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Abstract 
Due to the high number of doses required to achieve adequate coverage in the context of COVID-19 pandemics, there is a 
great need for novel vaccine developments. In this field, there have been research approaches that focused on the production 
of SARS-CoV-2 virus-like particles. These are promising vaccine candidates as their structure is similar to that of native 
virions but they lack the genome, constituting a biosafe alternative. In order to produce these structures using mammal cells, 
it has been established that all four structural proteins must be expressed. Here we report the generation and characterization 
of a novel chimeric virus-like particle (VLP) that can be produced by the expression of a single novel fusion protein that 
contains SARS-CoV-2 spike (S) ectodomain fused to rabies glycoprotein membrane anchoring region in HEK293 cells. This 
protein is structurally similar to native S and can autonomously bud forming enveloped VLPs that resemble native virions 
both in size and in morphology, displaying S ectodomain and receptor binding domain (RBD) on their surface. As a proof 
of concept, we analyzed the immunogenicity of this vaccine candidate in mice and confirmed the generation of anti-S, anti-
RBD, and neutralizing antibodies.

Key points
• A novel fusion rabies glycoprotein containing S ectodomain was designed.
• Fusion protein formed cVLPs that were morphologically similar to SARS-CoV-2 virions.
• cVLPs induced anti-S, anti-RBD, and neutralizing antibodies in mice.
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Introduction

Coronavirus disease 2019 (COVID-19) pandemic has impacted 
enormously on society both in health and in economic aspects, 
causing more than 6 million human deaths and over 759 mil-
lion cases all over the world since its beginning (https:// covid 
19. who. int/). Its highly contagious nature has challenged the 
public health services and caused multimillionaire loses due 
to measures imposed to restrict viral circulation (Cutler and 
Summers 2020). It is caused by a betacoronavirus named severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), an 
enveloped virus containing a single positive stranded RNA 
genome and four structural proteins: nucleocapsid protein (N), 
membrane protein (M), envelope protein (E), and spike glyco-
protein (S). The last one is responsible for virus entry into cells 
by interacting with angiotensin converting enzyme 2 (ACE2) 
through the receptor binding domain (RBD) (Tai et al. 2020). 
Once the virus is attached, a serin protease cleaves S allowing 
it to undergo a conformational change that triggers host cell and 
viral membrane fusion (Walls et al. 2020).

Since S glycoprotein has a key role during infection, it has 
been the main target for vaccine development with good results, 
either as a coding sequence that the vaccinated individual will 
express in vivo (in the case of mRNA and adenoviral vectors) 
(Polack et al. 2020; Voysey et al. 2021; Baden et al. 2021; Sadoff 
et al. 2021), or directly incorporated in the formulation in the 
context of an inactivated virus or as a recombinant antigen (Xia 
et al. 2021; Tanriover et al. 2021; Heath et al. 2021). There is 
another type of recombinant antigen vaccine technology that 
mimics the structure of the viral particle but does not contain 
the viral genome, so it is biosafe. These structures called 
virus-like particles (VLPs) are able to trigger potent immune 
responses due to their particulate and multivalent nature (Lua 
et al. 2014; Donaldson et al. 2018), and have been applied 
successfully for hepatitis B virus and human papilloma virus 
(Schiller et al. 2012; Etzion et al. 2016). In the case of COVID-
19, the first VLP-based vaccine was approved recently in Canada 
(Covifenz, (Hager et al. 2022)). The immunogen consists in a 
full-length S protein embedded on a lipidic membrane, which 
is recombinantly expressed in tobacco plants. It has shown 
good immunogenic properties in combination with an oil-in-
water adjuvant (Garçon et al. 2012), despite the fact that plant 
glycosylation patterns are very different to mammalian ones. 
There have also been attempts to produce SARS-CoV-2 VLPs 
using mammalian cells, but it has been demonstrated that the 
other structural proteins of SARS-CoV-2 (M, N, and E) must be 
co-expressed with S in order to obtain particles (Xu et al. 2020; 
Swann et al. 2020).

Besides, VLPs can also be modified to display heterolo-
gous domains or epitopes on their surface by fusing them 
to the viral proteins that constitute the VLP. These chi-
meric VLPs (cVLPs) can induce potent immune responses 

