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In this study, we explore the virulence of vesicular stomatitis New Jersey virus (VSNJV) in
pigs and its potential relationship with the virus’s ability to modulate innate responses.
For this purpose, we developed a mutant of the highly virulent strain NJO612NMEG,
containing a single amino acid substitution in the matrix protein (M51R). The M51R mutant
of NJO612NME6G was unable to suppress the transcription of genes associated with the
innate immune response both in primary fetal porcine kidney cells and porcine primary
macrophage cultures. Impaired viral growth was observed only in porcine macrophage
cultures, indicating that the M51 residue is required for efficient replication of VSNJV in
these cells. Furthermore, when inoculated in pigs by intradermal scarification of the snout,
M51R infection was characterized by decreased clinical signs including reduced fever
and development of less and smaller secondary vesicular lesions. Pigs infected with M51R
had decreased levels of viral shedding and absence of RNAemia compared to the parental
virus. The ability of the mutant virus to infect pigs by direct contact remained intact,
indicating that the M51R mutation resulted in a partially attenuated phenotype capable
of causing primary lesions and transmitting to sentinel pigs. Collectively, our results show
a positive correlation between the ability of VSNJV to counteract the innate immune
response in swine macrophage cultures and the level of virulence in pigs, a natural host
of this virus. More studies are encouraged to evaluate the interaction of VSNJV with
macrophages and other components of the immune response in pigs.
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INTRODUCTION

Vesicular stomatitis virus (VSV) is an arbovirus, and the
prototype for the viral family Rhabdoviridae and the Vesiculovirus
genus. Two distinct serotypes of VSV have been identified
and defined: Indiana (VSIV) and New Jersey (VSNJV) (Rodriguez,
2002; Velazquez-Salinas et al., 2016b). VSNJV is responsible
for most of the vesicular disease cases reported annually in
the Americas (Rodriguez, 2002; Mead et al., 2009; Velazquez-
Salinas et al., 2014). Because of the clinical resemblance between
vesicular stomatitis (VS) and foot-and-mouth disease, one of
the most economically devastating diseases for the livestock
industry, quarantines and trade embargoes are often imposed
in VS-affected premises (Timoney, 2016).

The ~11 kb RNA genome of VSV encodes five structural
proteins: nucleocapsid (N), phosphoprotein (P), matrix (M),
glycoprotein (G), and the large RNA-dependent RNA polymerase
(L) (Dietzgen et al, 2011). The M protein is one of the best
characterized proteins in the VSV proteome. Its functions are
associated with apoptosis, virus assembly, budding, cytopathic
effect, inhibition of host transcription, nucleocytoplasmic transport
of host RNA, and inhibition of host interferon response (Ahmed
et al,, 2003; Rajani et al., 2012, Hastie et al., 2013; Melzer et al.,
2017). In this context, the methionine residue at position 51 of
the M protein plays a key role in maintaining optimal functionality
of this protein. Substitution of this highly conserved residue for
the amino acid arginine (M51R) results in profound loss of viral
fitness by reducing the viruss ability to block innate immune
responses, causing increased production of type 1 interferon
(IFN) and induction of interferon stimulated genes (Lyles et al.,
1996; Stojdl et al,, 2003; Ahmed et al.,, 2008; Varble et al., 2016;
Melzer et al., 2017). Possible mechanisms associated with the
dysfunctionality of M51R phenotype might involve its inability
to inhibit the activity of host RNA polymerases (Ahmed et al.,
2008) and its interaction with protein complexes like the
nucleoporin Nup98, and the export RNA factor Rael (Faria
et al,, 2005; Rajani et al, 2012; Quan et al, 2014).

It is well-documented that VSNJV causes sporadic vesicular
disease outbreaks in livestock in the southwestern U.S. at 8-10-
year intervals. Each outbreak cycle is associated to a distinct
viral strain among many circulating in endemic regions of
Mexico (Rodriguez et al., 2000, Rainwater-Lovett et al., 2007,
Arroyo et al,, 2011; Velazquez-Salinas et al., 2014). However,
the intrinsic and extrinsic factors associated with the emergence
and spread of these particular strains remain unclear.

Recently, we described that an epidemic strain (NJO612NMES),
responsible for the most extensive VS outbreak in the
southwestern US’s recent history, had an increased ability to
disrupt innate immune responses in experimentally inoculated
pigs, a natural host of this virus (Velazquez-Salinas et al,
2018a). Specifically, decreased levels of systemic type 1 IFN
and tumor necrosis factor (TNF), along with increased levels
of interleukin 6 were associated with more prolonged periods
of higher fever, higher RNAemia, as well as an increased
number of vesicular lesions in pigs infected with NJ0612NMES6,
when compared with a non-epidemic strain from southern
Mexico (NJ0806VCB).

In this study, we aimed to gain further insight about the role
of innate immune responses during the pathogenesis of VSNJV
in pigs. For this purpose, we genetically engineered a cDNA clone
of the highly virulent strain of VSNJV (NJ0612NMES6) to introduce
a single amino acid mutation in the M protein at position 51 to
develop a mutant virus (M51R). For in vitro testing, we used
both non-immune and immune cells. As non-immune cells, we used
primary fetal porcine kidney cells that contain a mix of epithelial,
fibroblasts, and endothelial-like cell phenotypes (Richter et al.,
2012). Since skin and mucosal surfaces are considered to be the
primary anatomical targets during the natural infection in livestock
(Rodriguez et al., 2000), we considered this cellular mix appropriate
to evaluate the innate immune response. As immune cells we used
primary monocyte-derived macrophages. These cells have been
successfully used to characterize the innate cellular response to
infection by other viruses including African swine fever virus,
classical swine fever, and VSV (Carlson et al,, 2016; Velazquez-
Salinas et al.,, 2016a, 2018b). Macrophages have been shown to
play a preponderant role in the virulence of VSV in mice (Ciavarra
et al, 2005; Junt et al, 2007; Simon et al, 2010). Additionally,
we conducted a comprehensive in-vivo pathogenesis study using
a previously described pig infection model (Martinez et al., 2003;
Velazquez-Salinas et al., 2017, 2018b). The findings of this study
are discussed in the context of the role that innate immune responses
might play in determining the virulence of VSNJV in pigs.

