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a b s t r a c t

Rift Valley fever virus (RVFV) is an emerging mosquito-borne virus causing significant morbidity and
mortality in livestock and humans. Rift Valley fever is endemic in Africa, but also outside this continent
outbreaks have been reported. Here we report the evaluation of two vaccine candidates based on the viral
Gn and Gc envelope glycoproteins, both produced in a Drosophila insect cell expression system. Virus-like
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particles (VLPs) were generated by merely expressing the Gn and Gc glycoproteins. In addition, a soluble
form of the Gn ectodomain was expressed and affinity-purified from the insect cell culture supernatant.
Both vaccine candidates fully protected mice from a lethal challenge with RVFV. Importantly, absence of
the nucleocapsid protein in either vaccine candidate facilitates the differentiation between infected and
vaccinated animals using a commercial recombinant nucleocapsid protein-based indirect ELISA.
ubunit vaccine
IVA

. Introduction

Rift Valley fever virus (RVFV) is a mosquito-borne zoonotic virus
hat causes recurrent and massive outbreaks affecting humans and
uminants. The virus is endemic in Africa and emerged in Saudi
rabia and Yemen in 2000 [1]. Sheep, goat and cattle are the
ain species affected during a RVFV outbreak. Abortion storms and

igh newborn fatality rates, which can approach 100%, are typical
eatures of such outbreaks [2,3]. The virus can be transmitted to
umans via direct contact with infected animal tissues and by the
ites of infected mosquitoes. Disease in humans is generally mild
onsisting of fever, myalgia, headache and photophobia [3]. A small
ercentage of infected individuals, however, develop more severe
ymptoms like retinitis, retinal lesions, hepatitis or hemorrhagic
ever [3,4]. Although the overall case-fatality rate is estimated at
.5–1.0% [5], recent outbreaks show considerably higher numbers

6–8]. The high case-fatality rates combined with the potential of
apid spread via its vector explains the recognition of RVFV as
potential bioterrorism agent by the United States government

9,10]. Given the impact of RVF outbreaks on livestock, the human
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population, and the economy, there is an urgent need for a safe and
effective vaccine.

RVFV is a member of the Phlebovirus genus within the Bun-
yaviridae family. The virus is membrane-enveloped and contains
a segmented negative-sense genome. The three genome segments
are called L, M and S referring to the large, medium and small seg-
ment. The L segment encodes the viral polymerase. The S segment
is of ambisense polarity and codes for the non-structural protein
NSs in sense polarity and the nucleocapsid protein (N) in antisense
polarity [11]. The M segment encodes the two surface glycoproteins
Gn and Gc, and the two non-structural proteins NSm1 and NSm2.
Gn (∼54 kDa) and Gc (∼59 kDa) [12] form a heterodimer after pro-
cessing of the polyprotein by host proteases in the endoplasmic
reticulum (ER) [13]. The Gc glycoprotein harbours a C-terminal
lysine-based ER retention signal whereas the Gn protein contains a
C-terminal Golgi localization signal. Heterodimerization of Gn and
Gc is thus required for the transport of Gc to the Golgi compartment,
where virus assembly takes place [14]. According to a T = 12 icosa-
hedral symmetry [15], RVFV incorporates 720 Gn–Gc heterodimers
into its envelope, which function in virus binding to and entry into
cells [13].

Over the years, much effort has been put forth developing RVFV

vaccines using various strategies, including subunit [16–18], DNA
[19,20], virus vector-based [21,22], live-attenuated virus [23–27]
and inactivated whole virus vaccines [28] (for a recent review
see [29]). This work provided considerable evidence that humoral
immunity is sufficient for protection against RVFV. The Gn and Gc

http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:matthijn.deboer@wur.nl
mailto:rob.moormann@wur.nl
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lycoproteins are supposed to be crucial for generating a protective
umoral immune response.

The production of a RVFV vaccine outside endemic areas must
e safe, preferably without the need for a high biosafety con-
ainment facility. In addition, animal transport regulations require
hat the vaccine enables the differentiation between infected and
accinated animals (DIVA) using a field validated diagnostic test.
iral subunit vaccines are safe for the environment, since neither
roduction nor vaccination involves a replicating virus. Virus-like
articles (VLPs) can be used as a special type of viral subunit vac-
ine, mimicking the overall virus structure, thus preserving the
ntigenicity of the authentic virus [30,31].

VLPs have been successfully produced for different members of
he Bunyaviridae family including Uukuniemi virus (UUKV), Han-
aan (HTN) virus and RVFV [18,32,33]. Whereas expression of HTN
irus VLPs was described to depend on the presence of the N pro-
ein [34], UUKV and RVFV VLPs can be produced by expressing
nly the Gn and Gc glycoproteins [18,35]. Vaccination of mice with
VFV VLPs containing the N protein provided 90% [17] or 56% [18]
rotection upon RVFV challenge after three immunizations. In the

atter study, vaccination with VLPs without the N protein, however,
rovided only 19% protection [18].

