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Rift Valley fever (RVF) is a zoonotic disease endemic in Africa and
the Arabian Peninsula caused by the highly infectious Rift Valley
fever virus (RVFV) that can be lethal to humans and animals and
results in major losses in the livestock industry. RVF is exotic to the
United States; however, mosquito species native to this region can
serve as biological vectors for the virus. Thus, accidental or
malicious introduction of this virus could result in RVFV becoming
endemic in North America. Such an event would likely lead to
significant morbidity and mortality in humans, and devastating
economic effects on the livestock industry. Currently, there are no
licensed vaccines for RVF that are both safe and efficacious. To
address this issue, we developed two recombinant RVFV vaccines
using vaccinia virus (VACV) as a vector for use in livestock. The first
vaccine, vCOGnGc, was attenuated by the deletion of a VACV gene
encoding an IFN-γ binding protein, insertional inactivation of the
thymidine kinase gene, and expression of RVFV glycoproteins, Gn
and Gc. The second vaccine, vCOGnGcγ, is identical to the first and
also expresses the human IFN-γ gene to enhance safety. Both vac-
cines are extremely safe; neither resulted in weight loss nor death
in severe combined immunodeficient mice, and pock lesions were
smaller in baboons compared with the controls. Furthermore, both
vaccines induced protective levels of antibody titers in vaccinated
mice and baboons. Mice were protected from lethal RVFV chal-
lenge. Thus, we have developed two safe and efficacious recombi-
nant vaccines for RVF.

Rift Valley fever virus (RVFV) is a member of the Phlebovirus
genus of the Bunyaviridae family of viruses (1, 2). It has

a tripartite negative-stranded RNA genome consisting of small
(S), medium (M), and large (L) segments encoding the N, NSs
(3), Gn (G2), Gc (G1), NSm (4, 5), and L genes, respectively (6,
7). RVFV is spread primarily by infected Aedes mosquitoes and
is the causative agent of Rift Valley fever (RVF), originally de-
scribed following an outbreak of enzootic hepatitis on a farm in
the Rift Valley of Kenya in 1931 (8). A disease of both humans
and livestock, RVF can cause a hemorrhagic fever with poten-
tially fatal consequences. Mortality in adult cattle and sheep is
w10% and 20%, respectively. However, the mortality rate in
neonatal sheep and spontaneous abortion rates in pregnant ewes
are close to 100% (9–10). The mortality rate in humans is esti-
mated at less than 1%, but some outbreaks have significantly
higher rates (11). Introduction of RVFV into nonendemic areas,
such as the United States, whether accidental or intentional,
would have devastating consequences (12). Thus, RVFV has
enormous potential to be used as a bioterrorist agent (13).
Currently, there are no RVFV vaccines approved for general

use in humans, and those in use in livestock either lack efficacy
or have substantial side effects, especially in pregnant animals
(14–16). Thus, we have used our considerable experience in
developing recombinant vaccinia viruses (rVACVs) (17, 18) to
construct two safe and efficacious, livestock vaccines for RVF.
These vaccines express the two surface glycoproteins (Gn and

Gc) to induce protective immunity to RVFV; one vaccine also
expresses the human IFN-γ gene to enhance safety for vacci-
nators. We used the Copenhagen (vCO) strain of VACV with
two virulence genes deleted to provide a safe, heat-stable, and
inexpensive vector for the vaccine.

Results
Construction and Characterization of rVACV Vaccines. We con-
structed two recombinant RVF vaccines for use in livestock with
the Copenhagen strain (vCO) of VACV (17) with two virulence
genes (B8R and thymidine kinase, TK) inactivated. An inter-
mediate rVACV (vCOΔB8R) was constructed by deleting the
B8R gene (Fig. 1) using homologous recombination (19) and
transient dominant selection (20). One rVACV expresses the
RVFV glycoproteins (Gn and Gc) under the control of a strong
VACV synthetic promoter (vCOGnGc) (17, 21) and the second
expresses the human IFN-γ (HuIFNγ) gene in addition to the
two RVFV glycoproteins (vCOGnGcγ). The HuIFNγ gene was
added to enhance safety for human vaccinators (22, 23). These
genes were inserted into the VACV TK gene, resulting in in-
sertional inactivation of this virulence gene and enhancing safety
of the vaccines. A third rVACV, used as a control, was engi-
neered with an inactivated TK gene and a deleted B8R gene
(vCOΔB8RTK−) but lacked the RVFV glycoprotein and
HuIFNγ genes (Fig. 1).
Heterologous protein expression from the rVACV constructs

