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Lassa fever remains the most imported viral haemorrhagic fever in Europe and is responsible for 5000
deaths per year throughout Western Africa. There is no vaccine and treatment is often ineffective. We
have developed a vaccine based on modified Vaccinia Ankara expressing the nucleoprotein from Lassa
virus (MVALassaNP). This study investigated the immunogenicity (in mice) and efficacy (in guinea pigs)
of the MVALassaNP vaccine as a prime/boost or single vaccination regime. ELISA and ELISpot assays con-
firmed humoral and T-cell immunity following both a prime and prime/boost vaccination, with the
prime/boost regime producing a statistically increased response compared to a prime only vaccine
(P < 0.0001). The vaccine offered protection in guinea pigs against disease manifestations after challenge
with virulent Lassa virus. Clinical signs, weight loss and temperature increases were observed in all ani-
mals receiving a control MVA vaccine, after challenge with Lassa virus. In contrast, no clinical signs, fever
or weight loss were observed in any of the MVALassaNP vaccinated animals demonstrating that both a
single immunisation, and prime/boost regime confer protection against disease progression.
In conclusion, the MVALassaNP vaccine candidate elicits an immune response, demonstrates efficacy

against Lassa virus disease and is suitable for further preclinical and clinical development.
Crown Copyright � 2019 Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Background

Lassa virus (LASV), the causative agent of Lassa fever is endemic
in Western Africa, particularly in Nigeria, Sierra Leone, Guinea and
Liberia [1]. Sporadic and often large outbreaks are common with
evidence of outbreaks in non-endemic neighbouring countries
including; Benin, Togo, Ghana, Ivory Coast, Burkina Faso and Mali.
During early 2018, Nigeria observed its largest outbreak to date
with approximately 420 confirmed cases resulting in 106 deaths
[2]. There are estimated to be up to 500,000 cases of Lassa fever
per year with 5000 deaths attributed to the virus. The overall mor-
tality rate is relatively low as many infections are mild or even
asymptomatic, but during outbreaks themortality rate can increase
to 65% [3]. The disease is especially severe in late pregnancy with
maternal death and or foetal loss in up to 90% of cases in the third
trimester [4]. The majority of mild cases recover fully; however,
deafness occurs in approximately 25% of positive cases with only
half of these cases regaining hearing [2]. There is currently no vac-
cine for Lassa fever – the antiviral Ribavirin is the only treatment
for LASV infection, but it is only effectivewhen administered in early
infection. Diagnosis is often slow and as symptoms are similar to
other diseases misdiagnosis is high. Disease prevention is based
on controlling and limiting exposure to the host reservoir – themul-
timammate rat –mastomys natalensis [5]. Transmission of infection
is predominantly through contact with the urine/faeces of the host
rodent, although consumption of rodent meat is commonplace in
many regions increasing the risk of infection [6]. Human-to-
human transmission is observed through contactwith infected bod-
ily fluids [3].

LASV belongs to the OldWorld (OW) group (former lymphocytic
choriomeningitis virus, LCMV-LASV sero-complex), genus Mam-
marenavirus family Arenaviridae [7]. Its genome consists of two sin-
gle stranded segments of RNA termed L and an S, each encoding two
open reading frames in ambisense polarity separated by a highly
structured intergenic region. The L segment encodes the viral poly-
meraseandzincbindingprotein (Z)whilst theS segment encodes for
the structural proteins – the nucleoprotein (NP) and the glycopro-
tein (GP) precursor. The glycoprotein is cleaved post translation to
glycoproteins GP1 and GP2, and SSP (stable signal protein) [8]. The
NP and GP are, historically and currently, proteins of significant
interest in the development of a suitable vaccine candidate for LASV.
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There have been many attempts to develop a suitable vaccine
for Lassa. According to the WHO there are over 14 Lassa vaccine
candidates in the pipeline, but only one has reached clinical trials
[9]. The different vaccine approaches include: virus-like particles
[10]; DNA vaccines [11]; live-attenuated vaccines [12] and vec-
tored vaccines [13,14]. For the assessment of vaccine efficacy, gui-
nea pig and non-human primate models are the most common
animals models used for LASV studies [15] There are often cost
and ethical implications when choosing a suitable animal model
which can limit the data availability and it is still yet to be deter-
mined whether the efficacy of animal models will truly reflect a
human vaccine [16]. The correlate of protection is still poorly
understood for Lassa fever. Although antibodies specific to LASV
are usually produced in immunisation studies, in human disease
they are more often identified at the convalescent stage of infec-
tion and not during the acute phase [15,17,18]. T-cell responses
are believed to be the main correlate of protection as they are
detected early in infection and memory T-cells that recognise NP
and GPC epitopes can be maintained for years after infection [19].

Previous attempts to use Vaccinia virus (VV) as a viral vaccine
vector for LASV proteins have described success [14,20,21]. Full
protection against a lethal challenge model (using LASV strain
GA391) was observed in guinea pigs immunised with LASV nucle-
oprotein derived from GA391 inserted into the VV Lister strain
[14]. LASV NP and GP derived from the Josiah strain of LASV
inserted into VV (New York Board of Health strain) have demon-
strated similar observations [22]. Interestingly, parallel studies in
non-human primates (NHPs) have shown that NP offers less pro-
tection [18] than observed in a guinea pig model. However, immu-
nisation using GP (specifically GP1 and GP2 combined) or a GP/NP
combination seem to offer the highest level of protection [18].
Despite promising data, there has been limited progression into
pre-clinical trials and there is still no vaccine available.

