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Abstract

Rift Valley fever (RVF) is a mosquito-borne zoonotic disease endemic to Africa and the Arabian 

Peninsula that affects sheep, cattle, goats, camels, and humans. Effective vaccination of 

susceptible ruminants is important for the prevention of RVF outbreaks. Live-attenuated RVF 

vaccines are in general highly immunogenic in ruminants, whereas residual virulence might be a 

concern for vulnerable populations. It is also important for live-attenuated strains to encode unique 

genetic markers for the differentiation from wild-type RVFV strains. In this study, we aimed to 

strengthen the attenuation profile of the MP-12 vaccine strain via the introduction of 584 silent 

mutations. To minimize the impact on protective efficacy, codon usage and codon pair bias were 

not de-optimized. The resulting rMP12-GM50 strain showed 100% protective efficacy with a 

single intramuscular dose, raising a 1:853 mean titer of plaque reduction neutralization test. 

Moreover, outbred mice infected with one of three pathogenic reassortant ZH501 strains, which 

encoded rMP12-GM50 L-, M-, or S-segments, showed 90%, 50%, or 30% survival, respectively. 

These results indicate that attenuation of the rMP12-GM50 strain is significantly attenuated via the 

L-, M-, and S-segments. Recombinant RVFV vaccine strains encoding similar silent mutations 
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will be also useful for the surveillance of reassortant strains derived from vaccine strains in 

endemic countries.
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1. Introduction

Rift Valley fever (RVF) is a mosquito-borne zoonotic disease that affects sheep, cattle, goats, 

camels, and humans [1]. The causative agent, Rift Valley fever phlebovirus (RVFV) belongs 

to the genus Phlebovirus within the family Phenuiviridae, in the order Bunyavirales. The 

RVFV genome is comprised of three negative-sense or ambi-sense RNA: the Large (L)-, 

Medium (M)-, and Small (S)-segments. The L-segment encodes RNA-dependent RNA 

polymerase (L protein), whereas the M-segment encodes envelope glycoproteins Gn and Gc, 

as well as 78kD and NSm proteins. The S-segment encodes nucleoprotein (N protein) and 

nonstructural S (NSs) protein. Following RVFV infection, abortions and fetal malformations 

occur in most pregnant ruminants, whereas newborn lambs and goat kids show high 

mortalities due to acute viral hepatitis. RVFV infection in humans occurs via a bite from an 

infected mosquito or exposure to bodily fluid of infected animals [2]. Typically, RVF 

patients show a biphasic fever followed by spontaneous recovery, whereas severe cases 

suffer from hemorrhagic fever, encephalitis, or retinitis [3]. Due to the grave consequences 

of RVF outbreaks upon introduction into non-endemic countries, RVFV is classified as a 

Category A Priority Pathogen, and an overlap select agent via the U.S. Department of Health 

and Human Services, and Agriculture [4]. Since the first reported RVF outbreak in Kenya in 

1930, the geographical distribution of RVFV has expanded into Saudi Arabia and Yemen, 

and many countries in Africa [5–8]. Effective vaccination of susceptible animals and humans 

at high risk of viral exposure is one of the most important approaches to minimizing the 

impact of RVF outbreaks [9, 10]. In endemic countries, both live-attenuated vaccines 

(Smithburn or Clone 13 vaccine) and inactivated vaccines are commercially available for 

veterinary use [11, 12]. Preparation of a national vaccine stockpile is also important for non-

endemic countries. In the U.S., a live-attenuated MP-12 vaccine was conditionally licensed 

for veterinary use upon RVF outbreaks based on the protective efficacy and demonstrated 

safety in ruminants [13–19]. There are currently no licensed RVF vaccines or therapeutics 

available for humans.