MATERIALS AND METHODS

Viral Strains

A high-titer virus stock (1 x 10*® TCIDs/ml) of the highly
virulent VSNJV NJ0612NMES6 strain grown in baby hamster
kidney cells (BHK-21) was used to construct a cDNA clone
by site-direct recombination using a reverse genetics system
as previously described (Velazquez-Salinas et al., 2018b, 2019).

Cell Lines

Monkey kidney epithelial cells (Vero), BHK-21, Madin-Darby
bovine kidney epithelial cells (MDBK-t/2), and primary fetal
porcine kidney cell cultures (FPKC) were obtained from the
Foreign Animal Disease Diagnostic Laboratory (FADDL) at
the Plum Island Animal Disease Center (PIADC), Greenport,
NY. Porcine monocytes-derived macrophages cell cultures
(PM-MQC) were obtained as previously described (Zsak et al.,
1996). The BSR-T7/5 cell line that constitutively expresses the
T7 RNA polymerase (Buchholz et al., 1999) was used to recover
the recombinant viruses.

For the purpose of this work, we considered stromal cells
(epithelial and fibroblasts) like FPKC as non-immune cells,
while that white blood cells that mediate innate immunity
like PM-MQC where considered immune cells.

Construction of the M51R Mutant Virus

LC-KAN-NJ0612NME6 plasmid containing the full-length
genome of the highly virulent VSNJV NJ0612NME6 strain
was used as a template to obtain the plasmid LC-KAN-
NJ0612NME6-M51R carrying the codon substitution ATG-AGA
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at codon 51 of the matrix gene. This substitution was done
using the QuickChange XL site-directed mutagenesis kit
(Stratagene), following the manufacturer recommendations. For
this purpose, the following set of primers was designed: M51R-F
5-GATTTCTTCGGAAT GGAGGATAGAGACTTATATGAC
AAGGACTCCT-3" and M51R-R 5-AGGAGTCCTTGTCA
TATAAGTCTCTATCCTCCATTCCGAAGAAATC-3'.

To recover only the newly amplified plasmid NJ0612NMEG6-
M5I1R, the site-directed mutagenesis reaction was digested with
the type IIM restriction endonuclease Dpnl, and cloned into
XL10-Gold ultra-competent cells.

In vitro Rescue of the rNJO612NME6 and
M51R Viruses

Viral rescue was achieved from a cDNA VSV clone as previously
described (Velazquez-Salinas et al., 2019). Briefly, independent
transfections were conducted in BSR-T7/5 cells, using either
LC-KAN-NJ0612NME6  or LC-KAN-NJ0612NME6-M51R
plasmids and  supporting  plasmids  pTIT-VSNJV-N,
pTIT-VSNJV-P, and pTIT-VSNJV-L. After viral recovery, high
titer viral stocks (HTVS) of rNJ0O612NME6 (parental virus)
and M51R viruses were made in Vero cells. Sequence identity
of both viruses was confirmed by sequencing analysis as
previously described (Pauszek and Rodriguez, 2012).

Cell Viability Assay

To evaluate differences in the ability to induce cytotoxicity
between rNJ0612NME6 and M5I1R viruses, we conducted the
MTT assay. This assay is a rapid colorimetric technique for
determining cellular growth and survival by assessing the
enzymatic capability of the cell to reduce the tetrazolium dye
MTT (Mosmann, 1983).

The MTT assay was conducted using the MTT Cell Proliferation
Assay kit (ATCC bioproducts Cat#30-1010K) following the
manufacturer instructions. Briefly, the MTT assay was conducted
in 96-well plates using preformed monolayers of FPKC (~1 x 10°
cells per well). Wells were infected in octuplicate with 100 pl
of either rNJO612NME6 or MS5IR viruses at different MOI's
(10-0.00001). Twenty-four hours post-infection (hpi), 10 pl of
MTT dye was added to each well and incubated for 2 h at
37°C. Finally, 100 pl of detergent reagent was added to each
well and incubated for 2 h at room temperature. Plates were
read in a microplate reader using an optical density of 570 nm.
Optical values were converted to percentages of cell survival by
comparing the values obtained from infected wells to the average
value achieved by the negative control (DMEM). To confirm
the ability of FPKC to mount an antiviral response, an additional
set of plates was treated with 2 units/ml of recombinant porcine
IFN-02A per well 24 h prior to infection. Since the induction
of apoptosis has been reported in different cell lines after treatment
with IFN (Chawla-Sarkar et al., 2003), controls for this experiment
included: FPKC treated only with IFN-a2A, and uninfected cells.

In vitro Growth Characterization
To assess the ability of rNJO612NME6 and M51R viruses to
grow in FPKC and PM-MQC cells, multistep growth curves

were performed in triplicate at a MOI of 0.01 TCIDs,. After
1 h of absorption (time zero), samples were collected at 1, 4,
8, 24, and 48 hpi. Viral titrations were conducted in BHK-21
cells by endpoint titration assay in 96-well plates as previously
described (Velazquez-Salinas et al,, 2018a). Final titers were
determined by the Reed and Muench method and expressed
as TCIDsy/ml (Reed and Muench, 1938).

