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Chapter 1

Introduction
1.1 Overview of virus entry

Viruses are obligatory intracellular parasites whose evolutionary strategy relies on the
host cell’s ability to accept and replicate the incoming virus genomes and transmit viral progeny
to other cells. Since viral particles lack motility or any metabolic activity outside of the host cell,
viruses have evolved to hijack and exploit host cell machinery for an infectious process. Viruses
induce the cell’'s machinery to facilitate crossing of barriers, such as cellular and nuclear
membranes, as well as other parts of the infection process.

Infection of the cell with a free virus typically starts with the attachment step, is relatively
nonspecific, and often relies on charged attachment factors, components of the glycocalyx,
and surface molecules such as heparan sulfate or other carbohydrate structures [1-7]. After
lateral migration on the cell surface, the virus can interact with specific cellular receptor(s) to
promote entry by initiating signaling cascades that will result in virus penetration. Viruses have
been described to utilize a variety of cell surface molecules as attachment factors or entry
receptors such as proteoglycans, heparan sulfates, surface proteins, and adhesion factors.
Virus-cell interactions are often carried out through numerus copies of receptor molecules.
Such interactions compensate for low affinity with individual receptors and allows for clustering
of the receptor molecules on the cell surface. This relocation of surface proteins can serve as
a start of the subsequent signaling cascade. Virus-induced signaling can have far reaching
downstream responses. For example in the case of Kaposi’s sarcoma-associated herpesvirus
(human herpesvirus 8) whose binding of gB with a3R1 integrin activates focal adhesion kinase
(FAK) and Scr kinases, phosphatidylinositol 3-kinases (P13-Kinase), and consequently RhoA
GTPases and Dia2; this signaling is required for cytoskeleton remodeling during the virus
uptake via endocytosis and viral and tubulin acetylation to promote microtubule stability and
enhanced transport [8].

Interaction of the virion with the surface receptors promotes penetration— transfer of the
viral genome and structural proteins into the host cell cytoplasm. Viruses have different ways
of overcoming the first barrier - the plasma membrane - and being transported towards the
replication compartment. Herpesviruses, retroviruses, and paramyxoviruses, can fuse with the
plasma membrane, and thus do not require endocytosis for productive infection [9-12].
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Figure 1.1. Virus entry and types of endocytic entry. a) Types of virus entry (copied
with permission from Marsh 2006). Numerous steps have to be undertaken in order for the virus
to overcome cellular barriers and deliver its genetic material to the nucleus. First, the virus has
to attach to the cell surface, this is usually done through nonspecific charge mechanisms. The
virus then moves laterally on the surface of the cell until it can interact with cellular receptors
and, at this step, the virus can activate intracellular signaling to facilitate its own internalization
and intracellular transport. b) Types of endocytic mechanisms used for virus entry (copied from
Marsh 2006). Clathrin-mediated endocytosis is the most frequently used mechanism for virus
entry. Caveolar endocytosis is used by polyomaviruses and depends on caveolin and lipid raft
formation. Caveolin-independent lipid raft endocytosis and nonclathrin, noncaveolin
mechanisms have similarities to macropinocytosis.



When the capsid of the virus is inside the appropriate host cell, it needs to be
transported to the proper compartment for replication to take place. Viruses rely on the cellular
transport system to reach the replication or uncoating compartments, since passive diffusion
in the context of the animal cell is an ineffective mode of transportation [13—-17]. Loss of
structural proteins, environmental cues, or conformational changes facilitate the uncoating of
the viral genome. For replication of most DNA viruses, the viral genome is imported into the
nucleus, or transported to a cytoplasmic viral replication site. For herpesviruses, the viral
capsid attaches to the nuclear pore complex (NPC) and extrudes the genome into the nucleus,
Ieavmg the empty_capS|d in contact with the NPC.

Figure 1.2. Intracellular transport of herpesviruses. a) Drawing representing herpesvirus
nucleocapsid transported along the microtubule by the dynein motor proteins (copied with
permission from Lyman 2009). b) Electron micrograph of HSV-1 infected Vero cell (1 HPI, MOI
= 500) (copied with permission from Sodeik 1997) labeled with primary anti-tubulin rabbit
antibodies, and secondary anti-rabbit gold-labeled antibodies. Icosahedral, electronically dense
nucleocapsids are visualized alongside the microtubules (MT) (filled arrow). c) Electron
micrograph of HSV-1nucleocapsid (filled arrow) that has lost its electronically dense DNA core
at the periphery of the nuclear envelope (NE), surrounding the nucleocapsid is tegument protein
(arrow heads) (copied with permission from Sodeik 1997). Bars are 100nm.

1.2  Taxonomy of Herpesviruses

Herpesviridae is a large family of linear double-stranded DNA viruses belonging to
order Herpesvirales. Members of Herpesviridae have been found to infect wide range of
vertebrates and invertebrate species. Based on the genomic organization and host range
Herpesviruses are divided into three families: Alloherpesviridae, Herpesviridae, and
Malacoherpesviridae. Members of the Herpesviridae are classified into three subfamilies:
Alpha-, Beta-, and Gammaherpesvirinae. Alphaherpesviruses EHV-1 and EHV-4 are members
of genus Varicellovirus and have a high degree of genetic similarity [18,19].

1.3  Binding and signaling

Viral particles of herpesviruses are complex structures comprised of a lipid-based
envelope that contains glycoproteins, tegument, and nucleocapsid. Nucleocapsid is a
proteinaceous icosahedral structure that encases linear double-stranded DNA. Attachment of
EHV-1 and EHV-4 to cells is a charge-based process facilitated by interactions between
surface glycoproteins (gC and gB) and surface heparan sulfate proteoglycans (HSPG)[7,20]
similar to other Alphaherpesviruses [21,22]. gC and gB are presumably interacting through
their positively charged domains with the negatively charged HS. gD then interacts with MHC-
1 and promotes fusion at the plasma membrane [23-25]. In the case of EHV-1, interaction of
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gH/gL complex with o431 integrin triggers fusion at the plasma membrane [26]. Interaction
between EHV-1 gH and a41 integrin on the surface of equine epithelial cells induces influx of
cytosolic Ca?* and subsequently activates phospholipase C (PLC) and inositol 1,4,5-
trisphosphate (InsP3) pathway, and phospholipid scramblase that results in non-directional
redistribution of the phospholipids comprising plasma membrane, ultimately leading to
phosphatidylserine (PS) exposure on the outer leaflet of the plasma membrane [27]. The ability
to induce influx of cytosolic Ca?*is further localized to specific integrin-binding domain in EHV-
1 gH, thus EHV-1 gHS440A [28] (with mutation in the integrin binding motif) is not able to
induce Ca?* release and prevents fusion of the virus with the plasma membrane.

1.4 Small GTPases

Small GTPases are signaling proteins that can exist in GTP (activated) or GDP (not
activated) bound states [29]. Activation status of the small GTPases changes their
conformation and consequently their range of interaction with other proteins in the cell, thus
giving them the ability to transfer signals specific to the activation status [30]. Biochemically,
the function of small GTPases is to metabolize GTP into GDP, an action facilitated by GAPs
(GTPase-activating protein). GEFs (Guanine exchange factors) on the other hand facilitate the
release of GDP and binding to GTP [31].

