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Abstract

Chimeric virus-like particles are self-assembling structures composed of viral proteins that had been modified to incorporate
sequences from different organisms, being able to trigger immune responses against the heterologous sequence. However,
the identification of suitable sites for that purpose in the carrier protein is not an easy task. In this work, we describe the
generation of rabies chimeric VLPs that expose a major antigenic site of foot-and-mouth disease virus (FMDV) by identify-
ing suitable regions in rabies glycoprotein (RVG), as a proof of concept of a novel heterologous display platform for vaccine
applications. To identify adequate sites for insertion of heterologous sequences without altering the correct folding of RVG,
we identified regions that were evolutionally non-conserved in Lyssavirus glycoproteins and performed a structural analysis
of those regions using a 3D model of RVG trimer that we generated. The heterologous sequence was inserted in three dif-
ferent sites within RVG sequence. In every case, it did not affect the correct folding of the protein and was surface exposed,
being recognized by anti-FMDV antibodies in expressing cells as well as in the surface of VLPs. This work sets the base for
the development of a heterologous antigen display platform based on rabies VLPs.

Key points

o Adequate regions for foreign epitope display in RVG were found.

o G-H loop of FMDV was inserted in three regions of RVG.

o The foreign epitope was detected by specific antibodies on fusion proteins.
e G-H loop was detected on the surface of chimeric VLPs.
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Introduction

Virus-like particles (VLPs) are supramolecular arrangements
composed of one or more viral proteins that mimic the struc-
ture of the virus but lack the viral genome, which makes them
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biosafe (Roldao et al. 2010; Yan et al. 2015; Mohsen et al.
2017). Because of their highly multivalent nature, they are able
to crosslink B cell receptors (BCRs) very efficiently to induce
potent humoral responses. Their ability to induce cellular and
innate immune responses and their particulate structure and
size, which facilitates their uptake by antigen presenting cells,
are also key features that contribute to their high immuno-
genicity (Grgacic and Anderson 2006; Raghunandan 2011;
Luaet al. 2014).

On the other hand, some VLPs have proven effective
on developing immune responses against foreign epitopes
inserted by genetic fusion to the viral proteins that compose
the particle, known as chimeric VLPs (cVLPs) (Grgacic and
Anderson 2006; Chackerian 2007; Rold3o et al. 2010; Frietze
et al. 2016; Charlton Hume et al. 2019). This strategy presents
however a number of difficulties: the presence of the epitope
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(most commonly a short peptide derived from a foreign organ-
ism) must not disrupt the formation of the VLPs, and it must
be exposed on the surface on the particle in order to be avail-
able to interact with BCRs and with a correct antigenic con-
formation. All these factors lead to the need of a profound
knowledge of the structural characteristics of the viral proteins
integrating the VLPs, so that the foreign epitope does not alter
the correct folding as well as not impairing the intermolecular
interactions between the proteins that compose the particle.
Most of the efforts in this direction take advantage of the
crystalized and resolved structures of empty capsid VLPs,
such as hepatitis B core particle (Clarke et al. 1987; Zhang
et al. 2007; Aston-Deaville et al. 2020), porcine circovirus
type 2 (Hu et al. 2016; Li et al. 2018), hamster polyomavirus
(Gedvilaite et al. 2000), primate erythroparvovirus 1 (del
Carmen Moran-Garcia et al. 2016), and human enterovi-
rus 71 (Xu et al. 2015). Despite their effectivity to induce
immune responses against the heterologous epitope, their
ability to present a variety of structures is restrained by their
rigid nature, limiting the size of the heterologous peptide
that can be incorporated into the particle and often impairing
VLPs assembly (Hu et al. 2016; Li et al. 2018).
Alternatively, foreign epitope display on enveloped VLPs
is a field that has not been largely exploited, mostly because
of the limited amount of information available on transmem-
brane and membrane-associated viral proteins structures. So
far, the most studied enveloped VLPs platform to display
foreign antigens is hepatitis B surface antigen (Delpeyroux
et al. 1986; Gordon et al. 1995; Vietheer et al. 2007; Beau-
mont et al. 2013; Ramasamy et al. 2018; Czarnota et al.
2020), which has even allowed the development of a malaria
vaccine candidate that has undergone phase III clinical tri-
als (RTS 2015). Other enveloped VLPs systems studied to
display heterologous antigens are the Z matrix protein of
Junin virus (Mareze et al. 2016) and Newcastle disease virus
hemagglutinin/neuraminidase (McGinnes et al. 2010).
Rabies virus belongs to Rhabdoviridae family and Lys-
savirus genus, and is the etiological agent of a zoonotic
disease that causes 40.000—-60.000 human deaths per year
(Hampson et al. 2015; World Health Organization 2018).
Its envelope glycoprotein G (RVG), located on the surface
of the virion, is responsible of virus entry into the cell and
the main target of neutralizing antibodies (NAs) during an
infection (Katz et al. 2017). It is composed by an ectodomain
(AA 1-440), a short transmembrane domain (AA 441-462),
and a cytoplasmic tail (AA 462-505), and forms trimers on
the surface of the virion (Gaudin et al. 1992). Like other
glycoproteins of the Rhabdovirus family, RVG interacts with
host cell receptor and changes its conformation from a pre-
fusion state to a post-fusion state once the virus enters in the
low pH environment of the endosome, allowing membrane
fusion and liberation of the ribonucleoprotein into the cyto-
plasm (Roche and Gaudin 2002; Roche et al. 2007). Most of
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generated antibodies in the course of an immune response
are directed towards a conformational epitope located on AA
34-42 and 198-200 of mature protein (antigenic site 2, a.s
2), comprising approximately 70% of RVG-specific antibod-
ies. The rest is directed towards antigenic site 3 (a.s 3) and
to a lesser extent to antigenic site 1 (a.s 1), which are located
on AA 330-338 and AA 226-231, respectively. Other minor
antigenic sites have been reported (Benmansour et al. 1991;
Jallet et al. 1999; Buthelezi et al. 2016).

