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Abstract

Introduction—Rift Valley fever (RVF) is a mosquito-borne zoonotic viral disease endemic to
Africa and the Arabian Peninsula. High rates of abortion among infected ruminants and
hemorrhagic fever in infected humans are major public health concerns. Commercially available
veterinary RVF vaccines are important for preventing the spread of the Rift Valley fever virus
(RVFV) in endemic countries; however, RVFV outbreaks continue to occur frequently in endemic
countries in the 215t century. In the U.S., the live-attenuated MP-12 vaccine has been developed
for both animal and human vaccination. This vaccine strain is well attenuated, and a single dose
induces neutralizing antibodies in both ruminants and humans.

Areas covered—This review describes scientific evidences of MP-12 vaccine efficacy and
safety, as well as MP-12 variants recently developed by reverse genetics, in comparison with other
RVF vaccines.

Expert commentary—The containment of active RVF outbreaks and long-term protection from
RVF exposure to infected mosquitoes are important goals for RVF vaccination. MP-12 vaccine
will allow immediate vaccination of susceptible animals in case of an unexpected RVF outbreak in
the U.S., whereas MP-12 vaccine may be also useful for the RVF control in endemic regions.
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1. Introduction

In 1930, an outbreak of Rift Valley fever (RVF) involving sheep, cattle, goats, and humans
was reported in Kenya [1]. This disease was characterized by a high mortality rate (more
than 90%) of newborn lambs and high abortion rates among pregnant ewes, cattle, and goats.
Daubney and Hudson proposed that Rift Valley fever virus (RVFV) is transmitted by
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mosquitoes, and in the 1940s, Smithburn et al. accidentally isolated RVFV (Entebbe strain)
from a pool of Aedesand Eretmapodites spp. mosquitoes, which were caught for the
investigation of Yellow fever, in a forest uninhabited by humans in Uganda [2]. From the
1950s to the 1990s, RVF outbreaks occurred in various countries throughout the African
continent, such as Kenya, South Africa, Zimbabwe, Namibia, Mozambique, Madagascar,
Mauritania, Senegal, Egypt, and Sudan [3]. During this period, it became evident that human
infection with RVFV can occasionally lead to hemorrhagic fever, encephalitis, or retinitis
with partial or complete blindness, in addition to febrile illness [4,5]. In the 215t century, a
RVF outbreak occurred for the first time in Saudi Arabia and Yemen on the Arabian
Peninsula [6], and major RVF outbreaks continued to occur in Kenya, Tanzania, and Somalia
in 2006, Namibia and South Africa from 2009 — 2011, Sudan in 2007 and 2010, Madagascar
in 2008, Mauritania in 2010 and from 2012 — 2015, and both Uganda and Niger in 2016 [7].
Over the last 80 years, frequent RVFV outbreaks have affected agriculture and public health
in various African countries, as well as Saudi Arabia and Yemen. In 2016, a man who was
suspected to have become infected with yellow fever in Angola traveled back to China and
RVFV RNA was detected via deep sequencing [8]. Because this patient had mosquito bites
but did not have close contact with animals before the onset of febrile illness, sporadic
RVFV infection via infected mosquitoes may also occur in countries such as Angola, where
active RVF outbreaks are not apparently ongoing. The transmission of RVFV occurs via
mosquito vectors or body fluid of infected animals, and a lack of mosquito bites during the
viremic period or appropriate quarantine of animals might prevent the spread of disease into
other countries outside the endemic area [9]. Vaccination of sheep, cattle, and goats is the
most important countermeasure with which to contain RVFV spread. To protect highly
susceptible pregnant ewes or newborn lambs, the RVF vaccine must rapidly induce
protective immunity, and remain sufficiently safe for vulnerable animal populations. The
live-attenuated Smithburn vaccine, which was made in 1940s [10], causes considerable
abortion risk in pregnant animals and is therefore only used for non-pregnant ruminants in
endemic countries [11,12]. On the other hand, a formalin-inactivated RVF vaccine derived
from the Entebbe strain was not efficacious for protecting pregnant ewes with a single dose
[13]. In the U.S., a live-attenuated MP-12 vaccine strain was developed in the 1980s and was
conditionally licensed for animal vaccination. This strain is attenuated, and requires only a
single dose to elicit protective immune responses in ruminants and humans. In order to
develop effective countermeasures against RVF, it is important to correctly understand the
need for RVF vaccines. Since informative RVF vaccine reviews have previously been
described elsewhere [14-17], this review will describe the update of the safety and
immunogenicity of MP-12 vaccine candidate for animal and human applications.