was confirmed by Western blot analysis (Fig. 2A) to detect the
RVFV glycoproteins with expected sizes of Gc (56 kD) and Gn
(54 kD) in vCOGnGc, vCOGnGcγ, and a live attenuated RVF
vaccine (MP-12) but not in the control construct, vCOΔB8RTK.
The two proteins are similar in size and the Gc band is faint, so
that only one band is easily seen. The expression and biological
activity of HuIFNγ was confirmed by ELISA (Fig. 2B) and
a bioassay (3.9 × 104 units/mL), indicating high-level expression
of the cytokine. The presence of IFN-γ was only detected in the
supernatant of vCOGnGcγ-infected cells.
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Attenuation and Safety of rVACVs. Previously, we demonstrated
that deletion of the B8R and inactivation of the TK genes greatly
reduced the virulence of rVACV constructs for normal and
immunodeficient mice (24). To evaluate the attenuation of our
RVF vaccine constructs, we inoculated SCID mice intraperi-
toneally with 107 pfu of VACV. Inoculation of SCID mice with
parental vCO resulted in the development of numerous pock
lesions; animals were killed because of weight loss (30%) at
a median time of 20 d postinfection (Fig. 3). In contrast, all
SCID mice inoculated intraperitoneally with 107 pfu of the three
rVACVs survived 125 d without weight loss, although some
animals had pock lesions. In comparison, SCID mice inoculated
intraperitoneally with MP-12 (6.5 × 105 pfu) had a median time
to killing because of neurological signs of 10 d (Fig. 3). These
data indicate that our rVACV vaccines are highly attenuated
compared with the parental VACV and MP-12.

Protection Against Lethal Challenge. Vaccines that induce virus-
neutralizing (VN) antibodies against RVFV have been shown to
be protective (25). Levels of VN antibodies were determined
using an 80% plaque-reduction neutralization test (PRNT80). To
assess efficacy of the rVACVs, six groups of CB6F1 mice (10 per
group) were immunized once or twice intramuscularly with MP-
12, vCOGnGc, or vCOGnGcγ. A seventh group of 10 naive mice
was used as a challenge control group (Table 1). All animals
were challenged at 22 wk postvaccination with 103 pfu (in-
traperitoneally) of the virulent ZH501 strain of RVFV. All naive
control mice succumbed to peracute death by day 3. Mice vac-
cinated once with MP-12 survived challenge without signs of
illness. Two of the 10 animals in this group were eliminated
because of causes unrelated to the vaccination or challenge.
Animals vaccinated once with the rVACVs were partially pro-
tected; 10% of vCOGnGcγ and 50% of vCOGnGc-vaccinated
mice survived challenge, despite showing clinical signs (Table 1).
The efficacy of the rVACV vaccines was improved significantly
in animals vaccinated twice. As expected, 100% of mice in the
MP-12 group survived, although one mouse did present with
clinical signs. In the vCOGnGcγ-vaccinated group, 60% of the
mice survived lethal challenge and 90% survived in the vCOGnGc-
vaccinated group (Table 1). None of the survivors in the
vCOGnGc-vaccinated group had clinical signs. These data in-
dicate that our rVACV vaccines protected mice from a highly
lethal challenge with the virulent ZH501 RVFV strain.

