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Rift Valley fever virus (RVFV) causes severe disease in humans and livestock. There are currently no
approved antivirals or vaccines for the treatment or prevention of RVF disease in humans. A major
virulence factor of RVFV is the NSs protein, which inhibits host transcription including the interferon
(IFN)-B gene and promotes the degradation of dsRNA-dependent protein kinase, PKR. We analyzed the
efficacy of the live-attenuated MP-12 vaccine strain and MP-12 variants that lack the NSs protein as
post-exposure vaccinations. Although parental MP-12 failed to elicit a protective effect in mice challenged
with wild-type (wt) RVFV by the intranasal route, significant protection was demonstrated by vaccination
with MP-12 strains lacking NSs when they were administered at 20-30 min post-exposure. Viremia and
virus replication in liver, spleen and brain were also inhibited by post-exposure vaccination with MP-
12 lacking NSs. The protective effect was mostly lost when vaccination was delayed 6 or 24 h after intra-
nasal RVFV challenge. When mice were challenged subcutaneously, efficacy of MP-12 lacking NSs was
diminished, most likely due to more rapid dissemination of wt RVFV. Our findings suggest that post-expo-
sure vaccination with MP-12 lacking NSs may be developed as a novel post-exposure treatment to prevent

RVF.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Rift Valley fever virus (RVFV) belongs to the genus Phlebovirus,
family Bunyaviridae, and causes mosquito-borne zoonotic diseases
involving humans and ruminants in endemic African countries
(Schmaljohn and Nichol, 2007). The genome is comprised of three
negative-stranded RNA segments. The S-segment encodes N and
NSs proteins in an ambisense manner, the M-segment encodes
Gn, Gc, 78 kD and NSm proteins, and the L-segment encodes the
RNA-dependent RNA polymerase. NSs and NSm proteins are non-
structural, and the former is the major virulence factor for RVFV.
RVFV infection in ruminants causes devastating abortion storms
and newborn lambs or kids are highly susceptible to lethal disease
(Pepin et al., 2010). Transmission to humans occurs through feed-
ing of infected mosquitoes and handling or processing of infected
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animals (Wilson, 1994). RVFV infection typically causes a biphasic
febrile illness characterized by fever, malaise, and headaches with
most patients recovering without serious sequelae (Ikegami and
Makino, 2011). However, in a small percentage of individuals,
RVFV infection can progress to a lethal hemorrhagic fever, neuro-
logical disease or blindness, with an overall case fatality estimated
to be 0.5-1% (McElroy and Nichol, 2012), although the rate has
been reported to approach 30% in hospitalized cases (CDC, 2007).
RVFV is a USDA and CDC overlap “Select Agent” and is classified
as a Category A priority pathogen by the NIAID as it poses a signif-
icant risk to public health, agriculture, and national security (Bird
et al., 2009; NIAID, 2006).

There are currently no approved antivirals for the treatment of
RVF. Ribavirin has been shown to be effective against RVFV infec-
tion in nonhuman primates (Peters et al., 1986), but is only
considered as an emergency provision due to associated toxicity
(Borio et al., 2002; Rusnak et al., 2009; Russmann et al., 2006).
While no vaccines are commercially available for RVF outside of
endemic areas, formalin-inactivated RVFV (TSI-GSD-200) and live-
attenuated MP-12 vaccines are at the status of Investigational New
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Drug for human clinical trials in the United States (Ikegami and
Makino, 2009). Because North American mosquitoes are capable
transmission vectors (Turell et al., 2010), RVFV could potentially
cause a large outbreak involving humans and livestock. Impor-
tantly, there is no consensus therapeutic regimen or post-exposure
prophylaxis to treat RVF patients or prevent the serious
complications that can occur in some patients. The lack of ap-
proved interventions underscores the need for post-infection
countermeasures and animal models to support early stage toxic-
ity and efficacy studies to evaluate vaccine and drug candidates.

