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Summary

Several emerging pestiviruses have been reported lately, some of which have proved to cause
disease. Recently, a new ovine pestivirus (OVPV), isolated from aborted lambs, with high genetic
identity to classical swine fever virus (CSFV), has proved to induce reproductive disorders in
pregnant ewes. OVPV also generated strong serological and molecular cross-reaction with CSFV.
To assess the capacity of OVPV to infect swine, twelve piglets were infected either by intranasal
or intramuscular route. Daily clinical evaluation and weekly samplings were performed to
determine pathogenicity, viral replication and excretion and induction of immune response. Five
weeks later, two pigs from each group were euthanized and tissue samples were collected to study
viral replication and distribution. OVPV generated only mild clinical signs in the piglets,
including wasting and polyarthritis. The virus was able to replicate, as shown by the RNA levels
found in sera and swabs and persisted in tonsil for at least five weeks. Viral replication activated
the innate and adaptive immunity, evidenced by the induction of interferon-alpha levels early after
infection and cross-neutralizing antibodies against CSFV, including humoral response against
CSFV E2 and E™ glycoproteins. Close antigenic relation between OVPV and CSFV genotype
2.3 was detected. To determine the OVPV protection against CSFV, the OVPV-infected pigs
were challenged with a highly virulent strain. Strong clinical, virological and immunological
protection was generated in the OVPV-infected pigs, in direct contrast with the infection control
group. Our findings show, for the first time, the OVPV capacity to infect swine, activate
immunity, and the robust protection conferred against CSFV. In addition, their genetic and
antigenic similarities, the close relationship between both viruses, suggests their possible co-

evolution as two branches stemming from a shared origin at the same time in two different hosts.
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1. Introduction

Viruses belonging to the Pestivirus genus have proven to be particularly relevant in animal health
throughout history as emerging and remerging pathogens (Schweizer and Peterhans, 2014;
Ganges et al., 2020). Some of these viruses have been known for decades, such as Bovine viral
diarrhoea virus (BVDV) type 1 and type 2, Classical swine fever virus (CSFV) and Border disease
virus (BDV). This ever-expanding genus comprises at least 7 more members (D. B. Smith et al.,
2017; 1ICTV, 2020); and several novel viral species, tentatively belonging to this genus, have been
reported recently in pigs, ruminants, rodents, bats, whales, and pangolins (Blome et al., 2017;
Ganges et al., 2020). It is known that pestiviruses are able to cross the species barrier due to their
high capacity to adapt in wide host range (Ganges et al., 2020). The species-barrier jump can
develop into multiple outcomes, ranging from immunization of the host against other pestiviruses,
to the emergence of new viruses (Terpstra and Wensvoort, 1988a; Paton and Done, 1994; Braun
et al., 2019; de Oliveira et al., 2020). In the case of CSFV, the causative agent of classical swine
fever (CSF), the severe impact of the disease has led to this virus being of mandatory notification

to the World Organisation for Animal Health (OIE) (OIE, 2019a, 2019b).

Recently, a newly identified ovine pestivirus (OVPV) was isolated from aborted lambs in northern
Italy, and was determined to have high genetic identity with CSFV (Sozzi et al., 2019). Further
studies stablished that the infection with OVPV in pregnant ewes caused abortions, as well as the
birth of persistently infected lambs (Wang et al., 2020). This virus also induced strong antibody
response in the ewes, which cross-reacted with other members of the Pestivirus genus and was
found to have the highest antigenic relationship with CSFV (Casciari et al., 2020; Wang et al.,
2020). The OVPV RNA was also determined to cross-react with the OIE-recommended
molecular diagnostic test for CSFV. In addition, cophylogenetic analysis showed that CSFV and
OVPV emerged from the same parental virus, Tunisian sheep virus (TSV) in the beginning of the

19" century (Rios et al., 2017; Wang et al., 2020).

The present work studied for the first time, the capacity of OVPV to infect swine and generate

disease. The viral replication, pathogenicity and changes in the immune cell populations were
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evaluated. The humoral response against OVPV and different pestiviruses were determined. In
addition, the molecular, serological and antigenic cross-reaction between them were assessed.
Moreover, the level of clinical and virological protection conferred by OVPV against challenge

with a highly virulent CSFV strain was also determined.

2. Materials and methods

2.1 Cells and viruses

The bovine kidney cell line MDBK (ATCC-CCL-22) and porcine kidney cell line PK-15 (ATCC-
CCL-33), were used. The foetal sheep thymus cell line (SFT-R) was obtained from the Cell
Culture Collection of Veterinary Medicine, Friedrich-Loeffler Institute, Island of Riems,
Germany. The cells were grown in Eagle’s minimum essential medium supplemented with 5%
foetal bovine serum (FBS). Viral replication was monitored by titration using immune peroxidase
monolayer assay (IPMA) with a swine polyclonal Pestivirus antibody (Wensvoort et al., 1986).
Viral titres were determined by endpoint dilution and the 50% tissue culture infective dose
(TCIDso) per millilitre was calculated following the statistical methods described by Reed and

Muench (Reed and Muench, 1938).

The OVPV IT/ov/1756/2017 isolate (Sozzi et al., 2019; Wang et al., 2020), was used. CSFV
strains, like Alfort/187 and Diepholz1/Han94, kindly provided by the CSFV EU Reference
Laboratory, Hannover, Germany and Margarita and Catalonia 01 (Cat01) (Tarradas et al., 2014)
were employed. The BVDV NADL strain (provided by the CSFV EU Reference Laboratory, as
well) and the BDV 137/4, from the Central Veterinary Laboratory, Weybridge, UK, were also

used.

