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Jana Beicht a, Mareike Kubinskia, Christina Puffb, Wolfgang Baumgärtnerb, Jeroen Kortekaas d,e, 
Paul J. Wichgers Schreur d,f, Albert D.M.E. Osterhaus a and Guus F. Rimmelzwaan a

aResearch Center for Emerging Infections and Zoonoses, University of Veterinary Medicine Hannover, Foundation, Hannover, Germany; 
bDepartment of Pathology, University of Veterinary Medicine Hannover, Foundation, Hannover, Germany; cLeibniz Institute of Virology 
(LIV), Hamburg, Germany; dDepartment of Virology and Molecular Biology, Wageningen Bioveterinary Research, Wageningen University & 
Research, Lelystad, The Netherlands; eBoehringer Ingelheim Animal Health, Global Innovation, Saint Priest, France; fBunyaVax B.V., 
Lelystad, The Netherlands

ABSTRACT
Rift Valley fever (RVF) is a mosquito-borne zoonotic disease caused by RVF virus (RVFV). RVFV infections in humans are 
usually asymptomatic or associated with mild febrile illness, although more severe cases of haemorrhagic disease and 
encephalitis with high mortality also occur. Currently, there are no licensed human vaccines available. The safety and 
efficacy of a genetically engineered four-segmented RVFV variant (hRVFV-4s) as a potential live-attenuated human 
vaccine has been tested successfully in mice, ruminants, and marmosets though the correlates of protection of this 
vaccine are still largely unknown. In the present study, we have assessed hRVFV-4s-induced humoral and cellular 
immunity in a mouse model of RVFV infection. Our results confirm that a single dose of hRVFV-4s is highly efficient in 
protecting naïve mice from developing severe disease following intraperitoneal challenge with a highly virulent RVFV 
strain and data show that virus neutralizing (VN) serum antibody titres in a prime-boost regimen are significantly 
higher compared to the single dose. Subsequently, VN antibodies from prime-boost-vaccinated recipients were 
shown to be protective when transferred to naïve mice. In addition, hRVFV-4s vaccination induced a significant 
virus-specific T cell response as shown by IFN-γ ELISpot assay, though these T cells did not provide significant 
protection upon passive transfer to naïve recipient mice. Collectively, this study highlights hRVFV-4s-induced VN 
antibodies as a major correlate of protection against lethal RVFV infection.
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Introduction

Rift Valley Fever virus (RVFV), a member of the genus 
Phlebovirus in the order Bunyavirales causes severe 
hepatitis which is especially lethal to young ruminants 
and abortion storms in sheep herds are typical hall
marks of RVFV epizootics [1–3]. Aedes and Culex 
mosquitoes are capable of transmitting RVFV primar
ily among cattle and also to humans. Humans exposed 
to contaminated body fluids or tissues are at high risk 
of contracting the virus [3]. Human infections are 
usually asymptomatic or run a mild self-limiting 
course with fever and flu-like symptoms. Nevertheless, 
1-2% of RVFV-infected humans develop more severe 
complications including loss of vision, encephalitis 
or haemorrhagic fever, the latter with 50% case fatality 
rate [2]. While a human vaccine is not available, inac
tivated and live-attenuated vaccines (LAVs) are used 
to protect livestock from severe disease. However, 

reports of teratogenic effects and abortions associated 
with the use of LAVs in animal models have precluded 
their routine use [4–6].

The RVFV RNA genome comprises three segments 
named after their size, large (L) medium (M) and small 
(S). The RVFV L segment encodes the viral RNA-depen
dent RNA polymerase, whereas the M segment encodes a 
polyprotein which is cleaved into the structural glyco
proteins Gn and Gc. Additionally, M segment encodes 
a small 14-kDa protein, named NSm, and a large glyco
protein (LGp) encoded by the NSm and Gn coding 
regions [7–10]. The S segment encodes the nucleocapsid 
(N) protein and another non-structural protein (NSs), 
which is the major virulence factor capable of counteract
ing the host innate immune response primarily by antag
onizing the antiviral type-I interferon response [11].

A great amount of knowledge pertaining to the 
immunity to RVFV following vaccination or natural 
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infection has come from animal studies [12–14]. 
These studies demonstrated that virus neutralizing 
(VN) antibodies targeting the viral glycoproteins Gc 
and Gn which are crucial for cell attachment and 
fusion, correlated with protection, while the role of 
T cells is less well established [15].

