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Abstract

Foot-and-Mouth Disease Virus (FMDV) causes an acute disease with important economy losses worldwide. Currently available

vaccines are based on inactivated FMDV and oil-adjuvants. The use of Virus-Like Particles (VLPs) for subunit vaccines has

been reported to be promising since it avoids the biological hazard of using virus in vaccine production while conserving

conformational viral epitopes. However, a more efficient and cost-effective adjuvant than those currently used is needed.

Immunostimulant-Particle Adjuvant (ISPA) is an Immune Stimulating Complex (ISCOM) - type adjuvant formulated with

dipalmitoyl-phosphatidylcholine, cholesterol, stearylamine, alpha tocopherol and QuilA. In the present work, we have evaluated

the immune response against FMDV using VLPs and ISPA as adjuvant. VLPs (serotype A/Arg/01) were obtained by transient

gene expression in mammalian cell cultures, and a previously developed murine model, able to predict the ability of a vaccine to

induce protection in cattle, was used for vaccination experiments in a first approach. The VLPs-ISPA vaccine induced protection

in mice against challenge and elicited a specific antibody response in sera. In a second approach, the VLPs-ISPA vaccine was

tested in calves. Interestingly one vaccine dose was enough to induce total α-FMDV antibodies , as measured by ELISA, as well

as neutralizing Abs. Antibody titers reached an Expected Percentage of Protection higher than 90%. The EPP index calculates

the probability that livestock will be protected against a challenge of 10.000 bovine infectious doses after vaccination. Moreover,

IFN-γ levels secreted in vitro by mononuclear cells of VLP-ISPA vaccinated animals were significantly higher (p <0.05) than

in the non-adjuvanted VLPs group. Overall, the results demonstrate that VLPs and ISPA are a promising combination for the

development of a novel FMD vaccine, since no infectious FMDV is used and a protective immune response can be induced in

calves, comparable to that achieved with the commercial FMDV vaccine.
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Abstract

Foot and Mouth Disease Virus (FMDV) causes an acute disease with important economy losses worldwide.
Currently available vaccines are based on inactivated FMDV and oil-adjuvants. The use of Virus-Like Partic-
les (VLPs) for subunit vaccines has been reported to be promising since it avoids the biological hazard of using
virus in vaccine production while conserving conformational viral epitopes. However, a more efficient and
cost-effective adjuvant than those currently used is needed. Immunostimulant-Particle Adjuvant (ISPA) is an
Immune Stimulating Complex (ISCOM) - type adjuvant formulated with dipalmitoyl-phosphatidylcholine,
cholesterol, stearylamine, alpha tocopherol and QuilA. In the present work, we have evaluated the immune
response against FMDV using VLPs and ISPA as adjuvant. VLPs (serotype A/Arg/01) were obtained by
transient gene expression in mammalian cell cultures, and a previously developed murine model, able to
predict the ability of a vaccine to induce protection in cattle, was used for vaccination experiments in a first
approach. The VLPs-ISPA vaccine induced protection in mice against challenge and elicited a specific anti-
body response in sera. In a second approach, the VLPs-ISPA vaccine was tested in calves. Interestingly one
vaccine dose was enough to induce total α-FMDV antibodies , as measured by ELISA, as well as neutralizing
Abs. Antibody titers reached an Expected Percentage of Protection higher than 90%. The EPP index cal-
culates the probability that livestock will be protected against a challenge of 10.000 bovine infectious doses
after vaccination. Moreover, IFN-γ levels secreted in vitro by mononuclear cells of VLP-ISPA vaccinated
animals were significantly higher (p <0.05) than in the non-adjuvanted VLPs group. Overall, the results
demonstrate that VLPs and ISPA are a promising combination for the development of a novel FMD vaccine,
since no infectious FMDV is used and a protective immune response can be induced in calves, comparable
to that achieved with the commercial FMDV vaccine.

Introduction

Foot-and-Mouth Disease (FMD) is a highly contagious viral infection of cloven-hoofed animals. FMD is
endemic in many parts of the world and continues to pose a major threat to livestock industries. Its presence
in a country results in severe restrictions to international trade and an outbreak in FMD-free countries causes
billionaire losses (OIE - World Organisation for Animal Health Act N° 22, 2018; Thompson et al., 2002).
Prevention and eradication of the disease requires sustained efforts at a significant cost. Vaccination is a
major strategy in developing countries to control FMD (Parida, 2009).

The etiological agent is Foot-and-Mouth Disease Virus (FMDV), a member of the Aphthovirus genus within
the Picornaviridae family. FMDV has a single-stranded, positive sense RNA genome that is enclosed within a
protein shell comprised of 60 copies of 4 structural proteins, VP1, VP2, VP3 and VP4. VP1-VP3 are surface
exposed on the virus particles,, whereas VP4 is internal (Acharya et al., 1989). The capsid proteins facilitate
virus entry and delivery of the genome into the cytoplasm of the cell where translation and replication
of the viral RNA takes place, and new virus particles are formed (Belsham, 2005; Jackson et al., 2000;
Monaghan et al., 2005). The immune system of virus-infected animals produces neutralizing Abs against the
surface-exposed capsid proteins, which is a key requirement for protection (Doel, 2003).

Seven FMDV serotypes (A, O, C, SAT1, SAT2, SAT3 and ASIA1) and several subtypes within each serotype
have been described. Viral infection or vaccination with one serotype does not confer protection against other
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serotypes (Mattion et al., 2004). Thus, an update of the antigenic composition of the vaccine is required
when new field strains appear. The vaccine currently used consists on chemically inactivated virus. To
produce this vaccine, suspension-growing baby hamster kidney-21 (BHK-21) cells are infected with virus
and binary ethyleneimine is used for the inactivation process (Doel, 2003; Grubman & Baxt, 2004; OIE -
World Organisation for Animal Health, 2012). There are disadvantages with the use of this type of vaccine,
including the need for high biosafety production facilities, the risk of incomplete inactivation of the virus, the
need of an strict purification process that guaranties differentiation of infected from vaccinated animals and
the fact that some serotypes and subtypes have problems to grow in cell cultures (Grubman, 2005; Rodriguez
& Grubman, 2009). Thus, the development of new vaccines is desirable.