In our laboratory, we previously generated rabies
VLPs (RV-VLPs) by recombinant expression of RVG
in HEK293 cells. These particles are able to bud to the
culture supernatant spontaneously and are continuously
expressed (Fontana et al. 2014). Moreover, they are able
to induce NAs on mice and protect them from intrac-
erebral challenges with live rabies virus (Fontana et al.
2015, 2019). The main objective of this study was to ana-
lyze the ability of RV-VLPs to present foreign epitopes,
through the identification of suitable insertion sites in
RVG ectodomain and the generation of fusion proteins
for vaccine applications.

The chosen heterologous epitope is the major antigenic
site of foot-and-mouth disease virus (FMDV), member of the
Picornaviridae family and Aphthovirus genus (Grubman and
Baxt 2004), which is responsible for multimillion dollar loss
worldwide due to animal product trade restrictions (Mahy
2005). The major antigenic site (named G-H loop) is located on
VP1 capsid protein (approximately on AA 140-160 depending
on the studied serotypes) and is responsible for virus entry into
the cell by host cell integrin recognition and main target of
NAs (Burman et al. 2006; Azuma and Yoneda 2009).

By using this model, we intent to establish a cVLPs heter-
ologous display platform based on the highly immunogenic
enveloped RV-VLPs.

Materials and methods

Identification of insertion sites in rabies G
glycoprotein

Identification of non-conserved regions in Lyssavirus genus
glycoproteins

In order to find non-conserved regions in Lyssavirus glyco-
proteins, 16 complete AA sequences were downloaded from
the Reference Sequence (refseq) database of the National
Centre for Biotechnology Information (www.ncbi.nlm.nih.
gov). The refseq codes of the glycoprotein sequences down-
loaded are as follows: YP_009094330.1, YP_009325517.1,
YP_007641395.1, YP_001285396.1, P_009091812.1,
NP_478342.1, YP_001285391.1, YP_007641405.1,
YP_007641400.1, YP_009094487.1, YP_009094182.1,
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YP_142353.1, YP_007641390.1, YP_009094271.1,
YP_006742183.1, YP_009325415.1. A multiple alignment
of these sequences and RVG (Pasteur strain, NP_056796.1)
was obtained using Clustal Omega software (Sievers et al.
2011) and the result was analyzed with Jalview software
(Waterhouse et al. 2009).

Generation of 3D models of rabies glycoprotein trimer

MODELLER software (Eswar et al. 2006) was used to per-
form the homology modeling of RVG structure, and the
structure was visualized using UCSF Chimera (Pettersen
et al. 2004). MatchMaker tool of UCSF Chimera was used
to superimpose the individual domains of RVG post-fusion
model over VSV-G structure, and the regions connecting
them were modeled using MODELLER loop refinement
tool. Quality of the model was assessed using Qualitative
Model Energy Analysis (QMEAN, https://swissmodel.
expasy.org/qmean/) (Benkert et al. 2011) and PROCHECK
server (https://servicesn.mbi.ucla.edu/PROCHECKY/).

Vector construction

The strategy to obtain the coding sequences for fusion pro-
teins RVG(SI)-GH and RVG(SII)-GH consisted on generat-
ing a restriction enzyme cutting site on each of the insertion
sites by PCR overlapping, and then inserting the G-H loop
(A/Arg/01) coding sequence by oligonucleotide cloning.
The first step was to obtain RVG mutated coding
sequences, RVG(SI) and RVG(SII), containing a BamHI
restriction site on site I and site II (codons 164—-165 and
184-185 of mature protein, respectively), using a previously
obtained vector pLV-G (Fontana et al. 2014) as template.
The first pair of primers (RVG F and SI R) (Table 1) was
used to generate the first fragment, whereas the second pair
(SI F and RVG R) was used to generate the second frag-
ment. These PCR fragments were mixed equimolarly to
obtain RVG(SI) coding sequence by PCR, using the pair of

primers RVG F and RVG R. Similarly, to obtain RVG(SII)
sequence, the third pair of primers (RVG F and SII R) and
the fourth pair of primers (SII F and RVG R) were used to
obtain two PCR fragments that, when mixed equally with
primers RVG F and RVG R, produced the desired sequence
by PCR. The generation of a BarmHI sequence on the desired
sites was checked by enzyme digestion and agarose gel
electrophoresis. Both recombinant DNA sequences were
digested with Nhel and Sall and cloned on a third-generation
lentiviral transference vector (pLV) digested with the same
pair of enzymes, obtaining the vectors pLV-RVG(SI) and
pLV-RVG(SID).