2. Development of the MP-12 vaccine

The MP-12 strain was developed from the pathogenic ZH548 strain, which was originally
isolated from a febrile human in Egypt in 1978 via 12 serial mutageneses [18]. Monolayers
of human fetal lung diploid (MRC-5) cells were infected with uncloned ZH548 strain at 0.1
multiplicity of infection (moi). After repeated washes, cells were incubated with media
containing 200 pg/ml of 5-fluorouracil (5-FU) at 37.5°C. Residual viruses were again
removed at 3 — 4 hours post infection (hpi), and cells were further incubated with fresh
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media containing 5-FU for 45 to 65 hours. A plaque assay was then performed on MRC-5
cells, and viruses were isolated from the two largest well-separated plaques. Plaque-isolates
were further amplified using media without 5-FU, and harvested at 48 to 72 hpi. One of the
two stocks was selected based on larger plaque phenotype and/or high titers. Following this,
mutagenesis cycles were initiated in the same experimental method. As a result, a mutant of
the ZH548 strain was isolated after each mutagenesis cycle: i.e., 16 mutant strains (the MP-1
to the MP-16 strains) during 16 mutagenesis cycles. The lethal doses (LDsg; log1g pfu) of
those strains in 4- to 6-week-old outbred mice via intraperitoneal route infection (i.p.) were
1.8 (MP-1), 2.8 (MP-3), 4.8 (MP-6), =2 6.7 (MP-7), = 6.3 (MP-12), and = 5.7 (MP-16),
respectively [18]. Due to the attenuation, the MP-12 strain was selected for further
production of vaccine master seed and vaccine lot in the Salk Institute Government Service
Division GMP facility (MP-12 vaccine, TSI-GSD-223). The preparation of MP-12 vaccine
was described in the Investigational New Drug application (IND BB-4307), and the protocol
was previously summarized by Lokugamage et al. [19]. The original MP-12 strain was
amplified once in certified MRC-5 cells in 40 flasks (150 cm?) at 37°C for 51 hours, which
was stocked as master seed (860 ml, >6.0 log,g pfu/ml). Master seed was then amplified
once in certified MRC-5 cells in 60 flasks (150 cm?2) at 37°C for 50 hours, and this was
stocked as production seed (1,750 ml, >6.0 logqg pfu/ml). In 1988, a vaccine lot was made
from the production seed using 1,239 flasks (58,120 ml), which resulted in 9,360 vials of
filtrated and lyophilized vaccine lot 7-2-88 (stored at -30°C). The MP-12 vaccine lot has
been used for various vaccine safety and efficacy studies using different animal models,
including mice, sheep (adult, pregnant ewes, young, and newborn lambs), cattle (adult,
lactating cows, pregnant cows, newborn, and young calves), and rhesus macaques [18,20-
32]. The MP-12 vaccine is an Investigational New Drug to be tested in humans, and its
safety and immunogenicity have been tested in clinical trials, including healthy adults
[33,34]. In 2013, the MP-12 vaccine was conditionally licensed to Zoetis Inc. for animal
vaccination in the U.S. without specific descriptions in the issuance of a conditional license
in terms of applied animal species, pregnancy, or age [35], and new vaccine master seed has
been generated accordingly by additional amplification of TSI-GSD-223 in MRC-5 cells
[27,36].

3. Efficacy and safety of the MP-12 vaccine in sheep and cattle

Morrill et al. demonstrated the efficacy and attenuation of the MP-12 vaccine in pregnant
ewes, which are one of the most susceptible animal populations to RVFV infection [20].
Ewes in the second trimester of pregnancy (90 to 110 days pregnancy) were subcutaneously
(s.c.) vaccinated with a 1x10° pfu dose of MP-12 vaccine and challenged with the
pathogenic ZH501 strain at 63 days post vaccination (dpv). Ewes developed viremia of 0.7
to 1.4 logqg pfu at 1 dpv, and Plague Reduction Neutralization Test 80 (PRNTgp) titer of >
1:320 were raised by 14 dpv. All vaccinated and challenged ewes delivered healthy lambs,
and no neutralizing antibodies were detected in those lambs at birth, indicating that the
MP-12 vaccine did not cross the placenta. In this vaccination study [20], newborn lambs
rapidly gained neutralizing antibodies after ingesting colostrum from vaccinated ewes.

Newborn lambs are highly susceptible to RVFV infection, with mortality reaching 100%.
Because RVF vaccination should include vulnerable populations, Morrill et al. also tested
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the safety of the MP-12 vaccine in newborn lambs [21]. Six out of 12 lambs (< 7 days old)
vaccinated with the MP-12 vaccine (5x10° pfu, i.p.) experienced transient febrile response
(=40°C) at 3 to 5 dpv. Histopathological examination showed one to several foci of
hepatocellular necrosis in three of the 12 lambs at 2, 3, and 4 dpv. Two- to seven-day-old
lambs were overall resistant to MP-12 vaccination, however, and the elevated liver enzyme
Gamma-Glutamyl Transferase (GGT) in sera could return to normal within 10 days.
Subcutaneous vaccination with the MP-12 vaccine (5%103 pfu or 5x103 pfu) induced
transient viremia (< 0.7 to 2.8 logy pfu/ml) at 1 to 4 dpv, and vaccinated two- to seven-day-
old lambs were fully protected from the pathogenic ZH501 strain (5x10° pfu, s.c.) when
challenged at 14 dpv. Hubbard et al. also tested the efficacy of the MP-12 vaccine (102, 103,
104, 10°, and 10° pfu doses) in two-week-old lambs [25]. Although lambs vaccinated with a
102 or 103 dose of MP-12 vaccine showed transient pyrexia after ZH501 strain challenge
(1x108 pfu, s.c.), a higher dose protected lambs from pyrexia. These studies demonstrated
the efficacy and attenuation of the MP-12 vaccine in ewes at 90 to 110 days pregnancy, as
well as in newborn and young lambs.