The story of the discovery of small GTPases started in the 1960s, with the discovery of
oncogenic viruses in mice, Harvey MSV (murine sarcoma virus) and Kirsten MSV [32]. These
two viruses were found to contain sequences similar to cellular sequences [33,34] designated
as cellular hras or cellular kras. K-MSV and H-MSV contained hras and kras (Kirsten rat
sarcoma) genes, also known as transforming protein p21 due to its molecular weight [33,34],
and found to possess guanine nucleotide-binding activity [35]. In 1982 multiple p21
homologues genes were found in the human genome, high homology between c-kras, v-kras,
and the human analog implied important biological functions of these genes [36]. In 1983
expression of kras was shown in cells chemically transformed with 3-methylcholanthrene [37],
further suggesting that hras plays role in oncogenesis. The difference between normal and
oncogenic kras encoded p21 protein was localized to the 12" amino acid position when
sequences of kras were compared from carcinomas of different origin to non-carcinogenic
sequence [38]. An indication of the importance of GTPase activity of RAS proteins had come
with a 1984 study comparing rates of GTP hydrolysis between p21 protein cloned from normal
cells, and a tumorigenic variant of p21 [Vall2] [39]. The oncogene had significantly lower
GTPase hydrolysis rates, suggesting that GTP hydrolysis is what prevents the growth-
promoting effects of p21 proteins [39]. Later, with the advance of structural analysis, the
mechanism in which such mutation acts was discovered; mutation at position 12 prevents
interaction with the arginine finger of the GAP that is required for the cleavage between (3- and
y-phosphates of GTP [40], thus reducing GTPase function of the p21 protein. The first
GTPase-activating proteins (GAPSSs), proteins that accelerate hydrolysis of GTP by small
GTPases, were being identified and cloned in 1987 and 1988 [41,42]. At the same time,there
was growing body of evidence that mutations in kras were associated with oncogenesis in
humans [43,44]. With the solving of the Ras structure and a greater understanding of GTP
hydrolysis [45,46], discovery of ras-GEFs [47], identification of interaction partners such as
PI3K [48] and Raf-1 [49], and the realization that KRAS was essential not only for tumor
maintenance [50] but also for embryonic development [51,52], came the realization of the huge
variety of roles that small GTPase KRAS plays. Today, the Ras superfamily of small GTPases
includes over 150 known proteins in humans, and homologues are found in insects
(Drosophila), roundworms (C. elegans), yeasts (S. cerevisiae and S. pombe), Dictyostelium,
and plants [53]. The Ras superfamily is divided into 5 subfamilies based on sequence. They
all share conserved G box GDP/GTP-binding motif at the amino-terminus: G1, GXXXXGKS/T;
G2, T; G3, DXXGQ/HIT; G4, TINKXD; and G5, C/SAK/L/T, and together these elements
contribute to a conserved structure with a molecular weight around 20 kDa [54]. Small
GTPases have high affinity for GTP and GDP binding, and low GTP/GDP exchange and GDP
hydrolysis activities. The regulatory function of GAPs and GEFs is required to facilitate
exchange of GDP to GTP or GTP hydrolysis [54]. Additionally, small GTPases can undergo
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post-translational modifications such as farnesylation or palmitoylation due to sequences that
are recognized by farnesyltransferase and geranylgeranyltransferase type | which are present
at the carboxyl-terminus. Post-translational modifications are important for membrane
attachment and subcellular localization of the GTPases [55]. Rho GTPases are regulated by
GDI, GEF, and GAP [31,55]. GDI interacts with GDP bound GTPases, masking the prenyl that
is responsible for membrane attachment, thus increasing cytoplasmic accumulation of
GTPases[31,55]. The Rho (Ras homologous) family of small GTPases regulate actin
reorganization, cell cycle, gene expression, cell polarity, morphology, movement, intracellular
transport, cell-cell interactions, membrane remodeling, as well as endo- and exocytosis
[29,56-60].

GDP/GTP GTP

GEF exchange hydrolysis GAP

Figure 1.3. Regulation of GDP/GTP switch by GEFs, GAPs, and GDIs. (Copied with
permission from Cherflis and Zeghouf 2013). Small GTPase shown in red when GDP bound,
GDI (guanine dissociation inhibitor) keeps the complex stable, upon interaction with GEF GDP
is exchanged for GTP, which allows interaction with effector molecules. In order to hydrolyze
GTP, small GTPase needs to interact with GAP.
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Figure 1.4 Diversity of Ras superfamily GTPases Unrooted tree of human Ras superfamily
member (copied with permission from Colicelli 2004). Branches grouped by subfamilies and
designated by colored arcs: Ras -red, Rho -green, Ga -orange, Arf -yellow and Rab -blue. Role
of the small GTPases from Rho subfamily, in particular Cdc42, Racl, RhoA as week as HRas
from Ras subfamily will is examined in the current work.

Small GTPases have been described to play a role in viral-induced signaling [61—-66].
For example, it was shown that in infection with dengue virus, Racl activation levels are
reduced at the start of the infection and inactivation of Racl is essential for the entry of the
dengue virus in ECV304 and EAhy926 cells, since Racl is a negative regulator of clathrin-
dependent endocytosis used by dengue virus. Early dengue virus infection is negatively
regulated by the expression of RaclV12 a dominant negative form of Racl. While in later
stages of infection Racl is upregulated, expression of dengue virus E protein is sufficient to
induce activation of small GTPase Racland promote actin reorganization [65,66].
Furthermore, E protein colocalizes with cellular actin during infection and when E protein is
expressed by transfection [65,66]. Interestingly, in HMEC-1 cells Dengue virus activates both
Racl and Cdc42 upon virus binding, resulting in formation of filopodia and facilitating cell entry.
Disruption of Racl and Cdc42 signaling cascades via expression of dominant negative mutants
of the small GTPases hinders actin reorganization [67,68]. It was further discovered that the
signaling cascade required for effective Dengue virus replication that involves actin
reorganization and Rockl, Racl, Cdc42 is regulated via the PI3K/Akt [69]. Small GTPase
signaling in dengue virus infection remains to be examined further and presents an interesting
case where Dengue virus manipulates cellular GTPases in a time-dependent manner to better
suit different phases of the replication cycle.
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Small GTPases also play a role in the case of the gene and vaccine vector, Adeno-
Associated Virus Type 2 (AAV-2). AAV-2 attaches to heparan sulfate on the surface of host
cells [70], and uses aV[35 integrin as a coreceptor [71]. AAV-2 interaction with aV5 integrin is
required activation of Rac1l that is needed for virus endocytosis. If the aV5 integrin is blocked
by antibodies, or if the activation of Racl is prevented by the expression of the dominant
negative mutant, viral endocytosis is blocked. AAV-2-induced activation of the PI3K pathway
was found to temporally coincide with the activation of Racl[72]. Expression of dominant
negative Racl prevented PI3K activation, suggesting that for AAV-2 it is Racl that is
responsible for activation of PI3K [72]. Activation of PI3K is required for the nuclear transport
of AAV-2 along the microtubules, but not for endocytosis [72]. The particular examples of cell
signaling in AAV-2 and dengue virus infection highlight the complex and reciprocal nature of
signaling networks.

For influenza A virus, the small GTPase RhoA is activated downstream from virus-
induced Ca?* [61], and promotes oscillations in cytoplasmic Ca?* concentration, and mediates
signaling through PLC and PIP5K, which are required for both clathrin-mediated and clathrin-
independent endocytosis [61,73].

15  Lipids

Lipids are the main structural component of biological membranes. The property of
lipids to spontaneously form bilayers due to their amphiphilic nature is important for models
explaining the formation of protocell membranes. Lipids are recognized to have functions
ranging from structural functions, to energy storage and signaling [74,75]. In eukaryotic cells
lipids compartmentalize the intracellular space and are the interface of the cell with the
extracellular space. Thus, lipid membranes are one of the first barriers infectious agents need
to overcome during an infection [76]. The plasma membrane performs numerous functions,
being the interface between the intra- and extracellular space, receptors on the plasma
membrane coordinate uptake and internalization of solid particles and fluids through
mechanism of endocytosis [75,77]. Enveloped viruses have evolved mechanisms to utilize and
interact with plasma membrane. For example, a number of viruses have special membrane-
fusing proteins [11,12,78-80] or they can modify the plasma membrane of the host cell in order
to avoid immune response [81-83].