Recombinant VLPs may represent a good alternative to the conventional FMD vaccine since they are non-
infectious and can be produced without the need of high containment facilities and may also be modified
to enhance their stability (Caridi et al., 2015; Ellard et al., 1999; Kotecha et al., 2015; Mateo et al., 2008;
Porta et al., 2013; Rincón et al., 2014). The use of suspension-growing mammalian cells, economic and
efficient transfection reagents and optimized expression vectors has allowed transient gene expression (TGE)
to become a simple, scalable and powerful technology to generate large amounts of recombinant VLPs within
a short time period (Baldi et al., 2007; Mignaqui et al., 2013; Pham et al., 2006).

Although some reports have demonstrated the efficacy of FMD vaccines based on VLPs (Li et al., 2012; Porta
et al., 2013; Xiao et al., 2016), a lower performance of a VLP based vaccine can be expected when compared
with a traditional vaccine due to the lack of viral RNA, a well-known activator of the innate immune response
(Medina et al., 2018). Moreover, vaccines based on these empty capsid particles may still be expected to
suffer from some of the same shortcomings, (e.g. in terms of duration of immunity)(Gullberg et al., 2016).
The use of novel adjuvants can be a promising tool to improve the performance of these vaccines.

In the present work, FMDV serotype A/Argentina/2001 VLPs were produced by transient gene expression
in serum-free suspension-growing mammalian cells, using polyethylenimine (PEI) as transfection reagent
(Mignaqui et al., 2013). Serotype A/Argentina/2001, isolated during an outbreak of FMD in Argentina in
2000 (Mattion et al., 2004), was used in the present study as proof of concept.

Our laboratory has ample experience in a murine model that proved useful to evaluate the potency of
FMDV vaccines (Batista et al., 2010; Bidart et al., 2020; Gnazzo et al., 2020; C Langellotti et al., 2012;
Cecilia Langellotti et al., 2015; V Quattrocchi et al., 2011, 2013; Valeria Quattrocchi et al., 2005; Romanutti
et al., 2013; Zamorano et al., 2010). In this model, there is a correlation with the humoral and protective
immune responses against infective FMDV that take place in cattle (Gnazzo et al., 2020).

Vaccine adjuvants improve the immune response elicited against antigens, direct the immune response to a
particular profile, increase the number of responding individuals, reduce the amount of vaccine doses and/or
allow to reach homogenous immune responses (Mohan et al., 2013). It is of great importance to find new
adjuvants that allow reducing the amount of virus or antigens in vaccines and induce Th1/Th2 responses.
Other desirable characteristics include low cost and stability. It has been reported that Immune Stimulating
Complexes (ISCOMs) are capable of developing a Th1/Th2 balanced immune response, in addition to in-
creasing cytotoxic responses (Bertona et al., 2017; Maraskovsky et al., 2009; Singh, 2006; Sun et al., 2009).
ISCOMs are spherical particles of approximately 40 nm in diameter, composed of phospholipids, cholesterol
and saponin, which can retain the antigen through hydrophobic interactions (Morein et al., 1984; Singh,
2006). They have been applied to the development of several registered vaccines for veterinary applications
(Sun et al., 2009). Recently, the Immunostimulating Particle Adjuvant or ISPA, an empty cage-like particle
formulation similar to ISCOMATRIX, was described. It contains dipalmitoyl-phosphatidylcholine (DPPC),
cholesterol (CHO), stearylamine (STEA), alpha-tocopherol (TOCO) and Quil A saponin (Bertona et al.,
2017; Bidart et al., 2020; Prochetto et al., 2017). This adjuvant was shown to surpass conventional ones by
improving humoral and cellular CD4+ / CD8+ responses (Bertona et al., 2017). Recently, we reported that
an inactivated FMDV serotype A vaccine adjuvanted with ISPA was capable of inducing protection against
challenge in a murine model and of improving the specific immune responses against FMDV in cattle (Bidart
et al., 2020).
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In this report, we demonstrate for first time the effect of ISPA as adjuvant for a subunit vaccine using VLPs
from FMDV both in a murine model and in cattle.

Materials and Methods

2.1 Animals

All experiments involving the use of animals were carried out according to INTA Ethics Manual “Guide for
the use and care of experimental animals”, under protocol Number: 26/2016.

Male BALB/c mice, 8-12 weeks old from the animal facilities of the School of Veterinary Sciences, University
of Buenos Aires, Argentina, were used.

FMDV-seronegative calves as determined by enzyme-linked immunosorbent assay (ELISA), according to
Hamblin et al. (1986), of approximately 8-10 months old, were used in the experiment (Hamblin et al.,
1986).

2.2 Virus-like particles (VLPs)

Recombinant VLPs were obtained as previously reported (Mignaqui et al., 2013). Briefly, suspension-growing
293-6E cells were grown in serum-free F17 medium (Gibco) at 37degC with 5% CO2 and agitation at 120 rpm.
Cells were transiently transfected with pTT5-P12A3C plasmid encoding for FMDV Serotype A/Arg/2001
VLPs using polyethylenimine (LPEI-MAX) (Polysciences, Warrington, PA, USA). Cells were harvested 48
h post transfection, centrifuged at 4000 g and the pellet was resuspended in Tris-HCl, pH 8, and subjected
to three freeze-thaw cycles at -80oC / 25oC. Finally, the lysate was clarified by centrifugation and VLPs
were quantified by ELISA, as previously reported (Mignaqui et al., 2013). Briefly, a polyclonal anti-FMDV
serum raised in rabbit was used for coating microtiter plates (Maxisorp). After washing steps, plates were
blocked for 30 min at 37degC with 5% normal equine serum in PBS/0.1% Tween-20. VLPs samples were
added to the wells and incubated at 37degC for 1 h. A standard curve was generated using serial dilutions
of a quantified aliquot of inactivated FMDV. Plates were then incubated for 1 h with a polyclonal anti-
FMDV serum raised in guinea pig, followed by horseradish peroxidase-conjugated goat anti-guinea pig IgG
(KPL). Then, tetramethylbenzidine was used as substrate and the absorbance at 450 nm was recorded in a
microplate reader (Thermo Scientifics MultiskanFC).