Transcriptional Imnmune Response

To evaluate the transcriptional immune profile associated with
the in vitro infection of rNJ0O612NME6 and M51R mutant
viruses in FPKC and PM-MQC cells, a total of 42 pig genes
were studied including: interferons type I (IFNal, IFNa7-11,
IFNo9, IFNa10, IFNal3, IFNal4, IFNal5, IFNal6, IFNal7,
IFNP1, IFNS1, IFNS2, IFNd5-9-11, IFNS6, IFNS7, IFNGS,
IFNk, IFNg, and IFN®1-6), type II (IFNy) and type III (IFNA1),
interferon regulatory factors (IRF 1, IRF 3, IRF 6, IRF 7,
and IRF 9), transcription factors (SAT 1 and SAT 2), interferon
stimulated genes (ISG) (IFIT1, IFIT2, RIG-I, MXI1, MX2,
OAS]1, GBP1, BST2, PKR, ISG20, and TRIM25), and chemokines
and cytokines (IL-6, TNF-a, and CXCL10). Cells were infected
at a MOI of 10 TCIDs, and total cellular RNA was extracted
after 5 hpi using the RNeasy Mini Kit (QIAGEN) following
the manufacturer’s instructions. Analyses were conducted by
quantitative reverse transcription real-time polymerase chain
reaction (qQRT-PCR) as previously described (Borca et al.,
2008). A difference of at least threefold either up or down
between normalized mRNA expression levels in VSV-infected
cells and mock-infected cells was considered as significant
(Brukman and Enquist, 2006; Borca et al., 2008).

Plaque Assay

To evaluate the plaque morphology on FPKC produced by
rNJ0O612NME6 and M5IR viruses, we conducted a standard
plaque assay. Preformed monolayers of FPKC on six-well plates
were infected with each virus, and incubated for 1 h at 37°C.
Cells were then overlaid with tragacanth gum (0.6%) and
incubated for 48 h at 37°C. Finally, cells were stained with
crystal violet to make evident the plaque formation in infected cells.

Animal Experiments

To compare the virulence and transmissibility of rNJ0612NME6
and M51R, two experiments (one for each virus) were conducted
in pigs, a natural host of VSV, as previously described (Martinez
et al, 2003; Velazquez-Salinas et al., 2017, 2018a). For each
experiment, eight male, 8-10 weeks old Yorkshire pigs (~30 kg
weight) were randomly segregated into two groups of four
(directly inoculated and contact) and separated by double fencing
to prevent direct contact. After 1 week of acclimation, pigs in
the inoculated group were sedated using a mixture of xylazine,
ketamine, and Telazol (4, 8, and 3 mg/kg, respectively) and
infected by intradermal inoculation by scarification in the snout
with a dose of 107 TCIDs;, of virus in 50 pl of either INJ0O612NME6
or M5IR. Twenty-four hours after infection, inoculated pigs
were allowed to co-mingle with pigs from their respective
contact group until the end of the experiment (day 21).
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Ethics Statement

Animal experiments were performed under biosafety level 3AG
conditions in the animal facilities at PIADC. All experimental
procedures were carried out in compliance with the Animal
Welfare Act (AWA), the 2011 Guide for Care and Use of
Laboratory Animals, the 2002 PHS Policy for the Humane
Care and Use of Laboratory Animals, and U.S. Government
Principles for Utilization and Care of Vertebrate Animals Used
in Testing, Research, and Training (U.S. Office of Science and
Technology Policy, 1985), as well as specific animal protocols
reviewed and approved by the PIADC Institutional Animal
Care and Use Committee of the US Departments of Agriculture
and Homeland Security (protocol number #245-05-14R).

Clinical Evaluation and Sampling

Clinical evaluation and sample collection were conducted daily
in all animals from 0 to 10 days and at 14 and 21 days post-
infection (dpi). Clinical evaluation included measurement of
rectal temperatures and assessment of vesicular lesion
development using a cumulative clinical scoring system based
on the number and location of lesions as previously described
(Velazquez-Salinas et al., 2018a). Briefly, maximum scores of
45 and 46 were allowed for direct inoculated and contact pigs,
respectively. A characteristic lesion in each of the 16 digits
contributed to the cumulative score with two points, while
one or two points are assigned for lesions on the snout of
directly inoculated and contact animals correspondingly, and
two points added for lesions in carpal/tarsal skin, oral cavity,
and lower lip. Sample collection included: whole blood, serum,
oropharyngeal (OP) swabs, and nasal swabs. After collection,
samples were processed as previously described (Velazquez-
Salinas et al., 2018a) and stored at —70°C until testing.

Post-mortem Sample Collection

To compare the biodistribution between rNJ0612NME6 and
MS5IR, the two pigs displaying the highest clinical scores from
each of the two groups (inoculated and contact) from each
of the two experiments were chosen for tissue harvest at 21 dpi.
Pigs were deeply sedated using an intramuscular injection of
Telazol, ketamine, and xylazine at 4.5, 12, and 6 mg/kg,
respectively, and posteriorly were humanely euthanized by
exsanguination. Tissue collection included: tonsil of the soft
palate, submandibular lymph node, spleen, snout skin, popliteal
lymph node, and skeletal muscle. Duplicate aliquots of each
sample containing 30 mg of each tissue were prepared and
frozen at —70°C until processing.