To obtain the coding sequence of G-H loop A/Arg/01
(AA 140-160 of VPI capsid protein, GenBank accession
no. AMX81584.1), the pair of primers GH F and GH R
was mixed equimolarly on TE buffer and heated at 95 °C
for 5 min on a water bath. Then, heat source was turned off
allowing the mix to slowly cool down to room temperature.
Previously obtained lentiviral vectors were BamHI digested,
and the aligned oligonucleotides were directly ligated into
them, as they present BamHI overhang on both sides. The
obtained vectors, pLV-RVG(SI)-GH and pLV-RVG(SII)-GH,
were checked by DNA sequencing.

The coding sequence for the fusion protein presenting
the GH loop sequence on the N-terminal extreme of RVG
(RVG(S0)-GH) was chemically synthetized (GeneUniver-
sal) and cloned on pLV vector (pLV-RVG(S0)-GH), being
checked by DNA sequencing.

Cells, antibodies, and vaccines

Adherent growing HEK293 cells used to package lentiviral
vectors were cultured in Dulbecco modified Eagle medium
(DMEM, Gibco) supplemented with 10% fetal calf serum
(FCS, Gibco) at 37 °C with 5% CO?2. In-house developed
suspension growth adapted HEK293 cells (sHEK) used to
generate stable cell lines were cultured in EX-CELL®293
serum-free medium (SAFC Bioscience) supplemented with

Table 1 Primers used to

. Names Sequence (5" 3°) Restriction site

mutate RVG coding sequence.

Restriction enzyme cutting RVG F CCCGCTAGCTCTAGAATGCCGCTGCTGCTACTGC Nhel

ﬁzseﬁﬁ;ga‘ked in bold and RVG R CCCGTCGACGCGGCCGCTTACAGTCCGGTCTCACCCCCGC Sall
SIF AATTGCTCAGGAGTAGCGGGATCCTCTACCTACTGCTCC BamHI
SIR GGAGCAGTAGGTAGAGGATCCCGCTACTCCTGAGCAATT BamHI
SIIF ATGCCCGAGAATCCGGGATCCGGGATGTCTTGTGACATT BamHI
SIIR AATGTCACAAGACATCCCGGATCCCGGATTCTCGGGCAT BamHI
GHF GATCCGGGTCAAGCAGACGAGGCGACTTGGGTTCCCTCGCG BamHI*

GCACGAGTCGTGAAGGCACTTCCTGCTG

GHR GATCCAGCAGGAAGTGCCTTCACGACTCGTGCCGCGAGGGA BamHI*

ACCCAAGTCGCCTCGTCTGCTTGACCCG

*Once the pair of primers is aligned, a BamHI cohesive overhang end is formed on both sides of the ds

sequence
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6 mM glutamine and were cultured in Erlenmeyer flasks
(Corning, USA) at 37 °C with 5% CO2, and agitated at
140 rpm using a shaking incubator cabinet (CERTOMAT®
CT plus, Sartorius). For the development of stable cell lines,
selection of recombinant cells was achieved supplementing
media with puromycin (Sigma-Aldrich).

Monoclonal antibody against rabies glycoprotein (Fon-
tana et al. 2020) and mouse polyclonal serum against FMDV
A/Arg/01 serotype were developed in our laboratory. The
antigen used to obtain the polyclonal serum was a quadriva-
lent anti-FMDV commercially available vaccine (Bioafto-
gen®, Biogénesis-Bago).

Third-generation lentiviral vector packaging

Lentiviral particles were produced by simultaneous co-trans-
fection of HEK293 cells with four plasmids using polyeth-
ylenimine as transfecting agent. These plasmids were the
packaging construct (p)MDLg/pRRE), the VSV-G express-
ing construct (pMDG), and the Rev-expressing construct
(pRSV-Rev) (Naldini et al. 1996; Dull et al. 1998), and
each of the transfer vectors is obtained in the “Generation
of 5D models of rabies glycoprotein trimer” section: pLV-
RVG(S0)-GH, pLV-RVG(SI)-GH, and pLV-RVG(SII)-GH.
Forty-eight hours after transfection, the supernatants were
harvested, clarified by low speed centrifugation, and frozen
at—70 °C prior to use.