The use of Vaccinia as a vector is not novel, it was successfully
used in the eradication campaign of smallpox virus, but safety com-
plications arising particularly in immunocompromised individuals
halted its use as a suitable vaccine vector candidate. As Lassa fever
is endemic in an area of the world where the numbers of immuno-
compromised people are high, other strains of the Vaccinia virus
and modified versions have been investigated to overcome the
incompatibility of the vector for high risk groups [23]. One method
was serial passage of the Vaccinia Ankara strain in Chicken Embryo
Fibroblasts (CEFs) and continual passages (over 500 times) have led
to the production of the highly attenuated Modified Vaccinia
Ankara (MVA) virus strain [23,24]. MVA does not fully replicate in
mammalian cells and is avirulent in animal models. However, it
results in high levels of expression of recombinant proteins and
induces both a humoral and cell-mediated immune response. These
characteristics make it a useful vaccine vector platform [23,25].

Recombinant MVA (rMVA) has been shown to be efficacious
with antigens other than LASV. It was used as a successful smallpox
vaccine [26] and is in different stages of development and clinical
trials for viruses including influenza [27], HIV [28] and CCHF [29].

This study initiated the pre-clinical development of a Lassa fever
vaccine candidate using rMVAas a vector and assessed the immuno-
genicity and the efficacy of the vaccine candidate in a rodentmodel.

2. Materials and methods

2.1. Cells

Baby Hamster Kidney-21 (BHK-21) cells (European Collection of
Cell Cultures, UK) cultured in modified essential eagle medium
(MEM) (Sigma-Aldrich) supplemented with 10% foetal bovine
serum (FBS), 2 mM L-Glutamine, 100U penicillin and 0.1 mg/ml
streptomycin (Sigma-Aldrich).
Chicken Embryo Fibroblast (CEF) cells were received from the
Institute of Animal Health (Pirbright, UK) and cultured in Dul-
becco’s modified eagle medium (DMEM, Sigma-Aldrich) supple-
mented with 10% FBS, 2 mM L-glutamine, 100U penicillin and
0.1 mg/ml streptomycin (Sigma-Aldrich).

VeroE6 cells (European Collection of Cell Cultures, UK) were
cultured in Leibovitz’s L-15 medium containing glutamax (life
Technologies, UK) supplemented with 10% foetal bovine serum
(Sigma-Aldrich).

2.2. Viruses

MVA strain 1974 was kindly donated by Prof B Moss (NIH, USA).
The virus titre was determined by plaque assay in CEF cells.

LASV (strain GA391) was isolated from a case in Northern Nige-
ria [30]. Virus was grown and titered by TCID50 assay on VeroE6
cells (European Collection of Cell Cultures, UK).

LASV for the guinea pig challenge studies was passaged twice to
ensure the virus was capable of causing disease and to increase dis-
ease severity, with virus from spleen homogenates being used for
passaging the virus into new animals. A dose of 103 TCID50 was
used for efficacy testing since that demonstrated uniform disease
progression post-challenge.

2.3. Animals

For immunogenicity studies, 24 adult female BALB/c aged 5–
8 weeks were supplied from Charles River. For efficacy studies,
adult female guinea pigs with weights of 300–350 g were supplied
from Marshall BioResources. These studies were approved by the
ethical review process of PHE, Porton Down, UK and the Home
Office, UK via project licence number 30/2993. Work was per-
formed in accordance with the Animals (Scientific Procedures)
Act 1986 and the Home Office (UK) Code of Practice for the Hous-
ing and Care of Animals Used in Scientific Procedures (1989).

Animals infected with LASV were housed within flexible film
isolators under climate-controlled conditions in an animal contain-
ment level 4 (CL4) room.

2.4. Plasmid construction

A DNA cassette for MVALassaNP was generated by GeneArt
(Thermo Fisher) to contain an orthopoxvirus P11 promotor, Green
Fluorescence Protein (GFP) and mH5 promotor followed by an
appropriate Kozak sequence upstream of the NP ORF. A 24-
residue linker sequence followed by a V5 epitope and stop codon
was engineered downstream of NP. The cassette was inserted into
an Sfil/Sfil cloning site of plasmid pMK-RQ to produce plasmid
16ADHWFP_2037865QAD_MVAlassaNP (pMVALassaNP). The plas-
mid DNA was transformed and amplified in bacteria (E. coli K12
DH10BTM T1R) and subsequently purified. Its concentration was
determined by GeneArt (Thermo Fisher) using UV spectroscopy.