Here, we have generated RVFV VLPs comprising only the Gn and
c protein using a robust Drosophila insect protein expression sys-

em. Since studies have indicated that antibodies to Gn alone are
ufficient for virus neutralization [16,21] we compared the vaccine
fficacy of VLPs – with or without adjuvant – with that of adju-
anted, purified Gn ectodomain using a mouse infection model. All
accine candidates formulated with adjuvant provided full protec-
ion against a lethal RVFV challenge. Contrary to a recent report
18], vaccination with VLPs lacking the N protein also provided
00% protection, even without adjuvant. The absence of the N pro-
ein in all vaccine preparations facilitates the development of a safe
nd highly effective RVFV DIVA vaccine for use in livestock.

. Materials and methods

.1. Virus and cells

The RVFV strain M35/74 was kindly provided by Prof. Dr.
anusz Paweska of the National Institute for Communicable Dis-
ases (Johannesburg, South Africa) and Dr. Christiaan Potgieter of
he Agricultural Research Council-Onderstepoort Veterinary Insti-
ute (ARC-OVI, Onderstepoort, South Africa). The virus was handled
nder BSL-3 laboratory conditions in biosafety class III glove boxes.
irus stocks were produced by infection of BHK-21 cells grown on
O2-independent medium (GIBCOTM, Carlsbad, CA, USA) supple-
ented with 100 U/ml penicillin, 100 �g/ml streptomycin (GIBCO),
mM L-glutamine (GIBCO) and 5% fetal calf serum (FCS) at 37 ◦C.
irus stocks were titrated on BHK-21 cells using 6-fold dilutions.
itres are depicted as 50% tissue culture infectious doses (TCID50).

.2. Plasmid construction

The GnGc-coding sequence of the M segment of RVFV strain
35/74, codon optimized for optimal expression in human and

nsect cells, was synthesized by the GenScript cooperation (Pis-
ataway, NJ, USA). For expression of the GnGc gene and the
ene encoding the Gn ectodomain (Gn-e), the insect expression
ector pMT/BiP/V5-HisA (InvitrogenTM, Carlsbad, CA, USA) was
sed, which contains an inducible metallothionein (MT) promoter

nd the Drosophila BiP secretion signal. The sequences to be
xpressed were cloned into the pMT/BiP/V5-HisA vector, yielding
lasmids pMT-GnGc and pMT-Gn-e. In both, the sequence encod-

ng the Gn signal peptide was replaced by that coding for the
iP signal peptide, specifying the junction sequence “GLSLG-RSL-
8 (2010) 2330–2339 2331

AEDPH” (BiP, linker, Gn ectodomain). In the pMT-Gn-e plasmid,
the Gn ectodomain sequence was extended 3′ terminally to add
a C-terminal 6xHis-tag to the protein as follows: “YQCHT-DPTG-
HHHHHH” junction (Gn-e-linker-His tag). To allow expression in
mammalian cells, the codon-optimized GnGc gene was cloned into
the pCAGGS expression vector [36], yielding pCAGGS–GnGc.

For the quantification of Gn and Gc glycoproteins by quantitative
Western blot analysis, a DNA fragment was synthesized (Gen-
Script) that encodes two previously described linear epitopes of Gn
(residues 374-CFEHKGQYKGTMDSGQTKRE-393) and Gc (residues
975-VFERGSLPQTRNDKTFAASK-994) [37]. The synthesized DNA
fragment, containing an upstream BamHI site and a downstream
EcoRI site, was ligated into the BamHI/EcoRI site of the pGEX-2T
bacterial expression vector (GE Healthcare, Diegem, Belgium) in
frame with the glutathione S-transferase (GST) gene, yielding the
pGEX–GnGc plasmid. All constructs were verified by DNA sequenc-
ing (Baseclear, Leiden, The Netherlands).

2.3. Expression and purification of RVFV VLPs and the Gn
ectodomain

The pMT-GnGc and pMT-Gn-e constructs were each co-
transfected into Drosophila Schneider (S2) cells [38,39] at a ratio of
19:1 with the Blasticidin resistance vector pCoBlast (InvitrogenTM)
according to manufacturers’ recommendations. Stably transformed
cells were selected by growth at 27 ◦C in serum-free InsectXpress
medium (Lonza, Westburg, Leusden, The Netherlands) contain-
ing 25 �g/ml Blasticidin-S-HCl (InvitrogenTM) and maintained in
this culture medium in the presence of 10 �g/ml Blasticidin-S-HCl.
For protein expression, these stable cell lines were seeded at a
density of 1.5 × 106 cells/ml and induced by addition of cupper
sulphate (500 �M) to the culture medium. Ten days later RVFV
VLPs were purified from the pre-cleared (10,000 × g, 20 min, 4 ◦C)
culture supernatant by sedimentation through a sucrose cushion.
Typically, 32 ml of pre-cleared supernatant was placed on top of
4 ml 20% (wt/wt) sucrose in TN buffer (10 mM Tris pH 7.4, 100 mM
NaCl) and centrifuged for 2 h at 100,000 × g at 4 ◦C in a Beckman
SW32Ti rotor. The pellet was dissolved in 100 �l TN buffer on ice.
For flotation experiments, concentrated VLPs were mixed with a
TN-buffered 60% sucrose solution (total volume 1.4 ml) and used as
the bottom layer of a discontinuous sucrose gradient. Layers of 50,
40, 30 and 20% (wt/wt) sucrose, of each 0.9 ml, were placed on top,
respectively. After a 72 h spin at 160,000 × g at 4 ◦C in a Beckman
SW55Ti rotor, 0.5 ml fractions were collected. The sucrose densi-
ties were determined and all fractions were analyzed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blotting for the presence of RVFV glycoproteins.