Efficacy and attenuation of the MP-12 vaccine were also demonstrated in cows and calves.
Cows in their third, fifth, or eighth month of pregnancy were subcutaneously vaccinated with
1x10° pfu of MP-12 vaccine [22]. Vaccination induced viremia of 0.7 to 2.5 logso pfu at 2 to
4 dpv. Neutralizing antibodies were detectable at 7 dpv, and increased to the PRNTgg titers
of = 1:40 by 10 dpv. One cow died from watery diarrhea that persisted from 86 dpv to 164
dpv. Although mild inflammation in the small intestine and a necrogranuloma in a
mesenteric lymph node were found in the cow, no histologic lesions associated with RVFV
antigens were detected in the histological examination. All other cows delivered healthy
calves with no detectable anti-RVFV antibody in precolostrum sera. A lactating dairy cow
was also subcutaneously vaccinated with 1x10° pfu of MP-12 vaccine. A low level of
viremia occurred at 1 dpv, whereas neutralizing antibody titers (PRNTgg) of 1:80 to 1:1,280
were detected in milk by 10 dpv. A dose escalation study using yearling steers showed that
the MP-12 vaccine has full protective efficacy from the pathogenic ZH501 strain challenge,
at least with a 1x103 pfu vaccine dose (s.c.). Another safety study tested direct intramuscular
(i.m.) vaccination of three- or five-month-old fetuses with 1x10° pfu of MP-12 vaccine
through laparotomy of pregnant cows [23]. In the experiment, several abortions occurred,
including within the control group, likely due to surgical trauma. Newborn calves that had
been vaccinated as fetuses were healthy and had neutralizing antibody titers of 1:20 to
1:1,280 at birth. A recently conducted study showed that four-month-old calves vaccinated
with 2.9x108 pfu of MP-12 vaccine, however, suffered multifocal hepatocellular necrosis
(0.3 -0.7 mm in diameter) in the liver at 2, 3, 4, and 10 dpv, and a viral antigen was detected
associated with the necrotic lesions [37]. Those calves had suppurative bronchopneumonia
irrelevant to the MP-12 vaccination, and systemic stress derived from respiratory disease
may affect the pathogenesis of liver lesions in calves of this age. Taken together with a
previous study [21], young animals are more susceptible to MP-12 vaccine infection and
tend to incur transient hepatitis dependent on their immunological condition. Another study
also showed that 6 month-old alpacas ( Vicugna pacos) vaccinated with 108 TCIDsg dose of
MP-12 strain via s.c. resulted in mild focal lymphohistiocytic hepatitis with viral infection in
hepatocytes, in one of three animals [38]. Because livestock animals may have various
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health conditions, further evaluation of vaccine safety in immunosuppressed animals will be
meaningful to assess the vaccine safety in field use.

The safety of the MP-12 vaccine in immunosuppressed human individuals, pregnant women,
or children has never been established. Thus, exposure of the MP-12 vaccine to those
populations is a potential safety concern. No evidence of viral transmission from vaccinated
animals to sentinel animals has yet been shown [36]. MP-12-vaccinated lactating cows did
not shed viruses in milk, although viremia occurred at 2 to 4 dpv [22]. Conversely, the
MP-12 vaccine was isolated from oropharyngeal swabs taken from two vaccinated rhesus
macaques (6x103 pfu dose, i.m.) at 4 or 7 dpv [31], whereas no virus was recovered from
oropharyngeal swabs taken from vaccinated two- to seven-day-old lambs (5x10° pfu dose,
i.p. or s.c.) [21]. Future studies should elucidate the mechanism of oral shedding of the
MP-12 vaccine in nonhuman primates because it may play a role in strong mucosal
immunity elicited by this vaccine.

4. Adverse effects of RVF vaccination in pregnant animals

A study by Hunter et al. indicated adverse effects of the MP-12 vaccine in the fetuses of
ewes [39]. Ewes in the first trimester (28, 35, and 42 days of pregnancy) or the second
trimester (49 and 56 days of pregnancy) were vaccinated with 1x106 pfu of MP-12 vaccine.
As aresult, 13 to 19 viable lambs were delivered from each gestation group (n =9 to 11),
with a few abortions occurring due to dystocia. Overall, 0% (28 days), 30% (35 or 42 days),
20% (49 days), and 27% (56 days) of lambs were mildly to severely malformed at birth,
including domed head (35 days), scoliosis (35, 42, 49, and 56 days), lordosis (49 and 56
days), kyphosis (42, 49, and 56 days), hydranencephaly and spinal hypoplasia (42, 49, and
56 days), and cerebellar hypoplasia (56 days). Morrill et al. performed a vaccination of ewes
at 30 to 50 days of pregnancy with the MP-12 vaccine (1x10° pfu, s.c.) [24]. One of four
vaccinated ewes delivered a dead and autolyzed fetus at 18 to 20 weeks of gestation, and
viral RNA was detected in the fetus brain by PCR. These studies indicate a potential risk of
fetal malformation due to vaccination during the first and second trimester of pregnancy.
Considering that the pathogenic RVFV 35/74 strain (10 TCIDsg dose, intraperitoneal
injection) causes viral transmission into the fetus in sheep, even without detectable viremia
[40], there should be an unidentified transmission route taken by RVFV to reach fetus.

Live-attenuated RVF vaccines other than the MP-12 vaccine have similar adverse effects in
pregnant ewes. Coetzer et al. reported that vaccination of ewes at 42 to 74 days of pregnhancy
with the Smithburn vaccine resulted in abortion or malformation in three out of seven fetuses
[41]. Moreover, vaccination of non-indigenous cattle of European breed with the Smithburn
vaccine resulted in abortion of 28% of pregnant cows, with at least three cases of early fetal
death or mummifications, and virus isolated from the fetus showed a RVFV sequence
distantly related to the Smithburn strain [11]. Vaccination of does in the third month of
pregnancy with the Smithburn vaccine resulted in abortion of the fetus in two of three
animals at 10 to 28 dpv [42]. Due to such adverse effects, the Smithburn vaccine has never
been recommended for pregnant animals.
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The recently developed Clone 13 vaccine, which lacks 69% of the non-structural protein S
(NSs) gene, also possesses a risk of vertical transmission of the virus into the fetus [43].
Ewes at 50 days of pregnancy were vaccinated with an overdose of Clone 13 vaccine (6.8
logyg TCIDgg, s.c.) to evaluate the vaccine’s safety. Among the subjects, seven lambs from
five different ewes showed malformation of the central nervous system (e.g.,
hydranencephaly, hypoplasia of cerebrum, cerebellum, and spinal cord, brachygnathia,
arthrogryposis, and/or scoliosis). No malformation occurred in lambs when ewes at 120 days
of pregnancy were vaccinated with the Clone 13 vaccine (7.0 log;g TCIDsp, s.C.); however,
in newborn lambs in both the 50 and 120 day groups, viral RNA was detected in blood or
other organs, and precolostrum sera had RVFV-specific antibodies. In contrast, evaluation of
the Clone 13 vaccine in field trials using sheep, goats, and cattle indicated that the vaccine
did not cause notable abortion or fetal malformation [44,45], indicating that the adverse
effects of the Clone 13 vaccine in pregnant animals were not notable with a directed dose.

