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ARTICLE INFO ABSTRACT
Keywords: The virus-like particle (VLP) platform is a robust inducer of humoral and cellular immune responses; hence, it has
Virus-like particle been used in vaccine development for several infectious diseases. In the current work, VLPs carrying SARS-CoV-2

SARS-CoV-2 spike
Purification
Immunogenicity
Adjuvant

Spike (S) protein (Wuhan strain) with an HIV-1 Gag core were produced using suspension HEK 293SF-3F6 cells
by transient transfection. The Gag was fused with green fluorescent protein (GFP) for rapid quantification of the
VLPs. Five different versions of Gag-Spike VLPs (Gag-S-VLPs) consisting of Gag-S alone or combined with other
SARS-CoV-2 components, namely Gag-S-Nucleocapsid (N), Gag-S-Matrix (M), Gag-S-Envelope (E), Gag-S-MEN,
along with Gag alone were produced and processed by clarification, nuclease treatment, concentration by
tangential flow filtration (TFF) and diafiltration. A pilot mouse study was performed to evaluate the immuno-
genicity of the Gag-S-VLPs through the measurement of the humoral and/or cellular responses against all the
mentioned SARS-CoV-2 components. Antibody response to Spike was observed in all variants. The highest
number of Spike-specific IFN-y + T cells was detected with Gag-S-VLPs. No induction of antigen-specific cellular
responses to M, N or E proteins were detected with any of the Gag-S, M, E/or N VLPs tested. Therefore, the Gag-S-
VLP, by reason of consistently eliciting strong antigen-specific cellular and antibody responses, was selected for
further evaluation. The purification process was improved by replacing the conventional centrifugation by serial
microfiltration in the clarification step, followed by Spike-affinity chromatography to get concentrated VLPs with
higher purity. Three different doses of Gag-S-VLP in conjunction with two adjuvants (Quil-A or AddaVax) were
used to assess the dose-dependent antigen-specific cellular and antibody responses in mice. The Gag-S-VLP
adjuvanted with Quil-A resulted in a stronger Spike-specific cellular response compared to that adjuvanted
with AddaVax. A strong spike neutralisation activity was observed for all doses, independent of the adjuvant
combination.

1. Introduction intervention in the management of SARS-CoV-2 infections globally.
Although the current situation has improved significantly, there remains
The lingering COVID-19 pandemic that emerged in December 2019 the risk of new SARS-CoV-2 variants or other viral infections in the

has caused more than 6.8 million deaths and continues to pose an future.

important threat to public health [1]. COVID-19 disease is caused by the As of April 2023, there are 183 COVID-19 vaccines being tested in
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [2]. The clinical and 199 vaccines in pre-clinical stages [4]. These include protein
rollout of vaccines from November 2021 onwards lowered the trans- subunit vaccines, replicating and non-replicating viral vectors, DNA and
mission rate and the degree of COVID-19 related mortality significantly RNA vaccines, inactivated viruses, live attenuated viruses and virus-like
[3]. Therefore, vaccination remains the most effective, yet economical particles (VLPs) [4]. Among these vaccine platforms, VLPs comprise

* Corresponding author at: Human Health Therapeutics, National Research Council Canada, Montreal, QC, Canada.
E-mail addresses: Anahita.Bakhshizadeh@cnre-nre.ge.ca (A.B. Gashti), Renald.Gilbert@cnre-nre.ge.ca (R. Gilbert).

https://doi.org/10.1016/j.vaccine.2023.11.048
Received 23 May 2023; Received in revised form 28 October 2023; Accepted 23 November 2023

Available online 1 December 2023
0264-410X/© 2023 His Majesty the King in Right of Canada, as represented by National Research Council Canada. Published by Elsevier Ltd.


mailto:Anahita.Bakhshizadeh@cnrc-nrc.gc.ca
mailto:Renald.Gilbert@cnrc-nrc.gc.ca
www.sciencedirect.com/science/journal/0264410X
https://www.elsevier.com/locate/vaccine
https://doi.org/10.1016/j.vaccine.2023.11.048
https://doi.org/10.1016/j.vaccine.2023.11.048
https://doi.org/10.1016/j.vaccine.2023.11.048
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2023.11.048&domain=pdf

A.B. Gashti et al.

about 9.5 % and 4 % of the COVID-19 vaccines in preclinical and clinical
trials, respectively. VLPs resemble viruses and typically measure about
120 to 150 nm in diameter, but are non-infectious due to absence of viral
genetic material that determines pathogenicity. The key advantage for
using VLPs as a vaccine platform is their capability to deliver recombi-
nant protein(s) of choice, since they can be functionalized for presen-
tation of a repetitive array of antigens in their native protein
conformation [5,6]. VLPs are supra-molecular particles with tridimen-
sional shaped structures that have been demonstrated to induce antigen-
specific humoral (antibody) and cellular responses [7]. A number of
VLP-based vaccines have been approved by FDA, among which are:
Cervarix®, Gardasil® and Gardasil®9 for human papillomavirus (HPV),
PreHevBrio® and Engerix®-B for hepatitis B virus (HBV), Mosquirix™
for P. falciparum, and Hecolin® for hepatitis E [7-9]. The VLP platform
has been previously used for viral pathogens including hepatitis A virus
[10], hepatitis E virus [11], influenza [12,13], chikungunya virus
(CHIKV) [14,15], norovirus [16], and SARS-CoV-2 [17-19] in clinical
settings. Several clinical VLP-based vaccines contain adjuvants, such as
aluminum (e.g., Gardasil®9 for HPV; Engerix®-B for HBV) or the
Adjuvant System 04 (AS04) (e.g., Fendrix® for HBV; Cervarix® for HPV)
to enhance antigen immunogenicity and extend the duration of pro-
tection granted by the VLPs [20,21]. Recently, the plant-based SARS-
CoV-2 VLP vaccine Covifenz® (Medicago) adjuvanted with AS03
(GlaxoSmithKline) was approved for use in Canada [22]. However, there
remains a need to optimize antigen-adjuvant combinations to maximize
vaccine efficacy and increase vaccine production capacity to address
infectious disease outbreaks or future pandemics, as demonstrated by
the current COVID-19 pandemic.

The urgency of the COVID-19 pandemic demanded rapid vaccine
development. The ease of manufacturing and scalability of vaccine
production is a critical consideration during a pandemic. Many of the
approved COVID-19 vaccines, such as mRNA vaccines and viral vector
vaccines, were based on existing platforms that could be quickly adapted
to express the SARS-CoV-2 Spike protein. VLP-based vaccines can be
more complex to produce and may require additional optimization for
mass production. In the race for COVID-19 vaccines, mRNA and viral
vector vaccines showed promising efficacy and safety profiles in early
clinical trials, which expedited their development. However, the
approbation of a VLP-based COVID-19 vaccine (Covifenz) by the Ca-
nadian health regulatory agency in February 2022, demonstrated the
potential of VLPs as safe and efficient vaccine option in the fight against
the COVID-19 pandemic [22].

Transient transfection is one of the approaches used for cell culture-
based VLP production [5]. The production of VLPs has been carried out
in several expression systems including bacteria, yeast, insect cells,
plants, mammalian cells namely, VERO, CHO, HeLa and HEK-293 cells
[6]. However, mammalian cells have attracted more attention due to the
possibility of reproducing the complex post-translational modifications
found on the viral surface on the recombinant proteins [23,24]. The use
of structural proteins from human immunodeficiency virus (HIV), hep-
atitis B and C viruses (HBV and HCV) has been shown to mediate the
formation of VLPs of variable sizes [25-29]. Gag mediates VLP forma-
tion by budding of the plasma membrane through the affinity of the
myristoyl group positioned on the second amino acid in its structure
[30].