The secreted Gn ectodomain was purified from the cell culture
supernatant by virtue of its C-terminal 6xHis-tag using ProBondTM

nickel-chelating resin according to the manufacturer’s recommen-
dations (InvitrogenTM). The Gn-e protein was eluted from the
washed beads with 250 mM imidazole (Sigma) and concentrated
using an Amicon® Ultra-4 concentrator with a molecular mass cut-
off of 30 kDa (MiliporeTM, Billerica, MA, USA).

2.4. Expression and purification of GST–GnGc

The GST–GnGc fusion protein was expressed and purified
essentially as described before [40]. Briefly, BL21 cells (Novagen,
Gibbstown, NJ, USA), transformed with the pGEX–GnGc plasmid,
were grown in 2× yeast–tryptone medium to log phase and sub-

sequently induced by adding isopropyl-�-d-thiogalactopyranoside
to a final concentration of 0.5 mM. Three hours later, the cells
were pelleted, resuspended in 1/25 volume of 10 mM Tris (pH
8.0), 10 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and son-
icated on ice. The cell homogenate was centrifuged at 1600 × g
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JA-10 rotor) for 30 min at 4 ◦C. To each 50 ml of supernatant,
ml of glutathione–Sepharose 4B (GE Healthcare, 50% [vol/vol]

n phosphate-buffered saline [PBS]) was added, and the mixture
as incubated overnight at 4 ◦C under rotation. The beads were
ashed three times with 50 ml of PBS and resuspended in a final

olume of 1 ml PBS. Purified GST–GnGc was eluted from the beads
ith 10 mM glutathione in PBS. The purity and concentration of the
urified GST–GnGc protein was determined by gel electrophoresis
ollowed by Coomassie staining and by Nanodrop1000 (Wilming-
on, DE, USA) measurements, respectively (data not shown).

.5. Western blotting

Proteins were separated in 10% SDS-PAGE gels (Biorad system)
nd subsequently transferred to polyvinylidene fluoride (PVDF)
embranes (Biorad). After blocking, the blots were incubated with

abbit polyclonal antisera raised against peptides derived from the
n or the Gc protein (GenScript, Piscataway, NJ, USA). The Gn
ntiserum (�-Gn) was raised against a synthetic peptide compris-
ng residues 374-CFEHKGQYKGTMDSGQTKRE-393. For obtaining
he Gc antiserum (�-Gc) a peptide comprising residues 975-
FERGSLPQTRNDKTFAASK-994 was used [37]. Goat anti-rabbit
orseradish peroxidase-conjugate (Biorad) was used as the sec-
ndary antibody and protein detection was performed using the
mersham ECLTM Western blotting detection reagents (GE Health-
are). Protein quantification of Gn and Gc was performed by
uantitative Western blotting using a two-fold serial dilution of
he purified GST–GnGc fusion protein as a calibration marker (data
ot shown).

.6. Vaccination and challenge of mice

Female BALB/c mice (Charles River laboratories, Maastricht, The
etherlands) were housed in groups of five animals in type III filter-

op cages and kept under BSL-3 conditions. The light regime was
et at 14 h light/10 h dark, the temperature at 22 ◦C and the rel-
tive humidity at 55%. Food and water was provided ad libitum.
roups of ten 7-week-old mice were vaccinated via the intraperi-

oneal route on day 0 with saline, Gn-e protein (10 �g/mice) or
LPs (10 �g/mice) formulated in Stimune, a water-in-oil adju-
ant (Prionics, Lelystad, The Netherlands) [41], in a total volume
f 500 �l. Two additional groups of ten mice were either vacci-
ated intraperitoneally with non-adjuvanted VLPs (10 �g/mice) or
ere left untreated (non-vaccinated). We daily monitored for clin-

cal signs and measured body weights of the mice every week.
lood samples, to be used for serological tests, were obtained from
he tail vein at different time points. All groups were boosted
n day 21, performed in the same way as the initial immuniza-
ion. On day 42, all mice were challenged via the intraperitoneal
oute with 102.7 TCID50 of RVFV strain M35/74 in 0.5 ml culture
edium. This optimal challenge dose, for intraperitoneal inocu-

ation, was determined by two independent dose titration studies,
erformed with 7 and 11-week-old female BALB/c mice (Antonis AF
t al., manuscript in preparation). Challenged mice were monitored
aily for visual signs of illness and mortality. At day 62 post-initial

mmunization, all animals that survived the RVFV challenge were
led via orbital puncture under general anaesthesia using xylazine
7 mg/kg) and ketamine (70 mg/kg) and euthanized by cervical
islocation. This experiment was approved by the Ethics Commit-
ee for Animal Experiments of the Central Veterinary Institute of

ageningen UR.
.7. Analysis of the antisera by ELISA

The commercial recN-ELISA was originally developed for anal-
sis of sera from livestock [42]. For analysis of the mouse sera, the
28 (2010) 2330–2339

ELISA was performed essentially according to the manufacturer’s
instructions (BDSL, Ayrshire Scotland, UK), but with the follow-
ing modifications. Plates were coated with stock antigen, diluted
1:3000 and all mouse sera were analyzed in duplicate. As the
secondary antibody, a peroxidase-conjugated rabbit anti-mouse
antibody (DAKO, Glostrup, Denmark) was used. Optical densi-
ties were measured at 405 nm and the cut-off was arbitrarily set
at 0.80.