2.5. Vaccine candidate production

BHK-21 cells were infected with MVA 1974 at a multiplicity of
infection of 0.05. Infected cells were transfected with pMVALas-
saNP using lipofectamine (Life Technologies) as directed by the
manufacturer. The resulting recombinant MVALassaNP was seri-
ally plaque-purified 4 times in CEF cells, based on GFP expression.
MVALassaNP was amplified in CEF cells, purified by sucrose cush-
ion centrifugation and titrated by plaque assay using CEF cells prior
to in vivo use. Plaques were visualised using GFP fluorescence and
by immunostaining with rabbit anti-vaccinia antibody (AbD Sero-
tec, UK) and Vectastain Universal ABC-AP kit (Vector laboratories,
USA). Genomic DNA from infected cells was extracted using the
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Wizard SV genomic DNA purification system (Promega, USA) and
used as a template in PCR with KAPA2G Fast HotStart PCR Kit
(KAPA Biosystems, USA) for genotype analysis.

2.6. Detection of protein expression

CEF cells were infected with MVALassaNP at a multiplicity of
infection of 0.05 and incubated at 37 �C in MEM supplemented
with 2% FBS (Sigma-Aldrich. UK). The medium was removed after
48 h once GFP fluorescence and CPE was observed microscopically.
Cells were lysed with 1x LDS Nupage� reducing sample buffer
(Nupage� LDS sample buffer containing 1x Nupage� sample reduc-
ing buffer) (Thermo Fisher, UK), transferred to Eppendorf tubes and
heated at 70 �C for 10 min. Uninfected cells were treated in the
same manner as a negative control. MVALassaNP lysates were sub-
jected to SDS-PAGE on a 4–12% Bis-Tris gel (Life Technologies) and
proteins were transferred to a nitrocellulose membrane. The nitro-
cellulose membrane was blocked using 5% milk powder (Merck
Millipore), then incubated in the presence of a primary antibody
(rabbit anti-V5 polyclonal (Invitrogen) at 1/1000 in phosphate buf-
fered saline (PBS) containing 0.05%Tween (PBS-0.05%Tween) for 1–
2 h with rocking, before being washed 3 times in PBS-0.05%Tween
(Sigma-Aldrich). Membranes were incubated in the presence of a
HRP-conjugated secondary antibody (anti-rabbit IgG peroxidase
(Sigma-Aldrich) at 1/5000 in PBS-0.05%Tween) for 1 h with rocking
and washed as before. Protein expression was determined by
detection of bound antibody using a Pierce ECL WB substrate kit
(Thermo Fisher) according to the manufacturer’s instructions and
visualised in a Chemi-Lluminescent Imager (Syngene). Molecular
weights were determined using the molecular ladder MagicMark
XP Western Protein Standard (Invitrogen) as a reference.

2.7. Immunogenicity

Vaccination studies and scheduling for prime and boost regimes
were based on standard MVA protocols and previous MVA studies
[29,31], 24 female 5–8 week old BALB/c mice were randomly
divided into 4 groups. Group 1 received a single vaccine shot of
MVALassaNP in endotoxin-free PBS at 1 � 107 plaque forming units
(pfu) per animal on day 14. Group 2 received a two dose vaccina-
tion of MVALassaNP in endotoxin free PBS at 1 � 107 pfu per ani-
mal on days 0 and 14. Group 3 received a two dose vaccination
of MVA 1974 (wild-type) in endotoxin-free PBS at 1 � 107 pfu per
animal on days 0 and 14. Group 4 received a two dose vaccination
of endotoxin-free PBS as a negative control on days 0 and 14. All
mice were injected intramuscularly into the caudal thigh. 100 ml
was administered at each vaccination (50 ml into each thigh). Ani-
mal weights were recorded daily throughout the study. Animals
were euthanised and spleen tissue and blood were collected on
day 28 after the primary vaccination. All efforts were made to min-
imise animal suffering.

2.8. ELISpot

Spleens from test animals were collected aseptically and homo-
genised, and the red blood cells were lysed. Splenocytes were
resuspended in RPMI medium (Sigma-Aldrich) supplemented with
5% FBS, 2 mM L-Glutamine, 100U penicillin & 0.1 mg/ml strepto-
mycin, 50 mM 2-mercaptoethanol and 25 mM HEPES solution
(Sigma-Aldrich). Splenocytes were assessed for their antigen recall
response via IFN-c ELISpot (Mabtech, Sweden), performed as per
the manufacturer’s instructions. Cells were seeded in PVDF micro-
titer plates at 2 � 105 per well and re-stimulated with peptide
pools (JPT, Berlin). Peptides spanning the Lassa NP sequence were
15 residues long, with an overlap of 10 residues between peptides.
They were applied to cells at a final concentration of 25 mg/ml per
peptide, with 20 peptides per pool. Plates were developed after
18 h at 37 �C, 5% CO2 in a humidified incubator. Spots were counted
visually on an automated ELISpot reader (Cellular Technologies
Limited, USA). Background values from wells containing cells and
medium but no peptides were subtracted, and data are presented
as the response to individual pools or summed across the target
protein. Results are expressed as spot forming units (SFU) per
106 cells.
2.9. ELISA

