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ABSTRACT Pseudorabies virus (PRV) is an alphaherpesvirus that infects the pe-
ripheral nervous system (PNS). The natural host of PRV is the swine, but it can
infect most mammals, including cattle, rodents, and dogs. In these nonnatural
hosts, PRV always causes a severe acute and lethal neuropathy called the “mad
itch,” which is uncommon in swine. Thus far, the pathophysiological and immu-
nological processes leading to the development of the neuropathic itch and the
death of the animal are unclear. Using a footpad inoculation model, we estab-
lished that mice inoculated with PRV-Becker (virulent strain) develop a severe
pruritus in the foot and become moribund at 82 h postinoculation (hpi). We
found necrosis and inflammation with a massive neutrophil infiltration only in
the footpad and dorsal root ganglia (DRGs) by hematoxylin and eosin staining.
PRV load was detected in the foot, PNS, and central nervous system tissues by quantita-
tive reverse transcription-PCR. Infected mice had elevated plasma levels of proinflamma-
tory cytokines (interleukin-6 [IL-6] and granulocyte colony-stimulating factor [G-CSF]) and
chemokines (Gro-1 and monocyte chemoattractant protein 1). Significant IL-6 and
G-CSF levels were detected in several tissues at 82 hpi. High plasma levels of
C-reactive protein confirmed the acute inflammatory response to PRV-Becker infec-
tion. Moreover, mice inoculated with PRV-Bartha (attenuated, live vaccine strain) did
not develop pruritus at 82 hpi. PRV-Bartha also replicated in the PNS, and the infec-
tion spread further in the brain than PRV-Becker. PRV-Bartha infection did not in-
duce the specific and lethal systemic inflammatory response seen with PRV-Becker.
Overall, we demonstrated the importance of inflammation in the clinical outcome of
PRV infection in mice and provide new insights into the process of PRV-induced
neuroinflammation.

IMPORTANCE Pseudorabies virus (PRV) is an alphaherpesvirus related to human
pathogens such as herpes simplex virus 1 and varicella-zoster virus (VZV). The natu-
ral host of PRV is the swine, but it can infect most mammals. In susceptible animals
other than pigs, PRV infection always causes a characteristic lethal pruritus known as
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INTRODUCTION

seudorabies virus (PRV) is the causative agent of Aujeszky’s disease in swine (1). The

virus causes respiratory disease, abortion, and neurological disorders, resulting in
serious economic losses for the pig industry worldwide (2). Recently, severe PRV
outbreaks associated with highly virulent, antigenic-variant novel strains have occurred
on several pig farms in both northern and southern China (3, 4). The virus is a member
of the alphaherpesvirus subfamily, which also includes several human pathogens such
as herpes simplex virus 1 (HSV-1), HSV-2, and varicella-zoster virus (VZV), which cause
cold sores, genital lesions, and chicken pox, respectively (5). These viruses are all
pantropic, able to infect many different cell types, but all of them exhibit a marked
neurotropism by invasion of the peripheral nervous system (PNS) and occasionally the
central nervous system (CNS) of their host species.

PRV infection in swine usually starts by viral replication in the epithelial cells of the
nasal and oropharyngeal mucosa (6). Then, the infection spreads to PNS neurons,
innervating the infected epithelium, and viral particles travel via retrograde transport to
the sensory and autonomic peripheral ganglia, where a latent lifelong infection is
established (7, 8). Upon reactivation, viral replication occurs, and particles spread in the
anterograde direction along the sensory nerves back to the mucosal surfaces where the
infection initiated. Adult pigs typically exhibit symptoms of respiratory disease with a
low mortality rate. In contrast, in younger swine, PRV infection causes an acute
neurological disease, such as encephalitis, with a high fatality rate often suggested to
be due to productive viral replication in the CNS (9, 10). PRV infection can also spread
via a cell-associated viremia in peripheral blood mononuclear cells from the primary
replication site to target organs such as pregnant uterus (11). There, secondary repli-
cation ensues in the endothelial cells of the pregnant uterus that can result in vasculitis
and multifocal thrombosis, usually leading to abortion (12, 13).

While domesticated and feral swine are the natural hosts of PRV, the virus can infect
most mammals, including rodents, dogs, cattle, and horses (14-17). Clinical manifes-
tations of PRV infection in these hosts differ from those in adult swine. PRV infection
causes a severe pruritus called the “mad itch,” followed by peracute death (18). By the
use of a mouse flank infection model of PRV pathogenesis, it was demonstrated that
mice infected with wild-type virulent PRV (PRV-Becker) develop a severe pruritus only
in the skin of the infected dermatome, resulting in self-mutilation and rapid death of
the animals with no detectable behavioral CNS pathology (19). The virus replicated in
the skin, PNS neurons, and spinal cord, but few infectious virus particles were detected
in the brain. In contrast, mice infected with an attenuated, live vaccine PRV strain
(PRV-Bartha) lived more than twice as long as PRV-Becker-infected animals and did not
develop pruritus, but late in infection these mice exhibited severe CNS abnormalities
due to widespread infection in the brain. Interestingly, they also found that when
PRV-Becker-infected mice were anesthetized with ketamine at the time the pruritus
began, no lesions were observed; however, the mice still died at the same time as
nonanesthetized mice. These data indicated that scratching and self-mutilation alone
were not the cause of death. Brittle’'s comparative study suggested that a peripheral
host response to PRV infection of the PNS might be a determining factor in the death
of the infected animals rather than viral replication in the CNS.