The current work aims to demonstrate the generation of HIV-1 Gag
VLPs containing SARS-CoV-2 components including Spike (Gag-Spike
VLPs), membrane, nucleocapsid and/or envelope proteins and confirm
their immunogenicity in vivo. This method could easily be modified for
generation of VLP-based vaccines to combat infectious disease out-
breaks. The Gag-Spike VLPs were produced by serum-free suspension
HEK293 cells using transient transfection. A pilot animal study was
performed to determine the capability of the VLPs to induce antigen-
specific humoral and cellular responses. The VLPs used in the pilot an-
imal study were produced and concentrated by tangential flow filtration
(TFF) using pre-established non-optimized protocols. However, for the
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second animal study, serial microfiltration was tested for the clarifica-
tion step and Spike-affinity chromatography was employed for purifi-
cation to improve process scalability and product purity. The
immunogenicity of the VLPs when combined with 2 different adjuvants
was confirmed in vivo.

2. Materials and methods
2.1. HEK 293SF cells maintenance

The HEK 293SF cells (clone 293SF-3F6) [31], adapted to serum-free
suspension culture, were maintained in HyClone SFM4Transfx-293
medium (Cytiva, USA), supplemented with 4 mM of L-Glutamine
(Cytiva). The cells were grown in polycarbonate vented Erlenmeyer
flasks (Corning, USA) on an orbital shaker (110 rpm) in a humidified
incubator at 37 °C, 5 % CO, and passaged twice a week at 1.5 x 10°
cells/mL.

2.2. Plasmids

A diagram of the constructs used for production of Gag-VLPs is
depicted in Fig. 1A. The coding sequences of SARS-CoV-2 matrix (M)
and nucleocapsid (N) DNA were synthesised by Thermofisher, based on
the SARS-CoV-2 isolate Wuhan-Hu-1 (ref: genbank NC_0455120), into a
generic vector. Protein M and N CDS were amplified by PCR and cloned
into pVR52/ EcoRI-HindIII under a CAGG promoter, and human growth
hormone polyadenylation signal using NEB HiFi assembly. The resulting
constructs were sequenced to confirm the M and N sequences. Other
plasmids include: NR-52514 (pHDM containing the SARS-Related
Coronavirus 2, Wuhan-Hu-1 Spike Glycoprotein, obtained through BEI
Resources, NIAID, NIH), pAd-CMV-GAG-GFP (GFP fused HIV-1 Gag
plasmid under a CMV promoter [5]) and SARS-CoV-2 envelope protein
(E, EX-NV224-M02, GeneCopoeia).

2.3. Transient transfection

HEK 293SF cells, maintained at the exponential growth phase, were
diluted to 1 x 10° cells/mL an hour before transfection. HyClone
SFMA4Transfx-293 medium (Hyclone) supplemented with 4 mM of L-
glutamine was used for the first animal study and Hyclone Hycell
TransFx-H, supplemented with 4 mM of L-glutamine and 0.1 % of kol-
liphor (Sigma-Aldrich) was used for the second animal study. The
transfection mix consisting of plasmid-DNA and PEIpro (Polyplus) was
set at 5 % of the cell culture volume. For production of Gag-Spike VLPs,
0.4 pg/mL and 0.1 pg/mL of pAd-CMV-GAG-GFP and NR-52514 were
used. The plasmids of SARS-CoV-2 M, N and E proteins, when needed,
were also added at 0.1 ug/mL. PEIpro:DNA ratio was set at 3:1 (w/w).
The transfected cells were incubated in a humidified incubator at 37 °C,
5 % COs, on an orbital shaker at 110 rpm. At 20 h post transfection (hpt),
Valproic acid stock solution was added to get a final concentration of 4
mM. The culture was harvested at 72 hpt.

2.4. Purification

Protocol 1: The clarification was carried out in two steps by
centrifugation at 3500 x g for 20 min and 0.45 pm filtration using
Stericup vacuum filter (MilliporeSigma, USA). This was followed by
Benzonase® treatment at 5 Units/mL in the presence of 2 mM MgCly, at
37 °C for 1 h. The clarified, Benzonase®-treated harvest was concen-
trated 14 x by tangential flow filtration (TFF) using Midikros 750 kDa
hollow fiber module (Repligen, USA) and diafiltered using 4 % sucrose,
1 x PBS (7 x volume). This material was used for animal study 1
(Fig. 1B).

Protocol 2: To improve the scalability of the process, the centrifu-
gation step used in Protocol 1 was replaced by pre-filtration using Sar-
toscale PP3 (Sartorius) filters of 20 ym, 8 pm, and 1.2 pm (17.3 cmz).
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Fig. 1. A) Constructs used for the production of Gag-Spike-VLPs, including: SARS-CoV-2 Membrane (M), SARS-CoV-2 Nucleocapsid (N), SARS-CoV-2 Spike (S), SARS-
CoV-2 Envelope (E), and GFP fused-HIV-1 Gag. B) Summary of the purification schemes used for protocol 1 and 2 to prepare the material for animal studies. The
protocol 1 was used to generate the material for animal study 1 by centrifugation, filtration, nuclease treatment and concentration of the VLP-containing cell culture
harvest using TFF, whereas in the protocol 2, used for the animal study 2, the VLP-containing material was prepared through two-step filtration of the cell culture
harvest, nuclease treatment and purification using SARS-CoV-2 Spike affinity chromatography. Created with Biorender.com.

Each filtrate was then passed through a Sartoscale PP3 filter of 0.45 pm
for the filtration step. Both steps were performed at 100 Liter/m?/h
(LMH). The limit for duration of pre-filtration step was set as either
reaching a pressure of 10 psi or the filtration volume of 50 mL. The
clarified cell culture harvest was treated with Benzonase® (as in pro-
tocol 1) and further purified using spike-affinity chromatography. This
material was used for animal study 2 (Fig. 1B).

2.5. Affinity chromatography

Two Spike-affinity resins, namely AVIPure-COV2S generation2 (Gen
2) VLP and AVIPure-COV2S generationl (Gen 1) VLP, packed in 2 mL
PolyPrep column (Bio-Rad), were screened for purification of Gag-S-
VLPs. The column feed consisted of 3 mL of clarified cell culture har-
vest that was concentrated by TFF. Loading was followed by two washes
(5 mL) and three steps of elution (E1, E2, and E3) using 1, 2.5 and 1 mL
of the elution buffer. Two elution buffers including 1 M MgCl,, and 1 M
arginine in 50 mM Bis-Tris, 4 % sucrose, pH 6.5 were tested. The buffer
exchange of the E2 fraction was performed using Illustra™ NAP™-25
gravity column (Cytiva), following manufacturer’s instructions.

For the second animal study, pre-packed 5 mL AVIPure Gen 1 resin
(Repligen), was used. The sample (900 mL) was loaded at 5 mL/min.
Elution was carried out using 1 M arginine, 50 mM Bis-Tris, 4 % sucrose,
pH 6.5 at 0.5 mL/min. The formulation buffer of the eluate fraction was
changed using Illustra™ NAP™-25 gravity column.