2.2 Experimental design

2.2.1 OVPV Experimental infection in domestic pigs

Three week old piglets (n=12, landrace x large white), Pestivirus-free, were allocated in the

Animal Biosafety level 3 (ABSL3) facilities at IRTA-CReSA (Bohorquez et al., 2019). They were
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fed a starter diet during the trial (Corporacion Alimentaria Guissona S.A., Spain). The pigs were
randomly numbered and divided into two groups, hamed group A (pigs 1 to 6) and B (pigs 7 to
12). Animals from group A and B were inoculated through the intranasal or intramuscular route,
respectively, with 2.5 x 10° TCID of the OVPV viral isolate (1T/ov/1756/2017) (Sozzi et al., 2019;
Wang et al., 2020). Clinical signs were recorded daily by a trained veterinarian in a blinded
manner after infection. Serum, nasal and rectal swab were collected from all the animals on the
day of inoculation, and at three, seven, 14, 21, 28 and 35 days post infection (dpi). Whole blood
sample, for the isolation of peripheral blood mononuclear cells (PBMCs), was also obtained on
the day of inoculation and at seven and 35 dpi. In order to evaluate the OVPV replication in
tissues, one animal from Group A was euthanized at 28 dpi, as were two animals from group A
and two from group B at 35 dpi. Tissue samples from tonsil, thymus, brain, lung, liver, spleen
and Kidney were collected. Additionally, at 28 dpi, pigs 8 and 11 from group B were moved to a

different pen for the next phase of the study (Figure 1).

2.2.2 CSFV challenge in OVPV infected animals

Six pigs (Pestivirus-free) numbered from 13 to 18 (group C), from the same age, breed and origin
as those in the OVPV experimental infection were also introduced in the trial. These animals were
allocated in the pen to which pigs 8 and 11 were moved. All animals from group C and pigs 8 and
11 were challenged with 10° TCID of the highly virulent CSFV Margarita strain by intramuscular
injection in the neck, coinciding with 28 days after OVPV infection for pigs 8 and 11. One week
later, at 35 days after OVPV infection, the remaining animals from groups A and B were also

challenged with the same batch and viral dose of CSFV Margarita strain.

After CSFV challenge, a trained veterinarian recorded clinical signs daily in a blinded manner
and a score was assigned (Tarradas et al., 2014; Wang et al., 2019). Serum, and nasal and rectal
swab samples were collected at day of CSFV infection and at eight days post challenge (dpc), as
well as whole blood with EDTA for the collection of PBMCs. At 8 dpc for groups A and B and
15 dpc for pigs 8 and 11 and Group C, the animals were euthanized and the tissue samples were

collected. For ethical reasons, animals were euthanized before the end of the experiment if they

5
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reached a clinical score of 5 or exhibited prostration (Tarradas et al., 2014; Wang et al., 2019).
Euthanasia was performed in accordance with European Directive, using a pentobarbital overdose
of 60-100 mg/kg of weight, administered via the jugular vein. The experiment was performed in
agreement with European regulations and following approval by the Ethical Committee of the

Generalitat de Catalonia, Spain, under the animal experimentation project number 10631.

2.3 OVPV and CSFV RNA detection

RNA was extracted from samples collected throughout the trial, using the IndiMag® Pathogen
Kit (Indical bioscience, Leipzig, Germany). Tissue samples collected at necropsy were
homogenized in RPMI 1640 medium, supplemented with penicillin 10,000 Units/mL and
streptomycin 10,000 U/mL before RNA extraction. In all cases, extraction was performed from
an initial sample volume of 200 pL to obtain a final volume of 100 puL. of RNA, which was stored

at —75 °C.

Three RT-gPCR assays, for the detection of Pestivirus, OVPV and CSFV RNA were used
(Hoffmann et al., 2005, 2006; Wang et al., 2020). Given the cross-reaction between OVPV and
CSFV RNA in the CSFV RT-gPCR (Hoffmann et al., 2005), the specific RT-gPCR to detect
Margarita strain RNA, to differentiate from OVPV RNA, was also performed (Mufioz-Gonzélez
et al., 2016). For all the techniques, threshold cycle (Ct) values >40 were considered as positive.
Samples in which fluorescence was undetectable were considered as negative. Moreover, Ct
values from 10 to 22 were considered as high, from 23 to 28 as moderate, and between 29 and 40

as low RNA viral load (Tarradas et al., 2011; Wang et al., 2020).

2.4 Determination of the antibody response induced by OVPV in pigs

CSFV E2 glycoprotein antibodies were evaluated in sera after OVPV inoculation and CSFV
challenge, by a commercial ELISA kit (IDEXX, Laboratories, Liebfeld, Switzerland). Blocking
percentage values below 30% were considered negative, between 30 and 40% samples were
doubtful and above 40% were antibody positive. Antibodies against the CSFV E™ protein were

also evaluated, using the Pigtype© CSFV E™ Ab test (Qiagen, Leipzig, Germany). To determine
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positive samples, the S/P ratio (sample/positive control ratio) was calculated. The S/P values
below 0.3 were considered as negative, between 0.3 and 0.5 were doubtful and above 0.5 samples

were deemed as positive.

Neutralizing antibody response after OVPV infection, and CSFV challenge, was assessed by
neutralisation peroxidase linked assay (NPLA) (Terpstra et al., 1984). The neutralizing antibody
titre was evaluated against the homologous virus (OVPV), and against CSFV strains Alfort/187
(genotype 1.1), Diepholz1/Han94 (genotype 2.3) and Cat01, as well as BVDV NADL and the
BDV 137/4 viruses. Titres were expressed as the reciprocal dilution of serum that neutralized 100

TCID in 50% of the culture replicates.

