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Abstract

The live attenuated Rift Valley Fever Virus (RVFV) vaccine candidates, RVFV MP-12, and the recombinant derivative, RVFV arMP-12ANSmM21/384 (MP-12NSm-del),
are among the most promising next-generation domestic ruminant vaccine candidates. While both vaccines consistently elicit protective neutralizing Antibodies (nAb) in
domestic ruminants, the minimal protective antibody titer is unknown. Therefore, we conducted studies to determine the minimal protective nAb titers elicited in sheep by
these vaccines using a mouse model. The approach involved the transfer of serum samples obtained from sheep vaccinated with the MP-12 and MP-12NSm-del vaccines
to 6- to 8-week-old BALB/c mice. The sheep nAb titers ranged from 20 to 640 at the time of transfer. A blood sample was obtained from each mouse 24 hours post-transfer
to determine the nAb titer 2 hours before challenging each animal with a lethal dose of virulent RVFV (strain ZH501). All challenged mice were observed daily for 21 days
for morbidity and mortality. The lowest nAb titer that protected the animals was interpreted as an estimate of the minimal protective efficacy of the vaccine. The results
indicated that nAb titers as low as 10 to 20 elicited by the MP-12 and MP-12NSm-del vaccine candidates in sheep 10 days post-vaccination afforded protection to the
mice. However, the nAbs elicited in one sheep by MP-12 before day 10 post-vaccination and ranging in titer from < 5 to 40 only afforded protection to 3 out of 18 mice, and
therefore suggested that innate and/or the cellularimmune response were also needed for protection during early RVFV infection. The findings further support these RVFV
candidate vaccines as potential veterinary vaccines for domestic ruminants and offer a promising BALB/c mouse RVFV challenge model as a surrogate for evaluating the
protective nAb response elicited by RVFV vaccines.

Citation: Watts DM, Westover JB, Palermo PM, Monath TP, Bailey KW, Bettinger GE, et al. Minimal Protective Antibody Titers Elicited in Sheep by RVFV MP-12 and
arMP-12ANSm21/384 Vaccine Candidates. Int J Vet Sci Res. 2024;10(3):046-062. Available from: https://dx.doi.org/10.17352/ijvsr.000149



P PeertechzPublications

Introduction

Rift Valley Fever (RVF) is a multi-species mosquito-borne
emerging viral disease caused by Rift Valley fever virus (RVFV),
a virion with a small, medium, and large RNA segment of the
genus Phlebovirus, family Phenuiviridae, order Bunyavirales [1].
Epizootics and epidemics of RVF occur concurrently at irregular
intervals of several years, affecting the health of humans and
animals as well as food security, and socio-economic stability
in enzootic countries of Africa and the Arabian Peninsula [2,3].
While veterinary vaccines are the most effective control strategy
for RVF among domestic ruminants, efforts have had limited
success because of safety issues and/or limited protective
efficacy of the available licensed vaccines [4-6]. Also, the more
common approach has been to delay vaccinating animals until
the recognition of the onset of epizootics, an approach that
is not recommended because of the risk of spreading RVFV
via the use of contaminated needles and the potential for the
generating recombinant and reassortant genotypes [7-9].

Several next-generation, live attenuated veterinary vaccine
candidates have been developed to prevent RVF among domestic
ruminants [5,6,9,10]. Among the live attenuated vaccines,
the mutagenized RVFV MP-12 (MP-12) and the recombinant
derivative MP-12NSm-del are promising candidates [9]. The
MP-12 vaccine was developed by mutagenizing a pathogenic
wild-type RVFV strain (ZH548) isolated from a patient in
Egypt [11]. The MP-12 vaccine virus strain was mutagenized
by serial passages in tissue culture and serial cloning in the
presence of the chemical mutagenic agent, 5-fluorouracil. The
viral S segment from the 12" serial MP-12 passage acquired
one nucleotide change in the intergenic region and three
changes in the S segment non-structural (NSs) protein coding
region that resulted in a single-amino-acid substitution from
valine to alanine at position 513. This point mutation led to
reduced virulence and reduction in plaque size of the virus
suggesting that this mutation and possibly mutations in other
gene segments were responsible for the attenuation [11-15].
As a result of these mutations, especially the point mutation
in the S segment, the attenuated MP-12 was found to be a
potent IFN-q/p inducer that protected rodents and non-human
primates during the early onset of RVFV infection. However,
the MP-12 vaccine was not designed to distinguish naturally
infected animals from vaccinated animals (DIVA). Therefore,
reverse genetics were employed to use the MP-12 parent
vaccine virus to develop a recombinant RVFV MP-12NSm-del
vaccine candidate with nucleotides 21 - 384 deleted from the M
segment non-structural (NSm) protein to serve as a potential
DIVA vaccine and to reduce the possibility of genetic reversion
[16-18].

Experimental studies showed that the MP-12 vaccine was
safe and immunogenic in nonhuman primates, lambs, pregnant
ewes, sheep, fetal and neonatal bovids, and human volunteers
in the United States [5,9], and safe and immunogenic among
sheep, goats, and cattle in Tanzania [19-21]. An exception was
the results of a study that showed sheep vaccinated with MP-
12 during the early stages of pregnancy aborted and delivered
malformed lambs; however, these results have not been
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confirmed [22]. Also, experimental studies involving sheep
and calves, including pregnant sheep in the United States
and Canada, demonstrated that the RVFV MP-12NSm-del
vaccine was safe and effective [23-25]. The study in pregnant
ewes showed that the MP-12NSm-el vaccine elicited a robust
sustained neutralizing antibody (nAb) response that was
comparable to the parent MP-12 vaccine [24]. Experimental
vaccine trials in Tanzania and Morocco showed that the MP-
12NSm-del candidate was immunogenic among sheep, goats,
and cattle [26-28], but was suspected of causing teratogenicity
in pregnant sheep in Morocco [29]. The animals used in the
MP-12 and RVFV MP-12NSm-del vaccine trials in Tanzania
and Morocco were not challenged with virulent RVFV to assess
the efficacy of the vaccines because of the lack of appropriate
biosafety containment facilities.

Studies conducted to evaluate the MP-12 and RVFV MP-
12NSm-del vaccines in domestic ruminants have involved
vaccination trials to determine the nAb response and challenge
of vaccinated animals with virulent RVFV to assess protective
efficacy. While the challenge of vaccinated animals is the most
widely accepted approach for estimating the protective efficacy
of RVFV vaccines, such trials, as experienced in our African
studies, are not always possible due to the unavailability of
large animal-enhanced Biosafety Level 3 containment facilities
and the inability to comply with Select Agent regulations
required for possessing and working with virulent RVFV [30].
In the absence of such challenge studies, an assessment of
the protective efficacy can be made by comparing nAb titers
elicited by vaccines to the titers that have been reported to
afford protection during small and large animal challenge
studies [20,23,28,31-35]. However, estimates based on actual
challenge studies involving virulent RVFV have not provided an
understanding of the minimal antibody titers required to afford
protection by vaccines. Therefore, the minimal nAb titer that
affords protection has not been defined and represents a gap in
the development and evaluation of veterinary RVFV vaccines.
An RVFV vaccine that elicits a very rapid protective immune
response at a low level as found early after immunization will
be critical, especially during the onset of an outbreak, to protect
large animals from infection.

As described in this report, an alternative model was
employed to overcome the limitations of using large domestic
animals in challenge studies to obtain a better understanding
of the extent of protection afforded by neutralizing antibodies
to domestic ruminants against RVF disease. The approach used
a lethal RVFV murine challenge model for determining the
minimal protective antibody titers elicited by MP-12 and RVFV
MP-12NSm-del vaccine candidates. Estimates of protective
efficacy were determined by correlation of survival rates of
the mice that received the RVFV antibody-positive vaccinated
sheep serum sample before challenge with virulent RVFV in
comparison to survival rates of animals receiving pre-immune
antibody-negative serum. This approach using a murine
model to determine the protective efficacy of RVFV vaccine
candidates could be applicable as a surrogate for evaluating
other promising RVFV vaccine candidates in sheep as well as
other larger domestic animal species.
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Materials and methods
Experimental animals

Female 6- to 8-week-old BALB/c mice (Charles River
Laboratories, Wilmington, MA) were acclimated for 7 days and
fed Harlan Lab Block and tap water ad libitum before use in
the experiments. Balb/c mice were used because this strain of
mice infected with RVFV developed both acute-onset hepatitis
and delayed-onset encephalitis disease that closely resembles
the more severe form of RVF in humans and livestock, and
therefore represents a good small animal model for the
evaluation of potential therapeutics and vaccines for RVFV
[36]. The animal procedures involved in this study complied
with USDA guidelines and were conducted at the AAALAC-
accredited laboratory animal research facilities at Utah State
University under protocol #10248 which was approved on
October 15, 2019, by the Utah State University Institutional
Animal Care and Use Committee.

