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Summary

Background To investigate a vaccine technology with potential to protect against coronavirus disease 2019 (COVID-  eBioMedicine 2022;82:
19) and reduce transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) with a single vaccine 104203

dose, we developed a SARS-CoV-2 candidate vaccine using the live vesicular stomatitis virus (VSV) chimeric virus ~ Published online 30 July

approach previously used to develop a licensed Ebola virus vaccine. 2022 '
https://doi.org/10.1016/j.

Methods We generated a replication-competent chimeric VSV-SARS-CoV-2 vaccine candidate by replacing the VSV ~ ebiom.2022.104203
glycoprotein (G) gene with coding sequence for the SARS-CoV-2 Spike glycoprotein (S). Immunogenicity of the lead
vaccine candidate (VSVAG-SARS-CoV-2) was evaluated in cotton rats and golden Syrian hamsters, and protection

from SARS-CoV-2 infection also was assessed in hamsters.

Findings VSVAG-SARS-CoV-2 delivered with a single intramuscular (IM) injection was immunogenic in cotton rats
and hamsters and protected hamsters from weight loss following SARS-CoV-2 challenge. When mucosal vaccination
was evaluated, cotton rats did not respond to the vaccine, whereas mucosal administration of VSVAG-SARS-CoV-2
was found to be more immunogenic than IM injection in hamsters and induced immunity that significantly reduced
SARS-CoV-2 challenge virus loads in both lung and nasal tissues.

Interpretation VSVAG-SARS-CoV-2 delivered by IM injection or mucosal administration was immunogenic in
golden Syrian hamsters, and both vaccination methods effectively protected the lung from SARS-CoV-2 infection.
Hamsters vaccinated by mucosal application of VSVAG-SARS-CoV-2 also developed immunity that controlled
SARS-CoV-2 replication in nasal tissue.
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USA, and The International AIDS Vaccine Initiative, Inc. (IAVI), New York, USA. Parts of this research was sup-
ported by the Biomedical Advanced Research and Development Authority (BARDA) and the Defense Threat Reduc-
tion Agency (DTRA) of the US Department of Defense.
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Introduction emerging RNA viruses."* COVID-19 is caused by severe
The coronavirus infectious disease pandemic that began ~ acute respiratory syndrome coronavirus 2 (SARS-CoV-
in 2019 (coronavirus disease 2019 [COVID-19)) and  2), which is a member of the Coronaviradae family of
continues today illustrates the threat caused by  enveloped RNA viruses that contain single-stranded,
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Research in context

Evidence before this study

The target for protective humoral immunity against
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is the trimeric surface glycoprotein Spike, which
directs essential functions including binding to the
angiotensin converting enzyme-2 (ACE2) cellular recep-
tor and virus entry. An ebolavirus Zaire (ZEBOV) vaccine
(rVSVAG-ZEBOV-GP marketed as ERVEBO®) that immu-
nises against the ZEBOV surface glycoprotein (GP) had
been developed before using the VSVAG chimeric virus
vaccine approach, and it was shown to be safe and
highly effective for vaccinating people in an infectious
disease outbreak environment. Intramuscular (IM) injec-
tion with live rVSVAG-ZEBOV-GP was shown to rapidly
induce antibodies against the trimeric GP complex that
are associated with protection. Thus, we followed this
approach to develop a vaccine candidate delivering the
SARS-CoV-2 Spike (VSVAG-SARS-CoV-2).

Added value of this study

Preclinical evaluation of VSVAG-SARS-CoV-2 showed that
vaccination by IM injection elicited serum antibodies in
hamsters, including antibodies capable of neutralising
SARS-CoV-2. Vaccine-elicited systemic humoral responses
also were associated with reduced SARS-CoV-2 replica-
tion in the hamster lung and prevention of weight loss in
challenged animals. This preclinical data supported
development of a vaccine candidate for intramuscular
injection that was advanced for a phase 1 clinical trial.
Importantly, data from additional preclinical studies also
showed that hamsters developed substantial systemic
immune responses when VSVAG-SARS-CoV-2 was used
for mucosal vaccination and that the vaccinated animals
were able to control SARS-CoV-2 replication in both the
lung and nasal tissue. Additional investigation of intrana-
sal (IN) vaccination revealed that lower doses of VSVAG-
SARS-CoV-2 elicited higher neutralising antibody titres in
hamsters when compared with IM injection.

Implications of all the available evidence

The data demonstrated that hamsters developed neu-
tralising serum antibodies and were protected from
SARS-CoV-2 infection in the lung when vaccinated by
IM injection or by applying VSVAG-SARS-CoV-2 to upper
respiratory tract mucosal surfaces. The data from the
hamster studies also indicated that mucosal administra-
tion of the vaccine induced protective immunity that
controlled SARS-CoV-2 replication in the nasal cavity
and nasopharynx, which are the key portals of entry for
initiation of host infection and an important point of
virus egress for transmission to others. Furthermore,
compared with IM injection, IN vaccination was found
to be strongly immunogenic even when lower vaccine
doses were used, which may enable dose-sparing
regimens.

nonsegmented, positive-sense RNA genomes® and is
genetically related to coronaviruses that circulate in
bats.?

The multimeric Spike (S) glycoprotein (GP) complex
on the SARS-CoV-2 surface is the major target of the
protective humoral immune response.*> Spike directs
cell attachment by binding the angiotensin-converting
enzyme 2 (ACE2) cellular receptor, after which cellular
protease cofactors such as transmembrane serine prote-
ase 2 (TMPRSS2), or endosomal proteases such as
Cathepsin B or L, cleave the Spike to activate fusion
between the viral and cellular membranes that allows
the virus core to enter the cell cytoplasm.*® Vaccine
developers have focused primarily on candidates that
will induce humoral responses against Spike, and
remarkable progress has been made adapting and
advancing various technologies for Spike immunogen
delivery.” Spike-specific binding antibodies and neu-
tralising antibodies (nAbs) induced by vaccination have
been correlated with a reduced risk of infection and
disease.”” "

An ideal vaccine for use in a pandemic is one that is
safe and effective following a single dose, and therefore,
we focused on developing a SARS-CoV-2 vaccine using
the vesicular stomatitis virus (VSV) chimeric virus
approach used for the ebolavirus Zaire vaccine (VSVAG-
ZEBOV-GP marketed as ERVEBO®), which was shown
to be effective against ebolavirus disease following a sin-
gle immunisation."*" In this vaccine design, VSV is
modified by substituting the VSV G surface glycopro-
tein gene with a gene encoding a functional glycopro-
tein from a heterologous enveloped virus that can
provide essential functions needed for virus replication,
including cell attachment and entry.’®"” Thus, the
VSVAG-based vaccine is designed to deliver a native
functional viral glycoprotein target in the context of a
nonpathogenic viral infection. Motivated by the efficacy
observed with VSVAG-ZEBOV-GP, we applied similar
technology to SARS-CoV-2 and developed a VSVAG chi-
mera encoding the SARS-CoV-2 Spike (VSVAG-SARS-
CoV-2).

We have shown that VSVAG-SARS-CoV-2 was
immunogenic in cotton rats and Syrian hamsters when
administered with a single intramuscular (IM) injec-
tion, and that vaccination protected hamsters from dis-
ease following SARS-CoV-2 challenge. The vaccine for
IM injection was then advanced to a phase 1 clinical trial
(ClinicalTrials.gov Identifier: NCTo04569786)."° We
also evaluated mucosal vaccination and found that ham-
sters developed anti-Spike serum antibody titres that
exceeded those in animals vaccinated by IM injection,
but that cotton rats did not respond, suggesting that
immunogenicity following mucosal VSVAG-SARS-
CoV-2 application was associated with ability of the
Spike-dependent chimeric virus to infect and replicate
in the respiratory tract mucosa of hamsters. Immunity
induced by mucosal vaccination also protected
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vaccinated hamsters from SARS-CoV-2 replication in
the lung and, notably, the nose as well. Moreover,
strong serum antibody responses could be elicited in
hamsters by intranasal (IN) vaccination using much
lower doses of VSVAG-SARS-CoV-2 than were neces-
sary to elicit responses following IM vaccination.

Methods

Cell culture

Vero cells used to rescue and propagate VSVAG-SARS-
CoV-2 chimeras were derived from a working cell bank
generated from a master cell bank prepared for IAVI
(unpublished). The master cell bank was generated
from cells that originated from The World Health Orga-
nisation (WHO) working cell bank (WHO 10-87) that
was deposited at the European Collection of Authenti-
cated Cell Cultures (Vero [WHO], ECACC 880204o01).
The IAVI cell bank was used earlier to manufacture
clinical trial material."®

Vero cell monolayers were propagated in Dulbecco’s
modified Eagle medium (DMEM; Thermo Fisher Scien-
tific, Waltham, MA) supplemented with 10% gamma
irradiated fetal bovine serum (FBS; Sigma-Aldrich, St.
Louis, MO) with additional additives, including 2 mM
L-glutamine, 1 mM sodium pyruvate, 0.1 mM MEM non-
essential amino acids and 5o Hg/mL gentamicin (all
from Thermo Fisher Scientific, Waltham, MA). Cells
were grown in incubators maintained at 37 °C, 5% car-
bon dioxide (CO,), and 85% humidity. Monolayers were
dissociated for subculturing by treatment with TrypLE™
Select (Thermo Fisher Scientific, Waltham, MA) and
cells were counted using a Countess™ 3 Automated Cell
Counter (Thermo Fisher Scientific, Waltham, MA).

Vero cells used to prepare VSVAG-SARS-CoV-2 vac-
cine material were derived from the WHO 10-87 working
cell bank (Merck & Co., Inc., Rahway, NJ, USA, unpub-
lished). Cells used for infection were grown in buffered
serum-free medium (VP-SFM, Thermo Fisher Scientific,
Waltham, MA) in sealed roller bottles. Medium from
infected cultures was harvested 48 h after infection, after
which, virus was purified by ultrafiltration and stored in
buffer formulated with 10 mM Tris (pH 7.4), 10%
sucrose, and 2.5 mg/L recombinant human serum albu-
min (Cellastim™, InVitria, Aurora, CO).

Molecular cloning and recombinant VSV
A gene encoding the full-length SARS-CoV-2 Spike
(2019-nCoV/USA-WA1/2020, GenBank MN985325.1)*°
was designed using a codon frequency consistent with
VSV,*" after which it was synthesised by GenScript, Inc.
The Spike gene was inserted into the VSV genomic
clone, which was kindly provided by the Public Health
Agency of Canada,” between the M and L genes
(Figure 1a).

Recovery of VSVAG-SARS-CoV-2 from plasmid
DNA was executed using Vero cells as described
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previously with modification. In brief, 2.5 x 107
Vero cells were electroporated with the VSVAG-SARS-
CoV-2 genomic clone (10 Hg) and six expression plas-
mids based on a modified pCl-neo vector (Promega,
Madison, WI) lacking a Ty promoter. The six expression
plasmids provided the five VSV structural proteins
(Figure 1a; 8 ng N, 4 g P, 1 g M, 1 g G, and 1 pg L)
and T7 RNA polymerase (50 pg). Conditions for electro-
poration using the BTX830 apparatus (Harvard Biosci-
ence, BTX, Holliston, MA) were described earlier.***
After electroporation, the cells were cultured in DMEM
supplemented with 10% FBS, 2 mM L-glutamine,
1 mM sodium pyruvate, 0.1 mM MEM nonessential
amino acids and 220 UM 2-Mercaptoethanol (Thermo
Fisher Scientific, Waltham, MA) for 3 h at 37 °C, after
which the cultures were subjected to heat shock at 42 °
C (5% CO, and 85% humidity) for 2 h before incubation
was continued for 3 days at 37 °C (5% CO, and 85%
humidity).

