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a  b  s  t  r  a  c  t

Rift  Valley  fever  virus  (RVFV)  is  a  re-emerging  zoonotic  bunyavirus  of  the  genus  Phlebovirus.  A natural
isolate  containing  a large  attenuating  deletion  in  the  small  (S)  genome  segment  previously  yielded  a  highly
effective  vaccine  virus,  named  Clone  13.  The  deletion  in  the  S segment  abrogates  expression  of the  NSs
protein,  which  is  the  major  virulence  factor  of  the  virus.  To  develop  a vaccine  of even  higher  safety,  a virus
named  R566  was  created  by natural  laboratory  reassortment.  The  R566  virus  combines  the  S segment  of
the Clone  13 virus  with  additional  attenuating  mutations  on  the  other  two  genome  segments  M  and  L,
derived  from  the  previously  created  MP-12  vaccine  virus.  To  achieve  the  same  objective,  a nonspreading
RVFV  (NSR-Gn)  was  created  by  reverse-genetics,  which  not  only  lacks  the  NSs gene  but  also  the  complete
M genome  segment.  We  have  now  compared  the  vaccine  efficacies  of these  two  next-generation  vaccines
and  included  the  Clone  13 vaccine  as a control  for  optimal  efficacy.  Groups  of eight  lambs  were  vaccinated
onspreading
eplicon
566
lone 13
SR-Gn

once  and  challenged  three  weeks  later.  All  mock-vaccinated  lambs  developed  high fever  and  viremia  and
three  lambs  did  not  survive  the infection.  As  expected,  lambs  vaccinated  with  Clone  13  were  protected
from  viremia  and  clinical  signs.  Two  lambs  vaccinated  with  R566  developed  mild  fever  after  challenge
infection,  which  was  associated  with  low  levels  of  viral  RNA  in the  blood,  whereas  vaccination  with  the
NSR-Gn  vaccine  completely  prevented  viremia  and  clinical  signs.
. Introduction

Rift Valley fever virus (RVFV) is a mosquito-borne Phlebovirus
f the Bunyaviridae family that causes recurrent outbreaks among
uminants, particularly sheep. The virus is endemic to the African
ontinent, the Arabian Peninsula and several islands off the
astern coast of southern Africa. Abortion storms and high mortal-
ties among newborn animals are characteristic features of RVFV
utbreaks, although losses among adult animals can also be con-

iderable. Transmission of the virus among ruminants occurs via
osquito vectors, whereas humans can be infected via either
osquito bite or via contact with bodily fluids released during
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the slaughtering of diseased animals. Infections in humans gen-
erally manifest as mild, transient disease, but a small percentage
of patients develop serious complications, such as ocular impedi-
ments, hemorrhagic fever or encephalitis. Considering the zoonotic
nature of RVFV, vaccination of livestock will benefit both animal
and human health [1].

The first veterinary RVFV vaccine was  developed by Smithburn
in 1949 [2]. After serial intracerebral passage in mice, a mutant
virus was  isolated with strongly reduced hepatotropism. Although
the resulting Smithburn strain is attenuated, its residual virulence
is well recognized [3,4]. To create a virus with a more attenuated
profile, Caplen and co-workers cultivated the virulent RVFV strain
ZH548, isolated during the Egyptian outbreak of 1977, in the pres-
ence of the mutagen 5-fluorouracil [5]. This procedure yielded the
mutagenized MP-12 strain which was derived from the parental
virulent strain after 12 successive passages in the presence of the

mutagen. Later studies demonstrated that the MP-12 virus contains
attenuating mutations in each of the three genome segments [6].