2.3 Virus

FMDV serotype A/Arg/2001 (A2001) inactivated (iFMDV) with binary ethyleneimine (provided by Bio-
genesis Bago, Buenos Aires) and purified by sucrose gradient was used as a positive control for protein
characterization assays, to formulate experimental vaccines, in ELISA and in cellular assays. Infectious
virus, obtained from vesicles of experimentally infected cattle (provided by the Argentine National Service
of Animal Health, SENASA) with one or two passages in BHK-21 cells, was used for viral challenge. All
experiments involving infectious virus were performed in the INTA BSL-4 OIE facilities.

2.4 Selection of VLPs dose for vaccine formulation

To select the VLPs vaccine dose, dilutions of VLPs in PBS containing: 8, 4, 2, 1, 0.5, 0.3, 0.15 or 0 μg in a
final volume of 0.1 ml were prepared. Groups of mice (n=5) were subcutaneously (sc) inoculated at 0 and
21 dpv with these formulations. Animals were challenged with an ip injection of 102.5 TCID50/ml infectious
FMDV, A2001 serotype, at 36 days post vaccination (dpv). Twenty-four h later, viremia was evaluated as
described in Bidart et al (2020) (Bidart et al., 2020). Briefly, heparinized blood withdrawn at 24 h post
infection was spread onto BHK-21 cell monolayers grown in 48-well plates and incubated at 37*C in a 5%
CO2 atmosphere. Then, cell monolayers were washed twice with sterile PBS. Fresh D-MEM supplemented
with 2% fetal calf serum (FCS) was added and the cells were incubated for 48 h at 37*C in 5% CO2. It was
considered that animals were infected if the cell monolayer presented cytopathic effects after a blind passage,
as established in previous studies (Gnazzo et al., 2020; V. Quattrocchi et al., 2014; V Quattrocchi et al.,
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2011; Zamorano et al., 2010). Percentages of protection were calculated as: 100 x [protected/challenged
mice]. A dose of 0.5 μg VLPs induced 40% of protection and was thus selected for subsequent experiments,
since it allows a good margin to observe the adjuvant effects.

2.5 Adjuvants

ISPA adjuvant is composed of alpha-tocopherol (TOCOP), phospatidylcholine (DPPC), stearylamine
(STEA), cholesterol (CHOL) and QuilA saponin. The ISPA particles have a cage-like structure of 73.0
± 1.5 nm in size as assessed by dynamic light scattering. First, liposomes were prepared with final propor-
tions of TOCOP: 0.00074% (0.017 mM), DPPC: 0.320% (4.35 mM), STEA: 0.0216% (0.8 mM) and CHOL:
0.143% (3.70 mM). Then, the suspension was extruded through a 50 nm pore membrane and a QuilA saponin
solution in acetate buffer was added to liposomes (6.5 mg/300μl per ml of liposomes) and extruded through
a 50 nm membrane pore (Bertona et al., 2017; Prochetto et al., 2017).

The commercial oil adjuvant (CA) used was ISA206 (Seppic, Paris, France). The formulations were prepared
following the manufacturer’s indications in a proportion adjuvant: antigen 60:40.

2.6 Vaccine formulations and vaccination experiments

The vaccines to be applied in mice were formulated with: (i) 0.5 μg VLPs in PBS (VLPs); (ii) 0.5 μg VLPs
in PBS mixed with 6 μl ISPA (VLPs-ISPA) or (iii) 0.5 μg VLPs in PBS mixed with CA (VLPs-CA), in a
final volume of 0.1 ml/dose. BALB/c mice were s.c. immunized at day 0 and 21 with: (i) VLPs (n=5); (ii)
VLPs-ISPA (n=5); (iii) VLPs-CA (n= 5); (iv) Commercial Vaccine (C+) (n=5); (v) 6 μl ISPA (n= 2); (vi)
(CA) (n= 2) or (vii) PBS (n= 2). Mice were challenged at 36 dpv as described in 2.4. The commercial vac-
cine consisted in a water-in-oil single emulsion containing O1/Campos/Brazil/58, A24/Cruzeiro/Brazil/55,
C3/Indaial/Brazil/71 and A/Argentina/2001 iFMDV and was provided by Biogénesis Bagó S.A.

The vaccines used in cattle were formulated with (i) 25 μg VLPs in PBS (VLPs); (ii) 25 μg VLPs with 1
ml ISPA (VLPs-ISPA); (iii) 25 μg VLPs in PBS mixed with CA (VLPs-CA); or (iv) 25 μg iFMDV in PBS
mixed with CA (iFMDV-CA), in a final volume of 2 ml/dose. Cattle were s.c. vaccinated with: (i) VLPs
(n=4); (ii) VLPs-ISPA (n=4); (iii) VLPs-CA (n=4) or (iv) iFMDV-CA (n=2).

2.7 Measurement of total IgG and isotypes against FMDV by sandwich ELISA

Total Abs against FMDV were assessed by ELISA as described previously (Batista et al., 2010; V Quattrocchi
et al., 2011; Zamorano et al., 2010). Briefly, Greiner Microlon® plates were coated ON at 4°C with anti-
FMDV rabbit serum in carbonate–bicarbonate buffer, pH 9.6. After three washing steps, plates were blocked
for 30 min at 37oC with polyvinylpyrrolidone blocking solution in the case of mouse sera (0.5 M NaCl/ 0.01
M phosphate buffer/ 0.05% Tween-20/ 1 mM EDTA/ 1% polyvinylpyrrolidone 30–40 K, pH 7.2) or with
PBS / 10% fetal calf serum (FCS) in the case of bovine sera. An optimal dilution of inactivated FMDV in
blocking solution was added, followed by incubation at 37*C for 30 min. Then, serially diluted mouse sera
(1:4) or bovine sera (1:5) in blocking solution were added. After 1 h 20 min incubation at room temperature,
plates were washed and an optimal dilution of horse radish peroxidase (HRP)-conjugated anti-mouse IgG
(H+L) (KPL(r)), anti-mouse isotypes (Southern Biotech(r)), anti-bovine IgG (KPL(r)) or anti-bovine IgG1
or IgG2 (KPL(r)) were added. Plates were incubated for 1 h at room temperature and then washed. Ortho-
phenylene-diamine (1,2-benzenediamine) dihydrochloride (SIGMA(r)) (OPD)/H2O2 was used as peroxidase
substrate. Reactions were stopped using 1.25 M H2SO4 and A492 was measured in a microplate reader.
Positive and negative control sera were included in every plate. The cut-off was established as the mean of
the values of negative sera (n= 10) plus two standard deviations.