Following virus rescue, the first round of VSVAG-
SARS-CoV-2 amplification was conducted with VSV G
complementation. Monolayers expressing G were pre-
pared by electroporating Vero cells with the G expres-
sion plasmid (BTX830 electroporator, 50 Hg of G
expression plasmid, 2.5 x 107 cells) followed by incuba-
tion for 3 h at 37 °C in DMEM supplemented with 10%
FBS, 2 mM L-glutamine, 1 mM sodium pyruvate,
0.1 mM MEM nonessential amino acids and 220 pM
2-Mercaptoethanol. The cultures were then heat
shocked at 42 °C for 2 h and returned to 37 °C for
another 2 h before infection was initiated with virus
supernatant harvested from the initial virus rescue. Pas-
sage-1 VSVAG-SARS-CoV-2 was harvested 48 h after
pseudotyping with VSV G and was then used to initiate
a subsequent virus passage (passage-2) using Vero cell
monolayers without providing VSV G complementa-
tion. Because the virus amplified without G comple-
mentation during passage-2 achieved low titres, six
additional serial passages without G complementation
were conducted to allow the development of adaptive
mutations that improved titres. Virus from the 8th pas-
sage was used for one round of plaque isolation per-
formed using monolayers overlayed with serum-free
medium (VP-SFM; Thermo Fisher Scientific, Waltham,
MA) containing 0.5% agarose (SeaPlaque™ agarose,
Lonza, Bend, OR). Plaque isolates were amplified in
Vero cells grown in VP-SFM, and virus harvested in
medium from infected cultures was stored at less than
—60 °C. Plaque-isolate VSVAG-SARS-CoV-2 #9 was
selected for further vaccine development.

Western blot analysis. Vero cells were infected with
VSVAG-SARS-CoV-2 at a multiplicity of infection of
o.o1 plaque-forming units (PFUs) per cell. At about
72 h after infection, cells were harvested and collected
by low-speed centrifugation at 400 x g then resus-
pended in Dulbecco’s phosphate buffered saline (DPBS,
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Figure 1. VSVAG-SARS-CoV-2 vaccines. (a) Genome maps for vesicular stomatitis virus (VSV) and the VSVAG-SARS-CoV-2 chimera illus-
trate that the chimeric virus was generated by replacing the VSV G gene (red) with a gene encoding the SARS-CoV-2 (WA1/2020)
Spike (orange). Adjacent to the genome maps, the proteins in the virion particle illustrations are coloured to correspond with the
genomes. VSV encodes five structural proteins: N, nucleocapsid protein; P, phosphoprotein polymerase subunit and nucleocapsid
assembly chaperone; M, matrix; G, glycoprotein; L, large protein, which is the catalytic domain of the RNA-dependent RNA polymer-
ase.'”? The VSV genome is a single-stranded, negative-sense, nonsegmented RNA. VSV mRNAs are transcribed from single promoter
at the 3’ terminus of the genome indicated by an arrow. Transcription termination and reinitiation signals in each intergenic region
allow synthesis of individual mRNAs.'® (b) Amino acid sequences where adaptive mutations developed in rVSVAG-SARS-CoV-2 #9.
The Spike amino acid coordinates correspond to the Wuhan reference strain (Genbank NC_045512). The VSV matrix sequence posi-
tions refer to laboratory-adapted recombinant VSV Indiana (Genbank AR123015).'% Spike S1/52: cleavage site between the ST and
S2 subunits recognised by furin. The core furin cleavage site>* is indicated in red. Spike S2': protease cleavage site adjacent to the
fusion peptide with a conserved potential protease recognition site shown in red.'®* Spike CT; S cytoplasmic tail (CT) sequence with
the acidic and KxHxx motifs>'>? shown in orange text. (c and d) Western blot analyses were conducted using (c) infected cell lysates
or (d) purified VSVAG-SARS-CoV-2 #9. Spike was detected using rabbit polyclonal antisera prepared against S2 or the soluble ectodo-
main of Spike. VSV N was detected with a rabbit polyclonal antiserum. The blot was cropped to remove lanes containing irrelevant
samples (original blots are provided in Supplementary Figures S2 and S3) (e) Cryo-electron microscopy image of purified VSVAG-
SARS-CoV-2 #9 produced during manufacturing process development.
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Thermo Fisher Scientific, Waltham, MA) before repeat-
ing the centrifugation step. Cell lysates were prepared
using CelLytic M buffer (Sigma-Aldrich, St. Louis, MO)
supplemented with 1% protease inhibitors (Sigma-
Aldrich, St. Louis, MO) and then were clarified by cen-
trifugation at 15, 700 x gfor 10 min at 5 °C.

Purified virus particles for Western blot analysis
were prepared by collecting serum-free medium super-
natant from infected Vero cell cultures and purifying
virions by centrifugation through a 20% sucrose cush-
ion (58,000 x g; SW-28 rotor). The viral pellet was
resuspended with Hank’s Balanced Salt Solution
(HBSS, Thermo Fisher Scientific, Waltham, MA) sup-
plemented with 15% trehalose before virus was stored at
less than —Go °C.

Samples were denatured in lithium dodecyl sulfate
(LDS) loading buffer (Thermo Fisher Scientific, Wal-
tham, MA) and Reducing Buffer (Thermo Fisher Scien-
tific, Waltham, MA) by heating at 8o °C for 10 min.
Denatured samples were electrophoresed in denaturing
sodium dodecyl sulfate polyacrylamide gels (NuPage™
4-12% Bis-Tris Gel, Thermo Fisher Scientific, Waltham,
MA), and then the separated proteins were electroblot-
ted to nitrocellulose membranes (iBlot™ Gel Transfer
Stacks Nitrocellulose, Thermo Fisher Scientific, Wal-
tham, MA). Membranes were incubated overnight at
4 °C in blocking buffer (StartingBlock™ T20 Blocking
Buffer prepared in phosphate-buffered saline [PBS],
Thermo Fisher Scientific, Waltham, MA) before anti-
body detection. Primary antibodies used for detection
included mouse monoclonal antibody 1Ag specific for
the Spike S2 subunit (GeneTex, Irvine, CA) or rabbit
polyclonal antisera specific for the Spike S1 receptor
binding domain or the S2 subunit (Sino Biological,
Wayne, PA). Rabbit polyclonal antisera specific for VSV
N also was used.”" Membranes were washed with deion-
ised water five times and with PBS (Thermo Fisher Sci-
entific, Waltham, MA) containing 0.1% Tween 20 (Bio-
Rad, Hercules, CA) three times for 5 min each. Washed
membranes then were incubated with anti-mouse or
anti-rabbit IgG conjugated to horse radish peroxidase
(HRP; Santa Cruz Biotechnology, Dallas, TX) followed
by washing steps. The blot was developed using an ECL
kit (Thermo Fisher Scientific, Waltham, MA) and sig-
nals were detected with a Bio-Rad ChemiDoc™ Touch
Imaging System (Bio-Rad, Hercules, CA).

Spike protein used in vaccination studies

An expression plasmid was generated containing a
mammalian codon-optimised gene for expression of the
Spike ectodomain. The soluble ectodomain contained
two proline substitutions, a mutated furin cleavage site,
and a C-terminal foldon trimerisation domain as previ-
ously described,* followed by a thrombin digestion site
and a His-Tag sequence. The plasmid was used to trans-
fect Expi293F™ cells (Invitrogen, Thermo Fisher Scien-
tific, Waltham, MA) to express soluble Spike, which was

then harvested in cell culture supernatant that was clari-
fied by centrifugation. The Spike protein was then puri-
fied using Ni-Sepharose chromatography (Cytiva,
Marlborough, MA) and then the His-tag was cleaved by
digestion with thrombin overnight. The spike protein
was further purified by a second Ni-Sepharose chroma-
tography step to remove immobilised metal ion affinity
contaminants and uncleaved Spike. Final purification
was carried out by gel filtration chromatography (Super-
dex 200, Cytiva, Marlborough, MA). Adju-Phos® (Inviv-
oGen, San Diego) was added to the Spike protein
solution and inverted 10 times prior to IM injection of
cotton rats or hamsters.

Animal studies

Studies were conducted at three facilities in accordance
with the US Public Health Service (PHS) Policy on
Humane Care and Use of Laboratory Animals. Studies
conducted at Merck & Co., Inc., West Point, PA, USA,
were approved by the Institutional Animal Care and
Use Committee (IACUC) of Merck & Co., Inc., West
Point, PA, USA. The immunogenicity and efficacy stud-
ies conducted in hamsters were performed at Bioqual,
Inc. (Rockville, MD, USA) and approved by the Bioqual
IACUC. The IN vaccination dose range study performed
in hamsters was conducted at IAVI facilities within the
State University of New York Downstate Health Scien-
ces University in Brooklyn and were approved by the
University Institutional Biosafety Committee and
IACUC. Additionally, all studies adhered to the Animal
Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines of the National Centre for the Replacement,
Refinement & Reduction of Animals in Research
(https://www.nc3rs.org.uk/arrive-guidelines).

Cotton rat vaccination. Female cotton rats (Sigmodon
hispidus) that were 3 to 7 weeks old were purchased
from Envigo (Indianapolis, IN) and assigned randomly
to study groups (Figure 2) by individuals with no direct
knowledge of the test materials. Upon arrival, cotton
rats underwent an acclimation period for 9 days before
procedures were performed. Five animals were placed
in each study group as we had conducted pilot studies
with an earlier VSVAG-SARS-CoV-2 clonal isolate,
which indicated that a group size of five was adequate to
assess differences in immunogenicity when the vaccine
dose was varied. The animals were immunised with a
single dose of VSVAG-SARS-CoV-2 by one of three dif-
ferent methods: IM injection (100 L split equally over
right and left quadriceps); 10 pL delivered to the
oral mucosa (OM), as described by Munoz-Wolf and
colleagues®#; or 1o pL IN drops in sedated animals
(ketamine/xylazine j50—100 mg/kg/2—5 mg/kg).”
Immunisations were performed by group identification
rather than by test article to reduce general awareness
of each treatment group by the operator. Animals were
pair-housed and were dosed or sampled in the order
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Figure 2. Immunogenicity of VSVAG-SARS-CoV-2 in cotton rat. (a) Design of the cotton rat study. Groups of five animals were immu-
nised with a single dose of VSVAG-SARS-CoV-2 #9. Control groups included naive animals or cotton rats vaccinated with a soluble
Spike trimer formulated with Adju-Phos. Doses and vaccination routes are indicated in the table. Stool and blood samples were col-
lected on days 1 and 3 following immunisation for viral RNA quantification, and blood was collected on days 7, 14, and 28 for analy-
sis of the serological response. (b) Sera collected on days 7 (black), 14 (red), and 28 (teal) were analysed for binding IgG using ELISA
plates coated with soluble Spike and the endpoint titres are plotted. (c) Serum neutralisation titres were quantified using VSVAG-
SARS-CoV-2 #9 plaque reduction. The neutralising titres that reduced plaques by 50% (NT50) were graphed plotted as in b. In b and
¢, the plots show the geometric mean with geometric standard deviation. Dashed lines indicate lower limit of assay detection for
Endpoint Titre (LOD 100) and NT50 (LOD 20) analysis. Statistical analysis was performed comparing groups of vaccinated animals to
control unvaccinated animals (none) using a 2-way ANOVA multiple comparison with Dunnett correction (n =5, *p < 0-05, **p < 0-
005, ***p < 0-0001). Symbols indicating comparisons to controls that were not significant were omitted for clarity. Grp, group; IM,
intramuscular; IN, intranasal; LOD, limit of detection; PFU, plague-forming unit.