Recombinant Lassa NP as a crude lysate (Native Antigen Com-
pany, UK) was diluted in 0.2 M carbonate-bicarbonate buffer pH
9.4 (Thermo Scientific, UK) and used to coat Maxisorp 96-well
plates (Nunc, Denmark) at 10 mg/ml in 100 ml. Plates were incu-
bated at 4 �C overnight, then washed with PBS + 0.01%Tween-20
(Sigma-Aldrich, UK) and blocked with 100 ml of 5% milk powder
(Merck, Millipore, UK) in PBS + 0.01% Tween-20 at 37 �C for 1 h,
before re-washing in PBS + 0.01% Tween-20. Samples were diluted
1:50 in 5% milk powder in PBS + 0.01% Tween-20 buffer, added to
the plates in triplicate (100 ml per well) and incubated at 37 �C
for 1 h. A polyclonal anti-Lassa virus hyper immune mouse ascitic
fluid sample (supplied through an agreement with BEI resources,
USA) was used as a positive control sample. Plates were washed
with PBS + 0.01%Tween-20 and 100 ml of a polyclonal IgG anti-
mouse HRP conjugate (Sigma-Aldrich, UK) at a 1: 20,000 dilution
in PBS + 0.01%Tween-20 containing 5% milk powder was added
to each well. Following a further 1-hour incubation at 37 �C, plates
were washed with PBS + 0.01%Tween-20 and 100 ml of TMB sub-
strate (Surmodics, USA) was added to each well and then incubated
at 20 �C for 1 h. The reaction was stopped by the addition of 100 ml
of stop solution (Surmodics, USA) prepared according to the man-
ufacturer’s instructions. Plates were read at 450 nm using an
absorbance reader and analysed with Softmax Pro version 5.2 soft-
ware (Molecular Devices, USA). Background absorbance values
were subtracted from the sample values and results are reported
as Absorbance (450 nm) at a 1:50 dilution. Data was illustrated
and analysed using Graph Pad Prism 7.
2.10. Efficacy

40 female Dunkin-Hartley guinea pigs were randomly divided
into 4 groups. Group 1 received a single vaccination with MVALas-
saNP in endotoxin-free PBS at 2 � 107 pfu per animal on day 14.
Group 2 received a two dose vaccination of MVALassaNP in
endotoxin-free PBS at 2 � 107 pfu per animal on days 0 and 14.
Group 3 received a two dose vaccination of MVA 1974 (wild-
type) in endotoxin-free PBS at 2 � 107 pfu per animal on days 0
and 14. Group 4 received a two dose vaccination of endotoxin-
free PBS as a negative control on days 0 and 14. All animals were
injected intramuscularly into the caudal thigh � 200 ml was admin-
istered at each vaccination (100 ml into each thigh). All animals
were anaesthetised and challenged with 200 ml of LASV at
1 � 103 TCID50 delivered subcutaneously 24 days after the last vac-
cination. All efforts were made to minimise suffering and any ani-
mal that reached a humane endpoint (body weight < 20% or < 10%
with moderate clinical signs) was removed from the study early.
Clinical observations other than weight and temperature were
assigned a numerical value depending on their severity to allow
the data to be graphically illustrated [29]; normal/no observa-
tions = 0; ruffled fur = 2; lethargy = 3; hunched = 3; laboured
breathing = 5; culled as met humane endpoint = 5.

All remaining animals were euthanised and tissues were col-
lected on day 21 post challenge. Liver and spleen were removed
for histology and viral load analysis.
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2.11. Pathological studies

Liver and spleen samples were collected and fixed by immer-
sion in 10% neutral buffered formalin (NBF) for at least 21 days
before being routinely processed into paraffin wax. Sections of
4 mm were cut, stained with haematoxylin and eosin (H&E) and
examined by light microscopy. The severity of LASV-associated
lesions in the sections of spleen and liver from each animal was
assessed and scored subjectively. ‘RNAscope’ (an in-situ hybridisa-
tion method used on formalin fixed paraffin embedded tissues
[32]) was used to identify LASV nucleic acid in the liver and spleen.
Tissues were pre-treated with hydrogen peroxide for 10 mins
(room temperature), with target retrieval buffer for 30 mins (98–
101 �C) and with protease plus for 30 mins (40 �C) (all Advanced
Cell Diagnostics, USA). A V-LASV-GPC probe (Advanced Cell Diag-
nostics, USA) was incubated with the tissues for 2 h at 40 �C.
Amplification of the signal was carried out following the RNAscope
protocol (RNAscope 2.5 HD Detection Reagent – Red) using the
RNAscope 2.5 HD Red kit (Advanced Cell Diagnostics, USA). The
presence of cells showing LASV RNA was assessed subjectively by
a board-certified veterinary pathologist. Slides with an occasional
single positive cell scored 1, slides with scattered positive cells
scored 2, slides with frequent positive cells scored 3, slides with
marked patchy to diffuse presence of positive cells scored 4.
2.12. Illustrations and statistics

All data illustrations and statistical analysis was performed
using GraphPad Prism 7.0 software (GraphPad, USA). A two-way
ANOVA (Tukey comparison) was used to compare data from
different test groups in both the immunogenicity and efficacy
studies.
Fig. 2. PCR confirmation of the rMVALassaNP by passage 3 (a). Passage 1 and 2 picks show
that of the MVA-WT control); all other passages show bands at the expected size of 3.1 k
first pick through to passage 4 picks and the purified vaccine batch indicate the express
observed for all samples.

