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Vaccines for SARS-CoV-2 have been hugely successful in alleviating hospitalization and deaths caused by
the newly emerged coronavirus that is the cause of COVID. However, although the parentally adminis-
tered vaccines are very effective at reducing severe disease, they do not induce sterilizing immunity.
As the virus continues to circulate around the globe, it is still not clear how long protection will last,
nor whether variants will emerge that escape vaccine immunity. Animal models can be useful to comple-
ment studies of antigenicity of novel variants and inform decision making about the need for vaccine
updates. The Syrian golden hamster is the preferred small animal model for SARS-CoV-2 infection.
Since virus is efficiently transmitted between hamsters, we developed a transmission challenge model
that presents a more natural dose and route of infection than the intranasal challenge usually employed.
Our studies demonstrate that an saRNA vaccine based on the earliest Wuhan-like virus spike sequence
induced neutralizing antibodies in sera of immunized hamsters at similar titres to those in human con-
valescent sera or vaccine recipients. The saRNA vaccine was equally effective at abrogating clinical signs
in animals who acquired through exposure to cagemates infected either with a virus isolated in summer
2020 or with a representative Alpha (B.1.1.7) variant isolated in December 2020. The vaccine also reduced
shedding of infectious virus from the nose, further reinforcing its likely effectiveness at reducing onwards
transmission. This model can be extended to test the effectiveness of vaccination in blocking infections
with and transmission of novel variants as they emerge.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

SARS-CoV-2 is the causative agent of COVID-19, a disease that
has swept the world causing more than 5 million deaths since its
emergence into humans from an animal source in late 2019.
Numerous vaccines have been developed in an unprecedented
effort to bring the pandemic under control [1]. Amongst the most
efficacious and widely used are RNA vaccines that encode the spike
protein(S) the major viral antigen of SARS-CoV-2. Antibodies to S
induced by the vaccines can neutralize the infectivity of the virus
by blocking its access to the virus’ entry receptor, ACE2, on target
cells [2]. Other antibodies that bind but do not directly neutralize
virus infectivity, as well as T cell responses to S, likely also con-
tribute to the protection from disease, infection and reduction in
onwards transmission that COVID vaccines can confer [3,4].
During the first 9 months of circulation in humans, SARS-CoV-2
was relatively evolutionarily static. A point mutation in spike,
D614G, emerged early in the pandemic, and the B lineage (B.1)
bearing this change became predominant across the world [5,6].
Since late 2020, numerous variants have evolved, mostly from
the B.1 lineage. These include the Alpha Variant of Concern
(VOC) that originated in the UK in September 2020 and led to a sec-
ond wave of infections in the UK in early 2021 [6]. Alpha rapidly
spread across the world becoming the predominant variant in
many countries. Further VOCs have emerged including Beta,
Gamma, Omicron and Delta. Laboratory data indicate some degree
of antigenic distance between the original Wuhan S protein and
the S proteins of the VOCs such that sera from human vaccinees
neutralize VOCs less efficiently. Since there is a correlation
between neutralizing antibody and vaccine efficacy, this poses
the question of whether vaccine updates will be necessary [4]. It
is critical to ensure that the vaccines in use in the field, all of which
currently encode spike protein from the original Wuhan-like virus,
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can cross-protect against variants [7]. As further variants continue
to emerge, it will be important to establish laboratory models that
can predict whether antigenic distance between the vaccine
immunogen and the variant spike protein compromises vaccine
efficacy.

The favoured small animal model for SARS-CoV-2 infection is
the Syrian Golden hamster. The murine ACE2 receptor contains a
number of amino acid differences between human ACE2 in the
receptor:spike interface meaning that mice are refractory to
SARS-CoV-2 infection. In contrast, the hamster ACE2 sequence is
much closer to that of humans [8]. As a result, hamsters are sus-
ceptible to inoculation with very low doses of unadapted human
SARS-CoV-2 isolates, and readily transmit virus to other hamsters
either by direct contact between cohoused animals or indirect con-
tact to animals in adjacent cages [9].

Hamsters have been used extensively in preclinical studies of
COVID vaccines including adenovirus vectored vaccines and mRNA
vaccines [10–13].