2.6. Density gradient ultracentrifugation

To pellet the Gag-VLPs by ultracentrifugation, the concentrated VLPs
from TFF were layered on top of a discontinuous gradient of sucrose
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consisting of 2 mL layers of 40, 35, 30, 25, 20 and 15 % sucrose solutions
in PBS, pH 7.4, at the specified order, in an Optiseal ultracentrifuge tube
(Beckman Coulter). The samples were centrifuged at 11,800 rpm for 3 h
at 4 °C using the 70Ti swinging bucket rotor in an Optima L-80XP
(Beckman Coulter) ultracentrifuge. The tube was pricked from the bot-
tom using a needle and 1 mL fractions were collected and analyzed by
Western-blot.

2.7. SARS-CoV-2 sandwich ELISA

Standard ELISA procedure was followed where Spike RBD antibody
(Sino Biological, USA) was bound to the 96-well Greiner plate and
incubated with the VLP containing sample for 2 h. This was followed by
washing steps, and the amount of bound VLPs was determined by
addition of HRP-conjugated anti-SARS-CoV-2 Spike neutralizing anti-
body (Sino Biological). The colour formation was stopped by the addi-
tion of sulfuric acid and the absorbance was read at 540 nm. SmT1
(resistin-trimerized Spike antigen) was used as standard control.

2.8. VLP count by CytoFLEX

The VLP count was determined using CytoFLEX LX (Beckman, USA).
Relative size (side scattering light) was measured using 90 mW, 405 nm
laser (bandpass filter of 405 nm/10 nm, 50 mW pulse height). GFP was
excited by 488 nm laser and detected using a 525 nm/40 nm bandpass
filter and an APD detector. The VLP count was determined based on
acquisition time (20 Sec) at 10 ul/min.
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2.9. SDS-PAGE and Western-blot analysis

Denatured samples were run on a Bis-Tris precasted gel along with
XT MOPS buffer (BioRad, USA). For SYPRO® Ruby (Invitrogen™,
Canada) staining, the gel was fixed, stained and washed, following
manufacturer’s instruction. For Western blot, Trans-Blot® Turbo™
Transfer System (Bio-Rad) was used to transfer the protein bands to a
Trans-Blot® Turbo™ Midi nitrocellulose membrane (Bio-Rad). The
membrane was blocked using 5 % milk, PBS, 0.1 % Tween and later
incubated with either of the following antibodies: HIV-1 p24 (ProSci,
USA), SARS-CoV-2 Spike (Sinobiological), SARS-CoV-2 nucleocapsid
protein (R&D systems, USA), SARS-CoV-2 envelope protein (Abbexa,
USA) and SARS-CoV-2 membrane protein (NovusBio, USA). It was then
incubated with the corresponding HRP-conjugated secondary antibody
(Jackson ImmunoResearch, USA). The membrane was incubated with
Pierce™ ECL Western-blotting substrate (Thermofisher) and the protein
bands were documented using Azure c600 (Azure Biosystems, USA).

Two distinct purification methods, ultracentrifugation for Gag-VLPs
and Spike-affinity chromatography for Gag-S-VLPs, were utilized,
resulting in varying concentration factors, and to facilitate a fair purity
assessment, the samples were diluted to ensure consistent concentration
factors, thereby enabling a protein profile comparison.

2.10. Electron microscopy

Observation by transmission electron microscope (TEM, HITACHI H-
7500, Japan) equipped with bottom-mounted AMT NanoSprint 12MP
camera and operating at 80 kV in high-contrast mode, was performed
using a negative-staining technique. TEM grids (Cu 200 mesh, 15-25 nm
carbon-supported, Ted Pella Inc.) were freshly glow-discharged using
EMS GloQube-D, Dual chamber glow discharge system (Electron Mi-
croscopy Sciences, PA) in negative mode with plasma current of 25 mA
during 45 s. Such grids were floated on 10 uL VLPs aliquots on a Parafilm
for 5 min. The grid was rinsed with droplets of double distilled water
(6x). The grid was exposed immediately to 1 % uranyl acetate or uranyl
formate for 60 s and later removed using filter paper. The grid was dried
at ambient conditions (2 h) and analyzed by TEM.

2.11. Immuno-gold labelling

The diluted samples were placed on the grids for 1 h at room tem-
perature. The grids were blocked with 1 % BSA, PBS. The diluted anti-
SARS-CoV-2 Spike antibody (Sinobiological) was placed on the grid
for 2 h. Following three washes with PBS, diluted gold-conjugated goat
anti-rabbit IgG (15 nm, abcam) was added on the grids and incubated for
1 h. The grids were washed 3 times with PBS, once with water and
negatively stained with NanoVan® (Nanoprobes).

2.12. DNA content quantification

The double-stranded DNA content was measured using Quant-iT™
Picogreen™ ds DNA assay kit (Life Technologies, Canada), following the
manual’s instructions.

2.13. Immunization and sample collection

Female C57BL/6 mice (6-8 weeks old) were obtained from Charles
River Laboratories (Saint-Constant, Canada). Animals were maintained
in accordance with the guidelines of the Canadian Council on Animal
Care. All procedures performed on animals in this study were approved
by the NRC-Human Health Therapeutics Animal Care Committee and
covered under animal use protocol 2020.10. All experiments were car-
ried out in accordance with the ARRIVE guidelines.

Animals were immunized by intramuscular (i.m.) injection (2x50 uL)
into the left and right tibialis anterior muscles on Days 0 and 21 with
various vaccine formulations. The SARS-CoV-2 antigen ELISA (described
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above) was performed prior to immunization to measure the amount of
spike in the purified VLP samples. In the pilot study, mice were immu-
nized with Gag-VLP formulations containing Spike alone or in combi-
nation with M, N, E, or M + N + E proteins. Mice immunized with SmT1
were used as positive controls [32]. All formulations in the pilot study
were diluted in PBS containing 4 % sucrose and adjuvanted 1:1 (v/v)
with AddaVax™ (InvivoGen, San Diego, CA, USA) per dose. In the sec-
ond study, mice were immunized with Gag-VLP formulations containing
Spike alone. Mice immunized with SmT2v3 (Spike antigen containing a
phage foldon trimerization domain [33]) were used as positive controls.
All formulations in the second study were diluted in PBS containing 4 %
sucrose and adjuvanted with either 1:1 (v/v) AddaVax™ or 10 pg Quil-
A® (InvivoGen) per dose. Mice that received Gag-VLP without Spike
antigen were used as negative controls in both studies.

On Day 28, mice were anesthetized with isoflurane and euthanized
by cervical dislocation prior to spleen collection for measurement of
cellular immune responses by IFN-y ELISpot. Mice were bled via the
submandibular vein on Days 20 and 28 with recovered serum used for
quantification of Spike antigen-specific IgG antibody levels and
neutralization assays. Samples were simultaneously collected from an-
imals that received Gag-VLP without Spike antigen (negative controls)
for the assessment of background immune responses. Each sample from
individual mice was tested separately in various readouts.