Viruses

The molecular clone of a virulent strain of RVFV, strain
ZH501, was obtained from Dr. Stuart Nichol (CDC, Atlanta, GA).
The clone was used to prepare a stock virus with an infectivity
titer of 1.1 x 10% Plaque-Forming Units (PFU) per mL. By one
passage in BSR-T7/5 cells and 3 passages in Vero E6 cells. The
BSR-T7/5 cells baby hamster kidney- cells that express T7
RNA polymerase and were kindly provided by Dr. K. Conzelman
(Max-von Pettenkofer-Institute, Munchen, Germany). The
RVFV virus stock was diluted in sterile Minimum Essential
Medium (MEM) and 0.1 ml containing ~100 PFU/mL was
*inoculated by the Subcutaneous (SC) route into each mouse
on the ventral, right side of the abdomen.

The MP-12 vaccine was derived by mutagenizing a virulent
wild-type RVFV strain (ZH548) isolated from a patient in Egypt
[17]. However, the MP-12 vaccine was not formulated with
biomarkers required to distinguish naturally infected animals
from vaccinated animals (DIVA). Therefore, the MP-12 parent
vaccine virus was used to develop a recombinant RVFV MP-
12NSmdel vaccine with a biomarker that included a deletion
at nucleotides 21 - 384 in the NSm gene to serve as a potential
DIVA vaccine [16-18].

Serum samples

Sheep serum samples were obtained during a study
conducted in 2011 from F1 Suffolk-Rambouillet crossbred
pregnant ewes (30-50 days of gestation) that had been
sham-vaccinated with MEM or with a single SC injection of
1 X 105 - PFU of the MP-12 vaccine or the RVFV MP-12NSm-
del vaccine during an experiment to determine the safety and
immunogenicity of these vaccines in pregnant sheep [23]. The
serum samples were collected 7 days pre-vaccination, the day
of but before vaccination, and at various intervals from days 1
through 69 Post-Vaccination (PV) of sheep and stored at -80
°C until selected samples were used in this study. The samples
selected for use were obtained on days 0, 6, 8, 10, 11, and 49 PV
from sheep vaccinated with MP-12 and had reciprocal plaque
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reduction neutralization antibody (PRNT, ) titers of 20, 40, 80,
160, 320 and 640. The samples selected for use from animals
vaccinated with RVFV MP-12NSm-del vaccine were obtained
on days 0, 12, 21, and 28 and had reciprocal PRNT,  nAb titers
of 20, 40, 80 and 160. The donor sheep that provided the serum
samples is included in the methods for experiments 1, 2, and 3,
below. The nAb-negative serum samples were obtained from
sheep on day 0 before vaccination and were pooled and used
as an RVFV nAb-negative control. While the nAb PRNT, titers
were determined in 2011-12 during the vaccine trial [23] that
generated the serum samples used in this study, the samples
were retested to confirm the nAb PRNT, titers before use in
this study by testing two-fold dilutions of the samples using
the PRNT, procedures described below.

Plaque reduction neutralization test

The Plaque Reduction Neutralization Test (PRNT, ) was
used to determine the antibody titers of the serum samples
obtained from the sheep vaccinated with the MP-12 and RVFV
MP-12NSm-del vaccines. The procedure was performed by
initial heat inactivating the serum samples at 56 °C for 30
min and tested for nAb to the MP-12 virus in Vero E6 cells
as described previously [20]. Briefly, equal volumes of 2-fold
dilutions ranging from 1:5 through 1:1280 of each sample were
prepared in MEM and incubated overnight at 4 °C with an equal
volume of MEM containing 75 PFUs of the MP-12 virus. On the
following day, 50 pL of the virus/serum dilution mixture was
inoculated in duplicate onto Vero E6 cells grown in 24-well
plates. Cultures and inocula were incubated for 1 h at 37 °C and
5% CO,. Amixture of 1% SeaKem agarose (VWR, Radnor, PA) with
an equal volume of 2X Eagle’s Basal Medium with Earle’s salts
(EBME), (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) (HEPES), sodium bicarbonate, 8% FBS and 1% penicillin/
streptomycin and L-glutamine (Invitrogen, Carlsbad, CA) was
then prepared, and 0.5 mL was overlaid onto each cell culture.
The cultures were incubated for 3 days at 37 °C and 5% CO, and
then stained with a 0.33% neutral red solution and incubated
for 4-6 h to identify plaques. The highest dilution of serum
that reduced the number of plaques relative to the negative
sheep serum control by 80% was considered to be the PRNT,
nAb titer.

Experimental design and methods

Experiment 1: The serum samples with known RVFV nAbs
used in this pilot experiment were obtained from sheep that
were previously vaccinated, as described above, with the MP-
12 and RVFV MP-12NSmdel vaccine candidates [23]. The reason
for selecting the antibody-positive sheep serum samples with
different titers, ranging from the lowest to the highest titers
(20 to 640) was to take advantage of the availability of archived
sera with a broad range of antibody titers. Sheep sera with
different antibody titers were transferred to 6- to 8-week-old
BALB/c mice which were then challenged with a lethal dose
of virulent RVFV to determine the lowest antibody titer that
afforded protection. In the initial pilot experiment, the sheep
serum samples available included those that had been obtained
from sheep #25 on Post-Vaccination (PV) days 6, 8, and 49
with reciprocal nAb titers of 20, 160, and 640, and a sample
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from sheep #26 on PV day 11 with a titer of 320 and samples
from sheep #28 on PV days 10 and 11 with titers of 40 and 80,
and a pool of antibody-negative samples for use as controls.
Mice were weighed one day before the passive transfer of these
sheep sera and grouped so that the average weight per the
experimental group of 4 mice each across the entire experiment
varied by less than 1.5 g. Each of the 6 serum samples of known
RVFV antibody titer was thawed and 0.2 mL volumes of each
sample were passively transferred via Intraperitoneal (IP)
injection. A similar volume of pooled RVFV antibody-negative
sheep serum was passively transferred to a group of 4 mice
to demonstrate that the challenge RVFV dose resulted in
lethal disease and 2 animals were sham-infected with MEM
to serve as controls. Whole blood (150 pl) was obtained from
the submandibular vein of the mice at 24 h post-transfer of
antibody and centrifuged to obtain serum for estimating the
nAb titer by PRNT in Vero cells. At 2 h after obtaining blood
samples, i.e. at 26 h post-transfer of antibody, all mice were
transferred to a BSL-3+ Select Agent containment laboratory
and challenged with 100 PFU of RVFV (ZH501) by SC injection,
the dose at which approximately 90% of the challenged mice
succumb (Lethal Dose,, (LD,,)) based on titration of the virus
stock in BALB/c mice). The challenged mice were observed
once daily for 21 days for clinical signs and/or terminal signs
of mortality. The indicators of the protection of mice were the
absence of any signs of illness, such as weight loss, ruffled fur,
hunched back, immobility, or the inability to consume food
and water. The lowest nAb titer that protected the animals was
interpreted as an estimate of the minimal protective efficacy
of the vaccine.

