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Rabies is one of the most lethal infectious diseases in the world, with a mortality approaching 100%. There
are between 60,000 and 70,000 reported annual deaths, but this is probably an underestimation. Despite
the fact that there are vaccines available for rabies, there is a real need of developing more efficacious

Keywords: and cheaper vaccines. This is particularly true for veterinary vaccines because dogs are still the main
\l}ablgs vector for rabies transmission to human beings. In a previous work, we described the development and
accine

characterization of rabies virus-like particles (RV-VLPs) expressed in HEK293 cells. We showed that RV-
VLPs are able to induce a specific antibodies response. In this work, we show that VLPs are able to protect
mice against virus challenge. Furthermore, we developed a VLPs expressing HEK-293 clone (sP2E5) that
grows in serum free medium (SFM) reaching high cell densities. sP2E5 was cultured in perfusion mode in
a 5 L bioreactor for 20 days, and the RV-VLPs produced were capable of triggering a protective immune
response without the need of concentration or adjuvant addition. Further, these VLPs are able to induce
the production of rabies virus neutralizing antibodies. These results demonstrate that RV-VLPs are a
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promising rabies vaccine candidate.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Virus-like particles (VLPs) are empty and self-assembled struc-
tures that mimic conformation of native virus. In the last decades,
VLPs have been widely used for vaccine development and some
products are commercially available [1,2]. Based on their particu-
late nature and repetitive antigen presentation, VLPs have several
benefits over soluble antigens that have shown to fail in some
vaccine approaches. On the other hand, their safety and immuno-
genic properties give advantages against attenuated or inactivated
virus-based vaccines, because reversion is not possible and the
deleterious effects of inactivation agents are not present [3-5].
Furthermore, VLPs production does not introduce high levels of
viral containment, if compared to the production of active virus.
Therefore, it offers an extra benefit in the structural cost of the pro-
cess (costly biosafety level 3 or higher production facilities are not
required) and reduces the final vaccine cost.

In the last years, lots of advances have been made for develop-
ing new subunits vaccines in the veterinary field [6-8]. Virus-like
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particles are one of the most important approaches due to their
intrinsic immunogenic properties that can trigger both arms of the
immune system, as well as VLPs are accurate candidates for gen-
erating vaccines with DIVA characteristics (Differentiating Infected
from Vaccinated Animals). DIVA vaccines allow mass vaccination of
animals without comprising the identification of infected individ-
uals, ensuring the safe trade of products from vaccinated animals
[9,10]. The porcine circovirus type 2 (PCV2) VLP-based vaccine is
licensed and commercially available (Porcilis PCV®, manufactured
by Intervet International, The Netherlands) and several other ani-
mal vaccine candidates are being developed.

Rabies is one of the most fatal existing viral diseases, with a mor-
tality of about 100% whenitis not treated. There are between 60,000
and 70,000 reported deaths per year, but this is probably an under-
estimation due to the lack of health surveillance in some developing
countries where this disease isendemic[11]. Although it may be the
oldest known infectious disease, rabies is still neglected after more
than 100 years of vaccination [ 12,13]. Prevention of rabies depends
on pre-exposure prophylaxis of people under frequent exposure,
and post-exposure vaccination for individuals in contact with the
virus. On the other hand, mass vaccination of dogs is one of the most
cost-effective ways to reduce human infections, but normally this
intervention is not achieved or prioritized by governments, mostly
in developing countries. With a vaccination coverage level of 70%
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canine rabies could be eliminated. In view of the economic and pub-
lic health demands, it is important to have a source of cheap, safe
and efficacious vaccines against rabies because dogs are still the
main source of human and livestock exposure [14,15].

Rabies virus is a negative-stranded RNA genome that consists
of 11,932 nucleotides and encodes five proteins [16,17]. Glycopro-
tein G is the major antigen, the target of neutralizing antibodies
and inducer of CTL and T helper proliferation [18,19]. This protein
forms homotrimers and is anchored to the membrane envelope of
the virion [20,21]. Different kinds of vaccine candidates have been
developed for rabies [22,23], most of them based on recombinant
expression of the glycoprotein G in different expression systems
[24-28], as well as DNA or viral vectors carrying one or more copies
of the sequence of this immunogenic protein [29-34]|. Neverthe-
less, none of these attempts have yet undergone pre-clinical trials
or extensive comparison with commercially available vaccines.