Here we show that the Syrian Golden hamster is a suitable
model for assessing the efficacy of self-amplifying RNA (saRNA)
vaccines comprised of a Venezuelan Equine Encephalitis Virus
(VEEV) amplicon encoding the SARS-CoV-2 spike protein, a con-
struct we previously demonstrated capable of inducing antibodies
in mice that could efficiently neutralize SARS-CoV-2 [14]. Immu-
nization of hamsters with saRNA induced serum neutralising anti-
bodies that cross neutralized both an historic D614G virus isolate
from summer 2020 (B.1.238), or an isolate of Alpha VOC (B.1.1.7)
virus. We employed a transmission challenge model, exposing vac-
cinated hamsters to infected donors cohoused in the same cage.
Thus, virus exposure is via a natural route and the challenge dose
reflects that capable of transmission. Immunization with a
Wuhan-like spike encoded saRNA vaccine efficiently protected
against weight loss induced by either the D614G or the Alpha
VOC virus. Exposed animals still became infected but shedding of
infectious virus was reduced. This model can now be utilized to
assess vaccine protection against further variants as they emerge.
2. Results

2.1. saRNA is immunogenic in hamsters

To investigate the efficacy of a saRNA SARS-CoV-2 vaccine, we
used Syrian golden hamsters as an in vivo model (Fig. 1a). We
immunised 12 hamsters with 5 lg saRNA vaccine encoding the
Wuhan-like SARS-CoV-2 spike protein and 12 hamsters with the
same dose of an irrelevant saRNA vaccine against the haemagglu-
tinin (HA) protein from a pH1N1 influenza virus, A/Califor-
nia/04/2009. Both saRNAs were delivered in a lipid nanoparticle
as previously described for immunization of mice [14]. After
4 weeks, they received a booster dose of the same amount and
same specificity as the priming dose. All animals were bled prior
to immunization, at 4 weeks after the first dose and at 2 weeks
after the boost, prior to exposure to infected cage mates. S-
specific IgG was detected in sera of hamsters SARS-CoV-2 S immu-
nized animals at 4 weeks after the first dose and titres were signif-
icantly increased 2 weeks after the boost (Fig. 1b). All SARS-CoV-2
S saRNA-vaccinated hamsters showed serum neutralizing antibody
levels against D614G virus similar to or higher than those in two
human convalescent sera collected more than 3 weeks after recov-
ery from first wave infection whereas there was no S specific IgG
nor neutralizing activity detected in pre immunization sera (not
shown) or in sera from influenza HA vaccinated hamsters (Fig. 1b
and c). For a subset of hamsters (7/12), there was sufficient serum
volume to re-test the neutralizing activity against the Alpha VOC,
and titres against this variant were not significantly different than
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against the D614G virus (Fig S1a). This is in line with our data using
sera from human vaccinees following a single dose of Pfizer vac-
cine that did not find any difference in titres against D614G vs
Alpha variant (Fig S1b).

2.2. saRNA SARS-CoV-2 spike vaccine protects against weight loss after
exposure to SARS-CoV-2 variant infected cage mates

Twelve naïve animals were infected with SARS-CoV-2 virus by
direct intranasal inoculation. Six hamsters received 103 PFU of a
D614G isolate from UK collected in summer 2020, B.1.238, and
six received 103 PFU of an isolate of the Alpha variant (GISAID
ID: EPI_ISL_693401) propagated from a swab collected in London,
UK in December 2020 [15]. At 24 h post infection, previously vac-
cinated animals (2 weeks after booster dose) were introduced in
donors’ cages to assess the direct contact transmission from
infected donors. Each cage contained three hamsters; either a
B.1.238 or Alpha VOC infected donor animal, co-housed with one
SARS-CoV-2 spike vaccinated and one influenza HA vaccinated ani-
mal (Fig. 1a). All animals were monitored for clinical signs and
weighed daily. Nasal washes were collected daily for 7 days to
quantify viral loads in the upper respiratory tract. Virus shedding
in the nose was titrated by plaque assays and E gene RT-qPCR.

All donor animals that were directly infected with either virus
lost weight from day 3 (Fig. 2a). There was no significant difference
in mean weight loss between the donors inoculated with B.1.238
or Alpha VOC (p = 0.0710, Two-way ANOVA). Weight loss contin-
ued until the experiment was terminated at day 7 for both viruses,
when the mean weight of B.1.238 infected donors was 82.96%
starting weight (S.D. = 3.718) and for Alpha variant infected donors
the mean was 85.53% (S.D. = 2.70) starting weight.