2.5 Detection of IFN-a in sera

IFN-a concentration in sera from groups A and B was evaluated by an in-house ELISA at OVPV
infection and at 3 and 7 dpi. Two anti-IFN-o. monoclonal antibodies, were used for capture and
detection (Mufoz-Gonzélez et al., 2015; Wang et al., 2020). Cytokine concentrations
(units/millilitre) were calculated by a regression curve based on the optical densities of a cytokine

standard (IFN-a recombinant protein, PBL Biomedical Laboratories, Piscataway, NJ).

2.6 PBMC collection and phenotypical profile

PBMC were obtained by density-gradient centrifugation, using Histopaque 1077 (Sigma-Aldrich,
St. Louis, MO, USA), followed by osmotic shock, were used to separate PBMCs and eliminate
the remaining erythrocytes. Afterwards, the number and viability of the cells were assessed by
trypan blue staining. To phenotype the subset cell population in PBMC after OVPV and CSFV
infection, flow cytometry was performed. Hybridoma supernatants, kindly provided by Dr. J.
Dominguez (INIA, Madrid, Spain), were used for staining of the CD172a (BA1C11, IgG1), 6D10
(1gG2a), CD163 (1C6/BM, 1gG2a), CD4 (74-12-4, 1gG2b) and CD8 (76-2-11, 1gG2a) cellular
surface markers. For the staining the different hybridoma supernatant isotypes, secondary

antibodies against mouse 1gG1 (Anti-Mouse 1gG1 eFluor®, eBioscience), 1gG2a (Goat anti-
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Mouse 1gG2a Cross-Adsorbed Secondary Antibody, Alexa Fluor 488, Invitrogen) and 1gG2b

(Goat anti-Mouse 1gG2b Secondary Antibody, Alexa Fluor 633, Invitrogen), were employed.

Briefly, 5 x 10° cells were plated in each well from a “V”” bottom cell culture plate (Costar 3894)
and, following centrifugation at 400g x 10 min, the cell culture medium was removed. For single
colour staining, 50 uL of the corresponding hybridoma supernatant was added to each
corresponding well and incubated at 4 °C x 30 minutes. After centrifugation, the corresponding
secondary antibody was added and incubated at 4 °C x 30 minutes covered from light.
Subsequently, the cells were washed with PBS + 2% FBS. A viability control was added
(propidium iodide, 1 pg/ml) and 20 000 live-cell events were recorded by the cytometer
(FACSAria llu, BD Biosciences). The analysis was performed using the FACSDiva software,
version 6.1.2 and the results were expressed as the percentage of positive cells obtained for each

staining.

2.7 Cross-neutralisation assay

Samples from the serum collection of the OIE reference laboratory for CSFV in IRTA-CReSA,
Spain, were used in a cross-neutralisation assay. Samples corresponded to animals that had been
infected with CSFV strains from different genotypes: Alfort/187 (genotype 1.1; 1 sample),
Margarita (genotype 1.4; 2 samples), Cat01 (genotype 2.3; 2 samples) and Diepholz1/Han94
(genotype 2.3; 1 sample). These samples showed high neutralizing antibodies titres against their
respective homologous strain. Additionally, one sample from the experimental OVPV infection
in sheep (Wang et al., 2020) and sera from one pig of the present study (number 7, at 28 dpi) were
included. A cross-neutralisation assay was carried out by comparing the antibody titres of each
sample against their homologous strain, with titres against either CSFV strains from different

genotypes (Alfort/187, Margarita and Diepholz1/Han94) or OVPV.

2.8 Antigenic distance metric and cartography between OVPV and CSFV

The antigenic difference between OVPV and other CSFV viral strains was measured as recently

described (Coronado et al., 2019), The methodology described by Archetti-Horsfall antigenic
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distance metric (11) (Archetti and Horsfall, 1950) was used. The antigenic distance metric for the
Pestivirus strains was estimated using formula (1) with the same classification scores previously
suggested (Coronado et al., 2019). Antigenic distances resulting 0.5<(14)<1.5 indicate no
significant antigenic difference between the two viruses, results of 1.5<(14)<2 indicates antigenic
difference between the two viruses, whereas (1/4)>2 means that the two virus strains present major

antigenic difference (Archetti and Horsfall, 1950; Liu et al., 2017).

NBAXNAB
r= 1’NAA><NBB 1)
NA% and NBB (homologous neutralizing titres of two strains), NBA and N”8 (heterologous

neutralizing titres against each other).

An antigenic map using OVPV and different genotypes of CSFV was constructed following the
methodology described (D. J. Smith et al., 2004; Coronado et al., 2019) using the web-tool
https://acmacs-web.antigenic-cartography.org/. Clusters were identified by a k-means clustering

algorithm (Duda and Hart, 1973) and Procrustes analysis was conducted for comparison purposes.
3. RESULTS
3.1 OVPV generates mild clinical signs in swine

During the 7 days before inoculation, the rectal temperature of all study animals was kept below
40°C (Data not shown). An increase in body temperature at 2 dpi (below 40.2° C), was detected
during the first week after OVPV inoculation in four intranasally inoculated animals (Group A)
and one intramuscularly inoculated pig (Group B) (Figure 2a). At 7 dpi, five out of the six group
B pigs also showed mild clinical signs (either diarrhoea or apathy). On the second week after
infection, one pig from group A and three pigs from group B showed a slight increase in rectal
temperature, although it only lasted for one day (Figure 2a), one of them (pig 10) show mild
anorexia and apathy. During the third week post infection, the increase in the rectal temperature
was detected in four out of the six group A pigs, being as high as 40.6° C in the case of pig 4
(Figure 2a). Meanwhile, three pigs in group B (number 9, 11 and 12) showed a slight rectal

temperature increase for two days and two of them also developed diarrhoea towards the end of
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the week (pigs 11 and 12), which was accompanied by polyarthritis for pig 12. Pig 10, continued
to show anorexia and apathy. During the fourth week of the trial, all the animals were healthy,

except for pigs 10 and 12 that continued to show wasting and polyarthritis, respectively.

