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We evaluated enveloped virus-like particles (eVLPs) expressing various forms of the Severe acute respi-
ratory syndrome coronavirus-2 (SARS-CoV-2) spike protein and several adjuvants in an effort to identify a
highly potent Coronavirus disease 2019 (COVID-19) vaccine candidate. eVLPs expressing a modified pre-
fusion form of SARS-CoV-2 spike protein were selected as they induced high antibody binding titers and
neutralizing activity after a single injection in mice. Formulation of SARS-CoV-2 S eVLPs with aluminum
phosphate resulted in balanced induction of IgG2 and IgG1 isotypes and antibody binding and neutraliza-
tion titers were undiminished for more than 3 months after a single immunization. A single dose of this
candidate, named VBI-2902a, protected Syrian golden hamsters from challenge with SARS-CoV-2 and
supports the on-going clinical evaluation of VBI-2902a as a highly potent vaccine against COVID-19.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

SARS-CoV-2 responsible for COVID-19, has been circulating
worldwide for more than a year with no significant sign of natural
exhaustion, in contrast to the previous Severe acute respiratory
syndrome (SARS) and Middle East respiratory syndrome (MERS)
epidemics in 2003 and 2012 respectively, which faded despite
absence of a vaccine or specific antiviral treatments. In contrast

Abbreviations: eVLP, enveloped virus-like particules; SARS-CoV-2, Severe acute
respiratory syndrome- coronavirus-2; COVID-19, Coronavirus disease 2019; SARS,
Severe acute respiratory syndrome; MERS, Middle East respiratory syndrome; RBD,
receptor binding domain; TM-CTD, transmembrane cytoplasmic terminal domain;
Ab, antibody; nAb, neutralizing antibody; MLV, murine leukemia virus; ELISA,
enzyme-linked-immuno-sorbent-assay; PRNT, plaque reduction neutralization
test; EPT, end-point titer; Alum, aluminum; ELISPOT, Enzyme Linked ImmunoSpot
Test; IP, Intraperitoneal; IM, Intramuscular; NRC, National Research Council
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to the SARS epidemic, the COVID-19 pandemic is associated with
increasing morbidity, mortality, and mutagenic potential as more
people are infected at an increasing rate [1]. Unprecedented efforts
and measures have been undertaken to rapidly provide prophylac-
tic vaccines that could decrease the rate of infection and prevent
severe health complications [2].

The SARS-CoV-2 spike (S) protein was identified as a major tar-
get for neutralizing antibodies (nAb) due to its crucial role in medi-
ating virus entry and its homology to S proteins from SARS, MERS
and other CoVs for which nAb had similarly been demonstrated
[3,4]. CoV protein S shares several features with class I virus fusion
proteins. They are constituted of 2 functional subunits, S1, contain-
ing the receptor binding domain (RBD) and S2, containing the
fusion entry domain. Binding of the RBD to the host cell receptor
induces conformational changes resulting in activation of the pro-
tease cleavage site upstream of the fusion domain followed by
release and activation of the S2 fusogenic domain [5]. Unlike
SARS-CoV and other CoVs from the same clade, SARS-CoV-2 S con-
tains a furin cleavage site located at the boundary of S1 and S2 [4,6]
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enabling rapid processing of the S protein during biosynthesis in
host cells.

The CoV S proteins are expressed at the viral surface as meta-
stable prefusion trimers that undergo conformational changes
[5,7]. Studies of class I viral fusion proteins resulted in the design
of stabilized prefusion forms resistant to protease cleavage that
could increase expression yield and elicit potent neutralization
responses in mice [8,9]. Wrapp et al. [10] engineered a SARS-
CoV-2 spike refered to as S-2P where two consecutive prolines in
the S2 subdomain between heptad repeat 1 and the central helix
were substituted with the addition of a C-terminus foldon trimer-
ization domain. Vaccine candidates containing SARS-CoV-2 S-2P
have demonstrated potent induction of nAb responses in labora-
tory animals [11,12] and humans [13,14]

Virus-like particles (VLPs) are attractive vaccine candidates to
generate nAb responses. Structurally, they resemble the wild-
type virus from which they are derived, but are much safer because
they lack genetic material and therefore the ability to replicate
[15]. VLPs enable repeating, array-like presentation of antigens
which is a preferred means of activating B cells and eliciting high
affinity antibodies [16]. Indeed, VLP expression of a B cell antigen
improved neutralizing titers over 10-fold relative to immunization
with the same amount of recombinant protein [17]. Accordingly,
the use of VLPs as a vaccine modality may expand higher affinity
B cell repertoires relative to recombinant protein or DNA/mRNA-
based modalities.

In the present study, murine leukemia virus (MLV)-based envel-
oped virus-like particles (eVLPs) [17,18] were used to produce vac-
cine candidates expressing various forms of SARS-CoV-2 S. Among
all constructs tested, SARS-CoV-2 S prefusion bearing the trans-
membrane cytoplasmic terminal domain (TMCTD) of VSV-G, ref-
ered as SPG, enabled the highest yields and density of S
expression on MLV-Gag eVLPs. When adjuvanted with aluminum
phosphate (Alum), SPG-eVLP induced robust and sustained nAb
responses exceeding those observed with SARS-CoV-2 convales-
cent sera after a single dose. This formulation was selected as
our vaccine candidate refered as VBI-2902a. VBI-2902a was safe
and highly efficacious in a hamster challenge model after just a sin-
gle dose, emphasizing the high potency of antigen expression by
eVLPs.