In the vaccinated sentinel groups, influenza HA-vaccinated ani-
mals lost weight after exposure to the infected donor animals
whereas the SARS-CoV-2 spike-vaccinated hamsters’ weights
remained stable (Fig. 2 b and c). For the B.1.238 group, the HA vac-
cinated hamsters had a mean weight at 6 days after exposure of
90.37% starting weight (S.D. = 5.87%) whereas the SARS-CoV-2
spike vaccinated hamsters retained 99.50% their starting weight
(S.D. = 4.44%) but this difference was not statistically significant)
(p = 0.5702, Two-way ANOVA) (Fig. 2b). Weight loss occurred fas-
ter and was higher in the Alpha VOC exposed HA-vaccinated group
(Fig. 2c) (p < 0.0001, Two-way ANOVA), compared to the spike-
vaccinated group. The weight loss was significantly greater on
Day 5 (p = T 0.0272, Šídák’s multiple comparisons test), Day 6
(p < 0.0001) and Day 7 (p < 0.0001) in the HA vaccinated group
than in the spike vaccinated group.

2.3. Transmission was less efficient to SARS-CoV-2 saRNA vaccinated
hamsters.

All donors were robustly infected and infectious virus was
detected in nasal washes at high titres by day 1 post infection
(Fig. 3a, d). Donors infected with B.1.238 shed infectious virus in
the nasal wash to higher peak titre (p = 0.0121, t test with log
transformation) and higher total amount (P < 0.0001, area under
the curve (AUC), t test), compared to those infected with Alpha
VOC.

Transmission occurred to all co-housed animals as evidenced by
detection of SARS-CoV-2 E gene RNA in nasal wash following expo-
sure to infected donors (Fig. 3b, c, e and f). However, the total viral
RNA load in the SARS-CoV-2 spike-immunized groups was lower
than in the influenza HA immunized groups (AUC, p = 0.0021 for
B.1.238 group and p = 0.0033 for Alpha VOC group, t test), indicat-
ing that virus replication was curtailed by vaccination. In addition,
transient infectious virus was only detected in the nasal wash of
2/6 SARS-CoV-2 spike immunized hamsters exposed to B.1.238
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Fig. 1. Immunization of hamsters with saRNA and challenge by direct contact exposure to infected animals. (a) Schematic of immunization and challenge schedule. Groups of
n = 6 animals were immunized by I.M. administration with two doses, given 4 weeks apart, of saRNA encoding influenza HA (control group) of SARS-CoV-2 S. Two weeks after
the second dose, immunized hamsters were cohoused with infected donor hamsters one day after they had been intranasally inoculated with 103 pfu SARS-CoV-2 either WT
(D614G) variant (B.1.238) or Alpha VOC (B.1.1.7). (b)SARS-CoV-2 S specific IgG antibody levels in sera of naïve or immunized hamsters after first and second dose of saRNA
vaccine measured by ELISA. p value established using a paired student’s t test. (c)Neutralizing antibody levels in sera of immunized hamsters collected 2 weeks after second
dose of saRNA vaccine measured using a lentivirus pseudotype neutralization assay.
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donors on day 3 (Fig. 3b) vs more prolonged shedding in all 6 influ-
enza HA immunized animals (Fig. 3c). In the Alpha VOC challenged
groups, only 2/6 animals shed infectious virus in the nose in either
SARS-CoV-2 spike (Fig. 3e) or the control influenza HA immunized
groups (Fig. 3f) but titres were 2 log10 lower after SARS-CoV-2 S
immunization.
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In total 4 saRNA SARS-CoV-2 S immunized animals who became
infected on exposure shed infectious virus, 2/6 in the B.1.238 group
(cage 1 and 3 FigS2) and 2/6 in the B.1.1.7 group (cage 9 and 12
supplementary Fig. 3). We investigated further any explanation
for this apparent ‘breakthrough’. These four animals did not make
lower neutralizing antibody responses than the rest (Fig S 4). The
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donors in the cages where these ‘breakthroughs’ occurred did not
shed higher infectious virus (Fig S2 and S3). However, it was nota-
ble that there were only two influenza HA immunized sentinels
2851
who shed infectious virus in the Alpha VOC group and these were
cohoused in the same cages (cages 9 and 12 Fig S3) as the SARS-
CoV2-S immunized animals who shed infectious virus. The break-
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Fig. 3. Viral loads detected in hamster nasal wash by plaque assay and E gene qPCR. Infectious titres measured by plaque assay in Vero cells are indicated by lines. Viral RNA
loads measured by qRT-PCR for E gene are indicated by histogram bars for each individual hamster n = 6 per group. (a) B.1.238 infected donors. (b) saRNA SARS-CoV-2 S
vaccinated hamsters exposed to B.1.238 donors. (c) saRNA influenza H1 HA vaccinated hamsters exposed to B.1.238 donors. (d) B.1.1.7 infected donors. (e) saRNA SARS-CoV-2
S vaccinated hamsters exposed to B.1.1.7 donors. (f) saRNA influenza H1 vaccinated hamsters exposed to B.1.1.7 donors.
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through was not likely to be explained by infection acquired from
the influenza HA immunized animals since they did not shed infec-
tious virus until day 4, whereas the S immunized animals shed on
day 3. However, it might be that the donors in those cages were
more likely to transmit their virus for other reasons.
2.4. Vaccination with saRNA SARS-CoV-2 S limits virus detected in
lower respiratory tract