The MP-12 RVFV vaccine strain was developed by serial muta-
genesis of ZH548 strain, which was isolated from a non-fatal human
case during the Egyptian outbreak of 1977 (Caplen et al., 1985). The
vaccine is highly efficacious in protecting of ruminants from disease
caused by the virulent RVFV ZH501 strain, while demonstrating
safety in the vaccination of ewes during late stages of pregnancy
and in newborn lambs (Morrill et al., 1987, 1997). MP-12 encodes
attenuation mutations in the M- and L-segments, while the
S-segment retains a virulent phenotype, and encodes a functional
NSs gene (Billecocq et al., 2008). MP-12 NSs inhibits general host
transcription including the IFN-B gene (Le May et al., 2004, 2008),
and promotes post-translational degradation of double-stranded
RNA-dependent protein kinase, PKR (Ikegami et al., 2009).

Because MP-12 lacks a marker for differentiation of infected
from vaccinated animals (DIVA), the NSs gene was deleted from
MP-12 to enable the virus to be used as a veterinary vaccine (Lih-
oradova et al., 2012). The MP-12 mutant rMP12-C13type encodes
in-frame 69% truncation of NSs gene, and lacks all the NSs func-
tions, while the rMP12-mPKRN167 mutant encodes a dominant-
negative form of mouse PKR in place of NSs, thus additionally
inhibiting the activation of PKR. Both candidate vaccines were
shown to induce detectable type-I IFN upon vaccination in mice,
while parental MP-12 did not (Lihoradova et al., 2012). Therefore,
we hypothesized that post-exposure vaccination with MP-12 lack-
ing NSs could inhibit wild-type (wt) RVFV replication at an early
stage of infection resulting in protection against lethal disease.
Here, we describe and compare RVFV infection in C57BL/6 mice
by intranasal (i.n.) and subcutaneous (s.c.) challenge routes and
employ these models to evaluate the efficacy of the MP-12 strain
and the NSs deletion strains, rMP12-C13type and rMP12-
mPKRN167, as post-exposure treatments.

2. Materials and methods
2.1. Ethics statement

All animal procedures complied with USDA guidelines and were
conducted at the AAALAC-accredited Laboratory Animal Research
Center at Utah State University under protocol 1502, approved
by the Utah State University Institutional Animal Care and Use
Committee.

2.2. Animals

Female 7-8-week-old C57BL/6 mice (The Jackson Laboratory,
Bar Harbor, ME) were used. The mice were quarantined for 72 h
prior to challenge and fed Harlan Lab Block and tap water ad
libitum.

2.3. Viruses

RVFV, strain ZH501, was obtained from Dr. Stuart Nichol (CDC,
Atlanta, GA). The virus stock (1 passage in BSRT7 cells, 3 passages
in Vero E6 cells) used was from a clarified cell culture lysate prep-
aration and was diluted in sterile medium and inoculated by either

i.n. instillation or s.c. injection (ventral, right side of abdomen).
MP-12 was obtained from Dr. Robert Tesh (World Reference Center
for Emerging Viruses and Arboviruses (WRCEVA), University of
Texas Medical Branch (UTMB), Galveston, TX). The rMP12-C13type
and rMP12-mPKRN167 recombinant vaccine virus strains have
been previously described (Ikegami et al., 2006; Lihoradova et al.,
2012). MP-12 and the NSs deletion variants were diluted in sterile
PBS and administered s.c. (ventral, left side of abdomen).

2.4. Characterization of virulent RVFV infection in C57BL/6 mice

To determine the most appropriate RVFV dose for challenge
efficacy studies, groups of mice (n=5) were challenged by i.n. or
s.c. exposure routes with 0.1 ml of inoculum containing varying
logio dilutions of virus. The animals were observed daily for
14 days for morbidity and mortality and weighed every 3 days.
Based on the virus titrations, challenge doses of 10%° and 1033
PFU were used for temporal analysis studies to evaluate the devel-
opment of serum and tissue virus titers, as well as aminotransfer-
ase serum concentrations during in. and s.c. infections,
respectively. In these studies, groups of mice (n = 3/group) were
designated for sacrificed on days 1 through 6 and liver, lung,
spleen, kidney, and brain tissues were collected for infectious virus
titer determination, as described below. Serum was assayed for vir-
al load and alanine aminotransferase (ALT) levels.