Live-attenuated RVF vaccines show strong protective efficacies in ruminants following a 

single dose without adjuvants. Since those vaccine strains replicate in vaccinated animals, 

residual virulence might be a concern for vulnerable populations, including pregnant or 

newborn animals [13, 20]. Although subunit vaccines, DNA vaccines, viral vectors, and 

single-cycle RVF replicons are highly safe in animals due to a lack of viral spread, the 

vaccine immunogenicity of these novel candidates is not as high as traditional live-

attenuated vaccines, and a booster dose and/or the use of adjuvant might be required to 

induce a long-term protective immunity [21–24]. Recently, we created a recombinant MP-12 
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strain, which encodes hundreds of silent mutations throughout the open reading frame 

(ORF) of genomic RNA (rMP12-GM50 strain)[25]. The rMP12-GM50 strain is potentially 

valuable as a novel candidate vaccine, because silent mutations might strengthen the 

attenuation profile of MP-12 strain via the L-, M-, and S-segments, and also serve as genetic 

markers to be distinguished from other RVFV strains. In this study, we aimed to characterize 

the attenuation profile and protective efficacy of rMP12-GM50 strain compared to those of 

parental MP-12 strain.

2. Materials and Methods

2.1. Media, cells, and viruses

BHK/T7-9 cells stably expressing T7 RNA polymerase [26] were cultured at 37°C with5% 

CO2 in minimum essential medium (MEM)-alpha containing 10% fetal bovine serum (FBS), 

penicillin (100 U/ml), streptomycin (100 μg/ml), and hygromycin B (600 μg/ml). MRC-5 

cells (ATCC CCL-171), Vero cells (ATCC CCL-81), and VeroE6 cells (ATCC CRL-1586) 

were cultured at 37°C with 5% CO2 in Dulbecco’s modified MEM containing 10% FBS, 

penicillin (100 U/ml), and streptomycin (100 μg/ml). BHK/T7-9, MRC-5, Vero, and Vero E6 

cells were verified to be mycoplasma free (UTMB Tissue Culture Core Facility), and the 

identity of MRC-5 cells was authenticated via Short Tandem Repeat analysis (UTMB 

Molecular Genomics Core Facility). The MP-12 vaccine Lot 7-2-88 was amplified once in 

MRC-5 cells and used in this study. Recombinant MP-12 (rMP-12) or ZH501 (rZH501) 

strains was recovered from BHK/T7-9 cells via reverse genetics, and passaged once in 

VeroE6 cells [27, 28]. A rMP-12 variant encoding a total of 584 silent mutations within the 

N, NSs, M, and L ORFs (the rMP12-GM50 strain) was also recovered via reverse genetics 

(GenBank Accession No. MF593928, MF593929, MF593930) as described previously [25]. 

Reassortant rZH501 strains encoding either rMP12-GM50 L-segment (RST-GM50-L), 

rMP12-GM50 M-segment (RST-GM50-M), or rMP12-GM50 S-segment (RST-GM50-S) 

were generated via reverse genetics. Rescued viruses were amplified in Vero cells after 

recovery from BHK/T7-9 cells, and stock viruses were titrated via a plaque assay using Vero 

E6 cells [28].

2.2. Plasmids

Plasmids expressing positive-sense RNA of rMP12-GM50 L, M-, and S-segments via the T7 

promoter, i.e. pProT7-vL(+)-GM50, pProT7-vM(+)-GM50, and pProT7-vS(+)-GM50, 

respectively, were described previously [25]. Briefly, silent mutations of the rMP12-GM50 

strain were manually designed one by one, so as not to disturb the codon pair bias and codon 

usage, at least in humans [29, 30]. One or more silent mutations were introduced every 50 

nucleotides; this could serve as a gene marker of this strain and was thus designated as gene 

marker 50 (GM50).

2.3. Growth kinetics of rMP-12 or rMP12-GM50 in culture cells

Vero or MRC-5 cells in 12-well culture plates were infected with the rMP-12 or rMP12-

GM50 strain at 0.01 multiplicity of infection (MOI) at 37°C for 1 hour. After washing cells 

three times with media, culture supernatants at 1 hour post infection (hpi) were collected. 

Ly et al. Page 3

Vaccine. Author manuscript; available in PMC 2018 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cells were further incubated at 37°C, and culture supernatants were collected at 24, 48, 72, 

96, and 144 hpi. Experiments were performed three times independently.