For the GnGc peptide ELISA, 96 well plates were coated
overnight at 4 ◦C with GST–GnGc protein (0.27 �g/well) compris-
ing the previously described selected linear epitopes of Gn and Gc
fused to the GST protein. Plates were subsequently blocked with
10% skimmed milk in PBS for 1 h at 37 ◦C. Mouse serum was diluted
(1:16) in dilution buffer (PBS with 2% skimmed milk) and 50 �l
was added to the wells. After 1 h incubation at 37 ◦C and three
washes with wash buffer (PBS with 0.05% Tween-20) incubation
with a peroxidase-conjugated rabbit anti-mouse antibody (DAKO)
was performed for 1 h at 37 ◦C. After three washing steps, 100 �l
of substrate buffer (100 mM NaAc pH 6.0) containing 0.1 mg/ml
3,3′,5,5′-tetramethyl-benzidine (TMB, Sigma–AldrichTM, St. Louis,
MO, USA) and 0.005% H2O2 was added. After 30 min incubation at
room temperature (RT), 50 �l 0.5 M sulphuric acid was added to
each well. Optical densities were measured at 450 nm.

2.8. Virus neutralization tests

Virus neutralization tests were performed under BSL-3 con-
ditions using RVFV strain M35/74. Sera collected one day before
the second immunization or challenge were pooled and analyzed
in quadruplet. The serum pools were diluted (1:32) in 100 �l
CO2-independent medium (GIBCO), supplemented with 100 U/ml
penicillin and 100 �g/ml streptomycin (GIBCO), l-glutamine 2 mM
(GIBCO) and 5% FCS. Two-fold serial dilutions of the sera (50 �l)
were mixed in 96-well plates with 50 �l of culture medium con-
taining ∼150–250 TCID50 of RVFV. After 2.5 h incubation at RT, 50 �l
culture medium containing 4 × 104 BHK-21 cells was added to each
well. After a 3–4 days incubation period at 37 ◦C, the cultures were
scored for cytopathic effect. Fifty percent end point titres were
calculated using the Spearman–Kärber method [43,44].

2.9. Immunoperoxidase monolayer assay (IPMA)

Monolayers of BHK-21 cells in 96 well plates were transfected
with 100 ng of pCAGGS–GnGc using jetPEITM according to manu-
facturers’ instructions (Polyplus transfection, Illkirch, France). At
24 h after transfection, plates were washed with PBS and dried for
1 h at RT. Cells were disrupted via a freeze–thaw step at −20 ◦C
and fixed with 4% paraformaldehyde for 10 min at RT. After three
washes with PBS, mouse serum was added to the cells in a four-fold
serial dilution in 100 �l block buffer (4% horse-serum, 0.5 M NaCl,
1% Tween-80 and 0.1% NaN3). The cells were washed three times
with wash buffer (PBS with 0.15 M NaCl and 0.05% Tween-80), and
subsequently incubated with peroxidase-conjugated rabbit anti-
mouse antibodies (DAKO) diluted in conjugate buffer (4% horse
serum, 0.5 M NaCl and 1% Tween-80) for 1 h at 37 ◦C. Cells were
washed three times with wash buffer after which activity of per-
oxidase was detected using 3-amino-9-ethyl-carbazole (Sigma) as
the substrate. Titres were calculated using the Spearman–Kärber
method [43,44].

2.10. Quantitative real-time reverse-transcriptase PCR

(qRRT-PCR)

Livers and brains of deceased or euthanized mice were collected
during the experiment. Autoclaved Zikonia beads ∼1.2 g (Zirconia
1.0 mm beads, Biospec) were mixed with ∼75 mg of tissue and
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00 �l lysis buffer (RNeasy mini kit, Qiagen). The tissue was dis-
upted by vortexing for 15 min before pelletation for 10 min at
200 × g. An eluate volume of 350 �l was used to isolate total RNA
sing the Qiagen mini RNeasy kit according to the manufactur-
rs’ recommendations. The total RNA was eluted with 30 �l elution
uffer of which 5 �l was used for analysis by qRRT-PCR as described
45].
.11. Transmission electron microscopy (TEM)