Studies in a Nonhuman Primate Model. To evaluate the immuno-
genicity and safety of the rVACVs in primates, three groups of
baboons (Papio cynocephalus anubis; four per group) were in-
oculated via scarification with a bifurcated needle with w5 × 107

pfu of vCO, vCOGnGc, or vCOGnGcγ. Relative attenuation of the
rVACVs was determined by measuring pock lesion size at days 5,
10, 14, and 20 postinoculation. As expected, lesions in the vCO-
inoculated control group were large and ulcerative, measuring
2.5 ± 0.41 cm by day 5, and were not fully resolved in all animals
by day 20 (Fig. 4). In contrast, the vCOGnGc-inoculated baboons
developed smaller lesions with almost no ulceration, measuring
1.3 ± 1.1 cm by day 5 (P > 0.05) that were almost fully resolved
by day 14. Lesions in the vCOGnGcγ-vaccinated group were
significantly smaller than the control group on day 5 (0.33 ± 0.15
cm, P < 0.01) and day 10 (0.17 ± 0.1 cm, P < 0.05), and mostly
resolved by day 5 (Fig. 4).
VN antibody titers were measured by RVFV PRNT80. To

evaluate anamnestic immune responses to the rVAVCs, baboons
were given an intramuscular booster immunization at day 28 with
1 × 109 pfu. Antibody responses to RVFV were obtained fol-
lowing inoculation with the rVACVs but not with vCO. The VN
antibody titers were higher in baboons given vCOGnGc than
those inoculated with vCOGnGcγ, correlating with the results
found in the mouse studies (Table 2). In addition, an anamnestic
antibody response was observed following the intramuscular
boost at levels considered protective in all baboons (25).

Discussion
The introduction and establishment of West Nile virus in North
America has demonstrated the urgent need to develop strategies
for preventing a similar occurrence with other vector-borne viruses,
such as RVFV. Unfortunately, there are currently no safe and ef-
ficacious vaccines against RVF licensed for use in either humans or
livestock. To address this concern, we developed and tested two
rVACV vaccines for RVF for use in animals. Other vaccines in
development for RVF include attenuated RVFV strains with
deletions in the NSs gene (25), DNA, and subunit (27–30).
Recombinant poxvirus vaccines have been previously developed
using the lumpy skin disease virus or the WR strain of VACV as
vectors (31, 32). However, lumpy skin disease virus vectors can only
be used in areas endemic for lumpy skin disease. Similarly, theWR
strain, the neurovirulent laboratory strain of VACV, cannot be
used as a vaccine (33). For this reason, we used a vaccine strain of

Fig. 1. Diagram of rVACVs and plasmid transfer vectors. Schematic representation of the rVACVs used in this study, including the insertion sites (TK, B8R
genes), VACV promoters used (P11, a natural late VACV promoter; ssP, a single synthetic promoter; dsP, a double synthetic promoter), and a corresponding
diagram of the parental vCO. B8RL and B8RR are labeled in the diagrams of the rVACVs as indicators of gene location; however, these sequences are actually
in the region flanking the B8R gene, which has been completely deleted from the rVACV genomes. This finding is in contrast to the inactivation of the TK
gene by insertion rather than by deletion.
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VACV that was used in the smallpox eradication campaign and is
currently being used as a vector for eradication of rabies.
Our laboratory has extensive experience in developing

rVACVs for the control of a number of human and animal

diseases (17, 18, 22, 24, 34, 35). Multiple approaches have been
used to enhance the safety of poxviruses, including deletion or
insertional inactivation of genes that enhance virulence, expres-
sion of cytokines, development of replication-deficient VACVs,
such as MVA and NYVAC, or host cell-restricted vectors, such
as canarypox and fowlpox (39–42). All of these approaches in-
crease attenuation and subsequently enhance safety. Replica-
tion-deficient vectors, however, are difficult to propagate to high
titers and are often poorly immunogenic, especially when used
as heterologous vaccine vectors. To address these issues, we
have developed a number of rVACV with deletions in virulence
and immunomodulating genes and expressing cytokines (34,
35, 38). These rVACVs are highly attenuated, immunogenic, and
replicate to high titers in vitro.
We developed a rVACV vaccine for RVF with deletions in TK

and B8R genes and expressing the two glycoproteins of RVFV
(vCOGnGc) that have been shown to induce VN antibodies and
protective immunity to the disease (31). A second vaccine for
RVF, identical to the first vaccine except for expressing HuIFNγ
(vCOGnGcγ), was also developed. The HuIFNγ gene was in-