2.5. Post-exposure RVFV vaccination with NSs deletion vaccines

In the first experiment, mice (n = 10-15/group) were vaccinated
by s.c. injection with 10°> plaque-forming units (PFU) of MP-12,
rMP12-C13type, or rMP12-mPKRN167 at 20 min, 6 h, or 24 h
post-infection with 103 PFU of RVFV by the i.n. route. Included
as a negative control, one group of mice was vaccinated s.c. with
the vehicle placebo at 20 min post-challenge. Cohorts of 3-5 ani-
mals from each group were sacrificed on day 3 of infection for
determination of liver, spleen, and serum virus titers. For the sec-
ond experiment, mice (n =22 for treatment groups, n =32 for the
placebo group) were vaccinated with the vehicle placebo or 10°
PFU of MP-12, rMP12-C13type, or rMP12-mPKRN167 by s.c. injec-
tion 30 min after contralateral s.c. challenge with 10>° PFU of
RVFV. Four animals from each group were sacrificed on days 1, 2
and 3 of infection for analysis of liver disease, viral titers, histopa-
thology, and systemic IFN-B levels. Sham-infected normal animals
were included in both studies as controls for the virus inoculation
medium and to establish baselines for all parameters and the assay
detection limits for the viral titers.

2.6. Tissue and serum virus titers

Virus titers were assayed using an infectious cell culture assay
as previously described (Gowen et al., 2007). Briefly, tissue samples
were homogenized in a fixed volume of Minimal Essential Medium
(MEM) and the homogenates and serum were serially diluted and
added to quadruplicate wells of Vero 76 cell monolayers in 96-well
microplates. The viral cytopathic effect (CPE) was determined
4 days post-infection and the 50% endpoints were calculated as de-
scribed (Reed and Muench, 1938). The detection limit for serum
virus was 1.75 log;g 50% cell culture infectious dose (CCIDsq)/ml.
The lower limit of detection for tissues varied from 2.25-4.8
log,o CCIDsg/g of tissue.

2.7. Measurement of serum ALT
Detection of ALT in serum is an indirect method for evaluating

liver disease. Serum ALT levels were measured using the ALT
(SGPT) Reagent Set purchased from Pointe Scientific, Inc. (Lincoln
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Park, MI) per the manufacturer’s recommendations. The reagent
volumes were adjusted for analysis on 96-well microplates.

2.8. Interferon-beta (IFN-B) enzyme linked immunosorbant assay
(ELISA)

Levels of IFN-B in serum were determined using the VeriKine
Mouse Interferon-beta ELISA kit (PBL Interferon Source, Piscata-
way, NJ) following the manufacturer’s recommendations. The kit
uses a sandwich enzyme immunoassay format with recombinant
mouse IFN-B expressed in mammalian cells provided as the stan-
dard. Based on dilution of serum samples, the assay lower limit
of detection was 50 pg/ml.

2.9. Histopathology

For the second post-exposure vaccine efficacy study in the s.c.
RVFV challenge mouse model, liver and brain samples were sent
to the Utah Veterinary Diagnostic Laboratory (Logan, UT) for histo-
pathologic examination. Sections were analyzed by a blinded
board certified pathologist and lesions scored on a scale of 0-3
based on disease severity: 0=normal, 1=mild, 2=moderate,
3 = severe.

2.10. Statistical analysis

The Mantel-Cox log-rank test was used for analysis of Kaplan-
Meier survival curves. A one-way analysis of variance (ANOVA)
with a Newman-Keuls posttest was performed to compare differ-
ences in viral titers, ALT and IFN-B concentrations, and histopathol-
ogy scores. All statistical evaluations were done using Prism
(GraphPad Software, CA).