All remaining hamsters were culled on day 7 post infection of
donors and lung tissue was harvested. Viral RNA was detected in
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4/6 of saRNA influenza H1 vaccinated animals exposed to B.1.238
(Fig. 4a) and 3/6 saRNA influenza H1 vaccinated animals exposed
to Alpha VOC (Fig. 4b). None of the hamsters immunized with
saRNA SARS-CoV-2 S vaccine had any detectable virus in their
lungs at day 7 (Fig. 4a and b).
3. Discussion

As new SARS-CoV-2 variants emerge worldwide it is imperative
that we establish systems to monitor whether vaccines will remain
effective. Here we investigate whether an saRNA vaccine that
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encodes the original Wuhan-like SARS-CoV-2 spike, typical of
those in current use, confers cross-protection against the earliest
SARS-CoV-2 variant, the Alpha VOC, also known as B.1.1.7 follow-
ing challenge of vaccinated animals by a natural exposure route.
SaRNA offers potential advantages over mRNA as the amplification
kinetics can promote antigen expression for up to 21 days and offer
potential for low dose RNA vaccination [14].

Using an in vivo contact transmission model in Syrian Golden
hamsters, we demonstrated that a prime-boost vaccination with a
Wuhan-like spike saRNA vaccine protected against severe disease,
measured by weight loss, following infection by exposure to a
D614G ‘wild type’ virus or the Alpha VOC. There was no virus
detected in the lungs of any of the animals in the spike vaccine
groups suggesting replication in the lung had been limited. All ham-
sters receiving the saRNA SARS-CoV-2 spike vaccine showed neu-
tralising antibody responses against SARS-CoV-2 at least
equivalent to that seen in sera from convalescent or vaccinated
humans. Neutralizing titres in a subset of vaccinated hamsters’ sera
was equally efficient against the AlphaVOC (sFig S1a) as against first
wave virus. Indeed we and others have previously shown that
human post-vaccination sera also efficiently cross neutralizes the
Alpha VOC (Fig S1b) [15]. Since the level of protection against severe
disease conferred by vaccination has been correlated with the neu-
tralizing antibody response [4], the protection against weight loss
conferred by the saRNA vaccine against exposure to Alpha VOC
was not unexpected. Indeed, real world vaccine effectiveness of
RNA vaccines based on theWuhan-like spike against severe disease
caused by Alpha VOC has been measured at 93% in the UK [16].

However, the parentally administered saRNA vaccine was much
less effective at blocking infection. Indeed, all exposed animals
became infected regardless of vaccination status. It is important
to recognise that animals were challenged at 2 weeks following
second vaccination to replicate efficacy assessment in clinical tri-
als, however responses may have continued to improve over sub-
sequent weeks. Lack of efficacy against infection may reflect the
poor utility of parenteral vaccination to induce mucosal IgA.
Although not measured in this study due to lack of an available
assay it would be important to determine mucosal response in
future studies. The likelihood that vaccinated but infected animals
would transmit onwards was reduced since viral shedding was
reduced in the spike vaccinated groups. This was seen at the level
of reduced viral RNA load in nasal wash but, more importantly, the
number of animals in the spike vaccine groups that shed infectious
virus were lower as were the levels of infectious virus shed. The
outcome in the hamster model is thus is reminiscent of the situa-
tion reported following RNA vaccination in humans, were the real-
world vaccine effectiveness (VE) against infection is lower than
against disease, but transmission is still reduced when the anti-
genic match between vaccine and infecting virus is good. For
example, in contrast to the 93% VE against severe disease [16]
the VE against infection is 80% for the Alpha VOC [17] whereas pro-
tection against infection and onwards transmission with Delta
VOC, which is more antigenically distinct from the Wuhan-like
vaccine, is lower still [18,19].