Stable cell line development

sHEK cells were seeded at a concentration of 3.5 x 10* cells/
ml in 6-well plates on DMEM medium with 10% FCS. After
24 h, supernatant was removed and the transduction was
performed adding 1 ml of lentiviral stock. At 96-h post-
transduction, cells were trypsinized, resuspended on EX-
CELL®293 medium at a cell concentration of 5x 10° cells/
ml, and cultivated on 50 ml polypropylene tubes with fil-
ter caps (CELLSTAR CELLreactor™, Greiner Bio-One)
at 140 rpm in a shaking incubator cabinet. A multi-step
gradual selection protocol with puromycin was employed
based on previous works (Prieto et al. 2011). Briefly, cells
were cultivated with a concentration of 1 pg.ml~! of puro-
mycin for 5 days, and then with a concentration of 3 pg.ml™".
The selection agent was gradually changed every 7 days of
culture.

Flow cytometry

Approximately 2x 10° cells were harvested and washed
with PBS. Cells were pelleted by centrifugation at 100 g
for 10 min, and then resuspended in 100 pl of a 1:1,000
dilution of an anti-RVG monoclonal antibody in PBS, or a
1:500 dilution of mouse anti-FMDV polyclonal antibodies
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in PBS. After a 30-min incubation at room temperature, cells
were washed with PBS and pelleted as described previously.
Cells were resuspended in a 1:500 dilution of an Alexa Fluor
488 conjugated goat anti-mouse antibody (Thermo Fisher
Scientific) and incubated at room temperature in the dark for
30 min. Finally, cells were washed, resuspended in 200 ul of
PBS, and analyzed in a GUAVA EasyCyte cytometer (Mil-
lipore) using Guava Express Plus Software (Millipore).

Laser confocal microscopy

Cells were immunostained as described in the “14” section,
but an additional incubation was done in PBS containing
Hoechst 1 pg.ml~!' (ThermoFisher Scientific) and orange
Cytopainter cell plasma membrane staining kit diluted 1:500
(Abcam). Finally, cells were washed, and resuspended in
PBS, and 10 pl of each sample was placed on microscope
slides and observed in a Leica—TCS-SP8 confocal micro-
scope (Leica). Images were analyzed using ImageJ software
(Schindelin et al. 2012).

VLPs analysis and characterization
VLPs concentration

Culture media from recombinant cell lines were clarified
by centrifugation at 200X g and then layered over a 30%
sucrose cushion. They were centrifuged at 65,000 g for 3 h
at 4 °C (Beckman JA.30 rotor, Beckman Coulter), later the
sucrose cushion and culture supernatant were discarded, and
the pellet was resuspended in RV-VLPs stabilization buffer
(50 mM Tris —HCL, 0.15 M NaCl, 1.0 mM EDTA, pH 7.4).

Sandwich ELISA

cVLPs were quantified using a sandwich ELISA developed
to quantify RV-VLPs, which has been previously described
(Fontana et al. 2019).

The World Health Organization 6th International Stand-
ard for Rabies Vaccine (NIBSC, UK) was used to generate
a RV-VLPs internal standard. Rabies glycoprotein content
in VLP samples measured by this technique was expressed
in ELISA units (EU).

“Bi-specific” sandwich ELISA

Anti-FMDV polyclonal antibodies diluted 1:1000 in car-
bonate buffer pH9.6 were coated in 96-well microplates
(Greiner Bio-one) for 1 h at 37 °C and overnight at 4 °C.
Plates were blocked with skim milk 2% in PBS for 1 h at
37 °C. Then, two-fold serial dilutions of cVLP samples in
PBS, Tween-20 0.05% skim milk 0.2% were incubated for
1 h at 37 °C. After that, an anti-rabies rabbit polyclonal
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biotin-conjugated antibody was incubated (diluted 1:2000
in PBS, Tween-20 0.05% skim milk 0.2%) followed by an
incubation with streptavidin-HRP (horseradish peroxidase)
complex (Sigma-Aldrich) diluted 1:10,000 in PBS, Tween-
20 0.05% skim milk 0.2%. Finally, 100 pl of a chromog-
enic substrate solution (0.5 mg.ml™! o-phenylenediamine
dihydrochloride (Sigma-Aldrich), 0.5 pl.mI~! H,0, 30 vol.
(8%), 50 mM citrate/phosphate buffer, pH 5.3) was added
per well and incubated for 15 min to reveal the reaction. It
was stopped by adding 50 pl of a 1 M H,SO, solution and
the optical density was measured at 492 nm in a plate reader
spectrophotometer (Labsystems Multiskan®). Plates were
washed six times with PBS Tween-20 0.05% for each 1-h
incubation.