2.14. Anti-Spike IgG ELISA

Anti-Spike total IgG titers in serum were measured by indirect ELISA,
as described previously [34,35]. Briefly, 96-well high-binding ELISA
plates (Thermo Fisher Scientific) were coated with 0.3 pg/mL SmT1
protein diluted in PBS. Serum samples were serially diluted 3.162-fold,
added to the plates and incubated for 1 h at 37 °C. Plates were then
incubated with goat anti-mouse IgG-HRP (1:4,000, Southern Biotech,
Birmingham, AL, USA) for 1 h at 37 °C prior to the addition of the
substrate o-phenylenediamine dihydrochloride (Sigma-Aldrich). After
incubating for 30-min at room temperature, the stop solution (4 N
H,S04) was added to each well. Bound IgG Abs were detected spectro-
photometrically at 450 nm. Anti-Spike IgG titers were defined as the
dilution that resulted in an absorbance value (OD4s50) of 0.2 and were
calculated using XLfit software (IDBS, Guildford, UK). Samples that did
not reach the target OD were assigned the value of the lowest tested
dilution (i.e., 10) for analysis purposes.

2.15. Cell-based SARS CoV-2 Spike-ACE2 binding assay

The ability of serum to neutralize the binding of labeled SARS-CoV-2
Spike trimers (SmT1) to Vero E6 cells (ATCC® CRL-1586™) was
measured, as described previously [32,35,36]. The same protocol was
adapted to assays using Human Embryonic Kidney Cells Expressing
Human Angiotensin-Converting Enzyme 2 (HEK-293 T-hACE2) (NR-
52511; BEI Resources, Virginia, USA). Dilutions of mouse serum were
mixed with 250 ng of biotinylated Spike and 1 x 10° Vero E6 or HEK-
293 T-hACE2 cells, as indicated in the figure legends. Spike binding to
cells was quantified using a Streptavidin-phycoerythrin conjugate
(ThermoFisher Scientific) prior to acquisition on the LSRFortessa™
(Becton Dickinson). For analysis purposes, samples with calculated
values of < 0 were assigned a value of 0.

2.16. IFN-y ELISpot

The numbers of T cells specific for SARS-CoV-2 structural proteins
were quantified by ELISpot using a mouse IFN-y kit (Mabtech Inc.,
Cincinnati, OH, USA). The following peptide libraries for each structural
protein based on the reference strain sequence were used to stimulate
splenocytes isolated from each of the mice: 1) Spike (S) glycoprotein
(PM-WCPV-S-2); 2) Envelope (E) protein (PM-WCPV-VEMP-2); 3)
Membrane (M) protein (PM-WCPV-VME-2); and 4) Nucleocapsid
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protein/nucleoprotein (N) (PM-WCPV-NCAP-2) (all from JPT Peptide
Technologies GmbH, Berlin, Germany). The S Glycoprotein peptide li-
brary (315 peptides) was split into 2 subpools (158 + 157 peptides). The
E (16 peptides), M (53 peptides) and N (102 peptides) protein peptide
libraries each consisted of 1 pool. Each subpool or pool was separately
used to stimulate 4x10° cells in duplicate at a final concentration of 2
ug/mL per peptide. Cells were also incubated in media without any
stimulant to measure background responses. Spots were counted using
an automated ELISpot plate reader (Cellular Technology LTD, Beach-
wood, OH, USA). For each animal, values obtained with media alone
(background) were subtracted from those obtained with each of the
peptide pools. For Spike, values from both subpools were combined to
yield an overall number of antigen-specific IFN-y" spot-forming cells
(SFCs)/ 10° splenocytes per animal.

2.17. Statistical analysis

Data were analyzed using GraphPad Prism® 9 (GraphPad Software).
Statistical significance of the difference between groups was calculated
by one-way analysis of variance (ANOVA) followed by Tukey’s (com-
parison across all groups) multiple comparison test. Anti-Spike IgG
ELISA and IFN-y ELISpot data were log-transformed prior to statistical
analysis. For all analyses, differences were considered to be not signif-
icant with p > 0.05. Significance was indicated in the graphs as follows:
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. The same
significance values were used for comparisons using the # and & sym-
bols, where indicated.

3. Results and discussion
3.1. Separation of Gag-VLPs by ultracentrifugation

The VLPs were produced by transient transfection of HEK293 cells in
suspension culture using serum free medium and plasmids encoding the
components making up the VLPs (Gag-GFP and spike, Fig. 1A). Culture
medium containing the VLPs was harvested 72 hrs post-transfection.
Initially, after production the purification and separation of the Gag-
Spike VLPs from non-VLP associated proteins was performed using ul-
tracentrifugation. A discontinuous gradient of sucrose was used to find
the best density to pellet Gag-VLPs. The Western-blot analysis of the
ultracentrifugation fractions, showed Gag protein bands distributed in
all fractions, whereas the Spike protein was principally detected in
fractions 9 to 16 (Fig. 2). The refractive index of the fractions containing
both Spike and Gag was measured and corelated to the concentration of
sucrose using the existing data [37]. Since the Gag-S-VLPs settled be-
tween sucrose concentrations of 19.3 % and 29 %, we selected 18 %
sucrose for concentration and separation of Gag-S-VLPs from the non-
VLP associated proteins.

Gradient density

-

Ultracentrifugation fractions

TFF
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3.2. Incorporation of SARS-CoV-2 components into Gag-S-VLPs

Other SARS-CoV-2 components such as matrix (M) nucleocapsid (N),
and envelope (E) proteins were incorporated into Gag-S-VLPs to verify if
they can enhance the immunogenicity of the Gag-VLPs by inducing
humoral and cellular immune responses against these proteins. Different
combinations of plasmids were tested to assess the incorporation of
these components into Gag-VLPs. We had previously observed that
detection of M, N and E proteins through Western-blot requires a prior
concentration step due to the low quantities of these proteins in cell
culture harvest containing the VLPs. Therefore, the clarified, Benzo-
nase®-treated cell culture harvest was concentrated using 18 % sucrose
cushion prior to Western-blot analysis against HIV-1 p24, SARS-CoV-2 S,
M, N and E proteins. The overlap of the protein bands in each trans-
fection condition was used to confirm the association of the corre-
sponding proteins with Gag-S-VLPs as presented in Fig. 3. This was
performed in two sets of experiments: the first one verifying the incor-
poration of M and N into VLPs (Fig. 3A) in presence and absence of Gag,
and the second set to validate the addition of E protein into Gag-S-VLPs
(Fig. 3B). The first set consisted of 9 conditions, demonstrating that in
the absence of Gag, the other proteins including Spike, Membrane and
Nucleocapsid are not concentrated by ultracentrifugation (Lanes 3, 4
and 8). This determined the role of Gag in the formation of the VLPs,
confirming its necessity for the VLPs formation and integration of other
components into these structures. The second set, confirmed the addi-
tion of E protein to the existing Gag-S-VLP combinations.

3.3. Immunogenicity assessment of Gag-VLP formulations containing
SARS-CoV-2 structural proteins (pilot study)

In the pilot study, the immunogenicity of our Gag-VLP formulations
containing 76 ng of Spike (S, S+ M,S+ N,S+ Eand S+ M + N + E),
concentrated by tangential flow filtration (Fig. 1, protocol 1) and mixed
with the AddaVax adjuvant was evaluated in mice. The protein profile
and the presence of Gag, S, M, N and E in the VLP containing preparation
was confirmed by SYPRO® Ruby staining and Western blot (Fig. 4 A and
B) respectively. The total DNA content of the purified VLPs per 50 pL was
measured to be bellow 4 ng representing a reduction of 87 % to 94 %
after the purification process compared to the DNA content in the cell
culture harvest. AddaVax is a squalene-based oil-in-water emulsion
mimetic of the MF59® adjuvant found in licensed influenza vaccines
[38], and currently being evaluated in a phase I clinical trial as part of a
SARS-CoV-2 beta variant RBD recombinant protein vaccine [39]. These
adjuvants promote immune cell recruitment to the injection site through
cytokine/chemokine production, and enhance antigen uptake and
transport to draining lymph nodes [38,40].