3. Results
3.1. Characterization of RVFV infection in C57BL/6 mice

We first titrated the ZH501 strain of RVFV in C57BL/6 mice by
i.n. instillation to establish a respiratory route infection model to
evaluate post-exposure vaccination interventions with MP-12
and NSs deletion viruses. The virus was uniformly lethal in
4-6days by the in. route at doses of 1000 PFU or greater
(Fig. 1A). At lower challenge doses (10-100 PFU), significant delay
in time of death out to 6-9 days post-infection was observed. LDsq
and LDgy were estimated to be approximately 30 and 260 PFU,
respectively. Next, we challenged C57BL/6 mice by s.c. injection
to more closely resemble mosquito-borne transmission. At a chal-
lenge dose of 103 PFU of RVFV, complete lethality was observed
within 3-6 days (Fig. 1B). There was some variability with the
intermediate doses as reflected by 60% lethality at the dose of
10'3 PFU and 20% mortality with the 10?3 PFU challenge dose. If
we assume that the latter was an aberrant result and remove it
from the analysis, the LDsq and LDgy were 70 and 620 PFU, respec-
tively. Notably, 2 of the animals challenged with 10" PFU of RVFV
succumbed 11 and 13 days after challenge (Fig. 1B), with enceph-
alitic disease being the presumptive cause of death.

We next examined the temporal development of viremia and
viral titers in tissues following i.n. and s.c. wt RVFV challenge. Mice
infected s.c. with RVFV reached maximum serum virus titers (>7.5
log1o CCIDsp/ml) at 2 days post-infection (dpi), whereas it took
3 days for mice challenged by i.n. route to reach peak titers of 8
logo CCIDso/ml (Fig. 2A). A low level of viremia was detected as
early as 1dpi in mice challenged s.c., while viremia began on
2 dpi following i.n. challenge. Maximum viral titers were observed
at 2dpi in the liver, lung, spleen, kidney and brain of mice
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Fig. 1. Survival of C57BL/6 mice challenged i.n. or s.c. with wt RVFV. Groups of 5
mice were infected with the indicated PFU of RVFV. Mortality was monitored over a
14-day period. Survival of (A) i.n. and (B) s.c. challenged mice.

challenged by the s.c. route, whereas peak titers generally required
3 days to develop in mice infected i.n. (Fig. 2B-F). Notably, how-
ever, viral loads of >5 log;o CCIDso/g were detected in lung tissue
in mice challenged i.n. as early as 1 dpi, with titers equivalent to
the s.c. infection observed on day 2 (Fig. 2C). Thus, with the excep-
tion of the lungs, dissemination of RVFV to the viscera progressed
more rapidly following s.c. inoculation at the challenge doses
evaluated.

Serum ALT was used as a marker for liver damage in mice. Only
1 out of 3 animals that were challenged with wt RVFV via the s.c.
route showed an elevation of ALT on day 2, but all 3 animals in
the day 3 sacrifice group had >5000 IU/L (Fig. 2G). In contrast, only
a slight elevation in ALT was observed on day 3 in 1 of 2 animals
challenged i.n., with the only surviving mouse in the day 4 sacrifice
group having a dramatically elevated ALT. Thus, the time course
data suggest that day 3 is the optimal sampling time to measure
the effects of candidate treatments for both challenge routes,
although liver dysfunction in the i.n. challenge model may not be
well resolved until day 4.

3.2. Post-exposure vaccination of mice with MP-12 lacking NSs
protects mice from lethal i.n. RVFV challenge

We next tested the efficacy of MP-12, rMP12-C13type and
rMP12-mPKRN167 when administered s.c. at 20 min, 6 or 24 h
after i.n. challenge with wt RVFV. Regardless of the time of post-
exposure vaccination, most of the mice placebo-vaccinated or vac-
cinated with MP-12 succumbed within 4-9 days post-challenge
(Fig. 3). On the other hand, 70-80% of mice vaccinated with
rMP12-C13type or rMP12-mPKRN167 were significantly protected
from the i.n. wt RVFV infection when vaccinated 20 min post-chal-
lenge (Fig. 3A). Evidence of a weak protective effect compared to
placebo or MP-12 vaccinations was also observed in groups that re-
ceived rMP12-C13type or rMP12-mPKRN167 at 6 and 24 h post-
infection (Fig. 3B and C). In parallel, sham-infected animals were
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Fig. 2. Temporal analysis of tissue and serum virus titers and ALT levels during wt RVFV infection in C57BL/6 mice. Animals were challenged i.n. or s.c. with 10> or 10** PFU
of RVFV, respectively. Groups of 3 mice were designated for sacrifice on the specified days of infection for analysis of (A) serum, (B) liver, (C) lung, (D) spleen, (E) kidney, and
(F) brain virus titers, and (G) serum ALT concentrations. Unique symbols on each day post-infection represent values for the same animal across all parameters. The closed
and open symbols represent mice challenged i.n. or s.c., respectively. The gray, solid and hashed lines indicate the limits of detection for the i.n. and s.c. challenged animals,
respectively. Serum from one of the animals on day 1 was compromised and not included in the analysis. Due to death prior to time of sacrifice, data for several animals in the

day 3 and 4 groups could not be obtained.

