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Summary. - Equid herpesvirus type 1 (EHV-1) is a major pathogen of horses with a worldwide distribution,
which can cause various clinical signs ranging from mild respiratory disease to neurological disorders. To initiate
an effective infection, EHV-1 evolved a broad spectrum of mechanisms exploiting the host cell, including its actin
filaments. An actin-myosin-driven transport has been described to precede cellular entry of different viruses.
Therefore, in the present study we investigated the role of actin motor protein - myosin, during replication of
two EHV-1 strains: Jan-E (wild-type EHV-1 strain isolated from aborted equine fetus) and Rac-H (attenuated
strain highly adapted in cell cultures in vitro) in primary murine neurons. In order to investigate this, we used
two inhibitors: blebbistatin (BLB; non-muscle myosin II inhibitor) and 2,3-butanedione monoxime (BDM;
inhibitor of myosin ATPase). Our results demonstrated that limitation of Jan-E EHV-1 replication occurred
in cells treated with myosin inhibitor, which confirmed the important role of actin motor proteins during the
entry and egress of EHV-1 virions. Application of blebbistatin did not affect Rac-H EHV-1 replication, while
BDM caused reduction of replication in murine neurons. Based on these results it can be assumed that EHV-1
virion movement was myosin-dependent.
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Introduction

As intracellular parasites, viruses have developed many
mechanisms to facilitate their replication in the host cell.
One possible mechanism of viral influence upon the cell
is affecting the cytoskeleton and its components, including
motor proteins. Transformations in the actin cytoskeleton
organization occur at several points in the replication cycle
of the viruses, including internalization, intracellular move-
ment and intercellular spread. Due to the type of interactions
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Abbreviations: BLB = blebbistatin; BDM = 2,3-butanedione mon-
oxime; EHV-1 = equid herpesvirus 1; HSV-1 = herpes simplex virus
1; p.i. = post inoculation

between virus and actin cytoskeleton, viruses can cause
rearrangement, depolymerization or even destruction of
actin cytoskeleton, since it may constitute a barrier during
cell penetration or prevent the escape of progeny virions
from the cell. On the other hand, virions can stimulate actin
polymerization and form various kinds of actin-containing
profusions to facilitate transmission of particles between
the adjacent cells (Stoniska et al., 2012). In our previous
studies we showed that during EHV-1 infection of primary
murine neurons, both types of interactions between virus
and actin cytoskeleton occurred. Jan-E EHV-1 (field strain)
has caused formation of actin-containing projections that
established intimate contact with adjacent cells and served
to propel newly produced virions from cell to cell, whereas
Rac-H EHV-1 (reference strain) induced the destruction of
actin filaments, apparently to affect efficient egress (Storiska
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et al., 2014). As reported in literature, a number of viruses
overcome a dense network of cortical actin presumably by
myosin. It was shown that during herpes simplex 1 (HSV-1)
infection, myosin facilitated transport of progeny virions
and it was involved in HSV-1 egress (Lyman and Enquist,
2009; Roberts and Baines, 2011). VP22, the major tegument
protein of HSV-1, interacted with the actin-associated motor
protein non-muscle myosin ITA (NMIIA) and both proteins
colocalized within virus-induced projections emanating
from the cell surface of infected Vero cells (van Leeuven
et al., 2002). Moreover, the use of the BDM during HSV-1
infection resulted in an increased number of viral particles
in the vicinity of the cell nucleus and reduction in the release
of progeny virions (Bearer and Satpute-Krishnan, 2002).

According to the results obtained in our previous re-
search, we have decided to define the role of microfilament
associated motor protein-myosin during EHV-1 infection
in primary murine neurons. In current study we have used
two myosin inhibitors-BLB; non-muscle myosin II inhibitor)
and 2,3-butanedione monoxime (BDM; inhibitor of myosin
ATPase) at two different time points - prior to infection and
18 hrs p.i. in order to verify the role of myosin both during
the entry and egress of the progeny virions.

Materials and Methods

Virus. In this study two neurotropic strains of EHV-1 from the virus
collection of the Virology Laboratory of the Department of Preclinical
Sciences WULS-SGGW were used. Jan-E is a field strain isolated from
aborted fetus (mare Ezelda, Janow Podlaski stud, Poland; 12" passage
in ED cells) and identified by PCR using gB-specific primers (Borch-
ers and Slater, 1993). Rac-H is a reference strain isolated from mare
Heraldia, Racot stud, Poland, which has been passaged through a series
of cell cultures, and described as ‘pantropic, non-pathogenic.