In our previous work [35] we described the development of
novel rabies virus-like particles (RV-VLPs) expressing only the
external glycoprotein in HEK293 cells. We showed the budding of
RV-VLPs from the plasma membrane of the cell to the supernatant
and we confirmed the immunogenicity of the purified particles in
vaccinated animals. In the present work, we described the develop-
ment and characterization of a VLPs producing clone growing in a
serum-free medium (SFM) and the immunization studies achieved
with the RV-VLPs produced in those conditions. We confirmed that
RV-VLPs are able to protect mice against rabies virus challenge and
can be injected without adjuvant. Besides, we showed that RV-
VLPs are able to induce rabies virus neutralizing antibodies in mice.
Finally, we demonstrate that RV-VLPs are able to be produced in a
5 L bioreactor working in continuous mode in SFM with high pro-
ductivity. In summary, these results indicate that RV-VLPs are a
promising veterinary rabies vaccine candidate.

2. Materials and methods
2.1. Adherent and suspension cultures

Adherent HEK293 cells producing RV-VLPs were cultured in T-
flasks at 37 °C with 5% CO, in Dubelcco’s modified Eagle medium
(DMEM, Gibco, USA) supplemented with 10% fetal calf serum (FCS,
Gibco, USA). The cell line was cloned by dilution limit method and
clones analyzed by flow cytometry.

The selected adhP2E5 clone was adapted to suspension growth
using a serum-free media (EXCELL™ 293, SAFC Bioscience, USA)
performing a direct adaptation protocol recommended by the
manufacturer. Suspension HEK293 cells (sP2E5) were cultured in
erlenmeyer flasks (Corning, USA) at 37 °C with 5% CO,, agitated at
160 rpm using a shaking incubator cabinet (CERTOMAT® CT plus,
Sartorius, Germany).

2.2. Bioreactor cultures

Cultures were performed in a stirred tank bioreactor (Bioengi-
neering Inc, Switzerland) with a 4.51 working volume equipped
with a spin filter for perfusion. During the culture, pH was set at
7.2, pO, at 20% air-saturation, temperature at 37 °C and agitation
rate at 100rpm. Media exchange and perfusion rate were regu-
lated according to the growth profile. Samples were collected daily
in order to determine cell density, cell viability, ammonium, lactate
and glucose levels.

2.3. Cell counting and metabolite analysis
Cells were stained with trypan blue and counted using a

Neubauer haemocytometer. Glucose and lactate concentrations
were measured using the Reflectoquant® system (Merck, EE.UU).

In this system test strips (with specific enzymes for glucose and lac-
tate) are incubated with the test sample and the developed color is
determined reflectometrically. Measuring ranges are 1-100 mg 1!
and 3-60mgl-! for glucose and lactic acid, respectively. Ammo-
nium concentration was determined using a commercial kit (SB,
Argentina) based on the Berthelot reaction [36].

2.4. Antibodies

Monoclonal antibody (AB5, purified from ascitis, titer 1:2 x 10°)
and rabbit polyclonal anti-serum (titer 1:4 x 106) were produced in
our laboratory using the commercial rabies vaccine as immunogen.
Monoclonal antibody recognizes rabies glycoprotein anchored in
the membrane of infected and/or transduced cells [35]. Goat anti-
mouse AlexaFluor 488® was purchased from Invitrogen™ (USA)
and polyclonal goat anti-rabbit immunoglobulins/HRP were pur-
chased from DAKO (Denmark).