also vaccinated with placebo, MP-12, rMP12-C13type or rMP12-
mPKRN167. All groups appeared healthy and had similar weight
increase throughout the experiment (data not shown), demon-
strating that MP-12, rMP12-C13type, and rMP12-mPKRN167 vac-
cinations were well tolerated by the mice.

The impact of post-exposure vaccination on tissue and serum
virus titers was investigated in a subset of mice sacrificed at 3 days
post i.n. wt RVFV infection. In mice vaccinated with placebo 20 min
after infection, all 5 animals developed high serum, liver, and
spleen virus titers at 3 dpi (Fig. 4A-C, left panels). Most of the mice

vaccinated with MP-12 at 20 min, 6 h or 24 h post-infection also
showed abundant serum and tissue virus titers, with the exception
of a few animals that were vaccinated within 20 min of wt i.n.
RVFV exposure (Fig. 4). Consistent with the survival data, no virus
was detected in serum, liver and spleen of mice vaccinated at
20 min post-infection with MP-12 viruses lacking NSs, with the
exception of a single animal vaccinated rMP12-mPKRN167 having
a low liver virus titer (Fig. 4A-C, left panels). The dramatic reduc-
tions in viral loads were still observed when vaccination was de-
layed until 6 and 24 h after wt RVFV challenge in 2 of 4 mice
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Fig. 3. Effect of post-exposure vaccination with MP-12 or MP-12 lacking NSs on
survival outcome in mice challenged by i.n route with wt RVFV. Mice (n=7-10) in
each group were challenged with 10>3 PFU of RVFV then treated s.c. with placebo
(20 min post-exposure), or 10° PFU of MP-12, rMP12-C13type, or rMP12-
mPKRN167 at (A) 20 min, (B) 6 h, or (C) 24 h post-exposure. *P < 0.05, **P < 0.01
compared to placebo-treated animals; 2P < 0.05, "P<0.01 compared to MP-12-
treated animals.

vaccinated with rMP12-C13type, and to a lesser extent with ani-
mals vaccinated with rMP12-mPKRN167 (Fig. 4A-C middle and
right panels). Although not statistically significant, there was a
trend that the 24 h samples collected from mice vaccinated with
the parental MP-12 had slightly increased virus titers in serum, li-
ver and spleen compared to the mice that were placebo-vaccinated
at 20 min post-infection (Fig. 4A-C, right panels). This may be due
to the contribution of MP-12 to the total infectious virus pool in
tissues and serum. Taken together, the viral titer data suggests that
the inhibition of wt RVFV replication resulting from vaccination
within 20 min post-exposure is associated with a lack of NSs gene
functions and the induction of type-I IFN during the early stages of
infection.

3.3. Efficacy of post-exposure vaccination with NSs deletion variants
against lethal s.c. RVFV challenge

We next investigated the efficacy of MP-12, rMP12-C13type,
and rMP12-mPKRN167 in mice challenged with wt RVFV via the
s.c. route. Vaccines were administered at 30 min post-exposure,
and not at later times, because we expected more rapid dissemina-
tion and replication of wt RVFV in the liver and other organs com-
pared to the i.n. infection (Fig. 2). We used a contralateral s.c.
vaccination strategy to evaluate the systemic effect of post-
exposure vaccination, rather than local reactions occurring within

a specific draining lymph node. As shown in Fig. 5, vaccination
with rMP12-C13type or rMP12-mPKRN167 viruses significantly
improved survival outcome in mice infected with wt RVFV
compared to the placebo-vaccinated animals (P < 0.001) and the
MP-12-vaccinated animals (P < 0.01). All of the MP-12-vaccinated
animals succumbed to the infection by day 12 and the animals
receiving the placebo vaccine by day 7 (Fig. 5). Comparatively,
30% of the rMP12-C13type treatment group and 20% of the
rMP12-mPKRN167 treatment group survived the lethal challenge.