they were caught and removed from the cage, with sev-
eral cages containing animals in different groups. Blood
samples were collected and clarified by centrifugation at
approximately 2000 g for 10 min in serum separator
tubes, aliquoted, frozen, and stored at —7o °C. Study
outcomes were limited to serology (ELISA and neutrali-
sation assays). Assayists received samples labelled by
animal number and were unaware of the test article
associated with the samples.
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Hamster vaccination and SARS-CoV-2 challenge. Male
and female golden Syrian hamsters (6—10 weeks old)
were purchased from Envigo (Indianapolis, IN). Ani-
mals underwent a 77-day acclimation period prior to any
procedures being performed. The hamsters were ran-
domly assigned to each group by individuals with no
direct knowledge of the test materials, maintaining a
male-to-female ratio that was as close as possible to 1:1.
The hamsters were group-housed. Formal power
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analyses were not performed when the rodent studies
were designed. Our objective was to use a minimum
number of animals and still detect sizable quantitative
differences between study groups in which substantial
vaccination variables were introduced such as alterna-
tive vaccination routes or 1o-fold changes in vaccine
dose. Group size was study-specific and selected using
data from our pilot cotton rat study (Figure 2; n=5 per
group) and guidance provided by preprint reports avail-
able early during the pandemic.*® *® The designs of
these early studies allowed assessment of vaccine candi-
date immunogenicity and efficacy in a variety of models
with group sizes ranging from 4-15 depending on the
species being used, and informed designs of our experi-
ments, presented important comparators for our
study data, and provided sufficient power for statistical
inference.

The first study conducted in hamsters (Figure 3a)
was composed of two parts (Part A and Part B). In Part
A of the study (Figure 3a), hamsters (5—6 animals per
group) were monitored for weight loss following SARS-
CoV-2 challenge presented in Figure 4a, and in Part B
(Figure 3a) hamsters (4 animals per group) were sacrificed
4 days after challenge to assess infectious SARS-CoV-2 in
tissues (Figure 4b and c). The total number of animals
used, group size, and number of groups included in this
study was considered to be the minimum required to char-
acterise the effects of the test article.

In the second immunogenicity and efficacy study
conducted in hamsters (Figures 5 and 6), vaccination
variables included dose as well as route. Ten animals
were included per group and were monitored for immu-
nogenicity. Following SARS-CoV-2 challenge, the
groups were divided with five animals from each group
sacrificed to assess infectious SARS-CoV-2 in tissues
while the remaining animals were monitored for weight
loss. The animals were vaccinated by IM injection in
two hind legs (50 pL per leg) or by OM application
(to nL), as described above for cotton rats. Some ani-
mals were vaccinated by a combination of OM plus IN
application (1o pL oral cavity and 50 pL per nostril).
Immunisations were done by group identification, so
the operator was not aware of which groups received
which test article for those test articles delivered intra-
muscularly. Animals were housed with multiple ani-
mals per cage and were dosed or sampled in the order
they were caught and removed from the cage. Blood
was collected via the retro-orbital or saphenous veins
from anesthetised animals following immunisation.

For the efficacy study described in Figure 3, patho-
gen challenge was conducted using working-virus
stocks that were amplified once in Vero EG cells from a
SARS-CoV-2 USA-WA1/2020 seed stock (BEI Resour-
ces, Manassas, VA; virus stock NR-52281) and assigned
lot no. 061620-1000. Next-generation sequencing anal-
ysis (NeoGenomics, Fort Meyers, FL) on working-virus

stocks showed that the challenge virus used in the study
included in Figure 3 was largely wild-type in the S1/S2
cleavage site, although variants were detectable in the
population that had developed amino acid substitution
in the furin cleavage site like those reported by oth-
ers.’9 4 For the experiment described in Figure s, virus
from the original BEI NR-52281 stock was amplified
and passaged four times in Vero EG cells, and next-gen-
eration sequencing analysis retrospectively showed that
less than 5% of the challenge virus used in the study
had a wild-type furin cleavage site (NCBI BioProject
accession: PRJNAGG66696). Because most of the chal-
lenge virus population had a defect in the furin cleavage
site, the virus stock was less virulent, as shown by
weight loss in control animals that was less than 5%
(Supplementary Figure S1a and S1b), although the virus
did replicate to high titres in hamsters (see control ani-
mals Figure 6).

SARS-CoV-2 challenge virus was administered
(2 x 10* PFU) to anesthetised animals dropwise into
each nostril (oo pL per animal). Necropsy was per-
formed on selected animals at 4 days after challenge to
collect lung and nasal turbinate tissues, which were
homogenised using a handheld tissue homogeniser for
20 s (Omni International, Kennesaw, GA, USA) in solu-
tion containing either 500 pwL medium (DMEM/10%
FBS/gentamicin) for virus quantification by tissue cul-
ture infectious dose 50 (TCIDs,) or RNA-Stat-6o (AMS-
BIO, Cambridge, MA) for RNA isolation. Homogenates
were then clarified by centrifugation and processed for
viral quantification by TCID,, (described below) or for
isolation of RNA according to the manufacturer’s
instructions. Remaining animals were weighed and
observed twice daily for 2 weeks after challenge.

The final study conducted in hamsters (Figure 7) was
an immunogenicity study that was performed with
some modifications of the procedures. Animals were
anesthetised with a cocktail of ketamine (150 mg/kg)
and xylazine (5 mg/kg) delivered by the intraperitoneal
(IP) route. Vaccination by IM injection were performed
in a single hind leg. IN vaccination was dropwise using
a P20 pipettor delivering 10 NL per nostril. Five animals
were included per group to allow comparison of effects
of vaccination route and vaccine dose.

In the various studies conducted in hamsters, analy-
ses included serology (ELISA and virus neutralisation
assays), quantification of infectious SARS-CoV-2 in
lung and nasal tissue (TCIDs,), VSVAG-SARS-CoV-2
#9 viral RNA (VRNA) detection in serum and stool, and
body weight monitoring. For the serological, viral load,
and vRNA detection, assayists received samples labelled
by animal number and were unaware of the test arti-
cle associated with the samples. For the assessment
of body weight loss, animal handlers were unaware
of the test article associated with the animals being
weighed.
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Figure 3. Immunogenicity of VSVAG-SARS-CoV-2 in golden Syrian hamster following intramuscular (IM) immunisation. (a) Design of the
immunogenicity and efficacy study conducted in golden Syrian hamsters. In Part A of the study, three groups of five or six hamsters
were immunised with a single IM injection of VSVAG-SARS-CoV-2 #9, or soluble Spike protein formulated with Adju-Phos® at the
indicated dose. Control hamsters were unimmunised. Blood samples were collected on days 7, 14, and 26 for analysis of the serolog-
ical response. Two days after the third blood draw (day 28), the animals were challenged with SARS-CoV-2 (USA-WA1/2020) by intra-
nasal inoculation, and body weights were measured daily through day 42 (see Figure 4). In Part B of the study, two groups of four
animals were either unimmunised or given a single IM injection with VSVAG-SARS-CoV-2 #9. These animals were challenged on day
28 as described for Part A above but were euthanised 4 days after challenge for quantification of live SARS-CoV-2 in lung and nasal
tissue (Figure 4). (b) Sera samples collected on days 7, 14, and 26 from animals in Part A were analysed for binding to the Spike ecto-
domain by ELISA. The endpoint titres for each animal are graphed and the geometric mean titres are plotted. Serum neutralising anti-
body titres against (c) authentic SARS-CoV-2 (USA-WA1/2020) or (d) VSVAG-SARS-CoV-2 #9 were quantified for each animal. Neutralising
titres (NT50) are defined as the dilution at which there is a 50% reduction in plaques compared with controls. For b-d, the geometric
mean with geometric standard deviation were plotted. Dashed lines indicate the lower limit of assay detection for Endpoint Titre (LOD
100) and NT50 (LOD 20) analysis. Statistical analysis was performed comparing vaccinated group responses to control unvaccinated ani-
mals (none) using a two-way ANOVA multiple comparison with Dunnett correction (n = 4—6, *p < 0-05, **p < 0-005, ***p < 0-0001).
Symbuols indicating comparisons to controls that were not significant were omitted for clarity. LOD, limit of detection.
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Figure 3. Continued

RT-qPCR detection of VSVAG-SARS-CoV-2 RNA in
blood and stool

RNA from hamster blood and stool was isolated with
the High Pure Viral RNA Kit (Roche LifeScience, Indi-
anapolis, IN) and RNeasy PowerMicrobiome kit (Qia-
gen, Germantown, MD), respectively. In brief, 200 pL
hamster serum was mixed with 400 pL binding buffer
supplemented with poly(A) from the kit; the mixture
was added into the binding column, washed once with
500 ML inhibitor removal buffer and twice with 450 pL
washing buffer. RNA was eluted with 40 NL RNase-free
water. For hamster stool samples, approximately 250 mg
of stool was soaked with 650 PL solution PM1 with 1:100

diluted B-Mercaptoethanol. Stool was then homogenised
with a TissueLyser (Qiagen, Germantown, MD) using
5 mm stainless steel beads for 2 min. Supernatant was
collected after centrifugation at 20,000 g for 5 min for
RNA isolation according to the kit’s instruction. DNase
digestion was performed on the column and RNA was
eluted with 50 pL RNase-free water. Reverse transcrip-
tion (RT) was conducted with 30 HL of purified RNA
from either serum or stool using the Ambion Cells-to-Ct
kit (Thermo Fisher Scientific, Waltham, MA) following
the manufacturer’s instructions. RT products were con-
centrated by precipitation with 3 volumes of 100% etha-
nol with o.1 volume of 3M sodium acetate, incubation at
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Figure 4. Protection of hamsters from challenge with SARS-CoV-2 by intramuscular immunisation with VSVAG-SARS-CoV-2. (a) Body
weight was monitored for animals in Part A of the study described in Figure 3. Day of challenge is day 0. (b and c) In Part B of the
study in Figure 3, unimmunised controls or animals immunised with VSVAG-SARS-CoV-2 #9 (3 x 108 PFUs) were euthanised on day
4 following challenge. Lung (b) and nasal (c) tissues were isolated, and live SARS-CoV-2 was quantified by TCIDs. Virus titres per
gram of tissues were plotted. The plots in a-c include the geometric mean with geometric standard deviation. Dashed lines in b and
c indicate lower limit of assay detection for lung and nasal tissue TCIDs, (LOD 2500). Statistical analysis was performed comparing
vaccine cohort responses to control unvaccinated animals (none) using a two-way ANOVA multiple comparison with Dunnett cor-
rection for weight change in (a; n = 5—6, *p < 0.05,**p < 0.005, **p < 0.0005) and an unpaired nonparametric Mann-Whitney test
(n =4, *p < 0.05) for TCIDsq in b and c. Symbols indicating comparisons to controls that were not significant have been omitted for
clarity. LOD, limit of detection; PFU, plaque-forming units; TCIDsy, tissue culture infectious dose 50.