Fig. 1. A cassette for MVALassaNP was generated by GeneArt (Thermo Fisher) to contain a
a Kozak sequence upstream of the nucleoprotein sequence. A 24-residue linker sequenc
3. Results

3.1. Vaccine constructions and production

A quality-controlled plasmid suitable for progressing into vac-
cine production was developed (Fig. 1). Infection/transfection
assays produced GFP fluorescing plaques that were easy to identify
and purify. PCR confirmed the presence of rMVALassaNP with no
evidence of wild-type MVA after purification (Fig. 2a). Next Gener-
ation Sequencing (NGS) using an Illumina Hiseq method showed
passaged picks to be congruent with the initial reference sequence.
Pick P4(5.5.3.2) was chosen to take forward as determined by
sequencing data. Western blot analysis confirmed the expression
of protein with the V5 tag (Fig. 2b) and, following amplification
and purification, the vaccine was titrated. A concentration of
1 � 108 pfu/ml was stored at �80 �C as a stock vaccine.
3.2. Immunogenicity – ELISpot

The vaccine candidate was observed to be well tolerated during
the immunogenicity study. All mice gained weight and no clinical
signs were observed (Supplementary data Fig. 1). The ELISpot
method was performed to measure IFN-c secreting cells in
response to a Lassa nucleoprotein stimulus and to determine if
the response is enhanced in vaccinated animals compared to con-
trol animals. Stimulation of IFN-c production in splenocytes by
Lassa NP peptide pools was significantly increased in cells from
mice vaccinated with a prime/boost regimen (P < 0.0001). How-
ever, even the single vaccine regime induced a significantly
increased response compared to unvaccinated mice (P < 0.0001).
Splenocytes from the MVA-WT and PBS control mice were negative
for IFN-c production when stimulated with the Lassa NP peptides.
the presence of MVA-WT (band at 0.5 kb as expected for MVA-WT and congruent to
b. Western blot analysis of vaccine preparations (b). Pre-purified samples from the
ion of the V5 tag upstream of the LASV sequence. The expected size of 65 kDa was

P11 promotor, Green Fluorescence Protein (GFP) and an MH5 promotor followed by
e followed by a V5 epitope and stop codon was engineered downstream of NP.
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Splenocytes from vaccinated groups specifically displayed IFN-c
responses to two distinct regions of the nucleoprotein as shown
in Fig. 3. A two-way ANOVA revealed significant differences
between the prime and prime/boost vaccinated groups of mice in
pool 2 (P < 0.0001) and 4 (P < 0.0001) suggesting that a prime/-
boost vaccination regime elicits a stronger immune response com-
pared to a prime vaccination only. However, even a single dose of
MVALassaNP induced a significantly increased response
(P < 0.0001) compared to the control groups of wild type-MVA
and PBS. There were small (non-significant) responses detected
to pools 1, 3, 5, 6 and 7 (particularly groups 1, 6 and 7) for the
prime/boost and prime groups compared to unvaccinated groups.
Fig. 4. Humoral (IgG) response to vaccination with MVALassaNP in BALB/c mice.
Sera from animals vaccinated with MVALassaNP single dose (black), MVALassaNP
prime/boost dose (red), WT-MVA (green) or PBS (blue) were analysed in an indirect
ELISA to determine antibody responses. Error bars represent mean ± SD. An
enhanced IgG response was identified in both vaccinated groups with the
unvaccinated groups negative to LASV NP.
3.3. Immunogenicity – ELISA

Serum collected from all mice (vaccinated and un-vaccinated)
was analysed for the presence of antibodies specifically to LASV
nucleoprotein. IgG response was measured as set out in the meth-
ods section. The mean optical density (OD) obtained with the PBS
mice serum plus 3 standard deviations (OD = 0.09) was used to
determine a positive/negative cut off for the study. Sera from all
mice in the MVA-WT group gave ODs below the 0.09 cut off and
the responses of all mice in the prime and the prime/boost
vaccinated groups were greater than 0.09 (Fig. 4). Sera from the
single dose mice recorded an average OD of � 0.75 and
the prime/boost an average OD of � 1.2. The difference between
the response in the prime/boost group and that in the single dose
group was significant (<0.0001 using a one-way ANOVA with
multiple comparisons); however, the single dose also gave a signif-
icantly increased response compared to both control groups
(P < 0.0001).
3.4. Efficacy

Guinea pigs were vaccinated with a single dose of MVALassaNP
or two doses in a prime-boost regime, spaced two weeks apart.
Negative control groups consisted of animals injected with
wild-type MVA or PBS buffer. At a time-point 24 days after the last
vaccination, all animals were challenged with LASV. Guinea pigs
Fig. 3. IFN-c ELISpot responses from vaccinated BALB/c mice, 14 days after booster vacc
MVALassaNP prime/boost dose (red), WT-MVA (green) or saline (blue) were restimulated
response from all peptides pools or individual peptide responses. Error bars indicate mea
groups (P < 0.001). Error bars indicate mean with standard deviation. T-cell respons
immunogenic than others (specifically pools 2 and 4).
were weighed and had their temperatures recorded daily; assess-
ments of clinical symptoms and scoring were performed by expe-
rienced veterinary technicians. Results demonstrated that all
animals given MVALassaNP were protected against disease pro-
gression (Figs. 5 and 6). All MVALassaNP vaccinated animals were
scored as healthy throughout the course of the experiment. In con-
trast, animals given wild-type MVA or PBS buffer all exhibited
weight loss, temperature rises and showed clear clinical signs of
disease including laboured breathing, hunched prostration and
ination. Splenocytes from animals vaccinated with MVALassaNP single dose (black),
with peptides derived from the LASV NP. Data is illustrated as the summed antigen
n and standard deviation, stars highlight results significantly different to the control
es were identified in both vaccinated groups, with some peptide regions more