While the innate immune system acts as a first line of defense by initiating an
inflammatory response to prevent spread of viral infections, the main challenge is to
ensure that the inflammation is resolved, homeostasis restored, and viral replication
contained with little damage to the host. However, control is not always obtained and
an uncontrolled inflammatory response often leads to a damaging systemic inflamma-
tion also known as a “cytokine storm” that can be fatal for the host (20). The best
example is the cytokine storm caused by influenza virus infection in humans and animal
models where excessive plasma levels of proinflammatory cytokines (such as
interleukin-1 [IL-1], IL-6, and tumor necrosis factor alpha [TNF-a]) and chemokines (such
as monocyte chemoattractant protein 1 [MCP-1], interferon gamma-induced protein 10
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[IP-10], and macrophage inflammatory protein 1 [MIP-1]) increase acute-phase signal-
ing and trafficking of innate immune cells to the primary site of infection (21, 22). This
acute-phase response usually results in widespread tissue damage and systemic in-
flammation. The latter is often responsible for organ dysfunction and failure, particu-
larly of the lungs, kidneys, and circulatory system, and ultimately death (20, 23). Similar
lethal systemic inflammatory responses have also been reported during dengue virus,
Sindbis virus, and SARS-CoV infections (24-26). Interestingly, a recent study also
demonstrated that VZV infection induces high levels of IL-6 transcription and protein
production in human skin explant cultures (27).

Here, we sought to determine whether infection of PNS neurons with virulent
PRV-Becker strain induces a similar cytokine storm that may be responsible for the
severe pruritus and acute death of the infected mice. We also sought to determine
whether a more encephalitic pathogenesis is associated with attenuated PRV-Bartha
infection. We used the footpad inoculation model that has been widely used to study
alphaherpesvirus infection of PNS separately from CNS infection (14, 28, 29). Infection
in this model travels a greater distance from the periphery to the PNS and CNS neurons
via the sciatic nerve. As a result, it is possible to obtain a more accurate assessment of
the kinetics of the immunopathological processes associated with development of
pruritus.

In this study, we measured and compared the level of proinflammatory cytokines
and chemokines in the plasma and tissues of PRV-infected and control animals. In
addition, we performed histological examination and viral load quantification on
several tissues to establish correlations between the development of clinical, virologi-
cal, and inflammatory processes in the pathogenesis of PRV in mice.

RESULTS

PRV-Becker infection induces a severe pruritus and inflammation of the foot-
pad in mice. Mice either were mock inoculated or inoculated with PRV-Becker (8 X 10°

PFU) or PRV-Bartha (108 PFU), and body temperature and weight were monitored daily.
These titers ensured that all animals were infected. At the start of the experiment, mice
weighed an average of 24.6 + 2.2 g and had a mean body temperature of 37.1 = 0.6°C.
At 82 h postinoculation (hpi), PRV-Becker-infected mice showed a significant 12%
decrease in body weight and had a mean body temperature of 36.3 + 1.4°C compared
to PRV-Bartha-infected and control mice (P < 0.05) (Fig. 1A). These were the signs of
imminent death and indicated that the animals had reached a moribund state and
should be euthanized. PRV-Becker-infected mice began showing clinical signs at
around 70 to 72 hpi, characterized by swelling of the inoculated foot and frequent
tremors (Fig. 1B). By 82 hpi, all PRV-Becker-inoculated mice showed constant tremors in
the inoculated leg and distinctive PRV symptoms, such as intense scratching and biting
of the foot, resulting in a severe inflammation of the footpad (Fig. 1C). In contrast, all
PRV-Bartha-inoculated animals remained asymptomatic at 82 hpi, and the inoculated
footpad was indistinguishable from the control group with no signs of inflammation. By
200 hpi, the animals showed significant decreases in body weight (P < 0.05) and
displayed behavioral CNS symptoms (the humane endpoint). Taken together, these
results confirmed the two distinct pathogeneses of PRV-Becker and PRV-Bartha infec-
tions in mice using another model of PRV inoculation, the footpad, and highlighted the
importance of the inflammatory response in the clinical presentation of PRV-Becker
infection (19).

PRV-Becker infection induces a massive neutrophil infiltration in the inocu-
lated footpad and inflammation in the DRGs. Histopathological examination of
several tissues (brain, heart, lungs, spleen, pancreas, liver, bladder, foot, kidneys, spinal
cord, and dorsal root ganglia [DRGs]) was performed after hematoxylin and eosin (H&E)
staining. Samples were taken from three mice in each experimental and control group.

At 82 hpi, all tissues, except the footpad and DRGs, showed no histopathological
changes. PRV-Becker-infected foot sections revealed epidermal necrosis and severe
dermal inflammation (edema and fibrin) (Fig. 2A, panels b). A massive infiltration of
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FIG 1 Clinical observations of PRV infection in mice. (A and B) Body weight and temperature (A) and clinical score (B) for B57BL/6 mice
following PRV infection with the Becker strain (8 X 106 PFU) (red), the Bartha strain (108 PFU) (blue), or controls (black). (n = 10 per group).
*, P < 0.05. (C) Representative images of mouse right hind paws at 82 hpi after PRV inoculation. Black arrows indicate the sites of abrasion.

neutrophils (identified by a multilobed nucleus) was also observed in the epidermis,
dermis, and connective tissues of all three PRV-Becker-infected mice. All footpads of the
three control and three PRV-Bartha-infected mice were normal (Fig. 2A, panels a and c).