2.4. Mouse challenge experiments with rZH501 and the reassortant strains

Five-week-old female outbred CD1 mice (Charles River, North Franklin, CT) were 

inoculated with 1×103 plaque forming units (PFU) of parental rZH501 (control, n = 5 per 

group), RST-GM50-L, RST-GM50-M, or RST-GM50-S (n = 10 per group) via the 

intraperitoneal route (i.p.). Clinical signs of disease were observed daily, and individual 

body weights were measured daily for seven days, and then subsequently every three days 

until termination of the experiment at 21 days post challenge. Mice showing more than 20% 

body weight loss and/or showing clinical signs such as viral encephalitis or severe lethargy 

were humanely euthanized, and all surviving mice were euthanized at 21 days post 

challenge. All work with infectious rZH501 was performed at the Robert E. Shope BSL-4 

laboratory or Galveston National Laboratory at UTMB.

2.5. Protective efficacy experiments

Protective efficacy experiment 1—Five-week-old female outbred CD1 mice (Charles 

River) were inoculated subcutaneously (s.c.) with PBS (mock, n = 5), or 1×104 or 1×105 

PFU of parental MP-12 or the rMP12-GM50 strain (n = 10 per group). Serum samples were 

collected via the retro-orbital vein at 43 days post vaccination (dpv). Mice were then 

subsequently challenged with 1×103 PFU of pathogenic rZH501 strain via i.p. route at 45 

dpv. Mice were observed daily for 21 days after challenge, and individual body weights 

were measured daily for seven days, and then subsequently every three days until 

termination of the experiment at 21 days post challenge. Sera were then collected from 

surviving mice at 21 days post rZH501 challenge via the cardiac puncture. Survival curves 

of mice (Kaplan-Meyer method) were analyzed using the GraphPad Prism 6.05 program 

(GraphPad Software Inc, La Jolla, CA.).

Protective efficacy experiment 2—Five-week-old female outbred CD1 mice were 

inoculated s.c. or intramuscularly (i.m.) with PBS (s.c.: n = 5; i.m.: n = 5), or 5×105 PFU of 

parental MP-12 or the rMP12-GM50 strain (s.c.: n = 10 per group; i.m.: n = 10 per group). 

Serum samples were collected via the retro-orbital vein at 42 dpv. Mice were then 

subsequently challenged with 1×103 PFU of pathogenic rZH501 strain (i.p.) at 45 dpv as 

described above.

2.6. Plaque Reduction Neutralization Test

The plaque reduction neutralization test (PRNT80) titer was determined as described 

previously [31]. Briefly, each 20-μl aliquot of mouse serum, serially diluted four-fold, was 

transferred into flat-bottom 96-well plates containing MP-12 virus, in which 50 plaques 

were formed per well (final dilutions of sera mixed with viral input were 1:10, 1:40, 1:160, 

1:640, 1:2,560, and 1:10,240). After incubation at 37°C for 1 hour, 150 μl of DMEM with 

10% FBS was added to each well. Next, 150 μl of the mixture was transferred into a 24-well 

plate with subconfluent VeroE6 cells, and the plate was further incubated at 37°C for 1 hour. 

After removal of inocula, cells were covered with an overlay containing 0.3% tragacanth 

gum, 1xMEM, 5% FBS, 5% triphosphate broth, streptomycin, and penicillin, and then 
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further incubated for 72 hours. Cells were fixed with 25% formalin and 5% ethanol 

containing crystal violet. The average number of plaques from at least five different wells 

that had mock-immunized mice sera was used to set the cut-off number of 80% reduction. 

The highest dilution of sera that inhibited the plaque formation below the cut-off number 

was used for the PRNT80.

2.7. Statistical analysis

Statistical analyses were conducted using the GraphPad Prism 6.05 program (GraphPad 

Software Inc.). Arithmetic means of log10 values of virus titers were analyzed by one-way 

ANOVA followed by Tukey’s multiple comparison test.