RVFV VLPs present in the clarified (10,000 × g, 20 min, 4 ◦C) S2
ell culture supernatant were fixed (10 min, 4 ◦C, 0.5% glutaralde-

ig. 1. Expression and analyses of the RVFV Gn and Gc glycoproteins. (A) Schematic repre
wo non-structural proteins NSm1 and NSm2 [29]. The constructs, encoding parts of the M
n-e are also depicted. The positions of a hydrophobic domain (black box), signal peptid
eptide cleavage sites (scissors) are indicated. The expression constructs encode the GnGc
rey bar) and – in case of Gn – a C-terminal-fused His-tag (black bar). (B) Western blot a
efore and after ultracentrifugation. Cell culture supernatant before (S) and after (S*) pe
lotting using an �-Gn (upper panel) or �-Gc (lower panel) peptide serum. Culture supe
n, Gn-e or Gc are indicated on the right (arrowheads); sizes of molecular weight marke
nalyzed by flotation through a discontinuous sucrose gradient. Gradient fractions (1–6
upper panel) and �-Gc (lower panel) peptide serum, respectively. (D) Purification of Gn
efore (S) and after (S*) His-tag affinity purification and purified Gn-e (Pu) were analyzed
8 (2010) 2330–2339 2333

hyde [Polysciences, Warrington, PA, USA] in 0.5 mM phosphate
buffer pH 7) and purified by sedimentation (1.5 h, 4 ◦C, 100,000 × g)
through a 28% (w/v) sucrose cushion onto a 45% (w/v) sucrose
cushion. The collected interphase was diluted using distilled water
and spun (1.5 h, 4 ◦C, 100,000 × g) onto a 45% (w/v) sucrose cush-
ion. The VLP fraction which settled on top of the 45% (w/v)
sucrose was applied to copper Formvar-carbon coated grids

(Stork Veco BV, Eerbeek, The Netherlands). The VLP-coated grids
were stained with 1% or 2% sodium phosphotungstate pH 7
(Merck, Darmstadt, Germany). Images were recorded at a cal-
ibrated magnification of 60,000× using a Jeol 1010 electron
microscope.

sentation of the RVFV M segment, encoding the Gn and Gc glycoproteins as well as
segment used for expression in Drosophila Schneider 2 (S2) cells, named GnGc and

es (dark grey box), transmembrane domains (vertical-hatched box) and the signal
or Gn ectodomain (Gn-e) with an N-terminal Drosophila BiP signal sequence (dark

nalysis of culture supernatant of S2 cells expressing the GnGc polyprotein or Gn-e
lletation and the pellet (P) were analyzed for the presence of Gn or Gc by Western
rnatant of uninduced S2 cells (unind.) was taken as a negative control. Positions of
rs are indicated on the left in kilodaltons (B–D). (C) Resuspended GnGc pellet was
) were analyzed for the presence of Gn or Gc by Western blotting using an �-Gn
-e from culture supernatant of S2 cells expressing Gn-e. Cell culture supernatant
by Western blotting using the �-Gn peptide serum.
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.12. Statistical analyses

Statistical analyses were performed with the Kruskal–Wallis
ne-way analysis of variance (ANOVA) or two-way ANOVA Bon-
erroni post-test using GraphPad Prism version 5.00 for Windows
GraphPad Software, San Diego, CA, USA). Statistical differences
ith p-values <0.05 were considered significant.

. Results

.1. Expression of RVFV glycoproteins in Drosophila cells

The Drosophila expression system (InvitrogenTM) is an attrac-
ive system for expression of secretable proteins. It allows inducible
xpression and secretion of soluble glycoproteins under non-lytic
onditions and in serum-free medium. In order to produce RVFV
LPs we generated a stable Schneider 2 (S2) cell line allow-

ng the inducible expression of the GnGc polyprotein (Fig. 1A).
pon induction both glycoproteins could be detected in the
ell culture supernatant by Western blotting (Fig. 1B). Consis-
ent with their being secreted in the form of VLPs, Gn and Gc
o-sedimented through a 20% (w/w) sucrose cushion (Fig. 1B)
nd subsequently co-floated in a discontinuous sucrose gradient
Fig. 1C). The Gn and Gc proteins accumulated at a buoyant density
f ∼1.14 g/cm3 which is close to the buoyant density of RVFV of
.16–1.18 g/cm3 [46,47]. The observations indicate that expression
f the RVFV GnGc polyprotein in insect cells results in the forma-
ion and secretion of VLPs. The morphology of the generated VLPs
nalysed by transmission electron microscopy indicated a circu-
ar or donut shaped morphology with spiky surface protrusions

Fig. 2).

To also produce the Gn protein we separately generated a stable
ell line expressing the Gn ectodomain (Gn-e, Fig. 1A). Gn-e could
eadily be detected in the culture supernatant but, as expected for
soluble protein and unlike the VLPs, could not be concentrated by

ig. 2. Morphological analysis of GnGc VLPs using transmission electron microscopy (TEM
ion, stained with 1–2% sodium phosphotungstate (PTA) – particles left and upper right 1
articles are depicted showing spiky structures on their surface. Scale bar on the left repr
28 (2010) 2330–2339

ultracentrifugation (Fig. 1B). Gn-e was successfully purified from
the cell culture supernatant using nickel chelate beads via its C-
terminal-fused 6xHis-tag (Fig. 1D).