PRV-Becker-infected DRGs showed minimal neuronal necrosis and mixed inflamma-
tion in all three infected mice (Fig. 2B, panels b). The mixed inflammation infiltrate
consisted mainly of neutrophils and lymphocytes. The inflammatory cells were associ-
ated with neuronal necrosis that was characterized by shrunken, eosinophilic neurons
with pyknotic nuclei. All DRGs of the three control and three PRV-Bartha-infected mice
were normal (Fig. 2B, panels a and c). Overall, PRV-Becker infection induced severe
inflammation in the footpad and DRGs 82 h after footpad inoculation.

PRV replication was detected only in the foot, PNS, and CNS tissues. Next, we
determined whether the fatal clinical outcome and distinct pathology of PRV-Becker-
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Footpad
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FIG 2 PRV-Becker-infected mice showed signs of severe inflammation in the footpad and DRGs 82 h after footpad
inoculation. (A and B) H&E staining of mouse inoculated footpads (A) and ipsilateral DRGs (B) from control (a),
PRV-Becker-infected (b), and PRV-Bartha-infected (c) mice at 82 hpi. Histopathological manifestations observed in
PRV-Becker-infected animal tissues (epidermal and neuronal necrosis and neutrophil infiltration) were absent from
all examined mock-infected and PRV-Bartha-infected mice. The results are representative of three biological
replicates for a given type of tissue. Black arrows indicate representative areas of inflammation with immune cell
infiltration. Scale bars (50 wm) are indicated for each image.

infected mice could be attributed to viral replication in a specific tissue other than the
footpad and DRG.

Tissues, as listed above, were collected after euthanasia for quantitative real-time
PCR (gRT-PCR) analysis to determine PRV DNA loads. DNA concentration was then
converted to PFU as previously described (30). As shown in Fig. 3A, PRV-Becker DNA
was detected only in the footpad (approximately 4 X 103 PFU/mg of tissue), DRGs
(2.82 X 10° PFU/mg of tissue), spinal cord (1.2 X 104 PFU/mg of tissue), and brain (102
PFU/mg of tissue) at 82 hpi. Interestingly, detectable PRV-Bartha DNA was found only
in the footpad (4 X 102 PFU/mg of tissue) and DRGs (5 X 102 PFU/mg of tissue) at that
time (Fig. 3B). However, at 200 hpi, a significantly higher PRV-Bartha load was detected
in the DRGs (8.4 X 103 PFU/mg of tissue), spinal cord (1.57 X 10% PFU/mg of tissue), and
brain (1.80 X 104 PFU/mg of tissue) (Fig. 3C). The PRV-Bartha loads were comparable in
the footpad at 82 and 200 hpi. No detectable PRV genomes were found in other tissues
of PRV-Becker- or PRV-Bartha-infected mice and in any tissues of the control animals.
Overall, we found that both PRV-Becker and PRV-Bartha DNA could be detected only in
the mouse footpad and nervous system, indicating that widespread viral replication in
vital organs was not correlated with the rapid death of the animals.

PRV-Becker infection, but not PRV-Bartha infection, induces a specific systemic
inflammatory response in mice. To ascertain whether the inflammatory response to
PRV-Becker infection could be correlated with the acute death of the infected animals,
we measured and compared the levels of 12 proinflammatory cytokines and 6 proin-
flammatory chemokines in the plasma of PRV-Becker-infected, PRV-Bartha-infected, and
control mice at 82 hpi.

Among 12 proinflammatory cytokines tested, we found a significant 4-fold increase
in both IL-6 and granulocyte colony-stimulating factor (G-CSF) plasma levels of PRV-
Becker-infected mice compared to PRV-Bartha-infected and control groups at 82 hpi
(Fig. 4A). The plasma levels of 2 proinflammatory chemokines (Gro-1 and MCP-1) were
also significantly higher in PRV-Becker infected mice compared to control and PRV-
Bartha infected animals (P < 0.01) (Fig. 4B). Other chemokines (Rantes, IP-10, TLSF
[CXCL12], and MIP-1a) were not increased in the plasma of PRV-Becker, PRV-Bartha, and
control groups at 82 hpi. At 200 hpi, no detectable amount of any of the cytokines and
chemokines tested above was observed in the plasma of PRV-Bartha-infected mice
(data not shown).
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FIG 3 Quantitation of the PRV genome in mouse tissues after footpad inoculation. At the indicated time
points, PRV DNA was quantitated in mouse tissues by qRT-PCR using UL54 primers. PRV-Becker (red) and
PRV-Bartha (blue) loads are expressed as PFU per mg of tissue. PRV-Becker and PRV-Bartha loads were
detected only in the foot, DRGs, spinal cord, and brain (n = 10 per group). Dotted lines indicate the
detection limit.

In addition, we quantified and compared the plasma levels of IL-6, G-CSF, Gro-1, and
MCP-1 at 24 and 48 hpi between PRV-infected and control mice to establish the kinetics
of cytokine/chemokine production and to determine the peak of production. As shown
in Fig. 4C, a significant increase in all four inflammatory markers was detected only at
82 hpi in the plasma of PRV-Becker-infected mice compared to controls. No significant
differences in plasma levels of these four inflammatory markers were observed be-
tween PRV-Bartha-infected and control animals at all time points. Taken together, these
results demonstrated that PRV-Becker induces a specific systemic inflammatory re-
sponse at the time the animals are moribund, which correlates with the fatal outcome
of the infection in mice.