3.2 OVPV infection in pigs induced antibody response to the CSFV E2 and E™ glycoproteins

Faster and higher CSFV E2 antibody response was detected in OVPV intramuscularly inoculated
pigs (Group B). The anti-E2 antibody response started at 14 dpi in two animals from this group,
being all positive at 21 and 28 dpi. However, one of them was negative at 35 dpi. In the
intranasally inoculated group (Group A), three pigs were positive at 21 dpi and four at 28 and 35

dpi, being one pig negative during the trial (Figure 2b).

After OVPV infection, the CSFV E™ antibodies were lower than the E2 antibody levels. E™
antibody response started at 14 dpi in two animals from group B, however only one of them
remained positive during the study. At 21 dpi, another animal from this group was positive, and
remained so until the end of the trial. In the case of 35 dpi, one more pig was found positive
although in the detection limit of the assay. The humoral response against E™ in group A started
at 21 dpi in three animals that continued to be positive at 28 dpi. However, one remained positive

at 35 dpi (Figure 2c¢).

3.3 OVPV infection in pigs generates high neutralizing antibodies that cross-reacts with
CSFV and other pestiviruses

Neutralizing antibody response against OVPV started at 14 dpi in all the animals from group B
and half of the pigs in group A, the titres ranged between 1:10 and 1:320. From 21 dpi onwards,
the titres were increased in both infected groups, with higher levels in group B (Table 1).

Low values of cross-reactive antibodies (ranging from 1:10 to 1:40) were found from 21 dpi
against Cat01 and Diepholtz1/Han94 CSFV strains in eight and six pigs, respectively, while all
were negative against Alfort/187 strain. Neutralizing antibody titres against BVDV and BDV

were also found, although in a lower number of animals (Table 1).

10
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All the pigs showed neutralizing antibody titres against CSFV Cat01 strain at 28 dpi, being higher
again in group B. Similar titres were also found against Diepholtz1/Han94, though in less pigs
from both groups. Notably, only one serum cross-reacted with the Alfort/187 strain. Meanwhile,
the number of animals showing antibody titres against BVDV and BDV was increased (Table 1).
The highest titres were detected against Cat01 (between 1:10 and 1:480) at 35 dpi, however, sera
from all animals also cross-reacted against Diepholtz/94 strains. By contrast, only 5 sera showed
low cross-reaction with the Alfort/187. Against BVDV, neutralizing antibodies titres were
detected in all sera, though at a lower titre than against CSFV Cat01 strain. Meanwhile, titres
bellow 1:80 against BDV were detected in nine pigs (Table 1).

3.5 OVPV has a high antigenic relationship with CSFV genotype 2.3

To determine the antigenic relationship between OVPV and CSFV, a sera panel from animals that
had been infected with different CSFV strains or OVPV was evaluated. All the samples, except
serum E and F (from Cat01 infected pigs) had the highest neutralizing antibody titre against the
homologous strain. Notably, these two sera had higher titres for OVPV than to any of the CSFV
strains analysed (Figure 3a). On the other hand, sample D, from a Diepholz1/Han94 infected pig,
showed similar neutralizing antibody titres for the homologous strain and for OVPV. The samples
from pigs infected with CSFV Alfort/187 and Margarita strains had at least two-fold difference
in titres against homologous strain and OVPV. Both sera from OVPV infected animals (samples
G and H) had higher titres against OVPV than to any of the CSFV strains evaluated, although the

highest cross-reaction with CSFV was with genotype 2.3 strains (Figure 3a).

An initial evaluation of the antigenic diversity measured by cross viral neutralization test with the
further estimation of (1/,) value indicated that all the viral strains but CSFV Cat01 and
Diepholz1/Han94 showed significant major antigenic differences (Supplementary material Table
S1). Considering this metric measure, the closet CSFV strain assessed were the OVPV isolate and
CatO1 (Figure 3b). After a clustering analysis, it was visualized that the viral strains trend to

cluster with the OVPV isolate clustered together with both CSFV genotype 2.3 strains analysed
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(Figure 3b, cluster I). On the other hand, the remaining strains of CSFV clustered in a separate

group (Figure 3b, cluster I1).

Notably, the cluster formed by OVPV isolate together with both CSFV genotype 2.3 strains
remained as a unique group after forcing the separation of three cluster formation, with an
antigenic distance of 0.96 units between OVPV and Cat01 strain (supplementary material Table
S1). By contrast, the analysis showed that the lowest OVPV related antigenic strain was the CSFV
Margarita strain with an antigenic distance of 5.21 units (supplementary material Table S1). In
addition, the test also revealed that the OVPV showed the closest relationship with the serum
obtained against CatO1 strain with 0.89 units. Likewise, the serum obtained from these two viral
strains were also the closest related with 1.74 units (supplementary material Table S1). A
Procrustes analysis also revealed that the serum obtained against CatO1 strain and the OVPV

isolate trend to group together (Figure 3b, arrows showed by the Procrustes analysis).

3.6 OVPV RNA is detected in sera and nasal and rectal swabs after infection

The majority of group B pigs were positive in blood and sera samples for OVPV RNA, starting
at 3 dpi, while only one pig from group A was positive. Notably, nearly all the blood and sera
samples from both groups were positive at 7 and 14 dpi, showing low viral RNA load, though, a
higher RNA viral load was found in samples from group B (Figure 4a). From 21 dpi onwards,
positives samples with Ct values near the detection limit of the assay were found in samples from
three pigs in group B (data not shown). For body secretions, positive samples from 3 to 14 dpi

were detected in both groups, the majority at 7 dpi, with low viral RNA load. (Figure 4a).