against the foreign inserted sequences, and can be a viable 
alternative for viruses that do not easily form VLPs or 
for other types of microorganisms such as parasites (Xu 
et al. 2015; del Carmen et al., 2016; Mareze et al. 2016; 
Liu et al. 2017; Aston-Deaville et al. 2020; Czarnota et al. 
2020). In fact, there is an approved malaria vaccine based 
on this technology (Laurens 2020). In our laboratory, we 
have developed, characterized, and licensed a novel highly 
immunogenic rabies VLP that is produced by expression 
of rabies glycoprotein (RVG) in HEK293 cells, which buds 
forming enveloped particles (Fontana et al. 2014; Fontana 
et al. 2015b; Fontana et al. 2016; Fontana et al. 2019; 
Fontana et al. 2020). This fact has also been reported by 
other research groups, which could detect RVG in “shed” 
particles (Callaway et al. 2022). In previous experiments, 
we were able to confirm RVG VLP ability to expose het-
erologous epitopes on their surface, by fusing a neutral-
izing epitope of foot-and-mouth disease virus with dif-
ferent regions of RVG (Fontana et al. 2021b; Garay et al. 
2022). In this work, we aimed to take advantage of the 
autonomous budding activity and heterologous display 
ability of RVG to generate a novel cVLP that exposes S 
on its surface for vaccine purposes, as an alternative to the 
autologous SARS-CoV-2 VLPs that require co-expression 
of N, M, and E proteins. A novel fusion S-RVG protein 
was designed, and its expression and plasma membrane 
localization was studied. cVLPs were morphologically 
characterized and their immunogenicity was confirmed in 
mice, detecting both anti-S and neutralizing antibodies.

Materials and methods

Sequence design and molecular cloning

Sequences of S (Wuhan, GenBank accession no MN908947.3), 
RVG (Pasteur strain, GenBank accession no AAA47218.1), and 
CD33 signal peptide (GenBank accession no BC028152.1) were 
obtained from the National Center for Biotechnology Informa-
tion database. The coding sequence for S-RVG chimeric con-
struction (GenBank accession no OP912878) (encompassing 
AA 1-17 of CD33 protein, AA 16-1212 of S and AA 389-505 
of RVG) was chemically synthetized and cloned into a third-
generation lentiviral transference vector (Prieto et al. 2011) 
(pLV-S-RVG) under the influence of a human elongation factor 
1α promoter. This construct was verified by Sanger sequencing.

SARS‑CoV‑2 virus‑like particle expression 
and purification

VLPs were expressed in HEK293 cells by transient transfec-
tion and concentrated by ultracentrifugation. Twenty-four 

https://covid19.who.int/
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hours prior to transfection cells were seeded at a density of 
4×105 cells  ml−1 in 175  cm2 T flasks and incubated over-
night (ON) at 37 °C and 5%  CO2. The transfection was 
performed using 5 μg of DNA per  106 cells and PEI/DNA 
polyplexes were formed by adding PEI to plasmid DNA 
(in a 1.5:1 ratio) diluted in DMEM. Complexes were incu-
bated for 15 min at room temperature (RT) and added to 
the culture. Four hours post-transfection (hpt), cell superna-
tant was removed and replaced by fresh complete medium 
containing valproic acid (1.68 mM) and caffeine (2.5 mM) 
(Sigma-Aldrich).

Seventy-two hpt cell supernatant containing VLPs was 
harvested and clarified by centrifugation at 4000 g for 20 
min. The clarified supernatant was layered over a 30% 
sucrose cushion and centrifuged at 60,000 g for 5 h at 4 
°C (Beckman JA-20 rotor, Beckman Avanti J-E, Beckman 
Coulter). VLP pellet was resuspended in PBS using 1% of 
the original volume and stored at 4 °C.

Chimeric protein expression analysis by flow 
cytometry and laser confocal microscopy

HEK293 cells were transfected with pLV-S-RVG and protein 
expression was analyzed 72 hpt. Twenty-four hours prior to 
transfection, cells were seeded at a density of 2×105 cells 
 ml−1 in 12-well plates and incubated ON at 37 °C and 5% 
 CO2. The transfection was performed using 1 μg of DNA 
per  106 cells, using Lipofectamine® 3000 (ThermoFisher 
Scientific) as transfection reagent in a 2:1 Lipid:DNA rela-
tion. Complexes were incubated for 20 min at RT and then 
added to the culture. Four hpt, the DNA/lipid mixture was 
removed and replaced by fresh complete medium containing 
valproic acid (1.68 mM) and caffeine (2.5 mM). Seventy-two 
hpt, cells were trypsinized and washed with PBS, and then 
they were incubated with either an anti-SARS-CoV-2 RBD 
monoclonal antibody (mAb) (NN68, Creative Diagnostics) 
diluted 1/500 in PBS, or a convalescent serum diluted 1/200 
in PBS for 45 min at RT. NN68 mAb is a neutralizing SARS-
CoV-2 antibody, with a IC50 of 0.41 μg  mL−1, as meas-
ured by the in vitro pseudovirus neutralization assay. After 
another wash with PBS, cells were incubated with either 
a goat anti-mouse antibody or a goat anti-human antibody 
conjugated to AlexaFluor488 (ThermoFisher Scientific), 
both diluted 1/500 in PBS, for 30 min at RT. A final wash 
was performed, and cells were resuspended in 200 μl of PBS 
and analyzed in a GUAVA EasyCyte cytometer (Millipore) 
using Guava Express Plus Software (Millipore).