2.5. ELISA assay for VLPs detection

The sensitization step was as follows: 96-well micro-plates
(Greiner Bio-One, Germany) were coated with 100 wl of an appro-
priate dilution of the polyclonal anti-serum in carbonate buffer pH
9.6 for 1h at 37°C and over night at 4°C. After six washes (PBS,
0.05% Tween-20) wells were blocked with 200 il 1%BSA in PBS
for 1h at 37°C and washed again. Serial 2-fold dilutions of the
samples were prepared (in PBS, 0.05% Tween-20, 0.1% BSA), dis-
tributed (100 plwell~1) and incubated for 1h at 37 °C. After that,
plate were incubated for 1h with biotin conjugated rabbit poly-
clonal antibodies (diluted 1:2000 in PBS, 0.05% Tween-20, 0.1%
BSA), followed by 1 h incubation with HRP-conjugated streptavidin
(diluted 1:10,000 in PBS, 0.05% Tween-20, 0.1% BSA; Amdex, GE
Healthcare). Six washes were performed between each step and
the reaction was revealed by adding 100 wl/well of 0.5 mgml~! o-
phenylenediamine (Sigma-Aldrich, USA), 0.5 plml~! H,0, 30vol.,
50 mM citrate-phosphate buffer, pH 5.3). The reaction was stopped
by adding 50 w1 0.5 M sulphuric acid solution, and the optical den-
sity was determined at 492 nm (Labsystems Multiskan®).

The World Health Organization 6th International Standard for
Rabies Vaccine (NIBSC, United Kingdom) was used as standard. For
in vitro assays (such as ELISA or single radial immunodiffusion
test) the ampoule contains 3.3 IU Pitman Moore rabies virus gly-
coprotein antigen. VLPs were quantified against this standard and
the concentration expressed as [IUml~! of glycoprotein rabies virus
antigen content.

2.6. Flow cytometry

Cells were harvested, resuspended in basal medium and incu-
bated for 30 min with G protein specific monoclonal antibody
(diluted 1:1000 in PBS, 0.1% BSA). Cells were washed (PBS, 0.1%
BSA), and incubated for 30 min with AlexaFluor 488® conjugated
goat anti-mouse antibody (diluted 1:1000 in PBS, 0.1% BSA).Cells
were analyzed by flow cytometry in a GUAVA EasyCyte cytometer
(Millipore, France).

2.7. Fluorescence microscopy

Cells were seeded over glass slides and cultured for 48 h. Cells
were fixed in 4% paraformaldehyde for 30 min, followed by 1 hincu-
bation with a G protein specific monoclonal antibody (diluted 1:100
in PBS, 0.1% BSA), washed three times and incubated for 1 h with
AlexaFluor 488® conjugated goat anti-mouse antibody (diluted
1:500 in PBS, 0.1% BSA). After three washes, cells were dyed with
DAPI solution (4',6-diamidino-2-phenylindole) 1 g ml~! and ana-
lyzed by fluorescence microscopy (Eclipse Ti, Nikon, Japan). Images
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were acquired with a high resolution camera (Digital sight DS-U3,
Nikon, Japan).

2.8. VLPs purification

Harvest were centrifuged at 1000 x g for 10 min to remove cells
and then at 10,000 x g for 10 min to remove any remaining cellu-
lar debris. After 0.45 pm filtration, the clarified supernatant was
layered over a 30% sucrose cushion and centrifuged at 25,000 rpm
for 3h at 4°C (Beckman SW28 rotor, Beckman Coulter, USA).
The supernatant and sucrose cushion were poured off, the pellet
was resuspended in RV-VLPs stabilization buffer (50 mM Tris-HCl,
0.15M NacCl, 1.0mM EDTA, pH 7.4), loaded over a 20-30-40-50%
iodixanol density gradient (OptiPrep™, Axis-Shield, Scotland) and
centrifuged at 35,000 rpm for 18 h at 4°C (Beckman SW50.1 rotor,
Beckman Coulter, USA). The banded VLPs were collected and
analyzed to determine particle density by 340nm absorbance
measurement, as described by the density gradient medium man-
ufacturer. Finally, buffer exchange was performed using 100,000
MWCO Amicon® Ultra centrifugal units (Millipore, USA) and RV-
VLPs stabilization buffer.

2.9. Western blot

Concentrated preparations of VLPs were mixed with 4x sam-
ple buffer (2% SDS, 10% glycerol, 50 mM Tris-HCI pH, 6.8, 10%
2-mercaptoethanol, 0.05% bromophenol blue), boiled for 3 min and
separated by 10% SDS-PAGE. Proteins were transferred onto PVDF
membranes (Bio-Rad Laboratories Inc., USA). Membranes were
blocked with TBS 5% skim milk (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl) and proteins were detected with anti-rabies rabbit polyclonal
serum (diluted 1:2000 in TBS, 0.5% skim milk). HRP conjugated
goat anti-rabbit immunoglobulin was used as secondary anti-
body and the reaction was visualized using a chemiluminescence
reagent (Pierce® ECL Western Blotting Substrate, Thermo Scientific,
USA).