Taken together, live-attenuated RVF vaccines have some risk of adverse effects in pregnant
animals. The pathogenic RVFV strain is highly abortogenic, and most infected animals abort
fetuses due to inflammation and necrosis of maternal caruncles and fetal cotyledons [26].
Apparently, the Smithburn vaccine has residual virulence in fetuses, and abortion and fetal
death, rather than fetal malformation, can occasionally occur. The MP-12 and Clone 13
vaccines have potential risks of mild to severe teratogenicity of developing fetuses, rather
than abortion, only when vaccination is performed early in pregnancy. The inactivated RVF
vaccine is safe, and no abortion or fetal malformation may occur; however, formalin-
inactivated RVF vaccine did not protect fetuses of ewes and cows from the pathogenic
ZH501 challenge, and resulted in abortion of dead fetuses [13]. Attenuated, but efficacious
RVF vaccines, such as the MP-12 or Clone 13 vaccines, are useful for rapidly inducing
protective immunity in susceptible ruminants, which may minimize the impact of RVF
outbreaks in ruminants. At the same time, it will be important to prepare alternative safe and
efficacious vaccines to cover animals early in pregnancy, in order to avoid the above-
mentioned problems associated with vaccination.

5. Application of the MP-12 vaccine to human use

RVFV is pathogenic to both animals and humans, and vaccination is one of the most
effective measures to prevent the disease. Pathogenesis of RVF in human patients is different
from that in ruminants, and is characterized by febrile illness, hemorrhagic fever,
encephalitis, and blindness, rather than abortion or fetal malformation. The formalin-
inactivated RVF vaccine (TSI-GSD-200) was developed from the pathogenic Entebbe strain,
and the vaccine requires three repeated vaccinations and periodical boosters to maintain its
protective efficacy [46]. The MP-12 vaccine is an Investigational New Drug, and its safety
and immunogenicity have been tested in clinical trials [32].

In the initial human trial, three out of four volunteers administered with the MP-12 vaccine
(104 pfu dose, s.c.) developed neutralizing antibodies, whereas all four showed transient
mild to moderate elevation of serum alanine aminotransferase (ALT) and/or aspartate
aminotransferase (AST) [33]. In a subsequent dose escalation study, 22 humans were
administered with the MP-12 vaccine (either 1044, 1034, 1024, or 1014 pfu dose, s.c.) [33].
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Within the 1044 pfu dose group, seroconversion (positive for IgM or IgG via either PRNT5q
or PRNTgg, or ELISA) occurred in two of four individuals, in addition to injection site
tenderness (3 of 4), severe AST elevation (1 of 4), or elevated creatine phosphokinase (CPK)
(3 of 4).

In another clinical trial for dose escalation and route comparison, a comparative analysis of
MP-12 vaccination in humans via the s.c. route (1047 pfu, n = 10) or i.m. route (1034 pfu, n
=6, or 1044 pfu, n = 27) was performed [33]. Overall, 93% of subjects (40 of 43) showed an
increase in neutralizing antibody titers (PRNTgg =20) from 14 to 21 dpv. Peak IgM and IgG
ELISA titers were higher in the s.c. injection group than in the i.m. group, whereas PRNT5q
and PRNTgg titers were higher and more sustained in the i.m. (1044 pfu dose) injection
group (peak geometric PRNTgy titer was 1:277) than in the s.c. injection group. PRNT5g and
PRNTg titers of > 1:20 were maintained in 87% of individuals in the i.m. group with 10*4
pfu dose for one year, indicating a better vaccine immunogenicity than that of TSI-GSD-200
(formalin-inactivated Entebbe strain) [46,47]. One volunteer (i.m, 1044 pfu) developed
viremia of 1.3 pfu/ml at 9 dpv. Adverse effects within the i.m. group (10*4 pfu) were mild to
moderate: chills (7.4%), dizziness (11.1%), fever (3.7%), headache (29.6%), malaise
(22.2%), or vomiting (7.4%). According to the guideline of the U.S. Food and Drug
Administration [48], the abnormality grading of liver enzymes (ALT and AST) is defined as
the relative increase compared to the upper limit of the normal range: i.e., 1.1x — 2.5x (mild,
Grade 1), 2.6x — 5.0x (moderate, Grade 2), 5.1x — 10x (severe, Grade 3), >10x (potentially
life threatening, Grade 4), and that of CPK as 1.25x — 1.5x (mild, Grade 1), 1.6x — 3.0x
(moderate, Grade 2), 3.1x — 10x (severe, Grade 3), >10x (potentially life threatening, Grade
4). Symptomatic transient elevation of serum ALT, AST, CPK, and lactate dehydrogenase
(LDH) were found in all groups (40% in s.c. group, 50% in i.m. 1034 pfu dose group, and
44% in i.m. 10%4 pfu dose group). Although most cases were mild or moderate (Grade 1 or
2) increases, one vaccinee in the i.m. 1034 pfu dose group had 4,139 U/L of LDH (Grade 3)
and 587 U/L of AST (Grade 4). Grade 4 CPK elevation was also recorded in one in the i.m.
1034 pfu dose group and two in the placebo group, all of which were recorded after physical
exercise with muscle fatigue. The values of CPK, AST, ALT, and LDH were returned to
normal within a few days without clinical significance in all cases. Further evaluation will be
required to ensure the safety of MP-12 vaccine candidate in humans.