2. Materials and Methods
2.1. COVID-19 human sera

Plasma samples were purchased from Biomex GmbH (Heidel-
berg, Germany). Samples were collected under consent at donation
centers in Heildelberg or Munich, from 30 individuals who recov-
ered from mild to moderate COVID-19 as defined by NIH guidelines
[19]. Subjects were aged 26 to 61 years old. Sera were collected at
26 to 72 days post infection. One 61 year old woman was asymp-
tomatic, while all others experienced mild to moderate illnesses
without the need for hospitalization or oxygen supplementation.
Symptoms included fever, headache, anosmia, coughing, difficulty
breathing, tiredness and muscle pain.

2.2. Plasmids, eVLPs production and adjuvant formulation

Four constructs bearing SARS-CoV-2 Spike protein sequences
extracted from Wuhan-Hu-1 sequence (Genbank MN908947) were
designed as follows: S, unmodified full length spike protein; SG, S
ectodomain fused with the TMCTD of VSV-G; SP, prefusion full
length S and SPG; prefusion S ectodomain fused with VSVS-G
TM-CTD (Fig. 1a). All sequences were codon optimized for expres-
sion in human cells prior to synthesis and subcloning into a propri-
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etary modified phCMV plasmid at Genscript (Piscataway, NJ).
eVLPs were produced by transient polyethylenimine transfection
in proprietary HEK-293SF-3F6 GMP compliant cells provided by
the National Research Council (NRC, Montreal, Canada) and grown
in serum-free chemically defined medium [20]. SARS-CoV-2 S
eVLPs were produced by co-transfection with one of the SARS-
CoV-2 S plasmids together with a MLV-Gag plasmid as described
elsewhere [18]. Control “empty” eVLPs, Gag eVLPs lacking surface
expression of any form of S protein, were produced by transfection
with the Gag plasmid only.

Cell culture harvests containing eVLPs were processed using a
proprietary purification steps that consists of clarification, tangen-
tial flow filtration, benzonase® treatment, diafiltration and ultra-
centrifugation using sucrose cushion. The final product was
sterile filtered using 0.2 um membrane prior to preparation of vac-
cine. Depending on the pre-clinical mouse study, SARS-CoV-2
eVLPs vaccines were formulated with either Alum (Adjuphos®),
MF59, or AS04 adjuvant systems purchased from Invivogen.

2.3. Western blot analysis of eVLPs content

The expression of SARS-CoV-2 S protein in eVLP preparations
was analyzed by western blotting as described previously [17]
using rabbit polyclonal Ab (pAb) anti-RBD of SARS-CoV-2 S (Sino-
biological) followed by detection with goat anti-rabbit IgG-Fc
horseradish peroxydase-conjugated (Bethyl). Alternatively, human
sera from COVID-19 convalescent subjects was used as primary
antibody followed by detection with goat anti-human IgG heavy
and light chain HRP-conjugated (Bethyl). Precision Protein Strep-
tactin HRP conjugate (Bio-Rad) was used as molecular weight lad-
der standard. Recombinant SARS-COV-2 S (S1 + S2) unmodified
protein (Sinobiological) or SARS-CoV-2 stabilized prefusion S pro-
tein (NRC) were used as controls.

2.4. Mouse and rat immunization study

Six- to 8-week-old female C57BL/6 mice were purchased from
Jackson Laboratory (ME, USA). The animals acclimatized for a per-
iod of at least 7 days before any procedures were performed. The
animal studies were conducted under ethics protocols approved
by the NRC Animal Care Committee. The animals were maintained
in a controlled environment in accordance with the “Guide for the
Care and Use of Laboratory Animals” at the NRC Animal Research
facility (Institute for Biological Sciences, Ottawa, Canada). Mice
were randomly assigned to experimental groups of 10-15 mice
and received intraperitoneal (IP) injections with 0.5 mL of different
adjuvanted SARS-CoV-2 immunogens or eVLPs produced without
any spike (gag eVLPs described above). Blood was collected on
day 1 before injection and day 14 after each injection for humoral
immunity assessment, and spleens were colllected 14 days after
the last injection for cellular immunity assessment. In some exper-
iments, as indicated in legends, 5 mice per group, randomly picked,
were sacrificed 14 days after the first injection and the remaining
mice were sacrificed 14 days after the second injection. All mice
from each group were sacrificed 14 days after the last
immunization.

Rats study was conducted at Charles River laboratories (Laval,
Canada), using 10 weeks old Wistar Han rats (Charles River
Raleigh, USA) in accordance with approved ethic protocols and
guide of care as mentioned above. Rats received intramuscular
(IM) injections of VBI-2902a corresponding to 5 pg of S per dose.

2.5. Hamster challenge study

Syrian golden hamsters (males, 5-6 weeks old) were purchased
from Charles River Laboratories (Saint-Constant, Quebec, Canada).
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Fig. 1. Constructs design and production of eVLPs expressing SARS-CoV-2 Spike protein. (a) Schematic representation of SARS-COV-2 S plasmid constructs. TM-CTD:
Transmembrane cytoplasmic terminal domain. (b) Expression of SARS-CoV-2 S analyzed by Western-blot of SARS-CoV-2 eVLPs and recombinant proteins using a rabbit
polyclonal Ab (pAb, upper panel) raised against SARS-CoV-2 RBD (Sinobiological) or COVID-19 convalescent human serum (HuCS, bottom panel). eVLPs produced with Gag
plasmid only (Gag eVLPs) and recombinant SARS-CoV-2 S proteins were used as negative and positive controls respectively. (c) Detection of SARS-CoV-2 S by Western-blot
(anti-RBD pAD) after overnight incubation at 37 °C with or without PNGase F (New England Biolabs) at 1000 and 2000 Units as indicated. MW: molecular weight ladder, r-S:
recombinant native S, r-SP: recombinant prefusion S protein containing a mutated furin cleavage domain (RRAR — GSAS), replacement of 2 proline (KV — PP) and a