3.7 OVPV RNA can be detected by the Pan-Pestivirus molecular assay and cross-reacts with

the CSFV specific molecular assay

Similar results to the OVPV test were obtained through the Pan-Pestivirus RT-qPCR assay. At 3
dpi, one animal from group A was positive in sera, while almost all the sera and blood samples
from group B were positive. At 7 dpi, all the sera and blood samples from group B were positive,

as were nearly all the sera and half the blood samples from group A. The viral RNA load was low

12
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in all samples, but near the limit between low and moderate in group B (Figure 4b). By 14 dpi,
positive samples increased in both experimental groups (Figure 4b). After de 21 days, only one
pig from each group was positive (in blood and sera), both of them with a low RNA load, being
all the samples negative at 35 dpi. On the other hand, most of the swab samples from animals in
both groups were negative by this assay throughout the trial and viral RNA load was low in the

few positive samples (Figure 4b).

Although, the viral RNA level was low, some animals from group B were CSFV RNA positive
in sera and blood as early as 3 dpi and the number of positive samples increased at 7 dpi (Figure
4¢). The number of CSFV RNA positive samples decreased at 14 dpi and afterwards, all samples

in the trial were negative.

3.8 OVPV RNA is detected in tissue samples for at least 35 days

The OVPV RNA detection was evaluated in tissues by three RT-gPCR assays at 28 (pig 3 from
group A) and 35 dpi (pigs 1, 5 from group A and 9 and 12 from group B). All the pigs were
positive in tonsil by all the molecular tests, including the CSFV specific RT-gPCR with low RNA
load in most samples, except for pig 3, that showed moderate viral RNA load by the OVPV and
Pan-Pestivirus RT-gPCR assays (Figure 5). Additionally, viral RNA was detected in tissues like
kidney, spleen and brain by the Pan-Pestivirus and even by the CSFV specific RT-qPCR. All

tissue samples were negative by the Margarita strain specific RT-gPCR.

3.9 OVPV activates the innate immune response measured by IFN-a level in sera

The IFN-a levels were higher in animals from group B at 3 dpi, reaching 100 units/ml, compared
to group A (Figure 6a). Afterwards, the concentration decreased in both groups, although some
animals showed an increase at 7 dpi (Figure 6a). Notably, at this date the concentration of IFN-o
detected in sera remained higher in Group B pigs. After 7 dpi, no IFN-a levels were found in any

experimental groups.

3.10 Alterations in swine PBMC populations after OVPV infection
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Before OVPV infection, the CD172a* surface marker was found to be within the same range for
both experimental groups and remained unaltered at 7 dpi (Figure 6b). Meanwhile, the CD163*
marker was found to be decreased by more than 15% in both groups at 7 dpi, compared with the
percentage found prior to OVPV infection. Moreover, the percentage of T-CD4* cells was also
found to be reduced after OVPV infection in both groups, while the T-CD8* cell population
remained unaltered at 7 dpi in group A, while an increase of around 9% in group B was found

(Figure 6b).

3.11 OVPV infection protects swine against a high virulence CSFV challenge

Pigs from group A challenge with the highly virulent CSFV Margarita strain, showed only mild
fever (less than 40.8 °C) during few days post CSFV infection. Interestingly, the OVPV infected
pigs from group B, including those that were housed with the control animals, did not show any
CSF clinical signs until the end of the trial (Figure 7a). Conversely, non-OVPV infected-
challenged pigs showed progressively severe CSF clinical signs starting with apathy and
diarrhoea as early as 2 dpc. Two days later, all pigs had developed apathy and high fever. At 7
dpc two pigs had to be euthanized after showing high fever (>42 °C), weakness of the
hindquarters, tremors and severe apathy and diarrhoea. The four remaining pigs were euthanized

for welfare reasons between 8 and 9 dpc, after showing severe clinical signs (Figure 7a).

3.12 CSFV challenge generates a boost effect in the humoral response of OVPV infected

animals

An increase in the antibody response to E2 and E™ glycoproteins was found in all OVPV infected
animals at 8 dpc (Figure 7b and 7c). In addition, the neutralizing antibody titres against OVPV
were increased after CSFV challenge (titres >1:2560). Furthermore, sera from all the animals
cross-reacted with all the Pestivirus strains analysed. Notably, neutralizing antibody response
against the Cat01 CSFV strain was the highest, with titres as high as 1:20480 in the majority of
the animals, while the Alfort/187 and the Diepholz1/Han94 strains also showed high cross-

reaction and titres were as high as 1:1280 and 1:5120, respectively. The sera from all OVPV
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infected-CSFV challenge animals also cross-reacted with BVDV (titres between 1:80 and 1:1280)
and BDV (ranging from 1:20 to 1:2560) (Figure 7d). Conversely, the non OVPV infected animals

were negative for E2 and E™ and neutralizing antibodies (Figure 7b and 7c).

3.13 The OVPV may protect swine from CSFV replication after challenge

After CSFV challenge, all the animals from the three experimental groups were negative by the
OVPV RT-gPCR in sera, nasal and rectal swabs (Figure 8a). It should be noted that, absence of
CSFV RNA was found in the majority of OVPV infected animals after CSFV challenge. Only the
two pigs from group B that were housed together with the control animals were CSFV RNA
positive at 8 dpc in nasal or rectal swab sample, though with a low viral RNA load (Ct value
above 32). Both animals were negative in sera and swab samples for CSFV RNA detection at 15
dpc (Data not shown). On the contrary, all the sera and swab samples from group C were CSFV

positive, showing mainly high viral RNA load (Figure 8b).