PRV-Becker infection induces local cytokine production in uninfected tissues at
82 hpi. To determine whether the systemic increase of IL-6, G-CSF, Gro-1, and MCP-1
could be responsible for the death of PRV-Becker-infected mice, the levels of these
inflammatory markers were quantified in several tissue samples and compared to
control groups at 82 hpi. Since local cytokine production is a significant indicator for
disease pathogenesis or progression, its assessment in tissues should provide addi-
tional information for monitoring the pathological events in a target tissue, rather than
the evaluation of systemic cytokine levels alone (31, 32).

Interestingly, we found that IL-6 levels were significantly increased in all tissues
compared to controls at 82 hpi (P <0.05) (Fig. 5A). Significant G-CSF levels were
detected only in the footpad, DRGs, spinal cord, brain, heart and liver of PRV-Becker-
infected mice (P < 0.01) (Fig. 5B). Significant Gro-1 and MCP-1 levels were detected only
in the inoculated footpad at 82 hpi (P < 0.05 and P < 0.01, respectively) (Fig. 5C and D).

PRV-Becker infection induces a high level of CRP in the plasma. The short time
window (<12 h) between the appearance of the clinical symptoms and the moribund
state of the animals, the absence of histopathological changes in nearly all tissues, and
the presence of local and systemic inflammation, demonstrate that PRV-Becker-induced
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FIG 4 Plasma cytokine and chemokine levels in PRV-infected and control mice. (A) Relative levels of 12 proinflammatory cytokines measured in the plasma of
mock-infected (black), PRV-Becker-infected (red), and PRV-Bartha-infected (blue) mice at 82 hpi as determined by ELISA. (B) Concentrations of six proinflam-
matory chemokines measured in the plasma of these three groups. The concentration is expressed in pg per ml (n = 10 per group). ****, P < 0.0001; ns, not
significant. (C) Kinetics of IL-6, G-CSF, Gro-1, and MCP-1 expression in the plasma of mock-infected, PRV-Becker-infected, and PRV-Bartha-infected mice. The
concentration is expressed in pg per ml (n = 5 per group). ¥, P < 0.05; **, P < 0.01; ****, P < 0.0001; ns, not significant.

inflammation in mice is a hyperacute process. It is well known that uncontrolled acute
inflammation due to bacterial or viral infections often culminates in organ failure and
death (33-35). To investigate the potential relationship between the systemic inflam-
mation and acute deaths of PRV-infected mice, we measured and compared the plasma
level of C-reactive protein (CRP) between PRV-Becker-infected, PRV-Bartha-infected,
and control mice at 82 hpi. CRP is an acute-phase protein synthesized by hepatocytes
in response to proinflammatory cytokines, IL-6 in particular (36). This specific biomarker
of acute inflammation is studied both as a causal factor in the prediction of coronary
heart disease and as a measurement of disease severity during influenza infections
(37-39). At 82 hpi, we found that PRV-Becker-infected mice had significantly higher
plasma levels of CRP (10.3 = 2.4 mg/liter) compared to PRV-Bartha-infected or control
animals (1.8 = 0.3 and 2.7 = 1.8 mg/liter, respectively) (Fig. 6A). This result suggests that
PRV-induced systemic inflammation is a hyperacute process in mice.

DISCUSSION

PRV infection in swine has been widely studied; however, little information is
available on the causes of the distinctive pathogenesis of PRV in nonnatural hosts. In
the present study, we demonstrate that infection with a virulent PRV strain (PRV-Becker)
induces a systemic and lethal inflammatory response in mice.

First, we showed that PRV-Becker infection induces high plasma levels of the
proinflammatory cytokines IL-6 and G-CSF, as well as the proinflammatory chemokines
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were not found elevated in the plasma of attenuated PRV-Bartha-infected animals at
that time (82 hpi). Control IL-6, G-CSF, Gro-1, and MCP-1 values were within the range
of baseline values previously described in literature (40-42). These results are consistent
with the hypothesis that PRV-Becker infection induces a systemic inflammatory re-
sponse when the animals are moribund. Second, the fact that little PRV-Becker DNA
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levels are expressed in mg per liter. ****, P < 0.0001 (n = 10 per group).
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was detected in the brain at 82 hpi clearly suggests that this uncontrolled inflammatory
response is responsible for the severe pruritus and acute death of the animals rather
than viral replication in the brain. We suggest that the absence of the markers of a
systemic inflammatory response in PRV-Bartha-infected mice explains why these in-
fected animals live longer, giving time for the infection to spread unabated to the brain.
Ultimately, if animals live long enough, widespread infection in the brain may lead to
fatal viral encephalitis as previously described (43, 44). This conclusion is consistent
with our findings in which high concentrations of PRV-Bartha DNA were detected in the
brain in animals with CNS abnormalities at 200 hpi.