3.2. Immunogenicity of RVFV VLPs and the Gn ectodomain

To investigate and compare the immunogenic properties of the
RVFV GnGc VLPs and of the Gn-e protein, groups of 10 mice were
immunized via the intraperitoneal route and boosted three weeks
later. Sucrose-cushion concentrated VLPs and affinity-purified Gn-
e were each formulated in Stimune adjuvant. Stimune, previously
known as specol [48], is a water-in-mineral oil emulsion which
strongly promotes the induction of antibodies with a low incidence
of site reactivity [49]. Another 10 animals served as an adjuvant
control group and were administered Stimune only. Since VLPs are
regarded morphological representatives of the authentic viral par-
ticles and should therefore be able to stimulate a strong immune
response in the absence of adjuvant [17,30,50] we additionally
included a group of mice that were vaccinated with unadjuvanted
VLPs. All formulations were applied at a dose of 10 �g in 500 �l
per mouse. Unfortunately, of the Stimune control group 4 mice
were lost due to an experimental handling error. A fifth group of
10 non-vaccinated mice was therefore added as an additional chal-
lenge control group. In none of the groups clinical symptoms were
observed before challenge.

Sera of mice were collected weekly until the day of chal-
lenge. After challenge, deceased mice were bled when possible
and surviving mice were bled before euthanasia via orbital punc-
ture. Sera were analyzed for the presence of antibodies against
Gn and/or Gc by enzyme-linked immunosorbent assay (ELISA,

Fig. 3A), immunoperoxidase monolayer assay (IPMA, Fig. 3B) and
virus neutralization tests (VNT, Fig. 3C). The GST–GnGc peptide
ELISA was developed to specifically detect antibodies against a
linear epitope in Gn and one in Gc. Mice vaccinated with VLPs
(with or without adjuvant) seroconverted already after the first

). Glutaraldehyde-fixated VLPs were concentrated by sucrose-cushion sedimenta-
% PTA, bottom right 2% PTA – and analyzed by TEM. Four representative virus-like
esents 100 nm, both scale bars on the right represent 50 nm.
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Fig. 3. Analysis of antibody responses in mice, induced by different vaccine candidates. (A) Comparison of the reactivity of antibodies from antisera raised against different
vaccine candidates (VLP with [VLP+] and without [VLP−] Stimune adjuvant or Gn-e with Stimune adjuvant) with the GST–GnGc fusion protein by ELISA. First and second
vaccinations and challenge moments are indicated. Antibody titres are depicted as average (n = 10) optical density. (B) BHK-21 cells were transfected with a plasmid encoding
the Gn and Gc protein. The monolayers were fixed and incubated with pooled antisera (n = 10) as the primary antibody and peroxidase-conjugated rabbit anti-mouse
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he first (1st) and second (2nd) immunization, from mice that received Stimune on
he results are depicted as 50% end-point titres (n = 4, ±S.D.). Titres were calculated

accination, whereas seroconversion induced by Gn-e required two
accinations (Fig. 3A). This result demonstrates that the GST–GnGc
eptide ELISA is suitable to detect differences in antibody responses

nduced by the different vaccines. In view of the inherent limita-
ions of this peptide ELISA, we also used IPMAs to compare GnGc
ntibody levels induced by the different vaccine candidates. The
timune formulated VLP (p < 0.05) and Gn-e (p < 0.001) vaccines
licited significantly higher antibody titres after the second immu-
ization when compared with the non-adjuvanted VLPs (Fig. 3B).
ince the GST–GnGc ELISA results were confirmed by IPMA, we
onsider the GnGc peptide ELISA a reliable tool to compare
ntibody responses induced by glycoprotein-based RVFV vaccine
andidates.

To determine whether the sera obtained after the first and
econd vaccination were able to neutralize the virus in vitro,
irus neutralization tests were performed. Neither a negative con-
rol serum (data not shown) nor a pooled serum from Stimune
accinated mice was able to neutralize the virus (Fig. 3C). Sera
btained from mice vaccinated with VLPs, with or without adju-
ant, obtained after the primary vaccination were able to neutralize
he virus, and the level of these antibodies increased after the
econdary vaccination. In contrast, the induction of neutralizing

ntibodies by Gn-e required two vaccinations (Fig. 3C). The neu-
ralizing antibody levels obtained after vaccination with Stimune
djuvanted VLPs were significantly higher than those obtained
fter vaccination with non-adjuvanted VLPs (p < 0.001) or Gn-e
p < 0.001) (Fig. 3C). In conclusion, Gn-e induces the highest over-
= 2, ±S.D.). (C) Virus neutralization test of pooled mice (n = 10) sera collected after
Ps, VLP formulated in Stimune adjuvant, or Gn-e formulated in Stimune adjuvant.
the Spearman–Kärber method. *p < 0.05; ***p < 0.001.

all antibody titres (Fig. 3A and B), though the antibodies induced
by VLPs are more potent in neutralizing RVFV. Secondly, Stimune
adjuvanted VLPs induce significantly higher levels of neutralizing
antibodies in mice than adjuvanted Gn-e or non-adjuvanted VLPs
(Fig. 3C).

3.3. Protection against a lethal challenge

Three weeks after the second immunization mice were chal-
lenged via the intraperitoneal route with a lethal dose (102.7 TCID50)
of the RVFV strain M35/74. The lethal dose was previously deter-
mined by two independent dose-titration experiments (Antonis
A.F. et al., manuscript in preparation). All mice were monitored
weekly for weight-loss and daily for clinical signs.