—80 °C overnight, and centrifuging at 20,000 g at 4 °C
for 30 min. RNA pellets were washed twice with 500 nL
ice-cold 775% ethanol and vacuum dried, and then the
concentrated RT product was resuspended with 4 pL
nuclease-free water for polymerase chain reaction (PCR).
The VSV matrix gene was used as the quantitative poly-
merase chain reaction (qQPCR) target. The primers

www.thelancet.com Vol 82 Month August, 2022

and probe used in qPCR were: Forward primer:
5-GCTGCAGTGGACATGTTCTTC-3/, Reverse primer:
5-GCAGCACAATCTTTGAATCTGGAAA-3’, Probe: 5'-
FAM-CTGAACGAGGCACATTC-TAMRA-3'  (Thermo
Fisher Scientific, Waltham, MA). PCR was performed in
QuantStudio 12K flex real-time PCR system (Thermo-
Fisher Scientific, Waltham, MA) with the default PCR
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Figure 5. Immunogenicity of VSVAG-SARS-CoV-2 #9 in hamsters following intramuscular, intranasal/oral mucosa, or oral mucosa immunisa-
tion. The design of the second efficacy study is shown in (a) where six groups of ten hamsters were vaccinated once with VSVAG-SARS-
CoV-2 #9 using the indicated dose and vaccination route. Control animals were unvaccinated. Stool samples were collected from cages
on days 1 and 3 following vaccination and blood samples were drawn on days 1, 3, 7, 14, 28, and 42 from all animals. Hamsters were chal-
lenged with SARS-CoV-2 on day 28 after which five animals from each group of 10 were euthanised on day 32 (4 days after challenge) to
assess SARS-CoV-2 titres in tissues (Figure 6). In (b), sera samples collected on days 14 and 28 were analysed for IgG titres using ELISA
plates coated with soluble Spike. The endpoint titres for each animal are graphed and the geometric mean titre and geometric standard
deviation (SD) are indicated for each group. (c) Serum neutralising antibodies were quantified by plaque reduction assay using VSVAG-
SARS-CoV-2 #9 and the NT50 titres are graphed for days 14 and 28. The geometric mean titre and geometric standard deviation are indi-
cated for both time points within each group. Neutralising titres (NT50) are defined as the dilution at which there is a 50% reduction in
plaques compared with controls. (d) VSVAG-SARS-CoV-2 RNA copies per millilitre of blood collected on days 1 and 7 after vaccination
were quantified by RT-qPCR using primers specific for the VSV matrix gene. Similarly, in (e) VSVAG-SARS-CoV-2 RNA copies in stool col-
lected from the cages on days 1 and 3 after immunisation were quantified by RT-gPCR. Two hamsters were cohoused per cage thus the
stool samples could not be associated with an individual animal. The geometric mean and geometric standard deviation are indicated for
both time points within each group. Dashed lines indicate lower limit of assay detection (LOD Endpoint Titre 100, NT50 20, viral RNA stool
and serum 17.8 RNA copies). Statistical analysis was performed comparing vaccine cohort responses to control unvaccinated animals
(PBS) using an unpaired nonparametric Mann-Whitney test for Endpoint Titre and NT50 (n = 10, *p < 0.05, **p <0.005, ***p <0.0005) and
a two-way ANOVA multiple comparison with Dunnett correction for vVRNA copies (n = 4, *p < 0.05). Symbols indicating comparisons to
controls that were not significant have been omitted for clarity. Grp, group; IM, intramuscular; IN, intranasal; LOD, limit of detection; OM,
oral mucosa; PBS, phosphate-buffered saline; PFU, plaque-forming unit; RT-qPCR, reverse transcriptase quantitative polymerase chain
reaction; VRNA, viral ribonucleic acid; VSV, vesicular stomatitis virus.
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Figure 5. Continued
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thermocycling parameters (denature at 95 °C for 20 s,
then g5 °C for 1 second and 60 °C for 20 s for 40 cycles).
vRNA copies were determined using a standard curve
generated from the purified VSV genomic RNA.

Serologic analysis

ELISA protocol. Binding antibodies specific for SARS-
CoV-2 Spike were quantified by indirect ELISA. Corn-
ing Costar® high-binding 96-well plates (Corning,
Tewksbury, MA) were coated with 50 wL of soluble tri-
meric SARS-CoV-2 spike protein (Lake Pharma) diluted
to 1 pg/mL in 1x ELISA Coating Buffer (BioLegend, San
Diego, CA) overnight at 2 to 8 °C. Unbound coating
antigen was removed by washing three times with
150 pL of PBS containing 0.05% Tween-20 (PBST),
after which the wells were blocked with 100 pL of PBS
containing 2% Blotting-Grade Blocker (Bio-Rad, Hercu-
les, CA). Test and positive control samples were diluted
in PBS containing 1% Tween 20 and 2% Blotting-Grade
Blocker starting at 1:100 followed by three-fold serial
dilutions across the plate. Plates were then incubated
for 1 h at 37 °C before samples were removed and the
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plates were washed three times with 150 wL PBST.
Anti-hamster secondary antibody (goat anti-Syrian ham-
ster IgG-heavy chain and IgG-light chain antibody con-
jugated to HRP, Rockland Immunochemicals,
Pottstown, PA) diluted 1:6,000 in PBST/2% Blotting-
Grade Blocker was added (50 pL) to each well and incu-
bated for 6o min at 37 °C. Secondary antibody was then
removed, and the plates were washed three times with
150 nL PBST. Signal was developed by adding 50 nL of
1-Step™ Ultra TMB-ELISA (Thermo Fisher Scientific)
and incubating for 10 min at room temperature in the
dark before the reaction was stopped by addition of
50 wL of 2N sulphuric acid (Thermo Fisher Scientific,
Waltham, MA). Plates were read within 30 min at
450 nm with a Molecular Devices’ (San Jose, CA) Versa-
Max Microplate Reader using SoftMax Pro GxP Data
Acquisition Software.

For assessing SARS-CoV-2 specific binding antibod-
ies in cotton rat serum the above method was used with
changes in the coating protein and secondary antibody
used. SARS-CoV-2 S protein (ACRO Biosystems, New-
ark, DE) was used to coat plates at 1 pg/mL. A chicken

anti-cotton rat IgG HRP secondary antibody
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Figure 6. Protection of hamsters from challenge with SARS-CoV-2 by intramuscular, oral mucosa, or intranasal/oral mucosa immunisa-
tion with VSVAGA-SARS-CoV-2. Five of 10 hamsters per group from the second immunogenicity and efficacy study described in
Figure 5a were euthanised on day 4 after SARS-CoV-2 challenge. Lung (a) and nasal tissue (b) were processed to quantify infectious
SARS-CoV-2 by TCIDsq assay and the data are plotted as geometric mean with geometric standard deviation. Statistical analysis was
performed comparing vaccine group responses to control unvaccinated animals (PBS) using an unpaired nonparametric Mann-
Whitney test (n = 5, **p < 0.005). Symbols indicating comparisons to controls that were not significant have been omitted for clarity.
Dashed lines indicate lower limit of assay detection. In (c), SARS-CoV-2 titres in lung and nasal tissues for each animal are graphed
(y-axis) against the nAb titre for that animal (x-axis) to illustrate the relationship between nAb titre and effect on SARS-CoV-2 replica-
tion. 1/D, 1/dilution; IM, intramuscular; IN, intranasal; OM, oral mucosa; PBS, phosphate-buffered saline; TCIDs, tissue culture infec-

tious dose 50; nAb, neutralizing antibody.
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Figure 6. Continued

(Immunology Consultants Laboratory, Portland, OR)
was used at a dilution of 1:1000.

VSVAG-SARS-CoV-2 plaque reduction microneutralisa-
tion assay. Vero cells (ATCC CCL-81) were seeded into
96-well plates at 6.25 x 10* cells per well and incubated
overnight at 37 °C, 5% CO,. Heat-inactivated hamster or
cotton rat serum samples were four-fold serially diluted
in infection medium composed of DMEM supple-
mented with 2% FBS (Cytiva HyClone™, Marlborough,
MA), penicillin/streptomycin and non-essential amino
acids (Gibco™, Thermo Fisher Scientific, Waltham,
MA). Diluted serum samples (25 HIL) were then com-
bined with an equal volume of VSVAG-SARS-CoV-2
containing a quantity of virus previously shown to pro-
duce about 50 plaques per well, followed by incubation
for 1 h at 37 °C. Subsequently, the virus—serum sample
mixtures were transferred to wells containing Vero cell

www.thelancet.com Vol 82 Month August, 2022

monolayers and the plates were incubated for 1 h at
37 °C. After incubation, 100 pIL of a 0.75% methylcellu-
lose overlay prepared in DMEM supplemented with 2%
heat-inactivated FBS (Cytiva Hyclone™, Marlborough,
MA) and 1x penicillin/streptomycin (Gibco) was added
for a total volume of 150 PL per well, and the infection
was allowed to proceed for 2 days at 37 °C. The methyl-
cellulose overlay (Sigma, St. Louis, MO) then was
removed and cells were fixed for 10 to 30 min with 3.7%
formaldehyde (Polysciences, Inc., Warrington, PA) pre-
pared in PBS after which the fixative was removed, and
the cells were permeabilised with PBS containing 0.1%
Triton-X (Sigma-Aldrich, St. Louis, MO). After permea-
bilising the cells, 200 L per well of blocking solution
(PBS, 1% BSA, 0.05% Tween 20) was added and the
plates were incubated overnight at 4 °C. After removing
the blocking solution, primary anti-S polyclonal anti-
body (Sino Biologicals, Wayne, PA) diluted 1:1000 in
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Figure 7. Immunogenicity of intranasal VSV AG-SARS-CoV-2 vaccination in hamsters. (a) Design of the hamster IN immunogenicity dose-
range study. Four groups of five animals were immunised with a single IN inoculation of VSVAG-SARS-CoV-2 #9 using the indicated
dose. As a comparator, a group of five animals were immunised with a single IM injection in one hind leg using the highest dose
(1 x 10° PFUs) used in the earlier studies (Figures 3 and 5). Blood samples were collected on days 0, 7, 14, 28, and 35 and serum IgG
titres were analysed using ELISA plates coated with soluble Spike (b) and neutralising antibody titres (c) were quantified by plaque
reduction assay using VSVAG-SARS-CoV-2 #9 and sera from day 28. (d) Hamster weights also were monitored weekly. The data is plot-
ted as geometric mean with geometric SD. Dashed lines indicate lower limit of assay detection for the ELISA Endpoint Titre (LOD 100)
and neutralisation assay (LOD 20). Statistical analysis was performed for the ELISA (b) and neutralisation assay (c) by comparing vaccine
cohort values to negative control assays conducted with PBS using a two-way ANOVA multiple comparison with Dunnett correction.
For the ELISA values (b) there was no significant difference between the intranasal groups so symbols indicating significance are omit-
ted for clarity. Similarly, hamster weights were not significantly different between groups and symbols indicating significance are omit-
ted. IM, intramuscular; IN, intranasal; LOD, limit of detection; NT50, NT50, neutralising titres that reduced plaques by 50%; OM, oral
mucosa; PBS, phosphate-buffered saline; PFU, plaque-forming units. (n = 5, *p < 0-05, **p < 0-005, ***p < 0-0001).
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Figure 7. Continued

blocking solution was added and incubated for 1 h at
room temperature. Plates were then washed with PBST
and subsequently incubated with labelled secondary
antibody (goat anti-rabbit IgG Alexa 488; Life Technolo-
gies, Thermo Fisher Scientific, Waltham, MA) diluted
1:200 in blocking buffer for 1 h. Secondary antibody
was removed, and the plates were washed with PBST
before adding 200 1L of PBS per well and quantifying
fluorescent plaques using the Virus Plaque Analysis for
Kaleido 2.0 programme on the EnSight™ Multimode
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Plate Reader (PerkinElmer, Waltham, MA). Plaque
count data were exported to Microsoft Excel for analysis.
Neutralising titres (NT50) are defined as the dilution at
which there is a 50% reduction in plaques compared
with controls. The NTs50 values are determined by four-
parameter curve fit with GraphPad Prism software
v.8.1.1 (San Diego, CA) by plotting the log transformed
sample dilution (x-axis) by the per cent neutralisation
(v-axis). Per cent neutralisation is calculated with the fol-
lowing equation: % Neutralisation = [1 — (sample
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plaque count — average cell control plaque count) /
(average virus control plaque count — average cell con-
trol plaque count)] (100).