trimerization domain.
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The study was conducted under approval of the CCAC committee at
the Vaccine and Infectious Disease Organization (VIDO) Interna-
tional Vaccine Centre (Saskatchewan, Canada). Animals were ran-
domly assigned to each experimental groups (A, B)
(n = 12/group) in two independent experiments (Regimen II and
Regimen I). Groups A placebo received 0.9%-saline buffer, Groups
B received VBI-2902a. Each dose of VBI-2902a contained 1 pg of
Spike protein and 125 pg of Alum. Injection was performed by
intramuscular (IM) route at one side of the thighs in a 100 uL vol-
ume. The schedule for immunization, challenge and sample collec-
tion is depicted on Fig. 6a. All animals were challenged intranasally
via both nares with 50 pL/nare containing 1 x 10° TCID50 of SARS-
CoV-2/Canada/ON/VIDO-01/2020 (Sequence available at GISAID
EPI_ISL_425177) strain per animal. Body weights and body tem-
perature were measured at immunization for 3 days and daily from
the challenge day. General health conditions were observed daily
through the entire study period. Blood samples and nasal washes
were collected as indicated on Fig. 6a. For evaluation of lung dis-
ease and RNA viral load, lung and nasal turbinates were collected
after euthanazia of 6 animals per group at 3 dpi and 14 dpi. The
challenge experiments were performed in the animal biosafety
level 3 (ABSL3) laboratory at VIDO.

2.6. Antibody binding titers

Anti-SARS-CoV-2 specific IgG binding titers in sera were mea-
sured by standard ELISA procedure described elsewhere [17], using
recombinant SARS-CoV-2 S (S1 + S2) protein (Sinobiological). For
total IgG binding titers, detection was performed using a goat
anti-mouse IgG-Fc HRP (Bethyl) for mouse serum, or goat anti-
rat IgG Fc fragment HRP (Bethyl), or goat anti-human IgG heavy
and light chain HRP-conjugated (Bethyl) for human serum. HRP-
conjugated Goat anti-mouse IgG1 and HRP-conjugated goat anti-
mouse IgG2b HRP (Bethyl) were used for the detection of isotype
subtype. Determination of Ab binding titers to the RBD was per-
formed using SARS-COV-2 RDB recombinant protein (Sinobiologi-
cal). The detection was completed by adding 3,3,5,5'-
tetramethylbenzidine (TMB) substrate solution, and the reaction
stopped by adding liquid stop solution for TMB substrate. Absor-
bance was read at 450 nm in an ELISA microwell plate reader. Data
fitting and analysis were performed with SoftMaxPro 5, using a
four-parameter fitting algorithm.

Ab binding titers in hamster sera were determined with ELISA
method. Plates were coated with spike S1 + S2 Ag (Sinobiological).
The coating concentration was 0.1 ug/mL. Plates were blocked with
5% non-fat milk powder in PBS containing 0.05% Tween 20. Four-
fold dilutions of serum were used. Goat anti-Hamster IgG HRP from
ThermoFisher was used as the secondary antibody at 1:7000.
Plates were developed with OPD peroxidase substrate (Thermo Sci-
entific Pierce). The reaction was stopped with 2.5 M sulfuric acid
and absorbance was measured at 490 nm. Throughout the assay,
plates were washed with PBS containing 0.05% Tween 20. The
assay was performed in duplicate. The titers were reported as the
end point titer corresponding to the first dilution that gave an
OD 3-fold higher than the background.

2.7. Virus neutralization assays

Neutralizing activity in mouse serum samples was measured by
standard plaque reduction neutralization test (PRNT) on Vero cells
at the NRC using 100 PFU of SARS-CoV-2/Canada/ON/VIDO-01/20
20. Results were represented as PRNT90, PRNT80, or PRNT50 end
point titer, corresponding to the lowest dilution inhibiting respec-
tively 90% or 80% or 50% of plaque formation in Vero cell culture.

Virus neutralization assays against the challenge SARS-CoV-2
virus were performed at VIDO, on the hamster serum samples col-
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lected at pre-challenge and at the end day; 3 days post-challenge
or 14 days post-challenge. The study was conducted using the cell
line Vero E6. The serum samples were heat-inactivated for 30 min
at 56 °C. The serum samples were initially diluted 1:10 and then
serially diluted (2-fold serial dilutions). The virus was diluted in
medium for a final concentration of 3 x 102 TCID50/mL. Initially
60 pL of the virus solution was mixed with 60 pL serially diluted
serum samples. The mixture was incubated for 1hr at 37 °C, with
5% CO2. The pre-incubated virus-serum mixtures (100 pL/well)
were transferred to the wells of the 96-well flat-bottom plates con-
taining 90% confluent pre-seeded VeroE6 cells. The plates were
incubated at 37 °C, with 5% CO2 for 5 days. The plates were
observed using a microscope on day 1 post-infection for contami-
nation and on days 3 and 5 post-infection for cytopathic effect
(CPE). The serum dilution factor for the last well with no CPE at
5 dpi was defined as the serum neutralization titer. The initial
serum dilution factor was 1:20.