2.8. Ethics statement

Experiments using the RVFV ZH501 strain, MP-12 strain, recombinant MP-12 strains, and 

rMP12-GM50 strain were performed with the approval of the Notification of Use by the 

Institutional Biosafety Committee at UTMB. Mouse experiments were conducted in 

facilities accredited by the Association for Assessment and Accreditation of Laboratory 

Animal Care, in accordance with the Animal Welfare Act, NIH guidelines, and U.S. federal 

law. Animal protocols were approved via the UTMB Institutional Animal Care and Use 

Committee, Protocol number 1007038A.

3. Results

3.1. Introduction of silent mutations into N, NSs, M, and L ORFs of the RVFV MP-12 strain

To introduce additional attenuations and gene markers into the MP-12 vaccine strain without 

changing the functions of viral proteins, a total of 584 silent mutations were introduced into 

the ORFs of the MP-12 strain. Specifically, 326 mutations were introduced in the L-

segment, 185 mutations in the M-segment, and 73 mutations in the S-segment (Fig. 1A). The 

MP-12 variant was successfully rescued via the reverse genetics system, and the resulting 

virus was designated as rMP12-GM50. Each silent mutation was designed to not disturb 

codon-pair bias (Fig. 1B) and codon usage in order to retain the capability of viral 

replication in host cells [29]. The codon pair bias represents the bias of the pairing frequency 

of two neighboring codons within the species [32, 33]. The biological role of codon pair bias 

was previously studied via calculating the codon pair bias score using annotated human 

genes: i.e., the underrepresented pair and overrepresented pair were shown as scores of <0 

and >0, respectively [29]. The average codon pair bias scores (humans) of parental rMP-12 

and rMP12-GM50 were −0.018 and 0.189, respectively, whereas the codon adaptation index 

(humans) of parental rMP-12 and rMP12-GM50 were 0.72 and 0.73, respectively (data not 

shown) [30, 34]. The nucleotide homology between the parental MP-12 strain and the 

rMP12-GM50 strain was 94.9% (L-segment), 95.2% (M-segment), and 96.0% (S-segment). 

The replication efficiencies of rMP-12 and rMP12-GM50 were evaluated in Vero and 

MRC-5 cells. Replication of the rMP12-GM50 strain was less efficient than that of the 

parental rMP-12 strain in Vero cells at 24, 48, and 72 hpi, yet the viral titers at 96 and 120 

hpi had no significant difference from those of the parental strain (Fig. 1C). Replication 

kinetics of the rMP12-GM50 strain were not statistically significantly different from those of 
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the parental rMP-12 strain in MRC-5 cells (Fig. 1D), indicating that the rMP12-GM50 strain 

retains the ability to replicate in mammalian cells.

3.2. Attenuation of pathogenic recombinant ZH501 strain through the L, M-, or S-segments 
of the rMP12-GM50 strain

Although the parental MP-12 strain encodes attenuation mutations in the L-, M-, and S-

segments, each segment only partially contributes to the attenuation of RVFV [35]. Previous 

study showed 20%, 40%, and 0% survival of mice via an i.p. challenge with 1×103 PFU of 

reassortant rZH501 strain encoding either the L-, M-, or S-segment of the parental MP-12 

strain (RST-MP12-L, RST-MP12-M, and RST-MP12-S), respectively (Table 1) [35]. To 

evaluate the attenuation via each segment, reassortant rZH501 strains encoding either the L-, 

M-, or S-segment of the rMP12-GM50 strain were generated in this study (Table 1). In the 

challenge experiment of outbred mice with rZH501 or reassortant strains, all mice infected 

with parental rZH501 strain died or euthanized due to severe clinical signs within 5 days 

post infection (dpi) (Fig. 2A). Nine out of ten mice infected with RST-GM50-S showed 

scruffy coat or hunched back starting at 5 – 12 dpi, and three mice also showed neurological 

signs such as paralysis or ataxia at 7 or 8 dpi (Fig. 2B). Similarly, nine out of ten mice 

infected with RST-GST-M showed scruffy coat or hunched back starting at 3 – 8 dpi, and 

three mice showed paralysis or ataxia at 7, 9, or 10 dpi (Fig. 2C). In contrast, three out of ten 

mice infected with RST-GM50-L showed scruffy coat or hunched back starting at 11 dpi, 

and one mouse died at 8 dpi (Fig. 2D). Survival rates of mice infected with rZH501, RST-L, 

RST-M, and RST-S over 21 days were 0%, 90%, 50%, and 30%, respectively (Fig. 2E, Table 

1). Survival curves RST-GM50-L, RST-GM50-M, or RST-GM50-S groups were 

significantly different from that of control rZH501 group (Log-rank test, p < 0.0001). 