The virus envelope typically originates from the existing membranes of the host cell
and due to the functional importance of the outer lipid layer, enveloped viruses are generally
more susceptible to environmental factors such as heat, detergents, and desiccation [84]. On
the other hand among enveloped viruses there are more viral families that infect non cell-walled
hosts, while nonenveloped virus families are more prevalent in hosts whose cells are
surrounded by a cell wall [84], suggesting that there is an evolutionary advantage to having an
envelope in the infection of animals. Enveloped viruses require cell fusion to enter a host cell.
Cell-to-cell fusion is a process where viral proteins facilitate thermodynamically favorable
processes of membrane fusion by overcoming the hydration barrier responsible for the
repulsive force that becomes stronger with the closing in the distance between the surfaces of
the two membranes [85,86]. Viral proteins responsible for fusion typically only become
fusogenically active under strict conditions, to minimize premature fusion within the host cell if
virus production is already taking place or fusion with the non-susceptible cell types, since
fusion proteins can only facilitate one fusion event during which they undergo irreversible
conformational changes [87]. There are 3 structural classes of fusion proteins [88]. Class | has
influenzavirus hemagglutinin or Paramyxovirus F protein as models and is characterized by a
perpendicular orientation where the protein protrudes from the membrane surface membrane
as a spike, commonly with the N-terminus on the outside where the fusion peptide is located
[89]. The majority of its secondary structures consist of a—helices that form trimers, and the
changes to fusogenic form are activated by the low pH [89]. Semliki Forest virus E1/E2 and
Tick-borne encephalitis virus E1 proteins are examples of class Il fusion proteins. Unlike class
| proteins, class Il proteins are located parallelly, close to the viral membrane’s surface, and
the majority of their secondary structures are [3-sheets that oligomerizes in to dimer [4]. Both
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class | and Il fusion proteins require proteolytic processing of the fusion protein in the case of
class | and of accessory proteins in class Il [87]. The class Ill fusion protein is commonly
represented by gB of HSV-1, Varicella zoster virus G protein, and Ebolavirus GP [90]. The
main distinction of class Il fusion proteins is that they don’t require proteolytic processing or
priming prior to fusion [91-94]. Some authors classify proteins of nonenveloped reoviruses
fusion-associated small transmembrane (FAST) [90] into a fourth class of viral fusion proteins,
class 1V, as they are sufficient to cause cell to cell fusion, even though class IV is not essential
for the infection cycle [95].

Current models of the behavior of plasma membrane lipids predict that in addition to
freely diffusing through the membrane surface, they can also cluster into lipid rafts which are
important for apoptosis [76,96-98]. In general, apoptosis involves PS exposure on the
apoptotic cell that engages the PS receptor on a phagocyte, leading to endocytosis of the PS-
presenting cell. The phagocyte processes the engulfed cell and produces anti-inflammatory
cytokines to dampen innate immune responses [99,100]. Liposomes are a commonly used
model to study effects of the phospholipids. Liposomes can be formed artificially with the
desired size and composition of phospholipids. Liposomes could have an effect on viral
infection through various routes. For example, PS liposomes were shown to promote HIV-1
entry through integration of PS into the membrane of the host cells and restructuring of the
prefusion complex [101]. Liposomes could serve as vehicle to carry decoy interaction targets,
for example, polyethylenimine (PE) inhibition of HSV-2 infection was significantly increased
when PE was mixed with the liposomes that have no effect on viral infection when used alone
[102]. Liposomes can nonspecifically interfere with viral infection through adherence to the cell
surface, and thus limiting binding sites for the virus [103].

1.6  Aims of the study

Previous studies have shown that for EHV-1 fusion of the viral envelope with the plasma
membrane, interaction of EHV-1 gH with cellular a431 integrins is required. The interaction
between gH and a4i31 results in rapid influx of cytosolic Ca?* and PS scrambling [27]. Alteration
of the plasma membrane composition can play a role in facilitating fusion at the plasma
membrane, while increases in cytosolic Ca?* has been described as the event triggering signal
transduction involving small GTPases [57,61,96,104,105]. The exact role and effects of
signaling downstream from the gH-a431 interaction are unknown. In this research my focus
was to examine the role that small GTPases play in the EHV-1 infection, and how PS or other
lipids can interact with EHV-1 and facilitate virus entry through comparisons between EHV-1
and EHV-4 infections.
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2.1  Abstract

Exposure of phosphatidylserine (PS) in the outer leaflet of the plasma
membrane is induced by infection with several members of the Alphaherpesvirinae
subfamily. There is evidence that PS is used by the equine herpesvirus type 1 (EHV-1) during
entry, but the exact role of PS and other phospholipids in the entry process remains unknown.
Here, we investigated the interaction of differently charged phospholipids with virus particles
and determined their influence on infection. Our data show that liposomes containing
negatively charged PS or positively charged DOTAP [N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-
trimethylammonium)] inhibited EHV-1 infection, while neutral phosphatidylcholine (PC) had no
effect. Inhibition of infection with PS was transient, decreased with time, and was dose
dependent. Our findings indicate that both cationic and anionic phospholipids can interact with
the virus and reduce infectivity, while, presumably, acting through different mechanisms.
Charged phospholipids were found to have antiviral effects and can may be used to inhibit
EHV-1 infection.

16


https://doi.org/10.3390/pathogens9050359

2.2 Importance

Cell entry is one of the first steps in virus infection of the target cell. Equid herpesvirus
type 1 (EHV-1) is an important pathogen affecting equids worldwide. EHV-1 binding to cellular
receptors involves activation of phospholipid scramblase and subsequent exposure of the PS
on the outer leaflet of the plasma membrane. Application of phospholipids can change the
outcome of infection, and understanding the mechanism and factors involved in this step may
lead to improved control of infection.

2.3 Introduction

Phospholipids have been shown to be necessary for enveloped viruses to promote
infection. Phosphatidylserine (PS) is used as a receptor by different viruses [1,2]. Recently, it
was shown that PS exposure on cell surface occurs shortly after equine herpesvirus type 1
(EHV-1) contacts the cell [3]. Similar findings for another alphaherpesvirus, herpes simplex
virus type 1 (HSV-1), were reported [4]. Exogenous PS and the anionic lipid
phosphatidylglycerol facilitate cell-to-cell fusion of cells expressing human immunodeficiency
virus 1 (HIV-1) proteins. This led to the conclusion that specific interactions can occur between
virus particles and cellular phospholipids [5]. Here, we investigated the role of PS as well as
other phospholipids during virus infection. Furthermore, we assessed the specificity of the
interaction between EHV-1 and differentially charged phospholipids. To this end, we used small
unilamellar vesicles (SUV) composed of exogenous lipids that have different charges: (i)
negatively charged PS; (ii) positively charged DOTAP [N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-
trimethylammonium)]; or (iii) neutral phosphatidylcholine (PC). We investigated the interaction
between virus particles and the different phospholipids by means of surface plasmon
resonance (SPR) and visualized virus interaction with giant unilamellar vesicles (GUV) or large
unilamellar vesicles (LUV) via confocal microscopy.

2.4  Results
2.4.1 DOTAP and PS liposomes inhibit viral infection

Three types of lipids were tested: positively charged DOTAP, negatively charged PS,
and neutral PC. Equine dermal (ED) cells were treated with SUVs containing PS, PC or
DOTAP:PC (1:1) at a concentration of 200 uM or 300 uM for 3 hours prior to infection with
EHV-1. ED cells infected without previous SUV treatment were used as a control. Positively
and negatively charged DOTAP and PS lipids significantly inhibited EHV-1 infection (Figure
1A). In contrast, neutral PC SUVs had no effect on virus infection. At a concentration of 300
MM of all lipid preparations, none of the SUVs significantly affected cell viability after a 24 hour
incubation period (Figure 1C).