2.8. Viral pRT-PCR on hamster RNA

Extraction of RNA from lung (cranial and caudal lobes) and
nasal turbinates was completed using approximately 100 g of tis-
sue. The tissues were homogenized in 600 pL of lysis buffer (RLT
Qiagen) with a sterile stainless steel bead in the TissueLyserlI (Qia-
gen) for 6 min, at 30 Hz. The solution was centrifuged at 5000 x g
for 5 min. Supernatant was transferred to a fresh tube containing
600 L of 70% ethanol, and the tube was incubated at room tem-
perature for 10 min. Viral RNA was then purified using Qiagen
Rneasy Mini Kit (Cat No /ID: 74106) and eluted with 50 pL elution
buffer.

The qRT-PCR assays were then performed using SARS-CoV-2
specific primers targeting the env gene of SARS-CoV-2 (Fwd,
ACAGGTACGTTAATAGTTAATAGCGT; Rev, ATATTGCAGCAGTACGCA-
CACA) and labelled probe, ACACTAGCCATCCTTACTGCGCTTCG. The
primers have an annealing temperature of approximately 60 °C.
Qiagen Quantifast RT-PCR Probe kits were used for qRT-PCR. The
gRT-PCR results were expressed in RNA copy number per reaction.
This was done by producing a standard curve with RNA extracted
from a sample of SARS-CoV-2 which was cloned to determine exact
copy number of the gene of interest. The Ct values for individual
samples were used with the standard curve to determine the copy
number in each sample. The qRT-PCR reactions were performed
using the OneStepPlus (Applied Biosystems) machine. The program
was set at: Reverse transcription (RT) 10 min at 50 °C; Inactivation
5 min at 95 °C; and then 40 cycles of denaturation for 10 sec at
95 °C and annealing/extension for 30 sec at 60 °C.

2.9. IFN-y Ex-vivo ELISPOT

IFN-y ELISPOT analyses to measure Th1 T cell responses were
performed as follows. One day before the spleens were removed,
ELISpot plates (Millipore) were coated with IFN-y capture antibody
at a concentration of 15 pg/mL (Mabtech). The following day, mice
were sacrificed and spleens were removed. Spleens from individual
mice were processed to produce single cell suspensions. Erythro-
cytes were lysed using a commercially available RBC lysis buffer
(BioLegend). Fifty microliters containing 2x10° splenocytes were
then to each well of a pre-blocked ELISPOT plate. Then, fifty micro-
liters of stimulant pepmixes (JPT peptides) resuspended in
RPMI + 10 % FBS (R10) with recombinant mouse IL-2 (rmlIL-2)
(R&D Systems) were added to each well. The final concentration
of each peptide in the assay was 1 pg/mL/peptide, and the final
concentration of rmIL-2 was 0.1 ng/mL. R10 alone was used as a
negative control and PMA + Ionomycin as a positive control. The
ELISPOT plates were then placed into a humid 37 °C with 5% CO2
incubator for 40-48 h. After incubation, the plates were washed
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and IFN-vy capture antibody was added, followed by streptomycin
horseradish peroxidase (strep-HRP). The plates were developed
with commercially available 3-Amino-9-ethylcarbazole (AEC) sub-
strate (Sigma-Aldrich). The observed spots were counted using an
ELISPOT plate reader by ZellNet and the final data was reported as
spot forming cells (SFC) per one million splenocytes.

2.10. Histopathology

At necropsy the left lung of hamsters was perfused with
neutral-buffered formalin immediately after collection. Tissues
were fixed in neutral-buffered formalin for a week, then placed
into fresh neutral-buffered formalin before being transferred from
containment level 3 to containment level 2 laboratory. Tissues
were embeded, sectioned and stained with hematoxylin and eosin.
Slides were examined by a board-certified pathologist.

2.11. Statistics

All statistical analyses were performed using GraphPad Prism 9
software (La Jolla, CA). Unless indicated, multiple comparison was
done with Kruskall-Wallis test. The data were considered signifi-
cant if p < 0.05. Geometric means (geomean) with standard devia-
tion are represented on graphs. No samples or animals were
excluded from the analysis. Randomization was performed for
the animal studies.

3. Results
3.1. Impact of SARS-CoV-2 S antigen design on expression and yield

Four constructs were designed based on the spike protein
sequence of the SARS-CoV-2 Wuhan-Hu-1 isolate and subcloned
into expression plasmids for the production of eVLPs as described
in Methods (Fig. 1a). To obtain a stabilized prefusion form of S (SP),
the furin cleavage site of S, RRAR, was inhibited by mutation of the
3 arginines into a glycine and 2 serine (GSAS) and 2 proline substi-
tutions were introduced at successive residues K986 and V987. Our
previous work has demonstrated that the swap of the transmem-
brane cytoplasmic terminal domain (TMCTD) of CMV glycoprotein
B resulted in enhanced yields and immunogenicity of the gB glyco-
protein presented on eVLPs [17]. Based on this data, two additional
constructs, Native-VSVg (SG) and Stabilized Prefusion-VSVg (SPG)
were designed by swapping the TMCTD of S with that of VSV-G.
The resulting four types of eVLPs were analysed by Western blot
using a polyclonal Ab directed against the SARS-CoV-2 S receptor
binding domain (RBD) and human convalescent serum. The eVLPs
produced with S and SG constructs showed two major bands
around 180 KDa and 100 KDa corresponding to the full length
and cleaved S proteins as previously demonstrated [21] (Fig. 1b,
lane 2-3). In contrast, eVLPs produced with SP and SPG constructs
expressed only the uncleaved full length 180 KDa protein as the
result of the furin cleavage site mutations. Expression of S was
slightly improved by the VSV-G swap in SG, and more dramatically
enhanced by the inhibition of the cleavage sites in SP and SPG
(Fig. 1b, lane 4-5). An additional band around 150 kDa was repro-

Table 1
Optimisation of SARS-CoV-2 S protein yields by alteration of the sequence construct.
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ducibly observed upon overexpression of uncleaved S. Results from
deglycosylation experiments suggested that it reflected S protein
deprived of N-Glycosylation (Fig. 1c), as already described with
recombinant S [22], and that would occur because of overloading
of the host cell machinery. Similar results were obtained after blot-
ting with human convalescent serum (Fig. 1b).