Since vaccination via the i.m. route induced higher neutralizing titers than that via the s.c.
route, further clinical trials for vaccine immunogenicity and viral genetic stability were
performed. A total of 19 volunteers were vaccinated with the MP-12 vaccine (1x10° pfu,
i.m.) and 18 (95%) had increased PRNTgqg titers of > 1:20 by 28 dpv, and maintained 1:20 or
higher titers for 12 months afterwards [34]. Follow-up evaluation of those volunteers showed
that eight of nine tested sera still maintained neutralizing antibodies of = 1:20 at five years
post vaccination. Adverse effects were reported including headache (58%), fatigue (42%),
nausea (26%), flu-like symptoms (21%), fever (16%), and local tenderness (48%).
Ophthalmologic examination (28 dpv) or electrocardiogram (three months post vaccination)
showed normal results. Virus isolation was attempted from plasma (1 ml) and buffy coat (0.2
ml) specimens collected at 1 to 14 dpv. Vero cells were adsorbed with those clinical
specimens in T-25 flasks at 37°C for one hour, and further incubated with fresh media for
five days. After additional medium replacement, cells were incubated for an additional five

Expert Rev Vaccines. Author manuscript; available in PMC 2017 October 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ikegami

Page 8

days. The freeze-thawed cells were added into fresh Vero cells, and a second 10-day
incubation was performed with medium replacement at 5 dpi. All negative flasks were tested
for viral RNA via RT-PCR. When cells showed cytopathic effects (CPE), the supernatants
derived from freeze-thawed cell samples containing viruses were further amplified in fresh
Vero cells. Virus titers of culture supernatants were measured by plague assay. As a result,
nine MP-12 isolates were amplified from the plasma samples of five vaccinees at 4 to 9 dpv,
and two isolates were made from buffy coat samples at 7 and 8 dpv. A total of 10 mutations
(two silent mutations and eight amino acid substitutions) were found, yet none were
reversion mutations. LDsg of each of the 11 isolates in 19-day-old CD1 mice, a mouse
model susceptible to MP-12 in an age-dependent manner, was greater than 1x101-88 pfu/ml,
indicating no increase in the virulence of the MP-12 strain due to those mutations. Overall,
clinical trials demonstrated that the MP-12 vaccine induces neutralizing antibodies with a
single dose for at least several years. Due to a lack of RVF in the U.S., the vaccine efficacy
study in humans is difficult. Thus, an alternative approach to claim a valid efficacy may be
applicable using more than one appropriate animal models under Good Laboratory Practice
and the Animal Welfare Act under the Animal Rule of the FDA [49-51].

6. Protective efficacy of the MP-12 vaccine against aerosol exposure to the

pathogenic RVFV strain

Because RVFV exposure via aerosol (e.g., bioterrorism, laboratory exposure) may alter the
pathogenesis of disease, it is important to evaluate the protective efficacy of the MP-12
vaccine against aerosol exposure challenge. Rhesus monkeys were vaccinated with the
MP-12 vaccine (6x103 pfu, i.m.) and challenged with a small particle (<5 pm) aerosol
exposure of the pathogenic ZH501 strain (~ 5x10° pfu) [31]. Viremia of <2.0 logyq pfu/ml
was detected in three of nine vaccinated monkeys, and the virus was also isolated from
oropharyngeal swabs at 4 or 7 dpv. Neutralizing antibody titers (PRNTgg) of = 1:20 were
detected at 7 dpv, and increased to between 1:320 and 1:2,560 by 126 dpv. Slight increases
in AST and CK were observed in vaccinated animals from 1 to 3 dpv, but all vaccinated
animals survived the challenge without detectable clinical signs or viremia, whereas all
control animals developed viremia after the challenge. Thus, vaccination of MP-12 via the
i.m. route was shown to be efficacious to protect against aerosol exposure.

Another study also showed the efficacy of the MP-12 vaccine via the aerosol or intranasal
vaccination route [30]. Rhesus monkeys were vaccinated with MP-12 (~ 1x10° pfu via
aerosol, or 5x10% pfu via intranasal vaccination route) and challenged with a small particle
(<5 um) aerosol exposure of the pathogenic ZH501 strain at 56 dpv. Vaccinated monkeys did
not develop viremia, and increased titers of neutralizing antibody to 1:40 or more by 28 dpv.
Vaccinated monkeys were fully protected from aerosol challenge of the ZH501 strain. Thus,
this study demonstrated the efficacy of the MP-12 vaccine via the aerosol or intranasal route.
Because none of the vaccinated monkeys showed clinical signs, safe vaccination with the
MP-12 vaccine via the mucosal route could now be considered for massive vaccination
without using a needle.
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7. Attenuation mechanism of the MP-12 vaccine and the risk of gaining

virulence

Since the RVFV genome is comprised of three RNA segments, co-infection of the vaccine
strain and the pathogenic strain may generate RVFV strains encoding one or two RNA
segments of the vaccine strain (reassortant strain). This likely occurs when animals are
vaccinated with live-attenuated vaccine during a RVF outbreak. During the 2010 RVF
outbreak in South Africa, a reassortant RVFV strain was isolated from a febrile patient who
had self-injected using an automatic syringe during sheep vaccination with a live-attenuated
Smithburn vaccine [12]. Mosquito vectors may be infected with reassortant strains by
ingesting a viremic blood meal, if the blood contains sufficient titers of reassortant viruses.
This scenario is thought to be rare, however, as long as vaccination is conducted
appropriately by excluding potentially viremic animals. Most vaccinated animals are not
infected with the pathogenic RVFV strain, and mosquitoes cannot be infected with the
vaccine strain by feeding on vaccinated animals with low viremia, such as <3.0 log;q pfu/ml
[27,52,53]. Field use of a live-attenuated vaccine will require special caution, however, to
avoid vaccination of already infected animals [36], because MP-12 infection and
dissemination rates of mosquito populations in endemic areas may not be the same as those
found in mosquito colonies available in laboratories. Another concern is the emergence of
reassortant strains between RVFV and other bunyaviruses, which may have novel virological
or pathological phenotypes. For example, Ngari virus (genus Orthobunyavirus), which
caused a large outbreak in East Africa in 1997 — 1998, is a natural reassortant encoding
Bunyamwera virus S- and L-segments, and a Batai virus M-segment [54,55]. Similarly,
Potosi virus and Main Drain virus (both belonging to the genus Orthobunyavirus) encode the
M-segment, clustering into a distant phylogenetic clade [56]. Thus, an incorporation of the
M-segment from other bunyavirus species may contribute to the evolution of bunyaviruses.
African phleboviruses, such as Arumowot virus (vector: Culex spp., Mansonia spp.; host
animals: rodents and birds) or Gabek forest virus (vector: Phlebotomine sandfly sp.; host
animals: rodents) [57-60] may serve as potential donors of heterogeneous viral genomic
RNA segments to form a novel reassortant virus with RVFV, although the viability of such
presumable reassortant strains has not yet been evaluated.