2.10. Electron microscopy

RV-VLPs were analyzed by negative staining electron
microscopy. Purified particles were adsorbed to a formvar-
coated 300-mesh copper grid for 2 min. Excess was removed with
filter paper and grids were then negatively stained with 2% uranyl
acetate for 2 min. Samples were examined using a transmission
electron microscope (TEM) Jeol JSM-100 CX II (Jeol, Japan) and
digital images were acquired with a CCD 785 ES1000W camera
(Gatan, USA).

2.11. Immunogold electron microscopy

Purified particles were adsorbed to a formvar-coated 300-mesh
copper grid for 2 min. Excess was removed with filter paper, washed
twice with 2% BSA in TBS and samples were blocked with 2% gela-
tine in TBS for 30 min at RT. Monoclonal antibody anti-glycoprotein
was diluted 1:100 in BSA/TBS and adsorbed onto the grid for 1h
at room temperature. Following three washes with BSA/TBS, sec-
ondary gold-conjugated antibody (Colloidal Gold-AffiniPure goat
anti-mouse IgG, Jackson ImmunoResearch, USA) diluted 1:20 in
BSA/TBS was added and incubated for 1 h at RT. Grids were washed
and negatively stained with 2% uranyl acetate for 2 min. Samples
were examined using a transmission electron microscope (TEM)
Jeol JSM-100 CX II (Jeol, Japan) and digital images were acquired
with a CCD 785 ES1000W camera (Gatan, USA).

2.12. Dynamic light scattering (DLS)

Purified VLPs were filtered through 0.45 wm and analyzed on a
Nano ZS particle-size analyzer (Malvern Zetasizer, Malvern Instru-
ments Ltd, UK). Ten consecutive measurements were taken on a
single sample. The specific equipment software (Nanov510) was
used to convert the intensity-based measurement to a size distribu-
tion based on the number of particles. The average hydrodynamic
diameter of the particles was calculated as the mean size of
particle population + standard deviation (SD) of 10 independent
experiments.

2.13. Rabies vaccine potency test

NIH potency test [37] was performed with two goals: on the
one hand, to analyze the efficacy of RV-VLPs as a vaccine candidate,
due to the fact that immunized animals are challenged with active
virus and the percentage of survivors are recorded. On the other
hand, as there is a dose-response curve together with a standard
vaccine, this assay is used to analyze the potency of the measured
VLPs sample. Thus, NIH potency test for rabies vaccine was per-
formed as follows: CF-1 mice are injected intraperitoneally at days
0 and 7 with 0.5 ml of experimental or international reference vac-
cine dilutions (1:5; 1:25, 1:125, 1:625 in PBS). At day 14, mice
were intracerebrally challenged with 0.03 ml of a dilution of virus
standard strain (CVS strain) containing 25 LDsg and observed for
14 days. Mortality was recorded and vaccine potency expressed in
International Units per ml (IU ml~1).

VLPs were also prepared in the stabilizer recommended for vet-
erinary rabies vaccine [38] with aluminum hydroxide gel as an
adjuvant (Sigma-Aldrich, USA) to compare results.

2.14. Rabies virus neutralizing antibodies measurement

To analyze the presence of RVNA in sera of vaccinated animals,
an in vitro assay using recombinant lentivirus pseudotyped with
the rabies glycoprotein and carrying the Green Fluorescent Protein
sequence (GFP) was performed. Some examples of pseudotypes
being used for virus neutralizing antibodies measurement were
previously reported [39].

Lentiviral particles were produced by simultaneous co-
transfection of HEK293 cells with four plasmids using the lipid
reagent Lipofectamine 2000 (InvitrogenTM, USA): the packaging
construct (pMDLg/pRRE), the Rev-expressing construct (pRSV-
Rev), the transfer vector pLV-PLK-GFP [40-42] and, alternatively,
the Vesicular Stomatitis Virus glycoprotein (pMDG construct) or
the Rabies Virus glycoprotein (PV strain, using the pZC-GlycoG
construct developed in our laboratory). 48 h after transfection the
supernatant was harvested, clarified by low speed centrifugation
and frozen at —80 °C prior to use. We prepared two lentivirus stocks,
one with the RV glycoprotein for the specific neutralization assays
and the other with the VSV glycoprotein to be used as a control.