Experiment 2: Our findings for the above pilot experiment
indicated that the RVFV MP-12 virus antibody elicited in sheep
by the MP-12 vaccine afforded protection when passively
transferred to mice and challenged with a lethal dose of
virulent RVFV. After the transfer of antibodies with different
titers to mice, a titer in the mice of 20 or greater afforded
protection to 75% (3/4) or more of the mice against challenges
with the RVFV ZH501 virus. Based on this observation, a second
experiment was performed to confirm the minimal antibody
titer required to afford protection to the mice. The methods
were the same as for the first experiment except that the MP-
12 antibody-positive serum samples elicited in sheep had
titers of 40, 160, or 640. These samples included those that
had been obtained from sheep #25 on PV day, 8 with reciprocal
nAb titer of 160 a sample from the same sheep on PV day 49
with a titer of 640, and a sample from sheep #28 on PV day
10 with a titer of 40, and a pool of antibody-negative samples
for use as controls. Each sample was transferred to groups of
10 mice for a challenge with RVFV ZH501. In addition, pooled
samples of antibody-negative serum samples were transferred
to a group of 10 mice to demonstrate that the RVFV challenge
dose caused a lethal infection in these negative control mice.
Four sham-infected mice inoculated with MEM vehicles served
as uninfected controls. The starting weights of the mice across
the experimental groups varied by less than 1.3 g and equal
numbers of male and female animals were included per group.

Experiment 3: In this experiment, we utilized the same
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RVFV mouse infection model as described in experiments 1 and
2 to compare the protection of passively transferred, antibody-
positive serum obtained from sheep following vaccination with
the RVFV MP-12 and arMP-12ANSm21/384 vaccines against
RVFV ZH-501 challenge. The methods were the same as for the
first and second experiments except that the serum samples
selected included MP-12 antibody-positive sheep serum
samples with titers of 20, 40, 80, or 160. These samples included
those that had been obtained from sheep #27 on PV day 11 with
reciprocal nAb titer of 20 a sample from sheep #26 on PV day
10 with a titer of 40, a sample from sheep #28 on PV day 11
with a titer of 80, and as sample from sheep # 27 on PV day
11 with a titer of 160, and a pool of antibody-negative samples
for use as controls. Serum samples were passively transferred
to groups of 8 or 9 mice, and pooled antibody-negative control
serum samples were transferred to 9 mice to demonstrate the
lethality of the RVFV ZH501 challenge dose. Four mice were
sham-infected with MEM vehicles as additional controls. The
starting weights of the mice across the experimental groups
varied by less than 1.3 g and equal numbers of male and female
animals were included per group.

The arMP-12ANSm21/384 serum samples included
antibody -positive sheep serum samples with titers of 20,
40, 80, and 160. These samples included those that had been
obtained from sheep #8 on PV day 28 with a reciprocal nAb
titer of 20 a sample from sheep #6 on PV day 21 with a titer of
40, a sample from sheep #5 on PV day 12 with a titers of 80,
and a sample from sheep # 8 on PV day 28 with a titer of 160,
and a pool of antibody-negative samples for use as controls.
Serum samples were passively transferred to groups of 8 or
9 mice, and pooled antibody-negative control serum samples
were transferred to 9 mice to demonstrate the lethality of the
RVFV ZH501 challenge dose. Four mice were sham-infected
with MEM vehicles as additional controls. The starting weights
of the mice across the experimental groups varied by less than
1.5 g and equal numbers of male and female animals were
included per group.

Experiment 4a: Enzyme-Linked Immunosorbent IgM and
IgG Assay (ELISA): Sheep serum samples were tested for RVFV
IgM and IgG antibodies by using a commercial ELISA kit ID
Screen® Rift Valley Fever Competition Multi-species diagnostic
test (IDvet, Innovative Diagnostics, Grabels, France). The sera
samples were diluted 1:2 in MEM and each dilution was added
to each well of 96-well plates coated with a recombinant
RVFV nucleoprotein (NP) and incubated for 1 h at 37 °C. After
washing the wells, 100 pL of an anti-NP peroxidase conjugate
was added to detect NP bound by the test serum. The reaction
was allowed to incubate for 30 min at room temperature and
then, 100 pl of 3,3’,5,5’-Tetramethylbenzidine (TMB) substrate
solution was added to each well. After 15 minutes, 100 ul of 0.16
M sulfuric acid was added to each well to stop the reaction,
and the absorbance was read at an Optical Density (OD) of 450
nm. OD values from the duplicate samples were subtracted to
obtain a net OD and the percentage of the ratio of sample OD
and positive control OD (S/P%) were calculated. The samples
with an S/P% < 40% were considered negative, samples with
an S/P% between 40% and 50% were considered doubtful,

Citation: Watts DM, Westover JB, Palermo PM, Monath TP, Bailey KW, Bettinger GE, et al. Minimal Protective Antibody Titers Elicited in Sheep by RVFV MP-12 and
arMP-12ANSmM21/384 Vaccine Candidates. Int J Vet Sci Res. 2024;10(3):046-062. Available from: https://dx.doi.org/10.17352/ijvsr.000149



P PeertechzPublications

and samples with an S/P% 250% were considered positive for
antibodies.

Experiment 4b: Enzyme-Linked Immunosorbent IgM
Antibody Capture Assay (ELISA): Sheep serum samples were
tested for only RVFV IgM to the NP by using the ID Screen
RVFV IgM Capture kit (IDvet, Innovative Diagnostics, Grabels,
France) according to the manufacturer’s instructions. The sera
samples were diluted 1:5 in MEM and dispensed in duplicates
into each well of a 96-well microplate pre-coated with anti-
bovine-ovine-caprine IgM polyclonal antibody and incubated
at 37 °C for 1 h. After the incubation period, the microplate
wells were washed with 50 puL of RVFV nucleoprotein and/or
diluent buffer and then incubated at 37 °C for 1 h. Then plates
were washed again and 50 pl of anti-RVFV NP horseradish
peroxidase (HRP) conjugated antibody solution was added to
each well and incubated at 37 °C. Again, the wells were washed
and 100 pL of the 3,3’,5,5’-tetramethylbenzidine (TMB)
substrate solution was added to each well and then incubated
for 15 min at room temperature. Finally, 100 pl of 0.16 M
sulfuric acid was added to stop the reaction and the absorbance
was read at 450nm. OD values from the duplicate samples were
subtracted to obtain a net OD and the percentage of the ratio
of sample OD and positive control OD (S/P%) were calculated.
The samples with an S/P% =< 40% were considered negative,
samples with an S/P% between 40% and 50% were considered
doubtful, and samples with a S/P% 250% were considered
positive for antibodies.

Statistical analysis

The two-tailed Fisher exact test was used for the analysis to
determine statistically significant differences, if any, between
the survival of mice that received serum samples from RVFV
vaccinated sheep versus mice that received serum samples from
normal unvaccinated sheep following challenge with a lethal
dose of virulent RVFV. The Mantel-Cox log-rank test was used
for the analysis of Kaplan-Meier survival curves using Prism 10
(GraphPad Software, La Jolla, CA). The duration of survival of
mice that received MP-12 antibody was compared statistically
with the duration of survival of the mice that received normal
sheep serum.

Results

Experiment 1: This pilot experiment was performed to
determine the lowest concentration of RVFV MP-12 nAb in
serum samples obtained from MP-12 vaccinated sheep that
afforded protection after passive transfer to BALB/c mice
challenged with a lethal dose of virulent RVFV. The MP-12
antibody titer in the sheep serum samples before passively
transferred to each mouse, the antibody titers detected in
the serum samples obtained from mice 24 h after passive
transfer, and the survival rate of mice following challenge with
virulent RVFV are presented as supplementary data in Table
S1. All 4 of the mice treated with antibody-negative serum
#26D0 (obtained from sheep #26 on Day 0 PV) 1 day before the
virulent RVFV challenge succumbed to virus infection by day 10
post-infection (PI) (Table S1). There was a correlation between
the titer of the MP-12 antibody in the original sheep serum
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samples, the antibody titer measured in the sera of recipient
mice 24 h after transfer, and the RVFV infection survival rates
(Table S1). A summary of the antibody protection data for the
sheep sample nAb with reciprocal titers of 20, 40, 80, 160, 320,
and 640 is presented in Table 1. The results for the transfer of
sheep serum samples #25D6 (sheep #25 Day 6 PV) to 4 mice
with a titer of 20 indicated that the titers on transfer to mice
decreased to < 5 for 3 mice and to a titer of 5 for one animal, and
only one of these animals (< 5) survived the challenge. Upon
transfer of antibody with a titer of 40 in sheep serum sample
#28D10 to 4 mice, the titer decreased to 20 for each of the 4
mice and 3 of these 4 animals were protected against challenge.
Transfer of sheep serum sample #28D11 with a titer of 80 to 4
mice resulted in a titer decrease to 20 for one animal and to 40
for 3 animals, which protected all 4 animals from the lethal
RVFV challenge. On transfer of the serum sample #25D8 with
a 160 titer to 4 mice, the titer decreased to 5 for one animal, 20
for one animal, and 40 for 2 animals. Of these animals, the 2
with titers of 40 were protected, but the ones with a 20 and 5
titer were not protected against the RVFV challenge. Transfer
of the sheep serum samples #26D11 and #25D49 to 4 mice with
antibody titers of 320 and 640 respectively led to a decrease in
the titers of each group of 4 mice to 40 and 160, and all these
animals were protected from challenge with a lethal dose of
virulent RVFV.