The efficacy of the 30 min post-exposure vaccinations with the
NSs deletion virus were also evaluated by measurement of reduc-
tions in virus titers and several disease parameters over the first
3 days of infection. Spleen virus titer was slightly increased in
one mouse vaccinated with rMP12-C13type at 1 dpi, while all
other measured parameters were at or below the limit of detec-
tion (data not shown). Virus loads were increased in most of the
mice vaccinated with MP-12 or placebo at 2 dpi (Fig. 6A-D). In
contrast, viral titers were at or below the limit of detection in
most of the animals vaccinated with rMP12-C13type or rMP12-
mPKRN167, with the exception of a couple of mice that had
low level serum and/or liver virus titers. By day 3 post-infection,
all mice had high levels of serum and tissue virus titers
(Fig. 6A-D).

In regards to mitigating liver damage, significantly less ALT was
detected in the serum of mice vaccinated with rMP12-C13type or
rMP12-mPKRN167 at 3 dpi, compared to the placebo-vaccinated
animals (P <0.05) (Fig. 6E). These results were consistent with
the day 2 liver virus titer data (Fig. 6B), and are indicative of re-
duced liver damage in most of the mice vaccinated with the NSs
deletion viruses. We also evaluated systemic IFN-B levels on days
1-3 since it is known that concentrations are increased in mice in-
fected with wt RVFV at 3 dpi and linked to disease progression
(Jansen van Vuren et al., 2011), and we had previously shown that
both rMP12-C13type and rMP12-mPKRN167, but not MP-12, could
induce detectable serum IFN-o at 1 day post s.c. vaccination in CD-
1 mice (Lihoradova et al., 2012). Serum IFN-B levels were detect-
able in all mice in the placebo vaccination group at 2 dpi, with sig-
nificantly reduced and nearly undetectable levels present in the
animals vaccinated with the NSs deletion viruses (P < 0.05)
(Fig. 6F). On day 3 post-infection, INF-B could be readily detected
in mice vaccinated with MP-12, rMP12-mPKRN167, and placebo,
whereas 3 of 4 mice vaccinated with rMP12-C13type did not have
detectable levels (Fig. 6F). Therefore, the data suggests that the in-
crease in IFN-B is primarily induced by the host response to wt
RVFV, and not the vaccine viruses. The liver histopathology scores
were also consistent with the serum ALT and day 2 liver virus titer
data (Fig. 6B and E). Mice vaccinated with rMP12-C13type had sig-
nificantly less hepatocellular damage than the placebo (P < 0.05) or
MP-12-vaccinated animals (P < 0.01) at 3 dpi, while those vacci-
nated with rMP12-mPKRN167 did not have a significant reduction
in liver lesions (Fig. 6G). The results suggest that vaccination with
rMP12-C13type induces a liver-protective effect, which is not ob-
served following vaccination with rMP12-mPKRN167.

At the completion of the 21-day observation period, virus titers
in spleen and brain were determined in mice vaccinated with
rMP12-C13type or rMP12-mPKRN167 that survived wt RVFV chal-
lenge. At 21 dpi, all the survivors had baseline levels of serum
IFN-B or ALT, with no detectable virus present in liver (data not
shown). Further, virus was not found in any spleen or brain tissue
samples with the exception of one animal vaccinated with rMP12-
mPKRN167, which had a low level of virus in the spleen (<5 log;go
CCIDsp/g) (Fig. 7A and B). In addition to the above survivors, a
mouse treated with rMP12-mPKRN167 was found moribund at
17 dpi (Fig. 5), and sacrificed for inclusion in the analysis. Similar
to the survivors, the moribund mouse had baseline concentrations
of IFN-B and ALT, and there was no evidence of infectious RVFV in
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Fig. 4. Effect of post-exposure vaccination with MP-12 or MP-12 lacking NSs on i.n. wt RVFV replication at 3 dpi. Mice (n = 3-5 per group) were treated as described in Fig. 3
and sacrificed on day 3 of infection for evaluation of (A) serum, (B) liver, and (C) spleen viral titers. The gray hashed lines indicate the lower limits of detection. Unique
symbols in each treatment group represent values for the same animal across all parameters. *P < 0.05, **P < 0.01 compared to placebo-treated animals; *P < 0.05, P < 0.01
compared to MP-12-treated animals. ND, not determined.