For the RVNA measurement test, serial 2-fold dilutions of sera
in 50 w1 of DMEM basal medium, using 96-well micro-plates, were
made. After that, 50 pl of lentivirus supernatant, with a titer of
1 x 106 TUmI!, was added and incubated for 1h at 37 °C. Finally,
5 x 103 HEK293 cells in a final volume of 50 pl were added. The
plaque was incubated 72 h at 37 °C and the percentage of fluores-
cent cells measured by flow cytometry.

The concentration of RVNA was calculated using the World
Health Organization 2nd International Standard for anti-rabies
immunoglobulin (NIBSC, United Kingdom) as a standard. This ref-
erence preparation contains 301U ml~! of rabies antibody and is
recommended to be used for RVNA measurement.
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3. Results
3.1. Obtaining producer clones and particle analysis

The RV-VLPs expressing cell line (HEK-G; [35]) was cloned by
dilution limit method. Obtained clones were analyzed by flow
cytometry and adhP2E5 was chosen as the producer one, because of
the 6-fold increase in the glycoprotein expression level when com-
pared with the cell line (Fig. 1). The fluorescence intensity measured
by flow cytometry (X-mean) correlates with the amount of RV-VLPs
in the supernatant (data not shown). However, the specific RV-VLPs
productivity was calculated by sandwich ELISA, obtaining a value
of rabies glycoprotein content of 1.1 x 10~6[Ucel-' d~!, between
5 and 6 times higher than the productivity of the recombinant cell
line with a value of 0.2 x 10~6 U cel~1 d—1. The cellular expression
of rabies glycoprotein was analyzed by fluorescent microscopy, to
show the homogeneous expression over the plasmatic membrane
(Fig. 2). Finally, master and working cell banks were constructed
and conserved in liquid nitrogen.

RV-VLPs produced by adhP2E5 were purified by density gradient
ultracentrifugation and characterized by dynamic light scattering
(DLS), transmission electron microscopy (TEM) and immunogold
labeled TEM (Fig. 3). Enveloped and round shaped particles were
seen in TEM assays with a hydrodynamic diameter of 64 424 nm
in average measured by DLS. This value is within the range of the
VLPs previously described in the bibliography (between 20 and
150nm; [4]) and is smaller than the rabies virus (180 x 70 nm,
bullet shaped virus, [16]). The immunoreactivity of the VLP sur-
face glycoprotein was verified by staining purified unfixed VLPs.
The use of unfixed particles assures that only the surface-exposed
antigens are reactive. Immunogold labeling technique using rabies
glycoprotein specific monoclonal antibody and 6 nm gold labeled
secondary antibody was performed. Particles were viewed by TEM
after negative staining. Gold particles bound to RV-VLP’s surface
were seen.

3.2. Potency test of RV-VLPs produced in adherent cultures

To investigate the protection effect of RV-VLPs, potency was
analyzed performing the NIH rabies vaccine potency test rec-
ommended by WHO [37]. RV-VLPs prepared from the crude
clarified supernatant of adhP2E5 having a glycoprotein content
of 1.451Uml~! and concentrated RV-VLPs with a concentration of
11.71U-! ml were analyzed. The results showed a vaccine potency
of 0.8 IU~1 ml for the supernatant and 1.1 1U~! ml for ultracentrifu-
gated RV-VLPs. These results indicate that concentrated RV-VLPs

700

N
[=]
o

4241

Fig. 2. Fluorescence microscopy of clone P2E5. Cells were fixed, incubated with
anti-G protein antibody and then incubated with goat anti-mouse AlexaFluor 488®
conjugated antibody. Nuclei were stained with DAPI. Merge image is shown.

are able to trigger a protective immune response in mice and meets
WHO requirements with regard to veterinary vaccine potency. On
the other hand, although the antigen content of the supernatant
was tenfold lower, the potency obtained for this sample was con-
siderably high, although it did not reach the minimum potency
required (11U ml~1; [38]). This could be due to the better integrity
of the RV-VLPs present in fresh supernatant compared with the con-
centrated VLPs after two rounds of ultracentrifugation. As is well
known, size, spatial structure and particulate nature of VLPs are key
features for the development of the immune response [4,5,43].