Anti-Spike IgG antibody levels were measured by ELISA following
one or two vaccine doses (Fig. 5A). At day 20 following the first vacci-
nation, all adjuvanted Gag-S-VLP formulations similarly increased
Spike-specific IgG titers compared to the adjuvanted GAG-VLP (No Ag)
control (p < 0.0001 for all comparisons). When comparing groups that

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17 F18 F19

Full domain—>»
SARS-CoV-2 Spike

HIV-1 Gag ~e—

y —------‘_.-

Fig. 2. Western blot analysis of fractions obtained from purification of Gag-S-VLPs by a discontinuous gradient of sucrose consisting of 6 different concentrations.
The fractions were collected from the bottom of the tube, hence F1, corresponds to the highest concentration of sucrose and F19 to the least concentrated.
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Condition > 1 2 3 4 5 6 7 8 9 10 11 12 | 13
SARS-CoV-2 N plasmid (pug/mL) 0.1] 0.1 0.1 0.1 0.1 0.1
SARS-CoV-2 M plasmid (ug/mL 0.1 0101 |01 0.1 0.1
HIV-1 gag GFP plasmid (ug/mL)| 0.4 | 0.4 04|04 |04 0.4 0.4 04| 0.4 0.4
SARS-CoV-2 S plasmid (ug/mL) | 0.05 | 0.1 | 0.1/0.1| 0.1 0.1 (0.1 | 0.1 0.1 0.10.1 0.1
SARS-CoV-2 E plasmid (pug/mL) 0.1 0.1 0.1 0.1
A, B.
-— - - e
HIV-1 Gag ew=e o= G o — -
Full domain— s e o _:— _ ___ T T —— - D Gumd
SARS-CoV-2S
S1domain — >y G -» D s —— e e GED
SARS-CoV-2 N — . — —
T
SARS-CoV-2 M -— e — —
SARS-CoV-2 E e s c— —

Fig. 3. Western blot analysis of Gag-S-VLPs, concentrated by a cushion of 18 % sucrose solution to verify the association of A) M, N and S proteins (Condition 1 to 9)
and B) M, N, S and E proteins (Condition10 to 13) with HIV-1 Gag VLPs, using anti-SARS-CoV-2 Spike, anti SARS-CoV-2 nucleocapsid, anti-SARS-CoV-2 matrix and

anti-SARS-CoV-2 envelope antibodies.

received GAG-S-VLP formulations, S alone and S + N formulations
induced significantly higher antibody titers (p < 0.01 and p < 0.05,
respectively) relative to S + M + N + E. Spike-specific IgG titers
increased from Day 20 to 28 (7 days following second vaccination),
ranging from 7- to 260-fold increase, in groups that received Gag-Spike-
VLP formulations.

The levels of neutralization by serum antibodies against Spike
binding to the ACE2 receptor was evaluated using a Vero E6 cell-based
SARS CoV-2 Spike-ACE2 binding assay (Fig. 5B), which has shown
strong correlation to viral neutralization assays [32,35,36]. Groups that
received the adjuvanted Gag-VLP formulations with either S alone
(mean: 58 %), S + M (mean: 53 %) or S + N (mean: 60.6 %) showed
significantly increased Spike neutralization relative to the adjuvanted
Gag-VLP (No Ag) control (mean: 3.9 %). However, no statistically
discernible differences were observed when comparing between the
Gag-S-VLP formulations (S, S+ M, S+ N, S+ Eand S + M + N + E)
themselves. Overall, adjuvanted Gag-VLP formulations containing S, S
+ M and S + N promoted strong neutralizing activity against Spike
binding to the ACE2 receptor.

IFN-y ELISpot was performed to assess Spike, M, N and E -specific
cellular responses 7 days following the second vaccination (Fig. 5C).
Among the groups that received the adjuvanted Gag-S-VLP formula-
tions, only the Spike alone group showed significantly higher Spike-
specific cellular responses compared to the Gag-VLP (No Ag) control
(p < 0.01). Cellular responses specific to M, N and E proteins were
similarly low across the various groups, with no significant difference
seen from mice receiving the Gag-VLP (No Ag) control vs. the Gag-VLP
containing M, N and/or E (data not shown). As expected, the soluble
Spike protein positive control induced strong antigen-specific immune
responses. While they were superior to what was measured with the
Spike Gag-VLP formulations, this was likely due to the use of a ~ 25-fold
higher antigen dose for the soluble Spike protein vs. Gag-VLP formula-
tions. It is possible that the MHC haplotype of the mice used as well as
the larger size of the spike protein (i.e. more available epitopes) led to
preferential recognition of the T cell epitopes from Spike vs. the M, N
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and E proteins, inducing superior antigen-specific T cell responses to
Spike vs. the other structural proteins [41]. Taken together, Spike alone
provided the strongest Spike-specific cellular responses among the Gag-
S-VLP formulations containing different combinations of M, N and E
proteins. As the inclusion of M, N and E conferred no advantage to the
overall induction of Spike-specific antibody and cellular responses, and
in some cases appeared to lower the levels of Spike-specific immune
responses, the Gag-VLP formulation with Spike alone was used in the
second animal study.

3.4. Evaluation of filters for clarification

To improve the scalability of the process and to remove the centri-
fugation step, clarification was evaluated in two steps using either 20, 8
or 1.2 um filters as the pre-filter, followed by a second filter of 0.45 pm.
The pressure was continuously monitored by a pressure transducer.
During the pre-filtration step, the increase in the inlet pressure of the 8
and 1.2 pm filters started slowly when 20 mL of cell culture harvest was
passed. The upper limit of inlet pressure (10 psi) was reached when 40
and 50 mL of supernatants were passed through the 8 and 1.2 um filters,
respectively (Fig. 6A). The inlet pressure of the 20 um filter stayed
bellow 2 psi up to 80 mL filtration. During 0.45 um filtration of the pre-
filtrated material, the pressure increase was less for 1.2 and 8 pm fil-
trates compared to that from the 20 um filter (Fig. 6B). This can be due to
elimination of smaller particles in addition to cells and cellular debris
when using filters with smaller pore size that if present, lead to mem-
brane blockage during 0.45 pm filtration. However, the pressure rise
during 0.45 pm filtration of 20 pm filtrate remained below 2 psi after
passing 80 mL of pre-filtrated cell culture harvest (Fig. 6B). Since only
50 and 40 mL of the filtrate passed through 1.2 and 8 um pre-filters, the
same volumes were passed through 0.45 um filter.