The MP-12 vaccine encodes 23 mutations in the genome from the pathogenic ZH548 strain
(Fig. 1): four in the S-segment, nine in the M-segment, and 10 in the L-segment. It was not
known how the MP-12 strain could be attenuated by those mutations and thus, evaluation of
attenuation level for each segment or mutation was performed using reverse genetics.
Outbred mice were infected with 1x103 pfu (i.p.) of reassortant RVFV resulting from a
combination of the pathogenic ZH501 strain (Z) and MP-12 strain (M): i.e., ZIZIM, ZIM/Z,
and M/Z/Z (in the order of L/M/S) [61]. Mortality caused by Z/Z/M, Z/M/Z, and M/Z/Z was
100%, 60%, and 80%, respectively. All infected mice survived for at least five days before
clinical signs became evident, however, indicating that those reassortant RVFV were more
attenuated than the parental ZH501 strain. Thus, any reassortant strains derived from the
MP-12 vaccine are more attenuated than pathogenic RVFV strains. A previous study showed
that NSs-V160A is likely responsible for the attenuation of the MP-12 S-segment [62].
Another mutagenesis study identified two major mutations in the MP-12 M-segment, which
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can independently contribute to the attenuation of the ZH501 strain (Gn-Y259H and Gc-
R1182G) [61]. None of the individual MP-12 L-segment mutations could affect mortality
caused by the ZH501 strain in mice [61] and thus, the L-segment could be attenuated by a
combination of those mutations. Saluzzo et al. showed that the MP-12 strain displays a
temperature-sensitive (ts) phenotype independent of the M- and L-segments [63]. The
restriction temperature of the MP-12 strain was 38°C, and viral replication was shut-off at
40°C and above [64]. Reassortant RVFV strains (Z/Z/M, ZIM/Z, and M/Z/Z) showed that
MP-12 L-, M-, and S-segments independently contribute to the ts phenotype (L > M > S)
[64]. This study also identified four independent ts mutations: Gn-Y259H, G¢-R1182G, L-
V172A, and L-M12441. In particular, L-M12441 partially inhibited viral RNA synthesis at
37°C and reduced the size of plaques in Vero E6 cells at 37°C, although the generation of
infectious progeny viruses of the ZH501 strain encoding L-M12441 continued to occur
efficiently at 37°C. Because the body temperatures of sheep or cattle are normally 38°C or
above, those four ts mutations should redundantly limit viral replication in ruminants. High
throughput sequencing of the MP-12 vaccine lot (TSI-GSD-223) did not detect any parental
ZH548 strain sequence at those four ts mutation sites [19]. Furthermore, viral isolates from
MP-12 vaccinees during a clinical trial did not show any reversion mutations at any of the
key mutation sites [34]. Overall, it is unlikely that a highly pathogenic RVFV strain can be
formed from the MP-12 vaccine strain during the manufacturing of MP-12 vaccine or during
the limited viral replication /n vivo.

8. Modification of the MP-12 vaccine for future applications

Although the MP-12 vaccine is highly efficacious in animals and humans, reverse genetics
for RVFV could generate several novel variants of the MP-12 strain with improved vaccine
safety [62,65-67]. A recombinant MP-12 strain (rMP-12) was initially generated with silent
mutations (X#o | sites) in the L-, M-, and S-segments [65]. For further vaccine development,
those silent mutations were removed, and designated as authentic recombinant MP-12
(arMP-12). In this review, all recombinant MP-12 strains will be just described as rMP-12,
to avoid a confusion. The rMP12-ANSmM?21/384 variant lacks expression of both the 78kD
protein and the NSm protein from the M-segment [68]. Because a lack of 78kD and NSm
affects the systemic viral dissemination from midgut in mosquitoes [69-71], rMP12-
ANSmM21/384 is less likely to be transmitted by mosquito vectors. In addition, antibodies
against the NSm protein can be raised in animals infected with pathogenic RVFV [72], and a
lack of the anti-NSm antibody may be useful as a marker for the differentiation of infected
animals from vaccinated animals (DIVA). The rMP12-ANSm?21/384 variant was as
efficacious as the MP-12 vaccine in pregnant ewes, lambs, and calves [24,73,74]. The
truncation of the 78kD and NSm proteins can only weakly attenuate RVFV [71,75,76], and
there was still a potential risk of viral infection of fetuses when vaccination was performed
at 30 to 50 days of pregnancy [24].