Viral RNA Detection

To contrast the viral growth dynamics during infection in pigs
between rNJ0O612NME6 and M51R, the presence of viral RNA
extracted from different biological samples collected during
the time course of the experiment was assessed by real-time
RT-PCR (rRT-PCR). RNA extraction was conducted using the
Ambion’s MagMax-96 Viral RNA Isolation Kit (Ambion, Austin,
TX) as previously described (Arzt et al, 2010). rRT-PCR
targeting the VSNJV nucleocapsid gene (N) was conducted as

previously described (Scherer et al., 2007) but using a different
forward primer (5-GCACTTCCTGATGGGAAATCA-3") to
match the native sequence of the NJ0612NME6 viral strain
(Velazquez-Salinas et al, 2018b). rRT-PCR was carried out
using 2.5 pl of RNA on an ABI 7500 system (Applied Biosystems,
Austin, TX). Results were expressed as RNA genome copy
numbers per 2.5 pl of RNA.

Virus Isolation

The detection of infectious virus in biological samples collected
during animal experiments was conducted in BHK-21 cells.
To eliminate potential bacterial contamination, samples were
filtered through 0.45 pm Spin-X filter columns (Costar cat.
No 8163). Afterwards, samples were diluted 1:5 in cell culture
media and 500 pl of each dilution was used to overlay preformed
BHK-21 cell monolayers in 24 well-plates. After 1 h of incubation
at 37°C, 2 ml of maintenance media was added to each well
and monitored for cytopathic effect (CPE) for 72 h. Positive
samples were confirmed by rRT-PCR and titrated by endpoint
titration assay in 96 well-plates as described in the
previous sections.

Detection of Systemic Type | IFN in Pigs

To contrast the systemic type I IFN induction between
rNJ0612NME6 and M51R during experimental infection in
pigs, serum samples collected during the acute stage of the
infection were assessed by Mx-CAT reporter assay (Fray et al.,
2001; Francois et al, 2005). Analyses were conducted on
MDBK-t/2 cells using a CAT ELISA kit (Roche Applied Sciences,
Indianapolis IN) as previously described (Perez-Martin et al.,
2012, Fernandez-Sainz et al., 2015). A standard curve was
created using recombinant IFN-a2A at concentrations from
1.95 to 1,000 U/ml and used to determine international units
of antiviral activity per ml for each sample. The presence of
typel IFN in serum samples is positively correlated to the
induction of the Mx gene in MDBK-t/2. This correlation has
been previously validated (Francois et al., 2005), and the
Mx-CAT reporter assay has been successfully used in previous
experiments to analyze the presence of type I IFN in pigs
(Fernandez-Sainz et al., 2015; Velazquez-Salinas et al., 2018a).

Serum Neutralization Assay

The development of neutralizing antibodies against VSNJV
during the infection of pigs with either INJO612NME6 or M51R
was monitored by serum neutralization assay in Vero cells
(96-well plates containing 1 x 10° cells per plate), and using
1,000 TCIDs, of VSNJV as previously described (Flanagan
et al., 2001). Serum neutralizing activity was reported as the
reciprocal of the highest dilution giving 100% inhibition of CPE.

Statistical Analysis

Statistical significance between groups was determined using
the Holm-Sidak method, with alpha = 0.05. Calculations
were performed using GraphPad Prism version 8.01 for
Windows (GraphPad Software, La Jolla, California, USA,
www.graphpad.com).
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RESULTS

To gain a better understanding of the role of innate immune
responses during the replication of VSNJV, FPKC (non-immune
cells) and PM-MQC (immune cells) were used. When evaluated
in FPKC cells, no differences were observed between rNJ0612NME6
and M5IR in viral capacity to induce cytotoxicity at different

MOI (Figure 1A). Conversely, 100% cell survival was recorded
during the infection with either virus at any MOI when cells
were pre-treated with an external source of type I IFN,
demonstrating the competence of FPKC in responding to type
I IFN stimulation (Figure 1A). Although M51R grew to slightly
lower titer than rNJ0612NMES, no significant differences in the
viral growth kinetics were found between viruses (Figure 1B).

Fetal Porcine Kidney Cells (FPKC)
@OmnrNJO612NME6 ~ =e—M51R =M= rNJO612NMEG + IFN  =/= M51R +IFN
A MTT assay B Growth curves
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FIGURE 1 | /n vitro characterization of rNJO612NME6 and M51R viruses in fetal porcine kidney cells (FPKC). (A) MTT assay was used to assess differences
between both viruses to induce cytotoxicity in FPKC at different MOI's, using untreated and previously treated cells with an external source of type | interferon (IFN)
(2 units/ml of recombinant porcine IFN-a2A per well). Apoptosis was not detected in both controls: FPKC only treated with IFN-a2A, and untreated ones.
(B) Multistep growth curves were performed in FPKC to compare virus yields between both viruses at specific times post-infection, using at initial MOI = 0.01.
(C) Conventional plague assay was conducted on FPKC to monitor differences in plaque formation between both viruses. (D) Mx-CAT reporter assay was used to
test the ability of both viruses to induce the production of type | INF in FPKC. Samples were collected from multistep growth curves experiments at 24 hours post-
infection (hpi). (E) Differences in the transcriptional immune gene response induced by different viruses on FPKC, were assessed by gRT-PCR. RQ values represent
relative quantities of MRNA accumulation (estimated by 2-24%Y) with their corresponding SD. All experiments were conducted in triplicates.
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Overall, both viruses produced similar plaque size and
morphology (Figure 1C). However, a strong type I IFN response
was detected only in M51R-infected cells (Figure 1D). The
increased innate response in M51R infected cells was further
confirmed by transcriptional analysis performed at 5 hpi. M51R
induced significantly higher mRNA levels of IFNB1, Mx2,
CXCL10, IFT1, IFIT2 GBPI, and IRF7 compared to cells
infected with rNJ0O612NME6 (Figure 1E). Also, no significant
differences were observed in the transcriptional levels of IFNal
and STAT2 indicating that they were not induced by either
of the two viruses.