We have previously shown that splitting the M 
segment of RVFV into two M-type segments, each 
encoding one of the glycoproteins, Gn or Gc, resulted 
in a four-segmented variant that is highly attenuated 
[16]. Splitting of the M segment was expected to 
complicate genome packaging and generate an 
imbalance in glycoprotein expression. Indeed, all 
four-segmented variants created to date, including 
the variants expressing NSs were shown to be aviru
lent [16]. Nevertheless, to optimize its safety profile, 
the NSs gene was deleted, and the safety and immu
nogenicity of the corresponding vaccine, referred to 
as hRVFV-4s, has been demonstrated in various 
mammalian species [17–19]. In the present study, 
we confirm the protective efficacy of hRVFV-4s 
immunization in a mouse model of severe RVF dis
ease and in addition define correlates of protection 
by executing passive transfer experiments.

Materials and methods

Ethical statement

Approval to conduct the animal experiments was 
obtained from the Lower Saxony State Office for Con
sumer Protection and Food Safety (approval no. 33.8- 
42502-04-20/3358) and all the experiments were con
ducted in strict compliance with European guidelines 
(EU directive on animal testing 2010/63/EU) and Ger
man Animal Welfare Law.

Mice

Four- to twelve-week-old female BALB/cAnNCrl 
(BALB/c) mice were purchased from Charles River Lab
oratories and were housed under specific pathogen-free 
conditions at the animal facility of the University of 
Veterinary Medicine Hannover, Foundation, in indivi
dually ventilated cages (type Sealsafe Plus GM500 or 
IsoCage N Biocontainment system; Tecniplast) for the 
entire duration of the experiment. All mice were taken 
into experiments after two weeks of acclimatization. Ster
ilized food pellets and water were provided ad libitum.

Viruses

Viral stocks of hRVFV-4s (vaccine stain), RVFV- 
4sGFP, RVFV-Clone 13 and RVFV-35/74 (challenge 
strain) were provided by Wageningen Bioveterinary 
Research, The Netherlands, and generated as 
described previously [19,20].

Vaccination challenge study

Six-week-old female BALB/c mice (n = 8 per group) 
were immunized by intramuscular (i.m.) injections 
of 105.8 TCID50 of hRVFV-4s in 50 µl of PBS as a 
single dose or in two doses at 28 d intervals. All control 
mice received 50 µl of PBS at the same time and same 
protocol. At 21 days post single or booster dose, blood 
was drawn for serology by vena facialis puncture 
under isoflurane-induced anaesthesia and collected 
in MiniCollect® CAT Serum Sep Clot Activator tubes 
(Greiner Bio-One GmbH). At 28 days post single or 
booster dose, mice were challenged with 500 TCID50 
of virulent RVFV strain 35/74, which was delivered 
intraperitoneally (i.p.) in 100 µl of PBS.

Adoptive transfer experiments

Six-week-old female BALB/c donor mice (n = 16 per 
group) were immunized by administering two doses 
of 105.8 TCID50 of hRVFV-4s i.m. at an interval of 28 
days between each dose. All mock-immunized donor 
mice (n = 16) received PBS. Serum and spleens were col
lected from these mice 28 days after the booster dose 
was administered. Sera from the respective groups 
were pooled and 200 µl was administered i.p. into ten 
to twelve-week-old naïve female BALB/c recipient 
mice (n = 16 per group). Similarly, splenocytes from 
each group were pooled and CD3+ T cells were isolated 
using the autoMACS® Pro Separator (Miltenyi Biotec 
B.V. & Co. KG) and the mouse Pan T Cell Isolation 
Kit II (Miltenyi Biotec B.V. & Co. KG). Approximately, 
9-11 × 106 CD3+ T cells (>95% purity) were injected i.p. 
into 13- to 14-week old naïve recipient mice (n = 16 per 
group). Two hours post transfer of serum or T cells, the 
recipient mice were challenged i.p. with 500 TCID50 
RVFV strain 35/74. Following the challenge with 
RVFV strain 35/74 infection, mice were monitored 
daily for a period of 5 days for the development of clini
cal signs and were given clinical scores. A clinical scor
ing system has been established based on the 
appearance, activity, motility, body weights and pres
ence of neurological symptoms. Humane endpoints 
(HEPs) were defined as the maximum clinical score 
attained in one of the given categories such as >20% 
weight loss, stupor, severe kyphosis and partial paresis 
of hind leg, or when a total clinical score of 9 is achieved. 
Mice attaining scores corresponding to HEPs were 
taken out of the experiment. The remaining mice were 
monitored until study endpoints (SEP) which is either 
3 days post infection (dpi) or 5 dpi. Serum, liver and 
brain samples were collected and stored under appropri
ate conditions for further analysis.