Immunogold labeling transmission electron microscopy
(TEM)

Ten microliters of concentrated cVLP samples were
adsorbed on 200 mesh Formvar/carbon-coated grids for
2 min, and then washed 3 times with distilled water. The
excess was removed with blotting paper and then the grid
was blocked with PBS-BSA 1% for 30 min at room tempera-
ture. Later, the grids were washed as previously described
and incubated with a 1:20 dilution of anti-FMDV antibod-
ies (mouse) in PBS-BSA 0.05% at room temperature in a
humid chamber for 1 h. After a washing step, the grid was
incubated with a secondary 20 nm gold-conjugated antibody
(Colloidal Gold-AffiniPure goat anti-mouse IgG, Jackson
ImmunoResearch) diluted 1:20 in PBS-BSA 0,05% for 1 h
at room temperature in a humid chamber. Finally, grids were
washed and negatively stained with uranyl acetate 2% for
1 min, and then washed with distilled water and dried at
room temperature for 5 min. Samples were examined using a
transmission electron microscope (JEM-2100 plus, JEOL) at
100 kV. Images were visualized and processed using ImageJ
software (Schindelin et al. 2012).

Results

Identification of insertion sites in rabies
glycoprotein

The main goal of this work was to assess the ability of RV-
VLPs to expose heterologous epitopes, by generation of
RVG fusion proteins. The first objective was to find suit-
able regions to insert the heterologous epitope so that it
is exposed on the surface of RVG ectodomain, and does
not alter its correct folding. Certain criterions were taken
into account to identify adequate sites: they must not have
secondary structure, be exposed to the solvent, not be

involved in protomer-protomer interactions, and denote a
low sequence identity between another Lyssavirus. On the
other hand, our goal was not to alter RVG antigenic sites in
order to maintain as much as possible the protection elicited
against rabies virus.

A multiple alignment of RVG and 16 other Lyssavirus
glycoproteins was analyzed, focusing on AA 1-375 of the
ectodomain of the mature proteins (Fig. 1). Four regions
with low sequence identity were found: AA 160-168 (site
I), AA 181-188 (site II), AA 243-251 (site III), and AA
352-357 (site IV).

To visualize the structure of non-conserved regions in
rabies glycoprotein, the ectodomain was modeled using
as template the crystalized structure of Mokola virus gly-
coprotein (MOKV G) ectodomain protomer, in its post-
fusion state (Protein Data Bank access code: 6TMR, 65%
AA sequence identity with RVG) (Belot et al. 2020). As
the obtained structure depicts a post-fusion conformation
and does not represent the native state of RVG, a compara-
tive modeling was carried out using a pre-fusion structure
of vesicular stomatitis virus glycoprotein (VSV-G) ectodo-
main trimer (Protein Data Bank access code: 512S) (Roche
et al. 2007). Fusion domain (FD, AA 55-180), trimerization
domain (TrD, AA 1-17, 272-373), and pleckstrin homology
domain (PHD, AA 35-46, 191-259) of RVG post-fusion
obtained model were superimposed over the respective
domains of VSV-G trimer and the regions connecting them
were refined. RVG pre-fusion protomer model, which com-
prises residues 1-374 of RVG (Fig. 2A), was analyzed using
QMEAN throwing a value of —4.20, which is acceptable
for a protein of its size. On the other hand, the model has
an acceptable stereochemistry quality, having 85% of the
residues on the most favored regions of the Ramachandran
plot (Fig. 2B).

The final RVG trimer model (Fig. 3) was used to identify
the non-conserved regions previously found. They present a
loop structure and are exposed in the surface on the protein.
Moreover, they are not located in the protomer-protomer
interface or rabies reported antigenic sites. Sites I and II pro-
trude from the surface of the protein, and are located on the
lateral of the trimer above the fusion domain. On the other
hand, site III is located on top of the protein between rabies
a.s 1 and a.s 2, its conformation being held by a proximal
disulfide bridge between cysteines 223 and 252. In the same
manner, site I'V is stabilized by a proximal disulfide bridge
between residues 344 and 351, and it is localized on the
trimerization domain on the lateral of the trimer.

In order to confirm the capacity of these regions to
expose the heterologous epitope, we selected sites I and II
to continue working, as they are not located near disulfide
bridges (known to be important for the tertiary structure)
and are more distant from RVG antigenic sites. On the
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other hand, we also selected the N-terminal region to assess
the insertion of the heterologous epitope, as an alternative
strategy that could diminish the chances of misfolding of
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the carrier protein. Thus, three fusion proteins display-
ing the heterologous sequence in different regions were
designed (Fig. 4).
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«Fig. 1 Multiple alignment of Lyssavirus glycoproteins. To identify
non-conserved regions in Lyssavirus glycoproteins, a multiple align-
ment of 17 sequences including rabies Lyssavirus was carried out.
The alignment encompasses AA 1 to 375 of mature glycoproteins.
Regions with high sequence identity are highlighted in blue. Four
regions with low sequence identity were identified as possible inser-
tion sites, called I to IV (S I, S II, S III, and S IV), and are marked
in the alignment within black rectangles. Besides the low identity
sequence, these regions do not comprise any important RVG anti-
genic site (A.S 1, 2, and 3), which have been marked with red lines on
the alignment