The safety and efficacy of MP-12 were evaluated in several
extensive animal trials. These experiments suggested that the

dx.doi.org/10.1016/j.vaccine.2014.07.037
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accine can be safely applied in lambs, calves and ewes after the
rst trimester of gestation [7–11]. In a recent study, vaccination of
wes during the first trimester of gestation with either MP-12 or

 corresponding recombinant virus did not cause untoward effects
n the ewes, although one of four ewes of each group was  found to
arry a dead fetus at the end of the experiment [9]. However, it has
emained unclear whether these fetal mortalities were caused by
he vaccine viruses. Nevertheless, efforts are continuing to further
ttenuate the MP-12 virus by reverse-genetics [9,12].

In 1995, a natural nonpathogenic RVFV isolate was described,
amed Clone 13, which contains a large (70%) internal deletion

n the NSs gene of the small (S) genome segment [13]. Studies on
he Clone 13 virus demonstrated that the NSs protein suppresses
ype-I interferon induction [14,15], which was later attributed to
ts interaction with SAP30 of the repressor complex [16]. Subse-
uent studies demonstrated that the NSs protein is multifunctional
y (i) acting as a general inhibitor of transcription by sequester-

ng p44 and XPB [17], causing degradation of p62 [18] as well
s of the other TFIIH subunits like p52, p34 and cdk7 [17]; (ii)
romoting the degradation of PKR [19,20], (iii) modifying gene
xpression to impair the hosts coagulation cascade [21] and (iv)
nteracting with gamma  satellite pericentromeric sequences, pro-
oking abnormal nuclei during cell division, a function of NSs
ossibly responsible for RVFV-mediated teratogenesis [22]. In addi-
ion, NSs was shown to be responsible for cell cycle arrest at either
0/G1 or S phase, as well as DNA damage response via the ATM
rotease [23,24]. These extensive studies have demonstrated that
he NSs protein is the primary virulence factor of the virus and
hereby revealed the molecular basis of the avirulent phenotype of
lone 13. The Clone 13 virus was shown to be highly effective and
afe in gestating sheep [25] and calves [26] and was marketed in
010 by the Onderstepoort Biological Products company in South
frica.

Despite the high safety profile of the Clone 13 virus, efforts are
ontinuing to create vaccines with an even stronger safety sig-
ature. To this end, scientists of Institut Pasteur combined the
ttenuating mutations on the L and M segments of MP-12 with the

 segment of the Clone 13 virus. The resulting reassortant virus,
amed R566, contains attenuating mutations on each of the three
enome segments [27].

In an alternative strategy to develop a vaccine that optimally
ombines efficacy and safety, a novel vaccine based on a nonspread-
ng RVFV, named NSR-Gn, was recently developed at CVI-WUR
28]. NSR-Gn particles are capable of infecting cells of the vac-
inated animal, thereby triggering innate and adaptive immune
esponsive very similar to those elicited by live-attenuated vaccine
iruses. The particles are however optimally safe, since they are
ncapable of producing progeny virions, due to the absence of the M
enome segment. The NSR-Gn vaccine was recently demonstrated
o confer sterile immunity in lambs after a single vaccination [28].
n the current study, the vaccine efficacies of R566 and NSR-Gn

ere compared, using Clone 13 vaccination as a control for optimal
fficacy.

. Materials and methods

.1. Ethics statement

All animal experiments were conducted in accordance with
he Dutch Law on Animal Experiments (Wod, ID number
WBR0003081) and approved by the Animal Ethics Committee

f CVI-Lelystad. To minimize suffering of the animals during our
accination challenge experiment, lambs were humanely eutha-
ized when they could no longer be stimulated to drink, feed or
tand.
2 (2014) 4901–4908

2.2. Preparation of the vaccines

The Clone 13 [13] and the NSR-Gn [28] vaccines were previ-
ously reported in literature. The R566 vaccine virus was created as
follows: Vero cells were grown as described [29] and co-infected
with MP-12 and Clone 13 at a multiplicity of infection of 1 and
0.1, respectively. Viruses released in the culture medium were col-
lected at 48 h post infection when a complete cytopathic effect
was observed as described [30]. The viruses were titrated by
plaque assay using the standard method described earlier [31].
Plaques were picked, amplified in Vero cells and screened for NSs
expression by immunostaining with NSs-specific antibodies [17].
The origins of the L, M and S segments were determined by RT-
PCR amplification and sequencing as described [30]. Each selected
reassortant was  sub-cloned three times by plaque assay and the
sequences verified at the first and third cycle.