The survival curve for each group of mice treated in
experiment #1 with each of the different concentrations of MP-
12 sheep antibody is presented in Figure 1A. Animal weights
were also measured during the study. The percent weight
change in mice relative to their starting weights on day -1, the
day they received the antibody-positive sheep sera, are shown
in Figure 1B and are consistent with the survival data. The mice
that received the antibody-negative (titer < 10) serum abruptly
lost weight after the RVFV challenge as they approached the
terminal stages of the disease with the last animal succumbing
to the virus infection on day 10 PI. The animals that received
sheep serum samples with antibody titers of 20, or the lowest
concentrations of antibody tested, also displayed weight loss as
they approached the terminal stages of the disease.

Except for the 5 unprotected mice which included 2 mice
with a titer of < 5, 2 mice with a titer of 5, and 1 mouse with a
titer of 20, all of the other mice with a titer > 20 were protected
resulting in a survival rate of 75% (18/24) following challenge
with a lethal dose of RVFV. The data obtained from this first
experiment were used for the selection of MP-12 antibody-
positive sheep serum samples for use in the second experiment
to better define the lowest nAb titer that protected mice
following the challenge with RVFV.

Experiment 2: The second experiment was performed
to confirm results obtained during the first experiment that
showed an antibody titer of 20 elicited by MP-12 vaccination
of sheep was the lowest titer that afforded protection when
immune serum was transferred to mice, except one mouse
that was protected with a < 5 titer. A summary of this second
experiment, including the nAb titer of the sheep serum that
was administered to each mouse, the titers of the MP-12 nAb
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Table 1: Experiment 1. Summary of the passive transfer of sheep MP-12 PRNT, nAbs to BALB/c mice, the titer of nAb in serum obtained from the mice 24 h post-transfer,

and survival of mice after challenge with virulent RVFV.

Sheep # DEVALTA Sheep antibody titer® Mouse antibody titer* % % Survived
25 6 4 20 <5

25 8 4 160
28 10 4 40
28 11 4 80
26 11 4 320
25 49 4 640

1 2 25% (1/4)
5 0 1
5 0 1 50%(2/4)
20 0 1
40 2 0
20 3 1 75% (3/4)
20 1 0 100% (4/4)
40 3 0
40
40 4 0 100% (4/4)
160 4 0 100% (4/4)
18 6 75% (18/24)°

'Post-vaccination day of sheep with MP-12 vaccine. 2number of mice that received the passively transferred antibody. 3Reciprocal nAb titer of sheep serum samples before
passive transfer to mice. “Reciprocal nAb titer 24 h after passive transfer of serum samples to mice. SSurvival and mortality of mice following challenge with a lethal dose of
RVFV. ¢Overall protection rate of mice afforded by antibody elicited by MP-12 vaccine in sheep.
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Figure 1: A) Survival outcome and B) percent body weight change of BALB/c mice treated with different nAb titers of MP-12 sheep serum 26 h before SC challenge with a
lethal dose of RVFV. Animals in each group (n = 4) were administered sheep serum with defined RVFV nAb titers by IP injection. p < 0.01 compared to animals that received

the control non-immune serum. The weight data are represented as the group mean and standard error of the percent change in weight of surviving animals relative to their
starting weights on the day of sera treatment, day -1, and measured daily during the experiment.

detected in the mice 24 h after passive transfer, and the survival
rate of mice following challenge with a lethal challenge of RVFV
is presented as supplementary data in Table S2. All the mice
treated with the antibody-negative sheep serum #27D0 and
challenged with lethal RVFV succumbed to the virus infection
by day 13 PI (Table S2). There was strong protection with
passive transfer of the sample with an MP-12 nAb titer of 40.
In contrast, the sample with the sheep nAb titer of 160 failed
to protect mice against RVFV infection and the titers in mouse
serum 24 h post-transfer revealed low nAb titers ranging from
< 5 to 10 (Table S2). A summary of the antibody protection data
for the nAb titers of 40, 160, and 640 is presented in Table
2. The results for sheep serum sample #28D10 with a titer of
40 indicated that on transfer to 10 mice, the titer decreased
to 10 for 2 mice and 20 for 8 mice. All these animals except
one with a titer of 10 were protected against a lethal challenge
dose of virulent RVFV. On transfer of the serum sample #25D8

with a 160 titer to 10 mice, the titers decreased to < 5 for one
mouse, a titer of 5 for 5 mice, and a titer of 10 for 4 mice. None
of these animals survived the challenge. This serum sample
(#25D8) with a 160 nAb titer was the same as used in the first
experiment and found to afford protection to 2 of 4 mice and,
as stated above for the results of experiment #1, the sample
obtained from the same sheep #25 on day 6 only protected 1 of
4 mice. Among the 10 mice that received serum sample #25D49
with a titer of 640, the titer decreased to 80 for 8 mice and 160
for 2 mice. All of these mice survived the lethal RVFV challenge.
Overall, the antibody protection rate was 63% (19/30) and this
lower rate can be attributed primarily to the failure of sera
samples from sheep #25 that were obtained before day 10 PV to
afford protection to the animals.

The survival curve for each group of mice treated with
the different MP-12 nAb sheep sera is presented in Figure 2A.
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Table 2: Experiment 2. Summary of the passive transfer of sheep MP-12 PRNT, nAb titers to BALB/c mice, the nAb titers in serum obtained from the mice 24 h post-transfer,

and survival of mice after challenge with virulent RVFV.

Sheep # DEVALA Number of Mice? Sheep antibody titer® Mouse antibody titer* % % Survived
28 10 10 40 10

25 8 10 160

25 49 10 640

1 1 90% (9/10)
20 8 0
<5 0 1 0% (0/10)
5 0 5
10 0 4
80 8 0 100% (10/10)
160 2 0
19 11 63% (19/30)°

1 Post-vaccination day of sheep with MP-12 vaccine. 2number of mice that received the passively transferred antibody. *Reciprocal nAb titer of sheep serum samples before
passive transfer to mice. “Reciprocal nAb titer 24 h after passive transfer of serum samples to mice, *Survival and mortality of mice following challenge with a lethal dose of
RVFV. ¢Overall protection rate of mice afforded by antibody elicited by MP-12 vaccine in sheep.
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Figure 2: A & B. Survival outcome and percent weight change of BALB/c mice treated with sheep MP-12 immune serum 26 h before SC challenge with a lethal dose of RVFV.
Animals in each group (n = 10) were treated IP with sheep serum with defined MP-12 nAb titers. The weight data are represented as the group mean and standard error of

the percent change in weight of surviving animals relative to their starting weights on the day of treatment (day -1) and measured daily during the experiment following the

RVFV challenge on day 0. p < 0.07 compared to animals that received the control non-immune serum.

Animal weights were measured daily during the experiment
and the percent weight change in mice relative to their starting
weights on day-1, the day they received the sheep immune
serum, is presented in Figure 2B and is consistent with the
survival data. The mice that received the non-immune serum
and the 10 mice that received sheep serum #25D8 with a titer
of 160 but decreased on transfer to mice to titers ranging from
< 5 to 10, abruptly lost weight as they approached the terminal
stages of disease. Except for sheep serum #25D8, the mice
that received sheep serum with MP-12 nAb titers of 40 or 640
generally gained weight at a trajectory similar to that of the
sham-infected normal control mice.