Fig. 2. Characterization of protein expression by recombinant vaccinia
viruses. (A) Western blot analysis of Vero cells infected with vCOΔB8RTK−,
vCOGnGc, vCOGnGcγ, or MP-12 using anti-RVF polyclonal serum as a primary
antibody and goat anti-mouse AP-conjugated secondary antibody (BioRad).
The arrow highlights the bands representing the Gn (56 kD) and Gc (54 kD)
glycoproteins of RVFV in lanes 3 to 5. The prominent lower band in lane 5
(MP-12) is the nucleoprotein. (B) Culture supernatants from cell cultures used
for the Western blot in A were assayed for the presence of IFN-γ using
a commercially available ELISA (eBioscience) and a bioassay.

Fig. 3. Safety of recombinant vaccinia viruses in a SCID mouse model.
Seven- to 8-wk-old male SCID mice were challenged intraperitoneally with
107 pfu of the indicated VACV or 6.5 × 105 pfu of MP-12. Length of survival
following inoculation is shown in the graph.

Table 1. Responses to prime/boost vaccination and virulent
RVFV challenge in mice

Group Vaccine† Survival‡ Illness§

Mean neutralizing
antibody titers*

2 wpv 8 wpv 16 wpv
25 wpv
(3,wpc)

1 MP-12, 1X 100% 0% 80 320 400 820
2 MP-12, 2X 100% 10% 40 160 800 720
3 vCOGnGc, 1X 50% 100% 20 20 40 3,586
4 vCOGnGc, 2X 90% 10% 20 20 80 10,240
5 vCOGnGcγ, 1X 10% 100% 10 20 10 10,240
6 vCOGnGcγ, 2X 60% 50% 10 10 40 6,400
7 None 0% 100% N/A N/A N/A N/A

N/A, not applicable; wpc, weeks postchallenge; wpv, weeks postvaccina-
tion.
*Antibody titers were determined by PRNT80.
†Vaccine administered to that group. 1X designates the groups receiving
only a single vaccination and 2X designates the groups that received both
primary and secondary vaccinations before challenge.
‡Percentage of mice surviving lethal challenge.
§Percentage of mice showing signs of illness after lethal challenge.

Fig. 4. Comparison of pock lesion formation and resolution in vaccinated
baboons. Photographs of representative pock lesions in baboons at days 5,
10, 14, and 20 postvaccination with vCO, vCOGnGc, or vCOGnGcγ. Baboons
were vaccinated with w5 × 107 pfu of the indicated virus via scarification
with a bifurcated needle.
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cluded to enhance safety for individuals vaccinating livestock. In
our previous studies, we have shown that replication-competent
VACV can be attenuated by more than a million-fold by this
method (34, 35, 38).
All three rVACVs were highly attenuated for mice compared

with the parental virus (vCO). SCID mice inoculated with 107

pfu of rVACV survived for 125 d without weight loss, whereas
mice given the parental virus had severe weight loss and a me-
dian time to killing of 20 d. This finding indicates that the
modifications to the vaccine vector resulted in a significant in-
crease in attenuation. Additionally, inoculation of MP-12 in
SCID mice resulted in a median time to killing of 10 d, dem-
onstrating the enhanced safety of the rVACV vaccines.
In previous studies, VN antibody titers as low as 1:12 have been