Fig. 6. Daily weight gain (day 0 = 100%) and daily temperature monitoring of animal’s post challenge with LASV. Group 1: single vaccine (black), Group 2: prime/ boost
vaccine (red), Group 3: MVA-wild type (green) and Group 4: negative control (blue). Error bars represent mean ± SD.

Fig. 5. Clinical scores based on severity (e.g. laboured breathing: 5, ruffled fur: 2). Guinea pigs were assessed twice a day (solid line: AM observations; dotted line: PM
observations). Group 1: single vaccine (black), Group 2: prime/boost vaccine (red), Group 3: MVA-wild type (green) and Group 4: negative control (blue). Error bars represent
mean ± SD.

Fig. 7. Histopathological changes in the spleen (A and B) and liver (C and D) in
control animals. A. H&E. Lymphoid depletion in spleen observed mainly within the
follicles (f). B. RNAscope ISH LASV. Marked diffuse positive staining within the
follicles (f) and the red pulp. C. H&E. Foci of mononuclear cell infiltration (i) and
presence of crisp-edge vacuoles (arrows) within hepatocytes. D. RNAscope ISH
LASV. Positive staining within periportal inflammatory cell infiltrate (i).
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general lethargy after challenge (Fig. 5). In addition, one and two
animals in the wild-type MVA and PBS groups, respectively, met
humane clinical endpoints and were culled during the study.

3.5. Histopathology

Splenic lesions attributed to LASV infection comprised: (a) het-
erophilic splenitis (an increased number of heterophils in the sple-
nic red pulp); (b) depletion of lymphocytes from the splenic
follicles (white pulp); (c) peri-follicular monocytosis and a diffuse
increase in the pale-staining monocytes in the red pulp; and (d)
diffuse monocytosis of the red pulp. Liver lesions attributed to
Lassa virus comprised: (a) individual hepatocyte cell death, fre-
quently accompanied by small numbers of mononuclear (lympho-
cytes, macrophages and plasma cells) inflammatory cells; (b) foci
of mononuclear inflammatory cells within hepatic sinusoids (sinu-
soidal inflammation); (c) infiltration of portal triads by mononu-
clear inflammatory cells; and (d) the presence of crisp edged
vacuoles in hepatocytes. Bell et al. have previously described vac-
uolation resulting from intracellular lipid accumulation [33]. All
the lesions were scored as 0 = none; 1 = minimal; 2 = mild;
3 = moderate and 4 = marked. Lesion scores were more pro-
nounced in splenic tissue compared to liver tissue. Although all
animals were scored for lesions to some degree, the scores were
higher in the tissues of non-vaccinated groups compared to the
vaccinated animals (Fig. 7). Tables 1 and 2 document all lesions
and severity for all animals. RNAscope analysis demonstrated that



Table 1
Severity scores for spleen histopathological lesions and Lassa virus ISH in guinea pigs killed 7 and 32 days post challenge (dpc). Severity scores: - None observed, + Minimal, ++
Mild, +++ Moderate, ++++ Marked. Guinea pigs were euthanised at 32 dpc unless otherwise stated; * euthanised 7 dpc, **reached humane endpoint and removed prior to
scheduled study end date.

Group Animal Heterophilic
splenitis

Lymphocyte depletion in white
pulp

Perifollicular
monocytosis

Diffuse monocytosis of red
pulp

Lassa ISH
score

1 Prime vaccine 11816* + – – ++ 0
54845* + + – – 0
12545* ++ – – ++ 0
11918* – – – +++ 1
54832 – – – +++ 0
11716 – ++ +++ +++ 0
11923 – – – – 0
54846 – + + + 0
54833 – – – – 0
12707 – ++ ++ +++ 0

2 Prime/boost
vaccine

12365* ++ – +++ +++ 0
12362* – – – – 0
54831* ++ + – ++ 2
54844* – ++ +++ +++ 0
54830 ++ ++ – – 0
54843 – – – +++ 0
12022 – – – – 0
11768 ++ + + +++ 0
12442 ++ +++ +++ ++ 0
12857 +++ ++ +++ +++ 0

3 MVA-WT Control 12319* +++ ++ ++ – 3
12109* ++ + ++ – 4
12672* – – – – 4
11808* + – – ++ 4
12394** + ++++ ++++ ++++ 4
12840 ++ ++ +++ +++ 3
12097 ++ +++ +++ +++ 1
12561 + +++ +++ +++ 1
12686 ++ ++ +++ +++ 2
12309 ++ ++ ++ ++ 2

4 PBS Control 11954* +++ – – – 3
30529* +++ +++ ++ +++ 4
12366* +++ – – – 3
54835* – – – – 4
26298** +++ ++++ ++++ ++++ 4
24767** +++ ++++ ++++ +++ 4
24822 ++ ++++ ++ ++ 3
29412 ++ ++++ ++++ ++++ 1
26033 +++ ++++ +++ +++ 3
25034 +++ ++ ++ ++ 3
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the vaccinated groups had less LASV RNA present in both the liver
and spleen, with a number of animals displaying no presence of
LASV RNA. In comparison, LASV RNA was detected in all non-
vaccinated animals.