The Syrian Golden hamster model has been used effectively by
others to show vaccine efficacy against different variants including
Alpha and Beta VOCs [10,11,13,20,21]. In other studies, vaccinated
animals were challenged directly with an artificially high dose of
virus. All vaccines protected against severe disease but reduction
in viral loads was not significant when intramuscular vaccines
were given and animals were challenged with the more antigeni-
cally distant Beta VOC [20]. Here we challenged vaccinated ham-
sters via a contact transmission model. This allows infection of
the sentinel vaccinated animals by different routes including air-
borne exposure, fomite exposure and direct contact, as well as
potentially through saliva since the animals share food and water.
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All sentinel animals, whether vaccinated with S or control vaccine,
acquired infection, however weight loss and virus shedding were
reduced by vaccination. Although this route of challenge might
result in some variation in the dose received, and therefore a wider
spread of data in some groups, the route and dose of virus might be
considered more natural than a direct intranasal inoculation. In
future studies it will be important to understand the level of pro-
tection conferred by the variety of COVID vaccines against both
severe disease but also infection and transmission of more anti-
genically distinct variants such as Beta, Delta and Omicron VOCs.
We propose that the hamster transmission model described here
might be suitable to monitor variants for vaccine escape and con-
tribute to decision making around the need for vaccine updates.

4. Methods

4.1. Biosafety and ethics statement

All work performed was approved by the local genetic manipu-
lation (GM) safety committee of Imperial College London, St.
Mary’s Campus (centre number GM77), and the Health and Safety
Executive of the United Kingdom, under reference CBA1.77.20.1.
Animal research was carried out under a United Kingdom Home
Office License, P48DAD9B4.

4.2. Cells and viruses

African green monkey kidney (Vero) cells (Nuvonis Technolo-
gies) were maintained in OptiPRO SFM (Life Technologies) contain-
ing 2X GlutaMAX (Gibco). Maintained at 37 �C, 5% CO2. Human
embryonic kidney cells (293T; ATCC; ATCC CRL-11268) were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco), 10%
fetal calf serum (FCS), 1� non-essential amino acids (NEAA; Gibco),
1� penicillin–streptomycin (P/S; Gibco). Stably transduced ACE2-
expressing 293T cells were produced as previously described
[22,23].

Viruses were isolated by inoculating 100ul of neat swab mate-
rial onto 24-well plates of Vero cells, incubating at 37 �C, 5% CO2

for 1 h before adding 1 ml OptiPRO SFM supplemented with 2X
Glutamax, 1% P/S and 1% amphotericin and incubating again for
5–7 days until cytopathic effect was observed. Isolates were pas-
saged twice in Vero cells and used for subsequent experiments.
Name
used
in text

V
irus name G
ISAID
Accession
ID

P
l

ANGO
ineage
B.1.1.7 /
Alpha
VOC

h
E

CoV-19/
ngland/204690005/2020

E
PI_ISL_693401 B
.1.1.7
WT
D614G

h
l

CoV-19/Eng
and/20M325595N/2020

n
/a B
.1.238
4.3. Plaque assays

Nasal wash samples were serially diluted in OptiPRO SFM, 2X
GlutaMAX (1:10) and added to Vero cell monolayers for 1 h at
37 �C. Inoculum was then removed and cells were overlayed with
DEMEM containing 0.2% w/v bovine serum albumin, 0.16% w/v
NaHCO3, 10 mM HEPES, 2 mM L-Gutamine, 1X P/S and 0.6% w/v
agarose. Plates were incubated at 37 �C, 5% CO2 for 3 days. The
overlay was then removed, and monolayers were stained with
crystal violet solution for 1 h at room temperature. Plates were
washed with tap water then dried and virus plaques were counted.
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4.4. E gene qPCR

Viral RNA was extracted from Hamster nasal wash supernatants
using the Qiagen Viral RNA mini kit, according to manufacturer’s
instructions.