The presence of IL-6 and G-CSF in the plasma of PRV-Becker-infected animals is
striking. Both are inflammatory cytokines produced by various cells, including immune
cells (neutrophils, macrophages, and T lymphocytes), neurons, and endothelial cells.
IL-6 has pleiotropic effects on inflammation, immune response, hematopoiesis, and
neurogenesis (45, 46). Typically, IL-6 is produced following pathogen stimulation in the
initial stage of the inflammation and is the main inducer of an acute-phase response in
the liver (47). G-CSF is a key regulator in neutrophil production. This cytokine influences
the survival, proliferation, and differentiation of all cells in the neutrophil lineage, from
hematopoietic stem cells to mature neutrophils (48). G-CSF also influences the migra-
tion of neutrophils across the vascular endothelium (49). Moreover, G-CSF has a
neuroprotective effect in several murine models of acute spinal cord injury. For
instance, this cytokine is able to rapidly induce autophagy after spinal cord injury to
inhibit neuronal apoptosis and is considered an effective auxiliary therapeutic inter-
vention for spinal cord injury (50). However, sustained levels of IL.-6 and G-CSF can
overwhelm the immune response and can be detrimental for the host. Elevated serum
levels of IL-6 are positively correlated with disease severity in bacterial sepsis, as well as
in Sindbis virus, influenza virus A, enterovirus 71 (E71), and hepatitis B virus infections
(25, 51-53). In this study, we detected high levels of IL-6 (~600 pg/ml) in the blood of
PRV-infected mice similar to those described during E71 and Sindbis infections. It is
known that E71 infection induces a systemic lethal inflammation response in mice.
E71-induced clinical manifestations and disease outcome are not a direct consequence
of viral replication and spread in tissues but result from an uncontrolled inflammatory
response. Here, we found that IL-6 and G-CSF were elevated in several tissues, sug-
gesting that both local and systemic inflammatory responses may also contribute to the
fatal outcome of PRV-Becker infection in mice.

Interestingly, we demonstrated a very high IL-6 protein levels (~30,000 pg/ml) in
the footpad of PRV-Becker-infected mice. This result strongly correlates with a recent
study, which demonstrated the same exact concentration of IL-6 in human skin explant
cultures after VZV infection (27). Thus, these findings support the fact that VZV and PRV
have very similar innate immune responses to infection of skin.

Moreover, at 82 hpi after PRV-Becker infection, both IL-6 and G-CSF were signifi-
cantly increased in the heart, and high plasma levels of CRP were detected. Taken
together, these findings suggest that PRV-induced systemic inflammation is a hyper-
acute process that could possibly lead to heart failure in mice. Indeed, a previous study
showed that PRV infection causes peripheral nervous system pathology and cardiac
injury in infected dogs (54). These researchers proposed that excessive sympathetic
cardiac stimulation, associated with neuritis, ganglioneuritis, and cardiac injury, is
associated with heart failure.

While high levels of IL-6 and G-CSF were detected in the majority of the tissues
examined, Gro-1 and MCP-1 were elevated only in the plasma and footpads of
PRV-Becker-infected mice. It is certainly relevant to note that Gro-1 and MCP-1 are
known to regulate the migration of neutrophils and monocyte/macrophages, respec-
tively, to the site of injury (55, 56). We suggest that both chemokines remained elevated
in the footpad because of the intense scratching and resulting damage and inflamma-
tion of the foot. Ultimately, soluble Gro-1 and MCP-1 leaked from the footpad to the
blood circulation and thus were detected at high levels in the plasma. However, the fact
that both Gro-1 and MCP-1 were not produced in most of the tissues examined
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suggests that they are not directly responsible for the lethal systemic inflammatory
response induced by PRV-Becker infection. These cytokines rather represent collateral
damage of the inflammation caused by the direct recruitment of neutrophils to the site
of infection.

Consistent with elevated levels of local and systemic inflammatory markers, we also
found an aberrant infiltration of neutrophils in the footpad and ipsilateral DRGs of
PRV-Becker-infected animals at 82 hpi. This infiltration was accompanied by epidermal
and neuronal necrosis, respectively. All of these signs were absent in the tissues of
PRV-Bartha-infected mice. Neutrophils represent around 60 to 70% of the circulating
white blood cells in most mammals. These cells are essential cellular components of the
innate immune system and represent the first line of defense against invading patho-
gens, such as bacteria, viruses, and fungi (57). Upon infection, neutrophils are first
recruited from the bloodstream and migrate to the inflammation site. Their presence is
usually one hallmark of acute inflammation. Once at the inflammation site, they
become activated and mediate a variety of effector functions, including phagocytosis
and killing of pathogens through the production of reactive oxygen species, degran-
ulation, and the generation of neutrophil extracellular traps (58). These neutrophils also
orchestrate the direct recruitment of other immune cells, such as monocytes, from the
circulation or indirectly via the production of cytokines and chemokines. This phase
amplifies the neutrophil response at the site of injury. Finally, neutrophils are usually
removed from the area either by phagocytosis via macrophages, apoptosis, or reverse
migration (59). This last phase is crucial to ensure the local resolution of the acute
inflammation and prevent tissue damage.

Recently, neutrophils have been also shown to play an essential role in the patho-
genesis of viral respiratory diseases, including influenza A virus infection (60). Moreover,
neutrophils have been shown to promote neurotoxicity on DRG neurons and are
considered responsible for hypersensitivity and/or neuropathic pain after peripheral
nerve injury (61). Here, the migration of neutrophils to the infected footpad and DRG
neurons and their subsequent production of IL-6 and G-CSF are likely to increase and
propagate the inflammation and cause tissue damage. Future experiments will focus on
the early phases of this inflammatory process, in particular the kinetics of neutrophil
recruitment to the infected footpad and DRG neurons. It would be interesting to assess
the therapeutic efficacy of inhibitors of neutrophil recruitment, such as fucoidan, on the
immunopathology of PRV in mice (62).