In another experiment, ED cells were incubated with 300 uM PS SUVs for different
times (0, 1, 2, or 3 hours) and then infected with EHV-1 for 24 hours. At all time points, virus
infection was significantly inhibited in the presence of PS (Figure 1B). The dataset termed “3H
transient” represents the treatment of ED cells with 300 uM PS SUVs for 3 hours, before the
SUVs were removed by 3 consecutive washes with PBS and addition of EHV-1 to the cells at
an MOI of 0.1. Interestingly, there was no inhibition of virus infection in the absence of PS,
indicating that the inhibitory effect of PS is transient and only effective if PS liposomes are
present at the time of virus exposure (Figure 1B). Longer incubation of cells with PS rescued
EHV-1 infectivity, although at significantly lower levels when compared with that in non-treated
cells (Figure 1B). It is worth mentioning that EHV-4, a close relative to EHV-1, was also
inhibited in a similar fashion (data not shown).
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Figure 2.1. Phospholipids inhibit EHV-1 infection. (A) Effects of lipid concentration on
EHV-1 infection. ED cells were treated with 200 yM or 300 uM of SUVs (PS, DOTAP:PC 1:1, or
PC SUVs) for 3 hours and infected with EHV-1 at an MOI of 0.1. GFP expression at 24 hours
post infection was measured by FACS. (B) ED cells were treated with 300 uM of PS SUVs for
different times (0; Premix Virus-Liposomes, 1, 2, or 3 hours) and then infected with EHV-1 at
MOI of 0.1. GFP expression at 24 hours post infection was measured by FACS. Control: cells
infected with viruses without previous treatment with lipids. 3H Transient: SUVs were removed
by washing the cells 3 times with PBS before infection. (C) Cell viability assay, cells were treated
with SUVs composed of PS, DOTAP:PC (1:1) or PC lipids for 24 hours. Mock-treated cells and
cells treated with H202 (30%) were used as the 100% and 0% viability controls, respectively. No
significant differences between treatment groups and mock control were found. p < 0.05,
Kolmogorov-Smirnov normality test followed by One Way ANOVA with Dunnett's multiple
comparison test. Asterisks indicate a significant difference of lipid-treated to the control non-
treated cells.

2.4.2 Interaction of viral particles with phospholipids.

Fluorescently (Cy 5.5 PE)-labeled LUVs composed of three different lipids (PS, PC, or
DOTAP:PC 1:1) were mixed with EHV-1-RFP at an MOI of 5 and added to ED cells. The cells
were incubated for 1 hour on ice to allow virus binding without internalization. Cells were fixed
with 4% PFA and visualized with a confocal microscope. Viral particles (all of the 103 virus
particles counted blindly on 10 cells) were found to significantly colocalized with DOTAP LUVs
when compared to PS LUVs (P value < 0.00001; Fisher’s exact test). Colocalization was much
less frequently observed with PS (27 out 105 virus particles counted blindly in 13 cells) or PC
(4 out of 108 virus particles counted blindly in 17 cells) LUVs (Figure 2A).

Under cell-free conditions, fluorescent confocal microscopy was used to quantify the
specific binding between RFP-labeled EHV-1 and GUVs of different composition: PC, PC:PS
(1:1) or DOTAP:PC (1:1) (Figure 2B); GUVs composed entirely of DOTAP or PS could not be
obtained at high enough yield. Mean fluorescence intensity was measured in 15-21 vesicles
for each lipid composition in two independent experiments. Our data showed that EHV-1 bound
more tightly to DOTAP:PC (1:1) GUVs when compared to PS:PC (1:1) and PC GUVs (Figure
2B and C). Additionally, surface plasmon resonance (SPR) was used to detect binding
dynamics of viral particles to PS, PC or DOTAP lipids (Figure 2D). A lipid monolayer was
formed, and purified virus was injected until an equilibrium was reached. In the case of PC,
binding was very low (ca. 400 + 100 RU, n=2) and equilibrium was reached after around 10
min. Binding of the virus to PS monolayers was intermediate (ca. 3,500 + 800 RU, n=4), but
should only be considered an estimate, since no clear equilibrium was observed even after 40
minutes. Binding to DOTAP reached an equilibrium within the injection time and was quantified
at approximately 7,000 = 500 RU (n=2).

18



A)

EHV-1 RFP Merge B)

PS
DOTAP
PC
C) EHV-1 binding interactions
with phospholipids Virus
Dissociation

2.5

92000 :
¥
> DOTAP lipids

IS
)

EEE Y

8000

7000

w
1

6000

5000 Virus

Inject.
4000

SPR response (RU)

|
|
|
|
|
|
|

Mean fluorescence
intensity (a.u.)
e

Y
1

3000 .
— > PS lipids
2000

}

-~
1000 +~ " PC lipids
SR
N

0

500 1000 1500 2000 2500
Time (seconds)

Figure 2.2. Virus interaction with phospholipids. (A) EHV-1-RFP (MOI = 5) was mixed
with fluorescently labeled large unilamellar vesicles (LUVSs) of PS, PC or DOTAP:PC (1:1). The
mixture was applied to ED cells that were incubated for 1 hour on ice. Green: pseudocolored
fluorescently labeled LUVs; Red: RFP-labeled viruses; Blue: DAPI stained nucleus. Merge
panels: dotted lines represent the boundaries of cells. Scale bar = 10 ym. (B) Binding of EHV-
1-RFP to GUVs. Pictures of GUVs made of PS:PC (1:1), DOTAP:PC (1:1), PC with bound RFP-
labeled virus. Scale bars indicate 10 um. (C) Quantification of the average signal in 15-21 GUVs
from two independent experiments for each lipid compositions: PC, PC:PS (1:1) or DOTAP:PC
(1:1). *™**p < 0.0001 (One Way ANOVA with Dunnet’s test was used to correct for multiple
comparisons). (D) Surface plasmon resonance (SPR) analysis of EHV-1 interactions with model
membrane composed of neutral, cationic or anionic phospholipids. Representative sensorgrams
after curve alignment show the virus association to the immobilized lipid monolayer composed
of DOTAP 100 mol%, PC 100 mol% or PS 100 mol%. RU: corrected SPR response unit.

Discussion

We report here that PS and DOTAP inhibit the infection of ED cells by EHV-1. The
inhibition is immediate, reversible, and dose-dependent. Previously, we showed that EHV-1
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facilitates scramblase-dependent exposure of PS on the outer leaflet of the plasma membrane,
suggesting that there is a specific, yet unknown, role for PS in fusion with the plasma
membrane [3]. Thus, we surmised that integration of external PS would promote fusion and
enhance the infection process [5]. Contrary to our expectations, we found that EHV-1 infection
was reduced in the presence of PS.

The hypothesis that PS liposomes are blocking the infection after integration into the
plasma membrane of the target cell, as was described for HIV before [5], was not supported
by our data, because (i) there was no significant change in virus inhibition with increase in
duration of incubation times; (ii) significant inhibition was observed immediately after addition
(0 hour time point); (iii) removal of PS liposomes prior to infection rescued virus infection. From
our results we concluded that the mechanism of virus entry, although appearing similar, is
distinct between HIV and herpesviruses.

Higher concentration of PS resulted in more pronounced reduction of infection. EHV-1
induces localized PS exposure during the early stages of infection [3] and, presumably, viral
particles have the capacity to bind to PS to facilitate membrane fusion. Possibly, addition of
external PS may transiently bind to the viral particles and thus reduce infectivity. When media
containing PS was removed, cells regained susceptibility to infection independently of previous
exposure to PS. We surmise that free PS liposomes in media are interfering specifically with
the process of virus-cell interaction (binding) with EHV-1. It is likely that EHV-1 envelope
glycoproteins, like those of other viruses, feature a phospholipid (PS)-binding domain that
enables virus binding to different phospholipids of the plasma membrane to facilitate entry
[3,6,7]. Addition of exogenous PS can interact with herpesviral glycoproteins, particularly gH/gL
and gB, and block virus entry as was described for other viruses [6]. On the other hand, it is
possible that PS is redistributing the charges on the cell surface in a fashion that makes the
initial contact between virus particles and cell surface proteoglycans containing heparan sulfate
less likely, thus reducing the probability of virus entry. However, the exact mechanism of how
PS is blocking the infection needs to be investigated.