The R566 and Clone 13 vaccine strains were cultured on Vero
cells grown in 490 cm2 roller bottles. The culture medium consisted
of a combination of Glasgow’s and Eagles modified minimal essen-
tial medium (MEM)  supplemented with fetal bovine serum and
antibiotics. Vaccines were diluted in culture medium to achieve
titers appropriate for vaccination.

2.3. Preparation of the challenge virus

The molecularly cloned 35/74 (rec35/74) virus was  derived from
the sequence of strain 35/74 and was  titrated on baby hamster kid-
ney (BHK) cells as tissue culture infective dose 50 (TCID50) using
the Spearman–Kärber algorithm [32,33]. The virus was handled
under biosafety level-3 laboratory conditions in class-III biosafety
cabinets.

2.4. Vaccination and challenge

Thirty-two lambs of the Romane (INRA 401) breed, 12–14 weeks
of age at the moment of vaccination were purchased from Institut
National de la Recherche Agronomique (INRA, Nouzilly, France).
Lambs were randomized according to gender and age into 4 groups
of 8 individuals each and submitted to general health inspection
before the start of the study. The Clone 13 vaccine was admin-
istered subcutaneously in the right axilla at a dose of 105 pfu in
a volume of 1 ml.  The R566 vaccine was  administered subcuta-
neously in the right axilla with a dose of 106 pfu in a volume of 2 ml.
The NSR-Gn vaccine was administered via the intramuscular route
(neck muscle) at a dose of 106 TCID50 in a volume of 1 ml.  Control
lambs were inoculated with 2 ml  phosphate buffered saline (PBS,
GIBCOTM, Carlsbad, CA, USA) subcutaneously in the right axilla and
1 ml  of PBS in the neck muscle.

Three weeks after vaccination, all lambs were sedated by
intramuscular administration of medetomidine (40 �g/kg medeto-
midine hydrochloride, Sedator, Eurovet, The Netherlands) and
subsequently challenged by administrating 1 ml  culture medium
containing 105 TCID50 of molecularly cloned RVFV strain 35/74 in
the vena jugularis. The rescue of the challenge virus was previously
reported [34]. For vaccination and challenge, 18 gauge, 25 mm nee-
dles were used. Blood samples for the preparation of sera were
collected starting on day 6 before vaccination (DPV −6), on the day
of vaccination (DPV 0) and subsequently every week until the end
of the experiment. EDTA blood samples were collected on DPV −6,
0 and subsequently daily from DPV 21 (the day of challenge) to
DPV 32, and on DPV 35 and 42. Body weights were determined

on DPV -6 and weekly starting on DPV 0. Rectal body temperatures
were determined daily. The lambs that survived the challenge were
euthanized 3 weeks after challenge (DPV 42) by intravenous admin-
istration of 50 mg/kg sodium pentobarbital (Euthasol®, ASTfarma,
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Fig. 1. Rectal temperatures of vaccinated and mock-vaccinated (Mock) lambs before and after challenge with RVFV. Rectal body temperatures (◦C) were determined daily.
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ever  was  defined as a body temperature above 40.5 ◦C (interrupted line). Rectal 

ody  temperatures of NSR-Gn-vaccinated lambs determined after DPV 21 are depic
etermined after DPV 25 and 27 are depicted as averages of 6 and 5 measurements

he Netherlands) and subsequent exsanguination. At necropsy,
pleen and liver were collected and stored at −80◦C.