Analysis of antibody and T cell responses

VN antibodies in the sera collected from mock and 
hRVFV-4s-immunized mice were assessed using 
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virus neutralization assays whereas the frequency of 
virus-specific T cells was estimated using mouse 
IFN-γ ELISpot assay and flow cytometry following 
restimulation of splenocytes with peptide pools span
ning RVFV-N, Gn, Gc and NSm proteins. These 
methods are described in more detail in the sup
plementary methods.

RNA isolation and real time quantitative RT– 
PCR

Organs collected in screwcap tubes were homogenized 
on Tissue LyserII (Qiagen). Total RNA was isolated 
from cell debris-free organ homogenates using Mag
MaxTM mirVana total RNA isolation kit (Applied Bio
systems) on an automated KingFisher Flex 
(ThermoFisher Scientific) according to the manufac
turer’s instructions. For detection of RVFV strain 
35/74 RNA, real time quantitative reverse transcrip
tion (RT)-PCR using One-Step RT–PCR Kit (Qiagen) 
was performed using forward primer 5’-AAAGGAA
CAATGGACTCTGGTCA-3’, reverse primer 5’- 
CACTTCTTACTACCATGTCCTCCAAT-3’ and 
probe 5’-6FAMVWRAAAGC-TTTGATATCTCT
CAGTGCCCCAATMR-3’ published by Drosten 
et al. [21]. Ten-fold serial dilution of RVFV-M seg
ment-specific RNA standard was used to generate a 
standard curve. Real time quantitative RT–PCR was 
performed in duplicates using Bio-Rad CFX96 real- 
time system (Bio-Rad) and viral RNA copies/gram of 
tissue were calculated from the obtained Cq values.

Histology and immunohistochemistry

Liver and brain tissue samples of all mice were fixed in 
ROTI®Histofix 4% (4% formaldehyde, Roth) for a 
minimum of two weeks. Two sections of the liver 
(left lateral lobe, right lateral lobe) and two longitudi
nal sections of the right hemisphere of the brain were 
stained with haematoxylin and eosin (HE) for histo
pathological evaluation. Immunohistochemistry 
(IHC) was performed using a polyclonal antibody tar
geting RVFV nucleocapsid (N) (1:400, GenScript) as 
previously described [22]. A semiquantitative scoring 
system was applied for HE-stained sections and IHC 
evaluation of liver samples. Each liver lobe was scored 
according to the percentage of tissue affected by hepa
tocellular necrosis and by immunoreactivity for RVFV 
nucleocapsid (N) as follows: 1 “mild”: > 0–25%; 2 
“moderate”: > 25–50%; 3 “severe/marked”: > 50% 
affected liver tissue and a mean score of both was cal
culated subsequently. Due to only minor changes in 
the brain, this scoring system was not applicable and 
hence only qualitative histopathological and immuno
histochemical analyses were performed.

Statistics

The data were analyzed using GraphPad Prism 9 (ver
sion 9.5.1). The onset of clinical signs and survival 
curves are displayed as Kaplan-Meier curves, tested 
by log-rank test. Two-way ANOVA with Dunnett’s 
multiple-comparison test was used for statistical 
analysis unless otherwise stated. A p-value <0.05 was 
considered significant.