To analyze the localization of S-RVG on plasma membrane, 
a laser confocal microscopy was performed. Immunostained 
transfected cells were incubated for 15 min at RT with a solu-
tion containing Hoechst 1 μg  ml−1 (ThermoFisher Scientific) 
and orange Cytopainter cell plasma membrane staining kit 

diluted 1:500 (Abcam) in PBS for nuclei and plasma mem-
brane staining, respectively. Then, cells were washed, resus-
pended in PBS, and observed in a Leica–TCS–SP8 confocal 
microscope (Leica). Images were analyzed using ImageJ soft-
ware (Schindelin et al. 2012).

Western blot

VLP samples and culture supernatants were mixed with 4× 
sample buffer (2% SDS, 10% glycerol, 50 mM Tris–HCl pH, 
6.8, 0.05% bromophenol blue) and boiled for 5 min. After 
that, samples were separated by 10% SDS-PAGE and proteins 
were transferred to a PVDF membrane (Bio-Rad Laborato-
ries) and blocked with TBS, 5% skim milk (50 mM Tris–HCl, 
pH 7.5, 150 mM NaCl). Proteins were detected with an anti-
SARS-CoV-2 RBD mAb (NN68) diluted 1/1000 in TBS, 0.5% 
skim milk, and 0.05% Tween 20, and a HRP-conjugated goat 
anti-mouse secondary antibody (Dako, Agilent Technologies) 
diluted 1/700 in TBS, 0.5% skim milk, and 0.05% Tween 20. 
The reaction was revealed using a chemiluminescent reagent 
(Pierce™ ECL Western Blotting substrate, Thermo Fisher 
Scientific).

Electron microscopy analysis of SARS‑CoV‑2 VLPs

VLP morphology was analyzed by transmission electron 
microscopy (TEM). Briefly, 10 μl of VLP preparation was 
adsorbed onto Formvar-coated 200-mesh copper grids (Ted 
Pella, Inc.) for 2 min and then negatively stained with 2 % ura-
nyl acetate for 2 min. Samples were observed in a transmission 
electron microscope (JEM-2100 plus, Jeol).

For gold-immunolabeling, after VLP adsorption, the 
grids were blocked with PBS-BSA 1% for 30 min and then 
incubated for 60 min with an anti-SARS-CoV-2 RBD mAb 
(NN68) diluted 1/20 dilution in PBS-BSA 0.05%. After a 
washing step, the grid was incubated with a secondary 10-nm 
gold-conjugated anti-mouse IgG antibody (G7777, Sigma-
Aldrich) diluted 1/20 in PBS-BSA 1% for 60 min. A final wash 
was performed, and the grids were negatively stained with 2% 
uranyl acetate for 2 min before TEM observation. All incuba-
tions were done in a humid chamber. Electron micrographs 
were analyzed and cVLP size was measured using ImageJ 
software (Schindelin et al. 2012).

Pseudotyped lentivirus production and ACE2 
transduction assay

An established protocol for pseudotyped lentivirus pro-
duction was followed (Crawford et  al. 2020). Briefly, 
HEK293T cells were co-transfected using PEI with the 
plasmids HDM-Hgpm2, HDM-tat1b, pRC-CMV-Rev1b, 
and pHAGE2-CMV-ZsGreen-W, and a plasmid encoding 
the envelope protein, i.e., HDM-IDTSpike-fix, for wt S 
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protein or pLV-S-RVG for the fusion protein pseudotype. 
As a negative control, a lentiviral stock without any envelope 
protein was constructed. Forty-eight hours post transfection, 
supernatants were collected and clarified at 4000 g for 20 
min, and then concentrated by ultracentrifugation at 60,000 
g for 5 h at 4 °C (Beckman JA-20 rotor, Beckman Avanti J-E, 
Beckman Coulter). Pellets were resuspended in DMEM with 
3% of the original volume and stored at −70 °C.

HEK293 cells expressing ACE2 were used to analyze 
S-RVG ability to interact with ACE2 receptor and medi-
ate lentiviral transduction. For this, HEK293-ACE2 or wt 
HEK293 cells were plated on 96-well plates at 3.5×104 cells 
 ml−1 24 h prior to the transduction experiment. Then, cul-
ture supernatants were removed and concentrated lentivi-
rus samples diluted 1:2 in DMEM complete medium were 
added over the cells by triplicate. Seventy-two hours later, 
ZsGreen expression on transduced cells was measured by 
flow cytometry with a GUAVA EasyCyte cytometer using 
Guava Express Plus Software.