.5. Diagnostic assays

Quantitative real-time PCR (qRT-PCR), virus isolation, virus neu-
ralization tests and ELISAs were performed as described [35].
riefly, RNA isolated from plasma was used for quantitative Taq-
an  qRT-PCR. RNA was isolated using the QuickGene DNA tissue

it S (DT-S, Fuji Photo Film Europe GmbH, Dusseldorf, Germany)
ollowing the manufacturers’ instructions with modifications [35].
he LightCycler RNA Amplification Kit HybProbe (Roche, Almere,
he Netherlands) was used and primers, probes and cycling condi-
ions were used as described previously [36].

For virus isolation, BHK cells were incubated with plasma sam-
les diluted 1:1 in culture medium with appropriate supplements,

ncluding heparin to prevent clotting of the plasma. After 1 h incu-
ation, the inocula were replaced with fresh culture medium. After
ve days, the plates were scored for cytopathic effect.

Antibody responses were analyzed using the commercial ID
creen® Rift Valley Fever Competition ELISA (ID-VET, Montpellier,
rance), which detects antibodies against the N protein of RVFV.

Virus neutralization tests were performed by incubating ∼200
CID50 of challenge virus with twofold serial dilutions of sera in 96-
ell plates. After 2.5 h incubation at room temperature, 40,000 BHK

ells were added per well. After 4–5 days incubation at 37 ◦C, the
ultures were scored for cytopathic effect. Fifty percent end point
iters were calculated using the Spearman–Kärber algorithm.

.6. Immunohistochemistry
Organ samples for histopathology were fixed in 10% phosphate-
uffered formalin for a minimum of 48 h before routine processing

nto paraffin. Paraffin blocks were cut into 4 �m sections, collected
emperatures of vaccinated lambs are depicted as averages (n = 8) with SD. Rectal
 averages of 7 determinations. Rectal body temperatures of mock-vaccinated lambs
ctively, since lambs from this group died on these days.

on aminopropyltriethoxysilane-coated glass slides and dried for
at least 48-h in a 37 ◦C incubator. Sections were deparaffinized
in xylene and rehydrated in graded alcohols while endogenous
peroxidase activity was blocked in methanol/H2O2. Pretreatment
consisted of 15 min  autoclaving at 121 ◦C in citrate buffer (pH
6.0). After cooling down, sections were incubated for 60 min  with
the monoclonal antibody 4-D4, which is directed against the Gn
protein of RVFV (kindly provided by Dr. Connie Schmaljohn, USAM-
RIID) [37]. Mouse Envision horseradish peroxidase (Dakopatts,
Denmark) was  used as the secondary antibody. Peroxidase activity
was detected using a diaminobenzidine substrate.

3. Results

3.1. Creation of R566

Vero cells were co-infected with MP-12 and Clone 13 at a mul-
tiplicity of infection of 1 and 0.1, respectively. Viruses released in
the culture medium were collected at 48 h post infection when a
complete cytopathic effect was observed. The viral yield was then
plaque purified and a first screening was performed on the basis
of the ability or inability to express NSs which was  evaluated by
immunostaining using NSs-specific antibodies as described [17].
The origins of the L, M and S segments were determined by RT-PCR
amplification and sequencing as described [30]. The eight expected
genotypes were found, some of them being more frequent than
others. Three cycles of plaque purification were performed with
reassortants possessing the S segment of Clone 13. Full genome
sequencing confirmed that Reassortant 566 (R566) combines the

L and M segments of MP-12 with the S segment of Clone 13, and
thereby contains attenuating mutations on each genome segment.
Virus stocks of R566 were prepared at a low multiplicity of infection
10−3 pfu per cell, collected 72 h post infected and stored at −80 ◦C.
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ig. 2. Monitoring of viremia in vaccinated and mock-vaccinated lambs by qRT-PC
hallenge (DPC) with RVFV.

.2. Vaccination and challenge

After one-week acclimatization, lambs were vaccinated with a
ose of 106 TCID50 of NSR-Gn, 106 pfu of R566 or 105 pfu of Clone
3. The R566 and Clone 13 vaccines were administered via subcu-
aneous route, whereas the NSR-Gn vaccine was administered via
ntramuscular route.