Results

hRVFV-4s vaccination protects mice against 
lethal RVFV infection

In accordance with previous studies, we indepen
dently confirm the protective efficacy of hRVFV-4s 
in a mouse model of lethal RVFV infection. As 
described in the scheme in Figure 1(A), mice (n = 8 
per group) were either vaccinated by administering 
one or two doses of hRVFV-4s, or were mock-vacci
nated (PBS) via the intramuscular route. All mock- 
and hRVFV-4s-vaccinated mice remained healthy 
throughout the vaccination period and gained body 
weight (Figure 1(B)). Following intraperitoneal (i.p.) 
challenge with virulent RVFV strain 35/74, seven of 
the eight mice in the mock-vaccinated control group 
displayed greater than 5% body weight loss at 3 dpi 
and other signs of disease like piloerection and/or 
reduced activity. In contrast, none of the hRVFV-4s- 
immunized mice displayed body weight loss or any 
clinical signs following infection (Figure 1(C & D)). 
At 3 dpi, half of the mice (n = 4) in each group were 
sacrificed irrespective of their clinical outcome and 
the organs were collected to assess viral loads. The 
remaining mice were further monitored until 5 dpi 
or were sacrificed when they reached HEPs. Among 
the remaining four mice, one mouse in the control 
group had inflammation in the left eye and succumbed 
to infection at 4 dpi. Two of the mice in the control 
group had a total clinical score of 2 and 6 due to 
weight loss, piloerection and reduced activity (Figure 
1(D)). The remaining mouse in the control group dis
played transient (>5%) body weight loss at 3 dpi but 
then regained weight later. Thereafter this mouse 
appeared healthy without displaying any clinical 
signs and survived until the study endpoint 5 dpi 
(Figure 1(D)). In contrast, all four remaining mice 
from the single dose and prime/boost hRVFV-4s- 
immunized groups did not display any clinical signs 
or body weight loss throughout the course of the 
experiment (Figure 1(C-E)).

Viral genome copy numbers were quantified in the 
liver and brain of mice sacrificed at 3 dpi, at HEPs or 
at 5 dpi. All affected mice from the control group had 
high viral RNA copy numbers in liver and brain. Nota
bly, the single mouse in the control group without 
clinical signs also had high viral load in the liver but 
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Figure 1. (A) Study design of the vaccination-challenge experiment. (B) Mean ± SD of percentage changes in body weight of mock 
(blue line) and single dose (green line) or prime/boost (red line) hRVFV-4s-immunized mice after immunization and before chal
lenge (n = 8 per group) (C) Mean ± SD of percentage changes in body weight of mock (blue line) and single dose (green line) or 
prime/boost (red line) hRVFV-4s-immunized mice following challenge with RVFV strain 35/74. Body weight changes are relative to 
the measured weight just before the challenge and data correspond to n = 8 until 3 dpi and n = 3-4 for 4 and 5 dpi (D) Onset of 
clinical signs plotted for the mice from mock (blue line) single dose- (green) and prime boost-immunized (red) mice was mon
itored for a period of 5 days post RVFV 35/74 challenge (E) Comparison of the total clinical score of each mouse in mock 
(blue), single dose (green squares) and prime/boost (red triangles) groups at a given time point post infection until 5 dpi. * p  
< 0.05; ** p < 0.01; *** p < 0.001. Viral loads in liver (F) and brain (G) homogenates were determined by qPCR using RVFV-specific 
primer and probe set. The open circle in the figure represents the mouse in mock control that did not show clinical signs. Data 
corresponds to n = 8 for 3 dpi and n = 4 for 5 dpi. ** p < 0.01; *** p < 0.001.
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not in the brain (Figure 1(F & G)). Viral RNA was also 
detected in the tissue homogenates of hRVFV-4s- 
immunized mice, although the copy numbers per 
gram tissue were significantly lower (∼104-5 times) 
compared to those of mock-immunized control mice 
(Figure 1(F & G)). No significant differences were 
observed in the viral RNA copy numbers between 
single dose and prime-boost groups.

Serum samples were subsequently analyzed for the 
presence of VN antibodies. A single immunization 
with hRVFV-4s induced VN antibodies titres ranging 
from 40 to 360 (median 240; n = 6) at day 21 post vac
cination whereas the booster vaccination had signifi
cantly higher VN antibody titres and ranged from 
1080 to as high as 29160 with a median value of 
3240 (Figure 2(A)). Taken together, these findings 
confirm that a single dose hRVFV-4s immunization 
effectively induces protective immunity. Nevertheless, 
VN antibody responses can be enhanced by adminis
tering a second dose.