Cells. Balb/c (H-2%) mice genetically susceptible to EHV-1 infec-
tion were used to establish primary culture of murine neurons, as
described before (Cymerys et al., 2010). Primary murine neurons
were cultured in B-27 Neuron plating medium, consisting of
neurobasal medium, B-27 supplement, 200 mmol/l of glutamine,
10 mmol/l of glutamate and penicillin/streptomycin antibiotics
with 10% supplement of fetal bovine (5%) and equine serum (5%)
(Gibco Life Technologies). Cells were plated onto poly-D-lysine
with laminin - coated sterile coverslips at a density of 5 x 10* neu-
rons per well (3.6 cm®) and maintained at 37°C in 5% CO,. Next,
primary murine neuron cultures (10° cells per well/3.6 cm?) were
infected with either Jan-E or Rac-H EHV-1 (MOI 1.0). After one-
hour incubation with EHV-1, the inoculum was removed and fresh
culture medium was added. Subsequently, cells were incubated for
24 hr at 37°C with 5% CO,.

Inhibitor treatment. Blebbistatin (BLB, non-muscle myosin
II inhibitor; Sigma Aldrich) and 2,3-butanedione monoxime
(BDM, inhibitor of myosin ATPase; Sigma Aldrich) were used to

inhibit actin motor protein-myosin. BLB and BDM were dissolved
in dimethylsulfoxide (5% DMSO) to obtain final concentrations:
1 pl/ml, 2.5 pl/ml and 5 pl/ml for BLB and 10 pl/ml, 20 ul/ml and
30 pl/ml for BDM. Inhibitors were added to the culture medium at
two different time points: (i) 30 min before infection and (ii) at 18
hr p.i. Neither inhibitor was toxic to the neurons at the concentra-
tions used as measured by MTT cell viability assay, following the
manufacturer’s protocol (data not shown, Sigma Aldrich). At 24
hr p.i. viral DNA was isolated from appropriate material (cells or
culture medium) using High Pure Viral Nucleic Acid Kit (Roche
Diagnostics) according to manufacturer’s instructions and analyzed
using real-time PCR technique.

Real-time PCR. The quantity of EHV-1 DNA in all samples
was estimated using real-time PCR technique with fluorescent
TaqMan probe (TagMan Master Kit; Roche Diagnostics), com-
plementary to the sequence within the amplified product. Jan-E
EHV-1 strain serial dilutions from CCID,; = 10° (10° copies/ml)
to CCID,, = 10° (10* copies/ml) were used as reaction standards.
Uninfected primary murine neuronal cells were used as negative
control. Each sample was amplified with internal control (positive
control) that constituted infected neuronal cells incubated without
inhibitors. Tests were performed on the LightCycler 2.0 instrument
(Roche Diagnostics) according to the in-house quantitative method
(Dzieciatkowski et al., 2009).

Immunofluorescent staining procedures. In order to demonstrate
the effect of myosin inhibitors on the actin filaments and effect of
EHV-1 infection in neurons immunofluorescence staining was
performed. After incubation with the virus and application of
inhibitors (as described earlier), cells were fixed with 3.7% para-
formaldehyde/PBS (Sigma Aldrich) and permeabilized with 0.5%
Triton X-100/PBS (Sigma Aldrich). Afterwards, fixed neuronal cells
were blocked with PBS containing 1% bovine serum albumin (BSA)
(Sigma Aldrich). Filament structures of actin were visualized using
TRITC phalloidin conjugate (500 ng/ml; Sigma Chemicals). The
presence of viral antigen was detected using polyclonal antiserum
EHV-1/ERV conjugated to FITC (VMRD, Inc.). Cell nuclei were
stained with Hoechst 33258 according to the manufacturer's recom-
mendations. Then, anti-fade mounting medium (Sigma Aldrich)
was applied. Results were evaluated using a confocal laser scanning
microscope FV10i (Olympus Polska Sp. z 0.0.).