Quantitative analysis of protein content in eVLP preparations
showed that for a similar number of particles and comparable
amounts of Gag protein, the amount of SARS-CoV-2 S protein
was increased substantially with replacement of the TMCTD and
by use of the stabilized prefusion construct, suggesting that the
density of the S protein was enhanced using the VSV-G constructs
(Table 1). The best yield was reproducibly obtained when produc-
ing the eVLPs expressing the prefusion VSV-G form of S, with up to
a 40-fold increase relative to eVLPs expressing native S.

3.2. Impact of SARS-CoV-2 S antigen design on neutralizing antibody
responses

Comparison to convalescent serum is commonly used as a
benchmark to help evaluate immunogenicity and potential efficacy
of Covid-19 candidate vaccines. However, a wide spectrum of Ab
responses can be observed in recovering patients, ranging from
barely detectable to very high levels, likely influenced by time
since infection and severity of disease. To enable comparison
across experiments, we obtained a cohort of 20 sera from COVID-
19 confirmed convalescent patients with moderate COVID-19
symptoms who all recovered without specific treatment interven-
tion or hospitalization. The cohort was separated into two groups
of 10 samples according to high or low levels of Ab binding activity
to SARS-CoV-2 (Suppl. Fig. 1a-b, [23]). Sera from each group were
then pooled and tested for neutralizing activity (Suppl. Fig. 1c).
As expected, the pool of human sera showing higher levels of IgG
titers against SARS-CoV-2 S had the highest neutralizing activity,
which was consistent with previous observations [24]. To provide
a robust benchmark with which to assess the immunogenicity of
the vaccine candidates, only the high titer pooled sera was used
to assess vaccine-induced responses in animals.

Humoral responses of the various types of SARS-CoV-2 eVLPs
and control eVLPs devoid of Spike protein were evaluated in
C57BL/6 mice that received 2 IP injections at 3 week intervals
(Fig. 2). In mice, VLP immunization induces comparable humoral
responses after IP and IM administration [25], but the IP route is
prefered to IM because of the small size of the muscles and com-
paratively large volume when using alum-based formulations. No
Ab binding against SARS-CoV-2 S and no neutralization activity
against SARS-CoV-2 virus could be detected in sera from control
group diluted 1/100 either tested as pools (Fig. 2a-b) or as individ-
ual sera (not shown). The first injection of unmodified S presented
on eVLPs induced levels of anti-SARS-CoV-2 S Ab binding titers
similar to those in mice that received a recombinant trimerized
prefusion S protein, but they were not associated with significant
(90% or greater) neutralization activity as measured in a plaque
reduction neutralization test (PRNT) (Fig. 2a-b). In contrast, a sig-
nificant nAb response was induced by a single injection of eVLPs
expressing prefusion SP or SPG, with PRNT90 end-point titers
(EPTs) of 80 and 160 respectively. These values were higher than

Spike Construct Gag total amount (mg)

SARS-CoV-2 S total amount (mg

S to Gag ratio (%) Particle number/mL

Native (S) 23 0.16
Native-VSV-G (SG) 19 0.5

Prefusion (SP) 32 0.23
Prefusion-VSV-G (SPG) 23 0.64

0.7 437 x 10"
2.63 437 x 10"
0.72 4.37 x 10"
2.78 4.37 x 10"
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Fig. 2. Immunogenicity of the various forms of SARS-CoV-2 S eVLPs in C57BL/6 mice. C57BL/6 mice, 10 per group, received 2 injections of Gag eVLPs deprived of S or
various forms of SARS-CoV-2 S or recombinant prefusion SP at day 0 and 21 as indicated on legend, S: native S, SG: S with VSV-G tail, SP: prefusion S, SPG: prefusion S with
VSV-G tail, r-SP: recombinant SP protein. Sera were collected 2 weeks after each injection. (a) Pooled sera from each group were analyzed for specific SARS-CoV-2 S (S1 + S2)
total IgG; results are represented as EPT corresponding to the first dilution that gave an OD 3-fold above background. (b) Pooled sera from each group were analyzed in PRNT
assay with a 90% threshold (PRNT90) as described in Material and Methods. A pool of human sera from COVID-19 convalescent patients with moderate disease (HCS) was
used as reference. (c-d) Individual sera were analyzed in ELISA using recombinant SARS-CoV-2 S (S1 + S2) protein (c) or recombinant SARS-CoV-2 RBD protein (d). All 10 sera
from Gag eVLP control group were negative in the same ELISA at PRNT at dilution of 1/500 and were not represented in fig. ¢ and d. P values from Kruskall-Wallis test
comparing groups are indicated in ¢ and d. Serum from mice that received the negative control eVLP deprived of S were below the detection limit in both S1S2 and RBD ELISA
and were not represented on graphs c and d.

those observed with the human convalescent control pool (PRNT90
EPT of 50). All nAb responses were greatly enhanced by the second
injection and reflected the responses that were observed prior to
the boosting dose. Notably, all forms of SARS-CoV-2 S presented
on eVLPs induced higher antibody titers than recombinant prefu-
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sion S protein, both in the levels of total IgG and neutralization
activity, after one or two injections.