3.3. Serum free medium adaptation

AdhP2E5 cells were adapted to grow in SFM conditions follow-
ing the media manufacturer’s recommendations. Briefly, cells were
subcultured in DMEM 5% FCS for 3 passages and then directly sub-
cultured in EXCELL™ 293 medium. After a lag phase, growth rates
returned to normal values and viability above 95%, without the
formation of aggregates or clumps (Fig. 4). adhP2E5 adapted to
grow in SFM was renamed as sP2E5. Master and working cell banks
were constructed and tested for bacteria, fungi and mycoplasma
(data not shown). In batch conditions sP2E5 reaches cell densi-
ties of 8 x 108 cells ml~! after a 7 days culture (Fig. 5). Cell growth
and metabolism kinetics parameters were calculated (Table 1).
The homogeneous expression of the rabies glycoprotein in the
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Fig. 1. Clone analysis and selection by flow cytometry. Cells were incubated with a monoclonal antibody against rabies glycoprotein and then with a goat anti-mouse
AlexaFluor 488® conjugate. A GUAVA EasyCyte cytometer was used and data were acquired with the GUAVA ExpressPlus software. Clones were compared with the stable

cell line and sP2E5 was chosen by its high expression level of rabies glycoprotein.
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Fig. 3. Virus-like particles characterization. (A) RV-VLPs purified by density gradient ultracentrifugation were analyzed by negative staining MET. (B) Antigen presence in
purified RV-VLPs was analyzed by gold-labeled MET. A secondary antibody conjugated to 6 nm gold particles was used. (C) Dynamic light scattering of RV-VLPs in solution.
The average hydrodynamic diameter of the particles was calculated as the mean size of particle’s population + standard deviation (SD) of ten independent experiments.
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Fig. 4. Serum free medium adaptation of clone sP2E5. After three consecutive passages in DMEM 5% FBS, adhP2E5 was directly subcultured in EXCELLTM 293 media in an

Erlenmeyer flask (day 0). Arrows show fresh medium addition.

membrane was analyzed by flow cytometry and RV-VLPs expres-
sion confirmed by Western blot (Fig. 6).

3.4. Potency test of RV-VLPs produced in batch conditions with
SEM

RV-VLPs produced in shaker flasks in SFM were purified by
ultracentrifugation and prepared either in RV-VLPs stabilization
buffer without adjuvant or in the stabilizer recommended for
veterinary rabies vaccine [38] with aluminum hydroxide gel as
an adjuvant. NIH potency test for rabies vaccine was performed
separately for both samples to analyze the effect of adjuvant addi-
tion to the VLPs preparation. VLPs without adjuvant showed an

activity of 1.3IUml~! and ultracentrifugation purified RV-VLPs
with the addition of adjuvant showed a specific protection activity
of 1.51Uml~1. This result confirms that the VLPs produced in SFM
are highly immunogenic and trigger an immune response able to
protect mice against rabies virus challenge. On the other hand, the
addition of aluminum as adjuvant did not significantly increase the
potency of the VLPs. Thus, RV-VLPs could be injected without the
need of adjuvant.

3.5. Rabies virus neutralizing antibodies detection

To analyze the induction of rabies virus neutralizing antibodies
(RVNA) during immunization of mice with RV-VLPs, we performed
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Fig. 5. Clone sP2E5 growth curve. Cells were seeded at 5 x 105 cellsml~! in an Erlenmeyer flask with 30 ml SFM. Metabolite and growth parameters were analyzed for batch
cultures.
Table 1 o ) N this assay is specific as no transduction inhibition was observed
Cell growth and metabolism kinetics parameters for clone sP2E5 in batch conditions. when a non-reactive serum was analyzed or when a reactive serum
max 0.028 h~! was mixed with VSV glycoprotein pseudotyped lentivirus (Fig. 7).
Qiactate 0.3 pmolcel ' h™! On the other hand, as an International Standard for anti-rabies
glucose 0.09 pmol cel-' h~!