Statistical analysis. Results of three independent experiments
were statistically evaluated by one-way analysis of variation
(ANOVA) using the Student-Newman-Keuls multiple comparisons
test. This analysis was performed using GraphPad PrismTM version
4.03 software (GraphPad Software Inc., San Diego, CA, USA). Sta-
tistical differences were interpreted as significant at p <0.05, highly
significant at p <0.01 and non-significant at p >0.05.

Results and Discussion

Myosin, in a close cooperation with actin filaments, par-
ticipates in organization of the cytoskeleton, cytokinesis, cell
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migration and maintenance of polarity (Reichl et al., 2008;
Muller et al., 2013). In neurons, myosin is responsible for
axonal transportation for short distances, but it also plays an
important role in the formation and stabilization of adherens
and tight junctions (Liu and Cheney, 2012). Therefore, we
have determined the effects of myosin inhibitors-BLB (non-
muscle myosin Il inhibitor) and 2,3-butanedione monoxime
(BDM; inhibitor of myosin ATPase) on actin cytoskeleton
structure in murine neurons cultured in vitro (Fig. 1). Ad-
dition of BDM (Fig. 1b) or BLB (Fig. 1c) led to disorganiza-
tion of the actin cytoskeleton, even though cell morphology
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Fig. 1

The effect of myosin inhibitors on the structure of the actin
cytoskeleton in primary murine neurons
Fluorescence images of mock-treated (a), BDM-treated (b) or BLB-treated
(c) cells. Actin filaments are shown in red and DNA in blue. Scale bars -
25 pum.

was generally not disrupted. With increasing concentration
of both inhibitors, visible disappearance of microfilament
network inside the cells was observed, whereas filaments
in the cortical cytoplasm remained unchanged. In order
to determine the role of myosin during penetration and
replication of EHV-1 in neurons, BDM or BLB was added
30 minutes before infection. Since EHV-1 replication cycle
is estimated to be 24 hrs, inhibitors were also added at 18
hrs post inoculation (p.i.) to determine the role of myosin
during egress of progeny virions from the cell.

Infection with Jan-E EHV-1 did not disrupt the struc-
ture of actin cytoskeleton. Accumulation of viral anti-
gen was observed around the nucleus, as well as inside
actin-containing projections that stretched from cell to
cell (Fig. 2a, arrows). Despite addition of BDM, the pres-
ence of viral antigens was detected around the nucleus
(Fig. 2b, arrows), but also at the cell periphery. BDM
affected the actin cytoskeleton used by Jan-E EHV-1 at
late stages of infection during viral egress. Following the
application of BDM, virus was not able to form any kind
of actin-containing projections and progeny virions were
“trapped” in the cortical layer of the cytoplasm (Fig. 2b,
arrowheads). The viral genome copy number decreased
after adding this inhibitor, which was confirmed by real-
time PCR. A significant (p <0.01 and p <0.05, respectively)
decrease of the viral DNA, both in cells and culture
medium was observed, regardless of the timing of BDM
addition (Fig. 4a,b). Similar results were obtained after
adding BLB to the neuronal cultures infected with Jan-E
EHV-1. Addition of BLB caused accumulation of EHV-1
antigens inside perikaryons of neurons (Fig. 2¢, arrows).
The presence of viral antigen in the cortical cytoplasm
of neurons at 24 hr p.i. suggests that progeny virons were
captured within the cell and intercellular spread was
inhibited, as indicated by the decrease in the amount of
viral DNA (both in cells and culture medium) measured
by real-time PCR (Fig. 4c,d). These results confirm that
EHV-1 Jan-E strain can use microfilaments with motor
protein-myosin, during the initial and final stages of
infection. This was evidenced by the greater amount of
viral particles immobilized within cells after addition of
inhibitors at 18 hr p.i. and by limitation of Jan-E EHV-1
replication in neurons treated with inhibitors 30 min prior
to infection. Analysis of the level of viral DNA in Jan-E
EHV-1-infected neurons also revealed that administration
of BDM and BLB inhibitors to the culture 30 min prior to
infection effectively reduced viral genome copy number
in comparison to administration of these inhibitors at 18
hr p.i. Similar results were observed during African swine
fever virus (ASFV) infection. BLB caused inhibition of
viral replication, particularly significant if the inhibitor
was added before infection, which suggests an important
role of myosin II in the early stages of viral infection
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Fig. 2

The effect of myosin inhibitors on Jan-E EHV-1 localization
in primary murine neurons

Fluorescence images of mock-treated (a), BDM-treated (b) or BLB-treated
(c) cells infected with Jan-E EHV-1 (24 hr p.i.). Actin filaments are shown
in red, EHV-1 antigens in green and DNA in blue. Arrows indicate viral
antigen around the nucleus, as well as inside actin-containing projections
that stretched from cell to cell. Arrowheads show virions trapped in the
cortical cytoplasm. Scale bars — 200 um (a) and 20 um (b-c).