Fluorescent S‑RVG cVLP production and ACE2 
binding assay

Fluorescent S-RVG cVLPs were obtained by co-expression 
of S-RVG with Gag-GFP fluorescent fusion protein by 
transient transfection of HEK293 cells, and concentrated 
by ultracentrifugation. Twenty-four hours prior to transfec-
tion, cells were seeded at a density of 4×105 cells  ml−1 in 
175  cm2 T flasks and incubated ON at 37 °C and 5%  CO2. 
The transfection was performed using 2.5 μg of pLV-S-
RVG and 2.5 μg of pGag-EGFP (Cervera et al. 2013) per 
 106 cells. PEI/DNA polyplexes were formed by adding 
PEI to plasmid DNA diluted in DMEM in a 1.5:1 ratio. 
Complexes were incubated for 15 min at RT and added to 
the culture. Four hpt, cell supernatant was removed and 
replaced by fresh complete medium containing valproic 
acid (1.68 mM) and caffeine (2.5 mM). Particles contain-
ing only Gag-GFP were obtained by transfection of 5 μg 
of pGag-EGFP per  106 cells, following the same proto-
col. Seventy-two-hpt cell supernatant containing VLPs 
was harvested and clarified by centrifugation at 4000 g 
for 20 min. The clarified supernatant was layered over 
a 30% sucrose cushion and centrifuged for 5 h at 4 °C 
(Beckman JA-20 rotor, Beckman Avanti J-E). VLP pellet 
was resuspended in PBS with 1% of the original volume 
and maintained at 4 °C. Concentrated fluorescent VLPs 
were quantified by fluorimetry using a microplate fluor-
imeter (Thermo Scientific Fluoroskan FL, ThermoFisher 
Scientific).

To analyze if fluorescent cVLPs were able to interact with 
ACE2, a binding assay was performed on HEK293-ACE2 
cells. Twenty-four hours prior to the binding assay, ACE2 
and wt HEK293 cells were plated on 96-well plates at a 

density of 2×104 cells per well in 200 μl and incubated ON 
at 37 °C and 5%  CO2. The next day, concentrated fluorescent 
VLPs were diluted with DMEM complete medium, in order 
to normalize the number of fluorescent particles previously 
quantified by fluorimetry, and incubated on the plated cells 
in triplicate for 2 h at 37 °C and 5%  CO2. Finally, superna-
tant was removed, and the percentage of fluorescent cells 
was measured by flow cytometry with a GUAVA EasyCyte 
cytometer using Guava Express Plus Software.

Mice immunization

The immunization protocols were approved and supervised 
by the Advisory Committee on Ethics and Security of the 
School of Biochemistry and Biological Sciences, Universi-
dad Nacional del Litoral, according to international guide-
lines (“Guide for the Care and Use of Laboratory Animals,” 
Eighth Edition, National Research Council 2011). Female 
Balb/c mice of 6–8 weeks of age (SPF, Centro de Medicina 
Comparada, ICIVET- CONICET-UNL, Argentina) were 
intramuscularly immunized at days 0 and 21.

Animals vaccinated with VLPs (n=7) received a dose of 
150 ng, considering only the chimeric S-RVG protein con-
tent. VLPs were formulated with LipoSap® adjuvant in a final 
concentration of 100 μg  ml−1. This is a commercial presenta-
tion of the adjuvant called ISPA (Bertona et al. 2017), which 
consists of cage-like particles with low surface charge density 
containing Quil-A® as immune response stimulator, and it 
was obtained from Lipomize S.R.L., Argentina. LipoSap® 
adjuvant was previously tested for other vaccine candidates 
for hepatitis B, rabies, and foot-and-mouth disease (Battagliotti 
et al. 2020; Bidart et al. 2020; Fontana et al. 2020; Bidart et al. 
2021; Fontana et al. 2021b).

Fifteen days after second dose, mice bled and sera col-
lected and conserved at −20 °C for analysis. Pre-immune 
sera also were collected before starting the immunization.

On days 114 and 148 from priming, mice serum samples 
were obtained again for antibody titer analysis. Further, on 
day 155 from priming, mice were injected with a booster 
containing the same amount of antigen of the previous doses 
and on the 171 (16 days after boosting) serum samples were 
obtained.

ELISA for anti‑S or anti‑RBD antibody detection

Plates were coated with 150 ng per well of purified RBD 
or S protein and incubated ON at 4 °C. Plates were washed 
six times with PBS-Tween-20 0.05% and then blocked 
with 200 μl per well of 2% skim milk in PBS for 1 h at 37 
°C. Twofold serial dilutions of sera samples in skim milk 
0.2%, PBS-Tween-20 0.05% were incubated for 1 h at 37 
°C. After that, 100 μl of an HRP-conjugated anti-mouse 



3499Applied Microbiology and Biotechnology (2023) 107:3495–3508 

1 3

antibody (Invitrogen) diluted 1:700 in skim milk 0.2%, and 
PBS-tween-20 0.05% was added to each well and incubated 
for 1 h at 37 °C. Six washes with PBS-Tween–20 0.05% 
were done between each incubation. Finally, the reaction 
was revealed by adding 100 μl of a chromogenic substrate 
solution to each well (0.5 mg  ml−1 o-phenylenediamine 
(Sigma-Aldrich), 0.5 μl ml −1  H2O2 30 vol., 50 mM citrate/
phosphate buffer, pH 5.3). The reaction was stopped by add-
ing 50 μl of a 0.5 M  H2SO4 solution and the optical density 
was measured at 492 nm in a plate reader spectrophotometer 
(Labsystems Multiskan®). Antibody titers were calculated 
as the end-point serum dilution yielding an optical density 
higher than the cutoff value. This cutoff was calculated as 
the mean + 2 SD of the optical density of negative controls 
(pre-immune mice sera).