The adjuvant-only and non-vaccinated groups showed 83%
and 100% mortality, respectively (Fig. 4A). In contrast, all mice
immunized with RVFV antigens survived, regardless of the anti-
gen composition and whether or not adjuvant was used. Moreover,
the body weights of these mice were stable and the mice did not
develop any clinical signs throughout the experiment (Fig. 4B and
C). In contrast, the non-vaccinated mice developed severe clini-
cal signs (Fig. 4C), which resulted in 100% mortality within 4 days.

Interestingly, the Stimune control group showed delayed symp-
toms. Twelve days after challenge, five out of the total of six mice
from this group had succumbed to the infection, whereas the
sixth mouse was negative in all our serological assays. However,
in this mouse, viral RNA was detected in both the liver and the
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Fig. 4. Vaccination with RVFV VLPs or the Gn ectodomain protects mice against
lethal RVFV infection. Groups of mice (n = 10) were either non-vaccinated or
vaccinated twice with adjuvant only (Stimune; n = 6), 10 �g VLPs with (VLP+;
n = 10) or without (VLP; n = 10) Stimune adjuvant, or 10 �g adjuvanted Gn-e (Gn-e+;
n = 10). Mice were challenged with 102.7 TCID50 of RVFV strain M35/74 via the
intraperitoneal route. Mice were monitored daily, until 20 days post-challenge, for

Fig. 5. Detection of N-antibodies in mice sera pre- and post-RVFV challenges. The
pre- and post-challenge sera of mice vaccinated with Stimune only (Stimune), adju-
vanted Gn-e or VLP (Gn-e+ and VLP+) or non-adjuvanted VLP (VLP), were screened

for the presence of antibodies against the nucleoprotein using an indirect recombi-
nant N-ELISA (n = 2) [42]. Serum from a RVFV infected mouse was used as a reference
control (positive). The dotted line represents the cut-off value, which was arbitrarily
set at 0.80. Numbers of some individual mice are depicted in the graph.

brain (Fig. 6). The delayed disease in mice inoculated with Stimune
might be explained by unspecific immune modulatory effects
[51,52].

Since our RVFV vaccines are only comprised of the viral envelope
glycoproteins, the detection of antibodies against the nucleocap-
sid protein in sera after challenge would be a good indicator of
viral replication. To further verify if vaccination suppressed virus
replication, we screened sera for the presence of anti-N antibodies
using a commercially available recombinant N-ELISA [42] (Fig. 5)
and performed quantitative real-time reverse-transcriptase PCR
on liver and brain samples to detect viral RNA (Fig. 6). The post-
challenge sera from four out of ten Gn-e vaccinated mice did show
some antibodies against N (Fig. 5) and in two liver samples and
one brain sample viral RNA was detected (Fig. 6). This indicates
that despite these mice survived RVFV infection, some viral repli-
cation had occurred. In the group vaccinated with adjuvanted VLPs,
only one animal was positive in the recN-ELISA, whereas none of
the mice of the non-adjuvanted VLP group had detectable levels of
N-antibodies. In five of the ten mice that were vaccinated with non-
adjuvanted VLPs, viral RNA was detected in liver samples (Fig. 6A).
Intriguingly, with one exception (mouse #3.5), vaccinated mice
which contained viral RNA in the liver or the brain did not sero-
convert for antibodies against the N protein (Figs. 5 and 6) and –
vice-versa – mice positive in the recN-ELISA did not have detectable
levels of viral RNA in neither the liver nor the brain. Experiments
are in progress to further elucidate these findings.
In conclusion, our findings suggest that all vaccine candidates
provide full protection against a lethal RVFV challenge, and that
vaccination with adjuvanted VLPs even results in sterile immunity
in 90% of the mice.

mortality (A) and clinical scores (C, n = 6 or n = 10) and weekly for weight (B, n = 6
or n = 10 ± S.D.). The body weights of the only survivor of the Stimune-vaccinated
control group are depicted separately (Stimune*). Number coding related to the
clinical scores (C) are 0 = normal healthy; 1 = active, hairs raised; 2 = less active, hairs
raised; 3 = less active, hairs raised, accelerated respiration, coiled; 4 = less active,
hairs raised, accelerated respiration, hunchback like posture. Mouse fails to roll from
posterior to anterior, when place on its back; 5 = mouse deceased.
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Fig. 6. Detection of viral RNA in liver and brain samples by quantitative real-time
reverse-transcriptase PCR (qRRT-PCR). The non-vaccinated mice, mice inoculated
with Stimune adjuvant, mice vaccinated with adjuvanted Gn ectodomain or VLPs
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ith or without adjuvant were challenged with RVFV. The livers (A) and brains (B) of
he deceased or euthanized mice were screened for the presence of viral RNA using
RRT-PCR. Numbers of some individual mice are depicted in the graph.