The OVPV RNA was detected in the tonsils from all CSFV challenged pigs in groups A and B,
but with a low viral RNA load. Meanwhile, all other tissue samples from the OVPV infected
animals, except one lung sample from a group A pig, were negative by this assay (Figure 8c).
Similarly, all the tonsil samples from the group A and B pigs were positive by the CSFV-specific
assay (Hoffmann et al., 2005), with a moderate or low load (Figure 8d). However, the specific
Margarita strain RT-gPCR demonstrated that the RNA found in tonsil samples mostly
corresponded with the challenge virus, with a moderate viral RNA load (Figure 8e). CSFV
Margarita strain RNA was also found in spleen, kidney, brain and thymus samples from some
animals in groups A and B, though in low concentrations. Conversely, high CSFV and Margarita
RNA load was detected in most of the tissue samples from the infection control group (Figure 8d

and 8e).

3.14 OVPV protects animals from alterations in PBMC generated by CSFV challenge

The three myeloid cell populations evaluated (CD172a, 6D10 and CD163) were found to be

increased in the PBMCs from the infection control group, after CSFV challenge. The granulocyte
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precursor 6D10* cells showed the highest increase, being as high as 56%. Conversely, the PBMCs
from OVPV infected pigs, were protected from CSFV generated alterations in these cell subsets
(Figure 9). In the T-cell lymphocytic markers, the CD4* T-cells remained within similar ranges
in all three groups following the CSFV challenge, while the T-CD8* cell subset was slightly

decreased, mainly in group C animals (Figure 9).

Discussion

Human intervention, including practices like intensive farming or the housing of farm animals
from different species in close proximity, has been a major force in driving viral emergence, with
potentially catastrophic results (Rios et al., 2017; VanderWaal and Deen, 2018; EI Amri et al.,
2019; Wasik et al., 2019). In this regard, pestiviruses have shown a capacity for crossing the
species barrier, leading to the emergence of new viruses in some cases (Rios et al., 2017; Wang
et al., 2020). OVPV, an emerging Pestivirus that has been recently determined to cause abortion
in pregnant ewes and the birth of weak and persistently infected lambs, showed close genetic and

antigenic relationship with CSFV (Sozzi et al., 2019; Casciari et al., 2020; Wang et al., 2020).

The present work determined, for the first time, the capacity of OVPV to infect domestic pigs.
The clinical signs observed after OVPV infection were mild and resemble findings previously
reported for BVDV-1 and BVDV-2 infection in swine (de Oliveira et al., 2020). OVPV was
shown to replicate in the infected pigs and activated the adaptive and innate immune response in

both experimental groups, being higher in the intramuscularly inoculated animals.

The OVPV recognition capacity by the swine immune system and the fact that its RNA was
detected in the tonsil, suggests the possibility of this virus for its adaptation in this new host,
increasing virulence and generating more severe clinical signs. Considering that, the role of

OVPV as a disease causing agent in swine cannot be discarded.

OVPV also modulated the porcine macrophage activation, as evidenced by the decrease in the
CD163" subset detected in the PBMC of the infected animals, regardless of the infection route

(Sanchez et al., 1999; Chamorro et al., 2005). On the other hand, the alterations in the T-cell
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subsets appeared to be of minor consequence, considering that the CD4/CD8 ratio has not been
severely reduced. Previous reports have shown that CD4/CD8 ratio around 1, as observed in the
OVPV infected pigs, may correlate with immunocompetent animals capable of inducing effective
immune response in swine (Appleyard et al., 2002; Cordes et al., 2012; Bohérquez et al., 2019).
The immunological activation capacity of OVPV in swine, suggests the low virulence and

pathogenicity of the strain under study.

As was explained above, OVPV RNA was found in the tonsil, despite the high levels of
neutralizing antibodies to OVPV in all the infected animals. Notably, these antibodies showed
cross-reaction with CSFV strain from genotype 2.3 and other pestiviruses. In addition, the OVPV
elicited humoral response to the CSFV E2 and E™ glycoproteins, which increased after CSFV
challenge. Together with other previously described pestiviruses (Meyer et al., 2018; Postel and
Becher, 2020), the new emerging OVPV complicates the differential diagnostic afforded by the
E™ ELISA test, posing a threat for the implementation of the CSFV DIV A strategy based on this
assay (Aebischer etal., 2013; Pannhorst et al., 2015). This might be highly impactful, considering
the OIE and European Union (EU) guidelines for serological surveillance of CSFV (European

Comission, 2002; OIE, 2019b).

Other ruminant pestiviruses, such as Aydin/04 and Burdur/05 Pestivirus, have also been reported
to induce higher cross-neutralizing antibody response against CSFV than against other ruminant
pestiviruses in ovine (Postel et al., 2015). Nevertheless, experimental infection in pigs with these
viruses showed that they were not able to replicate and only induced low and late neutralizing
response against the homologous virus, reducing their potential negative impact for CSFV control
programs (Postel et al., 2015). Moreover, neither has shown to cross-reaction with the CSFV
molecular diagnostic, which has been proven for OVPV (Wang et al., 2020). The close antigenic
relationship found between OVPV and CSFV genotype 2.3 (particularly Cat01 strain), poses an
explanation for the higher neutralizing antibody response against this strain that was detected in