4. Discussion

This study has demonstrated that MVA is a suitable viral vector
for Lassa NP encoded from Nigerian strain GA391. The Lassa NP
gene was inserted into the MVA with ease and sequencing data
suggested stability after multiple passages. PCR confirmation of
the MVALassaNP showed bands of the expected size of 3.1 kb com-
pared to the expected size of MVA–WT (0.5 kb). Next Generation
Sequencing (NGS) using an Illumina Hiseq also provided evidence
that no wild type MVA was present in the final vaccine batch
and there were no Single Nucleotide Polymorphisms (SNPs) or
other mutations suggesting that a pure recombinant vaccine is
easy to produce and maintain. Western blot analysis provided evi-
dence that the nucleoprotein was expressed from an early stage of
production (as early as passage 1, although the faint observed band
would suggest a low concentration of MVALassaNP in the sample
and this would be expected) and its expression continued through-
out all subsequent passages. The purified vaccine batch observed
good expression of the nucleoprotein with no breakdown. The
Western blot used antibody detection of the V5 tag added to the
construct. In clinical studies the vaccine will undergo alterations;
GFP and V5 markers will be removed prior to human studies to
ensure only essential proteins are included; therefore, it would
be preferable in subsequent assays to detect the LASV NP itself
and this should be explored in future studies.

Previous use of MVA has proved its safety and suitability as a
vaccine candidate [29] and the MVALassaNP vaccine in this report
was well-tolerated in rodents (see supplementary data).

The MVALassaNP vaccine has provided useful immunogenicity
data suggesting that humoral and cell-mediated immune
responses are triggered. Elevated IgG responses were demon-
strated in all vaccinated mice and the response was further ele-
vated in mice that received a two-dose immunisation regime.
The role of the humoral arm of the immune system is debatable;
whilst some have shown that antibodies have little effect on reduc-
ing viral load [18,22], others suggest an important role for neutral-
ising antibodies in protection [15] or that non-neutralising
antibodies (specific to glycoprotein in this case) correlate with pro-
tection [34]. Nevertheless, we have demonstrated that MVALas-
saNP is able to induce an IgG response which may be linked to
protection – however further data is required to determine the
significance of the antibody response and to determine whether
protection is conferred from the humoral arm of the immune



Table 2
Severity scores for hepatic histopathological lesions and Lassa ISH in guinea pigs killed 7 and 32 dpc. Severity scores: - None observed, + Minimal, ++ Mild, +++ Moderate, ++++
Marked. Guinea pigs euthanised at 32 dpc unless otherwise stated; *euthanised 7 dpc, **reached humane endpoint and removed prior to scheduled study end date.

Group Animal Scattered single cell
death

Portal inflammation. Mononuclear
cells +/� heterophils

Sinusoidal inflammation
(mononuclear cells)

Crisp-edge
vacuolation

Lassa ISH
score

1 Prime vaccine 11816* – ++ ++ – 0
54845* – ++ ++ + 0
12545* – – – – 0
11918* – ++ – – 0
54832 – + – – 0
11716 – – – – 0
11923 – ++ ++ – 0
54846 + +++ – ++ 0
54833 – – – – 0
12707 – ++ + – 0

2 Prime/boost vaccine 12365* – + + – 0
12362* – – – – 0
54831* ++ +++ ++ – 0
54844* – ++ + – 0
54830 – ++ ++ – 0
54843 – – – – 0
12022 – ++ ++ – 0
11768 – + + – 0
12442 – – – – 0
12857 – – – – 0

3 MVA-WT Control 12319* – ++ ++ – 1
12109* +++ +++ ++ ++ 1
12672* – – – – 1
11808* – + – – 0
12394** ++++ ++++ ++++ ++++ 2
12840 + +++ +++ + 0
12097 – + + – 0
12561 – ++ ++ – 0
12686 +++ +++ +++ – 0
12309 – ++ + – 0

4 PBS Control 11954* – ++ + – 0
30529* – ++ – ++ 1
12366* – + – – 0
54835* – ++ ++ ++ 1
26298** ++ ++ ++ +++ 0
24767** + +++ ++ ++++ 3
24822 + ++++ +++ + 0
29412 – +++ ++ – 0
26033 – ++ – +++ 1
25034 – ++ + – 1
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system. Due to the NP antigen being an internal viral antigen the
mechanism of the antibody may be through antibody dependant
cellular cytotoxicity (ADCC).