. Discussion

RVFV is a mosquito-borne virus causing disease in livestock and
umans. Although the virus has so far been confined to the African
ontinent and the Arabian peninsula, global warming and global-
zation increase the risk of virus migration towards new virgin soils
53]. Hence, there is an urgent need for a save and effective vaccine
hat is applicable to both humans and livestock. Here we report the
uccessful production of two vaccine candidates against RVF based
n the RVFV surface glycoproteins. Both vaccine candidates fully
rotected mice from a lethal challenge with RVFV.

Until recently [18], RVFV VLPs were successfully produced, using
lternative expression systems, only when the nucleocapsid pro-
ein was included. Specifically, VLPs were obtained by coexpression
f GnGc with the nucleocapsid protein using the baculovirus insect
xpression system [33] or in combination with a mini-replicon sys-
em consisting of the nucleocapsid protein, the polymerase protein
nd a mini-genome RNA using a mammalian expression system
32]. Our nucleocapsid protein-independent assembly of VLPs is

onsistent with recent work of Mandell et al. [18], in which expres-
ion of the Gn and Gc proteins was shown to be sufficient for the
ormation and secretion of VLPs [18]. In the work of Mandell et al.,
hree vaccinations of mice with VLPs containing only Gn and Gc pro-
8 (2010) 2330–2339 2337

vided protection in only 19% of the animals, whereas in the current
work, two vaccinations with VLPs lacking the N protein resulted in
100% protection. Moreover, when these VLPs were formulated in
Stimune adjuvant, sterile immunity was even obtained in nine out
of ten mice.

Due to the increased international trade of animals and con-
comitant surveillance, the development of DIVA vaccines is of great
importance. The absence of the nucleocapsid protein in our vac-
cine candidates will facilitate the development of a DIVA vaccine
for livestock that can be accompanied by the recN ELISA [42]. The
N protein of RVFV is highly immunogenic, inducing antibodies
already within the first days after infection [54] and is therefore
an ideal target in diagnostic ELISAs [42]. Surprisingly, Naslund et al.
[17] observed that mice vaccinated with VLPs containing the nucle-
ocapsid protein could be serologically distinguished from infected
animals using an N-based ELISA. Apparently, the antibody response
against the N protein induced by these VLPs was sufficiently low
to enable this differentiation. Yet, use of VLPs that lack the nucle-
ocapsid protein, such as those developed in the current work, will
minimize the chances of obtaining false-positive results in field
diagnostics.

Based on its limited but significant similarity with the alphavirus
E2 glycoprotein, it has been suggested that the Gn protein of Bun-
yaviruses might function as the receptor binding protein [55] and
would therefore be a good target antigen for inducing virus neu-
tralizing antibodies. Indeed, Gn is known to contain neutralizing
epitopes [56,57]. Accordingly, protection against RVFV challenge
based on Gn could be achieved by inoculation of animals with bac-
terial lysates or baculovirus-infected eukaryotic cells containing
only the Gn protein [16,21], or by alphavirus vectors expressing
the Gn ectodomain [58]. We demonstrate that immunization with
soluble adjuvanted Gn ectodomain provides full protection against
RVFV. Of note, the antibody titres induced by the Gn ectodomain
(i.e. Gn-e) were equal to those induced by VLPs formulated in
Stimune adjuvant and significantly higher then those induced by
VLPs only (p < 0.001). It is important to stress, however, that neu-
tralizing antibodies were readily obtained after a single vaccination
with VLPs, whereas induction of these antibodies by Gn-e required
two vaccinations. This observation might be explained by the repet-
itive arrangement of the Gn and Gc antigens on the VLP surface
allowing efficient cross-linking of the immunoglobulin receptors
on B cells which can greatly facilitate B-cell activation [31].

The absence of clinical signs, seroconversion and our inability
to detect viral genome in livers and brains in 90% of the mice vac-
cinated with adjuvanted VLPs suggest that sterile immunity was
obtained in these animals. Although no clinical signs were observed
in mice vaccinated with VLPs without adjuvant, low levels of viral
RNA were detected in 50% of the livers. Apparently, some viral
replication occurred in these animals.

Although RVFV has the potential to cause severe disease in
humans, no vaccine or antiviral agent for human application is
available. Efforts are being made to produce live attenuated vac-
cines for use in humans [29]. The safety of such vaccines has to be
thoroughly tested, however. Such safety concerns do not apply to
subunit vaccines as those reported here. The Drosophila S2 expres-
sion system, used to produce the VLPs and the Gn ectodomain in the
current work, offers the additional advantage of serum-free pro-
duction and has been used previously to produce secreted forms of
native-like glycoproteins in large amounts for vaccine applications
[59,60]. In addition, the recombinant subunit approach allows for
convenient antigen affinity purification by appending a purification
In summary, we report here the efficient production of RVFV
VLPs and the Gn ectodomain using a robust insect expression sys-
tem. The vaccine candidates provide full protection against a lethal
RVFV challenge. Additional studies should be performed to estab-
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ish the DIVA property and minimal protective dose of these vaccine
andidates in sheep. The necessity of repeated vaccination should
lso be evaluated. It is furthermore important to study contribution
f humoral and cellular immunity and the durability of protection.
ur study demonstrates the potential of a RVFV subunit vaccine,
ither in the form of VLPs or soluble protein.
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