In contrast, infection of PM-MQC using an MOI 0.01
revealed a significantly decreased capacity of M51R (~3 log
reduction; p < 0.05) to grow in PM-MQC when compared
with rNJO612NME6 virus (Figure 2A). To analyze the
transcriptional immune response, PM-MQC were infected with
each virus at a MOI of 10 and samples were collected at
5 hpi and evaluated by qRT-PCR (Figures 2B-E). Infection
with M51R resulted in a significant (p < 0.05) increase of
mRNAs associated with type 1 IFNs including IFNf1 and
different subtypes of IFNa, as well as type II IFN (IFNy).
Conversely, INJO0612NM6 was able to significantly (p < 0.05)
decrease the transcriptional levels of IFNa9 and IFNal5 genes.
No differences were observed in the transcriptional levels of
type II IFN and other subtypes of type I IFN genes (Figure 2B).

Compared with rNJ0612NMES, infection with M51R resulted
in a significant (p < 0.05) increase in mRNA for several
cytokines and chemokines (i.e., IL-6, TNF, and CXCL10)
(Figure 2C), interferon regulatory factors and transcription
factors (IRF7, IRF9, STATI, and STAT2) (Figure 2D), and
ISG (IFIT1, IFIT2, MX1, MX2, OAS1, GBP1, BST2, and
PKR) (Figure 2E).

Virulence in Pigs

We compared the virulence between rNJ0612NME6 and M51R
using a previously established model to assess the pathogenesis
of VSV in pigs. The experimental design allowed not only
evaluation of clinical signs (fever and vesicular lesions), viral
shedding, RNAemia, and antibody response in directly inoculated
and contact infected animals, but also assessed the ability of
each virus to be transmitted by direct contact.

Clinical Assessment
Rectal temperatures >39.8°C occurred in all pigs directly
inoculated and contact-infected with rNJO612NMES6 at 3-7 dpi
or days post exposure (dpe) (Figure 3A). Conversely, none
of the pigs directly inoculated with M51R or those in direct
contact had fever throughout the course of the experiment.
The development of vesicular lesions was monitored daily
using the scoring system described above. Significantly higher
clinical scores (p < 0.05) were observed in pigs infected with
rNJ0O612NME6 (directly inoculated: 13.5+1.9 and contact
exposure: 16.5+1.2) than pigs infected with M5IR (directly
inoculated: 1.2 + 0.4 and contact exposure: 4.0 + 1.1) (Figure 3B).
Direct inoculation with M5IR resulted in the development
of small vesicular lesions at the site of inoculation with the

exception of pig # 38, where the lesion extended outside the
inoculation site (Figure 4A). In this animal, vesicular lesions
developed at 2 dpi increased in size and ruptured between 3
and 5 dpi. No secondary lesions were observed, except in one
animal, where two small vesicles were detected in the carpal
region of the front limbs at 7 dpi. Although M5IR was
transmitted by contact exposure, vesicular lesions were small
and appeared only in the carpal region of the back limbs of
two of the four exposed pigs between 6 and 7 dpe (Figure 4A).
These small lesions were confirmed positive for VSV by rRT-PCR
(not shown).

No signs of obtundation or lameness were observed in any
of the M5IR infected animals throughout the course of
the experiment.

Conversely, direct inoculation of pigs with rNJ0612NME6
resulted in the appearance of vesicular lesions at the inoculation
sites at 2 dpi. Lesions increased in size considerably and ruptured
around 3 and 5 dpi (Figure 4B). Vesicular lesions appeared
at secondary sites starting at 3 dpi. All contact exposed animals
developed lesions on the snout, lips, tongue, and feet (coronary
bands, tarsal, and carpal regions) by 3 dpe (Figure 4B). The
extensive size of the vesicular lesions on the feet of these
animals was associated with severe lameness after 5 dpi or
dpe and severe obtundation in all animals during the
febrile period.

Viral Shedding

The extent and duration of viral shedding in pigs was evaluated
by the collection of daily nasal and oral swabs which were
analyzed by rRT-PCR and viral isolation.

There were significant differences (p < 0.05) between the
two viruses both in the extent and duration of nasal shedding
measured by rRT-PCR with rNJ0612NME6 shedding at higher
levels and longer periods than M5IR. While levels of viral
RNA peaked by 3 dpi in pigs inoculated with rNJ0612NME6
and viral RNA was still detectable at 21 dpi, viral RNA peaked
at 5 dpi in M5IR inoculated animals and fell below level of
detection by 14 dpi. These differences were more profound in
contact-infected groups (Figure 5A). Similarly, infectious virus
was recovered at higher titers and for longer periods in
rNJ0612NME6 directly inoculated and contact animals. In
M51R-infected animals, virus was recovered at lower titers
and only from directly inoculated animals (Figure 5B). Virus
was not recovered in nasal swabs of M5IR contact exposed
pigs. The peak of virus recovery in both groups was consistent
with the rupture of the vesicles in the snout (Figure 5B).