Jammonium

0.001 pmol cel-" h-!

an in vitro assay using a recombinant lentivirus pseudotyped with
the rabies glycoprotein. When RVNA interact with the rabies glyco-
protein present in the lentivirus surface, the recombinant vectors
that carry the GFP sequence are not able to transduce HEK293 cells
added in the well and no fluorescent cells are detected in the flow
cytometry assay. In this case, we analyze sera of mice injected with
RV-VLPs expressed in SFM and injected without adjuvant. We per-
formed the same immunization protocol that is described for the
NIH potency test, but measuring RVNA instead of protection at day
14. The results showed that antibodies present in the samples were
able to block the lentivirus transduction. The controls showed that
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immunoglobulin was used as a reference, a titer of RVNA expressed
in International Units per milliliter was calculated. All the serum
presented a titer much higher than 0.5IUml~1 (Table 2), the value
that WHO considers an indication of adequate vaccination, with
an average value of 15.21Uml~!. Although this method of RVNA
measurement should be validated against the standard methods
(MNT and RFFIT, [44]), in this case it is useful to confirm that RV-
VLPs trigger a specific humoral immune response and induce the
production of RVNA.

3.6. RV-VLPs production in perfusion mode in 5 L bioreactor

sP2E5 was cultured in SFM using a 5 L bioreactor in per-
fusion mode for 20 days, reaching cell densities higher than

(®) 1 2 3
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Fig. 6. (A) Flow cytometry of sP2E5, showing the homogeneous expression of the rabies glycoprotein. Cells were incubated with a monoclonal antibody against G protein
and AlexaFluor 488® conjugated goat anti-mouse was used as secondary antibody. Cells were analyzed with a GUAVA EasyCyte cytometer and the data were acquired
with GUAVA ExpressPlus software. (B) Western blot analysis of RV-VLPs expressed by sP2E5. The glycoprotein band corresponds to the expected size (62-65 kDa). Lane 1:
supernatant of sP2E5. Lane 2: RV-VLPs expressed by sP2E5 purified by density gradient ultracentrifugation. Lane 3: molecular weight markers.
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Fig. 7. Rabies virus neutralizing antibodies analysis. Serial dilutions of sera of vac-
cinated animals were incubated with recombinant lentivirus pseudotyped with the
rabies glycoprotein and carrying the green fluorescent protein sequence. Percent-
age of fluorescent cells (transduced cells) was measured by flow cytometry. An
international reference for rabies immunoglobulin was used as a standard.

Table 2
Rabies virus neutralizing antibodies titer for each mouse immunized with RV-VLPs.
Mouse RVNA (IUml1)
1 10.5
2 16.6
3 21.0
4 12.7

1.6 x 107 cells mI~!, Perfusion rate varied between 0.2 and 0.8 reac-
tor volumes per day as it was necessary (Fig. 8). The rabies virus
glycoprotein content in the harvest was 9.11Uml~! measured by
ELISA, compared with the 6th International Standard for Rabies
Vaccine. The potency of the RV-VLPs produced in the bioreactor
was analyzed. Clarified crude supernatant was used to perform NIH
potency test for rabies vaccine, obtaining a value of 1.31Uml"!.
These results indicate that RV-VLPs can be produced in SFM, in
continuous mode culture.

4. Discussion

Rabies is a fatal disease that can be completely prevented using
vaccines, but is still generating thousands of human deaths world-
wide [45]. Nowadays, cell culture-based vaccines are available,
but nerve-tissue vaccines are still used in developing countries.
Although the effectiveness of these vaccines is proved, they have
to be repetitively administrated (between 3 and 8 doses in pre-
exposure and post-exposure regimens currently recommended by
the World Health Organization and the Advisory Committees in
Immunization Procedures [46]). Another drawback of the existing
vaccines against rabies is the high cost per dose, which is the main
reason why rabies is considered a disease of poverty.