Neutralizing antibody assay

Plasma samples were analyzed following a protocol pre-
viously described (Coria et  al. 2022). Briefly, plasma 
samples were serially diluted in DMEM 2% FBS starting 
from a 1:16 dilution, and preincubated with SARS-CoV-2 
(ancestral variant) for 1 h at 37 °C. Then, mixture samples 
were added to VERO cell monolayers using a multiplic-
ity of infection of 0.004 and incubated for 1 h at 37 °C. 
Afterwards, supernatant containing virus was removed and 
DMEM 2% FBS was added. Cells were incubated for 72 h 
at 37 °C in a 5%  CO2 atmosphere. Finally, cells were fixed 
with paraformaldehyde 4% for 20 min at 4 °C and stained 
with a methanol-crystal violet solution. The presence of 
plaques in the monolayer was assessed visually under a 
microscope. Neutralizing antibody titer was calculated as 
the higher plasma dilution showing no cytopathic effect 

(CPE) in two or three replicate wells. CPE was established 
as the presence of one or two plaques per well.

Results

Design of a novel RVG fusion protein displaying S 
domains

S ectodomain region (AA 16-1212) was fused to 389-
505 AA from mature RVG (Fig. 1), aiming to preserve 
RVG localization and budding properties, while exposing 
the important antigenic regions of S on the surface. This 
region of RVG encompasses 51 AA of its ectodomain, as it 
is important for correct protein localization (Larson et al. 
2006), and the transmembrane and cytoplasmic regions. 
Signal peptide was included immediately before of fusion 
protein coding sequence in order to direct protein expression 
to the exportation pathway. Besides, S ectodomain sequence 
included pre-fusion stabilizing mutations: polybasic furin 
cleavage site was mutated and two consecutive prolines 
were added (K986P, V987P) (Walls et al. 2020). The entire 
construct, named S-RVG, has a length of 1333 AA.

Fusion protein expression and plasma membrane 
localization

In order to characterize S-RVG expression, HEK293 cells 
were transfected and protein expression was analyzed 
by flow cytometry (Fig. 2). Cells were immunostained 
using an anti-RBD monoclonal neutralizing antibody 
or a convalescent patient serum. S-RVG was correctly 

Fig. 1  Schematic representation of chimeric protein in comparison 
to native S protein. (A) Native SARS-CoV-2 S sequence containing a 
signal peptide (AA 1-15), RBD domain (AA 329-522), a furin cleav-
age site (AA 685-686) between S1 and S2 domains, and transmem-
brane (TM) and cytoplasmic (CT) domains. (B) Chimeric S-RVG 
sequence that contains S ectodomain fused to the C-terminal region 

of RVG. Signal peptide of CD33 (18 AA) was included before the 
ectodomain of S, while furin cleavage site was mutated to stabilize 
the structure. Two consecutive prolines were included on S2 (K986P, 
V987P) to stabilize the native pre-fusion conformation. After S ecto-
domain, RVG sequence containing 51 AA of its ectodomain (51ED) 
and its transmembrane and cytoplasmic domains was inserted.
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expressed on plasma membrane of expressing cells with 
an adequate conformation, since it was recognized by 
both anti-SARS-CoV-2 antibody samples. Importantly, 
RBD recognition by a neutralizing mAb indicated a proper 
exposition of this domain on the surface of the protein. In 
addition, to confirm plasma membrane localization, the same 
immunostaining procedure was performed and live expressing 
cells were visualized by laser confocal microscopy (Fig. 3). 
The fluorescent antibody signals co-localized with that of 
the plasma membrane staining agent, confirming plasma 
membrane localization and RBD domain exposure. These 
results agree with previous publications that described budding 
of chimeric rabies VLPs from outer cell membrane, with or 
without other structural viral proteins (Fontana et al. 2019; 
Fontana et al. 2021a; Garay et al. 2022).

cVLP formation assessment and characterization

Once it was confirmed that S-RVG correctly localized on 
plasma membrane, its ability to bud forming cVLPs was 

evaluated. For this, HEK293 cells were transfected and, 
after 72 h, culture supernatant was harvested, clarified, 
and subjected to sucrose cushion ultracentrifugation. 
Both the culture supernatant and the sucrose cushion 
sample were analyzed to detect S-RVG by an anti-RBD 
western blot (Fig. 4). In this way, the presence of full-
length S-RVG in both samples, with an approximate 
molecular weight of 200 KDa, was confirmed, indicating 
that protein was being released to culture supernatant. 
However, since the quimera was detected at the bottom 
of the sucrose cushion, we hypothesized that it was prob-
ably associated to a cVLP. To confirm this, this sample 
was analyzed by TEM (Fig. 5A). Round-shaped parti-
cles with an average size of 76 ± 21 nm were observed 
(Fig. 5C), surrounded by a protein layer that resembled 
the morphology of SARS-CoV-2 S virions. To confirm 
that these particles contained S-RVG on their surface, a 
gold immunolabeled TEM was performed, using a mon-
oclonal anti-RBD antibody and a secondary antibody 
conjugated to colloidal gold. The high concentration of 