Surprisingly, only 4 of 12 inflammatory markers tested were found elevated in
plasma samples, indicating that the PRV-induced systemic inflammatory response does
not resemble the traditional cytokine storm observed during influenza or Sindbis virus
infections. One explanation is that influenza and Sindbis viruses are both RNA viruses
and are detected by different pathogen-recognition receptors on host cells compared
to DNA viruses. While retinoic acid-inducible gene | (RIG-I)-like receptors play essential
roles in the recognition of RNA viruses in various cells, DNA viruses are mainly detected
by Toll-like receptors (TLRs), IFI16, and cGAS sensors (63, 64). Detection of viral
components by these pathogen recognition receptors in host cells activates distinct
intracellular signaling cascades, leading to the secretion of type | IFNs, proinflammatory
cytokines, and chemokines. Interestingly, TLR-2 has been shown to play an important
role in recognition of HSV-1 and to contribute to encephalitis in infected mice (65).
TLR-2 knockout mice (KO) inoculated intraperitoneally with HSV-1 survived, while the
wild-type animals died by 6 days postinfection. In addition, this study showed that
TLR-2 KO mice had significantly lower serum levels of IL-6 compared to the wild type.
Future studies will test whether PRV similarly interacts with TLR2 on epidermal cells and
DRG neurons in vivo and whether this interaction is responsible for the initiation of the
uncontrolled inflammatory response in infected mice.

We detected PRV-Becker DNA in the footpad, DRG neurons, spinal cord, and brain
at the latest time after infection just before death (82 hpi), while only low concentra-
tions of PRV-Bartha DNA were detected in the footpad and DRG neurons at that time.
These results suggest that PRV-Becker replicates more efficiently in the foot and DRG
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neurons than PRV-Bartha. There is a strong correlation of viral gene expression in the
footpad and DRG neurons and inflammation in PRV-Becker-infected mice. We also
found inclusion bodies indicative of viral replication in pockets of inflammation in DRGs
(data not shown). Interestingly, the difference in replication may reflect the fact that
PRV-Becker can suppress the interferon (IFN) response and PRV-Bartha cannot. As a
result, more virus particles may invade axon terminals of the DRG neurons and replicate
in the cell bodies. A recent study showed that PRV-Becker inhibits the IFN response in
swine plasmacytoid DCs, while PRV-Bartha elicits a much more robust type | IFN
response in these cells (66). This difference was attributed to a deletion of the
glycoprotein gE/gl gene complex in the genome of Bartha.

Continued replication of PRV-Becker in DRG neurons is known to be responsible for
the severe pruritus observed in infected mice. By using several PRV mutants, it was
demonstrated that the pruritus stimulus was mediated, at least in part, by gE, gl, and
US9 proteins (19). By infecting the salivary gland and imaging the submandibular
ganglia (SMG), it was also shown that PRV-Becker infection of PNS neurons induces
electrical coupling in axons, which gives rise to a synchronous and cyclical activity in
neuronal cell bodies in the SMG (67). In addition, it was observed that newly made PRV
particles in infected SMG neurons were transported back in axons to the glands where
the infection was initiated. Therefore, they developed the concept of “round-trip”
reseeding and amplification of infection in the ganglia. This reseeding phenomenon
occurs only after PRV-Becker infection but not after PRV Bartha infection, primarily
because this strain lacks the Us9 protein required for sorting virion proteins into axons.
The ability to reseed the gland increases the infection of the innervating PNS ganglia
and the involvement of more axons in electrical coupling, thus directly contributing to
the pruritus. Our results are consistent with this concept. We found that the PRV-
Becker-inoculated footpad had epidermal necrosis with a massive immune cell infiltra-
tion at 82 hpi. The epidermis layer did not regenerate to support efficient viral
replication at that time. This finding suggests that the large amount of infectious
PRV-Becker virus detected in the footpad likely resulted from virions that originally
infected the DRG, replicated, and returned to the footpad rather than from local viral
replication in the epidermis. Also, reseeding may stimulate a powerful inflammatory
response in the primary infected tissue. We observed an effective healing of the
PRV-Bartha-inoculated footpad, suggesting that the regenerated epidermis layer might
support viral replication. Still, PRV-Bartha DNA was barely detected because particles
could not be transported back from the DRG neurons to the initial site of infection.
Interestingly, we found that mice inoculated with UV-inactivated PRV-Becker remained
asymptomatic and were still alive at 82 hpi (data not shown). This finding confirms that
infectious virus and active viral replication in the DRG neurons are necessary to cause
the pruritus and subsequently to kill the infected animals.

Furthermore, we demonstrated that infection by PRV-Becker spreads faster from the
footpad to the brain than does infection by PRV-Bartha. This difference is due primarily
to the two distinct modes of neuroinvasion of these strains and the function of the
UL21 protein, which is compromised in PRV-Bartha (68). It is well known that PRV-
Becker can spread both in the retrograde and anterograde directions, whereas PRV-
Bartha only spreads in a retrograde direction. The mouse footpad mainly consists of
sensory nerve fibers with a few sympathetic nerve fibers (sweat glands) that are
innervating the epidermis and dermis layers. Accordingly, we suggest that PRV-Becker
can travel in axons in the retrograde direction via the sensory route to reach DRG cell
bodies. Newly replicated particles can exit DRG cell bodies and not only travel back to
the footpad but also travel anterograde to the dorsal horn of the spinal cord and from
there to the CNS. PRV-Becker also can enter sympathetic nerve fibers in the footpad and
reach the ventral horn of the spinal cord by retrograde transport (motor route). In the
footpad model, the course of infection was slightly longer than in the flank inoculation
model. In the footpad model, PRV-Becker-infected mice showed symptoms around 70
hpi and died at around 82 hpi compared to 40 and 72 hpi, respectively, in the flank
model. This time delay reflects the different kinetics of viral replication and spread
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between the two models: PRV particles must travel longer distances through the sciatic
nerve from the footpad to reach PNS neurons than the distance to DRG cell bodies from
the skin flank. While PRV-Bartha can reach the DRG cell bodies via the peripheral axons
of DRG neurons, newly replicated virions cannot spread to the dorsal horn of the spinal
cord from the infected DRG because there is no anterograde sorting and spread (19).
Thus, PRV-Bartha infection can only spread to the CNS by invading sympathetic motor
nerve fibers in the footpad. Most importantly, we demonstrated that both PRV-Becker
and Bartha DNA could be detected only in the mouse footpad and nervous system and
not in other organs, confirming that widespread viral replication in vital organs was not
responsible for the rapid death of the animals.