SARS-CoV-2 neutralisation assay. Serum samples were
heat inactivated at 56 °C for 30 min, then diluted in
PBS containing 5% BSA (PBS/BSA). Diluted serum
samples (200 HL) were subsequently mixed with an
equal volume of SARS-CoV-2 (USA-WA1/2020) that
was prepared in PBS/BSA to contain 40 PFU per
200 pL. Serum-virus mixtures were incubated for 1 h at
37 °C before the 400 PL mixture was distributed
between duplicate wells of a six-well plate containing
monolayers of Vero EG cells (ATCC, CRL-1586). Infec-
tion was allowed to proceed for 1 h at 37 °C before the
plates were overlayed with 3 mL of medium containing
0.9% agarose (Lonza, Rockland, ME). Plaques were
allowed to develop at 37 °C in a 5% CO, incubator for
2 days. A second overlay medium containing neutral
red and 1% agarose was then added, and the plates were
incubated overnight to visualise plaques for counting.
The nAb titre was identified as the highest serum dilu-
tion that reduced the number of virus plaques in the
test by 9o0% or greater.

Hamster tissue virus load quantification. TCID;, was
used to quantify SARS-CoV-2 in homogenised tissue
samples. Vero EG cells were seeded at 25,000 cells per
well in a 96-well plate in DMEM supplemented with
10% FBS and gentamicin. Cells were cultured overnight
at 37 °C, 5.0% CO,, and were 80% to 100% confluent
the following day, at which time the media was aspi-
rated and replaced with 180 pL of DMEM containing
2% FBS and gentamicin. Lung or nose tissue homoge-
nate (20 pL) was added to the top row in quadruplicate
and mixed using a P2oo pipettor 5 times before trans-
ferring 20 pL to the adjacent well in the row and repeat-
ing the process across the plate. Positive and negative
(medium only) control wells were included in each
assay. Cytopathic effect was allowed to develop at 377 °C
for 4 days, after which virus-positive wells were counted.
A TCID,, value was calculated using the Reed-Muench
method.

Statistical analysis section. All statistical analysis was
performed using GraphPad Prism (9.0.0) software
(GraphPad, San Diego, CA). Endpoint ELISA Titer and
NTso neutralisation data was analyzed by comparing
vaccine cohort responses to control unvaccinated ani-
mals (none or PBS) using either a two-way ANOVA
multiple comparison with Dunnett correction or an
unpaired nonparametric Mann-Whitney test. Viral load
data was analysed using an unpaired nonparametric
Mann-Whitney test. Statistical differences in weight
changes associated with viral challenge or vaccination
determined using a two-way ANOVA multiple

comparison with Dunnett correction. No a priori power
analyses were conducted in the design of these studies.
Post hoc power analyses were conducted based on the
statistical tests used for each analysis. Using an 80%
power of detection for differences between groups
yielded an approximate minimum detectable difference
of 10>* for immunologic assessments for endpoint
titers and virus neutralization, approximately 3.6% dif-
ference in weight change, approximately 10* for viral
RNA copies, and approximately 10® for differences is tis-
sus virus loads. Immunogenicity studies in cotton rats
included n = 5 animals per group. Golden Syrian ham-
ster immunogenicity and efficacy studies included
n = 5—10 animals, with n = 4—5 animals for measure-
ment of viral load and weight. Repeated measure (RM)
two-way ANOVA with Geissier-Greenhouse and Dun-
nett correction were performed when appropriate and
balanced data were available. A review of the ANOVA
residual QQ-plots showed linearity and subsequently
that the data followed a normal distribution and the
assumptions held for these analyses.

Role of the funding source

The funders did not have a role in the study design; in
the collection, analysis, and interpretation of data; in the
writing of the report; or in the decision to submit the
paper for publication.

Results

Development of VSVAG-SARS-CoV-2 chimeras

To generate a VSVAG-SARS-CoV-2 vaccine candidate, a
modified VSV (serotype Indiana) genomic clone 747
was prepared by inserting a gene encoding the full-
length SARS-CoV-2 spike in place of the VSV G gene
(Figure 1a). Recombinant virus recovered from electro-
porated Vero cells (Methods) initially grew slowly,
caused extensive cell-to-cell fusion, and released low
quantities of infectious virus into the medium. Growth
was improved substantially by serially passaging the
recombinant virus eight times in Vero cells cultured in
DMEM containing FBS during which a virus population
developed that caused more rapid and extensive cytopa-
thology, lessened cell-to-cell fusion, and released
increased titres of virus into the culture medium. Pla-
que isolates were selected from infected Vero mono-
layers overlaid with serum-free medium (VP-SFM)
containing 0.5% agarose, and they subsequently were
studied to assess growth properties, Spike expression,
and genomic nucleotide sequence. Multiple plaque iso-
lates with improved replicative fitness and unique
amino acid substitutions were isolated (Parks et al,
unpublished), and consistent with the experience of oth-
ers,**+*5° we found that the Spike must be modified,
particularly by truncation of the cytoplasmic tail, to
lessen cell-to-cell fusion and allow improved growth of
VSVAG-SARS-CoV-2 chimeras. A plaque-isolate of
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VSVAG-SARS-CoV-2 (#9) was selected for continued
development that had the following characteristics: 1) it
consistently produced more than 1 x 107 PFUs per
millilitre of culture medium harvested from infected
Vero cells grown in VP-SFM; 2) virions incorporated
abundant Spike as seen in virus purified by ultrafiltra-
tion (Figure 1e); 3) the virus was genetically stable upon
serial passage; and 4) it contained relatively few adaptive
mutations (Figure 1b).

VSVAG-SARS-CoV-2 #9 contained three amino acid
substitutions in Spike as well as one in the VSV matrix
protein (Figure 1b). Like the Spike cytoplasmic tail dele-
tions described by others working with similar chimeric
viruses,****5° VSVAG-SARS-CoV-2 #9 developed a
stop codon that resulted in deletion of 23 C-terminal
amino acid residues (Figure 1b). To achieve improved
growth, truncation of the Spike C-terminus appears to
be obligatory to remove an acidic element (DEDDSE)
and a KxHxx motif (Figure 1b), which control Spike
membrane trafficking during coronavirus infection.
These trafficking signals may be incompatible with the
VSV life cycle since they direct Spike localisation largely
to internal cellular membranes, and these signals must
be removed to allow greater accumulation of Spike in
the cell surface membrane where VSV assembles and
buds.”">* Two additional Spike mutations developed in
the VSVAG-SARS-CoV-2 #9 protease cleavage sites.
Notably, there was an S1/S2 cleavage site substitution
(R6G83G) that replaced an amino acid residue in the con-
served core of the furin cleavage recognition site.”®> The
R683G substitution was expected to decrease cleavage
by furin, and Western blot analyses conducted using
infected cell lysates (Figure 1c) or virions purified by
centrifugation  (Figure 1d) both confirmed that
uncleaved Spike precursor was abundant, although the
analysis conducted with purified virus showed that
bands consistent with the St and S2 cleavage products
also were present (Figure 1d), indicating that proteolytic
processing was not entirely blocked by R683G. Muta-
tions that reduce or prevent Spike cleavage by furin
have Dbeen reported before for VSVAG-Spike
chimeras®*®#° as well as SARS-CoV-2 passaged in Vero
cell lines,39+'~455475¢ indicating that S1/S2 cleavage is
not essential for infection in Vero cells and that virus
entry likely proceeds predominantly through an endo-
cytic pathway.*® Mutations that result in reduced or no
cleavage at the S1/S2 site might also be favoured in vitro
because they stabilise the multimeric Spike complex on
the virion.””

VSVAG-SARS-CoV-2 #9 additionally had a unique
substitution in the S2’ cleavage recognition site in
which a polar serine was substituted by a bulky aromatic
phenylalanine residue (Figure 1b, S813F). Interestingly,
this Spike mutation is not presently found in the
GISAID’® SARS-CoV-2 genome database, implying that
it might be favoured specifically by the VSVAG-SARS-
CoV-2 chimera grown in vitro. Although this was a
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nonconservative substitution, the modified cleavage site
must still allow cleavage at S2’ because proteolytic proc-
essing at this site is essential to activate membrane
fusion potential.*® Possibly, the large hydrophobic resi-
due substitution enhances cleavage by endosomal
Cathepsin B or L*° and facilitates entry by the endocytic
pathway preferred in Vero cells.*® Finally, VSVAG-
SARS-CoV-2 #9 contained a stable mutation in the VSV
matrix gene encoding a substitution at amino acid posi-
tion 61 (Y61S). The M functions that this substitution
might affect are unknown, although YG61S has been
observed before when VSV has been adapted to differ-
ent cell lines,° suggesting that it may reflect some
adjustment in the matrix protein interaction with host
cell proteins. The VSVAG-SARS-CoV-2 #9 constellation
of mutations was stable during the manufacturing of
vaccine material to support the phase 1 trial."®

Immunogenicity of VSVAG-SARS-CoV-2 in cotton rats
Cotton rats can be infected with VSV,°" and they are a
commonly used model for studying respiratory
viruses;®>®? therefore, we evaluated their use for investi-
gating the immunogenicity of VSVAG-SARS-CoV-2
administered by IM injection or IN drops. Two groups
of cotton rats were immunised once by IM injection
with either 5 x 10° or 5 x 10* PFUs of VSVAG-SARS-
CoV-2 #9 split across both hind legs (Figure 2a). A third
group was vaccinated by applying 5 x 10* PFUs of
VSVAG-SARS-CoV-2 #9 dropwise to IN mucosal surfa-
ces. In this experiment, IN administration was con-
ducted with a small total volume (10 pL) split across
both nostrils to limit distribution of the virus in the
inoculum primarily to the upper respiratory tract.”
Group 4 was included as a comparator in which animals
were vaccinated by IM injection with 10 pg of a soluble
trimeric form of SARS-CoV-2 Spike formulated with
40 pg of Alum (Adju-Phos). This soluble immunogen
(Methods) contained the 2P mutations and a furin cleav-
age site knockout to stabilise the trimeric Spike in a
native-like prefusion state.**®* The final study group
included unvaccinated animals.