No significant differences in oral shedding of viral RNA
were observed between groups of pigs infected with either of
the two viruses. Viral RNA was detectable as early as 1 dpi
and 1 dpe in directly inoculated or contact exposed pigs,
respectively. Oral shedding peaked by 4 dpe and 5 dpi and
decreased steadily for both viruses until day 14. By 21 dpi
(20 dpe), only animals inoculated with rNJO612NME6 had
detectable viral RNA in oral swabs (Figure 6A). Infectious
virus was detected intermittently and in low titers in oral
swabs collected from pigs infected with either virus. Higher
average titers of infectious virus were recovered from pigs
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FIGURE 2 | /n vitro characterization of rNJO612NME6 and M51R viruses in porcine monocyte-derived macrophages cell cultures (PM-MQQC). (A) Multistep growth
curves were performed in PM-MQC to compare virus yields between both viruses at specific times post-infection, using at initial MOI = 0.01. Differences in the
transcriptional immune gene response induced by different viruses on PM-MQC, were assessed by gRT-PCR. RQ values represent relative quantities of mRNA
accumulation (estimated by 2-22%) with their corresponding SD in (B) type I, Il and Il IFN, (C) cytokines and chemokines, (D) Interferon regulatory factors, and
transcription factors, and (E) Interferon stimulated genes. All experiments were conducted in triplicates.

infected with rNJ0O612NME6 than with M51R between 2 and  first reported in a previous study as a potential marker

6 dpi regardless the route of infection (Figure 6B). for VSV virulence (Velazquez-Salinas et al., 2018a). The
ability of rNJO612NME6 and M51R to induce RNAemia
RNAemia (presence of viral RNA in blood) was assessed by rRT-PCR

Although infectious VSV is not detectable in blood, the in whole blood samples collected during the course of
presence of RNAemia in experimentally infected pigs was the experiment.
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FIGURE 3 | Clinical evaluation in pigs. Two independent groups of pigs were
inoculated with 1 x 107 TCIDs, with either rINJO612NMEG or M51R viruses.
(A) Changes in rectal temperatures, denoting fever in pigs direct inoculated or
infected by contact exposure within each group, were monitored daily during
the experiments. Dashed lines represent the standard rectal temperature of
an uninfected pig. (B) The development of vesicular lesions in snout, mouth,
lips, feet was examined daily in both groups of pigs. In both groups,
maximum clinical scores were reached at 8 dpi. In both cases values
represent means and standard deviations of cumulative clinical scores within
each group of pigs.

Consistent with its inability to induce severe clinical signs
in pigs, animals infected with M51R did not have detectable
RNAemia regardless of the route of infection (Figure 7). In
contrast, regardless of the route of infection, rNJ0O612NME6
infection resulted in severe clinical signs and a marked phase
of RNAemia during the acute stage of infection. Levels of
viral RNA in the blood of these pigs peaked at 4 dpi or
3 dpe and dropped below levels of detection by 7 dpi or
dpe (Figure 7).

Consistent with previous findings (Velazquez-Salinas et al.,
2018a), despite high levels of RNAemia in pigs infected with
rNJO612NMES6, attempts to isolate infectious virus were
unsuccessful despite using different cell lines (BHK-21 and
Vero cells) and dilution of blood samples to mitigate the action
of potential inhibiting factors.

Systemic Type | IFN Response

To evaluate induction of systemic type I IFN response in groups
of pigs after infection with the different viruses, serum samples
collected during the acute phase were evaluated by Mx-CAT-
ELISA. In contrast to results in primary cells, where M51R
was able to induce higher amounts of type I IFN than the
parental virus, pigs infected with rNJO612NME6 developed a

faster and higher systemic type I IFN response than pigs
infected with M5IR (Figure 8).

Comparison between groups of pigs infected by the same
route with different viruses showed statistically significant
(p < 0.05) differences in IFN levels at 3 dpi. In M51R contact
exposed pigs, IFN response was delayed, reflecting the delay
in the development of vesicular lesions observed in this
group of pigs.

Adaptive Immune Response

To evaluate the adaptive immune response, neutralizing
antibodies were quantified by serum neutralization assay.
Regardless of the virus, directly inoculated pigs developed
similar antibody responses starting at 6 dpi. However, by 14
and 21 dpi, pigs inoculated with rNJ0612NMES6 had significantly
higher antibody levels (p < 0.05) than those inoculated with
M5IR (Figure 9).

Neutralizing antibody response in pigs infected by contact
exposure with rNJO612NME6 was detectable at 6 dpe,
while this response was detectable around 9 dpe in pigs infected
with M51R. By the end of the experiment, the level of
neutralizing antibodies was ~100 fold higher in pigs infected
by contact with rNJO612NME6 than in those infected with
M51R (Figure 9).

Virus Detection in Tissues

Post mortem tissue collection was done at 21 dpi or dpe from
the two pigs from each group with the highest clinical scores.
Remarkably, despite their contrasting difference in virulence,
no statistically significant difference was seen in the amount
of viral RNA detected in the different tissues from rNJ0612NME6
and M5IR infected pigs (Figure 10). Increased amounts of
viral RNA was found in lymphoid tissues associated with
anatomic sites of local replication including the tonsil of the
soft palate, submandibular lymph node, and popliteal lymph
node. Although not statistically significant, higher level of viral
RNA was observed in the spleen collected from pigs infected
with rNJO612NMES6 than in those infected by M51R, consistent
with the increased capacity of INJO612NMES6 virus to systemically
disseminate during infection in pigs. Interestingly, despite the
absence of RNAemia in the group of pigs infected with M51R
virus, similar levels of viral RNA were found in skeletal muscle
collected from pigs in both groups, suggesting that muscle
tissue might play a role during the VSV infection in pigs
(Figure 10). Finally, no infectious virus was recovered from
any of the post mortem tissues collected during this study.

DISCUSSION

In general, very little is known about virus-host interactions
during the infection of VSNJV in natural hosts. Understanding
these processes is key to assessing intrinsic viral factors
determining virulence in domestic animals. In a previous study,
we reported that the increased virulence of the epidemic VSNJV
strain NJ0612NMES6, compared with its genetically closest endemic
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FIGURE 4 | Clinical differences between groups of pigs infected with either INJO612NME6 or M51R viruses. (A) Despite the intrinsic characteristics of M51R virus

to overcome the host innate immune response, clinical outcomes from different pigs infected within this group were characterized by the development of vesicular
(Continued)
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especially during the acute phase of the infection.