Moreover, the survival curves of RST-GM50-L and RST-GM50-S groups were also 

significant different (Log-rank test, p = 0.0073).

3.3. Protective efficacy of the rMP12-GM50 strain via the subcutaneous route

Next, the protective efficacy of the rMP12-GM50 strain was tested in comparison with that 

of the parental MP-12 strain. Since previous efficacy experiments using the MP-12 strain 

were performed via s.c. route [16, 17, 19, 31, 36], the protective efficacy of the MP-12 and 

rMP12-GM50 strains were first tested via s.c. using 1×104 and 1×105 PFU doses (protective 

efficacy experiment 1) (Fig. 3A). Vaccination with 1×104 or 1×105 PFU doses parental 

MP-12 strain resulted in an increase of PRNT80 neutralizing antibody titers to 1:40 or higher 

in 20% or 40% of vaccinated mice, respectively, at 43 days post vaccination (Figs. S1A and 

S1C). Similarly, vaccination with 1×104 or 1×105 PFU doses rMP12-GM50 strain resulted 

in an increase of PRNT80 titers to 1:40 or higher in 10% or 50% of vaccinated mice, 

respectively (Figs. S1B and S1D). Followed by a challenge with pathogenic rZH501 strain at 

45 days post vaccination, four of five (80%) mock (PBS)-vaccinated mice died within 8 days 

post rZH501 strain challenge (Fig. 3B). Vaccination with 1×104 or 1×105 PFU of parental 

MP-12 strain resulted in 50% or 60% survival of mice after rZH501 challenge, respectively 

(Fig. 3B). Mice vaccinated with 1×104 or 1×105 PFU of rMP12-GM50 strain resulted in 

10% or 50% survival after rZH501 challenge, respectively (Fig. 3B). The survival curves of 

MP-12 1×105 PFU dose group and rMP12-GM50 1×105 PFU dose group showed marginal 
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differences from that of mock-vaccinated group (Log-rank test, p = 0.0376 and p = 0.0493, 

respectively).

3.4. Protective efficacy of the rMP12-GM50 strain via the intramuscular route

Since the vaccinations with 1×105 PFU of the parental MP-12 or rMP12-GM50 strains were 

not very efficacious via the s.c. route, a higher dose (5×105 PFU) via the s.c. or 

intramuscular (i.m.) route was next tested for its protective efficacy (protective efficacy 

experiment 2: Fig. 4). At 42 days post vaccination, the neutralizing antibodies with PRNT80 

1:40 or higher were detected in 50% or 20% of mice vaccinated via s.c. with 5×105 PFU of 

the parental MP-12 or rMP12-GM50 strains, respectively (Figs. 4B and C). The mean 

neutralizing antibody titers of responders (PRNT80 titers of 1:10 or higher) were 1:4,375 and 

1:1,840 against the parental MP-12 or rMP12-GM50 strains, respectively. In contrast, the 

vaccination via i.m. route showed an improved immunogenicity of those vaccine strains. The 

neutralizing antibodies with PRNT80 1:40 or higher were detected in 100% and 90% of mice 

vaccinated i.m. with the parental MP-12 or rMP12-GM50 strains, respectively, and none of 

mice in those groups showed detectable clinical signs of disease over a 21-day period after a 

rZH501 challenge. (Figs. 4D and E). The mean neutralizing antibody titers of those 

responders via i.m. vaccination were 1:3,712 and 1:853 against the parental MP-12 or 

rMP12-GM50 strains, respectively. Those vaccinated mice were challenged with pathogenic 

rZH501 strain at 45 days post vaccination. Mice vaccinated with 5×105 PFU of the parental 