2.8 Measurement of total FMDV-specific Abs by liquid phase ELISA

An lpELISA test was used according to Hamblin et al (1986), with modifications (Hamblin et al., 1986; OIE -
World Organisation for Animal Health, 2012)\sout. Briefly, Greiner Microlon(r) plates were coated overnight
at 4 oC with rabbit anti-FMDV serum diluted to a previously established optimal concentration in carbonate-
bicarbonate buffer, pH 9.6. After washing with 0.05% Tween-20/phosphate buffered saline (PBST), plates

5
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were blocked with PBST/1% ovalbumin (blocking buffer) for 30 min at 37 degC. Mice or bovine sera were
serially diluted (1:10) in blocking buffer in separate tubes and a fixed amount of inactivated FMDV was
added. After 1 h incubation at 37degC with shaking, the virus-antibody mixtures were transferred to the
blocked plates, and incubated for 1 h at 37degC. An optimal dilution of guinea pig anti-FMDV serum in
PBS/2% normal bovine serum/2% normal rabbit serum was added for detection, followed by 1 h incubation
at 37degC. Plates were washed and peroxidase-conjugated anti-guinea pig IgG (Jackson ImmunoResearch(r))
serum diluted in the same buffer was added, followed by 1 h incubation at 37degC. OPD/H2O2 was used as
peroxidase substrate as above and A492 was measured in a microplate reader. Strong positive, weak positive
and negative bovine reference sera were included in each test for validation. Antibody titers were expressed
as the negative logarithm of the highest dilution of serum that causes an inhibition of color development
higher than 50% in the average values of the control samples.

2.9 Neutralizing Antibody Titers

Serum samples were examined for anti-FMDV neutralizing Abs as described before (V. Quattrocchi et al.,
2014). Briefly, serial dilutions of complement-inactivated sera were incubated for 1 h at 37degC with 100
TCID50 of infective FMDV. Then virus-serum mixtures were seeded on BHK-21 monolayers. After 40 min
at 37degC, fresh DMEM /2% FCS was added to the monolayers, which were incubated at 37degC, under
5% CO2. Cytopathic effects were observed after 48 h.

2.10 Lymphoproliferation assay

Murine splenocytes were labeled with 3 μM carboxyfluorescein diacetate succinimidyl ester (CFSE) in PBS
for 30 min at 37°C. Labeled cells were added to 96-well plates (5x105 cell/well) in complete RPMI 1640
medium supplemented with 10% FCS and 50 mM 2-mercaptoethanol, and were subjected to: (i) no stimu-
lation (mock), (ii) 2.5 μg/ml iFMDV or (iii) 5 μg/ml Concanavalin A (Sigma Aldrich®, St. Louis, MO)
as positive control. Cells were incubated at 37°C in 5% CO2 atmosphere for 4 days and then fixed with
0.2% paraformaldehyde. Cell proliferation was analyzed by flow cytometry using FACSCalibur® (Becton
Dickinson, San Jose, CA) and Flowing Software (Turku Centre for Biotechnology, Finland). Results were
expressed as delta proliferation and were calculated as the difference between the percentage of proliferating
cells stimulated with inactivated FMD virus and the percentage of proliferating cells without stimuli.

2.11 Συρφαςε ανδ ιντραςψτοπλασματις σταινινγ φορ τηε δετεςτιον οφ ΙΦΝ-γ-προδυςινγ μυρινε σπλενοςψτες

Murine splenocytes were incubated in complete RPMI 1640 medium supplemented with 10% FCS and 50
mM 2-mercaptoethanol and were subjected to: (i) no stimulation ( mock), (ii) 2.5 μg/ml iFMDV or (iii) 5
μg/ml Concanavalin A (Sigma Aldrich®, St. Louis, MO) as positive control. Cells were incubated for 18
h in the presence of brefeldin A (BD GolgiPlug), according to the manufacturer’s recommendations. After
washing, cells were fixed in 0.5% paraformaldehyde and permeated with saponin (0.1% in PBS). Permeated
cells were incubated for 20 min at RT with allophycocyanin (APC) anti-mouse INF-γ (clone XMG1.2, BD
Pharmingen®) or isotype-matched control Abs. After 20 min, cells were washed twice and stained for 30
min at 4 oC with fluorescein isothiocyanate (FITC) anti-mouse CD4 (clone GK1.5, BDBioscience®); or
phycoerythrin (PE) anti-mouse CD8 (clone 53-6.7, eBioscience®). Cells were then washed and fixed with
0.2% paraformaldehyde. Flow cytometry was performed as in 2.10 (Supplementary figure 1).

2.12 ΙΦΝ-γ δετεςτιον

Peripheral blood mononuclear cells (PBMC) were obtained from cattle as described before (Romera et al.,
2014). PBMC were cultured with 5 μg/ml iFMDV for 5 days. Supernatants were analyzed using ELISA as
described previously (V. Quattrocchi et al., 2014). Briefly, plates were coated with a mAb against IFN-γ
(kindly donated by Dr. L. Babiuk). Samples and recombinant IFN-γ standard (Serotec, UK) were added
and IFN-γ was detected using rabbit polyclonal anti-IFN-γ Abs. After incubation, biotinylated goat anti-
rabbit IgG antibody was added, followed by HRP-conjugated streptavidin (KPL, USA). Plates were washed,
incubated with (OPD)-H2O2 and read at 492 nm. IFN-γ concentration was calculated from interpolation of
data in a standard curve.
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2.13 Statistical analysis

GraphPad InStat® program (GraphPad, California, USA) was used. Differences between groups were analy-
zed by applying the non-parametric Kruskal–Wallis test, followed by Mann–Whitney U-test for comparisons
between two groups. P value <0.05 was considered as an indicator of significant differences.