One animal in the control group (animal code: M2)  displayed

levated body temperatures from 17 days post vaccination (DPV),
nd most likely suffered from a pneumonia. None of the other ani-
als displayed elevated body temperatures or clinical signs before

ig. 3. Virus isolations at peak moments of viremia. Virus isolations were performed on
nalyzed by qRT-PCR. Results from virus isolations and qRT-PCR analysis are depicted in 
l RNA was detected by qRT-PCR in plasma samples obtained at different days post

challenge infection. Unfortunately, one of the NSR-Gn vaccinated
lambs died after administration of anesthetics. Autopsy of this ani-
mal  demonstrated pulmonary congestion and edema, suggesting
that the animal died of shock.

After challenge infection, all unvaccinated lambs developed high
fever, which peaked at two  days post challenge (DPC) with an aver-
age temperature of almost 42 ◦C (Fig. 1). Three lambs from this
group did not survive the infection. The first lamb to succumb on

DPC 3 was  lamb M2.  This lamb already suffered from an underlying
condition, which is believed to have exacerbated the clinical man-
ifestation. Additional fatalities occurred on DPC 4 (M6) and DPC

 plasma samples collected at peak moments of viremia. The same samples were
black and gray, respectively.
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Fig. 4. Body weights of mock-vaccinated and vaccinated lambs after challenge infec-
tion. The challenge infection was performed at 21 days post vaccination (DPV). The
average body weight of mock-vaccinated lambs determined at DPV 28 results from
5  measurements, respectively, since three lambs from this group died before this
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 (M7). Post mortem examination of lamb M2  revealed a catarrhal
ronchopneumonia involving both apical lobes and part of the mid-
le lobes. The liver was  swollen and displayed a patchy pattern of
ale and dark areas. Edema and hemorrhages were observed in
he mesenterium at the junction with the intestines. A large vol-
me  of hemorrhagic fluid was present in the abdominal cavity.
utopsy of lamb M6  revealed a severely swollen liver with yel-

owish color and friable consistency. Icterus was also noted. The
bdominal cavity contained a large volume of slightly hemorrhagic
uid. Pulmonary edema was also noted. Lamb M7,  which died
n DPC 6, revealed signs of shock. Pulmonary edema and icterus
ere noted and the peritoneum, splenic capsule, pleura and heart

evealed many petechiae. The liver was severely swollen, yellowish
n color and had a friable consistency. Hyperaemia and congestion

as noted in the small intestines. The large intestines contained
emorrhagic contents.

Vaccinated lambs did not develop fever, with the exception of
ne lamb that was vaccinated with Clone 13. This lamb (C8) devel-
ped fever on DPCs 8 and 9 (data not shown). qRT-PCR analyses
id not reveal viral RNA in the plasma of this lamb at these time
oints, suggesting that fever was not caused by the challenge virus.
one of the vaccinated lambs developed any clinical signs during

he study period.
To monitor viremia, plasma samples were first analyzed by qRT-

CR and selected plasma samples were used for virus isolation. High
evels of viral RNA were detected by qRT-PCR on plasma samples
ollected from mock-vaccinated animals (Fig. 2). No challenge virus
NA was detected by qRT-PCR in any of the samples collected from

ambs vaccinated with either Clone 13 or NSR-Gn. In contrast, low
evels of challenge virus RNA were detected in plasma samples from
hree R566-vaccinated lambs on DPC 1 (R4) and DPC 3 (R1 and R3,
ig. 2) and two of these lambs (R1 and R3) displayed elevated body
emperatures (40.4–40.5 ◦C) on DPC 3 and 4 (data not shown).
Virus isolations were performed with samples collected at the
oments of peak viremia, as determined by qRT-PCR. These analy-

es demonstrated a 103–104-fold difference in sensitivity between
irus isolation and qRT-PCR (Fig. 3). Virus was readily isolated from

ig. 5. Detection of viral RNA by qRT-PCR in livers (black) and spleens (white). Organ sam
2,  M6  and M7,  marked with †) or from surviving lambs at the end of the experimental p
day.  Body weights of NSR-Gn-vaccinated lambs are averages of 7 measurements.
Errors bars represent standard deviations.

plasma samples collected from mock-vaccinated lambs, whereas all
plasma samples collected from vaccinated lambs were negative in
virus isolation.