This second experiment provided strong evidence that
passively transferred MP-12 nAb from sheep serum to BALB/c
mice significantly protected against challenges with a lethal
dose of RVFV. The minimal antibody titers that protected mice
against the challenge ranged from 10 to 20 for 8 of 10 mice
that survived the lethal RVFV challenge after passive transfer
of sheep serum with a titer of 40. The overall lower protection
rate of 63% (19/30) was attributed to the failure of the serum
sample taken on day 8 PV from sheep #25 with a titer of 160 that
decreased on transfer to 10 mice to a titer of 10 to undetectable
(< 5). The serum sample #25D8 was repeated in experiment #2

because in experiment #1, on transfer of the samples to 4 mice,
the titer decreased to 40 for 2 mice, 20 for 1 mouse, and 5 for 1
mouse, and only protected the mice with a titer of 40, but not
the mice with a titer of 5 and 20. Overall, samples from #25D6
and #25D8 failed to protect 12 of 14 mice, thus suggesting the
possibility of the loss of titer due to repeated thawing of the
sample or that antibodies elicited in sheep before day 9 were
not protective.

Experiment #3: This experiment was performed to compare
the ability of passively transferred nAbs elicited in sheep with
MP-12 or MP-12NSmdel vaccinations to protect against RVFV
ZH501 infection. A summary of this experiment, including the
nAb titer of the sheep serum that was administered to each
mouse, the titers of the MP-12 and MP-12NS-del nAb detected
in the mice 24 h after passive transfer, and the survival rate
of mice following challenge with a lethal dose of RVFV are
presented in Table S3 and Table S4, respectively. All but one
of the 9 mice treated with the RVFV antibody-negative serum
samples succumbed to the RVFV challenge by day 10 PI (89%
mortality). The correlation between nAb detected in the mouse
serum after passive transfer of anti-MP-12 nAb titers of 20,
40, 80, and 160 and protection was not as clear (Table S3). A
summary of the antibody protection data for MP-12 sheep sera
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samples with nAb titers of 20, 40, 80, and 160 is presented in
Table 3. After the transfer of the sera sample #27D11 with a titer
of 20 to 8 mice, the titer decreased to < 5 for all mice, and 6 of 8
mice were protected against a lethal challenge of RVFV. Among
9 mice that received serum sample #26D10 with a titer of 40,
the titer decreased to < 5 for 6 mice, 5 for 2 mice, and 10 for 1
mouse. Six of 9 of these mice survived the challenge. Of the 9
mice that received sheep serum sample #28D11 with a titer of
80, the titer decreased to 10 for 3 mice, 20 for 5 mice, and 40
for 1 mouse. Eight of 9 of these mice survived the challenge.
The titer in 8 mice that received serum sample #27D11 with
a titer of 160 decreased to a titer of 5 for 1 mouse and to a
titer of 10 for 7 mice, and 7 of 8 of these mice survived the
challenge. This sheep serum sample #27D11 with a titer of 160
was collected on day 11 following the vaccination of sheep with
the MP-12 vaccine. In contrast, the sheep serum sample #25D8
with a 160 nAb titer used in experiments 1 and 2 was obtained
from vaccinated sheep on day 8 PV and failed to protect 12 of 14
mice, further suggesting the possibility that antibody elicited
in sheep before day 10 was not protective in this study.

The data presented in Figure 3A shows the survival curves
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of the mice treated with serum from sheep immunized with
MP-12 and Figure 3B shows the corresponding percent weight
change. Notably, for the 40 and 160 nAb titer sheep serum,
there was a trend towards lower titers of nAb in mice 24 h after
passive transfer with the MP-12 samples as compared to the
nAb titers elicited by the MP-12NSm-del vaccine (Figure 4).

A correlation was observed between the MP-12NSm-del
sheep serum nAb titers of 20, 40, 80, and 160 and the titers
detected in the serum samples of recipient mice and survival
outcomes (Table S4, Table 4). A summary of the protection
data for the nAb titers of 20, 40, 80, and 160 is presented in
Table 4. Among the mice treated with these nAb-positive
serum samples elicited in sheep by the MP-12NSm-del vaccine,
the titers after transfer to mice ranged from < 5 to 40 (Table
4). After the transfer of the sheep serum sample #8 Day 28
(#8D28) with a titer of 20 to 8 mice, the titer decreased to <
5 for 4 mice and to a titer of 5 for 4 mice. However, 3 of these
mice with a titer of 5 were protected against the lethal RVFV
challenge. Among the 9 mice that received serum samples
#6D21 with a titer of 40, the titer decreased to 5 for 1 mouse
and to 10 for 8 mice. All nine of these mice survived the RVFV

Table 3: Experiment 3. Summary of the passive transfer of sheep MP-12 PRNT,; nAbs to BALB/c mice, the nAb titers in serum samples obtained from the mice 24 h post-

transfer, and survival of mice after challenge with virulent RVFV.

Sheep # DEVAYTA Sheep antibody titer® Mouse antibody titer* % % Survived
27 11 8 20 <5

26 10 9 40
28 11 9 80
27 11 8 160

6 2 75% (6/8)
<5 4 2 67% (6/9)
5 1 1
10 1 0
10 3 0 89% (8/9)
20 4 1
40 1 0
5 1 0 88% (7/8)
10 6 1

27 7 79% (27/34)°

TPost-vaccination day of sheep with MP-12 vaccine. 2number of mice that received the passively transferred antibody. *Reciprocal nAb titer of sheep serum samples before
passive transfer to mice. “Reciprocal nAb titer 24 h after passive transfer of serum samples to mice. Survival and mortality of mice following challenge with a lethal dose of
RVFV. ¢Overall protection rate of mice afforded by antibody elicited by MP-12 vaccine in sheep.
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Figure 3: A) Survival outcome and B) percent body weight change of BALB/c mice treated with sheep MP-12 immune sera 26 h before SC challenge with RVFV. Animals
in each group were administered immune sera from sheep immunized with MP-12 with defined MP-12 nAb titers. The weight data are represented as the group mean and

standard error of the percent change in weight of surviving animals relative to their starting weights on the day of treatment (day -1). p < 0.001, ** p < 0.01 compared to
animals that received the control non-immune serum.
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Table 4: Experiment 3. Summary of the passive transfer of sheep MP-12NSm-del PRNT, nAb to BALB/c mice, the nAb titers in serum samples obtained from the mice 24 h

post-transfer, and survival of mice after challenge with virulent RVFV.

Sheep # DEVALYA Sheep antibody titer® Mouse antibody titer* % % Survived
8 28 8 20 <5

6 21 9 40
5 12 9 80
8 28 9 160

0 4 38% (3/8)
5 3 1
5 1 0 100% (9/9)
10 8 0
10 4 0 89% (8/9)
20 4 1
<5 0 1 89% (8/9)
10 1 0
20 6 0
40 1 0
28 7 80% (28/35)°

"Post vaccination day of sheep with MP-12 vaccine. 2number of mice that received the passively transferred antibody. *Reciprocal nAb titer of sheep serum samples before
passive transfer to mice. “Reciprocal nAb titer 24 hrs after passive transfer of serum samples to mice. Survival and mortality of mice following challenge with a lethal dose
of RVFV. ®Overall protection rate of mice afforded by antibody elicited by MP-12 vaccine in sheep.
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Figure 4: RVFV MP-12 nAb titer in serum of BALB/c mice 24 h after passive transfer
of MP-12 or MP-12NSm-del sheep immune sera. Mice were treated with immune
sera from sheep vaccinated with MP-12 orMP-12NSm-del as described in Table 1.