3. Results

3.1 Selection of the VLPs dose for vaccine formulation with adjuvants

To analyze the modulatory effect of ISPA on the immune response to VLPs, a dose of VLPs capable of
inducing 40% protection was first selected. To this end, mice were vaccinated with 8, 4, 2, 1, 0.5, 0.3 or 0.1
μg VLPs in PBS at 0 and 21 dpv and challenged with infectious FMDV, serotype A/Argentina/2001 after
36 dpv. A dose-dependent decrease in antibody titers with decreasing amounts of VLPs (Figure 1A), as well
as a concomitant protective effect were observed (Figure 1B). Forty percent of mice vaccinated with 0.5 μg
VLPs were protected upon viral challenge. Thus, this dose was chosen for vaccine formulations to detect the
action of ISPA on the immune response against FMDV.

3.2 A VLPs-ISPA vaccine confers total protection against FMDV in a murine model

The protective efficacy of the inclusion of ISPA as adjuvant in a VLPs vaccine (VLPs-ISPA) was tested in
mice. Groups of mice were vaccinated with VLPs, VLPs-ISPA, VLPs-CA, Commercial vaccine, CA alone,
ISPA alone or PBS (negative controls) at 0 and 21 dpv. Then, mice were challenged with infective FMDV
at 36 dpv (Figure 2). Notably, while protection with VLPs alone was achieved in 40% of mice, inclusion of
ISPA in the formulation increased protection levels to 100% as well as with the VLPs-CA and commercial
vaccines. Animals inoculated with CA, ISPA or PBS were not protected, indicating that the viral challenge
was conducted properly and indicates that protection depends on the inclusion of antigen in the vaccine.

3.3 Murine specific anti-FMDV Abs and neutralizing Abs are increased when ISPA is used as adjuvant

Antibody responses elicited by VLPs, VLPs-ISPA, VLPs-CA, Commercial vaccine, CA, ISPA and PBS were
evaluated at 15, 21 and 36 dpv. Total specific anti-FMDV Ab titers measured by sandwich ELISA were
significantly higher in the VLPs-ISPA and VLPs-CA groups as compared to the VLPs group (p<0.01) (Figure
3A). Importantly, when the virus neutralization test (VNT) was applied (Table 1), neutralizing antibody
titers at 36 dpv were significantly higher in groups vaccinated with VLPs-ISPA, VLPs-CA and Commercial
vaccine, than in the VLPs group (p<0.05, p<0.05 and p<0.001 respectively). VNT in the VLPs-CA and
Commercial vaccine groups were similar. No neutralizing Abs were detected in the CA, ISPA and PBS
groups.

Analysis of isotype profiles at 36 dpv showed that the VLPs-ISPA group achieved higher IgG1 titers than all
other groups (p<0.001). Moreover, IgG1 titers in the VLPs-CA and Commercial vaccine groups were similar
(Figure 3B). IgG2a titers were also higher in: VLPs-ISPA, VLPs-CA and Commercial vaccine groups than
in the VLPs group (p<0.001). Finally, IgG3 titers in the VLPs-ISPA group were significantly higher than
IgG3 titers in the VLPs and VLPs-CA groups (p<0.001 and p<0.01 respectively) and similar to the titers
elicited by the Commercial vaccine. Moreover, the IgG3 titer in VLPs-CA group was significantly higher
than in the VLPs group.

3.4 Immunization with VLPs-ISPA and VLPs-CA induces a specific cellular immune response against FMDV
in mice

At 36 dpv, when splenocytes were stimulated in vitro with inactivated virus, FMDV-specific T-cell stim-
ulation levels were significantly higher in cells derived from mice immunized with VLPs-ISPA and VLPs-
CA (p<0.05) or with the Commercial vaccine (p<0.001) than in those derived from VLPs, ISPA or PBS-
inoculated mice (Figure 4).
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3.5 VLPs plus ISPA or CA induce increased levels of anti-FMDV Abs in cattle

After promising results obtained in the murine model, the immune efficacy of the VLPs-ISPA and VLPs-CA
vaccines was studied in cattle, a natural host of the virus.

FMDV-serologically negative calves (per group) were inoculated only once with VLPs (n=4), VLPs-ISPA
(n=4), VLPs-CA (n=4) or iFMDV-CA (n=2) at day 0. The same amount of VLPs or iFMDV (25 μg) was
used in all formulations.

When Abs were measured by Lp ELISA, calves vaccinated with VLPs-ISPA and VLPs-CA displayed an
increment in the elicited anti-FMDV humoral response as compared to animals vaccinated with VLPs alone
(p<0.01) at 15, 30 and 45 dpv (Figures 5A). Moreover, the FMDV humoral response achieved in VLPs-ISPA
and VLPs-CA vaccinated animals was similar to that achieved in iFMDV-CA vaccinated animals.

Analysis of IgG1 isotype at 45 dpv showed that, in cattle vaccinated with VLPs, VLPs-ISPA or VLPs-CA,
no significant differences were detected between groups, although while in the group vaccinated with VLPs,
the mean titer of IgG1 Abs was 2.5, the mean titers in the other groups were [?] 3. (Figure 5B). Moreover,
the VLPs-ISPA and VLPs-CA vaccines achieved higher IgG2 levels than the VLPs vaccine (p<0.01).

FMDV-neutralizing Abs elicited in bovines by the different vaccines were next studied due to their connection
with protection against viral challenge.

At 45 dpv, VNT results (Table 2) showed a significant increase (p<0.001) in mean VNT titers in the VLPs-
ISPA and VLPs-CA groups (2.1±0.1 and 2.4±0.2 respectively) compared with the VLPs group. Animals
vaccinated with iFMDV-CA also presented high levels of neutralizing Abs (2.45±0.07). Remarkably, these
values have been reported to be associated with 90% Expected Percentage of Protection (EPP) (Maradei et
al., 2008), which estimates the likelihood that cattle would be protected against a challenge of 10.000 bovine
infective doses after vaccination (OIE - World Organisation for Animal Health, 2012).