The total number of GFP-positive Gag-VLPs was tracked throughout
filtration (Fig. 6C and D). The cell culture harvest showed 1.6E + 06
VLPs/uL but during the pre-filtration step, there was an initial decrease
in the number of GFP-positive Gag-VLPs after passing 10 mL of
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Fig. 4. A) The Western blot analysis of the Gag-VLP variants used for animal
studies confirming the expression of HIV-1 Gag, SARS-CoV-2 Nucleocapsid (N),
Membrane (M), Envelope (E) and Spike (S) proteins. The positive control for
SARS-CoV-2 Membrane protein has Arg101-Gln222 of SARS-CoV-2 Membrane
protein with a molecular weight of 15.84 kDa (=10 kDa lower than original M
protein with molecular weight of 25.15 kDa). B) SDS-PAGE gel stained by
SYPRO® Ruby, showing the protein profile of the samples used for animal
studies. The VLP-containing samples for the first animal study were prepared by
centrifugation, filtration, nuclease treatment, and TFF concentration and buffer
exchange. However, the Spike-VLP preparation used for the second animal
study was processed through filtration, nuclease treatment, Spike-affinity
chromatography and desalting. The Gag-VLP (No Spike) of the second animal
study was purified using a sucrose cushion after filtration and nuclease treat-
ment. The same volume of samples was loaded for SDS-PAGE and Western blot
analysis. *Gag-S VLP was diluted 2 times for Western blot and SDS-PAGE
analysis. ** Gag-VLP (No Spike) was diluted 5 times for Western blot and
SDS-PAGE analysis.

supernatant. This decrease can be due to dilution of the cell culture
harvest with the medium in the filter that was used for conditioning. The
recovery of VLPs after passing 10 mL of harvest from the filters in the
pre-filtration step ranged between 69 % and 74 %, with the lowest re-
covery from the 8 um filter, followed by comparable recoveries of 74 %
and 73 % from 1.2 and 20 um filters, respectively. In overall, apart from
the slight decrease in the VLP count in the first fraction, the number of
the VLPs throughout both filtration steps with respect to the volume
passed remained constant (Fig. 6C).

The turbidity of cell culture harvest was measured as 83.2 NTU
(Fig. 6E). The three pre-filters resulted in turbidity reduction of 79 %
(1.2 pm), 94 % (8 um), and 88 % (20 pm). A further decrease in the
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turbidity was observed after 0.45 pm filtration, resulting in turbidity of
2.4 NTU (20 ym), 3.8 NTU (1.2 um) and 3.0 NTU (8 um). The 20 um to
0.45 pm order resulted in 86 % recovery of the VLPs. While the VLP
recovery with this filter combination is slightly lower in comparison to
the other options (Supplementary Table 1), it exhibited a more consis-
tent pressure change during the prefiltration step and yielded the lowest
turbidity in the final filtrate and therefore it was selected for use in
future experiments. This scalable process replaced the existing centri-
fugation step before 0.45 um filtration for clarification.

3.5. Spike-affinity chromatography

To prepare a more purified material for the second animal study,
purification using AVIPure Spike-affinity resin in column mode was
evaluated. Different chromatographic techniques have proven effective
in the purification of VLPs, including hydrophobic interaction chroma-
tography [42], hydroxyapatite [43] anion-exchange monolith and
membrane adsorbers [44-46]. Nevertheless, the specificity of affinity
chromatography enables selective separation of the VLPs carrying a
protein of interest (Spike) from the contaminants. This unique trait is
attributed to the meticulous selection of a ligand that exclusively binds
to the target VLPs bearing Spike proteins on their surface. This selec-
tivity translates into reduced contaminant levels, notably diminishing
the co-elution of undesired components, including host cell DNA and
proteins, a common occurrence when employing anion exchange
matrices. In terms of scalability, ultracentrifugation, while effective in
purifying viruses and VLPs, it is limited for large-scale purification. The
process is laborious, requires specialized and costly equipment, and
demands a significant amount of time for processing, making it ineffi-
cient and impractical for industrial-scale virus purification. However,
chromatography emerges as a more favorable option at large-scale pu-
rification by offering adaptability for automation. Thus, the decision
between ultracentrifugation and chromatography hinges upon the spe-
cific prerequisites of the virus or VLP purification strategy, encapsu-
lating considerations of purity, yield, and scalability.

The exploratory chromatography experiments were carried out on
two resins packed in 2 mL columns. The concentration of protein in the
chromatography fractions was determined by Nanodrop (Supplemen-
tary Table 2). The fractions with detectable quantities of protein were
analysed by Western-blot against SARS-CoV-2-Spike and HIV-1 p24
proteins (Fig. 7A and B). As shown in Fig. 7A, the 1 M MgCl; elution of
the Gen-2 resin did not show noticeable amount of Spike in any fraction
which indicates that the particles were tightly bound to the resin. The
elution pH can play a critical role in affinity chromatography and helps
increase the recovery of the bound particles from the resin. However,
due to vulnerability of enveloped VLPs to pH variation, we decided to
not proceed with lower pH for elution of the tightly bound VLPs.

The other conditions including the 1 M arginine for both Gen-1 and
Gen-2 resins and 1 M MgCl; of the Gen-1 resin revealed the presence of
Spike in E2 and E3 fractions. The intensity of the bands corresponding to
Spike in the elution fractions versus that in the load, showed the con-
centration of the Spike in these fractions. The quantification of Spike
contents in eluate fractions by ELISA, showed the Spike recovery of 35.1
% by Gen-2 1 M arginine, 42.8 % by Gen-1 1 M MgCly, and 37.5 % by
Gen-1 1 M arginine (Supplementary Table 3). The eluted particles were
fully recovered after the desalting step except in the case of Gen-1 with
elution of 1 M MgCly. Based on these preliminary results, AVIPure Spike-
affinity Gen-1 resin with 1 M arginine was selected as the candidate for
purification of the VLPs.

To prepare the material for the second animal study, the clarified and
Benzonase®-treated cell culture harvest was purified using AVIPure
Gen-1 resin with the existing protocol in column mode (Protocol 2,
Fig. 1). For purification of Gag-VLPs (without Spike) for the second
animal study, pelleting by ultracentrifugation using 18 % sucrose
cushion was followed. A total volume of 900 mL supernatant was loaded
onto the Gen-1 column (Fig. 8A). The eluate fractions were collected and
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Fig. 5. Immunogenicity of adjuvanted Gag-VLP formulations containing SARS-CoV-2 Spike (S) protein alone or in combination with Membrane (M),
Nucleocapsid (N) and/or Envelope (E) proteins in mice. C57BL/6 mice were immunized intramuscularly (IM) with Gag-S-VLP formulations adjuvanted with
AddaVax (n = 5/group) on Days 0 and 21. The dose of each Gag-S-VLP formulation was normalized to 76 ng of Spike. Mice immunized with Gag-VLP without antigen
(Gag-VLP (No Ag)) was included as a negative control, while SmT1 (2,000 ng soluble Spike antigen) was used as a positive control (n = 5/group). (A) Serum was
collected on Day 20 and 28 (7 days post-2nd immunization) and analyzed by ELISA to measure Spike-specific IgG titers. Bar graphs indicate the geometric mean. (B)
Serum collected on Day 28 (7 days post-2nd immunization) was diluted 50-fold to determine the neutralization activity of serum antibodies against Spike binding to
the ACE2 receptor through the Vero E6 cell-based SARS CoV-2 Spike-ACE2 binding assay. Bar graphs indicate the mean. (C) Splenocytes were collected on Day 28 (7
days post-2nd immunization) and analyzed by IFN-y ELISpot upon stimulation with the PepMix™ SARS-CoV-2 Spike Glycoprotein peptide library based on the
reference strain sequence. Total IFN-y" spot-forming cells (SFCs) per mouse are presented with bar graphs indicating the mean. For statistical analyses, data were
analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test. # Symbol shows comparisons between Gag-VLP groups containing Spike relative to the
Gag-VLP (No Ag) control. #p < 0.05, ##p < 0.01, ####p < 0.0001. * Symbol shows comparisons among Gag-VLP groups containing Spike. *p < 0.05, **p < 0.01.