Shown are the MP-12 or MP-12NSm-del nAb titers detected in mouse sera 24 h
post transfer of the sheep immune serum and represented as the group mean and
standard error of the mean.

challenge. After transfer of the serum sample #5D12 with a
titer of 80 to 9 mice, the titer decreased to 10 for 4 mice and
to a titer of 20 for 5 mice, and all but one of the 9 mice with
a titer of 20 were protected against the lethal challenge dose
of RVFV. Among the 9 mice that received sera samples #8D28
with a titer of 160, the titer decreased to < 5 for 1 mouse, to
10 for 1 mouse, 20 for 6 mice, and 40 for 1 mouse. All but one
of the mice with a titer of < 5 survived the challenge. Overall,
the serum samples tested were obtained from sheep between
post-vaccination days 12 and 28 (Table 4). None of the mice
with a titer of < 5 survived, but protection was afforded to 80%
(4/5) of mice with a titer of 5. Of the remaining serum samples,
100% (10/10) of mice with a titer of 10, 91% (10/11) with a
titer of 20, and 100% (1/1) with a titer of 40 were protected
from challenge. This third experiment demonstrated that the
minimal titer of MP-12 antibody that protected mice from

challenge with a lethal dose of RVFV varied from < 5 to 20 and
the minimal titer of MP-12NSm-del antibody ranged from 5 to
10. Although nAb-positive serum samples obtained from sheep
vaccinated with both the MP-12 and MP-12NSm-del vaccines
with a titer as low as < 5 and 5, respectively, protected mice
from challenge with a lethal dose of virulent RVFV, the overall
minimal nAb protection titer ranged from 10 to 20 for serum
samples obtained from sheep vaccinated with both vaccine
candidates. Overall, 80% (28/35) of the serum samples with a
titer ranging from < 5 — 40 afforded protection to mice.

The survival curve for each group of mice treated with
each of the different concentrations of sheep serum with MP-
12NSm-del nAb and challenged with a lethal dose of virulent
RVFV is presented in Figure 5A, and Figure 5B shows the
corresponding percent weight change. Overall, the protection
afforded by the MP-12 and MP-12 MP-12NSm-del nAbs against
RVFV infection was comparable across the different levels of
nAb titers present after passive transfer with no statistically
significant differences observed by log-rank analysis (Figure
6).

As described above and summarized in Table 5, only 17%
(3/18) of mice passively transferred with serum from sheep
#25 collected on days 6 and 8 PV were protected from challenge
with virulent RVFV. In contrast, 76% (61/80) of mice receiving
serum samples from sheep collected on days 10, 11, and 49 PV
survived RVFV infection (Table 5). The overall protection rate
afforded by all 88 serum samples was 74% (65/88). While the
nAb positive sera samples obtained from sheep vaccinated with
the MP-12 and with the MP-12NSm-del vaccine candidates
with a titer as low as < 5 and 5, respectively, protected mice,
the overall minimal nAb protective titers ranged from 10 to 20
for both vaccine candidates.

Experiment 4: As an effort to understand the poor
protection rate afforded to mice by the serum samples obtained
from MP-12 vaccinated sheep #25 before day 10 PV, all serum
samples obtained from sheep #25, #26, # 27 and #28 used in
this study were tested for IgM antibody and total IgM and IgG
antibodies to the RVFV nucleoprotein (NP) and the nAb data for
these samples were obtained from previously published data
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Figure 5: A) Survival outcome and B) percent body weight change of BALB/c mice treated with sheep MP-12NSm-del immune sera 26 h before SC challenge with RVFV.
Animals in each group were administered immune serum from sheep immunized with MP-12NSm-del with defined nAb titers. The weight data are represented as the group

mean and standard error of the percent change in weight of surviving animals relative to their starting weights on the day of treatment (day -1). ***p < 0.001, p < 0.01, *p <
0.05 compared to animals that received the control non-immune serum.
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Figure 6: Comparison of survival of mice following treatment with sera from MP-12 or MP-12NSm-del immunized sheep and subsequent RVFV challenge of the animals.

Mice in each group were administered immune sera from sheep immunized with MP-12 or MP-12NSm-del with known anti-RVFV MP-12 nAb titers of A) 20, B) 40, C), 80, or

D) 160.
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Table 5: Summary of experiments 1, 2, and 3 describing the passive transfer of MP-12 PRNT, nAb positive sheep serum samples to mice, nAb titers in mice 24 h after passive
transfer, and the survival rate of mice following challenge with a lethal dose of RVFV.

Day PV' Sheep antibody titer® Mouse antibody titer* % % Survived
6 4 20 <5

1 2 25% (1/4)
0 1
8 4 160 5 0 1 50% (2/4)
20 0 1
40 2 0
8 10 160 <5 0 1 00% (0/10)
5 0 5
10 0 4
Summary of the MP-12 antibody protection rate for days 6 & 8 post-vaccination 17% (3/18)
10 23 40 <5 4 2 83%19/23
5 1 1
10 2 1
20 12 0
11 33 80 20 1 0 75%(3/4)
40 3 0
320 40 0 100%(4/4)
20 <5 6 2 75%(6/8)
80 10 3 0 89%(8/9)
20 4 1
40 1 0
160 5 1 0 88%(7/8)
10 6 1
Summary of the MP-12 antibody protection rate for days 10 & 11 post-vaccination 84% (47/56)
49 10 640 80 8 0 100% (14/14)
160 6 0

Summary of the MP-12 antibody protection rate for days for day 49 post-vaccination 100% (14/14)
Summary of the MP-12 antibody protection rate of mice by serum samples taken from vaccinated sheep on vacPost-Vaccination days 6 — 49.
6,8,10,11
and 49
'Post vaccination day of sheep with MP-12 vaccine. 2number of mice that received the passively transferred antibody. *Reciprocal nAb titer of sheep serum samples before
passive transfer to mice. “Reciprocal nAb titer 24 hrs after passive transfer of serum samples to mice. *Survival and mortality of mice following challenge with a lethal dose
of RVFV.

4-33 <5-640 <5-160 65 23 74%(65/88)

Table 6: The detection pattern of ELISA IgM and IgG antibodies to the RVFV NP and PRNT, nAb in sera samples obtained from sheep vaccinated with RVFV MP-12 candidate
vaccine.

Sheep " Days Post-Vaccination
Antibod
“Y ol s e 7 1 e [ 9o [ w0 [ vl a2 da [ 2 [ 2 [ 35 [ 42 ] o | 5

IgM to NP*
IgM & I1gGtoNP = - - - - - - + + + + NS** + + + + +
nAb*** - 40 80 160 160 640 640 1280 1280 1280 2560 2560 1280 2560 640 1280
IgM to NP - - - - + + + + + + + + - - - -
26 IgM & 1gGto NP~ - - - + + + + + + + + + + + + +
nAb - - - 20 160 320 160 320 1280 1280 1280 1280 2560 640 1280 2560
IgM to NP - - - - + + + + + - - - - - R R
z IgM & IgGtoNP = - - - - + + + + + + + + + + + +
nAb - - 10 20 80 160 1280 640 1280 1280 1280 1280 1280 1280 1280 2560
28 IgM to NP - - - + + + NS + + + - - - - - R
IgM & 1gGto NP - - - + + + NS + + + + + + + + +
nAb

- - - 20 80 80 160 320 1280 2560 5120 10240 2560 1280 5120 5120

*Antibody to NP. **NS = No samples. ***nAb = Determined by plaque reduction neutralization test,, in Vero cells.

obtained in a study that tested sera samples from vaccinated 10 PV and nAb was first detected on day 5 PV and both the IgG
sheep at intervals through 56 days PV (34). As shown in Table and nAb remained detectable throughout the duration or day
6, the results for serum samples obtained from sheep # 25 on 56 PV of the study. In contrast to the results for testing serum
days 6 and 8 PV were negative for IgM antibody to the NP. In samples from animal #25, serum samples from the other
contrast, the IgG antibody to the NP was first detected on day animals (#26, 27, 28), which included all samples used in this
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study that were taken on day 10 and after vaccination, were
positive for IgM antibody to NP as early as day 7 or 8 PV and
remained positive until days 12, 14 and 28 PV. Whereas the IgG
antibody to NP was first detected on day 7 PV and nAb on day 6
and 7 PV, and both the IgG antibody and nAb remained positive
through day 56 PV. Thus, the results for serum samples from
sheep #25 that failed to protect the animals were negative for
NP IgM antibody and the NP IgG antibody was not detectable
until day 10 PV, or for 2 to 3 days after the detection of NP IgG
antibody in sera of the other 3 animals. Also, nAb was detected
in serum samples from all animals including the detection
antibody on days 5 for #25, 7 for #26, 6 for #27, and 7 for #28,
or in 2 animals before the NP IgG antibody was detected. Thus,
the difference in the immune response based on testing serum
samples obtained on days 6 and 8 PV from the #25 animal
in comparison to testing results for animals #26, 27, and 28
was that the #25 samples were negative for IgM antibody
throughout the 56-day study period and were negative for IgG
antibody to NP until day 10 PV.