3.6 Ιμμυνιζατιον ωιτη ῞ΛΠς πλυς ΙΣΠΑ ορ ῝Α ινςρεασες ΙΦΝ-γ σεςρετεδ βψ βοvινε ΠΒΜ῝ς

IFN-γ levels were measured in the supernatant of PBMC cultures from vaccinated bovines. At 45 dpv, the
group immunized with VLPs-ISPA reached significantly higher levels of IFNγ than those inoculated with
VLPs alone (p < 0.05) (Figure 6).

4. Discussion

Current vaccines against FMD consist in inactivated FMDV plus an oil-adjuvant. The virus is produced in
suspension-growing BHK-21 cells and then inactivated with binary ethyleneimine (BEI) (Doel, 2003; OIE
- World Organisation for Animal Health Act N° 22, 2018). This process needs high biosafety production
facilities (BSL-4 OIE or higher), but requires strict protocols of production and constant investments in
manufacturing plant up-grades and personnel qualifications. In addition, oil adjuvants as imports increase
the costs of vaccines, especially in developing countries. Because of this, a new formulation using recombinant
VLPs and a low-cost adjuvant that can be locally prepared are a good alternative to the marketed vaccine.

In this work, we examined the capacity of ISPA, a new cage-like particle adjuvant to elicit a protective and
specific immune response against FMDV when used in VLPs-based vaccines. For that purpose, we used a
mouse model developed in our laboratory, in which the humoral and protective immune responses against
FMDV in mice correlate with those elicited in cattle (Batista et al., 2010; Bidart et al., 2020; C Langellotti
et al., 2012; Cecilia Langellotti et al., 2015; V Quattrocchi et al., 2011, 2013; Valeria Quattrocchi et al., 2005;
Romanutti et al., 2013; Zamorano et al., 2010).

In the murine model, the use of ISPA in VLPs-based vaccines allowed to achieve 100% protection against
viral challenge while the use of VLPs alone induced a protective response in only 40% of the animals. VLPs
induced similar protection levels when using ISPA as adjuvant or CA. Animals vaccinated with adjuvant
alone were not protected against viral challenge, showing that the protective response corresponded to an
adaptive response against the virus and was not due to innate immune mechanisms elicited by the adjuvant.
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Ab titers against FMDV were significantly elevated in mice that received VLPs-ISPA as compared to the
group vaccinated with VLPs alone and similar to the Ab titers induced by the VLPs-CA vaccine. These
results correlate with the protection induced upon challenge It is important to mention that the levels of
protection achieved were the same as those induced by the Commercial Vaccine (positive control) based
on inactivated virus. It is noteworthy that neutralizing antibody titers showed a good correlation with pro-
tection levels, substantiating the notion that they are an in vitro reflection of the immune response that
occurs in vivo (Mattion et al., 2009; McCullough et al., 1992; OIE - World Organisation for Animal Health,
2012). Also, Ab titers against FMDV and VNT values induced in mice by VLPs-ISPA and VLPs-CA were
higher than the response induced by VLPs alone. Furthermore, these humoral responses elicited by VLPs-
ISPA and VLPs-CA vaccines were enough to induce a 100% protection against viral challenge, in a similar
way to the protection levels achieved with the commercial vaccine containing the inactivated virus. Note-
worthy, the commercial vaccine contains FMDV serotype O1/Campos/Brazil/58, A24/Cruzeiro/Brazil/55,
C3/Indaial/Brazil/71 and A/Argentina/2001, all of which bear epitopes that participate in the immune
response against FMDV (Mattion et al., 2004)

When isotype profiles were characterized, increases in IgG1, IgG2a, IgGb and IgG3 isotype levels were
observed in the VLPs-ISPA, VLP-CA and Commercial vaccine groups as compared to the group inoculated
with VLPs alone. Interestingly, a prevalence of IgG1 and IgG2b isotypes was detected in animals vaccinated
with VLPs-ISPA. These are promising results because Gnazzo et al (2020) reported that in the mouse
model, IgG1 and IgG2b isotypes are important in the protection against FMDV O1 Campos\sout. VLPs-
ISPA-vaccinated animals showed higher IgG3 isotype levels than the VLPs-CA group. It is well described
that IgG1 and IgG3-FMDV immune complexes are recognized by FcγRI receptors, present in macrophages,
monocytes and dendritic cells, leading to a virus clearance (van der Poel et al., 2011). Thus, this mechanism
could be involved in VLPs-ISPA protection. Also, IgG2a, IgG2b and IgG3 isotypes play a significant role
in FMDV clearance trough complement-mediated phagocytosis (McCullough et al., 1988; Pérez Filgueira et
al., 1995). Moreover, it has been reported that mice inoculated with inactivated FMDV plus some adjuvants
generate a complement-fixing IgG profile that correlates with protection upon FMDV challenge (Batista
et al., 2010; Pérez Filgueira et al., 1995). The different isotype profiles elicited by inoculation with these
vaccines indicate a balanced Th1/Th2 response.

Regarding the cellular immune response obtained in mice using the experimental vaccines, both VLPs-ISPA
and VLPs-CA induced an increased response compared to the VLPs group. These results suggest that ISPA
and the Commercial Adjuvant improve the adaptive immune response against FMDV.

The VLPs-ISPA vaccine triggered proliferation and IFNγ production in FMDV-specific CD8+ T lympho-
cytes, as occurred in mice vaccinated with inactivated FMDV (C Langellotti et al., 2012; Ostrowski et al.,
2005). Similar results were obtained in the VLPs-CA group. Surprisingly, in the group immunized with
Commercial Vaccine, although lymphoprolferation was observed when splenocytes were stimulated with in-
activated virus, IFNγ secretion only by CD4+ cells, but not by CD8+ cells, was registered (Supplementary
Figure 1).

Previous studies described that ISCOMs improve the dendritic cell cross-presentation (den Brok et al., 2016;
Maraskovsky et al., 2009; Wilson et al., 2012, 2014). The results described in the present work indicate that
the VLPs- ISPA formulation generates a strong cellular response in agreement with previous reports that
used cage like particles (Bertona et al., 2017; Prochetto et al., 2017).