Expression and antigenic characterization of fusion
glycoproteins

The coding sequence of the designed fusion glycopro-
teins, named RVG(S0)-GH, RVG(SI)-GH, and RVG(SII)-
GH, was introduced in sHEK293 cells by lentiviral
transgenesis. Stable expressing cell lines were generated
by selective pressure with antibiotics and the expression
of fusion proteins was first assessed by flow cytometry.
The three fusion proteins were detected in the plasmatic
membrane by an anti-RVG mAb (Fig. 5). Moreover, the
heterologous epitope was detected by anti-FMDYV anti-
bodies raised against FMDV inactivated virus in every
fusion protein (Fig. 5). To confirm the subcellular locali-
zation of the fusion proteins, marked cells were observed
by immunofluorescence microscopy. Fusion glycopro-
teins were detected on the plasmatic membrane with both
a mAb anti-RVG (Fig. 6A) and anti-FMDV antibodies
(Fig. 6B). RVG HEK293 expressing cells (Fontana et al.
2014) immunostained with anti-FMDYV antibodies were
included as a negative control, as well as HEK293 wild
type cells immunostained with both anti-RVG and anti-
FMDYV antibodies.

These results allow us to conclude that the heterologous
epitope is exposed on the surface of each of the insertion
sites analyzed, as it is able to interact with specific antibod-
ies, adopting a conformation similar to that found on the
virus capsid.

cVLPs budding and epitope display assessment

In previous work, our group has demonstrated that with
the only expression of the RVG in suspension HEK293
cells, highly immunogenic RV-VLPs are budded to the
cell culture supernatant (Fontana et al. 2014; Fontana
et al. 2015). Here, to assess whether these novel RVG
fusion proteins, carrying a heterologous epitope, are able
to bud from the plasmatic membrane forming cVLPs,
culture media of recombinant cell lines were analyzed
by a rabies-specific sandwich ELISA. As can be seen
in Fig. 7, cVLPs were detected in the culture medium
of each of the recombinant cell lines, proving that the

insertion of the heterologous epitope does not impede
VLPs budding from plasma membrane.

Later, to assess if the cVLPs are able to expose the het-
erologous epitope in their surface, a concentration step was
carried out by sucrose cushion centrifugation of culture
media of producer cells. Concentrated cVLP samples were
analyzed by a “bi-specific” ELISA, using anti-FMDV anti-
bodies to capture the antigen and anti-RVG antibodies to
detect the particles. As a control, RVG VLPs were included
in the experiment (Fontana et al. 2015). Anti-FMDV anti-
bodies attached to the plate were able to interact with the
heterologous epitope present in the three cVLPs designed,
proving that it is correctly exposed and with an adequate
antigenic conformation on the surface of the particles
(Fig. 8). To characterize more the particles, we performed
an immunoelectron microscopy of cVLPs concentrated sam-
ples using FMDV antibodies. We were able to detect the
fusion protein on the surface of cVLPs (Fig. 9), confirming
that the heterologous epitope is correctly displayed. Moreo-
ver, cVLPs were measured (Fig. 9) and the sizes are similar
to those reported for RV-VLPs, approximately 50-60 nm
(Fontana et al. 2014): 62 + 15 nm for RVG(S0)-GH VLPs,
58 £ 16 nm for RVG(SI)-GH VLPs, and 60+ 20 nm for
RVG(SII)-GH VLPs.

Thus, we were able to predict adequate regions in RVG
to insert the heterologous epitope and confirmed its correct
antigenic conformation and surface availability both in pro-
ducing cells and in cVLP samples.

Discussion

cVLPs have become an interesting platform for heterologous
antigen display, as they allow the repetitive incorporation
of sequences or domains in a particulated context, which
boost the immune response triggered against them (Jeong
and Seong 2017). Moreover, they facilitate the incorpora-
tion of antigens in well-established biosecure expression
platforms that can avoid difficulties such as the requirement
of high biosecurity levels in case of highly infectious virus
like FMDV.

However, the incorporation of a foreign AA
sequence without altering the correct folding of the
carrier protein as well as not impeding VLPs forma-
tion while retaining the surface display and correct
antigenic conformation of the heterologous sequence
entails some difficulties.