Fig. 2  Chimeric protein expres-
sion analysis by flow cytometry. 
HEK293 cells were transfected 
with pLV-S-RVG or empty pLV 
plasmid (mock), and 72 hpt 
cells were inmunostained with 
an anti-RBD mAb or with a 
convalescent serum, using sec-
ondary antibodies conjugated 
to AlexaFluor488. Marker 1, 
negative cells. Marker 2 and 3, 
positive cells
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Fig. 3  Plasma membrane localization analysis of the chimeric protein 
by laser confocal immunofluorescence. HEK293 cells were trans-
fected with pLV-S-RVG or empty pLV plasmid (mock), and 72 hpt 
cells were inmunostained with an anti-RBD mAb (A) or with a con-

valescent serum (B), using secondary antibodies conjugated to Alex-
aFluor488. Nuclei were stained with Hoechst and plasma membrane 
with CytoPainter Orange. Scale bar: 6 μm
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colloidal gold on the surface of the particles (Fig. 5B) 
confirmed that S-RVG was part of the VLP structure and 
was anchored on the VLP envelope, and, more impor-
tantly, RBD was able to be recognized on the VLP sur-
face by neutralizing antibodies. This result also suggests 
that RBD adopted an adequate conformation.

S‑RVG interacts with ACE2 and mediates membrane 
fusion

To analyze the structure and functionality of the fusion 
protein, S-RVG pseudotyped lentiviral vectors encoding a 
fluorescent protein were generated and used to test if this 
glycoprotein was able to interact with natural SARS-CoV-2 
receptor ACE2, triggering plasma membrane fusion to 
release the lentiviral genome. For this purpose, concentrated 
pseudotyped lentivirus were added on ACE2-HEK293 cells 
and the fluorescent protein expression was analyzed by flow 
cytometry 72 h later (Fig. 6(A)). S-RVG was able to mediate 
lentiviral transduction at a similar level as wt S protein in a 
receptor-specific manner, since HEK293 not expressing the 
receptor were not transduced. This experiment confirmed 
that the fusion protein structure allows the conformational 
changes required to mediate membrane fusion, indicating 
structural similarities to the native S protein.

Furthermore, to analyze if S-RVG was able to interact 
with ACE2 in the context of cVLPs, fluorescent-labeled 
cVLPs were generated by co-expression of Gag-GFP 
reporter protein (Cervera et al. 2013; Gutiérrez-Granados 
et al. 2013; Fontana et al. 2021b) along with S-RVG. These 
cVLPs were then incubated with wt or ACE2-expressing 
HEK293 cells. As a control, Gag-GFP particles without any 
envelope protein were generated and included in the assay, 
in order to normalize the content of fluorescent particles and 
S-RVG-containing cVLPs by fluorimetry. Flow cytometry 
assays confirmed that fluorescent-labeled S-RVG-cVLPs 
were able to specifically bind to ACE2 (Fig. 6(B)). This 
demonstrated that S-RVG adopts an adequate conformation 
on the surface of cVLPs.

Fig. 4  cVLP detection by western blot. Seventy-two-hour culture 
supernatants of pLV-S-RVG transfected HEK cells were ultracen-
trifugated with a sucrose cushion and then analyzed by western blot 
using an anti-RBD mAb. (1) cVLP ultracentrifugated with a sucrose 
cushion. (2) cVLPs in the transfection culture supernatant. (3) Mock 
transfected culture supernatant. (4) Purified RBD. (5) Precision Plus 
All Blue molecular weight marker (Bio-Rad)

Fig. 5  Transmission electron micrographs of cVLPs. Sucrose cush-
ion purified cVLPs were adsorbed on formvar/carbon coated grids 
and observed by negative staining (A) or incubated with an anti-RBD 
mAb and a secondary antibody conjugated to colloidal gold (B). 

Scale bar: 50 nm. Black arrows indicate S-RVG glycoprotein projec-
tions. (C) Size distribution of cVLPs. Error bar in red indicates mean 
± SD
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cVLP immunogenicity

Finally, to test cVLP immunogenicity, an immunization plan 
was designed. The plan was based on the vaccination of 
mice with two doses separated by 2 weeks, and a booster 
delivery 4 months after priming. cVLPs were formulated 
with ISPA adjuvant (commercially available as LipoSap) 
which consists of cage-like particles with low surface charge 
density containing saponin as immune response stimulator 
(Bertona et al. 2017; Bidart et al. 2020).