The body weights of the lambs were determined weekly. Only
the animals in the mock-vaccinated group lost weight in the first
week after challenge infection. Surviving lambs from this group
gradually gained weight until the end of the experiment (Fig. 4).

At necropsy or at the end of the experimental period, samples
from livers and spleens were collected to determine the presence
of viral RNA. The organs of the three mock-vaccinated lambs that
succumbed to the infection revealed the highest RNA levels (M2, M6
and M7,  Fig. 5). Mock-vaccinated lambs M3,  M4 and M8  were also
positive for viral RNA in both livers and spleens, whereas the livers
from lambs M1 and M5 did not contain detectable levels of viral
RNA at the end of the experimental period (Fig. 5). Interestingly,

two of the three R566-vaccinated lambs (R1 and R3) that contained
low levels of challenge virus RNA in the blood at DPC 3 were positive
for viral RNA in the spleens at the end of the experimental period.

ples were collected at necropsy from lambs that succumbed to the infection (nos.
eriod.
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Fig. 6. Detection of anti-N antibodies by ELISA. Sera were obtained 7, 14 and 21 days
post vaccination (DPV) and at 0, 7, 14 and 21 days post challenge (DPC), correspond-
ing to DPV 21, 28, 35 and 42. Titers are expressed as percentage competition ratio of
the optical densities (OD) of the sample and the OD of the negative control (% S/N).
All  values lower than 40% are considered positive, between 40 and 50% are consid-
e
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Fig. 7. Results from virus neutralization tests performed with sera obtained from
lambs vaccinated with the indicated vaccines or mock-vaccinated lambs at dif-

F
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p
l
p

red doubtful and above 50% are considered negative. The 40% and 50% boundaries
re  represented by interrupted lines. The moment of challenge infection is indicated
y  an arrowhead.

Attempts to isolate virus from liver samples of surviving lambs
ollected after euthanasia were unsuccessful, whereas virus was
eadily isolated from liver samples collected from lambs that suc-
umbed to the infection (data not shown).

.3. Antibody responses

Whereas all lambs showed rises in anti-N antibody levels
etween DPV 0 and DPV 7 (Fig. 6), neutralizing antibodies appeared

n vaccinated animals about two weeks later (Fig. 7). All lambs vac-
inated with Clone 13 or NSR-Gn were positive for neutralizing
ntibodies on the day of challenge (DPV 21), whereas only 4 of the
 lambs vaccinated with R566 were positive for these antibodies
t this time point (Fig. 7). Of note, all three R566-vaccinated lambs
hat revealed low levels of viral RNA in the blood after challenge
nfection were negative for neutralizing antibodies on the day of

ig. 8. Immunohistochemistry of organ samples collected from a mock-vaccinated lamb 

t  necropsy from lamb (M7) that succumbed to RVFV infection 6 days after infection. O
araffin. Paraffin blocks were cut into 4 �m sections and prepared for immunohistochem

iver,  spleen and lymph node), 0.5 mm (kidney) or 50 �m (lung). Insets reveal higher mag
ictures  reveal areas were staining was absent.
ferent time points after vaccination and challenge infection. Errors bars represent
standard deviations. The y-axis crosses at the detection limit of the assay (y = 2.15).
The moment of challenge infection is indicated with an arrowhead.

challenge, suggesting that the presence of neutralizing antibodies
correlates well with the level of protection.