Quantitative real-time RT-PCR (qRT-PCR) was then performed
using AgPath RT-PCR (Life Technologies) kit on a QuantStudio
(TM) 7 Flex System with the primers for E gene used in (Corman
et al., 2020). A standard curve was also generated using dilutions
viral RNA of known copy number to allow quantification of E gene
copies in the samples from Ct values. E gene copies per ml of orig-
inal virus supernatant were then calculated.

4.5. Hamster transmission studies

Hamster transmission studies were performed in a containment
level 3 laboratory, using ISO Rat900 Individually Ventilated Cages
(IVC) (Techniplast, U.K). Outbred Syrian Hamsters (4–6 weeks
old), weighing 70–140 g were used. Prior to the study hamsters
were confirmed to be seronegative against SARS-CoV-2. Twelve
hamsters were immunized twice, four weeks apart with 5ug saRNA
SARS-CoV-2 S, intramuscularly in 100 ll. An additional twelve
hamsters were immunised twice, four weeks apart, with 5ug
saRNA influenza H1, intramuscularly in 100 ll. Twelve donor ham-
sters were intranasally inoculated with 50 ll of 103 PFU of either
B.1.1.7 or B.1.238 virus while lightly anaesthetised with isoflurane.
To assess direct contact transmission one previously immunized
hamster with saRNA SARS-CoV-2 S and one previously immunised
with saRNA influenza H1 were introduced into each cage 1-day
post initial inoculation and cohoused continuously thereafter. All
animals were nasal washed daily, while lightly anaesthetised
under isoflurane, by instilling 400 ll of PBS into the nostrils, the
expectorate was collected into disposable 50 ml falcon tubes. Ham-
sters were weighed daily post-infection.

4.6. Pseudovirus production and neutralisation assays

SARS-CoV-2 spike-bearing lentiviral pseudotypes (PV) were
generated as described previously [15,22]. Briefly, 10 cm dishes
of HEK 293Ts were transfected using lipofectamine 3000 (Thermo)
with a mixture of pCSFLW, pCAGGS-GAGPOL and either D614G or
B.1.1.7 spike proteins expressed in pcDNA3.1 [14]. 24 h post trans-
fection, supernatant was discarded and replaced with fresh media.
Pseudovirus-containing supernatant were subsequently collected
at 48 and 72 h post-transfection and pooled, filtered through a
0.45 lmfilter, aliquoted and frozen at�80 �C. Pseudovirus neutral-
isation assays were performed by incubating serial dilutions of
heat-inactivated hamster convalescent antisera with a constant
amount of pseudovirus. Antisera/pseudovirus mix was then incu-
bated at 37 �C for 1 h and overlayed into 96 well plates of HEK
293T-ACE2 cells. 48 h later assays were then lysed and read on a
FLUOstar Omega plate reader (BMF Labtech) using the Luciferase
Assay System (Promega).

4.7. Live virus neutralisation assay

The ability of sera to neutralise SARS-CoV-2 virus was assessed
by neutralisation assay on Vero cells. Sera were serially diluted in
OptiPRO SFM (Life Technologies) and incubated for 1 h at RT with
100 TCID50/well of SARS-CoV-2 variants and transferred to 96-well
plates pre-seeded with Vero-E6 cells. Serum dilutions were per-
formed in duplicate. Plates were incubated at 37 �C, 5% CO2 for
42 h before fixing cells in 4% PFA. Cells were treated with methanol
0.6% H2O2 and stained for 1 h with a 1:3000 dilution of 40143-
R019 rabbit mAb to SARS-CoV-2 nucleocapsid protein (Sino Biolog-
ical). A 1:3000 dilution of sheep anti-rabbit HRP conjugate (Sigma)
2854
was then added for 1 h. TMB substrate (Europa Bioproducts) was
added and developed for 20 mins before stopping the reaction with
1 M HCl. Plates were read at 450 nm and 620 nm and the concen-
tration of serum needed to reduce virus signal by 50% was calcu-
lated to give NT50 values.
4.8. Statistical analysis

Statistical analysis was performed using Graphpad Prism. Neu-
tralising antibody titres were log10 transformed and tested using a
paired Student’s test. Weight loss was compared using 2-Way
ANOVA, followed by Šídák’s multiple comparisons test. For all
tests, a value of p < 0.05 was considered significant.
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