shown to be protective, and a mean titer of 1:40 is recommended
for protection against RVF (27). Mice vaccinated with either
rVACV generated VN antibodies to RVFV, although those im-
munized with vCOGnGcγ had lower antibody responses com-
pared with mice given vCOGnGc. Neither rVACV vaccine
induced antibodies to the same levels as MP-12. Mice vaccinated
with MP-12 had no anamnestic responses to either booster im-
munization with MP-12 or after challenge with virulent virus, in-
dicating a sterilizing immune response. In contrast, those
immunized with rVACV vaccines had strong anamnestic responses
to booster immunization and challenge with virulent virus. A single
vaccination with rVACV resulted in 50% protection in the
vCOGnGc-vaccinated group and 10% in mice immunized with
vCOGnGcγ. In contrast, animals immunized twice with vCOGnGc
had a 90% survival rate after challenge, compared with a rate of
60% in mice vaccinated twice with vCOGnGcγ. Mice vaccinated
with MP-12 once or twice had a 100% survival rate. None of the
naive control animals survived beyond 3 d postchallenge, in-
dicating a very strong challenge. It is interesting to note that
HuIFNγ appeared to reduce the immune responses of mice to the
rVACV. This result is most likely because of reduced replication
caused by the attenuating effects of HuIFNγ on rVACVs, even in
a heterologous species such as mice (35), in addition to the lack of
functional B8R and TK genes. Furthermore, the reduced immune
response in mice vaccinated with rVACVs in comparison with
MP-12 could be a result of the level of expression of Gn and Gc.
The GnGc polyprotein can be expressed from one of five start

codons (4) of segment M of RVFV before being cleaved into the
separate proteins. This process enables production of another
viral protein, NSm, a virulence factor for RVFV (4). To avoid
expression of this protein, we used the fourth start codon for the
expression of GnGc polyprotein. However, use of one of the first

three start codons or expression of Gn and Gc separately might
lead to higher expression levels of the glycoproteins, and thus
induce more protective immune responses. Further research will
be needed to test this hypothesis.
Baboons immunized with rVACVs also generated VN anti-

bodies to RVFV; again, those immunized with vCOGnGcγ had
lower antibody responses, similar to the results obtained in mice.
All baboons immunized with rVACV vaccines had strong an-
amnestic responses to booster immunization. As expected, con-
trol animals that received parental virus (vCO) had no antibody
response to RVFV.
Safety studies of the rVACVs were conducted in SCID mice

and baboons. The parental VACV was highly virulent for SCID
mice, with a median time of only 20 d to reach the endpoint of
30% weight loss. SCID mice inoculated with any of the three
rVACVs survived for more than 100 d without measureable
weight loss (Fig. 3), demonstrating that the recombinants are
highly attenuated and safe for use. MP-12 was also highly virulent
for SCID mice, with a median survival time of 10 d. As antici-
pated, baboons inoculated with the highly attenuated vCOGnGcγ
had significantly smaller pock lesions compared with those vac-
cinated with vCO (Fig. 4). Human and baboon IFN-γ have 93%
identity at the protein level, and HuIFNγ is active in the baboon.
Similarly, baboons vaccinated with vCOGnGc had smaller lesions
and no ulcerations, although not to same degree as those vacci-
nated with vCOGnGcγ. In contrast, there was no detectable dif-
ference in attenuation between the two rVACVs in mice,
probably because of the use of human instead of murine IFN-γ.
The two rVACV vaccines appear to be highly safe and rea-

sonably efficacious compared with other RVF vaccines currently
available. Many live-attenuated vaccines for RVF, including MP-
12, have major safety concerns, including abortions in ewes and
teratogenic effects in lambs (43, 44). We also showed that MP-12
was highly pathogenic for SCID mice, resulting in a median time
to death of only 10 d. An additional advantage of our rVACVs is
that they permit the use of a simple test to distinguish infected
from vaccinated animals using the N protein of RVFV. Other
attenuated vaccines, such as Clone 13, have the capability to
distinguish infected from vaccinated using the NSs protein;
however, NSs is not highly immunogenic as the N protein, leading
to reduced sensitivity (45, 46). Inactivated RVFV vaccines, such
as TGI-GSD-200, are safe for use in pregnant and young animals
but are less immunogenic (27). Similarly, subunit and DNA vac-
cines are also safe but poorly immunogenic, requiring multiple
immunizations (27–29). Another significant advantage of the
rVACVs is their heat stability, thus eliminating the need for