In conclusion, our data show that a systemic host inflammatory response is respon-
sible for the severe pruritus and acute death of mice infected with virulent PRV-Becker
but not with attenuated strain PRV-Bartha. We identified IL-6 and G-CSF as two
cytokines that play crucial roles in the regulation of this process. Further research on
modulating the inflammatory response could help to limit the severity of the disease
in susceptible hosts and broaden our understanding of PRV-induced neuroinflamma-
tion.

MATERIALS AND METHODS

Viruses. A wild-type virulent PRV strain (PRV-Becker) and a live-attenuated PRV strain (PRV-Bartha)
were used in this study. PRV-Becker is a virulent field isolate from dog, originally isolated at lowa State
University, with subsequent laboratory passage (69). PRV-Bartha is a highly passaged vaccine strain,
derived from the original Aujeszky strain, which was isolated in Hungary (70). The attenuated live Bartha
strain has mutations in the glycoprotein C (gC), gM, and UL21 genes and a deletion in the unique short
region spanning the gl, gk, Us9, and Us2 genes (71-74). All viral stocks were grown and titers were
determined on monolayers of PK-15 pig kidney cells (American Type Culture Collection).

Mouse footpad inoculation model. Male C57BL/6 mice between 5 and 7 weeks old were purchased
from The Jackson Laboratory (Bar Harbor, ME). C57BL/6 mice are sensitive to PRV infection, as previously
described (19, 75). The protocol used for the footpad inoculation experiments was adapted from a
previously described protocol (28). Mice were anesthetized with 1 to 3% isoflurane gas, and the right
hind footpads, between the heel and walking pads, were gently abraded about 20 times with an emery
board until the stratum corneum was removed in order not to induce bleeding and to ensure that virus
was inoculated onto the stratum spinosum of the epidermis. A 20-ul droplet of virus inoculum containing
8.10° PFU of PRV-Becker or 102 PFU of PRV-Bartha, resuspended in medium (Dulbecco modified Eagle
medium, 2% fetal calf serum, and antibiotics; HyClone [GE Healthcare Life Sciences]), was applied onto
the abraded area of the skin. We used a higher virus inoculum for PRV-Bartha than PRV-Becker because
previous study demonstrated that the 50% lethal dose for PRV-Bartha was about twice that determined
for PRV-Becker (19). These viral doses were optimized in a preliminary experiment. Briefly, we inoculated
mice with several virus doses (10°, 106, 107, and 108 PFU) for each PRV strain. We selected the appropriate
PRV-Becker and PRV-Bartha doses that ensure all inoculated mice to show symptoms at 82 and 200 hpi,
respectively. Mock inoculations (medium only) were carried out in parallel. The inoculum was gently
rubbed 5 to 10 times with the shaft of an 18-gauge hypodermic needle to facilitate adsorption of the
virus. The mice were kept under anesthesia for 30 min until the abraded footpad was dry, and then the
animals were placed in separate cages for further analysis.

Mice were weighed daily, and temperatures were measured using a rectal probe. For clinical
evaluation, mice were scored daily for symptoms of virulent PRV infection using the following 3-point
system: 0 = posture normal, footpad red at abrasion/inoculation site; 1 = foot swollen and frequent
tremors (~10 per min) in leg upon attempt to scratch; 2 = foot and hip swollen, constant tremors in leg
upon attempt to scratch, scratching and licking of the foot, lack of weight bearing when walking and
hunched posture; and 3 = same as score 2 but with biting and bleeding of the footpad. Mice were
euthanized when scored as 2+. PRV-Bartha-infected animals were euthanized when animals displayed
behavioral CNS abnormalities, such as ataxia or gait disturbances, as previously described (19). PRV-
Becker- and PRV-Bartha-infected animals were euthanized at 82 and 200 hpi, respectively. A set of
controls was euthanized at both time points.

Tissue collection and homogenization. Mice were euthanized by CO, asphyxiation at the mori-
bund state. Fresh tissues, including the footpad, dorsal root ganglia (DRGs), spinal cord, brain, heart,
lungs, spleen, pancreas, liver, kidneys, and bladder, were collected, flash-frozen in liquid nitrogen, and
stored at —-80°C. Portions (100 mg) of tissue were weighed and placed in a 2-ml microcentrifuge tube
containing a sterile steel bead (Qiagen) and 500 ul of modified radioimmunoprecipitation assay buffer
containing 0.5M EDTA (pH 8.0), 1M Tris-HCl (pH 8.0), 5M NaCl, 10% sodium dodecyl sulfate, and
protease cocktail inhibitor tablets (cOmplete Mini EDTA-free; Roche Diagnostics). Tissues were disrupted
using a TissueLyser (Qiagen) using 20 cycles/s for 2 min, followed by a 1-min wait, and 20 cycles/s for
2 min and then centrifuged at high speed (17,900 X g) for 10 min. Tissues were stored at ~20°C until use
in enzyme-linked immunosorbent assay (ELISA) and qRT-PCR.