the liver (data not shown). The moribund animal did have a low
level of virus in the spleen (Fig. 7A), but most remarkable was
the 10'° log;o CCIDsq of virus per g of brain tissue (Fig. 7B), suggest-
ing that it was deteriorating from a severe brain infection and asso-

ciated encephalitis.

histopathology score reflected the severe encephalopathy observed
(Fig. 7C). The brain in this animal showed multifocal, perivascular
lymphocytic and neutrophilic encephalitis with necrotic debris in
the neurophil surrounding some affected vessels and meninges
multifocally thickened by moderate numbers of lymphocytes and
neutrophils (not shown). The result suggests that rMP12-C13type
may be more effective than rMP12-mPKRN167 in preventing wt

Consistent with this

RVFV replication after the acute infection.

4. Discussion

The present study describes a series of experiments designed to
investigate the post-exposure efficacy of the MP-12 vaccine strain

assessment,

— MP-12
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the 2 60
5
® 40 peeteseeeees sk b
2 L e e — — '—'———.——"
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Fig. 5. Effect of post-exposure vaccination with MP-12 or MP-12 lacking NSs on
survival outcome in mice challenged s.c. with wt RVFV. Mice in each group (n = 10)
were challenged with 102 PFU of RVFV, then treated s.c. with 10° PFU of MP-12,

MP-12.

rMP12-C13type or rMP12-mPKRN167 at 30 min post-infection. ***P < 0.001 com-
pared to animals receiving placebo (n = 20), °P < 0.01 compared to animals receiving
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Fig. 6. Viral titers, serum ALT, IFN-B, and histopathology in mice challenged s.c. with wt RVFV and vaccinated with MP-12 or MP-12 lacking NSs at 30 min post-exposure.
Animals were treated as described in Fig. 5 and sacrificed on day 1 (not shown), 2 or 3 post-infection for analysis of (A) serum, (B) liver, (C) spleen, and (D) brain virus titers,
(E) serum ALT, (F) serum IFN- levels, and (G) histopathology of the liver. The gray hashed lines indicate the limits of detection. Unique symbols on each day of sacrifice
represent values for the same animal across all parameters. Due to death prior to time of sacrifice, data for several animals in the MP-12 and placebo groups could not be
obtained. *P < 0.05 compared to animals receiving placebo, °P < 0.01 compared to animals receiving MP-12.

and MP-12 variants lacking a functional NSs gene in C57BL/6 mice
challenged by i.n. and s.c. routes with wt RVFV. A recent compre-
hensive study of s.c. RVFV infection in BALB/c mice described a
lethal disease with acute hepatitis and encephalitis being the most
prominent features (Smith et al., 2010). Survival and viral replica-
tion data obtained using our C57BL/6 model were consistent with
those reported in BALB/c mice and other studies using C57BL/6
mice (Gray et al, 2012). We also observed that disease in
C57BL/6 mice challenged s.c. progresses more rapidly compared
to i.n. infection, as reflected by earlier time to death, and faster
development of viral titers and liver disease as measured by eleva-
tion in ALT concentration. Consequently, the window of opportu-
nity for effective post-exposure vaccination to suppress wt RVFV
replication and disease likely depends on the speed of virus spread.
Indeed, challenge by the i.n. route followed by vaccination with

rMP12-C13type or rMP12-mPKRN167 within 20 min protected
70-80% of mice from mortality, whereas similar post-exposure
vaccination against wt RVFV inoculated s.c. was less effective.
However, it is important to note that the uniform lethality in the
s.c. challenge study (i.n. challenge was 90% lethal), combined with
the delay in post-exposure vaccination from 20 min to 30 min,
likely influenced the decreased efficacy.