Animals were vaccinated once on day o and blood
was collected on days 7, 14, and 28 for immunologic
analysis (Figure 2a). ELISA conducted with the Spike
ectodomain showed that a single IM vaccination with
either dose of VSVAG-SARS-CoV-2 #9 induced substan-
tial serum IgG titres detectable on day 77 (Figure 2b) that
increased modestly by day 28. The IgG titres induced by
the higher IM dose (5 x 10° PFUs) of VSVAG-SARS-
CoV-2 #9 were statistically significant on days 7, 14, and
28 when compared with the sera from control animals.
At day 28, the titres also were similar to those in ani-
mals vaccinated with trimeric Spike protein formulated
with Adju-Phos, although the humoral response
induced by the subunit vaccine may have developed
more gradually. At the lower dose of VSVAG-SARS-
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CoV-2 #9 (5 x 10* PFUs; Figure 2b), it was clear that
the sera samples were positive for Spike antibodies on
all 3 days that samples were collected, but the group
data reached significance compared with control ani-
mals only on day 77 probably because of the small group
size and increased scatter in the data on days 14 and 28.
Notably, cotton rats vaccinated by the IN route with
VSVAG-SARS-CoV-2 #9 did not develop anti-Spike
serum antibodies.

Serum nAb titres were quantified using a plaque-
reduction microneutralisation assay based on neutrali-
sation of VSVAG-SARS-CoV-2 #9 (Figure 2c). Cotton
rats vaccinated by IM injection with the higher dose
(Group 1; 5 x 10° PFUs) developed considerable neutral-
ising titres with geometric mean NTs50 values of 1000
or more by day 28. Animals vaccinated with 5 x 10*
PFU also developed nAbs, although the geometric
mean titres were reduced, and the group data did not
reach significance due to the lower titres and increased
variability within the group. The Spike protein/Adju-
Phos vaccine also induced serum nAbs, and by day 28
the titres were similar in magnitude to those in cotton
rats vaccinated with the lower dose of VSVAG-SARS-
CoV-2 #9 (5 x 10* PFUs). Mucosal vaccination failed to
induce serum nAbs (Figure 2c), as expected based on
the ELISA data (Figure 2b).

Additional sampling at days 1 and 3 (Figure 2a) was
performed to assess if VSVAG-SARS-CoV-2 #9 genomic
RNA (VRNA) was detectable in blood or stool early after
infection. VSVAG-SARS-CoV-2 RNA was not detectable
in blood by RT-qPCR on either day (Supplementary
Table S1). Stool samples collected from some cages of
cohoused animals did produce positive RT-qPCR sig-
nals on days 1 and 3, but the genome copies were mini-
mal and near detection limits (Supplementary Table
S2). Thus, if VSVAG-SARS-CoV-2 #9 replicated sub-
stantially after IM or IN vaccination in cotton rats, it did
not produce a systemic infection accompanied by vire-
mia or significant shedding of genomes in faeces.

Immunogenicity and efficacy of VSVAG-SARS-CoV-2 in
golden Syrian hamsters

Golden Syrian hamsters were evaluated as a second
model for VSVAG-SARS-CoV-2 immunogenicity and
efficacy following publication of data demonstrating the
animal’s susceptibility to respiratory tract infection with
SARS-CoV-2.° ®7 The study was divided into two parts.
In Part A (Figure 3a), the animals were vaccinated and
later challenged with SARS-CoV-2 (USA-WA1/2020),
after which their weight and clinical signs were moni-
tored for 14 days. In Part B (Figure 3a), vaccinated ham-
sters were challenged with SARS-CoV-2 and then
sacrificed 4 days later to evaluate tissue virus loads.

Part A (Figure 3a) included two groups of vaccinated
animals (n = 5 per group) and an unvaccinated control
group (n = 6). One group was vaccinated with VSVAG-
SARS-CoV-2 #9 (3 x 10° PFU total, IM) split between

both hind legs and a second group was injected with sol-
uble Spike protein (1o ng) formulated with Adju-Phos
(40 Hg), as used in the cotton rat study described above
(Figure 2a). Blood was collected on days 7, 14, and 26
after vaccination (Figure 3a) for analysis of serum anti-
bodies, and on day 28 the animals were challenged by
IN inoculation with 2 x 10* PFUs of SARS-CoV-2
(USA-WA1/2020), after which they were monitored for
14 days for clinical signs and weight loss.

Serum antibodies induced in animals in Part A were
quantified and characterised by anti-Spike ELISA
(Figure 3b), neutralisation of authentic SARS-CoV-2
(USA-WA1/2020; Figure 3c), or neutralisation of
VSVAG-SARS-CoV-2 #9 (Figure 3d). As shown in cot-
ton rats (Figure 2b), the Spike protein/Adju-Phos vac-
cine (Figure 3b, red) elicited a strong response that
exceeded titres of 1 x 10* by days 14 and 26. Hamsters
immunised with VSVAG-SARS-CoV-2 #9 (Figure 3b,
teal) also rapidly developed substantial serum IgG titres
by day 7 that increased modestly at the later time points.
The binding titres in both vaccine groups were statisti-
cally significant on days 14 and 28 when compared with
controls.

When virus neutralisation was evaluated using
authentic SARS-CoV-2 (Figure 3c) or VSVAG-SARS-
CoV-2 #9 (Figure 3d), it was evident that both vaccines
induced serum nAbs detectable with either assay, and
that the highest mean titres were observed on day 14.
The neutralising titres were higher in the assay based
on VSVAG-SARS-CoV-2 #9 and were statistically signif-
icant compared with controls, except on day 14 in the
group vaccinated with VSVAG-SARS-CoV-2 #9 due to
increased scatter in the data points. Both neutralisation
assays (Figure 3c and d) also detected some decrease in
nAb titres at day 26 while the ELISA titres were rela-
tively stable (Figure 3a), indicating that the neutralisa-
tion assay may be a more sensitive indicator of titre
fluctuations by the subset of antibodies that primarily
target the Spike receptor binding domain. This observa-
tion also indicated that it will be informative to extend
future studies to assess whether the nAb titres stabilise,
and whether a boost affects the magnitude and persis-
tence of nAbs.

When the hamsters described above from Part A of
the study (Figure 3a) were challenged with SARS-CoV-2
by IN inoculation, animals vaccinated with either
VSVAG-SARS-CoV-2 #9 or with Spike protein/Adju-
Phos were protected from weight loss after SARS-CoV-2
challenge (Figure 4a). All vaccinated animals exhibited
transient weight loss out to day 2 after challenge that
may have been influenced by anaesthesia and handling,
but vaccinated hamsters soon resumed gaining weight
normally. In contrast, unvaccinated animals lost on
average 9% of their body weight over a period of 7 days
after which they recovered and steadily gained weight
consistent with earlier data on SARS-CoV-2 infection in
hamsters.®” Overall, hamsters vaccinated with VSVAG-
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SARS-CoV-2 #9g or the subunit vaccine lost significantly
less weight than unvaccinated animals on days 4 to 13,
but by the end of the study, body weights were not sig-
nificantly different for all three groups.

Part B of the study (Figure 3a) included four animals
vaccinated by IM injection with VSVAG-SARS-CoV-2
#9 (3 x 10° PFU) and four unvaccinated controls. Blood
was not collected for serological analysis in Part B, how-
ever, animals were challenged on day 28 using the
same SARS-CoV-2 challenge stock and IN challenge
methods used in Part A. Four days after challenge, the
hamsters were euthanised and tissues were collected to
assess SARS-CoV-2 virus load. Infectious SARS-CoV-2
in lung tissue (Figure 4b) and nasal tissue (Figure 4c)
homogenates were quantified by TCID,, using Vero E6
cells. In unvaccinated animals, high virus loads with a
geometric mean of 4.9 x 107 TCID,, per gram of lung
tissue were detected (Figure 4b) as expected based on
the prolonged weight differential in the unvaccinated
animals in Part A (Figure 4a). In contrast, animals vac-
cinated with VSVAG-SARS-CoV-2 #9 had about
3000 times less infectious SARS-CoV-2 in the lung,
with a geometric mean TCID,, titre of 9.8 x 10%. In
unvaccinated animals, infectious titres of SARS-CoV-2
in nasal tissue (Figure 4c) also were substantial with a
geometric mean value of 9.8 x 10° TCIDs, per gram of
tissue. In animals vaccinated with VSVAG-SARS-CoV-2
#9, 20 times less infectious virus was observed demon-
strating that systemic immunity induced by IM vaccina-
tion did reduce SARS-CoV-2 replication in nasal tissue
although not as strongly as it did in the lower respira-
tory tract.

Immunogenicity and efficacy of VSVAG-SARS-CoV-2 in
golden Syrian hamsters vaccinated by alternative
routes

Although cotton rats did not mount an immune
response to VSVAG-SARS-CoV-2 following IN immuni-
sation (Figure 2b and c), we reinvestigated mucosal vac-
cination with VSVAG-SARS-CoV-2 in hamsters for
multiple reasons. First, hamsters were shown to be sus-
ceptible to Spike-dependent infection when SARS-CoV-
2 was administered intranasally.®” Second, various
examples of VSV vectors have previously demonstrated
immunogenicity when delivered by mucosal
routes.*”°® 7" Third, effective mucosal vaccination has
the potential to stimulate systemic immune responses
as well as establish protective mucosal tissue-resident
memory immunity that can respond rapidly to SARS-
CoV-2 exposure in the upper airways and provide
greater control over local SARS-CoV-2 replication.””
Finally, cells expressing the cofactors needed for pro-
ductive Spike-dependent infection, including ACE2,
TMPRSS2, and furin, have been shown to be relatively
abundant in multiple mucosal sites, including the nasal
cavity, oral cavity, and gastrointestinal tract.”? ®°
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Therefore, we compared mucosal and IM vaccination
with VSVAG-SARS-CoV-2 #9.

In the hamster study outlined in Figure 5a, 10 ham-
sters per group were vaccinated either by application of
VSVAG-SARS-CoV-2 #9 (3 x 10° PFUs) to mucosal sut-
faces or by IM injection using three different dose levels
(3 x 106, I X 10%, 1 X 103 PFUs). IM injection in this
study was performed with the vaccine dose split across
both hind legs as in the earlier hamster study (Figures 3
and 4). Mucosal vaccination was conducted by applying
10 PL virus dropwise to OM along the buccal surfaces or
by a combined IN/OM method dividing mucosal vacci-
nation across the OM (1o pL of virus) and IN surfaces
(50 ML of virus per nare). The relatively large volume of
vaccine used for IN/OM administration was selected to
ensure the virus formulation made maximal contact
with mucosal surfaces in the hamster upper respiratory
tract. However, it should be noted that this approach
likely allowed some of the inoculum to reach the lower
respiratory tract.

Serum IgG titres (Figure 5b) indicated that IM injec-
tion with 3 x 10® or 1 x 10° PFUs was strongly immu-
nogenic, consistent with the prior hamster study
(Figure 3b). The lowest IM dose of 1 x 10® PFUs
induced lower IgG titres in some animals, whereas
other animals failed to mount a detectable antibody
response, which indicated that consistent seroconver-
sion after a single IM vaccination required a dose
greater than 1 x 10> PFU. Hamsters vaccinated by the
IN/OM method using 3 x 10° PFUs also developed a
strong systemic antibody response, as shown by ELISA
titres (Figure 5b). The binding titres induced by IN/OM
vaccination increased between days 14 and 28, whereas
titres induced by IM injection levelled off after day 14,
which resulted in IN/OM vaccination producing seven-
fold higher serum IgG titres at day 28 compared with
those produced by IM injection with a 1o-fold higher
dose (Figure s5b). Vaccination using only the OM
method was less effective and not all animals developed
detectable serum IgG, although responding animals did
achieve substantial binding titres at day 28.