MP-12 or rMP12-GM50 strains via s.c. route resulted in 60% or 70% survival, respectively, 

and all dead or euthanized mice did not have neutralizing antibody with PRNT80 1:40 or 

higher (Fig. 4F). Survival curves of those s.c. groups were marginally significant compared 

to that of mock-vaccinated group (Log-rank test, p = 0.0128 or p = 0.0313, respectively). In 

contrast, mice vaccinated with 5×105 PFU of the parental MP-12 or rMP12-GM50 strains 

via i.m. route showed 100% survival, and those survival curves were significantly different 

from that of mock-vaccinated group (Log-rank test, p < 0.0001) (Fig. 4F). Overall, these 

results showed that the i.m. route is more suitable than the s.c. route for universally inducing 

protective immunity in mice vaccinated with the MP-12 or rMP12-GM50 strains.

4. Discussion

The MP-12 vaccine has been conditionally licensed for veterinary use in the U.S. [15], and 

infectious clones can be genetically manipulated via reverse genetics for further 

improvement [13, 27]. The MP-12 strain was originally generated via serial viral passages of 

the parental ZH548 strain in MRC-5 cells with a chemical mutagen, 5-fluorouracil [14]. As 

a result, 23 mutations were introduced into its L-, M-, and S-segments. Two amino acid 

substitutions (Gn-Y259H and Gc-R1182G) in the M-segment are independently responsible 

for the attenuation [35]. Those two mutations in the M-segment and two other amino acid 

substitutions (V172A and M1244I) in the L-segments display a temperature-sensitive 

phenotype, which restricts viral replication at 38°C and above [37]. The attenuation strength 

of each L-, M-, and S-segment was previously determined as M > L > S, based on the 

virulence of reassortant ZH501 strains that encode one of either the MP-12 L-, M-, or S-

segments. Namely, 20%, 40%, or 0% of mice were able to survive the infection (i.p.) 

following a dose of 1×103 PFU of RST-MP12-L, RST-MP12-M, or RST-MP12-S, 
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respectively [35]. Although the attenuation of MP-12 strain via the S-segment was not 

evident based on the survival rate, pathogenic RVFV strains encoding MP-12 S-segment 

showed prolonged survivals of mice [35, 38]. Past attempts aimed to strengthen the 

attenuation profile of MP-12 strain via reverse genetics. Attenuation through the S-segment 

could be achieved via the truncation of the NSs gene (rMP12-ΔNSs16/198) [27, 31]. 

Alternatively, the NSs gene of the MP-12 strain could be replaced with other phlebovirus 

NSs to modestly attenuate via the S-segment [36, 39]. Attenuation via the M-segment could 

be partly successful via the truncation of the 78kD/NSm gene (rMP12-ΔNSm21/384) [40–

42]; the pathogenic RVFV ZH501 strain encoding the 78kD/NSm deletion (rZH501-

ΔNSm21/384) was shown to be 100% lethal in mice, whereas the onset of disease was 

delayed in both mice and rats [39, 43], indicating that the truncation of the 78kD/NSm gene 

attenuates the ZH501 strain weakly. Modification of the L-segment has not been evaluated, 

partly due to a lack of rationale for any approach to altering L protein functions. In this 

study, mice infected with the RST-GM50-L or RST-GM50-S showed 90% or 30% survival. 

Since the survival curves of the RST-GM50-L and RST-GM50-S groups were significantly 

different each other, and also different from that of parental rZH501 group, the results 

suggest that silent mutations could strengthen the attenuation profile of MP-12 L- and S-

segments.

In the current study, the MP-12 genome was modified via 584 artificial silent mutations 

(4.9% nucleotide differences from the parental MP-12). Silent mutations could alter (i) the 

codon usage bias, (ii) the codon pair bias, and (iii) the frequency of CpG or UpA 

dinucleotides, which potentially affect the fitness of RNA viruses [29, 44–48]. To avoid 

over-attenuation of the MP-12 strain, which decreases the protective efficacy, each silent 

mutation was manually designed to not deoptimize the codon-pair bias in the context of 

humans [29]. Clusters of mutations were introduced at 50-nucleotide intervals so that the 

strain could also be used for other studies, such as the analysis of viral homologous 

recombination, or reassortants between MP-12 strains. The rMP12-GM50 strain showed (i) 

a codon adaptation index (a codon usage score) of 0.73, compared to the 0.72 of parental 