Individual mice sera obtained 14 days after the second injection

of eVLPs were evaluated for the specificity of the Ab responses
against the whole S1 + S2 protein or the RBD (Fig. 2c-d). All
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injection. (@) Numbers of IFNy producing cells per million splenocytes collected from 5 mice randomly picked 2 weeks after the second injection were measured by ELISpot
using peptide pool covering the entire S(S1 + S2) protein. (b) Total IgG were measured in ELISA against recombinant SARS-CoV-2 S (S1 + S2) protein, results are represented as
EPT. (c-d) Isotype usage was determined in individual sera by specific ELISA using HRP conjugate goat Ab against mouse IgG1 and IgG2. (c) Results are expressed as the ratio

of IgG2b to IgG1. Results from Kruskall-Wallis comparison of groups are indicated.

immunized mice that received eVLPs showed robust anti-SARS-
CoV-2 Ab responses either against a full length S1 + S2 protein
(Fig. 2c) or against the RBD protein (Fig. 2d). A more homogenous
response was observed in mice that received the SPG eVLPs, with
all Ab EPTs above 400,000 against S (5.6 Log 10), and above
650,000 against RBD (5.8 Log10).

3.3. Influence of adjuvants on antibody and T cell responses

Aluminum salts are commonly used adjuvants in the formula-
tion of VLP-based vaccines against hepatitis B (e.g. Engerix-B®) or
human papillomavirus (e.g. Gardasil®) with an extensive safety
record. However, they have also been demonstrated to induce
Th2 biased antibody and T cell responses in some instances, which
could be detrimental for a SARS-CoV-2 vaccine. Indeed, a Th2-type
response has been suggested to contribute to the “cytokine storm”
associated with vaccine-induced severe lung pathologies [26,27].
Therefore, we compared formulation of eVLPs with Alum to
MF59 and the adjuvant system AS04. Native S eVLPs were prefered
for this experiment because they induced suboptimal nAb
responses compared to SPG eVLPs and enabled the potency of each
adjuvant to enhance immunogenicity to be better appreciated. The
various adjuvanted formulations of S eVLPs were compared to
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recombinant stabilized prefusion S protein (r-SP) formulated in
Alum adjuvant, which was expected to induce a Th2-biased
response [28]. Mice received two IP injections and Ab and T cell
responses were measured 14 days after the second injection
(Fig. 3). MF59 enhanced IFN-y T cell responses compared to Alum
(Fig. 3a) but induced similar Ab responses (Fig. 3b-c) and a compa-
rable, balanced IgG2/IgG1 ratio (Fig. 3d). The AS04 adjuvant
skewed responses towards a Thl-type T cell response. Most
remarkably, while r-SP in Alum preferentially induced IgG1 Ab rep-
resentative of a Th2 response, S-eVLPs induced balanced produc-
tion of IgG1 and IgG2b indicating a balanced Th1/Th2 response
(Fig. 3d). As formulation in Alum induced a balanced Th1/Th2
response rather than a strong Th2 skewed response, and because
of its extensive record of clinical safety, we chose Alum as the adju-
vant of choice for our VLP candidate vaccine against SARS-CoV-2.

3.4. Immunogenicity in mice of vaccine candidate VBI-2902a

While prefusion spike SP eVLPs and modified prefusion SPG
eVLPs induced comparable levels of neutralizing Ab responses,
yields of SPG eVLPs productions were reproducibly higher than
those of SP eVLPs or any other constructs. Based on these results
above, we chose to evaluate the immunogenicity and potential
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Fig. 4. Inmunogenicity of VBI-2902a in C57BL/6 mice. (a-d) Two groups of 10 mice were immunized twice at 3 weeks interval with VBI-2902a containing 0.2 ug of S
protein. Blood was collected 2 weeks after each injection, P1d: post 1st dose, P2d: post 2nd dose. (a) Ab binding titer against recombinant S (S1 + S2) compared to human
convalescent sera, measured by ELISA, (b) neutralization end point titers measured by PRNT90, (c) Ab binding titers against recombinant S(S1 + S2), recombinant RBD or
recombinant S2 measured by ELISA in sera after the 2nd dose. Results from Kruskall-Wallis comparison of groups are indicated for a and b. (d) Numbers of IFN-y producing
cells per million splenocytes collected 2 weeks after each injection were measured by ELISpot using Pepmix 1 or Pepmix 2 preferentially covering SARS-CoV-2 S1 domain or
S2 domain respectively. (e, f) Kinetic of the humoral response after single injection of VBI-2902a calculated as end point titer determined in ELISA (e) and PRNT90 (f). Each dot
represent individual animal serum. Paired, non parametric, Friedman test with Dunn’s correction for multiple comparison was performed to compare values between time

points; a p value of < 0,05 was considered statistically significant.
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by a doted line. (b) PRNT90 were performed as described in Material and Methods with either SARS-CoV-2 lineage B, hCOV-19/Canada/ON-VIDO-01/2020 (WU) or lineage
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efficacy of eVLPs expressing SPG protein formulated with Alum,
named VBI-2902a, after one or two injections 21 days apart. Four-
teen days after a single injection, sera from mouse immunized with
VBI-2902a contained total anti-Spike IgG EPTs reaching geometric
means of (4.8 Log10) 54,891 that were associated with neutralizing
PRNT9O0 titers of 365 (2.6 Log10). A second injection boosted Ab
binding titers to 228,374 (5.4 Log10) with nAb titers of 1,079 (3.0
Log10) (Fig. 4a-b). Levels of nAb response were higher than those
observed in sera from convalescent patients. Abs were preferen-
tially directed against the RBD and S1 with only low binding to
S2 (Fig. 4c).