Serum nAbs where quantified by VSVAG-SARS-
CoV-2 #9 plaque-reduction assay (Figure s5c). The
results showed that IM injection or mucosal vaccination
elicited substantial quantities of serum nAbs and that
the titres generally aligned with the magnitude of IgG
ELISA titres (Figure 5b), although there were several dif-
ferences worth mentioning. For example, the magni-
tude of the ELISA titres at days 14 and 28 did not
change substantially in animals vaccinated by IM injec-
tion with either 3 x 10° or 1 x 10° PFUs (Figure s5b),
whereas the nAbs titres declined modestly (Figure s5c¢)
as also seen in Figure 3b and c. Notably, a similar
decline in the nAD titres was not evident in the IN/OM
group (Figure 5c). It was also interesting that low-dose
IM injection (1 x 10® PFU) did not result in development
of nAbs much above the limit of detection even in animals
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with detectable ELISA titres. In contrast, animals with
similar modest ELISA titres after OM vaccination
(Figure sb) did develop considerable serum nAb titres
(Figure s5c). Taken together, these results highlight that
both IM and mucosal vaccination can induce potent
serum nAbs, but that the routes of administration may
result in qualitative differences in the humoral responses.

To generate some initial data on how the different
vaccination methods may affect the distribution of
VSVAG-SARS-CoV-2 #9 RNA in hamsters, we isolated
RNA from blood samples at days 1 and 7 after vaccina-
tion and from stool samples on days 1 and 3 after vacci-
nation (Figure 5d and e). Note that for this part of the
study, only the high-dose IM vaccination group (3 x 10°
PFU; Figure 4a) was analysed for VSVAG-SARS-CoV-2
#9 VRNA, and stool for RNA extraction was collected
from cages of animals that were housed together within
the same vaccine group.

Analysis of RNA extracted from blood (Figure 5d)
showed that animals vaccinated by IM injection had low
transient RT-qPCR signals (~100—1000s copies per
millilitre of serum of VSV matrix gene sequence) 1 day
after vaccination that were absent by day 7. In the OM
or IN/OM groups, only two animals in the OM group
had a delectable signal produced from blood (~1000
copies per millilitres) at day 7. When stool was analysed,
RNA was detectable in samples from animals vacci-
nated by the IN/OM or OM route that were above back-
ground signals observed in samples from unvaccinated
controls on day 1, and the positive signals were
observed again on day 3 in the IN/OM group and to
a lesser extent in the OM group. Although blood and
stool samples were identified with positive RT-PCR
signals, the genome copies were generally low, sug-
gesting it would be challenging to demonstrate that
live virus was present in these samples. Further
studies will be needed to determine if the RNA sig-
nals were indicative of low levels of viremia or infec-
tious virus shedding in stool. The presence of live
VSVAG-SARS-CoV-2 in stool seems unlikely because
detection of infectious SARS-CoV-2*' or VSV in
feces® is not common.

Hamsters from the study described above (Figure s5)
were challenged (Figure 6) at 28 days post-vaccination
with 2.3 x 10* PFUs of SARS-CoV-2 (USA-WA1/2020)
delivered by IN drops. Four days post challenge, five ani-
mals from each group were euthanised to analyse tissue
virus loads and infectious SARS-CoV-2 in homogenised
lung or nasal tissue were quantified using a TCID,
method, as in the previous study (Figure 4).

It is important to mention that the SARS-CoV-2 chal-
lenge stock used in this study was subjected to addi-
tional passage in Vero cells compared with the stock
used in the hamster study described Figures 3 and 4.
The stock used for the study in Figure 6 was passaged
four times in Vero EG cells, which resulted in Spike sub-
stitutions in R682 (Supplementary Figure Sib; 681-

PRRAR-685), which is a highly conserved R residue in
the furin cleavage site consensus.”’ Based on next-gen-
erating sequencing, we estimate that about 95% of the
challenge virus had a substitution at R682 (L, W, or Q;
Supplementary Figure Sib) and this likely reduced chal-
lenge stock virulence, resulting in modest weight loss
(<5%) even in control hamsters (Supplementary Figure
S1a). Interestingly, even though the expected weight
loss was not observed, live SARS-CoV-2 titres in lung
tissue (Figure Ga; PBS) or nasal tissue (Figure Gb; PBS)
confirmed that the challenge virus stock was capable of
substantial virus replication in the upper and lower
respiratory tract, consistent with prior observations
showing that SARS-CoV-2 strains with furin cleavage
site mutations maintain the ability to replicate in ham-
sters and ferrets,+%#%3%4

In animals vaccinated with the high-dose (3 x 10°
PFUs) by the IM route, significantly reduced SARS-
CoV-2 challenge virus replication was observed in the
lungs (Figure 6a). In four of five hamsters vaccinated by
IM injection, infectious SARS-CoV-2 was undetectable
in lung tissue samples and one animal had virus quanti-
ties just above the lower limit of detection. IM vaccina-
tion with lower doses (1 x 10° or 1 x 10® PFUs) was less
effective with breakthrough SARS-CoV-2 replication in
2 of 5 animals in the 1 x 10> PFU group and consider-
able breakthrough in all animals vaccinated with
1 x 103 PFUs.

Like high-dose IM vaccination (Figure 6a), mucosal
vaccination by the IN/OM method with 10-fold less
vaccine (3 x 10> PFUs) was effective and protected the
lung of all animals in this group. OM-only vaccination
presented mixed results in line with the ELISA
(Figure 5b) and nAb (Figure 5c¢) titres, with seropositive
hamsters protected from SARS-CoV-2 replication in
the lung.

When SARS-CoV-2 quantities in nasal tissue sam-
ples were evaluated (Figure Gb), it was evident that the
vaccination routes had a noticeable effect on immunity
in the nasal mucosa. Despite all IM-vaccinated hamsters
in the 3 x 10°® PFU group being seropositive (Figure 5b
and c) there was variable prevention of challenge virus
replication in the nasal cavity, with all five hamsters hav-
ing TCIDj, titres of 1 x 10* or greater in nasal tissues
(Figure Gb). Also, as the IM dose was decreased, there
was increasing SARS-CoV-2 breakthrough replication
in the nasal tissue. In contrast, four of five IN/OM-vacci-
nated hamsters had undetectable TCIDs, titres of
SARS-CoV-2, and the fifth animal had titres of less than
1 x 10* per gram of nasal tissue. Consistent with the
IN/OM findings, the two OM-vaccinated seropositive
animals also strongly controlled SARS-CoV-2 replica-
tion in the nasal cavity. Collectively, these results sug-
gest that mucosal vaccination, even when provided at a
10x lower dose than used for the highest dose of IM
injection, has increased potential to protect the upper
airways.
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Plotting SARS-CoV-2 tissue virus loads against
serum nAbs (Figure 6c¢) further highlighted the point
that mucosal vaccination provided an additional protec-
tive element to the immune response not offered by par-
enteral vaccination. Serum nAb titres appeared to
correlate well with protection in the lung by all routes of
vaccine administration. All but two vaccinated animals
that developed serum nAbs (x-axis) titres of greater than
100 were protected from SARS-CoV-2 replication in the
lung, including the two responding animals from the
OM vaccinated group (Figure sb and ¢, Figure 6¢). In
contrast, protection from SARS-CoV-2 replication in the
nasal cavity was less correlated with serum nAb levels,
as all animals vaccinated by IM injection had higher
quantities of SARS-CoV-2 in nasal tissue samples
(Figure 6c¢). Animals vaccinated by the IN/OM route or
the seropositive animals vaccinated by the OM-only
route were able to control SARS-CoV-2 replication in
the nose, perhaps suggesting local immunity might be
contributing to protection in the upper respiratory tract
(Figure Gc).

Immunogenicity of intranasal VSVAG-SARS-CoV-2
vaccination in hamsters

The immunogenicity and efficacy of IN/OM and OM vac-
cination in the previous study (Figures 5 and 6) indicated
that mucosal vaccination-induced immunity could pro-
tect both lung and nasal tissues from SARS-CoV-2.
Because the OM-only route of vaccination was inconsis-
tently immunogenic and protective (Figures 5 and 6) and
to better define the route of vaccination driving the strong
immunogenicity observed in IN/OM-vaccinated animals,
we further evaluated the immunogenicity of IN vaccina-
tion with VSVAG-SARS-CoV-2 #¢ in the hamsters.

Four groups of 5 hamsters were vaccinated by IN
administration using doses from 1 x 10® down to 1 x 103
PFUs (Figure 7a). IN vaccination was conducted drop-
wise on anesthetised animals using 10 UL per nostril to
help limit spread of the initial inoculum.”> Controls
injected with buffer and a group vaccinated by IM injec-
tion (1 x 10° PFU) were included as comparators. Blood
was collected weekly for 5 weeks for evaluation by ELISA
and VSVAG-SARS-CoV-2 plaque-reduction assay.

IN vaccination across all doses was strongly immu-
nogenic (Figure 7a). ELISA titres peaked around days 21
to 28 in all animals except one in the 10® PFU group
that failed to respond. Noticeably, the titres were rela-
tively unaffected by dose, with all groups exceeding end-
point titres of 3 x 10° on day 28. The serum IgG titres
induced in all IN vaccination groups also were clearly
higher than in the IM vaccination (1 x 10® PFUs) com-
parator group. However, it should be noted that the
titres produced by IM injection in this experiment were
somewhat lower than those seen earlier (Figures 3 and
5), possibly because IM injection was performed in a
single hind leg, whereas in the studies described earlier
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the dose was split between both hind legs. Even when
compared with the lowest IN vaccine dose of 1 x 10°
PFU that produced a geometric mean titre of 370779 at
day 28, the IgG titres induced by IM vaccination (mean
7821) were 47x lower. This result might suggest IN vac-
cination provides a cell environment that allows for
increased VSVAG-SARS-CoV-2 infection and replica-
tion, which drives a stronger immune response than is
possible when the virus is injected into muscle tissue.
Even though IN vaccination likely supported increased
VSVAG-SARS-CoV-2 replication, it appeared to have lit-
tle effect on the hamsters, as they gained weight steadily
during the study (Figure 7d). Future studies will specifi-
cally investigate VSVAG-SARS-CoV-2 replication in the
animals vaccinated by the IN route as well as assess if
the live vaccine elicits nAbs that are active against genet-
ically diverse stains of SARS-CoV-2.