The results of the humoral immune response profiles obtained in the murine model were further confirmed
in calves, as was reported by Gnazzo et al. (2020) (Gnazzo et al., 2020).

Numerous studies performed in cattle show a correlation between Ab titers against FMDV elicited by vacci-
nation and in vitro andin vivo protection upon experimental viral challenge. These correlations have allowed
to estimate the Expected Percentage of Protection (EPP) to the homologous infection using titers of systemic
α-FMDV Ab measured by lpELISA or viral seroneutralization (Maradei et al., 2008; Mattion et al., 2009;
OIE - World Organisation for Animal Health, 2012).
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In calves, one dose of the VLPs-ISPA formulation elicited total and neutralizing anti-FMDV Ab titers
corresponding to an Expected Percentage of Protection (EPP) above 90%, similar to those obtained with
inactivated FMDV and CA (Maradei et al., 2008; Robiolo et al., 2010; Servicio Nacional de Sanidad y
Calidad Agroalimentaria Res 609/2017. CABA, Argentina, 2017). Importantly, an acceptable inactivated
vaccine should induce 75% protection in cattle (OIE - World Organisation for Animal Health, 2012).

Moreover, IgG2 titers were higher in VLPs plus adjuvant formulations which is related to pathogen op-
sonization. Bovine macrophages and neutrophils possess an immunoglobulin receptor to which IgG2 can
bind (Tizard, 1998). On the other hand, we detected a significant increase in IFN-γ secretion in cattle vac-
cinated with VLPs-ISPA as compared to cattle vaccinated with VLPs alone or VLPs-CA. IFN-γ has been
reported to display activity against FMDV (Summerfield et al., 2009), by controlling viral replication and
spreading within the host through natural killer cell and macrophage activation (Zhang et al., 2002). Our
data of increased IFN-γ and increased presence of IgG2 in animals vaccinated with VLPs-ISPA, correlate
with what was found by other researchers. Thus, a positive correlation between IFN-γ response and vaccine-
induced protection as well as reduction of long-term persistence of FMDV has been observed in cattle (Oh et
al., 2012). In addition, IFN-γ production is associated with a Th1 profile and an increased IgG2 production
(Estes & Brown, 2002). The numbers of cattle included in this pilot study were as those used in other
preliminary studies on vaccine candidates (Bachmann & Zinkernagel, 1997; Lee et al., 2005), although they
were insufficient for statistical analysis (Soria et al., 2017). However, the results obtained serve as a proof of
concept of the usefulness of VLPs as antigen and ISPA as adjuvant in FMDV vaccines. Although in calves,
the iFMDV-CA group is too small to make any statistical comparisons, the neutralizing Ab titters induced
by the vaccine containing the complete inactivated FMDV and commercial adjuvant were similar to those
induced by VLPs with ISPA or CA.

The action of ISPA was similar in terms of levels, kinetics and profiles of humoral responses than the
commercial oil adjuvant used in this study. ISPA has also been reported to have a better performance than
ISCOMATRIX (Bertona et al., 2017). Importantly, particle size and adjuvant performance were conserved
during a six-month period after preparation (Bertona et al., 2017). Future work will be devoted to examine
whether ISPA exerts its action of enhancement of the immune response and protection levels by promoting
the virus presentation to the immune effectors. Some authors have reported that ISCOMs induce local
recruitment, activation and maturation of immune cells, such as dendritic cells, granulocytes, F4/80 int
cells, T-, B- and NK-cells (Reed et al., 2009; Reimer et al., 2012; Sun et al., 2009), increasing in this way
the chances of the antigen to come in contact with immune cells. In addition, Brok et al. (2016) proved
that saponin-based adjuvants enhance antigen cross-presentation by dendritic cells and T-cell activation (den
Brok et al., 2016). Immunization with a formulation based on Tripanosoma cruzi recombinant transialidase
(mTS) and ISPA elicited high levels of protection upon challenge (Bertona et al., 2017). Moreover, this
vaccine favorably modulates the regulatory arm of the immune system to reach immune protection against
the parasite (Prochetto et al., 2017).

Noteworthy, VLPs-ISPA and VLPs-CA elicit high FMDV Ab titers. In cattle, the immune response elicited
by FMDV (A22 Iraq strain) VLPs produced using the baculovirus technology and oil adjuvant was analyzed
in a study by Porta et al. (2013) (Porta et al., 2013). Two vaccinations with 12 μg/dose elicited neutralizing
Abs and 50% protection against challenge. When the capsids were mutated to increase their stability, the
protection levels induced were of 75%. In another study, Li et al (2012) showed 80% protection with one dose
of A/WH/CHA/09 VLPs-ISA206 formulation (Li et al., 2012). Our results show a comparable or higher
performance of the VLPs/ISPA and VLPs/CA formulations since with one 25 μg dose, the levels of induced
neutralizing Abs correlate with 90% of protection.

The recombinant VLPs used in this study were produced by transient transfection of suspension-growing
mammalian cell cultures in serum free medium using a pTT5-based plasmid. This technology is a safe and
cost-effective method of antigen production to develop a new non-infectious vaccine for controlling FMD in
vaccination-free countries, as well as in FMD-endemic countries and in the event of an outbreak.