MP-12 in humans [34]; (ii) a codon pair bias score of 0.189, compared to the −0.018 of 

parental MP-12 in humans [29]; and (iii) a total of 133 CpG and 480 UpA dinucleotide 

motifs, compared to the 130 CpG and 549 UpA dinucleotide motifs in parental MP-12. The 

silent mutations introduced in this study were thus expected not to alter viral replication 

capability in human cells. Analysis of viral replication kinetics of the rMP12-GM50 strain, 

however, showed significant reduction in Vero cells early in infection. Although not 

statistically significant, a slight decrease of rMP12-GM50 replication also occurred in 

MRC-5 cells. Those results indicated that silent mutations had detectable impact on viral 

replication kinetics.

This study showed that vaccination routes significantly affect protective efficacy outcomes 

of MP-12 and rMP12-GM50 vaccinations: i.e., MP-12 (100% protective: 5×105 PFU via 

i.m., 60% protective: 5×105 PFU via s.c.), rMP12-GM50 (100% protective: 5×105 PFU via 

i.m., 70% protective: 5×105 PFU via s.c.). Previous experiments using the same outbred 

mouse model consistently detected poor responders via s.c. route vaccinations [31, 36]. It 

remains unknown how the i.m. vaccination with MP-12 strain could reduce poor responders. 

Although s.c. route is traditionally used for live-attenuated vaccines, there are evidences of 
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better immune responses via i.m. route vaccination [49, 50]. Further evaluation of i.m. route 

vaccination will be thus important for MP-12 and next generation RVF vaccines.

The mean PRNT80 titer of responders vaccinated parental MP-12 were higher than that 

vaccinated with rMP12-GM50: i.e., MP-12 (PRNT80 titer 1:3,712 by 5×105 PFU via i.m., 

PRNT80 titer 1:4,375 by 5×105 PFU via s.c.), rMP12-GM50 (PRNT80 titer 1:853 by 5×105 

PFU via i.m., PRNT80 titer 1:1,840 by 5×105 PFU via s.c.). This indicates that a reduction of 

viral replication led to a decrease in viral antigen expression.

Our previous study showed a random creation of genetic reassortant strains between rMP-12 

and rMP12-GM50 strain in co-infected mosquito C6/36 cells [25]. Since MP-12 strain does 

not induce high titers of viremia in ruminants, it is considered unlikely that rMP12-GM50 

strain can transmit from vaccinated animals to mosquitoes [51, 52]. If rMP12-GM50 strain 

and wild-type RVFV strains co-circulate in mosquitoes by any reasons, it is assumed that 

reassortant RVFV strains between two strains can be created. It will be, however, unlikely 

that reassortant RVFV strains encoding any of L-, M-, or S-segments derived from rMP12-

GM50 will be more pathogenic than wild-type RVFV strains due to attenuation via each 

RNA segment. Silent mutations of rMP12-GM50 will also serve as a genetic marker to 

distinguish rMP12-GM50 strain from wild-type RVFV strain for the surveillance of vaccine 

strains after the vaccination in endemic countries. A similar approach will be applicable to 

an effective vaccination strategy for RVF in endemic countries.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

FBS fetal bovine serum

i.m intramuscular route

i.p intraperitoneal route

MEM minimum essential medium

MOI multiplicity of infection

ORF open reading frame
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PFU plaque forming units

PRNT80 Plaque Reduction Neutralization Test 80

RVF Rift Valley fever

RVFV Rift Valley fever phlebovirus

s.c subcutaneous route
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Highlights

• The rMP12-GM50 strain shows 100% protective efficacy in mice.

• Silent mutations strengthen attenuation profiles of the MP-12 strain.