Our confocal microscopy and SPR data both confirmed that PS interact with EHV-1.
Although the microscopy data did not show strong interaction between PS and virus patrticles,
the SPR data indicated a stronger interaction as compared to neutral liposomes (PC). It
became clear in our study that SPR analysis is more sensitive than microscopic examination.
It can detect binding of small amounts of phospholipids from exosomes, cell debris or other
impurities from the virus purification process that could interact with virus particles, but remains
undetected by confocal microscopy. This approach is complementary to confocal microscopy,
which is more specific since it relies on labeled viral and lipid patrticles.

Our data provides evidence of virus interaction with DOTAP, as is the case with PS.
Both the SPR and confocal microscopy results showed that interaction of EHV-1 with the
cationic DOTAP is stronger than that with PS, whereas there is no interaction with PC.
Positively charged DOTAP also had an inhibitory effect on EHV-1 infection. However, unlike in
the case of PS lipids, the strong interaction between DOTAP and virus particles (Figure 2) can
be explained by the negative charge of the virus particle that can attract cationic DOTAP
vesicles. The strong liposome-virus interaction in turn leads to a reduction of infection through
preventing virus from interacting with its cognate cellular receptors. The electrostatic
interaction (of DOTAP with EHV-1) is in-line with the data describing that herpesviruses
possess a hegative overall charge [8], probably due to anionic lipids present in the envelope
and to the protein’s net charges and glycans, which carry charged carboxy- or sulfate groups.
Zwitterionic lipid PC, on the other hand, showed no binding with EHV-1, and had no effect on
infection.

Strong inhibitory effect of DOTAP and PS that was observed in-vitro, could point further
investigation into the biophysical interaction between virus and the cell and would improve our
understanding of infection process. Furthermore, as phospholipids are important for the entry
of several viruses, they might have a great potential as antiviral agents.
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2.6 Materials and Methods
26.1 Viruses and Cells

Equine herpesvirus type 1 strain RacL11 EHV-1-RFP [9] with a red fluorescent protein
(RFP) fused to the small capsid protein VP26 [3] was used in this study. The virus further
expresses the enhanced green fluorescent protein (eGFP) for efficient identification of infected
cells. The virus was grown on primary equine dermal (ED) cells (CCLV-RIE 1222, Federal
Research Institute for Animal health, Germany) as described before [3]. The cells were
propagated in Isocove’s Liquid Medium with stable glutamine (Pan - Biotech GmbH)
supplemented with 20% fetal calf serum (Pan - Biotech GmbH), 0.5% penicillin (Roth), 0.5%
streptomycin (Alfa Aesar), 1% sodium pyruvate 100 mM (Pan - Biotech GmbH) and 1%
nonessential amino acids (Merck KGaA). For microscopy experiments, virus was purified by
ultracentrifugation over a 30% sucrose solution followed by sucrose step gradient
ultracentrifugation exactly as described before [10].

2.6.2 Phospholipids

Phosphatidylserine  (PS; 1,2-dioleoyl-sn-glycero-3-phospho-L-serine;  number:
840035), phosphatidylcholine (PC; 1,2-dioleoyl-sn-glycero-3- phosphocholine; number:
850375), and DOTAP (1,2-dioleoyl-3-trimethylammonium-propane; number: 890890) were
purchased from Avanti Polar Lipids, USA. Multilamellar vesicles (MLVs) were prepared at
concentration of 1 mM. Lipid stock was dissolved in ultrapure chloroform (Sigma Aldrich,
Germany) in a glass vial. The solvent was evaporated under gentle flow of nitrogen and lipids
were kept in a desiccator with calcium chloride overnight. The dry lipid film was resuspended
in phosphate-buffered saline (PBS) with at least 2 hours of shaking at 200 rpm at room
temperature. The resulting opaque 1 mM MLV solution was stored at -80°C. Large unilamellar
vesicles (LUVs) were generated via extrusion through a polycarbonate membrane with 0.1 um
pore size. The extruder setup consisted of two syringes and the extruder itself, all held together
by a holding block (Avanti Polar Lipids, USA). Extrusion was performed at a constant
temperature of 37°C, and LUVs were stored at 4°C for up to 3 days. The mixture of MLVs was
passed through the membrane 31 times to ensure homogeneous LUV size. Small unilamellar
vesicles (SUVs) were produced through ultrasonication of MLVs in 1.5 ml tubes at room
temperature, with ultrasonic frequency: 35 kHz, ultrasonic peak output: 320 W, in a Sonorex
Super RK100 (Bandelin, Germany). Ultrasonication was carried out in two 15-minutes steps,
with vortexing in between. SUVs and LUVs used throughout this study were composed of either
100 mol% PS, 100 mol% PC or 1:1 DOTAP:PC. All SUVs and LUVs were labeled via addition
of DHPE, Oregon Green™ 488 (1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine,
Thermo Fisher Scientific, USA-IL, Rockfeld) and 18:0 Cy5.5 PE1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-(Cyanine 5.5) (Avanti Polar Lipids, USA). During the preparation
process, a final concentration of 0.01 to 0.05 mol% was used for both fluorescent lipids. All
lipid preparations were tested for their possible cytotoxic effects on cells using WST-1 cell
proliferation assay kit (Cayman chemical, USA) [11,12].

Giant unilamellar vesicles (GUVs) were produced through electroformation [13]. Briefly,
a lipid solution in organic solvent with the desired lipid components was dried on indium tin
oxide (ITO) coated glass slides. After evaporation of the solvent, a swelling solution of 150 mM
sucrose was carefully added. The two ITO slides were separated by a 3-mm thick Teflon
spacer. An alternating current (AC) with a 10 Hz sine wave, and electric potential difference of
0.5 V was applied for the first 30 minutes, following by 1.0 V for 30 minutes and 1.6 V for 30
minutes. The resulting GUVs were assessed via confocal microscopy. In order to increase the
yield of the electroformation process, PS-containing GUVs were prepared with a composition
of 1:1 PS:PC (rather than 100% PS, as used for SUVs or LUVS).

2.6.3 Flow cytometry

Approximately 30,000 cells were treated with freshly prepared SUVs of the appropriate
lipids (PS, PC, or DOTAP:PC 1:1; 300 puM), and incubated for different periods (0, 1, 2, and 3
hours) at 37C° and 5% CO.. Afterwards, cells were infected in the presence of SUVs with EHV-
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1 at a multiplicity of infection (MOI) of 0.1. At the 0 time point (Premix Virus-Liposomes), lipids
were mixed with viruses and immediately added to the cells. Mock-treated cells (i.e. cells
without addition of lipids) were infected with EHV-1 and used as positive controls. In another
experiment, cells were incubated with different concentrations, 200 uM or 300 pM, of lipids
(PS, PC, or DOTAP:PC 1:1) for 3 hours before infection with EHV-1 (MOI = 0.1). Twenty-four
hours post infection, 10,000 cells were analyzed using CytoFLEX S (Beckman Coulter,
Germany). The subset of GFP positive cells among viable population was considered infected.
The percent of GFP-positive cells in the mock-treated group was set to 100%.

2.6.4 Surface plasmon resonance

This experiment was performed on a SPR GE Biacore J Biomolecular Interaction
Analyser instrument (Uppsala, Sweden) using a lipid-coated HPP sensor chip (XanTec
bioanalytics GmbH) prepared according to the protocol provided by the chip vendor. All
solutions were freshly prepared, degassed, and filtered through 0.22 um-pore filters and
measurements were performed at 24 °C in PBS (pH 7.4). Prior to use, the surface of the HPP
chip was cleaned by an injection of the nonionic detergent N-octyl B-d-glucopyranoside (100
pl, 40 mM) at low flow setting. PS (100 mol%), PC (100 mol%) and DOTAP (100 mol%)
liposomes (1 mM) were injected as required over the surface of the HHP sensor chip for 60
minutes. Note that DOTAP and PS liposomes did not contain PC, for all SPR experiments, in
order to avoid uncertainties regarding the actual final composition of the lipid monolayer. One
of the two available chip channels (flow cells) was incubated in all experiment with PS vesicles.
The second channel was treated with either PC or DOTAP vesicles. Then, NaOH (200 pl, 20
mM) was injected several times until producing a stable baseline with a signal ranging from
2500 to 3200 resonance units (RU), compatible with the presence of a stable lipid monolayer
in both channels. EHV-1 was injected simultaneously over the lipid monolayers in both
channels and virus binding was monitored for up to 40 minutes, to provide sufficient time for
the association phase to reach saturation equilibrium levels (Req) [14]. The dissociation phase
was monitored for 5 minutes. Each lipid composition was analyzed in independent duplicates
(n=2 for DOTAP and PC, n=4 for PS).