FIGURE 4 | lesions in both direct inoculated and contact exposure pigs. Overall pigs in this group kept a general health condition during the entire experiment
(absence of fever, general depression, and lameness). (B) Contrasting differences were observed in pigs infected with rNJO612NMEB in terms of vesicular lesion size
development, systemic dissemination characterized for the development of vesicular lesions at different anatomic sites, and overall alteration of the health condition,
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FIGURE 5 | Differences of viral shedding on nasal swabs between
groups of pigs infected with either INJO612NMEG or M51R viruses.

(A) Levels of Vesicular stomatitis virus (VSV) nucleocapsid (N) RNA in
different samples were quantified by rRT-PCR. Limit of detection of gRT-
PCR using for this study was previously determined to be about 1.98 VSV
N copies/2.5 pl RNA. (B) Viral isolations were conducted on Vero cells,
and then viral titers from positive samples were determined and expressed
in TCIDso/ml. Values represent means and standard deviations within
different groups of pigs.

relative, might be associated with the ability of the former
virus strain to modulate the innate immune responses in pigs
(Velazquez-Salinas et al., 2018a). In this study, we introduced
into NJ0O612NME6 the M51R mutation shown to affect the
viral ability to overcome innate responses (Ahmed et al., 2003;
Rajani et al., 2012, Hastie et al., 2013; Melzer et al., 2017), to
gain more insights about the role of innate responses during
VSV infection in pigs. The outcomes of this study demonstrated
that there is a positive correlation between the ability of VSNJV
to replicate and overcome the innate immune responses in
cultured macrophages and virulence in pigs.

In vitro studies were carried out in two types of primary
cells: FPKC (non-immune cells) and PM-MQC (immune cells),
representing different cellular environments that might
be encountered by the virus during infection in pigs. Surprisingly,
no significant differences in growth kinetics, viral yield, and
plaque formation were seen between rNJ0612NME6 and M51R
in FPKC despite significant differential transcription of ISG
genes and the production of increased amounts of type I IFN
observed in M51R-infected FPKC.

On the other hand, the M51R mutant had impaired growth
kinetics in PM-MQC, indicating the essential role played by
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FIGURE 6 | Differences of viral shedding on oral swabs between groups of
pigs infected with either rINJO612NMEB or M51R viruses. (A) Levels of VSV
nucleocapsid (N) RNA in different samples were quantified by rRT-PCR. Limit
of detection of gRT-PCR using for this study was previously determined to
be about 1.98 VSV N copies/2.5 pl RNA. (B) Viral isolations were conducted
on Vero cells, and then viral titers from positive samples were determined and
expressed in TCIDsy/ml. Values represent means and standard deviations
within different groups of pigs.

this residue in the replication of VSNJV in macrophages. The
difference between FPKC and PM-MQC supporting replication
of M51R may be explained by the intrinsic immune characteristics
of each cell type and suggests that immune cells may play a
critical role in VSNJV pathogenesis in pigs. While fibroblasts
and epithelial cells are predominately producers of IFNp (Ivashkiv
and Donlin, 2014), macrophages express different pattern
recognition receptors, and the constitutive expression of ISG
like IRF-7 (a regulator of multiple of type I IFN), that allow
these cells to mount a rapid antiviral response, reacting to initial
picomolar concentrations of type I IFNs (Ning et al, 2011;
Lazear et al., 2013; Ivashkiv and Donlin, 2014). This is consistent
with the differences in the transcriptional profiles found between
PM-MQC and FPKC after infection with rNJO612NME6 and
M5I1R, where the transcriptional profile of IRF-7 and IFN «
in FPKC was not different between the two viruses.

Several studies have shown the relevant role that type
I IFNs play as antiviral cytokines against VSV infection
(Muller et al., 1994; Stojdl et al., 2003; Lichty et al., 2004).
However, our results suggest that the effectiveness of type
I IFNs against VSNJV in epithelial cells might vary depending
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FIGURE 7 | Differences of RNAemia levels between groups of pigs infected
with either rNJO612NMEG or M51R viruses. Levels of RNAemia were
quantified by rRT-PCR from blood samples collected daily from all pigs
during the course of this experiment. Limit of detection of gRT-PCR using for
this study was previously determined to be about 1.98 VSV N copies/2.5pl
RNA. Values represent means and standard deviations within different
groups of pigs.
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FIGURE 8 | Differences in systemic levels of type | IFN induction between
groups of pigs infected with either rINJO612NME6 or M51R viruses. Mx-CAT
reporter assay was used to monitor the systemic type | IFN production in
pigs during the acute phase of the infection with different viruses. Values
represent means and standard deviations within different groups of pigs.
Asterisk at 3 dpi shows significant differences (p < 0.05) between pigs
infected with rINJO612NMEB and M51R viruses.
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FIGURE 9 | Differences in neutralizing antibody production between groups
of pigs infected with either rINJO612NME6 or M51R viruses. Viral
neutralization assay was used to monitor the development of neutralizing
antibodly titers in pigs, using serum samples collected during the course of
this experiment. Values represent means and standard deviations within
different groups of pigs.

mm rNJO612NME6 m M51R

108-

106_

104_

102_

100_

VSV N copies/2.5 ul RNA

FIGURE 10 | Differences in viral RNA accumulation in postmortem tissues
between groups of pigs infected with either rNJO612NMEG or M51R viruses.
Postmortem tissues were collected at 21 dpi, and analyzed by gRT-PCR to
detect VSV nucleocapsid RNA. Limit of detection of gRT-PCR using for this
study was previously determined to be about 1.98 VSV N copies/2.5 ul RNA.
Values represent means and standard deviations within different groups of
pigs. Abbreviations: tonsil of the soft palate (PTON), submandibular lymph
node (SMLN), spleen (SPL), snout skin (SNT), popliteal lymph node (PopLN),
and skeletal muscle (SKM).

on the source of IFN, whether it is external or internally
induced. On one hand, our results showed the competence
of FPKC to mount an effective antiviral state against the
infection of either rINJ0O612NME6 or M51R by prior stimulation
with an external source of type I IFN. This is consistent
with a previous report, showing that the oncolytic virus
VSV-IENB-NIS coding for the human IFNf (Naik and Russell,
2009) had an attenuated phenotype in FPKC and in-vivo,
failing to produce epithelial lesions on the skin of infected
pigs (Velazquez-Salinas et al., 2017).