• For the MP-12 strain, intramuscular vaccination is more immunogenic than 

subcutaneous vaccination.
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Fig. 1. Generation of the rMP12-GM50 strain of Rift Valley fever phlebovirus
(A) Schematics of the genomic structure of the rMP12-GM50 strain. Silent mutations (red 

lines) were introduced every 50 nucleotides within each open reading frame (ORF). (B) The 

codon-pair bias scores in humans [29] at each codon within the ORFs for N, NSs, M, and L 

were individually plotted onto graphs. The X-axis represents the nucleotide position 

numbers. Blue square = rMP-12; red triangle = rMP12-GM50. (C) Replication kinetics of 

rMP-12 and rMP12-GM50 in Vero cells (left panel) and MRC-5 cells (right panel) at 0.01 

MOI. Graph represents the means +/− standard deviations of three independent experiments. 

Blue square = rMP-12; red triangle = rMP12-GM50.
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Fig. 2. Survival of mice infected with the parental rZH501 strain of Rift Valley fever phlebovirus 
or its reassortants with the rMP12-GM50 strain
Outbred CD1 mice were intraperitoneally mock-infected with PBS or infected with 1×103 

PFU of parental rZH501 (n = 5), or the reassortant strains RST-GM50-L, RST-GM50-M, or 

RST-GM50-S (n = 10 per group). (A – D) Clinical signs of disease observed in each mouse 

infected with rZH501 (A), RST-GM50-S (B), RST-GM50-M (C), or RST-GM50-L are 

shown. Blue = scruffy coat and/or hunched back; red = dead; purple = euthanized; asterisk = 

paralysis and/or ataxia; gray shadowing = typical period of disease in parental rZH501-

infected mice [35]. (F) The Kaplan-Meier survival curve of infected mice. Statistically 

significant differences based on log-rank testing among groups are also shown.

Ly et al. Page 15

Vaccine. Author manuscript; available in PMC 2018 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Protective efficacy experiment 1: vaccination with subcutaneous route
(A) Schematic representation of vaccination and challenge schedule for the protective 

efficacy experiment 1. Outbred CD1 mice mock-vaccinated via subcutaneous route (s.c.) 

with PBS (n = 5), or vaccinated via s.c. with 1×104 PFU or 1×105 PFU of MP-12 (n = 10 per 

group) or rMP12-GM50 (n = 10 per group). (B) The Kaplan-Meier survival curve of 

infected mice is shown. Statistically significant differences based on log-rank testing 

between mock-vaccinated group and vaccinated group are also shown.
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Fig. 4. Protective efficacy experiment 1: vaccination with either subcutaneous or intramuscular 
route
(A) Schematic representation of vaccination and challenge schedule for the protective 

efficacy experiment 2. Outbred CD1 mice mock-vaccinated via s.c. or intramuscular (i.m.) 

route with PBS (n = 5 per route), or vaccinated via s.c. or i.m. with 5×105 PFU of MP-12 (n 

= 10 per group) or rMP12-GM50 (n = 10 per group). (B – E) Titers of Plaque Reduction 

Neutralization Test 80 and clinical signs of disease observed in each mouse infected with 

5×105 PFU of MP-12 (B and D) or rMP12-GM50 (C and E) are shown. Blue = scruffy coat 

and/or hunched back; red = dead; purple = euthanized; asterisk = paralysis and/or ataxia; 

gray shadowing = typical period of disease in parental rZH501-infected mice [35]. (F) The 

Kaplan-Meier survival curve of infected mice is shown. Statistically significant differences 

based on log-rank testing between mock-vaccinated group and vaccinated group are also 

shown.
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Table 1

Reassortant strains between rZH501 and either rMP-12 or rMP12-GM50

Reassortant strains L-segment M-segment S-segment Mouse survival (%)*

 RST-MP12-L rMP-12 rZH501 rZH501 20**

 RST-MP12-M rZH501 rMP-12 rZH501 40**

 RST-MP12-S rZH501 rZH501 rMP-12 0**

 RST-GM50-L rMP12-GM50 rZH501 rZH501 90

 RST-GM50-M rZH501 rMP12-GM50 rZH501 50

 RST-GM50-S rZH501 rZH501 rMP12-GM50 30

*
Survival of outbred CD1 mice with 1×103 PFU dose via intraperitoneal inoculation

**
Cited from [35].
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