Mouse splenocytes collected 2 weeks after each immunization
were stimulated ex vivo using two different peptide pools preferen-
tially covering the S1 domain (pepmix 1) or the S2 domain (pepmix
2) respectively. Numbers of IFN-y spot forming cells (Fig. 4d) sug-
gested preferential T cell responses against the S1 domain of the
spike protein rather than against the S2 domain. No major
increases in T cell responses were observed after the second injec-
tion of VBI-2902a.

Additionally, in mice, a single dose of VBI-2902a induced a sus-
tained Ab response for at least 15 weeks without any drop in neu-
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tralization titers (Fig. 4e-f) despite a slow decrease of Ab titers after
10 weeks.

Sera from both mice and rats that had received 2 injections of
VBI-2902a were used to assess the crossreactivity of VBI-2902a
induced humoral immunity against B.1.351 “South Africa” variant
(SA). High antibody binding crossreactivity against WU and SA
recombinant spike proteins was observed (Fig. 5a) with geomean
titers of 285,794 (WU) vs. 146,369 (SA) in mice (Willcoxon test p
0.0078, n = 8) and 175,748 (WU) vs 240,034 (SA) in rats (Wilcoxon
test p value of 0,3223, n = 10). However, the high levels of neutral-
ization activity measured in PRNT90, (geoman of 2458 in mice and
1694 in rats) significantly dropped against the SA variant with geo-
mean of 94 in mice and 320 in rats) (Fig. 5b).

3.5. Protective efficacy of VBI-2902a in Syrian golden hamsters

The protective efficacy of VBI-2902a was examined in Syrian
Gold hamsters. SARS-CoV-2 infection in Syrian Gold hamsters
resembles features found in humans with moderate COVID-19
and is characterized by a rapid weight loss starting 2 days post
infection (dpi) [29,30]. Two immunization regimens were
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compared. Regimen II consisted of two IM injections of VBI-2902a
or saline at 3 weeks interval whereas Regimen I consisted of a sin-
gle dose injection of VBI-2902a or saline (Fig. 6a). Three weeks
after the last injection (day 42 in Regimen Il and day 21 in Regimen
1), all animals were inoculated intranasally with 1 x 10° TCID50 of
SARS-CoV-2 per animal and monitored daily for weight change,
general health and behavior.

After a single injection of VBI-2902a the levels of anti-S IgG
rapidly increased in the serum of immunized animals with EPTs
reaching 1-2x10° (Fig. 6b). The second injection enhanced these
levels approximately 10-fold to reach EPTs of 2-3x10* at day 35,
which translated into robust neutralization titers of over 10> EPT
as measured by PRNT90 (Fig. 6¢). In the single dose regimen, the
neutralization activity (geomean of 69), was increased 250-fold
to 1725 within 3 days after exposure to the virus.

Animals in all groups lost 2-4% of body weight 2 days post
infection (2dpi) (Fig. 7a-b). Animals in the saline control groups
continued to lost weight until an average 15% loss at 7dpi at which
time 11 of 12 began to regain weight. One animal was euthanized
at 7 dpi because of a severe clinical presentation associated with a
loss in weight. Histophathology at necropsy revealed severe lung
pathology (score of 4 with inflammation and cell infiltration). In
marked contrast, none of the hamsters immunized with two doses
of VBI-2902a lost any further weight after 2dpi, regaining normal
weight by 7dpi (Fig. 7a). In group VBI-2902a(Il), one animal that
had regained its weight at 3 dpi was found moribond and was
euthanized. Its clinical condition was not associated with lung
pathology. In the single dose regimen, the majority of the animals
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started to regain weight after 3dpi instead of 2dpi (Fig. 7b). Statis-
tical analysis indicated a significant difference in body weight loss
between control groups and vaccinated groups from day 2 to day 9
after two doses and from day 6 to day 8 after one dose.

At 3dpi, two doses of VBI-2902a resulted in highly significant
(p = 0001) viral load median reductions (Fig. 8a) of 4,45 Log10
(IQR 4,95-4,33)in the cranial lobe and 5,17 Logl10 (IQR 5,69-
4,39) in the caudal lobe relative to non-immunized animals. A Sig-
nificant decrease of viral RNA was also observed after a single dose
of vaccine with median decreases of 2,28 Log10 (IQR 2,68-2,06) in
the cranial lobe and 3,49 Log10 (IQR 3,61-3,42) in the caudal lobe.
The viral load values observed in lungs were inversely correlated
with the neutralization measured as PRNT90 (Fig. 8b-c). More viral
RNA was found in nasal turbinates, which may have included
residual viral inoculum as suggested previously [30,31]. Data from
prior studies also suggested an extended persistence of the virus in
nasal turbinates while bearly detectable in the lung [29]. Both vac-
cine regimens induced decreases in lung-to-body weight ratio
(Fig. 9a) and in lung histopathological scores (Fig. 9b) compared
to Saline controls. However, higher statistical differences observed
with the two-dose regimen suggested that the 2 doses of VBI-
2902a induced better protection than the single dose.