3.4. Immunohistochemistry

The organs of the two  lambs that died on DPCs 3 and 4 revealed
typical signs of RVFV infection, whereas the organs of the lamb
that died on 6 DPC (M7) showed more dramatic signs of infec-
tion. This lamb died unusually late after the challenge infection and
immunohistochemistry revealed exceptional amounts of viral anti-
gen in several target organs. The liver displayed a massive necrosis
and immunohistochemistry revealed the presence of RVFV antigen
throughout the liver parenchyma only sparing a small rim of peri-
portal hepatocytes (Fig. 8). Interestingly, RVF virus also seemed to
target the adrenal gland, as revealed by strong staining for RVFV

antigen and necrosis of cortical cells. The mononuclear phagocyte
system in the liver (Kuppfer cells) in the red pulp of the spleen
and in the medullary and cortical sinuses of the portal lymph node
stained intensely for RVFV antigen. Antigen was  also detected in the

that succumbed unusually late after RVFV infection. Organ samples were collected
rgan samples were fixed in 10% phosphate-buffered formalin and processing into
istry with anti-Gn monoclonal antibody 4-D4. Bars represent 1 mm (adrenal gland,
nifications. To demonstrate specificity of the staining, the insets of liver and spleen
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ntraglomerular mesangial cells in the kidney, in alveolar
acrophages in the lung and in macrophages within lymph vessels

nd blood vessels or capillaries (Fig. 8).

. Discussion

In the past decade, several experimental RVFV vaccines were
eveloped, of which some were already evaluated in the natural
arget species. It is difficult to compare the results of these ani-

al  studies, since no standardized animal models are available.
o properly determine which of these vaccine candidates is most
ffective and thereby warrants further development for commer-
ialization, the vaccines should be compared side by side in animal
rials. We  here report the results of a comparative trial in which a
ext-generation vaccine provided by Institut Pasteur, named R566,
as compared with the NSR-Gn vaccine, provided by CVI-Lelystad.

he Clone 13 vaccine was included as a control for optimal efficacy.
The results of our study suggest that the Clone 13 and NSR-Gn

accines are more efficacious than the R566 vaccine. Vaccination
ith Clone 13 or NSR-Gn completely prevented challenge virus

iremia, as determined by both virus isolation and the most sensi-
ive qRT-PCR currently available, whereas low levels of challenge
irus RNA were detected in the blood of three R566-vaccinated
ambs. It is important to note, however, that no challenge virus

as isolated from any of the blood samples collected from R566-
accinated lambs. We  therefore expect that vaccination with R566
ill protect lambs and adult sheep from disease. Nevertheless, it
ust be considered that a low level of viremia could result in trans-
ission of the virus to the highly susceptible fetus. Given the desire

o have one vaccine available to protect ruminants during all physi-
logical stages, including pregnancy, a next-generation vaccine that
ompletely prevents viremia is preferred for registration trials in
urope and other areas that are at risk of future incursions.

We recently reported the results from a dose-titration study
ith the NSR-Gn vaccine [28]. This previous trial was performed
ith Texel crossbreed lambs, 12–13 weeks of age at the moment of

hallenge, whereas in the current study, we made use of Romane
ambs (INRA 401 breed), which were 13–15 weeks of age at
he moment of challenge. Although these two  trials cannot be
ompared directly, there are some indications that the challenge
nfections were more severe in the present study. Viremia levels
n mock-vaccinated lambs were higher, and three lambs did not
urvive the infection, whereas one mock-vaccinated lamb died in
ur previous study [28]. Viral RNA was detected in the livers of
hree lambs in the previous work, whereas in the present study,
lmost all organs samples collected from mock-vaccinated lambs
ere positive for viral RNA. These findings are possibly attributed

o a difference in susceptibility of Texel crossbreed and Romane
ambs. Despite the more severe manifestation of RVFV infection in
he present study, NSR-Gn vaccination was again shown to com-
letely prevent viremia, morbidity and mortality.
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