In contrast to non-enveloped VLPs, which have been
extensively studied to display foreign antigens, little infor-
mation is found on that subject regarding enveloped VLPs.
They have the advantage of being continuously produced by
natural budding from the plasmatic membrane or through
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Fig.2 RVG model construction. A Overlap 3D image of MOKV G
domains and pre-fusion RVG protomer model. FD (AA 55-180),
TrD (AA 1-17, 272-373), and PHD (AA 35-46, 191-259) domains
of MOKV G used as a template for homology modeling were over-
lapped on RVG pre-fusion protomer model obtained. B. Ramachan-
dran plot of RVG model. Of residues, 84.9% are located on the most
favored regions of the map (red), 12.8% are located on additional
allowed regions (bright yellow), 1.3% on generously allowed regions
(dim yellow), and 1% on disallowed regions (white)
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Fig.3 Identification of insertion sites in the rabies glycoprotein ectodomain
trimer model. A homology modeling was carried out to obtain the structure
of RVG in post-fusion state using MOKV G as a template. Specific domains
of RVG monomer model were superimposed in the VSV-G pre-fusion state
trimer to obtain the structure of RVG trimer in the native state. A monomer
is depicted in ribbons (dark gray) to assess the secondary structures, while the
other monomers are shown by their molecular surfaces (magenta and pink).
Insertion sites I to IV (S I, S II, S III, S IV) were marked with arrows, while
most important RVG antigenic sites were colored in red (a.s I, a.s 2, and a.s
3). A Up-view of RVG trimer ectodomains. B Lateral view of RVG trimer indi-
cating the relative position of the plasmatic membrane. ES extracellular space.
IS intracellular space. Dotted lines represent the C-terminal region of each of
the monomers, including the transmembrane and cytoplasmatic domains
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Fig.4 Design of fusion RVG Sl Sl
displaying the FMDV G-H 1 164-165 184-185 505
loop. Three chimeric RVG pro-
teins were designed, displaying s.p t.d cd
the heterologous sequence in
different regions. RVG(S0)-GH RVG
carries the sequence in its N-ter-
minal region, right after the 1
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Fig.5 Fusion protein expression analysis by flow cytometry. Recom-
binant sHEK293 cells expressing the fusion proteins RVG(S0)-GH,
RVG(SI)-GH, and RVG(SII)-GH were marked with an anti-RVG
mAb or with anti-FMDV polyclonal antibodies, and later with an
AlexaFluor488 conjugated secondary antibody. A RVG expressing

multivesicular bodies recruited by the endosomal sorting
complexes required for transport pathway (Votteler and
Sundquist 2013; Pijlman 2015), and therefore do not require
a cell disruption step that entails further purification steps
to remove cellular contaminants (Vicente et al. 2011; Don-
aldson et al. 2015).
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clone (Fontana et al. 2015) and wild type sHEK293 were included as
negative controls against the heterologous epitope and RVG, respec-
tively. Cells were analyzed with a GUAVA EasyCyte cytometer and
the data was acquired with GUAVA ExpressPlus software. Marker 1,
negative population. Markers 2-3, positive population

The main objective of this work was to assess RVG
capacity of displaying foreign antigens in the context
of enveloped VLPs, by identifying adequate regions
in its ectodomain, to establish a heterologous antigen
presentation platform for vaccine applications. In order
to do so, we considered both evolutive and structural

@ Springer



588

Applied Microbiology and Biotechnology (2022) 106:579-592

A

Plasma membrane anti-RVG

HOECHST

RVG(S0)-GH
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HEK293 wt

Fig.6 Subcellular localization analysis of fusion glycoproteins by
confocal laser microscopy. Recombinant sSHEK293 cells expressing
the fusion proteins were marked with an anti-RVG mAb or with anti-
FMDV polyclonal antibodies, and later with an AlexaFluor488 con-
jugated secondary antibody prior to observation. For an easier differ-
entiation between each antibody staining, the color of AlexaFluor488

criterions to ensure a minimal risk of protein misfold-
ing or inadequate display of the foreign sequence. We
compared the sequences of Lyssavirus glycoproteins in
order to identify non-conserved regions (Fig. 1), which
in case of homologous proteins can indicate structural
flexibility and could be modified reducing the chances
of altering the tertiary structure of the protein. In fact,
this strategy has been carried out previously to produce
insertions in other viral proteins (Gedvilaite et al. 2000;
Bonaldo et al. 2006).

The structure of the non-conserved regions were ana-
lyzed on the RVG model trimer obtained (Fig. 3), identi-
fying loop structures in each of the insertion sites. S I and
S II are proximately located in the lateral of the model
opposing the trimerization domain, while S III protrudes
from the top of the protein closely to a.s 1 and a.s 2.
On the other hand, S IV is located on the lateral of the
monomer, near the interface monomer—-monomer. As pre-
viously mentioned, S IIT and S IV seem to be stabilized by
proximal disulfide bridges that are absolutely conserved
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Merged

channel on anti-RVG marked cells was changed to cyan. Nuclei were
stained with Hoechst and plasma membrane with CytoPainter orange
(Abcam). A Fusion protein expressing cells marked with mAb anti-
RVG. B Fusion protein expressing cells marked with anti-FMDV
antibodies. Scale bar size: 10 pm

in all Lyssavirus glycoproteins, which could indicate a
relevant role in the adequate folding and function. To
avoid disrupting these interactions that seem to be bio-
logically relevant, and not to impair the availability of a.s
1 and a.s 2 to BCRs, insertions sites I and II were selected
to continue the work. Nevertheless, there is evidence that
S III acts as a “hinge” region in Lyssavirus glycoproteins,
allowing the separation of the protein in two independ-
ent domains that can be interchanged between different
Lyssavirus glycoproteins (Desmézieres et al. 1999; Jallet
et al. 1999). However, this structural flexibility remains
to be studied in the context of VLPs. Furthermore, the
N-terminal extreme of the protein was also selected as an
insertion site (SO) because it could be modified reducing
the chances of misfolding of RVG, although in the 3D
trimer model it does not appear as a region with a high
surface exposure.