The rMP12-ANSs16/198 (rMP12-C13type) variant encodes an in-frame 69% truncation of
the NSs gene in the S-segment. Due to the shortened NSs gene, this strain shows impaired
viral replication in type-1 interferon (IFN)-competent cells [65]. Although rMP12-
ANSs16/198 was shown to be highly efficacious in mice [28], the immunogenicity was not
as strong as that of the parental MP-12 vaccine or rMP12-ANSmM21/384 in ruminants [24]. A
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shortened NSs gene cannot completely attenuate RVFV, and mouse encephalitis can occur in
some infected mice [75]. The rMP12-ANSs16/198 is highly safe vaccine, however, due to
significant attenuation in all three segments, and no viremia or diseases have been found to
occur in vaccinated mice [77]. This vaccine may be an alternative human RVF vaccine
candidate with an additional attenuation in MP-12 vaccine candidate.

Because deletion of the NSs gene in the S-segment might over-attenuate the MP-12 vaccine
for practical use, replacement of the MP-12 NSs gene with other functional genes, which
can contribute to the immunogenicity of the vaccine, was evaluated. The rMP12-PKRAE7
variant encodes human dominant-negative protein kinase R (PKR), in place of MP-12 NSs
[78]. The recombinant MP-12 strain encoding the mouse analog of PKRAE7 protein,
mPKRN167 [79] was shown to express more accumulation of N proteins than rMP12-
ANSs16/198 at the draining lymph node in vaccinated mice by antigen-capture ELISA for
the detection of RVFV N proteins, and all vaccinated mice were protected from pathogenic
ZH501 strain challenge [28]. The pathogenic RVFV ZH501 strain was significantly
attenuated by the replacement of NSs gene with the PKRAE?7 [75]. Chimeric MP-12 strains
encoding other phlebovirus NSs genes in place of the MP-12 NSs gene were also tested for
attenuation and efficacy in mice: i.e., NSs genes derived from Toscana virus (TOSV),
Sandfly fever Sicilian virus (SFSV), Punta Toro virus (PTV) Adames strain, or PTV Balliet
strain. Those recombinant MP-12 strains were designated as rMP12-TOSNSs, rMP12-
SFSNSs, rMP12-PTANSs, or rIMP12-PTBNSs, respectively. Due to frequent occurrence of
viral encephalitis in mice, rIMP12-TOSNSs was not considered for further vaccine efficacy
in mice [80]. The rMP12-PTANSs and rMP12-SFSNSs were both highly immunogenic in
mice, and did not cause disease more than did parental MP-12 [29]. In addition, the
pathogenic ZH501 strain was attenuated through the chimeric S-segment encoding either the
NSs of PTV Adames strain or SFSV [75]. The protective efficacy and adverse effects of
those chimeric strains in pregnant ewes or fetuses have not been evaluated.

9. Commercially available veterinary RVF vaccine in endemic countries and

novel vaccine candidates

Two live-attenuated RVF vaccines are available for veterinary use in endemic area. The
Smithburn vaccine is available from Onderstepoort Biological Product (OBP) or Kenya
Veterinary Vaccine Producing Institute (sold as RIFTVAX TM), whereas the Clone 13
vaccine is available from OBP [81]. On the other hand, three different inactivated RVF
vaccines are also available in endemic regions. The binary ethylenamine-inactivated RVF
ZH501 strain vaccine is available from Veterinary Serum and Vaccine Research Institute
(VSVRI) in Egypt, the formalin-inactivated RVF Menya strain (Menya/Sheep/258) vaccine
is available from the holding company for biological products and vaccines (VACSERA) in
Egypt [82]. Another formalin-inactivated vaccine derived from a field strain isolated from a
cow, is available from OBP [83,84]. Both the inactivated RVF vaccine and Clone 13 vaccine,
but not Smithburn vaccine, may be used for pregnant animals. RVF vaccines may not be
always available from above manufacturers due to unforeseen circumstances. It is an
important issue how to increase the coverage of RVF vaccination in livestock animals in
Africa [12,81,85]. In Saudi Arabia, approximately 10 million ruminants (mostly sheep and
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goats, six months of age and older) received the Smithburn vaccine in 2001; although no
large outbreak has occurred in Saudi Arabia since 2001, eradication of RVF has not been
successful, and a few animal and human RVF cases were still confirmed in 2010 [86].

With the limitation of efficacy or safety of currently available RVF vaccines, novel RVF
vaccines with better safety and efficacy may replace traditional RVF vaccines [15]. The
DDvax vaccine (recombinant ZH501 strain encoding deletions of both NSs and NSm genes
[rZH501-ANSs-ANSm], 1x102 to 1x10° pfu dose, s.c.) showed protective efficacy in
pregnant ewes at 42 days of pregnancy, without detectable adverse effects in newborn lambs
[72]. The CDC, Deltamune, and Merial supported further evaluation of vaccine efficacy in
cattle or marmosets toward the development of safe DIVA vaccine for RVF [15]. The R566
vaccine, which was isolated from co-infection of the Clone 13 and MP-12 vaccines, encodes
the Clone 13 S-segment and MP-12 M- and L-segments. Although the R566 vaccine is less
immunogenic than the Clone 13 vaccine, this vaccine could sufficiently protect lambs from
pathogenic RVFV challenge [15,87]. Non-spreading RVFV (NSR) consisting of only the S-
and L-segments [88], in which the Gn protein can be expressed in place of the NSs gene in
the S-segment (NSR-Gn), was also shown to be efficacious in lambs with a single dose, and
is under development [15,87]. Most recently, a chimpanzee adenovirus vaccine expressing
RVFV GnGc (ChAdOx1-GnGc) was developed as a veterinary vaccine candidate, and its
protective efficacy (1x10? infectious units [IU], i.m., single dose) was shown in four- to six-
month-old cattle, goats, and sheep, whereas thermostabilized ChAdOx1-GnGc was resistant
to 25, 37, or 45°C for six months with retained vaccine potency [89-91]. In the U.S.,
glycoprotein subunit RVF vaccine (Gn ectodomain: Gne, and Gc, each 50 pg), which was
purified from the lysates of insect Sf9 cells infected with recombinant baculovirus, was
developed for veterinary vaccination [92-94]. With adjuvant (ISA25, Seppic, France) and
one booster dose at 21 dpv, this vaccine could protect sheep from pathogenic RVFV
challenge at 35 dpv. The glycoprotein subunit vaccine is safe and applicable to DIVA due to
a lack of antibody responses to viral proteins other than Gn and Gc. In addition to those
described, other various RVF vaccine candidates are also being studied for further
development, which is important for future vaccination and eradication strategy in endemic
countries [14,16,17].