the OVPV infected animals.
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In agreement with the strong capacity of OVPV to activate cellular immunity and generate high
neutralizing antibody titres to CSFV, solid clinical and virological protection against a highly
virulent CSFV challenge was conferred in both OVPV infected groups. It has been widely
reported that the exacerbated activation of innate immunity, including high levels of IFN-a, plays
an important role in the development of the acute form of CSF in vivo (Summerfield et al., 2006;
Summerfield and Ruggli, 2015). In this regard, OVPV was able to protect the pigs against the
exacerbated immune response caused by high virulence CSFV strains (Wang et al., 2019; Ganges
et al., 2020). The cross-reactive neutralizing antibody titres generated in the OVPV infected pigs
exceeded the 1:32 threshold that has been previously stablished for the protection of pigs against
CSFV (Terpstra and Wensvoort, 1988b). The acceleration in the humoral response against CSFV
observed after challenge, proves the anamnestic immunity and the complete activation of the
immune system afforded by OVPV (Ganges et al., 2005). Similarly to the CSFV vaccine Chinese
strain (C-strain), which affords 100% clinical protection irrespective of the infection genotype
(Graham, Everett et al., 2012; Graham, Haines et al., 2012), OVPV protected against a CSFV
genotype 1 strain in vivo. All the OVPV infected pigs showed virological protection after CSFV
challenge, given that the low RNA load found in some sera and body secretions likely
corresponded with RNA traces (Leifer et al., 2009; Mufioz-Gonzélez et al., 2017; Wang et al.,
2019). Nevertheless, the modulation of CSFV evolution by the immunological pressure exerted
by OVPV, in the event that both viruses are circulating in swine, cannot be ruled out. To the best
of our knowledge and considering the levels of protection against CSFV conferred by other
pestiviruses (Dahle et al., 1993; Wieringa-Jelsma et al., 2006), the new OVPV has shown the best
protection against CSFV clinical signs and viral replication afforded by a different species of

Pestivirus so far.

Taken together, the similarities between OVPV and CSFV, and the fact that OVPV can infect
swine, the possibility of OVPV dissemination in swine, may pose a major threat for CSFV control
programs worldwide in the future. Considering the recent discovery of OVPV, the prevalence of

this virus in the field is still unknown. The results from the present study highlight the importance
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of surveillance for the novel OVPV, using the currently available tools for CSFV and other
pestiviruses. Besides their genetic and antigenic similarities (Wang et al., 2020), the robust and
broad protection against CSFV elicited by OVPV, support the close relationship between both
viruses and suggests their possible co-evolution as two branches stemming from a shared origin

at the same time in two different hosts.
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62  Table 1. Kinetic neutralising antibody response against pestiviruses after OVPV infection

14 DPI 21 DPI 28 DPI 35 DPI

PiG OVPV CSFV BVDV BDV OVPV CSFV BVDV BDV OVPV CSFV BVDV BDV OVPV CSFV BVDV BDV

A T A A A T -

1 20 O 60 0 ) 640 ) ©) ©) 10 1280 () 10 20 20 ©) 1280 () 40 20 20 15

Group A: 2 8 O 6 O 8 ) 1280 () 20 20 © © 1280 () 40 10 10 10 2560 10 120 20 20 20
ovPV 3 20 O 60 0 6] o) 320 Olo o ©) ©) 640 O 1 0 10 6

Intranasal 4 6] O 60 0 6] o) 1920 O 10 10 ©) ©) 5120 O 10 8 O 1280 0 10 20 20 ©

5 8 6O 6 O 8 ) 1280 O 10 @ 20 20 1280 0 10 @ 15 10 960 () 40 10 20 10

6 10 O 6O 8 ) 640 (0 10 @ © 10 320 () 20 10 20 10 640 () 240 10 40 40

7 160 O 6 O 0 ) 10240 ¢ 10 10 20 10 5120 () 160 20 40 20 2560 10 240 20 160 20

Group B: 8t 40 O 6O 8 ) 2560 0 (< 10 20 ©) 1280 () 40 20 40 10 2560 10 8 80 160 20

OVPV 9 40 6O 6 O 8 ) 640 O 10 @ 10 10 320 0 10 @ 10 © 1920 () 80 20 20 )

Irmgyutll:ﬁglnaf 10 160 O 6O 8 ) 5120 O 40 () © © 1280 10 160 () 20 20 2560 10 480 20 40 10

11+ 160 O 6 O 8 ) 2560 () 40 10 80 80 2560 () 40 160 160 80 2560 10 160 40 80 60

12 320 O 6 O 8 ) 1920 0 () 40 © 20 2560 () 60 320 10 10 2560 () 40 40 10 20

* Animal Euthanized at 28 dpi

1 Animals challenged at 28 dpi
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Figure 1. Schematization of the experimental design for OVPV infection and CSFV challenge.
Pigs from groups A, B and C are shown in green, grey or orange, respectively. Animals shown
within the same-coloured background were housed in the same experimental box. Squares
represent divisions within the same experimental box. Blue timeline and letters indicate OVPV

infection, red timeline and letters indicate CSFV challenge.

Figure 2. Rectal temperature and humoral response after OVPV infection. A) Rectal
temperature was monitored daily during 35 days for the pigs inoculated with OVPV through the
intranasal (Group A, blue lines and symbols) or the intramuscular (Group B, red lines and
symbols) route. The Humoral response against the CSFV E2 and E™ glycoprotein was monitored
for 5 weeks after OVPV infection by commercial ELISA test. B) The E2 antibody response is
expressed as blocking percentage, values above 40% (dotted line) are considered as positive. C)
Antibody response against E™ glycoprotein is shown as S/P, values above 0,5 (dotted line) were
considered as positive. Asterisk indicates an animal that was euthanized at 28 dpi. Cross symbol

indicates animals that were challenged with CSFV at 28 dpi.