The formulation was able to induce S and RBD-specific 
antibodies after two doses, despite the relatively low amount 
of antigen inoculated per dose (150 ng of S-containing 
cVLPs) (Fig. 7A, B). S and RBD-specific antibodies were 
detected for at least 150 days, and the subsequent booster 
induced an increment that exceeded the initial antibody lev-
els obtained after two doses. The neutralizing capacity of 
this antibodies was assessed by analyzing serum samples 
using a neutralization assay with live virus and VERO cells. 
Specific neutralizing antibodies could be detected (Fig. 7C), 
proving that the immunogen has the potential to induce a 
protective response, although the antigen dose needs to be 
optimized to further improve antibody levels.

Discussion

The rapid development of vaccines against COVID-19 has 
been essential to reduce the impact of the disease, with an 
estimate of 14 million lives saved within the first year of 
the pandemic (Watson et al. 2022). However, due to the 

tremendous amounts of doses required to assure adequate 
vaccination coverages and booster doses around the world, 
it is necessary to continue developing new vaccine platforms 
that can fulfill these demands.

In the field of new-generation vaccines, VLPs have a 
great potential due to their versatility and immunological 
properties (Mohsen et al. 2017). In this work, we evaluated 
a new method to obtain SARS-CoV-2 VLPs containing S 
protein on their surface for vaccination purposes. Following 
this objective, we engineered a novel RVG fusion protein 
to display S ectodomain in order to take advantage of the 
autonomous budding activity of RVG when overexpressed 
in HEK293 cells (Fontana et al. 2014; Fontana et al. 2015a).

The designed construct comprises the S protein ecto-
domain fused to the RVG stem ectodomain region and the 
transmembrane and cytoplasmic domains (S-RVG) (Fig. 1). 
This stem, that consists of approximately 50 AA, connects 
the RVG ectodomain to the transmembrane region, and 
has been already functionalized with other heterologous 
domains for vaccination purposes in the context of recom-
binant rabies virions that display fusion proteins on their 
surface (Larson et al. 2006) as well as in the genome of 
the rabies vector (Hennrich et al. 2021). Hennrich et al.’s 
approach focused on fusing RBD of SARS-CoV-2 directly 
to RVG stem and anchoring regions, confirming its efficient 
incorporation in rabies and vesicular stomatitis virions. 
However, the co-expression of other viral proteins was nec-
essary to incorporate the fusion protein in viral particles as 
it did not evidence autonomous budding activity.

Interestingly, using flow cytometry and laser confocal 
microscopy, we were able to demonstrate that S-RVG fusion 

Fig. 6  S-RVG interaction with ACE2 receptor. (A) Pseudotyped len-
tivirus transduction assay on ACE2 expressing cells. ZsGreen encod-
ing lentivirus pseudotyped with wt S protein, S-RVG, or without any 
envelope protein (naked) were incubated with wt or ACE2 expressing 
HEK293 cells for 72 h. Percentage of transduced cells was measured 
by flow cytometry. (B) Fluorescent-labeled cVLPs binding to ACE2 
expressing cells. Gag-GFP-containing S-RVG cVLPs were generated 

and incubated with wt or ACE2 expressing HEK293 cells, revealing 
the percentage of positive cells by flow cytometry. As a negative con-
trol, gag-GFP-containing particles were also generated and included 
in the assay, normalizing the number of particles by fluorimetry. Bars 
indicate mean + SD. Tukey multiple comparison test: ***p<0.001, 
****p<0.0001, ns: no statistical difference
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protein was certainly detected on the surface of transfected 
HEK293 cells by a convalescent patient serum as well as 
by an anti-RBD mAb (Fig. 2 and Fig. 3), suggesting an 
adequate antigenic conformation. Furthermore, consider-
ing that the mAb is a neutralizing antibody, this recognition 
indicated that RBD displays the ACE2 recognition motif 
(receptor binding motif (Yi et al. 2020)) in the context of 
the fusion protein.

By western blot analysis, S-RVG fusion protein could be 
detected both in culture supernatants and in concentrated 
sucrose cushion ultracentrifugated samples (Fig. 4), sug-
gesting its ability to autonomously bud forming enveloped 
cVLPs. This hypothesis was confirmed by TEM and gold-
labeled immune TEM. Furthermore, we observed glycopro-
tein projections on the surface of the particles resembling a 
“corona-like” structure (Fig. 5A), similar to those observed 
on native SARS-CoV-2 virions. Besides, specific recogni-
tion of a SARS-CoV-2 neutralizing antibody confirmed a 
correct display of RBD in the context of the cVLP (Fig. 5B). 
Electron micrograph measures indicated that this cVLP has 
a similar size (76 ± 21 nm) to that of native SARS-CoV-2 
virions, ranging from 70 to 100 nm (Menter et al. 2020) or 
67 ± 15 nm (Varga et al. 2020).