Blood collection. Whole blood (~200 ul) was collected through submandibular bleeding daily by
alternating sides of the face and transferred into 1.5-ml EDTA capillary collection tubes (BD Vacutainer).
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After collection, the samples were first centrifuged for 10 min at 1,500 X g and 4°C to separate cells from
plasma and then for 15 min at 2,000 X g and 4°C to deplete platelets. Samples were stored at —80°C until
ELISA analysis.

Histology. At the humane endpoint, mock-infected or PRV-infected mice were sacrificed and
exsanguinated by transcardiac perfusion with a phosphate-buffered saline/10% formalin, neutral buff-
ered solution (Sigma). Tissue samples were carefully dissected and placed in 10% formalin at 4°C for 24 h.
The ipsilateral DRGs of lower lumbar and sacral levels were collected for histopathological analyses.
Samples were processed and embedded in paraffin, and 4- to 6-um sections were prepared and stained
with H&E by Charles River Histopathology Services. H&E-stained sections were evaluated for signs of
inflammation and epidermal and neuronal necrosis.

Quantification of inflammatory markers by ELISA. We performed multi-analyte profiling of 12
cytokines and 4 chemokines in plasma samples using the mouse inflammatory cytokines multi-analyte
ELISArray kit (Qiagen) and the multiplex immunoassays with Firefly particle technology (Abcam),
respectively. Quantitation of single analyte IL-6, G-CSF, Gro-1, MCP-1, TLSF, and MIP-1« levels in plasma
and/or tissue homogenates were performed using commercial ELISA kits from Thermo Fischer, Qiagen,
and Abcam. Mouse cardiac marker C-reactive protein (CRP) plasma levels were also analyzed by
commercial ELISA kits from R&D Systems, LSBio, and Abcam, respectively. The assays were conducted
according to the manufacturer’s recommendations. All samples were measured in duplicate.

Quantitative real-time PCR assay. Homogenized tissues were digested with proteinase K (New
England Biolabs) in Tween 20 for 60 min at 55°C, followed by inactivation for 10 min at 95°C prior to
gRT-PCR run. Viral genomic DNA was quantified by using UL54-specific primers as previously published
(76). This set of primers (5'-TGC-AGC-TAC-ACC-CTC-GTC-C-3’ and 5’-TCA-AAA-CAG-GTG-GTT-GCA-GTA-
AA-3’; Integrated DNA Technologies) generated a 65-bp fragment of the viral gene UL54 after amplifi-
cation. qRT-PCR was performed with an Eppendorf RealPlex Mastercycler. The reaction mixture was
prepared using a Kapa Syber Fast qPCR kit, and samples were prepared as triplicates. Each experiment
was performed in duplicates. The amplification reactions were carried out in a total volume of 10 ul,
containing 2 ul of template DNA, 5 ul of 2X SYBR Fast qPCR Master Mix Universal (Kapa Biosystems),
0.4-pul portions of each forward and reverse primer (2.5 uM), and 2.2 ul of RNase-free water. The
amplification conditions consisted of preincubation at 95° for 2 min and 40 cycles of denaturation (5 s at
95°C), annealing (20 s at 55°C), and extension (10's at 72°C). The quantification cycle (C;) was calculated
as the cycle number at which the concentration increase became exponential. The specific target
amplification was analyzed by melting-curve analysis using Mastercycler EP RealPlex 2.2 software.

To quantitate viral DNA, a standard curve was obtained for each experiment by coamplification of
known amounts of PRV DNA. Five consecutive 10-fold dilution of PRV stocks was prepared containing
from 10° to 10" PFU. The amounts of PRV DNA in samples were obtained by plotting C; values onto the
standard curve and are expressed as PFU/mg of tissue (30).

Statistical analyses. Significant differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001)
between mock-, PRV-Becker-, and PRV-Bartha-inoculated animals were identified by using one-way
analysis of variance (ANOVA), followed by either a Tukey’s post hoc test or a two-sided Dunnett’s post hoc
test. If homoscedasticity of the variables was not met as assessed by Levene's test, the data were log
transformed prior to ANOVA. The normality of the residuals was verified by the use of the Shapiro-Wilk
test. If the variables remained heteroscedastic or normality was not met after log transformation, a
Kruskal-Wallis test, followed by a Mann-Whitney post hoc test, was performed. All analyses were
conducted in GraphPad Prism v7.0d (GraphPad Software, La Jolla, CA). Values in the text, graphs, and
figure legends throughout the manuscript are means * the standard deviations.

Ethics statement. All animal experiments were performed in accordance with protocol 208316 and
reviewed and approved by the Institution Animal Care and Use Committee of Princeton University.
Princeton personnel are required to adhere to applicable federal, state, local, and institutional laws and
policies governing animal research, including the Animal Welfare Act and Regulations; the Public Health
Service Policy on Humane Care and Use of Laboratory Animals; the Principles for the Utilization and Care
of Vertebrate Animals Used in Testing, Research, and Training; and the Health Research Extension Act of
1985.
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