Discussion

Several next-generation RVFV veterinary vaccines are
under development for the prevention of RVF among domestic
ruminants [5,6,9,10]. Estimates of the protective efficacy of
some of these candidate vaccines have been determined by
vaccinating and subsequent challenge of laboratory animals
(rodents and non-human primates) and domestic ruminants
with virulent RVFV [33-35]. However, the challenge of animals
using virulent RVFV is limited due to the unavailability of
appropriate biosafety containment laboratories [19-21,26-29].
As an alternative approach reported herein, a lethal virulent
murine challenge model was used in this study to estimate the
minimal protective antibody titers elicited in sheep following
vaccination with the RVFV MP-12 vaccine. The design involved
the selection of RVFV antibody-positive sheep sera samples
with different nAb titers elicited on different PV days in sheep
with the RVFV MP-12 and MP-12NSm-del vaccine candidates.
The passive transfer of these samples to Balb/c mice that
were subsequently challenged with a lethal dose of RVFV
indicated that the minimal protective antibody titer for both
vaccines ranged from 10 to 20. These titers were similar to
minimal protective RVFV antibody titers of 10 to 20 elicited in
human volunteers by the MP-12 vaccine and in hamsters by
an inactivated RVFV NDBR-103 vaccine [37,38]. In the same
study involving the NDBR-103 vaccine, only 2 of 10 vaccinated
hamsters developed detectable antibodies, but all animals
survived the challenge with a lethal dose of virulent RVFV
indicating that animals with a titer of < 10 were protected [38].
Our findings also indicated that some animals were protected
with serum samples that had values of < 5 antibody titers. The
only relevant studies involving the recombinant MP-12NSm-
del vaccine indicated that an antibody titer in sheep at the time
of challenge of about 100 afforded protection against challenge
with a virulent strain of RVFV [25].

As observed for the protective role of nAb elicited in
sheep by the RVFV MP-12 vaccine in this study, our findings
indicated that the passive transfer of RVFV antibody to mice
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and challenged with virulent RVFV was a reliable method
for evaluating the protective efficacy of nAb against RVF
disease. As a result, this method could have advantages over
the classical methods of directly challenging large animals
with virulent RVFV for evaluating the efficacy of candidate
RVFV vaccines. However, very few studies have been designed
appropriately to determine the antibody titers at the time of
challenge. Also, numerous studies have evaluated the safety
and immunogenicity of vaccine candidates, but the protective
efficacy could not be evaluated by challenge with virulent RVFV.
For example, our studies involving the evaluation of both the
MP-12 and the MP-12NSm-del vaccine in African domestic
ruminants demonstrated that these candidates elicited nAb
[19-21,26-29]. However, estimates of the protective efficacy of
the antibody-based on the challenge with virulent RVFV were
not possible due to the unavailability of large animal-enhanced
Biosafety Level 3 containment facilities and the inability to
comply with Select Agent regulations [30]. While the protective
efficacy of the antibody titers was unknown, the immune
response of the African ruminants to both vaccines was
comparable to or higher than the 10 to 20 titers of sheep serum
that afforded protection to mice. As such, our findings in this
study support the validity of the use of passively transferred
RVFV antibodies from vaccinated animals to a mouse model
as a reliable and promising approach for use as a surrogate to
provide a more cost-effective and concise estimate of protective
antibody titer than the classical approach of using small and/or
large domestic ruminant RVFV challenge models.

Among the MP-12 antibody-positive sheep serum samples
passively transferred to mice, 23 of 88 mice succumbed to
challenge infection with a lethal dose of virulent RVFV for an
overall protection rate of 74% (65/88). The mice that were
not protected included 83% (15/18) that received nAb-positive
serum samples obtained from one MP-12 vaccinated sheep
(#25) on days 6 and 8 PV, or before day 10 PV. The antibody
titers in 15 of the un-protected mice ranged from < 5 to 20
and of the 3 mice that were protected, one mouse had a titer
of < 5, and 2 mice had titers of 40. The remaining 8 of the
23 unprotected mice had received antibody-positive serum
samples obtained from sheep on days 10 and 11 PV with titers
ranging from 5 to 20. Overall, 21 of the 23 mice that were not
protected involved animals that had titers ranging from < 5 to
10, including 7 with a titer of < 5, 8 with at titer of 5, and 6 with
a titer of 10. An additional 2 unprotected mice had a titer of 20
and all these serum samples were obtained from sheep on days
6 to 11 PV with MP-12. The possibility cannot be excluded that
the 26% (23/88) of the passively transferred RVFV antibody-
positive sheep serum samples did not protect mice because the
transfer of antibody to mice resulted in dilutions as much as <
5 to 160 of the original antibody titers detected in sheep on day
6 to 11 PV of sheep with the MP-12 vaccine. However, dilutions
that resulted in < 5 antibody titers were protective on days 10
and 11 PV, suggesting that the lack of protection was due to
other reasons.

The failure of RVFV MP-12 elicited antibody in sheep
vaccinated on or before day 10 PV to afford protection on passive
transfer to 15 of 18 mice was associated with 2 serum samples
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obtained from sheep #25, one sample on day 6 (#25D6), and
one on day 8 (#25D8) PV, and were the only samples tested
before day 10 PV in this study. The failure did not appear to
be related to the lower nAb titers elicited in sheep early after
vaccination with the MP-12 vaccine. For example, only one of
10 samples obtained from sheep before day 10 PV with titers
ranging from < 5 to 5 in recipient mice afforded protection to
challenged mice, whereas 11 of 16 samples with similar titers
obtained from sheep on days 10 and 11 PV protected mice. While
the 2 samples from sheep #25 were positive for nAb with titers
of 80 (#25D6) and 160 (#25D8) before transfer to mice and
ranged from < 5 to 40 after transfer to mice, the failure to
afford protection could have been due to the predominance of
IgM antibody to Gc¢/Gn envelope glycoproteins that are known
to be elicited earlier than the more potent IgG nAb. Also, since
the IgM antibody is much larger than the IgG antibody, this
antibody could have either been cleared before mice were
challenged or the antibody was poorly neutralizing. In support
of this possibility are the results for serum sample #27 which
was taken from a sheep on day 11 PV with a titer of 160 before
transfer to 8 mice. On the challenge of the mice that had titers
ranging from 5 to 10, 7 of the 8 mice survived the challenge
suggesting that both IgM and/or IgG antibodies afforded
protection to mice. That IgM antibody was predominate before
IgG nAb during early RVFV infection is supported by the results
of studies that showed IgM antibody to be detectable in sheep
infected with virulent RVFV or vaccinated the Smithburn
vaccine or non-human primates with MP-12 by day 4 PI and
peaked on day 10 in contrast to IgG antibody that was usually
detectable a few days later but did not reach peak titers until
day 20 post-inoculation [39].