Discussion

Our original objective was to rapidly develop a vaccine
that would deliver an authentic SARS-CoV-2 transmem-
brane glycoprotein Spike immunogen using the
VSVAG chimeric virus approach that was used for devel-
opment of the successful ebolavirus Zaire vaccine."*"
Our initial plan was to compare IM and mucosal vacci-
nation, since we expected mucosal delivery would be
advantageous due to the abundance of ACE2 receptors
at respiratory tract mucosal surfaces” and the potential
for this route of vaccination to elicit immunity resident
at vulnerable mucosal sites.”” However, due to the
urgent need to develop an effective COVID-19 vaccine
when this programme was initiated, we expedited the
development of VSVAG-SARS-CoV-2 for IM injection
by making use of the substantial nonclinical and clinical
data associated with the ebolavirus Zaire vaccine
ERVEBO®, which is delivered by the IM route. ">
Moreover, advancing a vaccine for administration by
standard IM injection was well supported by immuno-
genicity and efficacy data produced here using the ham-
ster model, as well as a full nonclinical safety
assessment that was completed before advancing to
human trials (unpublished data); thus, VSVAG-SARS-
CoV-2 #9 (called V590) was advanced and evaluated in
a phase 1 clinical trial,”® which showed that a single IM
injection with V590 was safe but not sufficiently immu-
nogenic to continue with the product development path
based on a vaccine for IM injection. Some of the preclin-
ical data presented here provide useful context for con-
sidering the basis for the low immunogenicity of the
single IM dose of VSVAG-SARS-CoV-2 #9 observed in
the phase 1 clinical trial.”® Yet, more importantly, the
research described here, as well as by others’**® also
provides encouraging data to support the development
and further evaluation of an intranasal VSVAG-SARS-
CoV-2 vaccine that could help prevent upper respiratory
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tract infection by SARS-CoV-2 and reduce transmission
from asymptomatic infected individuals.

The cotton rat immunogenicity study (Figure 2)
demonstrated that VSVAG-SARS-CoV-2 #9 elicited
binding antibodies and nAbs after a single IM injection,
supporting the feasibility of the IM route for vaccina-
tion. Interestingly, when cotton rats were vaccinated by
the IN route (Figure 2a), humoral responses were unde-
tectable (Figure 2b and c). One interpretation of this
data was that IN vaccination was ineffective because
infection by VSVAG-SARS-CoV-2 #9 at the mucosal
barrier was inefficient, whereas IM injection allowed
sufficient infection and replication to induce an anti-
body response. However, mucosal vaccination studies
conducted later in hamsters (Figures 3, 5 and 7) showed
that IN vaccination induced robust antibody responses,
indicating that there was no innate barrier to infection
at the nasal mucosal in naive hamsters. Instead, it
seemed more likely that cotton rats failed to develop
immune responses after IN vaccination because
VSVAG-SARS-CoV-2 was unable to efficiently infect
and replicate in the nasal mucosa perhaps because the
interaction with cotton rat ACE2 was not optimal.
Although we do not have direct evidence to show that
the interaction between cotton rat ACE2 and Spike is
suboptimal, computational studies indicate that multi-
ple rodent ACE2 receptors are likely to interact weakly
with Spike.®” The explanation for the lack of immuno-
genicity after IN vaccination due to a weak interaction
with cotton rat ACE2 further implies that antibody
responses elicited by IM injection (Figure 2) may have
been primarily driven by exposure to Spike arrayed on
VSVAG-SARS-CoV-2 particles (Figure 1e) in the vaccine
inoculum rather than infection and replication, which
has been described previously in studies with inacti-
vated VSV.**®9 Interestingly, this interpretation may
also agree with earlier results from cotton rat studies in
which exposure to the original SARS-CoV led to the
development of Spike antibodies without any signs of
infection or virus replication.”®

Our initial study (Figure 3) conducted in hamsters
was part of our evaluation of IM vaccination and effi-
cacy. Consistent with the data in cotton rats, IM injec-
tion with VSVAG-SARS-CoV-2 #9 (3 x 10° PFUs)
elicited a strong binding antibody response (Figure 3b),
and the animals developed potent serum antibodies that
could neutralise VSVAG-SARS-CoV-2 #9 (Figure 3d) as
well as authentic SARS-CoV-2 (Figure 3c). Moreover,
when the animals were challenged with SARS-CoV-2,
they were protected from weight loss (Figure 4a) and
virus replication was prevented in the lower respiratory
tract (Figure 4b), demonstrating that IM injection was
efficacious in hamsters. Similar encouraging results in
hamsters vaccinated with a single IM injection of
VSVAG-based SARS-CoV-2 vaccines also have been
observed by others,**5>*° further supporting use of this
route of vaccination. Accordingly, administration of a

single IM dose of VSVAG-SARS-CoV-2 #9 (V590) was
evaluated in a phase 1 clinical trial."®

Although we had encouraging preclinical data from
studies in cotton rats and hamsters supporting use of a
single IM injection of VSVAG-SARS-CoV-2, these posi-
tive results failed to translate to vaccine responses
observed in humans.”® The reason for the conflicting
results between rodents and humans is speculative and
is yet to be fully defined; however, as mentioned above,
our cotton rat data (Figure 2) suggested that it was pos-
sible to induce humoral immune responses in rodents
by IM injection in the absence of significant infection
and replication primarily through immune responses
induced by the regular arrays of Spikes on the input
VSVAG-SARS-CoV-2 virions (Figure 1€) °' and perhaps
this is augmented by virion components interacting
with viral sensors such as Spike binding to toll-like
receptor 4.°> The possibility that IM injection was
immunogenic in rodents without substantial virus
infection also may be extended to our hamster data (Fig-
ures 3 and 5), because skeletal muscle tissue is not a
rich source of cells expressing ACE2 receptors’+3 that
could support infection. The hypothesis that skeletal
muscle is not an effective site for Spike-dependent
VSVAG-SARS-CoV-2 replication also has been dis-
cussed by others based on their research with similar
chimeric viruses.”***94 Thus, although the VSVAG-
SARS-CoV-2 particles displaying Spike arrays might be
quite immunogenic after IM injection in rodents in the
absence of significant infection and replication, it is con-
ceivable that a similar quantity of virion particles
injected a single time into a much larger macaque®* or
human muscle’® would be less immunostimulatory in
the absence of a potent adjuvant, administration of a
booster dose,”” or immune system priming, for exam-
ple, by previous infection with SARS-CoV-2."®

Our investigation of differing routes of vaccine
administration (Figures 3 and 5) suggests that mucosal
vaccination results in a greater immune response to
VSVAG-SARS-CoV-2 in hamsters compared with IM
injection and that IN vaccination may be optimal
(Figure 7). The likely reason for this result is that cells
expressing ACE2 as well as the other cofactors needed
for productive Spike-dependent infection, are abundant
in the upper respiratory tract mucosa and not the
muscle.”3”®° Consistent with this explanation, it also is
clear that VSV vectors encoding Spike immunogens are
immunogenic by other vaccination routes if they are
designed to use infection pathways that are independent
of ACE2.275%949%99 Qur initial hamster study using
alternative routes assessed two mucosal vaccination
methods. The high volume IN/OM combination was
used initially to enable infection across multiple muco-
sal surfaces in the upper respiratory tract (Figure 5a),
whereas another group was vaccinated by applying virus
only to OM surfaces because data were emerging on
ACE2 abundance and the susceptibility of cells to SAR-
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CoV-2 infection in the oral cavity.”®7®79 Notably, IN/
OM vaccination was highly immunogenic and induced
serum nAbs in all animals in this study (Figure s5b
and c), whereas a single dose delivered by just the OM
route was immunogenic but not consistently (two of
five OM-vaccinated animals responded), which may be
similar to the lack of immunogenicity seen in macaques
after a single oral dose.”* Together these results indi-
cated that the application of VSVAG-SARS-CoV-2 to the
mucosal epithelium in the nasal cavity, nasopharynx,
and possibly the lower respiratory tract was the main
contributor to the strong immunogenicity seen with the
IN/OM vaccination method. A follow-up hamster study
(Figure 7) was then conducted using a small volume of
VSVAG-SARS-CoV-2 #9 applied only to the nasal cavity
to restrict most of the vaccine inoculum to the nasal epi-
thelium. This method of IN vaccination caused no
observable adverse reactions in the hamsters
(Figure 7d) and produced a robust systemic immune
response with doses as low as 1000 PFU (Figure 7b and
c), supporting the interpretation that IN vaccination is
an effective method for VSVAG-SARS-CoV-2 delivery in
hamsters, as also concluded by others.5*8¢

The potential benefit of using mucosal vaccination
also was evident in greater control of upper respiratory
tract SARS-CoV-2 infection. All IN/OM-vaccinated and
seropositive OM-vaccinated hamsters strongly sup-
pressed SARS-CoV-2 replication in the nasal cavity
(Figure G6Db). In contrast, parenteral vaccine delivery,
even at a 10-fold higher dose, was unable to abort upper
respiratory tract infection (Figure Gb), suggesting that
mucosal vaccination may afford protection against
severe SARS-CoV-2 disease in the lung (Figure 6a) and
decrease viral transmission. It was also notable that pro-
tection from SARS-CoV-2 replication in the lung had a
strong association with serum nAb titres (Figure Gc),
while in nasal tissue this correlation was less convincing
(Figure 6c), indicating that local immune responses eli-
cited following mucosal immunisation may contribute
to preventing replicating in the nose. Although these
data clearly point to mucosal delivery of VSVAG-SARS-
CoV-2 providing important advantages, recent interest-
ing immunogenicity and efficacy data following muco-
sal vaccination with VSV-based vectors suggests that the
immune response profile may be substantially influ-
enced by the glycoprotein that is determining cell tro-
pism, replicative capacity of the VSV vector delivering
the Spike, and the model animal. Notably, results in
hamsters indicate that VSVAG chimeras designed to
coexpress functional ebolavirus GP and a SARS-CoV-2
Spike immunogen or chimeras expressing Spike
only’>*® (Figures 5 and 6) are efficacious after mucosal
vaccination, whereas the VSVAG chimera expressing
both GP and Spike was not effective in macaques after
IN vaccination.””® Additional research is needed to
understand this observation; however, one interpreta-
tion is that glycoprotein antigen immune dominance
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driven by the ebolavirus GP following IN vaccination in
macaques might shift the balance of neutralising and
non-neutralising Spike antibodies more towards bind-
ing antibodies that cannot contribute to protection from
SARS-CoV-2.

Some limitations to the interpretation of our studies
should be noted. One confounding variable for IN vacci-
nation studies involving small animals is the volume of
vaccine applied, with larger volumes delivered to anes-
thetised rodents allowing vaccine to descend to the lung
where greater vascularisation and infiltration by anti-
gen-presenting cells can result in a more robust
immune response than strict IN immunisation.”" In
studies of cotton rats, we previously demonstrated that
applying a light anaesthetic and using a volume of 5 puL
per nare ensures that the vaccine does not descend to
the lung.*> Although we do not have imaging data to
confirm the localisation of our mucosally-applied
VSVAG-SARS-CoV-2 in hamsters, it is likely that the
OM/IN vaccination with 5o pL vaccine formulation
applied per nare (Figure s5) resulted in deposition of the
vaccine in both the nose and lung. In the follow-up
immunogenicity study (Figure 7), IN administration to
hamsters was conducted with 10 pL of vaccine applied
per nare, which improved the likelihood of retaining
vaccine in the nose, but the possibility of some lung
deposition cannot be excluded.

In conclusion, we have demonstrated that VSVAG-
SARS-CoV-2 is immunogenic and protective against
SARS-CoV-2 in golden Syrian hamsters following par-
enteral (IM) or mucosal (IN/OM or IN) administration,
and that mucosal routes of administration induce stron-
ger immunogenicity even with lower vaccine doses.
Mucosal vaccination also conferred greater upper respi-
ratory protection compared with parenteral administra-
tion. The data suggest that if VSVAG-SARS-CoV-2 can
replicate in mucosal tissues of the human nasal cavity
and nasopharynx, mucosal administration of VSVAG-
SARS-CoV-2 may result in better clinical outcomes than
have recently been observed following a phase 1 study
with IM vaccination."®
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