Table 2. Humoral immune responses to prime/boost vaccination in baboons

Neutralizing antibody*

vCO vCOGnGc vCOGnGcγ

Day† 3108 10207 4408 7407 10007 608 HK82 2108 1308 HL25 2208 6707

0 <4 <4 <4 <4 <4 4 4 4 4 4 4 <4
5 <4 <4 <4 <4 <4 4 4 4 4 4 4 <4
10 <4 <4 <4 <4 16‡ 8 4 16 8 64 4 <4
15 <4 <4 <4 <4 16 32 16 16 4 4 4 16
20 <8 <8 <8 <8 8 16 8 64 8 16 8 <8
28 <8 <8 <8 <8 16 16 16 64 16 8 8 <8
35 <8 <8 <8 <8 512 1,024 1,024 4,096 16 16 32 32
46 <8 <8 <8 <8 256 2,048 512 1,024 16 64 128 32
56 <8 <8 <8 <8 128 512 512 1,024 64 64 512 16

*Antibody titers (PRNT80) were determined on Vero cells using the MP-12 strain of RVFV.
†Initial vaccination was administered by scarification on day 0, and the intramuscular booster inoculation was given on day 28.
‡Titers shown in boldface are those that are high enough to meet protection standards; titers as low as 1:12 have previously been shown to be protective.

Papin et al. PNAS | September 6, 2011 | vol. 108 | no. 36 | 14929

M
IC
RO

BI
O
LO

G
Y



maintaining the cold chain. In addition, VACV propagates to
a very high titer in cell culture, unlike replication-deficient
VACVs, such as modified vaccinia virus Ankara (40), thus facil-
itating the large-scale production of the vaccine. In conclusion, we
have developed a highly safe and relatively efficacious vaccine for
RVF that provided up to 90% protection against a robust chal-
lenge in a mouse model. Future studies in target species (rumi-
nants) will help further evaluate the safety and efficacy of the
vaccine. Other goals include enhancing both the safety and effi-
cacy of the rVACVs. To further enhance safety, we will delete
more immunoregulatory VACV genes, such as B13R and B22R,
as we have demonstrated previously (24, 38, 47). To enhance ef-
ficacy, we will explore strategies to increase expression levels of
GnGc in rVACV, including codon optimization, using different
VACV promoters, or expression of Gn and Gc separately.

Methods
Viruses and Cell Culture. Vero cells were grown in OptiPro serum-free medium
(Invitrogen). BS-C-1, HeLa S3, and L929 cells were grown in DMEM with 10%
FBS. All cell cultures were grown at 37 °C with 5% CO2. VACVs were prop-
agated in Vero and HeLa S3 cells and titered in BS-C-1 cells. The MP-12 strain
of RVFV was propagated and titered in Vero cells.

Transfer Vectors. Plasmid pT7-7 contains the M-segment of the ZH-501 strain
and was used as a source for the RVFV Gn/Gc glycoprotein ORF. Two plasmids
based on p2SC11 (48) were developed to insert the Gn/Gc ORF with
(pΔTKGNGCγ) or without (pΔTKGNGC) the huIFNγ gene into the VACV TK
gene. pT7-7 was digested with NcoI/EcoRI, resulting in a 3.4-kb fragment
that was blunted with T4 DNA polymerase and subcloned into the SnaBI site
of p2SC11 to generate p2SC11GNGC. The huIFNγ ORF, (Ultimate ORF Clone
library; Invitrogen) was PCR-amplified with Vent DNA polymerase (New
England Biolabs) with the primers: F:59-AAAGCACCCGGGATGAAATATACA-39

and R:59-GAAAGCCCGGGTTACTGGGATGC-39 (XmaI sites underlined), cloned
into the unique XmaI site of p2SC11GnGc, and sequenced for integrity to
generate pΔTKGnGcγ. This plasmid vector contains the lacZ gene under the
VACV promoter P11, as a marker gene. pΔTKGnGc was developed by de-
leting half of the p2SC11 dsP using specifically designed 66-mer oligos (59-
GGCCGCTACGTAGAGCTCGAGCTTATTTATATTCCAAAAAAAAAAAATAAAA-
TTTCAATTTTTAAC-3, and 59-CCGGGTTAAAAATTGAAATTTTATTTTTTTTTTT-
TGGAATATAAATAAGCTCGAGCTCTACGTAGC-39). The annealed oligos had
an XmaI restriction site in the 59 end and a NotI restriction site in the 39 end
and were subcloned into the XmaI/NcoI cut p2SC11 generating p1SC11. The
Gn/Gc ORF was then subcloned into the unique SnaBI site of p1SC11 to
generate pΔTKGNGC and sequenced. The transfer vector used to delete the
B8R gene of VACV, pΔB8R, was developed by subcloning a blunted PSEL-gpt/
GUS expression cassette into the blunted Kpn I site of pUCB8R (24, 49, 50).

