Splenocytes were collected 8 days after the second vaccination and
stimulated with an EBOV NP peptide. Cells were stained for the cell surface antigen CD8" and for intracellular IFN-y. The number of
cytokine-producing CD8" T cells was determined by using a FACSCalibur flow cytometer (BD Biosciences). N, nonvaccinated; V, vaccinated.
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FIG. 4. Protective efficacy of EbolaAVP30 virus in mice. Mice (n = 15) were immunized twice with EbolaAVP30 virus; nonvaccinated mice (n =
10) were inoculated with PBS. Eight weeks after the second vaccination, mice from the vaccinated and nonvaccinated groups were challenged with
1,000 MLDs, of MA-EBOV. A control group (Mock, n = 3) remained nonvaccinated and nonchallenged. Survival curves are shown.

with PBS. Mice were challenged 8 weeks after the second
immunization with 1,000 MLDs, of MA-EBOV (3). After
challenge, no signs of illness were seen in mice vaccinated with
EbolaAVP30 virus, whereas nonvaccinated mice began to show
signs of sickness (e.g., ruffled fur) and weight loss on day 3
postchallenge (data not shown). By day 6 postchallenge, all
nonvaccinated mice had succumbed to infection, whereas the
vaccinated mice were fully protected (Fig. 4). All animals were
observed for 21 days after challenge. On day 4 postchallenge,
three vaccinated and three nonvaccinated mice were sacrificed
to determine virus titers in their sera. Vaccinated mice had
significantly lower titers than did nonvaccinated mice (Fig. 5),
with one mouse showing no viremia by day 4. Taken together,
these data demonstrate that EbolaAVP30 virus efficiently pro-
tects mice against challenge with a lethal dose of MA-EBOV.

Protective efficacy of EbolaAVP30 virus in guinea pigs. To
further demonstrate the protective efficacy of EbolaAVP30
virus, we immunized six guinea pigs twice (with a 3-week in-
terval) with 107 FFU of EbolaAVP30 virus; six guinea pigs
were similarly inoculated with PBS. Guinea pigs were chal-

Non-Vacclnated accmated

FIG. 5. Virus titers in immunized mice. Vaccinated and nonvacci-
nated mice (three per group) were euthanized on day 4 postchallenge.
Virus titers in the serum were determined by use of a focus-forming
assay as described in Materials and Methods. N, nonvaccinated; V,
vaccinated; ND, not detectable.
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lenged 6 weeks after the second vaccination with 1,000 LDy, of
GP-EBOV (5). After challenge, no signs of sickness were seen
in the vaccinated guinea pigs, whereas nonvaccinated animals
began loosing weight on day 3 postchallenge (data not shown).
By day 7 postchallenge, all nonvaccinated guinea pigs had
succumbed to infection, while all vaccinated guinea pigs
showed no signs of disease and were fully protected (Fig. 6).
All animals were observed for 16 days after challenge.

DISCUSSION

Here, we assessed the potential of EbolaAVP30 as a vaccine
candidate. We found that EbolaAVP30 is safe and does not
cause disease or death in STAT-1-KO mice, in contrast to
wild-type EBOV. Moreover, we found that mice and guinea
pigs vaccinated with EbolaAVP30 virus are protected against
lethal challenge with MA- or GP-EBOV, respectively. In vac-
cinated mice, virus titers in sera were significantly lower than
those in nonvaccinated mice.

Protection against EBOV infection likely requires both hu-
moral and cellular responses. The humoral response to EBOV
infection is important, as demonstrated by protection from a
lethal challenge in rodent models by passive transfer of anti-
bodies to the viral glycoprotein GP (8, 33). However, the ability
of a vaccine to elicit an antibody response does not in itself
correlate with protection. For example, classic vaccine ap-
proaches, such as gamma-irradiated EBOV and MARYV, or
GP expressed by baculovirus, elicit a moderate antibody re-
sponse but fail to protect mice against lethal challenge (12, 16,
17). In contrast, EBOV and MARYV VLPs that express GP and
VP40 elicit both humoral and CD8" T-cell responses and
protect mice against a lethal challenge of EBOV and MARV
(38-40), highlighting the importance of cellular responses for
protection. Here, we demonstrate that EbolaAVP30 virus in-
duces both humoral and CD8™" T-cell responses (specific for an
EBOV NP epitope). The next logical step is to test whether the
immune responses elicited by EbolaAVP30 are sufficient to
protect NHPs from a lethal challenge with EBOV.

Three vaccine candidates, based on recombinant viral vec-
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FIG. 6. Protective efficacy of EbolaAVP30 virus in guinea pigs. Survival curves of guinea pigs vaccinated twice with EbolaAVP30 virus or
inoculated with PBS (n = 6 per group). Six weeks after the last vaccination, guinea pigs were challenged with 1,000 LD, of GP-EBOV. Animals

were observed for 16 days after challenge.

tors expressing EBOV GP, are protective in an NHP model:
adenovirus (29-31), VSV (7, 15), and paramyxovirus (4). How-
ever, none of these candidates is practical in its current form.
The paramyxovirus-based vaccine does not confer full protec-
tion in the NHP model (4). The adenovirus-based vector, a
replication-incompetent vector, is based on a human pathogen
(adenovirus type 5), raising concerns of preexisting immunity
to the vector. In addition, a large dose of this virus (10'°
particles) is needed to confer protection in NHPs (29, 32, 35).
A vaccine based on the VSV vector protects NHPs at reason-
able doses; however, this vector is replication competent and
safety is, therefore, a concern, particularly the potential for
infection of the human central nervous system (24). EBOV and
MARYV VLPs have been shown to protect various animal mod-
els from a lethal challenge with these viruses (38, 40, 41). While
VLPs are safe and preexisting immunity is not a concern for
VLP vaccines, large-scale production of pure VLPs in cell
culture can be an obstacle.

Here, we present a vaccine approach that is safe, efficacious,
and highly efficient since EbolaAVP30 virus grows to high titers
in Vero VP30 cells (9). As with other EBOV vaccine candi-
dates, our vaccine would be of value to health care personnel,
laboratory workers, and military personnel, as well as to those
at risk during outbreaks. Further studies are needed to estab-
lish the protective efficacy of EbolaAVP30 in NHPs and to
assess its potential for postexposure treatment.
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