analyzed by flow cytometry using CytoFLEX for the presence of GFP-
positive Gag-VLPs. For the negative control, the cells were transfected
with Salmon sperm DNA (Fig. 8B). The population corresponding to the
GFP-negative particles, excluding the Gag-S-VLPs, occupied 80.4 % of
the total particles in the clarified cell culture harvest, whereas the GFP-
positive population that represents the Gag-S-VLPs consisted of 17 % of
the total particles (Fig. 8C). This ratio changed in the eluate of the af-
finity column (Fig. 8D), with the GFP-positive population containing
83.6 % of the total which indicates the enrichment of the Gag-S-VLPs
through the purification process and elimination of the contaminant
proteins. The Supplementary Table 4 presents the recovery of VLPs from
different purification steps. The recovery of VLPs in the eluate of the
Gen-1 column was determined to be 53 %. The dynamic binding ca-
pacity of the Gen-1 column (5 mL) was not assessed for the Gag-S-VLPs.
However, after processing 900 mL of clarified cell culture harvest, at
least 2.54E + 12 Spike-carrying VLPs, corresponding to 77 ug of Spike
protein were bound and eluted from the column without observing a
breakthrough. TEM analysis of the purified Gag-S-VLPs and Gag-VLP
confirmed an average diameter of 190 + 25 nm (Fig. 9A and B). The
presence of Spike on the purified Gag-S-VLPs was confirmed by immuno-
gold labelling using anti-Spike antibody and 15 nm gold-labelled sec-
ondary antibody (Fig. 9C). The presence of Gag and Spike in the purified
VLP preparations were confirmed by Western-blot (Fig. 4 A) and their
protein profile was examined thorough SYPRO® Ruby staining and
compared to the VLPs prepared by Protocol 1 (Fig. 1B). The Gag-S-VLPs,
purified by Spike-affinity chromatography (Fig. 4B), exhibited a lower
total protein content. However, they demonstrated higher Spike con-
tent, as indicated by Western blot analysis (Fig. 4A), thus showing
higher level of purity in the material. The total DNA content in the Gag-
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S-VLPs purified by affinity chromatography was reduced by 98 %
compared to the cell culture harvest and brought to 1.3 ng/50 pL.

In the context of VLP production, the timeline for generating VLPs
bearing target proteins utilizing a serum-free HEK293 cell line is esti-
mated at around 10 weeks. This estimation assumes the availability of
gene sequences for cloning and the accessibility of an affinity chroma-
tography resin on the commercial market. Within this scenario, key
processes include cloning and plasmid generation, transfection optimi-
zation, and ELISA assay development, which collectively require around
7 weeks. An additional 3 weeks are allocated for the assessment of the
affinity chromatography resin and the optimization of sterile filtration
protocols. In cases where a commercial affinity chromatography resin is
unavailable, an extended timeline of 3-4 weeks becomes necessary for
screening and testing new affinity resins.

3.6. Immunogenicity assessment of optimized Gag-VLP-Spike
formulations (second study)

After refining the production process for the Gag-VLP formulation
with Spike alone, the immunogenicity of the optimized formulations
was confirmed in a more elaborate study with 3 different Spike antigen
doses (200, 66 or 20 ng) combined with one of 2 different adjuvants,
AddaVax or Quil-A. In contrast to the squalene-based oil-in-water
emulsion adjuvant AddaVax, Quil-A is a mixture of Quillaja plant-based
saponins used primarily in veterinary vaccines [47-50]. Quil-A has been
shown to promote strong antigen-specific antibody responses in a pre-
clinical VLP-based vaccine against CHIKV infection. Recently, the
Nuvaxovid SARS-CoV-2 vaccine (Novavax), which contains the Quillaja
saponin-based adjuvant Matrix-M, was approved for use in multiple
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Fig. 6. Change in pressure during A) Pre-filtration step using 20 pm, 8 um and 1.2 um filters, followed by B) 0.45 um filtration of the pre-filtered VLP-containing cell
culture harvest, continuously monitored by a pressure gauge. Cumulative count of Gag-GFP-VLP from C) Pre-filtration of the cell culture harvest with cells by 20 um,
8 um and 1.2 um filters, followed by D) 0.45 um filtration of the pre-filtered material analyzed by CytoFLEX for GFP-positive VLPs, E) Measurement of cell culture
harvest turbidity at harvest and at the end of each filtration step including pre-filtration using by 20 yum, 8 um and 1.2 um filters, followed by 0.45 um filtration.

countries, including the USA and Canada [51,52]. It is proposed that
saponin-based adjuvants induce antigen uptake and cytokine secretion
by antigen-presenting cells (APCs) by binding to cell surface lectins on
APCs [53].

Anti-Spike IgG antibody levels following one or two vaccine doses
were measured by ELISA (Fig. 10A). As a comparator, a soluble Spike
protein with a foldon trimerization domain (SmT2v3) at the highest 200
ng dose was included. At day 20 after the first vaccination, all adju-
vanted Gag-S-VLP formulations induced similarly high Spike-specific
IgG responses at all antigen doses relative to their respective
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adjuvanted Gag-VLP (No Ag) controls (p < 0.0001 for all comparisons).
Increasing the Spike antigen dose by 10-fold from 20 ng to 200 ng led to
approximately 3.7-fold and 2.8-fold increase in IgG titers for Gag-S-VLP
formulations adjuvanted with either AddaVax (p < 0.001) or Quil-A (p
< 0.01), respectively. Spike-specific antibody titers were increased by
more than 15-fold among the Gag-S-VLP formulations from day 20 to
day 28 (7 days following second vaccination). Gag-S-VLP formulations
adjuvanted with Quil-A also showed a dose-dependent increase in
antibody titers from the 20 ng to 200 ng dose (p < 0.01), which was not
observed with their AddaVax-adjuvanted counterparts. Overall,
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Fig. 7. Western blot analysis of fractions collected from AVIPure Spike-affinity chromatography (generation 1 and 2 resins), using anti-SARS-CoV-2 Spike antibody
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adjuvanted Gag-S-VLP formulations induced strong Spike-specific anti-
body responses after one vaccine dose, which were further increased
after two vaccines doses.

The neutralization activity of serum antibodies against Spike binding
to the ACE2 receptor was assessed using a HEK-293 T-hACE2 cell-based
SARS CoV-2 Spike-ACE2 binding assay (Fig. 10B). Gag-S-VLP formula-
tions adjuvanted with either AddaVax or Quil-A significantly increased
neutralizing activity at all doses, ranging from 63 to 88 %, compared to
0.3-13 % with their respective adjuvanted Gag-VLP (No Ag) controls (p
< 0.0001 for all comparisons). No significant differences in neutralizing
activity were observed among the Gag-S-VLP formulations regardless of
antigen dose or adjuvant type (Fig. 10B). Overall, Gag-S-VLP formula-
tions promoted strong neutralization against Spike at all antigen doses
tested.