Induction of a cell-mediated immune response is likely to pro-
vide protective immunity to LASV [14,20,22] and this study
demonstrated a significantly heightened IFN-c stimulation in all
MVALassaNP vaccinated animals compared to non-vaccinated ani-
mals (P < 0.001). A two-dose vaccine regime offered a more
enhanced T-cell response; however, encouragingly even a single
vaccine was able to stimulate a significantly increased T-cell
response compared to the non-vaccinated groups (P < 0.001). This
suggests that the LASV NP alone can trigger the necessary immune
responses to LASV infection and could act as a standalone vaccine
without the need for the LASV glycoprotein, as others have previ-
ously suggested [18]. To our knowledge there is not a predicted
immunodominant peptide region in the NP pools that gave the
strongest response, but our data may lead to identification of
immunodominant peptides in the future. The results provided
from our ELISpot assays suggest 2 regions of interest to research
further. One common sequalae in human’s post LASV infection is
deafness. The association of deafness and LASV infection was first
determined in 1990 [35] and since then a number of case studies
have reported hearing loss in patients following LASV infection
[36–38]. The cause of hearing loss is still not fully determined;
most studies suggest it to be either attributed to the individual’s
immune response [35], although viral damage [39], or a combina-
tion of the two are also reported. If a T-cell mediated response is
the cause of deafness in infected patients, clinical studies in
humans will require close observations to ensure the vaccine
(which enhances the T-cell response) does not also cause sen-
sorineural hearing loss. Vaccination studies using a murine model
developed by Yun et al. [40] could provide vaccine safety data with
regards to hearing loss.

The MVALassaNP vaccine has demonstrated protection against
disease progression in guinea pigs when challenged with a homol-
ogous LASV strain in a non-uniformly lethal challenge model. All
animals in the control groups showed clinical signs with two from
the PBS group and one from the MVA-WT group removed from the
study early because they reached humane endpoints. The MVALas-
saNP vaccine demonstrated similar protection to that described for
a similar vaccine developed at Porton Down in 1987 using Vaccinia
virus as the antigen delivery vehicle [14]. Our data is the first to
demonstrate that an MVA vaccine containing Lassa NP is sufficient
to protect at least against progression of disease in a challenge
model in guinea pigs. It would be beneficial to follow up these
studies to show that this MVALassaNP vaccine can protect against
a fully lethal Lassa challenge in guinea pigs prior to human clinical
studies. It would also be beneficial to determine immunogenicity
and efficacy of this vaccine in an NHP model as it has been previ-
ously shown that protection and cell-mediated responses differ
between guinea pigs and NHP’s [14,18]. The NHP model may align
better with human infection and as such provide more telling
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results prior to vaccination in humans. This study used a non-lethal
LASV challenge and clinical parameters (weight, temperature and
clinical scores) were the readout of protection. Use of a lethal dose
of challenge virus would allow protection to be ascertained; how-
ever, as the mortality rate for Lassa fever does not reach 100%, the
model system we used here is representative of natural disease
severity. One further limitation of the animal model is the route
of challenge material. Due to safety implications of handling a high
consequence pathogen, working with animal models in a high con-
tainment laboratory, and ensuring conformity of challenge in all
animals, LASV was administered subcutaneously, whilst this route
does not mimic most natural human infections, it is representative
of animal bite and potential exposure through hospital/medical
incidents.

Histology results provided further analysis that the vaccine pro-
tected against LASV challenge. Although lesions were observed in
splenic tissue of the vaccinated guinea pigs, they were markedly
lower in numbers and less severe than those of the unvaccinated
animals. The observations in guinea pig livers were similar to those
described previously [33,41] with lesions that were less severe
although still present in vaccinated animals. In previous studies,
virus concentration (log10 PFU/g) was greater in the spleen com-
pared to the liver and RNA presence in this study corroborate these
findings [42]. The guinea pig model is a valuable in vivo model for
assessment of interventions prior to advancement to NHP and
human trials [33].

In this study the prime and boost vaccinations were homolo-
gous to the challenge strain (GA391). Future work is planned with
a heterologous LASV challenge. LASV strains are separated into dis-
tinct lineages: GA391 is from lineage III (distributed in Nigeria),
lineages I and II are also distributed throughout Nigeria, and lin-
eage IV strains are closely related and found among the other Lassa
endemic countries of Western Africa [43]. The majority of LASV
studies concentrate on the Josiah strain (from lineage IV – Sierra
Leone [15]); however, this strain and the GA391 strain used in
our studies are not currently circulating strains, so it may be ben-
eficial to use circulating strains in future studies to ensure a more
likely successful vaccine. LASV NP has been shown to have some
variability (12% at the amino acid level) across the different lin-
eages [8]. As variability is relatively low, LASV NP is a useful anti-
gen candidate for vaccine production that could be efficacious
across all endemic regions.

MVA is a useful vaccine vector for use with LASV antigens as it
demonstrates many favourable qualities for use in Lassa endemic
regions. Its limited replication in mammalian cells and high capac-
ity to accommodate foreign genes make it a good vaccine candi-
date [23,44]. It does not require a cold chain so can be used in
low income countries, and it is capable of large scale GMP manu-
facture [44,45].

This research has demonstrated exciting potential for a vaccine
against Lassa fever using an MVA vaccine candidate. Our vaccine
has demonstrated strong immunogenicity and protection against
disease progression in a small animal model, thus suggesting that
it has thepotential for advancement topre-clinical andclinical trials.
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