Generation of rVACVs. The intermediate rVACV, vCOΔB8R, with the B8R gene
deleted, was generated by standard homologous recombination by trans-
fection of pΔB8R into Vero cell monolayers infected with vCO at a multiplicity
of infection (MOI) of 0.05. Transient dominant selection (20) was used to
generate vCOΔB8R. The gpt/GUS-positive rVACVs were plaque-purified on
Vero cells eight timeswithgpt selectionmedium (25 μg/mLmycophenolic acid,
250 μg/mL xanthine, 15 μg/m hypoxanthine); blue plaques were visualized
with substrate 5-bromo-4-chloro-3-indolyl glucuronide (50). After four rounds
of limiting dilution without selection, vCOΔB8R was confirmed free of vCO
using standard PCR techniques. Primer pairs used to differentiate wild-type
VACV from rVACVs were: F:59-GCAGAGGGAAAATGCTATAAAGGA-39 and
R:59-TGGAAATGCGGATATGTCGTATG-39. The reverse primer is within the de-
leted B8R region, thus not amplifying rVACVs. The reverse primer R:59-
CACAACCCTATTTTCAATCCCCAT-39, which spans the entire deleted regions,
was used with the forward primer to distinguish rVACVs and parental VACVs
by band size. The B8R region of vCOΔB8R was also sequenced to confirm in-
tegrity. vCOΔB8R was used as a parental VACV to develop vCOΔB8RTK−,
vCOGnGc, and vCOGnGcγ. The rVACVs were generated using standard ho-
mologous recombination techniques with the transfer vectors pΔTK,
pΔTKGnGc, or pΔTKGnGcγ transfected into Vero cell monolayers infected
with an MOI of 0.05 of vCOΔB8R. rVACV plaques were visualized with 5-
bromo-4-chloro-3-indolyl-D-galactopyranoside. The rVACVs were plaque-pu-
rified 12 times and confirmed free of wild-type virus using cytochemical
staining for the presence of the lacZmarker gene, as previously described (48).

Protein Expression Characterization. Gn and Gc expression by rVACVs was
confirmed using Western blot analysis by standard procedures (35). Proteins
were separated by SDS/PAGE (NuPAGE minigels; Invitrogen), transferred to
a nylon membrane (Invitrogen iBlot system), and incubated with mouse anti-
RVFV polyclonal serum (1:200 dilution). Proteins were visualized with an AP-
conjugated goat anti-mouse IgG secondary antibody (1:2,000 dilution; Bio-
RAD, cat# 170–6520). IFN-γ expression fromVACVs was confirmed by ELISA by
a commercial ELISA (huIFNγ ELISA Ready-SET-Go!, eBioScience); bioactivity of
the cytokine was confirmed by an IFN-γ bioassay (47). Samples for both assays
were obtained from BS-C-40 cells infected with rVACVs at a MOI of 10, in-
cubated for 24 h, and supernatantsfilteredwith 0.2-μmfilters. Samples for the
bioassaywere serially diluted (1:3) inDMEMwith 5%FBS andadded to 96-well
plates seeded with L929 cells. After 24 h, encephalomyocarditis virus (1 × 103

pfu) was added; cells were stained with Crystal violet 24 h later. IFN-γ titers (in
units per milliliter) were expressed as the reciprocal of the dilution of sample
that gave 50% protection against the challenge virus. Recombinant huIFNγ
was obtained from R&D Systems (cat# 285-IF/CF).