Figure 3. Cross-neutralizing antibody response and antigenic relationship between OVPV
and CSFV. A) Cross-neutralizing antibody response against homologous and heterologous viral
strains in animals infected with OVPV or CSFV strains from different genotypes. B) Antigenic
map of OVPV and different CSFV genotypes. Each colour indicates the respective viral strain
(circles) or antisera (squares). Clusters were identified by k-means cluster algorithm and arrows

indicate grouping according to Procrustes analysis.

Figure 4. Kinetic of OVPV RNA detection in sera, blood, and nasal and rectal swabs from
infected pigs. The OVPV RNA was analysed by (A) OVPV RT-gPCR, (B) Pan-pestivirus RT-
gPCR, and (C) specific CSFV RT-qPCR. The RNA load is characterized as low, moderate and
high according to the Ct value and shown in a colorimetric scale with green, orange and blue

representing A, B and C, respectively. Ct values above 40 were considered as negative.
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Figure 5. OVPV RNA detection in tissue samples at 35 dpi. The OVPV RNA was analysed by
OVPV RT-gPCR (green dots), Pan-pestivirus RT-gPCR (orange dots), and specific CSFV RT-

gPCR (blue dots). Ct values above 40 were considered as negative.

Figure 6. IFN-a levels in sera and alterations in the PBMC phenotypical profile after OVPV
infection. A) IFN-a levels were evaluated on the day of OVPV infection and at 3 and 7 dpi.
Results are shown as units/ml. B) PBMCs collected from pigs inoculated by the intranasal (Blue
boxes) or intramuscular (red boxes) route on the day of OVPV infection (empty boxes) and at 7
dpi (striped boxes) were evaluated by flow cytometry analysis. Results are expressed as the

percentage of positive cells for each marker.

Figure 7. Clinical score and humoral response in OVPV-infected and control pigs after
CSFV challenge. Pigs infected with OVPV through the intranasal (in blue colour) or
intramuscular (in red colour) route and infection control animals (in green colour) were
challenged with CSFV. Clinical signs were recorded daily, and a clinical score was assigned for
each animal as previously described (A). Humoral response against CSFV E2 (B) and E™ (C)
glycoprotein was evaluated, as well as cross-neutralizing antibody response (D). Asterisk

indicates animals that were challenged at 28 dpi.

Figure 8. Viral RNA detection after CSFV challenge. Sera, swab and tissue samples were
collected from the animals intranasally (blue dots) or intramuscularly (red dots) inoculated with
OVPV and CSFV challenged, as well as the infection control group (green dots). The presence of
viral RNA was assessed by OVPV RT-gPCR (green shaded graphs), CSFV RT-gPCR (blue
shades graphs) and specific CSFV Margarita strain RT-gPCR (Red shaded graphs). Ct values

above 40 were considered as negative.

Figure 9. Phenotypical profile of PBMCs after CSFV challenge. Comparative expression of
myeloid and lymphocytic surface markers in PBMCs from OVPV-infected pigs through the
intranasal (blue rhombus) or intramuscular (red rhombus) route, and the challenge control group

(green rhombus), on the day of CSFV challenge (empty rhombus) and at 7 dpi (filled rhombus).
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Figure 3
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Figure 7
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Figure 8

A)

12

16
20
244
28
32
36

Ct value (OVPV RT-gPCR)

40
44+

2

12

Day of CSFV

298%8%

22873

®

82_@& o

8DPC
challenge

Sera

Day of CSFV 8DPC
challenge

Nasal Swab

Day of CSFV 8DPC
challenge

Rectal swab

16
20
244
28+
324
36
40

o
°8

Ct value (OVPV RT-qPCR)

44

0®28

bor

8

e ®

°g8®

288

]}
asb 853328

m

Tonsil Thymus

Spleen Brain

Organ samples

Liver Kidney Lung

12
164
20
24
28
32
36
40

o]

900
[o - We)

o

a®o
D &Po

o

[}

Ct value (Margarita RT-qPCR)

44+

°%
&o

0Q
100

ge 38 28

Tonsil Thymus

Splaen Brain

Organ samples

Liver Kidney Lung

)
—

Ct value (CSFV RT-qPCR)

L=

Ct value (CSFV RT-qPCR)

36

12

16
204
24+
284
324
36

o

o0&

(o]

40
44

2

283

]
®© o

©g %84

888

Day of CSFV
challenge

BDFC Day of CSFV 8DPC

challenge

Sera Nasal Swab

Dayof CSFV  gpRC
challenge

Rectal swab

2
16+
20-]
24|

280

32
36
40

00 R
ocPoco
@0

@0 o

°8

o

44

%’& % g5 ‘83

8

(o Y

3
25

Tonsil Thymus Spleen Brain Liver

Organ samples

Kidney Lung

o  Group A: OVPV intranasal inoculation

©  Group B: OVPV intramuscular inoculation

©  Group C: CSFV infection control group




Fig

Positive cells (%)

ure 9
70
<&
60 -
-
50 4 o <©
. ')
o
1 es & °
*
*
*
30 . g g.
* * e
¢ O P o .
20 - . s . 8 o 3
T . . S 8+ 8, s .
. +* . ¢ 0%
10-§0 §¢ 8 g ° o 8 $
$ 0§ o 28 o
+* + +
; ot 228 g3 g.8 |
CD172a CcD1683 6010 cD4 CD8

Cell surface marker

©Group A; OVPV intranasal inoculation. Day of CSFV challenge + Group A: OVPV infranasal inoculation. 8 dpc
< Group B: OVPV intramuscular inoculation. Day of CSFV challenge  + Group B: OVPV intramuscular inoculation. 8 dpc

< Group C: CSFV infection control group. Day of CSFV challenge + Group C: CSFV infection control group. 8 dpc

37