10. Expert commentary

In endemic countries, mosquitoes potentially harbor pathogenic RVFV, regardless of any
ongoing RVF outbreak [8,95]. In such an environment, RVF vaccination may be focused on:
(1) the containment of active RVF outbreaks and (2) long-term protection from RVF
exposure to infected mosquitoes. Because RVF vaccination performed during a RVF
outbreak increases the risk of co-infection of the pathogenic RVFV strain and live-attenuated
RVFV strain in animals, it is ideal that endemic countries continue regular vaccination of
susceptible animals with commercially available efficacious RVF vaccines before new
outbreaks start. Although the Smithburn vaccine has been used for a long period of time in
endemic areas, residual virulence in pregnant animals hampers safe vaccination of highly
susceptible animal populations. Unfortunately, mosquitoes transmit RVFV into offspring
without the involvement of animals and thus, regular vaccination may be the only practically
effective approach to protect susceptible livestock animals from continuous RVFV exposure
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by infected mosquitoes, unless infected mosquitoes can be eradicated in the endemic area.
Further safe vaccines, including other live-attenuated vaccines, subunit vaccines, or replicon/
vector vaccines, can better support the safe vaccination of ruminants in endemic countries. It
will therefore be important to accelerate the communication between vaccine manufacturers
in endemic countries and vaccine stakeholders, to facilitate the introduction of better RVF
vaccines in endemic countries. The MP-12 vaccine has never been used in endemic
countries; however, if the MP-12 vaccine were to become available in such places, the long-
term protection of ruminants, including newborn animals through colostrum, as well as viral
spill-over into mosquitoes, should be evaluated on a large scale. In non-endemic countries,
including the U.S., Canada, and European countries, no vaccination will be required until the
first RVFV case is confirmed, as early containment of viral spread will be important for
minimizing the impact on society. A national stockpile vaccine, such as the MP-12 vaccine
in the U.S., will allow immediate vaccination of susceptible animals in case of an
unexpected RVF outbreak. Because the MP-12 vaccine lacks a DIVA marker, subunit
vaccines or replicon or vector vaccines will be more useful than the MP-12 vaccine on the
occasion when rapid protection is less important, and surveillance of viral spread is required.

11. Five-year view

Highly immunogenic RVF vaccines, such as ChAdOx1-GnGc, NSR-Gn, and subunit
Gne/Gc, have been developed to replace traditional live-attenuated vaccines or formalin-
inactivated RVF vaccines. It will be important to evaluate protective efficacy of new vaccines
in pregnant ewes and cows for further demonstration of vaccine safety. If colostrum of
vaccinated animals contains sufficient neutralizing antibodies to protect newborn animals,
vaccination will effectively prevent the spread of RVFV by protecting highly susceptible
newborn animals. The conditional license of MP-12 vaccine may be changed in the U.S. in
future. This vaccine is attenuated in both animals and humans, and will be also useful for
endemic countries if this vaccine becomes available outside the U.S. A new generation
MP-12 vaccine, rMP12-ANSmM21/384, will be less likely transmitted by mosquitoes and has
a similar vaccine potency to that of the parental MP-12 vaccine. In the next five years,
commercial development of novel RVF vaccines may be expected in endemic countries.
Human RVF vaccination is also important for populations with high risk of RVFV exposure.
Because the vaccine market may be small, the use of RVF vaccine such as MP-12 vaccine,
evaluated both in animals and humans, will be an option without additional investment. The
MP-12 vaccine has been shown to elicit long-term immunity in humans with a single dose,
whereas further evaluation of vaccine safety in healthy or immunosuppressed individuals
will be required. High risk personnel such as veterinarians or animal workers should be
vaccinated with an appropriate RVF vaccine before handling infected animals during a RVF
outbreak. For those who become infected and develop hemorrhagic fever or encephalitis,
current medicine may not support prophylaxis. Post-exposure vaccination with rMP12-
ANSs16/198 showed reduction of pathogenic RVFV replication in liver or spleen, and
resulted in improved survival rate in highly susceptible mice and hamsters [96,97]. Future
studies should also identify antivirals or other biologicals which can rapidly reduce viral
replication and support recovery from late stages of infection.
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Key issues

. RVFV is endemic to Africa and the Arabian Peninsula, and infected
mosquitoes can transmit viruses to ruminants and humans.

. RVFV is teratogenic in ruminants, such as sheep, cattle, and goats.

. RVF vaccines for animals are available in endemic areas, yet the development
of further safe and efficacious vaccines for pregnant animals remains
important.

. The live-attenuated MP-12 vaccine is attenuated and efficacious for both

animals and humans, and is conditionally licensed for animal use in the U.S.

. Effective control of a RVF outbreak should be considered using suitable RVF
vaccines in different scenarios.
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Figure 1. Schematic representation of RVFV MP-12 strain genome structure

Negative-sense RNA genome of the MP-12 vaccine is shown, including Small (S)-, Medium
(M)-, and Large (L)-segments. A total of 23 mutations of the MP-12 strain compared to the
parental ZH548 strain are also specified. When individual MP-12 mutations were introduced
into the pathogenic ZH501 strain, the resulting mutant viruses displayed attenuation and/or

temperature-sensitivity (ts) phenotypes, as summarized in the box under the genome
schematics [61,98].
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