hRVFV-4s vaccination induces virus specific T 
cells

The two-dose vaccination regimen inducing stronger 
VN antibody responses was used for subsequent 
experiments to study correlates of protection. At 28 
days after the second immunization, mice were 
sacrificed and approximately 107 splenocytes were 
used to determine the presence of RVFV-specific T 
cells by IFN-γ ELISpot assay. Splenocytes were stimu
lated with peptide pools spanning the N, NSm, Gc, 
and Gn proteins of RVFV. The results showed that 
immunization with hRVFV-4s induced strong 
RVFV-specific T cell responses, in particular to Gn 
(pool 1) and Gc (pool 2) glycoproteins. For other pep
tide pools, spanning the N and NSm proteins the 
response was below the baseline limit (Figure 2(B)). 
Furthermore, high numbers of IFN-γ+ spot forming 
cells were also observed in hRVFV-4s-immunized 
mice following restimulation with RVFV-Clone 13 
(Figure 2(B)). None of the mock-immunized control 
mice showed IFN-γ producing cells in response to 
any of the RVFV peptide pools or RVFV-Clone 13 res
timulation (data not shown).

Furthermore, flow cytometry of splenocytes pooled 
from mock-immunized and hRVFV-4s-immunized 
mice and restimulated with peptide pools confirmed 
the presence of Gn- and Gc- specific T cells. Gn 
(pool 1) restimulation showed the presence of both 
CD4+ and CD8+ T cells producing IFN-γ and/or 
TNF-α in hRVFV-4s-vaccinated mice. In 
contrast, the IFN-γ+-producing cells that responded 
to the Gc (pool 2) restimulation, were predominantly 
CD8+ T cells. Restimulation with Clone 13 also acti
vated both CD4+ and CD8+ T cells (Supplementary 
Figure S2).

Serum transfer studies

To determine whether antibodies afforded protection 
against RVFV disease, we performed passive transfer 
of serum harvested from control or hRVFV-4s-immu
nized mice into naïve recipient mice and subsequently 
challenged them with wild-type virus. A total of 13 of 
the 16 mice that received serum from mock-immu
nized donors succumbed to RVF disease at 3 dpi or 
had to be euthanized upon reaching an HEP. The 
remaining three mice in this group also displayed 
one or more clinical signs at 3 dpi with total clinical 
scores of 1, 2 and 5 (Figure 3(A)). Two of these mice 
were euthanized to assess viral loads in organs at 
3 dpi whereas 1 mouse that was euthanized at 5 dpi 
displayed disease symptoms, including piloerection 
and greater than 5% body weight loss (total clinical 
score of 2). In contrast to the control mice, two out 
of 16 (12%) mice that received serum from hRVFV- 
4s-immunized mice succumbed to RVFV infection 
at 3 dpi (Figure 3(B)). Six of the 14 surviving 
hRVFV-4s serum recipient mice were euthanized at 
3 dpi to assess viral loads. The remaining eight surviv
ing hRVFV-4s serum recipient mice did not exhibit 
any signs of disease until the end of the experiment 
at 5 dpi.

Subsequent assessment of viral genome copy num
bers in tissue homogenates showed 15 out of 16 con
trol serum recipient mice presented with high viral 
loads (approximately 107- 1011 RNA copies) in liver 
and brain tissues (Figure 3(C &D)). The data for one 
mouse was excluded from the analysis due to no Cq 
resulting from low total RNA concentration.

High viral load (> 107 RNA copies) was also 
detected in the two hRVFV-4s serum recipient mice 
that succumbed to the wild-type virus challenge at 
3 dpi. Additionally, four mice in the hRVFV-4s 
serum recipient group also displayed high viral load 
(>106 RNA copies) in the liver despite not displaying 
any signs of disease. Collectively, these results indicate 
that adoptive transfer of serum from hRVFV-4s- 
immunized mice affords recipient mice a substantial 
degree of protection against developing severe disease 
associated with RVFV infection.