Spike glycoprotein-specific cellular responses at 7 days following the
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second vaccination were evaluated through IFN-y ELISpot (Fig. 10C).
Splenocytes from mice immunized with Gag-S-VLP adjuvanted with
Quil-A promoted stronger Spike glycoprotein-specific cellular responses
than their AddaVax-adjuvanted counterparts at the 200 ng (mean: 339
vs. 165 SFCs, respectively; p < 0.05) and 66 ng (mean: 203 vs. 81 SFCs,
respectively; p < 0.05) antigen doses. A dose-dependent increase in IFN-
v SFCs was also observed with Gag-S-VLP adjuvanted with Quil-A from
the 20 ng to 66 ng dose (p < 0.0001), but not with AddaVax. Never-
theless, all adjuvanted Gag-S-VLP formulations induced robust Spike
glycoprotein-specific cellular responses regardless of antigen dose
compared to their respective adjuvanted Gag-VLP (No Ag) controls (p <
0.0001 for all comparisons). Lastly, ~5-fold lower IFN-y* SFCs were
observed with SmT2v3 adjuvanted with Quil-A relative to its AddaVax-
adjuvanted counterpart (mean: 20 vs. 95, respectively; p < 0.01). The
reverse trend was observed with Gag-S-VLP formulations, wherein
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Fig. 9. TEM images of VLP preparations used for the second animal study, including A) Gag VLP with Spike protein, B) Gag-VLP without Spike protein. C) and D)
Immunogold labelling of Gag-S-VLPs purified by Spike-affinity chromatography using SARS-CoV-2 Spike primary antibody followed by 15 nm gold-labelled anti-

rabbit secondary antibody.

AddaVax showed lower numbers of Spike glycoprotein-specific cells
relative to Quil-A at the two highest Spike antigen doses. As VLPs are
highly immunogenic and can directly interact with APCs to be inter-
nalized through various pathways [54], Quil-A may have produced a
synergistic effect with the Gag-VLP in enhancing Spike antigen uptake
and the resulting Spike-specific cellular responses. Nevertheless, our
optimized Gag-S-VLP formulations consistently showed strong Spike-
specific cellular responses at all antigen doses and with two different
adjuvant types tested.

Lastly, we confirmed the relative contribution of adjuvants to the
immunogenicity of Gag-S-VLP formulations by immunizing mice with
Gag-S-VLP, alone or in combination with Quil-A adjuvant (Supplemen-
tary Fig. 1). At day 20 after the first vaccination, both the unadjuvanted
and Quil-A-adjuvanted Gag-S-VLP formulations significantly induced
Spike-specific IgG titers to the naive control (p < 0.0001 for both
comparisons) (Supplementary Fig. 1A). However, the Quil-A-
adjuvanted Gag-S-VLP formulation promoted ~ 12-fold higher Spike-
specific IgG titers relative to its unadjuvanted counterpart (p <
0.0001). Spike-specific IgG titers induced by both Gag-S-VLP formula-
tions increased to varying extents from day 20 to day 28 (7 days
following second vaccination) (Supplementary Fig. 1A). Unadjuvanted
Gag-S-VLP showed a ~ 6-fold increase, while Quil-A-adjuvanted Gag-S-
VLP had a more pronounced ~ 20-fold increase in Spike-specific IgG
titers after second vaccination. Despite the induction of Spike-specific
antibodies by unadjuvanted Gag-S-VLP at day 28, the sera had no
discernible Spike-binding neutralization activity (Supplementary
Fig. 1B), even when tested at a higher serum concentration (1:75 final
dilution) compared to the previous assay (1:250 final dilution) (Sup-
plementary Fig. 1B). In contrast, Quil-A-adjuvanted Gag-S-VLP signifi-
cantly increased spike-specific neutralization (mean: 97.8 %) relative to
the naive (mean: 14.1 %) and unadjuvanted (mean: 14.5 %) groups (p <
0.0001 for both comparisons) (Supplementary Fig. 1B). Spike
glycoprotein-specific cellular responses at day 28 showed a similar trend
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as the antibody titers, wherein both unadjuvanted and Quil-A-
adjuvanted groups had significantly increased SFCs relative to the
negative control (p < 0.0001 for both comparisons) (Supplementary
Fig. 1C). Quil-A-adjuvanted Gag-S-VLP showed the strongest Spike-
specific cellular responses (mean: 432 SFCs), followed by the unad-
juvanted formulation (mean: 39 SFCs). Overall, the Gag-S-VLP on its
own was able to induce Spike-specific antibody titers and cellular re-
sponses, which were further enhanced upon inclusion of an adjuvant.
Furthermore, Gag-S-VLP in combination with an adjuvant conferred the
added advantage of strong induction of Spike-specific neutralizing ac-
tivity over the unadjuvanted Gag-S-VLP formulation.

4, Conclusion

This work demonstrates production of HIV-1 Gag-VLPs, carrying
SARS-CoV-2 Spike protein, in HEK 293SF cells, adapted to suspension
serum-free culture. Different SARS-CoV-2 components were incorpo-
rated into the Gag-S VLPs to evaluate their immunogenicity through this
platform. The scalability of the purification process was improved by
using a two-step filtration method for clarification step. Ultracentrifu-
gation and Spike-affinity chromatography were evaluated for purifica-
tion of the Gag-S VLPs. This study highlights the potential of Gag-VLP as
aviable vaccine platform through its strong overall induction of antigen-
specific antibody and cellular responses at various Spike antigen doses
and compatibility with multiple adjuvant types.
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Fig. 10. Immunogenicity of Gag-S-VLP formulations adjuvanted with AddaVax (AV) or Quil-A (QA) in mice. C57BL/6 mice were immunized IM with
adjuvanted Gag-S-VLP formulations (n = 10/group) on Days 0 and 21. Mice immunized with either adjuvant alone (n = 4-5/group) or adjuvanted SmT2v3 (200 ng
soluble Spike) (n = 5/group) were included as negative and positive controls, respectively. (A) Serum was collected on Day 20 and 28 (7 days post-2nd immuni-
zation) and analyzed by ELISA to measure Spike-specific IgG titers. Bar graphs indicate the geometric mean. (B) Serum collected on Day 28 (7 days post-2nd im-
munization) was diluted 250-fold to determine the neutralization activity of serum antibodies against Spike binding to the ACE2 receptor through the HEK-293 T-
hACE2 cell-based SARS CoV-2 Spike-ACE2 binding assay. Bar graphs indicate the mean. (C) Splenocytes were collected on Day 28 (7 days post-2nd immunization)
and analyzed by IFN-y ELISpot upon stimulation with the PepMix™ SARS-CoV-2 Spike Glycoprotein peptide library based on the reference strain sequence. Total IFN-
v spot-forming cells (SFCs) per mouse are presented with bar graphs indicating the mean. For statistical analyses, data were analyzed by one-way ANOVA followed
by Tukey’s multiple comparisons test. # symbol shows comparisons between AddaVax-adjuvanted Gag-S-VLP formulations relative to the respective adjuvanted Gag-
VLP (No Ag) control, while & symbol shows comparisons between Quil-A-adjuvanted Gag-S-VLP formulations relative to the respective adjuvanted Gag-VLP (No Ag)
control. * symbol shows comparisons among groups containing Gag-VLP Spike or soluble Spike controls. ####, &&&& or ****p < 0.0001, ***p < 0.001, **p < 0.01

and *p < 0.05.
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