The coding sequence of the mayor FMDV antigenic site
and main target of NAs was inserted in the chosen regions,
and third-generation lentiviral vectors carrying the fusion



Applied Microbiology and Biotechnology (2022) 106:579-592

589

Dilution
E-5 1E-4 1E-3 0.01 0.1 1 10 100
MR | LR | T T MR | MR | LELRRLLL
4.0- _m—RV-VLP standard % 140
RVG(S0)-GH VLPs /- \Q 1
3.5 —e— RVG(SI)-GH VLPs - 135
RVG(SII)-GH VLPs §/ 1
T 309 —v— Hekoos wt ] = 130
c - ’ 4
S 25- / / {25
b 1 / % 1
=3 L
e 2.0 1 1 / -2.0
o ] / ]
c /
8 1.5+ J 415
2 104 ? // -10
< VA /,’ u 1.
0.5 - y / -
.54 L -0.5
o ./‘./ .
4 Yy vov
0.0 e Y e Y Y Y ] 0.0
E-5 1E-4 1E-3 0.01 0.1 1 10 100

Rabies glycoprotein content (EU.ml™)

Fig.7 cVLP detection in culture media. A RVG-specific sandwich
ELISA was carried out to detect and quantify cVLP in recombinant
cell lines culture media. Anti-RVG antibodies were used to capture
the cVLPs, while biotin-conjugated anti-RVG antibodies were used
to detect the particles. A streptavidin-HRP conjugate was incubated,
and the reaction was revealed adding a chromogen forming substrate.
A RVG VLPs standard that had been previously valuated against the
World Health Organization 6th International Standard for Rabies
Vaccine (NIBSC) was included. Samples were analyzed in duplicate.
Mean and standard deviation are shown
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Fig.8 G-H loop display assessment in cVLPs. Concentrated cVLP
samples were captured by anti-FMDV antibodies and detected by
biotin-conjugated anti-RVG antibodies. A streptavidin-HRP complex
was incubated and later a chromogen substrate was added to reveal
the reaction. As a negative control, concentrated RVG VLPs were
included in the experiment. D’Agostino and Pearson normality test
passed (@=0.05). Dunnett’s multiple comparisons test vs control:
*#*+*%p value < 0.0001; **p value=0.0054. Samples were analyzed in
triplicate. Mean and standard deviation are shown

protein coding sequences were generated (Fig. 4). Stable
expressing sHEK?293 cell lines were generated by lentiviral
transgenesis, and the correct protein subcellular localiza-
tion was confirmed by flow cytometry (Fig. 5) and laser
confocal microscopy (Fig. 6). The insertion of the heter-
ologous sequence did not impede the normal intracellular
traffic and plasmatic membrane localization of the fusion
glycoproteins, as was revealed by labeling the cells with
a mAb anti-RVG. Moreover, high levels of expression of
each of the fusion proteins were obtained. Furthermore,
we confirmed the adequate exposition and antigenic con-
formation of the heterologous epitope in the surface of the
chimeric proteins, as it was recognized by specific FMDV
antibodies.

Later, we confirmed the ability of fusion proteins to bud
from the plasmatic membrane to form enveloped cVLPs,
detecting them in the culture medium with an anti-RVG
sandwich ELISA (Fig. 7).

Finally, we confirmed the ability of the cVLPs to display
the heterologous sequence in their surface, as they were
detected by specific anti-FMDV and anti-RVG antibodies
in a “bi-specific” ELISA of concentrated samples (Fig. 8).
Interestingly, the heterologous region was detected both
on the N-terminal region of the carrier protein, where the
peptide has a higher degree of liberty to acquire different
conformations, as well as in middle regions where it is
more limited. These results agree with the fact that G-H
loop sequence of FMDV is intrinsically disordered and
therefore able to adopt several conformations in all of the
serotypes studied (Azuma and Yoneda 2009). Preliminary
results show that there are differences in the degree of anti-
GH loop antibodies recognition by each of the fusion pro-
teins, where RVG(SII)-GH VLPs are able to induce higher
specific signals per VLPs unit (results not shown). These
differences could be attributed to different conformations
of the heterologous epitope on the insertion site, which
produce changes in the recognition by specific antibodies.
Future experiments will focus on assessing and comparing
the immune response triggered by these cVLPs against the
heterologous epitope.

In conclusion, through the identification of suit-
able insertion sites following a structural and evolutive
approach, we rationally designed cVLPs based on RVG
which expose a major antigenic site of FMDV in three
different regions.

This is the first work that searches adequate regions
for heterologous antigen display in RVG in the con-
text of VLPs for vaccine applications. This technology
allows to continuously express the antigen in an eas-
ily scalable suspension culture system using serum-free
medium, and does not require a cell disruption step
becoming an interesting platform for new generation
vaccine development.
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RVG(S0)-GH VLPs

Fig.9 TEM of anti-FMDV marked cVLPs. Concentrated cVLP
samples were adsorbed on Formvar/carbon-coated copper grids and
then incubated with anti-FMDV antibodies and a secondary antibody
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