4. Discussion

The unprecedented urgency for a safe COVID-19 vaccine that
can confer protection as quickly as possible with as few doses as
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Fig. 8. Viral load analysis in SARS-CoV-2 infected hamsters. (a-b) At 3dpi, qRT-PCR assays were performed on RNA from samples of nasal washes, lung tissues (cranial and
caudal lobes) using SARS-CoV-2 specific primers. Results were expressed as copy number per gram of tissue sample. (c-d) Correlation analysis of viral loads measured in lung
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by SARS-CoV-2 virus. (a) lung to body weight ratio in hamsters at 3dpi and 14dpi.
(b) Histopathology severity analysis of hamster lungs at 3dp and 14 dpi. Scores
were evaluated on a scale from 0 to 4 as follow: 0, no microscopic lesions; 1, slight
or questionable pneumonia; 2, clearly present, but not conspicuously so; 3,
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Kruskal-Wallis non-parametric test followed by Dunn’ multiple comparisons test.
Adjusted p values are shown.

possible is evident as regulatory agencies and vaccine manufac-
tures have discussed the risks and benefits of delaying planned sec-
ond doses of currently available COVID-19 vaccines to enable
immunization of a greater number of individuals as quickly as pos-
sible [32,33]. We have previously demonstrated that expression of
proteins on the surface of eVLPs dramatically enriches for neutral-
izing antibody, the presumed correlate of protection against SARS-
CoV-2, relative to recombinant proteins [17]. Accordingly, we eval-
uated different conformations of the SARS-CoV-2 S protein as well
as a variety of adjuvants in an effort to identify a COVID-19 vaccine
candidate with the potential to confer rapid, robust efficacy.

The eVLPs particles were pseudotyped with SARS-CoV-2
unmodified S protein but expressed low amounts of S that were
not suitable for upscaled production. We therefore designed a
modified prefusion form of S that resulted in both dramatic
increases in yields and enhancement of the nAb response com-
pared to native S. SPG eVLPs induced high titers of RBD Ab binding
titers associated with robust neutralizing responses in mice at
levels that were much higher than those observed with a recombi-
nant prefusion S protein. Indeed, 14 days after a single dose of SPG
eVLPs in Alum, nAb titers exceeded those associated with high titer
COVID-19 convalescent sera, persisted and were undiminished for
more than 2 months. The potency observed after a single dose of
VBI-2902a appears superior to what has been observed after 2
doses in the same strain of mice with an mRNA vaccine that has
received Emergency Use Authorization [11,13], further demon-
strating the strong potency of this vaccine candidate. In a hamster
challenge model VBI-2902a demonstrated robust efficacy against
clinical disease and lung inflammation. While two doses showed
greater efficacy, a single dose clearly conferred protective benefit.
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The value of eVLP expression of the modified SP protein is con-
sistent with prior reports which demonstrated that an anchored
version of a stabilized prefusion S antigen provided optimal induc-
tion of protective nAbs in Rhesus macaques [12]. Our construct dif-
fered from the previously described S-2P [12,34] by using the VSV-
G transmembrane cytoplasmic domain to replace that of S, instead
of a C-terminal T4 fibritin trimerization domain. Based on previous
experience and published data [17,18], we hypothesized that the
use of VSV-G tail and expression in the phospholipid membrane
of eVLPs would result in natural trimerization of the spike ectodo-
mains providing optimal presentation of neutralization epitopes.
The use of the VSV-G tail has been shown to enhance expression
and localization of viral glycoproteins at the phospholipid envelop
of the particles [35,36].

Aluminum salt adjuvants have a long history of safety and are a
component of approved VLP-based vaccines such as Gardasil®
against HPV [37] and Engerix B® against HBV [38]. Nevertheless,
theoretical concerns have been raised about the use of an
aluminum-based adjuvant with a SARS-CoV-2 vaccine and the
potential for Th2-mediated enhanced lung pathology [39,40]. Sub-
sequent studies have demonstrated that non-neutralizing antibod-
ies against structural proteins were responsible for the pathology
observed in preclinical models [41]. Use of eVLP presentation of
an optimized form of the SARS-CoV-2 S protein resulted in a highly
potent and focused neutralizing antibody response which avoided
any evidence of disease enhancement or increased lung inflamma-
tion. In a hamster challenge model VBI-2902a demonstrated effi-
cacy and ability to suppress lung inflammation. While two doses
showed better potency, the single dose also conferred protective
benefit indicated by comparable results in terms of lung inflamma-
tion. Moreover, compared to a clear Th2-biased profile observed in
response to recombinant prefusion stabilized S protein in Alum,
the similar prefusion S construct induced a balanced Th1/Th2
response when presented by eVLPs. The balanced production of
IgG2/1gG1 antibody isotypes after VBI-2902a immunization was
comparable with those described in response to the recently emer-
gency use authorized vaccine Ad26.COV2.S [28]. These results
emphasize an important difference in the quality of the antibody
response when immunizing with soluble, recombinant versus par-
ticulate forms of vaccine antigens.

The VBI-2902a vaccine candidate addresses several issues that
have thus far hindered the speed and extent of vaccination with
currently available COVID-19 vaccines. This includes the need for
storage, transport, and distribution of the vaccine at freezing tem-
peratures not typically required for prophylactic vaccines. Indeed,
ongoing studies demonstrate that VBI-2902a is stable for at least
6 months at + 2-8 °C (Suppl. Data Fig. 2). This is in line with pre-
vious investigations showing 4-year stability of our CMV vaccine
candidate VBI-1501 evaluated in phase [ clinical trial
(NCT02826798). VBI-2902a received approval from Health Canada
to initiate its ongoing Phase I/II clinical study (NCT04773665) to
assess its potential for one and two dose immunogenicity and
potential efficacy in both previously vaccinated and naive, seroneg-
ative individuals.
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