Regarding the protein yield obtained, we could estimate 
a value of 48 μg of S-RVG protein associated to cVLPs per 
liter of culture medium (data not shown). Unfortunately, it 
is difficult to compare this value with bibliographic data, 
since other SARS-CoV-2 VLP developments report their 
yield in terms of VLP mass or units per milliliter (Swann 
et al. 2020; Jaron et al. 2022). However, in terms of soluble S 
ectodomain production, our yield turns to be similar to those 
obtained for difficult to express S ectodomain sequences, 
which are reported to reach around 20 μg per liter of culture 
(Stalls et al. 2022). We consider that our S-RVG protein 
yield is encouraging, taking into account that obtaining 
high yields of enveloped VLPs is a challenging task (Arista-
Romero et al. 2021).

S-RVG was as effective as native S protein to interact 
with ACE2 receptor in the context of a lentiviral vector 
(Fig. 6(A)); this result gave further evidence that RBD 
adopts a natural conformation on the surface of S-RVG. 
Importantly, we could also confirm that S-RVG is able to 

Fig. 7  Humoral immune response triggered by cVLPs. Balb/c mice 
were intramuscularly injected with a formulation containing SARS-
CoV-2 cVLPs through a two-dose and booster immunization plan 
(A). Anti-S (B) and anti-RBD (C) antibodies were quantified by 
indirect ELISA and neutralizing antibodies (D) by a virus neutrali-
zation assay. For B and C, antibody titers were calculated as the 
highest dilution that gave a signal higher than the cutoff, which was 
established as the mean + 2SD of a negative serum. For D, titer was 
established as the highest dilution in which no cytopathic effect was 
observed in the culture. 2nd, second dose; B, booster. Bars indicate 
mean + SEM

▸
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bind to ACE2 in the context of the cVLP in flow cytom-
etry assays, since S-RVG cVLPs containing Gag-GFP as 
a reporter protein were able to bind to ACE2 receptor and 
to be internalized in a specific manner in ACE2 HEK293 
expressing cells (Fig. 6(B)).

Finally, we could verify cVLP immunogenicity in an 
immunization plan in Balb/c mice. Specific anti-S and 
anti-RBD antibodies were detected after two doses, and 
for at least 130 days from the second dose. A booster given 
at 150 days was able to increase antibody levels which 
surpassed those obtained in the first blood extraction (day 
36, Fig. 7A, B). Currently, it is known that to achieve a 
protective immunological state against COVID-19, it 
is necessary to administer booster doses, as protection 
decays over time (Loubet et  al. 2021). In fact, several 
clinical studies have been carried out to confirm booster 
dose effectiveness as part of currently available vaccine 
immunization plans (Voysey et al. 2021; Hung and Poland 
2021; Barda et al. 2021).

Besides the generation of anti-S and anti-RBD antibodies, 
we confirmed cVLP potential to induce neutralizing antibod-
ies (Fig. 7C). This type of antibodies was more effectively 
detected after the booster dose, in accordance with the raise 
of anti-RBD antibodies. Further studies remain to be carried 
out to optimize the amount of cVLPs per dose in order to 
improve the immune response triggered with this vaccine 
candidate. Despite the fact that little mass of S-containing 
cVLPs was administered per dose (150 ng), the neutralizing 
antibody levels obtained were not far from those reported 
in mice for SARS-CoV-2 VLPs, which ranged from 1/300 
for a chemically coupled RBD capsid VLP using 20 μg per 
dose (Rothen et al. 2022), to 1/1079 with a VSV-G/S fusion 
protein Gag containing VLPs using 5 μg per dose (Fluckiger 
et al. 2021).

Further studies remain to be fulfilled to optimize the pro-
duction of this vaccine candidate. On the one hand, volu-
metric yield can be increased by using suspension growth-
adapted HEK293 cells, which can be cultured to higher 
densities and efficiently transfected for the transient pro-
duction of enveloped VLPs (Cervera et al. 2013; Venereo-
Sanchez et al. 2016; Venereo-Sánchez et al. 2019; Lavado-
García et al. 2020). In fact, we have previously tested this 
suspension expression platform with a cVLP containing a 
fusion rabies glycoprotein with good results (Fontana et al. 
2021b). On the other hand, the use of recombinant stable 
expressing HEK293 cell lines represents an approach that 
can be also addressed to obtain high yield production of 
enveloped VLPs, as previous works with RVG VLPs and 
fusion RVG proteins have proven (Fontana et al. 2014; Fon-
tana et al. 2015b; Fontana et al. 2019; Fontana et al. 2020; 
Garay et al. 2022). This strategy has been further optimized 
with RVG VLPs, using a suspension growth-adapted stable 
expressing clone in a 5-L bioreactor operated in perfusion 

mode, achieving high productivity of enveloped VLPs (Fon-
tana et al. 2015b).

As a conclusion, we designed and expressed a novel 
fusion protein that exposes S ectodomain in the context of 
RVG anchoring region. This construct expressed in HEK293 
cells is able to bud forming SARS-CoV-2 cVLPs display-
ing S on their surface and resembling the structure of native 
SARS-CoV-2. Moreover, cVLPs are able to induce humoral 
responses and thus have the potential to become a novel 
vaccine candidate against COVID-19 that can be efficiently 
produced by expressing a single chimeric construction.
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