(Sanchez et al., 2012). The role of non-muscle myosin
during intracellular transport and egress of the progeny
virions was also confirmed for HSV-1 (van Leeuwen et al.,
2002). The use of BDM at 12 hr p.i. inhibited the release of
progeny virions as much as 20-fold compared to untreated
control. Moreover, it is worth noting that more effective
reduction in the amount of Jan-E EHV-1 DNA in neurons
was achieved by inhibitor of myosin ATPase (BDM), when
compared to non-muscle myosin I inhibitor (BLB). This

Fig. 3

The effect of myosin inhibitors on Rac-H EHV-1 localization
in primary murine neurons
Fluorescence images of mock-treated (a), BDM-treated (b) or BLB-treated
(c) cells infected with Rac-H EHV-1 (24 hr p.i.). Actin filaments are shown
in red, EHV-1 antigens in green and DNA in blue. Arrowhead on panel
A shows depolymerisation of actin filaments. Arrows indicate accumulation
of viral antigens around and inside the nucleus. Scale bars — 20 pum.

probably results from the fact that BLB is characterized
by a high affinity and selectivity for non-muscle myosin
IT without affecting other unconventional myosins (Ko-
vacs et al., 2004). However, concerning BDM studies, the
interactions of the inhibitor with various other elements-
myosin I, V and VI, as well as with proteins participating
in the polymerization of actin fibers (complex Arp2/3,
WAVE or VASP) has to be taken to account (Yarow et al.,
2003; Bond et al., 2013).
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Myosin inhibitors affect EHV-1 replication in primary murine neurons
Comparison of viral DNA (CCID, ) in mock-infected cells (negative control), neurons infected with Jan-E or Rac-H EHV-1 (positive control) and BDM
or BLB-treated infected neurons (**p <0.01; *p <0.05).
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Infection with the Rac-H EHV-1 disrupted the microfila-
ment system and caused general depolymerisation of actin
in murine neurons (Fig. 3a, arrowhead), accompanied by the
accumulation of viral antigens around and inside the nucleus
(Fig. 3a, arrow). In BDM-treated cells, in only a few cells
viral antigens localized around the nucleus in comparison
to mock-treated infected neurons (Fig. 3b). From this we
can assume that myosin inhibitor affected virus transport
to the nucleus, which significantly reduced replication, as
confirmed by real-time PCR (Fig. 4e,f). A significant de-
crease of the viral DNA was noticed, both in cells and culture
medium, regardless of the timing of BDM administration
(Fig. 4a,b). Furthermore, it was observed that in the infected
neurons treated with BDM, actin network was disrupted
to the lesser extent than in the infected culture without an
inhibitor (Fig. 3b and a, respectively). It seems to be logical,
because if the virus was not able to replicate, it could not
induce depolymerisation of actin filaments during egress.
In BLB-treated neurons, accumulation of large amounts of
viral antigen in perikaryons was observed (Fig. 3c, arrows).
This is consistent with the real-time PCR analysis, which
showed an increase in viral DNA in the BLB-treated cells,
when compared to the mock-treated cells (Fig. 4g,h). These
results may indicate that Rac-H EHV-1 utilised other com-
ponents of the cytoskeleton during intracellular transport.
Similar findings were obtained by Frampton et al. (2010),
who demonstrated that post-entry EHV-1 also utilised mi-
crotubules with dynein for movement to nucleus. It is also
worth noting that due to the repeated passaging of the Rac-H
strain in various cell lines, some parts of the viral genome
have been deleted, significantly reducing its virulence. The
Jan-E EHV-1 has a low number of passages and lacks defects
in the DNA. Consequently, we observed a non-uniform effect
of tested EHV-1 strains on the cytoskeleton of the infected
neurons. It seems very likely that both strains developed
different strategies and mechanisms of interaction with the
host cytoskeleton to facilitate efficient use of intracellular
transport (Turowska et al., 2010; Stonska et al., 2014).
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