2.6.5 Microscopy

Confocal laser scanning microscopy was conducted with Nikon Eclipse Ti Visitron
microscope (Visitron Systems GmbH, Germany) to visualize the colocalization of LUVs with
RFP-labeled viruses. A 100x oil immersion objective was used in combination with an EMCCD
camera and the VisiVIEW imaging software (Visitron Systems GmbH, Germany). Twenty-four
hours before the experiment, 2,000 ED cells were plated in a p-Slide 8-well (ibidi, USA). On
the day of experiment, cells were incubated with a mixture of EHV-1-RFP (MOI of 5) and
fluorescently labeled LUVs of PS, PC, or DOTAP:PC 1:1 (300 puM) for 1 hour on ice. Cells were
fixed with 4% paraformaldehyde (PFA), visualized under the microscope, and virus particles
(RFP-labeled) were counted as colocalized if the visible portion of the point spread function of
the signals were overlapping. The experiment was conducted blindly three independent times.

GUVs were observed with a Zeiss LSM780 system (Carl Zeiss, Oberkochen, Germany)
using a 40x%, 1.2 numerical aperture water-immersion objective. A fresh suspension of GUVs
(either PS:PC 1:1, PC, or DOTAP:PC 1:1) was released from the ITO slide and transferred to
imaging chambers. EHV-1-RFP virus was added to allow the interaction with the GUVs. The
mixture was incubated at room temperature for at least 20 min prior to imaging. Fluorescence
intensities values corresponding to the EHV-1-RFP bound to the GUVs membrane were
guantified using Zen Black Software (Carl Zeiss). The vesicles were outlined manually (drawing
two circles delimiting the membrane).

2.6.6 Statistical analysis

Experiments were performed in triplicate, unless specified otherwise. Image analysis
was performed in a blinded fashion. One-way ANOVA was performed using GraphPad Prism
(GraphPad Software, USA). The mean of each treatment groups was compared to the mean
of the control group. The Dunnet’s test was used to correct for multiple comparisons. Fisher’s
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exact test was used to compare colocalization of virus particles with DOTAP compared to PS.
Values of p<0.05 are considered significant.
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Chapter 3

Equine alphaherpesviruses require activation of the small GTPases Rac1 and
Cdc42 for intracellular transport
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3.1 Abstract

Viruses utilize host cell signaling to facilitate productive infection. Equine herpesvirus
type 1 (EHV-1) has been shown to activate Ca2+ release and phospholipase C upon contact
with a4B1 integrins on the cell surface. Signaling molecules, including small GTPases, have
been shown to be activated downstream of Ca?+ release, and modulate virus entry, membrane
remodeling and intracellular transport. In this study, we show that EHV-1 activates the small
GTPases Racl and Cdc42 during infection. The activation of Racl and Cdc42 is necessary
for virus-induced acetylation of tubulin, effective viral transport to the nucleus, and cell-to-cell
spread. We also show that inhibitors of Racl and Cdc42 did not block virus entry, but inhibited
overall virus infection. The Racl and Cdc42 signaling is presumably orthogonal to Ca?+
release, since Racl and Cdc42 inhibitors affected the infection of both EHV-1 and EHV-4,
which do not bind to integrins.
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3.2 Introduction

Cellular functions are governed by complex signaling networks, and regulation is
achieved by countless molecules, most of which are proteins [1]. Small GTPases are cellular
signaling proteins that hydrolyze GTP and transduce the signal by changing the dynamics of
interaction with other cellular proteins in the phosphorylated (GTP) or dephosphorylated (GDP)
bound states. The regulation of small GTPases is achieved by several factors, the most
important being guanine nucleotide exchange factor (GEFs), GTPase-activating proteins
(GAPs), and guanine nucleotide dissociation inhibitors (GDIs) [2]. The role of GEFs is to
promote release of GDP and allow the binding of GTP. GDIs play an opposite role, by
preventing GDP release from the small GTPase molecule. GAPs are responsible for activation
of GTP hydrolysis [3,4]. Additionally, other factors, such as cytoplasmic Ca2+, may facilitate
the activation of small GTPases, as is the case in lamellipodia formation by platelets [5]. Small
GTPases are understood to be in an active state when GTP is bound, and inactive when GDP
is bound [4]. The Rho family of small GTPases was first discovered through transcriptomic
screens, as they were overexpressed in cancer cells, and later described to play a role in a
number of important cellular processes, such as morphological changes, reorganization of the
cytoskeleton, cell cycle regulation, growth, motility, and adhesion [3,6]. The dysregulation of
small GTPases may lead to disease and cancerous transformation, abnormal patterns of
expression or mutations of GEFs; GDIs and GAPs are associated with different cancer types
[2,7-9]. Members of Rho family small GTPases, such as Racl and Cdc42, were described to
play roles in virus infection [10-12].

Viruses have evolved mechanisms to hijack cellular signaling, in order to facilitate
infection. The Alphaherpesvirinae subfamily includes many pathogens that are of great
importance to animal and human health, including equine herpesviruses 1 and 4 (EHV-1 and
EHV-4). Cell entry of the two closely related alphaherpesviruses EHV-1 and EHV-4 exhibits
differences, even though MHC class | molecules are the entry receptor for both [13,14].
Following receptor binding that is mediated by glycoprotein D (gD), EHV-1 gH binds to a431-
integrin and induces cellular signaling cascades, resulting in virus fusion with the plasma
membrane. The disruption of gH-a4f1-integrin interaction results in the inhibition of signaling
cascades and re-routing of the virus to a caveolin/raft-dependent endocytic pathway. On the
other hand, EHV-4 cannot interact with cell surface integrins, and enters equine cells through
the caveolin/raft-dependent endocytic pathway. In particular, EHV-1 is able to induce signal
transduction inside the infected cell that leads to the activation of phospholipase C, the release
of inositol triphosphate, Ca2+ release from endoplasmic reticulum, after interaction with a431-
integrins on the surface of the cells. This signaling cascade is necessary for fusion at the
plasma membrane [15]; however, the exact mechanism that facilitates virus entry is still
unknown. The investigation of cellular signaling may lead to better understanding of host-
pathogen interaction. Small GTPases were described to be activated downstream of Ca2+
release, and are involved in cellular processes such as cytoskeleton remodeling, membrane
fusion and intracellular transport. These properties make small GTPases a good candidate to
further investigate the signaling cascade induced by EHV-1 [16-18]. In the current study, we
tested the hypothesis that small GTPases play a role in EHV-1 infection, with assays based on
chemical inhibitors of small GTPases, cell-to-cell spread, and FRET biosensor GTPase
activation assays. We further identified specific steps of the infection process, at which Racl
and Cdc42 play a crucial role. We identified that Racl and Cdc42 small GTPases activation is
required for the intracellular transport of EHV-1 through the acetylation of microtubules.