CD3+ T cell adoptive transfer studies

To assess the contribution of RVFV-specific T cells to 
hRVFV-4s-induced protective immunity we adoptively 
transferred CD3+ T cells from spleens of either mock or 
hRVFV-4s-vaccinated donor mice into naïve recipients 
(n = 16) and subsequently challenged them with wild- 
type RVFV. Development of clinical signs was closely 
monitored up to 5 dpi. Mice that reached a HEP were 
euthanized. All 16 mice that had received T cells from 
mock-vaccinated donor mice and 14 mice that had 
received T cells from hRVFV-4s-vaccinated mice 
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displayed severe clinical signs and succumbed to the 
challenge infection between 3 and 5 dpi. Notably, two 
mice that received T cells from hRVFV-4s-vaccinated 
mice survived without any clinical signs until the end 
of the experiment (Figure 4(A)). As expected, all 
affected mice from both groups displayed high viral 
loads in the liver and brain whereas the two survivors 
from the hRVFV-4s recipient groups had viral RNA 
copy numbers that were several folds lower in both 
liver and brain (Figure 4(B)). These results indicate 
that RVFV-specific T cells may have afforded mice a 
limited degree of protection against lethal infection 

with wild-type virus under these experimental con
ditions. However, the subtle difference observed 
between the recipients’ T cells from mock- and 
hRVFV-4s-vaccinated donors did not reach statistical 
significance.

Histopathological and immunohistochemical 
examination of liver and brain

Histopathological changes in the liver comprised of 
randomly distributed, multifocal to diffuse hepatocel
lular necrosis (Figure 5(D & E)), mild 

Figure 2. Virus-specific immune responses (A) Virus neutralization assay: The ability of immune sera collected from mock (n = 8; 
blue) single dose- (n = 6; green) or prime-boost-vaccinated mice (n = 8; red) to block RVFV-35/74-4s-eGFP infection of Vero E6 cells 
was tested. The GFP+ cells were counted on FLUROSpot reader and the highest dilution at which cause 80% reduction in GFP+ cells 
was determined as virus neutralization titre (VNT80). Each point represents a single mouse. The bars represent the mean value and 
the statistical analysis was performed using Kruskal Wallis test . * p < 0.05; **** p < 0.0001. (B) IFN-γ ELISPOT of splenocytes from 
hRVFV-4s-immunized mice (n = 16) restimulated with synthetic peptide pools corresponding to N, NSm, Gn and Gc proteins of 
RVFV. After, subtracting the background signal, the frequency of spot-forming cells (SFC) per million splenocytes was determined 
and plotted. Each data point represents the result obtained from a single mouse. The baseline is set to 100SFC/106 splenocytes 
(dotted line) above which the response is considered positive.

Figure 3. The appearance of clinical signs of disease (A) and survival rates (B) after RVFV 35/74 infection until 3 dpi was plotted for 
mice that received serum from mock-vaccinated (blue line) or hRVFV-4s-vaccinated (red dashed line) donor mice. The data corre
sponds to 16 mice per group until 3 dpi. For 4 and 5 dpi, n = 1 for PBS serum recipients and n = 8 for hRVFV-4s serum recipients 
***p < 0.001 and ****p < 0.0001 (C) Viral RNA copies are depicted per gram tissue detected in liver and brain of mock-vaccinated 
(circles) or hRVFV-4s-vaccinated (squares) serum recipients following RVFV 35/74 challenge. Filled symbols represent mice that 
were sacrificed either without or with less severe symptoms.
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lymphohistiocytic, periportal infiltrates, few necrotic 
foci with low numbers of infiltrating neutrophils, 
occasional hepatocellular cytoplasmic glycogen/lipid 
storage and frequently increased number of binu
cleated hepatocytes. In general, we found prominent 
histopathological changes in the liver of all the affected 
mice from the adoptive transfer experiment.

In 12 out of 16 mice that received serum from 
hRVFV-4s-vaccinated donors the HE liver score was 
0 (Figure 5(A & C)); three mice exhibited a score of 3 
and one mouse was scored with 1. Accordingly, stain
ing for RVFV nucleocapsid antigen (N) confirmed 
the histopathological results with no detection of viral 
antigen in 12 out of 16 mice and the presence of viral 
antigen in the remaining four (Figure 5(B)).

The majority of mice (14/16) that received serum 
from mock-immunized donors displayed severe histo
pathological hepatic lesions with a score of 3, while the 
remaining two mice had less severe lesions with scores 
below 3 (Figure 5(A)). The majority of these mice (13/ 
16) were characterized by marked immunoreactivity 
for RVFV nucleocapsid (N) with a score of 3, and 3 
out of 16 mice exhibited a mild to moderate immunor
eactivity for viral antigen (Figure 5(B &F)).