Some approaches to develop a recombinant rabies vaccine have
been made, but up to now none of them have been licensed
or extensively compared with commercially available vaccines
[22,23]. VLPs are an excellent candidate for the development of a
recombinant rabies vaccine due to the lack of the reversion risk or
deleterious effect of the inactivation processes present in the clas-
sic virus vaccines protocols. The high immunogenicity described
for VLPs, compared with the recombinant subunit vaccines, and
the ability to activate both arms of the immune system [3-5,43,47]
are features that encourage the development of a VLP-based rabies
vaccine.

In a previous work [35], we developed and characterized
rabies-virus like particles obtained by expressing the rabies virus
glycoprotein in HEK293 cells. We showed that RV-VLPs are capable
of triggering a specific humoral immune response with high anti-
body titers in mice. We also observed that the magnitude of the
glycoprotein specific antibodies induced by RV-VLPs was compa-
rable to that induced by commercial vaccines.

In the present work, we showed that RV-VLPs expressed in
HEK293 with animal-protein free media were able to trigger a
protective immune response showing high immunogenicity when
injected without the addition of adjuvant. Moreover, RV-VLPs
injected without adjuvant were able to induce the production of
neutralizing antibodies. It is known that RVNA is not the only
parameter of the immune response to rabies, but is the most widely
measured to determine protection resulting from rabies vaccina-
tion [48]. It has been described that RVNA alone can result in
viral clearance from the central nervous system (CNS) of exper-
imentally infected mice [49] and most rabies-specific antibodies
are directed to epitopes on the rabies virus glycoprotein, the only
protein exposed in the virus surface.

1,8x10" ——1——1— P S ———T——T——1—— 100 4 10 5 2,0
T - o o o 1 1
7 " N Te g e~ o doo { 18
1,6x10 Lo / /
| ! o ] |~
- . /- - e 8 Js8. 16
E 1,4x10" A o ‘m T S
\ 1 ] °
g 7 ] \I 170 A %_ 14 g
8 1,2x10" \\-\ ] § 5_ ‘g
o ] LN {e0Z{e5{12 8
o 7 4 \ = 0 | =
© 1ext0 B Glucose (g/L) <g i £ 2
E ~ 4{508{ 2410 &
> & —@— Lactate (g/L) S =~ o c
8,0x10° o 1 51 s
, | | Q 7]
+ i \\ —40?—42‘—08“3
6,0x10° - LN 1 O g
' 430 {4 |06
s 0. 1 |:|
4,0x10 Vs Van 420 42 404
i /o e - ] i
6
2,0x10 .m HHH 410 1 Hoz2
0,0 — T T T T 1 T 0 -0 -00
2 4 6 8 10 12 14 22

Days

Fig. 8. Culture of sP2E5 in 5 L bioreactor in perfusion mode. Profiles of cell density, cell viability, glucose, lactate, RV-VLPs concentrations and perfusion rate are shown.
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In recent years, VLPs have gained importance in the develop-
ment of veterinary vaccines. A number of VLPs of different kinds
of viruses have been under study, some of them are enveloped
VLPs expressed in mammalian cell lines [8,10]. Rabies veterinary
vaccines are based on inactivated virus produced in animal cells,
as BHK-21 cell line, using FCS for media supplementation. As
the active virus has to be manipulated, the production labora-
tory required costly biosafety level 3 (BSL3). Instead, the RV-VLPs
described in this work can be produced under standard labora-
tory conditions, a positive feature that reduces costs of production.
On the other hand, we showed the development of a RV-VLPs
expressing clone that growths in SFM (sP2E5). Replacement of
FCS in media supplementation as well as the use of substances of
animal origin during production processes is highly encouraged
by regulatory authorities, due to the high risk of contamina-
tion with viruses, prions, mycoplasma, etc. Besides, high quality
FCS is particularly expensive, making its replacement a cen-
tral issue, contributing to the reduction of the total cost of the
process.

Further, we demonstrated that sP2E5 clone was able to con-
tinuously express RV-VLPs when cultured in a 5L bioreactor in
perfusion mode during an extended period of time. This is a key
feature of the production process as VLPs are being expressed con-
stantly, and separated cell growth and infection phases during
culture are not required.

Thus, these immunogenic RV-VLPs, produced at high cell
density continuous culture, in standard laboratory facilities and
without the use of FCS represent a novel platform for the
production of a biosecure and economic recombinant rabies
vaccine.
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