3.3 Materials and Methods
3.3.1 Cells and Viruses

Equine dermal (ED) cells (CCLV-RIE 1222, FederalResearch Institute for
AnimalHealth, Germany)were cultivated in Iscove’s modified Dulbecco’s medium (IMDM)
(Invitrogen, Carlsbad, USA), supplemented with 20% fetal bovine serum (FBS; Pan - Biotech
GmbH, Aidenbach, Germany), 100 U/mL penicillin (Roth, Karlsruhe, Germany), 100 pug/mL
streptomycin (Alfa Aesar, Haverhill, USA), 1 mM sodium pyruvate (Pan - Biotech GmbH) and
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1x nonessential amino acids (Pan - Biotech GmbH). Human embryonic kidney (293T) cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Biochrom, Cambridge, UK),
and supplemented with 10% FBS (Pan - Biotech GmbH), 100 U/mL penicillin (Roth), and 100
pg/mL streptomycin (Alfa Aesar). Cells were grown at a temperature of 37 -C and a 5% CO;
atmosphere. EHV-1 strain RacL11 (L11-RFP), expressing red fluorescent protein (RFP), fused
to the small capsid protein VP26 [15], EHV-1 gH4 [19]—EHV-1 expressing gH from EHV-4 that
cannot bind to a4p1 integrins (L11-gH4), EHV-1 gHS440A [19] that harbors 3 amino acid
substitutions in the gH-integrin binding motif that renders the virus unable to bind to o431
integrins, and the EHV-4 strain TH20p [20] was used in this study. All viruses express the
enhanced green fluorescent protein (eGFP) for the rapid identification of infected cells. Viruses
were reconstituted by the transfection of 2 pg of bacterial artificial chromosome (BAC) DNA
into 293T cells using polyethylenimine (PEI; 408727, Sigma-Aldrich, St. Louis, MI, USA).
Viruses harvested form 293T cells were then passaged on ED cells. For all experiments, only
viruses grown on ED cells were used. For UV-inactivation, 150 uL of virus containing media
was placed in a 5-cm cell culture dish and exposed to 30 ss at a power setting of 600, using a
UV DNA crosslinker at 254 nm and 8 Watt UV tubes (Analytik Jena, Jena, Germany) [21]. Such
parameters were sufficient to efficiently inactivate an infectious virus, as determined by back
titration.

3.3.2 Inhibitors

RhoA Inhibitor | based on a purified C3 Transferase (dissolved in water; Cat. # CT04,
Cytoskeleton, Inc.), and a Rho/Rac/Cdc42 Activator | (dissolved in water; Cat. # CNO4,
Cytoskeleton, Inc.) were used at final concentrations of 2 ug/mL, following the manufacturer’s
instructions. Racl-specific inhibitor NSC 23766 (dissolved in water; ab142161, Abcam,
Cambridge, UK) and Cdc42 specific inhibitor ML-141 (dissolved in DMSO; ab145603, Abcam)
[22] were used at final concentrations of 100 uM and 80 uM, respectively. Stocks of ML-141
were dissolved in DMSO and the final concentration of DMSO in the media was 0.4% [23].
Target cells were serum-starved for 1 h and incubated for 3 h in the presence of inhibitors
before further treatment, unless otherwise specified.

3.3.3 Cytotoxicity assay

The cytotoxic effects of inhibitors at selected concentrations on ED cells were assessed
using the WTS-1 assay (Cayman Chemicals No. 10008883) after 24 and 48 h, as described
before [24,25]. In short, cells seeded in a 96-well plate were cultivated for 24 or 48 h at 37 -C
under a 5% CO, atmosphere in media, with the designated concentration of inhibitors.
Negative control consisted of cells without the addition of inhibitors. Cells treated for 30 s with
a 30% solution of hydrogen peroxide (Sigma No. H1009) were used as a positive control. Cells
were treated for 24 or 48 h with the inhibitors as specified above, before the WTS-1 reagent
was added to the media of each well and incubation for 2 more hours. Absorbance at 450 nm
was measured for each sample using a microplate reader (BioTek Instruments, Winooski, VT,
USA).

3.34 Flow Cytometry

ED cells were seeded in a 96-well plate, such that, on the day of the experiment, 2.5 x
104 cells were present in each well. On the day of the experiment, media were replaced with
media containing one of the chemical inhibitors, the Rho/Rac/Cdc42 Activator |, or regular
medium as a negative control. Cells were incubated for 3 h and then placed on ice for 10 min.
EHV-1, EHV-1 gH4, or EHV-1 gHS440A were added at a multiplicity of infection (MOI) of 1.
Cells were kept with the virus on ice for 1 h, to synchronize the infection, then cells were shifted
to 37 -C. After 1 h, cells were treated with ice-cold citrate buffer (pH 3) for 1.5 min, to neutralize
unpenetrated viruses [25], followed by 2 h incubation with fresh media that also contained the
inhibitors or the activator. At this point (in total: 3 h after the temperature shift) 10,000 cells
were analyzed for eGFP expression by flow cytometry (CytoFLEX, Beckman Coulter,
Pasadena, USA). Notably, eGFP expression in cells without inhibitor treatment was considered
the baseline of infection and set at 100%. Flow cytometry data was analyzed using the FlowJo
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software (FlowJo, LLC, Ashland, USA) to ensure gating consistency. Each treatment had 3
technical replicates per plate, and the complete experiment was repeated three independent
times.

335 Plaque assay

ED cells were grown in a 6-well plate (1 x 105 cells per well). ED cells were treated
with one of the chemical inhibitors, or mock-treated for 3 h. Cells were then placed on ice for
10 min and EHV-1, EHV-1 gH4, EHV-1 gHS440A, or EHV-4 were added at a titer of 100 PFU
(plaque forming unit) per well. Attachment was allowed for 1 h to synchronize the infection. To
promote virus penetration, cells were incubated at 37 -C for 60 min before they were subjected
to citrate treatment (see above) and overlaid with DMEM containing 0.5% methylcellulose in
the presence or absence of the inhibitors. Plagues were counted and diameter was measured
in a blinded fashion after 48 h of infection at 37 -C using inverted fluorescent microscope (Zeiss
Axiovert 100, Zeiss, Oberkochen, Germany), provided with a monochromatic camera (ZEISS
Axiocam 305 mono). All taken images were analyzed with Fiji image analysis software. Fifty or
all available (if less than 50) plaques were measured for each of the three independent
replicates. If no plaques (but only single infected cells) were found per run, plaque diameter
was considered to be equal to zero. Single infected cells were not considered plaques. The
average of the plaque diameter of each of the three repeats was used for statistical analysis.

3.3.6 Virus localization and immunofluorescence

To quantify and visualize virus localization, 1 x 104 ED cells were seeded on a
coverslip, in a 24-well plate. Cells were treated with each individual inhibitor, or mock-treated
for 3 h. Before addition of EHV-1, cells were placed on ice for 10 min and EHV-1 was added
at a MOI of 1. Virus attachment was allowed to proceed for 1 h on ice, followed by a
temperature shift to 37 -C and incubation for 30 min (virus-membrane localization setup), 3 h
(virus-endosome localization setup), or 6 h (virus-nucleus localization setup). After the given
incubation time, infected cells were fixed with 4% paraformaldehyde (PFA) and stained in one
of the three following ways. (i) To visualize the external leaflet of the plasma membrane, cells
fixed at 30 min after infection were stained with lectin-FITC conjugate (16441, Sigma-Aldrich).
(i) To examine virus colocalization with endosomes, ED cells were fixed at 3 h post infection
(HPI), permeabilized with permeabilization buffer (2% BSA, 0.2% Triton-X 100 in PBS) for 20
min, and stained for 1 h with polyclonal antibodies against LAMP1, EEAL, or caveolin-1
(ab24170, ab2900, ab2910, Abcam, respectively) diluted 1:200 in antibody-dilution buffer (2%
BSA, 0.1% Tween-20 in PBS). Secondary goat anti-rabbit IgG Alexa Fluor 647 (Abcam
ab150079) was diluted 1:2000 in antibody-dilution buffer and added to the cells. (iii) DAPI was
used to visualize the cell nucleus. The cells were examined with a confocal laser scanning
Nikon Eclipse Ti Visitron microscope (Visitron Systems GmbH, Puchheim, Germany). Images
were analyzed with VisiVIEW imaging software (Visitron Systems GmbH). Virus particles were
counted using ImageJ (NIH), according to the following strategy: (i) for the virus-membrane
localization setup, all virus particles on (or very close to) the cell membrane were considered
to be localizing with the cell membrane; (ii) for the virus-endosome localization setup, all virus
particles were considered to be colocalizing with the endosome or being spatially separated
from the endosomal markers; (iii) for the virus-nuclear localization setup, all virus particles
localized within the DAPI-stained nucleus were considered to exhibit nuclear localization. All
other virus particles that were present in the cells and did not fall within one of the 3-setups
were considered to localize to the cytoplasm. One-hundred virus particles were counted and
categorized manually in a blinded fashion, for each of the 3 independent replicates of the
experiments.