All CD3+ T cells recipient mice (n = 8/group) irre
spective of whether T cells originated from mock-vacci
nated or from hRVFV-4s-vaccinated donors showed 
severe liver lesions as well as marked immunoreactivity 
for RVFV nucleocapsid (N) in IHC (Figure 5(A & B)).

HE analysis of brain sections lacked significant 
microscopic lesions. In the brain of one mouse that 
received serum from mock-vaccinated donors, IHC 
for RVFV nucleocapsid (N) revealed cytoplasmic lab
elling of few, multifocal cells within the hypothalamus, 
most likely representing neurones (data not shown).

Discussion

In the present study, we have shown that the live-atte
nuated hRVFV-4s vaccine candidate elicits both 

strong antibody and T cell responses in mice and 
confirmed that the vaccine affords protection against 
lethal challenge infection. Furthermore, we demon
strated that VN antibodies are a major correlate of 
protection in this lethal RVFV hepatic disease mouse 
model, whereas only limited protective effects of 
virus-specific T cells could be demonstrated. In line 
with all other pre-clinical results obtained so far 
[18,19] hRVFV-4s administration did not cause any 
adverse effects in this mouse model and all hRVFV- 
4s-vaccinated mice remained healthy throughout the 
immunization period.

Upon challenge infection with the highly virulent 
strain RVFV 35/74, BALB/c mice developed severe 
hepatic disease and the majority of infected mice suc
cumbed within 3-5 dpi. Vaccination of mice with 
hRVFV-4s efficiently protected mice from developing 
severe hepatic disease upon challenge infection. These 
findings are in accordance with previous studies 
demonstrating the safety profile and protective 
efficacy of hRVFV-4s in ruminants and marmoset 
models of RVFV infection [17–19]. Mock-vaccinated 
mice had high viral loads in the liver and brain 
which were significantly lower in hRVFV-4s-vacci
nated mice.

Administration of a single dose of the vaccine- 
induced VN antibodies, which were significantly 
boosted when a second dose was administered. Never
theless, the protective efficacy achieved with both vac
cination regimens was comparable. It was 
demonstrated recently that administration of small 
amounts of human monoclonal antibodies directed 
to the Gn protein affords BALB/c mice protection 
against RVFV ZH501 infection [23]. Furthermore, it 
has been shown that VN antibody titres >40 correlate 
with protection [24,25]. Therefore, VN antibody titres 
up to 360 induced with a single dose of hRVFV-4s 
might have been sufficient to protect mice against 
lethal RVFV infection. Most likely the VN antibodies 
induced after hRVFV-4s vaccination are directed to 

Figure 4. (A) Survival of recipient mice (n = 16) that received CD3+ T cells from mock- (blue line) or hRVFV-4s-vaccinated (red line) 
donor mice before they were challenged with RVFV strain 35/74. (B) After challenge with RVFV strain 35/74 viral RNA copies were 
quantified per gram of tissue from liver and brain homogenates of the recipients of CD3+ T cells from mock- (blue dots) or hRVFV- 
4s-vaccinated (red squares) donor mice.
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the viral membrane glycoproteins Gn and Gc, because 
these proteins are crucial for virus attachment and 
fusion respectively [12-14].

To assess the relative contributions of antibody and 
T cell responses to protective immunity, we embarked 
on adoptive transfer experiments. Transfer of serum 
from hRVFV-4s-vaccinated donor mice prevented 
the development of severe disease in the majority of 
recipient mice following lethal challenge infection 
with RVFV. However, two mice that received 
hRVFV-4s immune serum developed severe disease 
and succumbed to the infection. Some mice had rela
tively high viral loads in liver in the absence of any 
clinical signs. Protection afforded by passive transfer 
of serum antibodies was not as robust as we observed 

in the vaccination-challenge experiment where all 
hRVFV-4s-vaccinated mice had several fold lower 
viral load in organs compared to mock-vaccinated 
mice. It is likely that passive transfer of immune 
serum may not confer sterilizing immunity thus allow
ing virus replication in target organs.

hRVFV-4s vaccination also elicited a robust virus- 
specific T cell response, and flow cytometric analysis 
of splenocytes obtained from hRVFV-4s-vaccinated 
mice revealed the induction of both CD4+ and CD8+ 