Safety Studies in Immunodeficient Mice. C.B-17 SCID (C.B-Igh-1b/IcrTac-
Prkdcscid) mice were purchased from Taconic. The animals were housed and
used in accordance with the guidelines and approved protocols of the In-
stitutional Animal Care and Use Committee and the Institutional Biosafety
Committee at the University of California at Davis. Pock-lesion formation,
weight-loss, and survival were measured in SCID mice (10 per group, 7- to 8-
wk-old males) given 107 pfu i.p. of each rVACV in a final volume of 100 μL
PBS. Mice were inoculated intraperitoneally with MP-12 (6.5 × 105 pfu).
Animals were examined twice daily.

Vaccination and Challenge. CB6F1 mice were purchased from Harlan Labo-
ratories. Animals were housed and used in accordance with the guidelines
and approved protocols of the Institutional Animal Care and Use Committee
and the Institutional Biosafety Committee at the University of California at
Davis (UC Davis) and University of Texas, Medical Branch, Galveston, TX
(UTMB). Seven groups of CB6F1 mice (10 per group, 7- to 8-wk-old females)
were vaccinated intramuscularly with 107 pfu of the respective rVACV, 6.5 ×
105 pfu of MP-12, or PBS (mock). Mice were bled on day 0 and weeks 4, 8, 16,
and 25. Three of the seven groups received a second intramuscular vacci-
nation on week 8 of the same rVACV or MP-12. All groups were challenged
intraperitoneally at week 22 after the primary vaccination with 103 pfu of
the ZH501 strain of RVFV in a volume of 100 μL. Clinical signs and survival
were monitored twice daily. Challenge studies were carried out in the ani-
mal biosafety level 4 laboratory at UTMB.

Plaque-Reduction Neutralization Tests. RVFV PRNT80 assays for mouse sera
after challenge were performed in the biosafety level 4 laboratory at
UTMB, as previously described (51). The same procedure was used at UC
Davis to analyze the prechallenge mouse and baboon sera. Briefly, dupli-
cate samples of sera (50 μL) were diluted twofold and mixed with 70 pfu of
MP-12 in 50 μL, incubated at 37 °C for 1 h, and then added to monolayers
of Vero cells in 24-well plates. After 1 h at room temperature, the samples
were removed, the plates overlaid with 1% agarose in medium, and in-
cubated for 48 h at 37 °C in a 5% CO2 incubator. Plates were stained with
Neutral red and the number of plaques counted 16 to 20 h later. The titer
was recorded as the reciprocal of the highest serum dilution that reduced
the number of plaques by 80% (PRNT80) compared with the negative-
serum controls.

Baboon Studies. Papio cynocephalus anubis baboons (n = 12) were obtained
from the Oklahoma Baboon Research Resource at the University of Oklahoma
Health Sciences Center (Gary White, Director). The baboons were female, w2
to 3 y old, and tuberculosis-free. The animals were housed and used in accor-
dance with the guidelines and approved protocols of the Institutional Animal
Care and Use Committee and the Institutional Biosafety Committee at the
University of Oklahoma Health Sciences Center. Baboons were fasted over-
night before each procedure, with free access towater. Baboons were sedated
intramuscularly with a mix of ketamine (10 mg/kg) and acepromazine (1 mg/
kg). Baseline serum samples were obtained before vaccination; scarification
was performed in the middle of the back between the scapulae in accordance
with the Centers for Disease Control protocol. This site was first shaved and
cleaned with betadine and isopropanol. Using a bifurcated needle, w5 × 107

pfu of vCO, vCOGnGc, or vCOGnGcγ (four baboons per group) was inoculated
by scarification. Blood samples and photographs of induced lesions were
obtained on days 5, 10, 14, and 20. Once the pock lesions had resolved, blood
samples were taken and all baboons were given an intramuscular booster
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immunization (109 pfu in 1mL) onday 28. Blood sampleswere alsoobtainedon
days 35, 46, and 56. PRNT80 assays were performed as described above.

Statistics. One-way ANOVA was used to determine the statistical signifi-
cance between measurements obtained from different groups on any
given day.
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