In conclusion, ISPA is a new cage-like particle adjuvant that can be used in combination with recombinant
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VLPs to develop a novel vaccine against FMD. Results showed ISPA is useful in increasing and modulating
the humoral and cellular responses in vaccinated mice and cattle, yielding enhanced protection against
challenge. Taken together, these results are promising for the development of a novel FMD vaccine with a
recombinant, non-infectious antigen and a new, cost-effective and innovative adjuvant.
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of foot-and-mouth disease virus at 2.9 Å resolution. Nature . https://doi.org/10.1038/337709a0

Bachmann, M. F., & Zinkernagel, R. M. (1997). NEUTRALIZING ANTIVIRAL B CELL RESPONSES.
Annual Review of Immunology . https://doi.org/10.1146/annurev.immunol.15.1.235

Baldi, L., Hacker, D. L., Adam, M., & Wurm, F. M. (2007). Recombinant protein production by large-scale
transient gene expression in mammalian cells: State of the art and future perspectives. In Biotechnology
Letters . https://doi.org/10.1007/s10529-006-9297-y

Batista, A., Quattrocchi, V., Olivera, V., Langellotti, C., Pappalardo, J. S., Di Giacomo, S., Mongini, C.,
Portuondo, D., & Zamorano, P. (2010). Adjuvant effect of CliptoxTM on the protective immune response
induced by an inactivated vaccine against foot and mouth disease virus in mice. Vaccine , 28 (38), 6361–6366.
https://doi.org/10.1016/j.vaccine.2010.06.098

Belsham, G. J. (2005). Translation and replication of FMDV RNA. InCurrent Topics in Microbiology and
Immunology . https://doi.org/10.1007/3-540-27109-0 3

Bertona, D., Pujato, N., Bontempi, I., Gonzalez, V., Cabrera, G., Gugliotta, L., Hozbor, D., Nicastro, A.,
Calvinho, L., & Marcipar, I. S. (2017). Development and assessment of a new cage-like particle adjuvant.
Journal of Pharmacy and Pharmacology , 69 (10), 1293–1303. https://doi.org/10.1111/jphp.12768

Bidart, J. E., Kornuta, C., Gammella, M., Gnazzo, V., Soria, I., Langellotti, C. A., Mongini, C., Galarza, R.,
Calvinho, L., Lupi, G., Quattrocchi, V., Marcipar, I. S., & Zamorano, P. I. (2020). A new cage-like particle
adjuvant enhances protection of Foot and Mouth Disease vaccine. Frontiers in Veterinary Science (in Press)
. https://doi.org/10.3389/fvets.2020.00396

Caridi, F., Vázquez-Calvo, A., Sobrino, F., & Mart́ın-Acebes, M. A. (2015). The pH Stability of Foot-and-
Mouth Disease Virus Particles Is Modulated by Residues Located at the Pentameric Interface and in the N
Terminus of VP1. Journal of Virology . https://doi.org/10.1128/jvi.03358-14
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Figure 1 . Selection of VLPs dose for vaccination of BALB/c mice. Groups of mice (n=5) were vaccinated
with 8, 4, 2, 1, 0.5, 0.3, 0.15 or 0 μg VLPs in PBS at 0 and 21 days and challenged with infective virus at 36
dpv. (A) Abs against FMDV elicited by vaccination with different amounts of VLPs measured by sandwich
ELISA at 36 dpv. (B) Percentages of protected animals upon viral challenge. Animals were considered
protected if viremia was absent at 24 h post challenge. Protection percentages were calculated as: 100 x
[number of vaccinated animals without viremia / number of vaccinated animals].

Figure 2 . Protection upon viral challenge elicited by experimental vaccines. Groups of mice (n=5) were
vaccinated with VLPs (0.5 μg), VLPs (0.5 μg)-ISPA, VLPs (0.5 μg)-CA or a Control (+) vaccine, and
groups of mice (n=2) were vaccinated with ISPA, CA or PBS alone at 0 dpv and 21 dpv, and challenged
with infective FMDV at 36 dpv. Protection was calculated as in Figure 1.

Figure 3 . Abs against FMDV elicited by experimental vaccines in mice. FMDV specific antibody titers
were measured by (A) sandwich ELISA at 15, 21 and 36 dpv. Each point represents the mean (n=5) Ab
titer ± SD in each group. * Significant differences against VLPs group. ** (p< 0.01); ***(p< 0.001). (B)
Isotype profile of vaccinated animals at 36 dpv. Data are expressed as the mean Ab titer ± SD. *** p<
0.001, **(p< 0.01).

Figure 4 . Lymphocyte proliferative response after stimulation with iFMDV measured by CFSE loss, at
36 dpv. Results are expressed as the difference (Δ%) between the percentage of proliferating splenocytes
stimulated with inactivated virus and the percentage of proliferating splenocytes without stimuli. Animals
were vaccinated with VLPs, VLPs-ISPA, VLPs-CA, control (+) vaccine, ISPA, commercial adjuvant alone
or PBS. *** p<0.001; *p< 0.05.

Figure 5 . Humoral response elicited in cattle by experimental vaccines. FMDV-specific antibody titers
were measured by Lp ELISA. (A) Kinetics of total anti-FMDV serum Abs. Each bar represents the mean
Ab titer ± SD (n= 4) at 15, 30 and 45 dpv. (B) FMDV-specific serum IgG1 and IgG2 response at 45 dpv.
Each point represents the serum IgG1 or IgG2 anti-FMDV Ab titers (log10) of each animal. Isotype profiles
at 45 dpv, expressed as mean Ab titers ± SD. ** p< 0.01, *p< 0.05.

Figure 6 . IFN-γ production by PBMC from calves inoculated with experimental vaccines at 45 dpv. Cells
were stimulated in vitro with iFMDV. Supernatants were tested by ELISA. Each bar represents the IFNγ
levels (pg/ml) secreted by PBMCs from each bovine when they were stimulated in vitro with iFMDV, *p<
0.05.

Supplementary Figure 1. Flow cytometry analysis of CD4+/IFNγ+ and CD8+/IFNγ+ cell percentages.
At 36 dpv, splenocytes from vaccinated BALB/c were (i) not stimulated stimulated (mock) or stimulated with
(ii) 2.5 μg/ml iFMDV or (iii) 5 μg/ml Concanavalin A as positive control. Cells were incubated for 18 h in
the presence of brefeldin A. Permeated cells were incubated with anti-mouse INF-γ. Then, cells were stained
with anti-mouse CD4 or anti-mouse CD8. Splenocytes were obtained from mice vaccinated with VLPs,
VLPs-ISPA, VLPs-CA, Commercial vaccine, ISPA, CA alone or PBS. (A) Percentages of CD4+/IFNγ+ T
cells and (B) percentages of CD8+/IFNγ+ T cells from mice spleens. ** p< 0.01; *p< 0.05.
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