T cells against Gc and Gn glycoproteins (Supplemen
tary Figure 1). The adoptive transfer of RVFV-specific 
T cells afforded naïve recipient mice only modest pro
tective immunity to challenge infection with RVFV 
strain 35/74. Two mice of this group survived the 

Figure 5. Histopathological and immunohistological analysis of liver: Graphs of (a) the histopathological scoring results of the 
haematoxylin and eosin (HE) stained liver sections and (b) the immunohistochemical scoring results of anti-RVFV nucleocapsid 
(N) stained liver sections. The x-axis displays the different groups, the y-axis the score with 0 = 0%; 1 “mild”: > 0–25%; 2 “mod
erate”: > 25–50%; 3 “severe/marked”: > 50% of liver tissue affected by hepatocellular necrosis (a) and of liver tissue immunoposi
tive for RVFV antigen (b). Single dot plots display mean values (horizontal line) and standard error of the mean (vertical line). Each 
point represents the individual value of each animal examined. (c) Liver of a mouse that received serum from hRVFV-4s-vaccinated 
donors. No histopathological changes are visible in HE. (d) Liver of a mouse that received serum from mock-vaccinated donors 
showing severe hepatocellular necrosis with karyorrhectic, -lytic and pycnotic cell nuclei (arrowheads; score 3). (e) Liver of a 
mouse that received CD3+ T cells from hRVFV-4s-vaccinated donors displaying severe hepatocellular necrosis (arrowheads; 
score 3). (f) The liver of one of the mice that received serum from hRVFV-4s-vaccinated donors and showed high scores in HE 
and IHC in contrast to the majority of other mice from this group. IHC for anti-RVFV nucleocapsid (N) showing marked positive 
immunoreactivity of cells within the liver (score 3). Scale bars (c-e): 25 µm; (f): 20 µm.

8 C. K. PRAJEETH ET AL.



infection until the study endpoint and also had lower 
viral loads in the brain and liver. However, the differ
ences with the mice that received T cells from mock- 
vaccinated mice were not statistically significant. 
These findings are in concordance with another report 
that showed that T cell depletion from DelNSsRVFV- 
immunized mice before and after the challenge did not 
affect the protective efficacy of the vaccine [26]. Also in 
this study, passive transfer of immune sera was shown 
to be sufficient to confer protection to recipient mice 
[26]. The role of T cells in immunity to RVFV disease 
is less defined. Nevertheless, few reports suggest that T 
cells may have a critical role in protecting mice from 
developing encephalitis [15,27-29].

Histopathological analysis of tissue sections from 
the target organs further supported these findings. 
Notably, passive transfer of immune sera from 
hRVFV-4s-vaccinated donors prior to challenge infec
tion prevented the establishment of infection in the 
target organs and protected most of the mice from 
subsequent hepatocellular damage. Nevertheless, all 
control recipient mice that either succumbed to infec
tion or those that displayed high viral load in the liver 
had viral antigens and severe to moderate liver pathol
ogy. Interestingly most of the affected mice lacked 
profound lesions in the brain suggesting that these 
mice succumbed to severe hepatic disease.

The current infection model of rapid hepatic RVFV 
disease offers only a short time window for adoptively 
transferred virus-specific T cells to exert their protective 
effects. This might be the reason why a robust T cell 
response induced by hRVFV-4s immunization did 
not translate into protective efficacy. A slow progressing 
RVFV encephalitis model [30] might be more suitable 
for testing the protective efficacy of virus-specific T 
cells induced by hRVFV-4s vaccination. Nevertheless, 
the efficiency with which VN antibodies induced after 
hRVFV-4s vaccination protected mice from developing 
severe hepatic disease promotes the assessment of VN 
titres in future clinical trials.

The availability of safe and effective vaccines is cru
cial to prevent or mitigate the consequences of RVFV 
outbreaks. Thus, hRVFV-4s holds promise as a human 
RVFV vaccine candidate. The present study demon
strated that serum VN antibodies were the major 
hRVFV-4s-induced correlate of protection against 
lethal RVFV challenge, but the role of vaccine-induced 
T cells may have been undermined in this infection 
model due to rapid disease progression and requires 
further investigation. Also, studies investigating the 
longevity of immune responses and clinical testing 
of hRVFV-4s are warranted and currently conducted.
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