Previous studies employing rMP12-C13type and rMP12-
mPKRN167 NSs deletion viruses have demonstrated improved
immunogenicity and increased efficacy with vaccination prior to
wt RVFV challenge (Lihoradova et al., 2012). In the present study,
both the NSs deletion virus strains provided significant protection
in mice challenged i.n. with RVFV when administered 20 min post-
exposure, with only a weak protective effect seen at 6 h or beyond.
To a lesser extent, both NSs deletion strains also provided
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Fig. 7. Analysis of tissue viral titers and histopathology in survivors and moribund mice treated with rMP12-C13type or rMP12-mPKRN167 RVFV vaccine viruses at 30 min
post-exposure. Five mice survived the 21-day observation period. One mouse vaccinated with rMP12-mPKRN167 that became moribund on day 17 was also included. Shown
are data for (A) spleen, and (B) brain virus titers, and (C) histopathology of the brain. The gray hashed lines indicate the limits of detection. Unique symbols in each treatment

group represent values for the same animal across all parameters.

significant protection from mortality in the s.c. RVFV-infected mice
when given as a 30-min post-exposure vaccination. As discussed
above, the reduced efficacy was consistent with a more rapid dis-
ease progression in mice infected s.c. Importantly, parental MP-
12 failed to protect the mice from wt RVFV challenges when
administered post-exposure. Because MP-12 NSs is functional
and inhibits host innate immune responses (Billecocq et al.,
2008), we interpreted the efficacy of rMP12-C13type and rMP12-
mPKRN167 to be due to induction of host innate immune re-
sponses by those viruses at an early stage of wt RVFV infection.
We previously showed that mice infected with Punta Toro virus
could be treated post-exposure with a replication-incompetent
adenovirus encoding consensus human IFN-ao (Gowen et al.,
2012). Studies to elucidate the precise mechanism of protection
elicited by post-exposure vaccination with rMP12-C13type or
rMP12-mPKRN167 will be forthcoming.

The large amount of infectious virus present in the brain on day
17 post-infection in the moribund mouse vaccinated with rMP12-
mPKRN167 suggests that mice surviving beyond the acute hepatic
phase of the disease succumb to encephalitis. This was also sup-
ported by the lack of viral burden in the serum and other extraneu-
ral tissues, with the exception of a low spleen virus titer, in this
animal and was consistent with previous work in BALB/c mice
wherein neuroinvasion and encephalitis was reported in animals
succumbing later during the course of infection (Smith et al.,
2010). It is possible that rMP12-C13type may be more effective
than rMP12-mPKRN167 as a post-exposure vaccine. Both viruses

lack NSs functions, but rMP12-mPKRN167 also encodes a domi-
nant-negative form of mouse PKR, and therefore is designed to in-
crease protein synthesis in infected cells (Lihoradova et al., 2012).
Thus, differences in host cytokine profiles in mice vaccinated with
rMP12-C13type and rMP12-mPKRN167 may result in more a
favorable response with the former when administered post-expo-
sure. Understanding the effect of these vaccines on host proteins
may be useful to determine markers for successful treatment of
RVF.

In summary, post-exposure vaccination of mice with MP-12
lacking NSs within 20-30 min of wt RVFV challenge significantly
improved survival outcome when compared to MP-12- and pla-
cebo-vaccinated mice. In humans, there is a 4-6 day incubation
period following exposure to RVFV, and in severe cases of the hem-
orrhagic disease, patients generally die within 3-6 days after the
onset of signs of clinical illness (Ikegami and Makino, 2011). Be-
cause mice challenged with RVFV succumb to the acute phase of
the infection within a day of showing disease signs such as leth-
argy and ruffling of fur, it is difficult to translate our results to
the human condition. Nevertheless, considering the rapid progres-
sion of the disease in mice, the ability to significantly protect ani-
mals against wt RVFV infection with vaccination is encouraging.
Our findings suggest that accidental laboratory infection or other
scenarios wherein post-exposure prophylaxis can be administered
within a few hours of exposure may be a safe and effective alterna-
tive to prophylaxis with ribavirin, the currently indicated emer-
gency provision (Borio et al., 2002).
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