While our observations further demonstrated the critical
role of RVFV MP-12 vaccine-elicited nAb for protecting against
RVF disease, the observation for sheep #25 suggested that the
humoral response of nAb alone was not protective on days 6
and 8 PV, or that higher tittered antibody was required based on
the titer of 40 that afforded protection to mice. The higher titer
of 40 as opposed to the unprotected antibody titers that ranged
from < 5 to 10 for the other 15 unprotected mice suggested
that the avidity of the higher concentration of antibody may
have been stronger and therefore neutralized virus infectivity.
Although antibodies alone failed to afford protection, evidence
accumulated indicated that both the cellular and/or innate
immune response may be required to afford protection during
the early course of infection. As an effort to understand the
possible protective role of the early humoral immune response,
the serum samples from sheep #25 obtained on days 6 and 8
PV as well as the samples obtained from sheep #26, 27, and
28 were tested for IgM and IgG antibody to the RVFV Np
[40]. The results revealed that the sera samples from sheep
#26, 27, and 28 were positive for IgM and IgG antibodies to
the RVFV NP antigen, but the serum samples from #25 sheep
were negative for IgM antibody and the IgG antibody response
was delayed, suggesting that the MP-12 vaccine failed to
elicit an NP response in this animal. Although nAb to Gc/Gn
envelope glycoproteins were detected in sheep #25 on day 5
PV and every day thereafter during the 56-day study period,
this antibody as mentioned was not protective on days 6 and
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8 PV, but afforded protection on day 49 PV or the only other
day that the sera from this sheep was evaluated. In contrast to
sheep #25, sera obtained from the other 3 sheep were positive
for IgM and IgG antibody to the NP as early as days 7 and 8
PV, but the first sera samples from sheep #26, 27, and 28 that
were evaluated for protection were those obtained on day 10
and 11 PV when 88% (38/43) of the samples from these animals
afforded protection to mice. Since data are not available for
direct comparison of protectiveness, and only involved one
animal, the observation must be interpreted with caution and
warrant further investigation regarding a possible protective
role of nAb early during RVFV infection. However, numerous
studies have demonstrated that the immune response to the
RVFV immunodominant NP, presumably mediated by cellular
immunity afforded partial protection to mice in the absence
of nAb antibody [41-44]. The protectiveness during the early
course of infection was demonstrated by a study that showed
a combination of RVFV non-neutralizing and monoclonal
antibodies Gn32 afforded complete protection when transferred
to mice 30 minutes after a lethal challenge with virulent RVFV
[45]). Also, Fc-mediated effector functions may contribute to
the overall antiviral activity which is something our study did
not address.

Although the design of this study precluded consideration
of the well-documented protective role of the RVFV-mediated
innate immune response, the observation suggesting that
antibody elicited in sheep by the MP-12 vaccine before day 10
PV did not afford protection to mice suggested that the innate
immune response would also be required to afford protection.
Early studies indicated that Type I IFN elicited during early
infection was a critical determinant in controlling the outcome
of RVFV infection among rodents and non-human primates
[46-49]. Subsequent studies confirmed these observations
and also showed that virulent strain of RVFV inhibited IFN
Type I and caused severe and fatal infection [50-52], but the
attenuated MP-12 virus did not inhibit Type I IFN production,
thus demonstrating that IFN played a critical role in protection
during the early phase of RVFV infection [51-55]. Also, that
IFN-o may afford protection was supported by a study that
showed RVFV MP-12 vaccinated rhesus monkeys were protected
against challenge with virulent RVFV because the monkeys
secreted this cytokine within 12 hours of being challenged and
did not develop disease [47]. Further evidence that IFN-o/B
may have afforded protection to mice included the observation
that the avirulent RVFV MP-12 vaccine was excellent inducer of
early IFN-o/p production and that type 1 IFN peaked as early as
3 to 12 hours after the onset of infection with avirulent strains
of RVFV virus [48,54]. Also, among RVFV-infected monkeys,
the animals that had detectable levels of interferon at 12 hours
after infection remained healthy, whereas those that did not
have detectable serum interferon until 24-30 h after infection
developed a clinical disease syndrome similar to human cases
of RVF disease [47]. A more recent study showed that nAb was
not detectable in mice on days 1- 4 following vaccination of
mice with the MP-12, but 50% of the mice were protected from
challenge with a lethal dose of virulent RVFV on day 2 PV and
100% were protected day 4, 5, 6 and 7 PV, thus suggesting a
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protective role for the innate and/or a cellular mediated immune
response [56]. These findings demonstrated that the RVFV
MP-12 vaccine elicited an innate protective immune response
in mice during the first few days of PV, thus supporting a
protective role for the innate immune response that functions
in combination with both the humoral and cellular mediated
immune response to protect animals during the early phase of
RVFV infection in mice.

Our study design also precluded consideration of the well-
documented protective role of RVFV-mediated cell-mediated
immune response. A possible role of cellular mediated
response during the early onset of the antiviral protective
response was demonstrated by showing that a single dose of
an RVFV replicon particle vaccine afforded protection to 60%
of mice by day 1 PV and 100% protection to all mice by day 4
PV [57]. In that study, the immunization of mice with RVFV
replicon particles upregulated antiviral genes, including IFN-B
and other genes that play an important role in the initiation
of cell-mediated and humoral immunity Other than eliciting
a partially protective immune response by the RVFV Np, a
study using A2-trangenic mice demonstrated that the RVFV
Np protein could serve as a potent human T cell immunogen
to elicit broad, immunodominant CD8+T cell responses that
could be protective [58]. Although antiviral CD8+ T cells do
not prevent infections, they promote the clearance of the virus
by producing pro-inflammatory cytokines and direct killing
of virus-infected cells, thus limiting virus dissemination and
host morbidity [59]. Further evidence that the cellular immune
response may have afforded protection to sheep early during
RVFV infection was supported by the observation that the non-
lethal response of non-human primates to RVFV infection was
associated with early proliferation of CD4+ and CD8+ T cells and
the early production of Thi cytokine, including IFNy [60]. IFN-y
has been shown to reduce viremia, and to prevent clinical signs
in RVFV-infected rhesus monkeys [61]. These findings and the
demonstrated critical role of T-cells, especially CD4+ T cells
in eliciting strong antibody responses revealed the critical
importance and benefit of a robust cellular response including
effector memory T cells that secrete IFNy within hours of re-
exposure to antigen and these cells were detectable in some
individuals many years after exposure [62,63]. As such, these
findings suggested that vaccination with the MP-12 vaccine
would have elicited a cellular-mediated immune response that
could have afforded protection to mice against the challenge of
a lethal dose of RVFV during early infection in this study.

A possible limitation of this study was the use of the MP-
12 virus in the PRNT,  to quantify the titers of the antibody
elicited in sheep by the MP-12 vaccine as well as to determine
the protective efficacy of the antibody in mice. As a result,
estimates of the nAb titers may have differed from the
concentration that would have been detected if a pathogenic
strain of RVFV had been used in the test. However, a previous
experiment based on the PRNT, cross-neutralization test
showed that the neutralizing activity of the antibody elicited by
the MP-12 and the virulent ZH501 strains of RVFV in sheep and
nonhuman primates were comparable (Morrill JC, unpublished
data). The most likely reason was because of the relatively low
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genetic diversity of approximately 4% and 1% at the nucleotide
and protein-coding levels, respectively of RVFV isolates that
comprised the seven known RVFV lineages [64]. As a result of
the high degree of sequence conservation of the M segment
genes that encode virion surface glycoproteins, antibodies
elicited by a single strain of RVFV neutralized all circulating
RVFV, implying that antibodies elicited by a single vaccine
would protect against all lineages of the pathogenic strains of
RVFV.

Conclusion

As described in this report, an alternative approach to
estimating vaccine efficacy is to collect blood samples from
vaccinated animals at intervals and passive transfer of sera
samples to mice and then challenge the animals with virulent
RVFV. In contrast to the classical challenge method, this passive
antibody transfer procedure does not require large animal
holding facilities, more animals can be used, and estimates
of efficacy can be determined immediately or during the first
week and subsequently at weekly or monthly intervals post-
vaccination. While this passive transfer of antibody challenge
method still requires the use of virulent strains of RVFV in a
BSL-3+ laboratory, further studies are needed to develop an
immune-competent murine model susceptible to the MP-12
virus that can be used in a BSL2 laboratory. The findings using
this approach further confirm that nAb alone elicited by the
MP-12 and the MP-12NSm-del vaccines afforded protection to
animals against the virulent strain of the RVFV. The minimal
protective nAb titers elicited in vaccinated sheep with only one
dose of the MP-12 and MP-12NSm-del vaccines ranged from
10 to 20. Although the observation was for only one sheep,
the results suggested that the innate and/or cellular immune
response was needed to afford protection during the first
week after vaccination. The findings offer a promising BALB/c
mouse RVFV challenge model as a surrogate for evaluating the
protective nAb response elicited by RVFV vaccines. Overall, the
findings further supported the potential effectiveness of the
MP-12 and MP-12NSm-del vaccine candidates for preventing
RVF among humans and domestic ruminants.
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