On the other hand, we showed the inability of virus-induced
type I IFN to fully contain an infection with M51R virus not
only in FPKC, but remarkably also in vivo, as demonstrated by
the formation of epithelial lesions (albeit small) in the snout of
pigs direct inoculated with this virus. This suggests that epithelial
cells of the skin might be less competent to mount an adequate
antiviral response against VSNJV under natural infection. On
this perspective, it has been reported that during natural infections
in livestock, local epithelial lesions (without generalization) occur
even in animals with significant levels of neutralizing antibodies
induced by prior infection, suggesting that local processes might
mediate lesion development (Rodriguez et al., 1990).

We have now shown that the M51R substitution in the
matrix protein of VSNJV has a profound impact on the in vivo
virulence of this virus, compromising its ability to systemically
disseminate in infected pigs and thus reducing the formation
and size of secondary vesicular lesions and the presentation
of clinical signs including fever and obtundation. Interestingly,
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the correlation between the reduction in the capacity of M51R
virus to replicate in vitro in macrophage cultures and the
impairment to systemically disseminate in vivo is consistent
with previous studies that show the essential role macrophages
play to clear VSV during infection in mice by preventing
systemic dissemination, supporting cytokine production, and
facilitating the initiation of immune humoral responses (Ciavarra
et al., 2005, 2006; Junt et al., 2007).

Furthermore, the clinical outcome in pigs infected with M51R
resembles that shown by pigs experimentally infected with an
attenuated VSIV strain, where clinical infection is characterized
by the formation of vesicular lesions at the site of inoculation
but the formation of secondary vesicular lesions and the
presentation of fever are rarely observed (Martinez et al., 2003;
Stallknecht et al., 2004). This suggests that there might be important
differences between different strains in their ability to overcome
the innate immune response in pigs. It has been suggested that
interferon induction (or suppression) is a quasi-species marker
in VSV. This is supported by prior observations that VSNJV
field isolates derived from individual local lesions vary in their
ability to repress induction of type I IFN (Marcus et al., 1998).

In addition, we detected the presence of viral RNA in pig
tissues collected from both groups at 21 dpi, but we were not
able to isolate infectious virus from any of those samples. This
is consistent with previous studies in mice (Simon et al., 2010),
cattle (Letchworth et al, 1996), and hamsters (Barrera and
Letchworth, 1996), where the presence of viral RNA but no
viral mRNA was detected. No infectious virus was detected
at this stage of the disease indicating that VSV genomic or
subgenomic RNA can persist in tissues from convalescent
animals for long periods of up to 5 months (Letchworth et al.,
1996). Future studies should be conducted to understand the
acute infection dynamics and mechanisms of early VSV infection
in pigs leading to the persistence of viral RNA (Stenfeldt et al.,
2014). The M51R mutant virus could be a useful tool in studies
to understand the role of different tissues and immune responses
in VSV infection of pigs.

Finally, our results showed that the levels of systemic type
I IFN were not associated with clinical signs in pigs infected
with rNJO612NME6 or M51R. These results contrast previous
results comparing epidemic and endemic strains of VSNJV
(Velazquez-Salinas et al., 2018a), where decreased type I IFN
was seen in animals with severe disease. Our results showed
that increased levels of type I IFN induced during infection
are not always associated with protection in pigs and in some
cases might act as a marker of disease at least at the local
epithelium level. More studies are necessary to evaluate the
role of innate immune responses mounted by different immune
cell types involved in immune responses to infection with VSNJV.

Importantly, the contrasting clinical differences between pigs
infected with rNJ0O612NME6 or M51R confirm the relevance
of RNAemia, fever, and intensity of antibody immune response
as appropriate biological markers of virulence during the
characterization of VSV strains in pigs. In the case of RNAemia,
disparate clinical scores between groups of pigs infected with
different viruses suggest that epithelial lesions are associated
with RNAemia.

Also, despite its inability to fully inhibit innate responses,
M5I1R was still capable of producing vesicular local lesions
at inoculated sites, suggesting that other factors are relevant
during local replication of VSNJV, whereas attenuated VSIV
cause reduced or no lesions at the inoculation site
(Martinez et al., 2003, 2004).

CONCLUSION

Collectively, our results show that a highly virulent VSNJV
containing a single amino acid mutation (M51R) is significantly
attenuated in pigs and has impaired growth in pig immune
cells, which is likely associated to increase type I IFN responses.
The mutant virus retains its ability to grow in epithelial cells
and can replicate locally in inoculated sites in pigs, suggesting
different mechanisms of pathogenesis for local and systemic
VSNJV infections. Furthermore, our results show the relevance
of the M51R mutant as a model to better understand the immune
interactions between VSNJV and other relevant natural hosts
such as cattle and horses (Rodriguez, 2002). Based on previous
studies, different clinical outcomes might be expected between
pigs and cattle and horses during the infection with M51R
(Howerth et al., 2006; Scherer et al., 2007; Mead et al., 2009).
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