3.3.7 Ratiometric fluorescence resonance energy transfer (FRET)

ED cells were grown in an 8-Well p-Slide (Ibidi) and transfected with pRaichu-Racl1 or
pRaichu-Cdc42 plasmids [26,27], using a Xfect Single Shots transfection reagent (Clontech,
Mountain View, CA, USA). At 24-h after transfection, wells were analyzed with an inverted
fluorescent microscope (Zeiss) at 488 nm, to find which wells had been successfully
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transfected with the biosensors. Media was replaced with live cell imaging media (Gibco
21063029, Life Technologies, Carlsbad, CA, USA) without serum. Cells were placed on ice for
2 h, and then into a climate control chamber (37 -C, 80—-90% humidity, and 5% CO,) of the
Leica SP8 CLSM. Cells were allowed to equilibrate to the temperature and CO; concentration
of the chamber for 30 min. Cells were illuminated with Argon laser combined with AOBS beam
splitter and the 63x/1.4 HC PL APO CS2 oil immersion objective was used. The excitation
beam was tuned to a wavelength of 433 nm; the reporter wavelength was 457 for the donor
(CFP) and 527 for the acceptor (FRET) [26,27]. UV-inactivated EHV-1 was added to cells
during imaging at a MOI of 10, within the second minute of imaging. Both reporter and acceptor
emissions were recorded simultaneously with two gallium arsenide phosphide photomultiplier
(PMT) sensors. Cells were imaged with a frequency of 2 Hz, to reduce phototoxicity. Average
intensity for the region of interest (Raichu biosensor expressing ED cell) was measured for
each channel and time point, and the ratio of FRET/CFP was calculated and plotted as a
moving average of 20 points. The experiment was repeated 3 independent times for each
biosensor.

3.3.8 Immunoblotting

Immunoblotting was performed to quantify the proportion of acetylated tubulin [28]. On
the day of the experiment, 4 x 105 293T cells in a 12-well plate were serum-starved for 1 h.
Cells were treated with small GTPase inhibitors in DMEM for 3 h in a cell culture incubator.
The inhibitor-treated 293T cells were infected with EHV-1 at a MOI of 10, for 1 h and lysed on
ice as described before [29]. Paclitaxel (T7191 Sigma-Aldrich), a chemical inducer of
microtubule acetylation, was used as a positive control. Briefly, 293T cells were serum-starved
for 1 h, overlaid with serum-free DMEM containing Paclitaxel at a final concentration of 10 uM
for 1 h, and finally, lysed on ice. Cell lysis was achieved by heating the sample to 98 -C in
sodium dodecyl sulfate (SDS) sample loading buffer (1 M Tris-HCI (pH 6.8), 0.8% sodium
dodecyl sulfate (SDS), 40% glycerol, 0.2% B-mercaptoethanol, 0.02% bromophenol blue) for
10 min. A 12% SDS-polyacrylamide gel was used to separate the proteins based on their
molecular weight. Semi-dry transfer was used to transfer proteins to the polyvinylidene fluoride
(PVDF) membrane [30]. Immunoblot analysis was done with monoclonal anti-acetylated
tubulin 6-11B-1 antibodies (T7451, Sigma-Aldrich), at a dilution of 1:100. Total tubulin was
detected with polyclonal anti-tubulin a antibody (SAB4500087, Sigma-Aldrich) at a 1:500
dilution. Secondary anti-mouse and anti-rabbit HRP (ab97023, ab6721, Abcam, respectively)
conjugated antibodies were used at a 1:1000 dilution. Densitometry was done using ImageJ
(NIH), by measuring the intensity of all pixels comprising the band of interest [31]; the relative
density of the bands from each experiment was recorded.

3.3.9 Cell-to-cell fusion

Ten thousand ED cells were divided into two batches: the first was nucleofected with
luciferase-expressing plasmid pT7-EMC-Luc where luciferase is under control of the T7
promotor, while the second was nucleofected with T7-polymerase expressing plasmid
pCAGT?7 [32]. The nucleofection of ED cells was performed using cell line Nucleofector kit V
(Lonza, Basel, Switzerland) [33], following the manufacturer’s instructions. After 24 h of
incubation at 37 -C, cells that received the luciferase plasmid were infected with EHV-1 at a
MOI of 1 for 3 h, and then treated for 3 h with one of the small GTPase inhibitors. The cells
were washed with PBS, trypsinized, and mixed with the ED cells nucleofected with the T7
polymerase plasmid. Cells were incubated together for 24 h in the presence or absence of
inhibitors. All cells were lysed, and the luciferase activity was quantified using the Luciferase
Assay System (E1500, Promega, Madison, United States) and a microplate reader according
to the manufacturer’s protocol.

3.3.10 Statistical Analysis

Cell viability, plaque assays and flow-cytometry-based studies were analyzed with
GraphPad software. A one-way ANOVA analysis was done under the assumption of normal
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distribution. All values were compared to the control, and Duntett’'s correction for multiple
comparisons was used. Significance value was set to p = 0.05.
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3.4 Results
3.4.1 Cdc42 and Racl Inhibitors Reduce EHV-1 and EHV-4 Infection

We have shown previously that the binding of EHV-1, but not EHV-4, to cell surface
0431 integrins results in the release of cytosolic Ca2+, which is required for virus fusion with
the plasma membrane [15]. The mechanism of how cytosolic Ca2+ can facilitate the fusion of
the virus envelope with the plasma membrane is still unknown. Activation of small GTPases
was described to be downstream of Ca2+ release [16,34], and might play a role in virus entry
and subsequent transport within the cells. Therefore, we investigated the role of different small
GTPase in virus infection. ED cells were treated for 3 h with one of the small GTPase-specific
inhibitors NSC 23766 (Rac1l inhibitor), ML-141 (Cdc42 inhibitor), purified C3 transferase (RhoA
inhibitor) or the small GTPase Rho\Rac\Cdc42 activator. Cells were then infected in a
synchronized manner in the presence or absence of inhibitors or the activator. At three hours
post-infection (hpi), cells were analyzed by flow cytometry to determine the progress of
infection. In a three-hour infection assay, we observed a significant reduction of EHV-1, which
binds to a4p1 integrins, as well as EHV-1 gH4 or EHV-1 gHS440A (these two viruses cannot
bind to a4B1-integrin) infections after treatment of cells with Racl and Cdc42 inhibitors. The
infection of EHV-1 was significantly reduced in cells treated with Racl (~60%) and Cdc42
inhibitors (~40%) (Figure 1B). The inhibitory effect of Racl and Cdc42 inhibitors was more
pronounced in the case of EHV-1 gH4 and EHV-1 gHS440A, where it resulted in an ~80%
(Racl inhibitor) and ~95% (Cdc42 inhibitor) reduction of infection. The Rho\Rac\Cdc42
activator and RhoA inhibitors had no effect on EHV-1 infection; however, they significantly
reduced the infection (30-60% reduction) of EHV-1 gH4 and EHV-1 gHS440A, the two mutants
that cannot bind to integrins [19], (Figure 1C,D). EHV-4 was not suitable for such an assay,
due to the slow onset of eGFP expression that needed long incubation times to be expressed
at measurable levels. It is worth mentioning that neither the inhibitors nor the activator had any
toxic effect on the cells (Figure 1A).
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Figure 3.1. Cytotoxicity and inhibition of virus infection using GTPase inhibitors.
Inhibition of equine herpesvirus EHV-1 (A), EHV-1 gH4 (B), or EHV-1 gHS440A,; (C) infection in
the presence or absence of different inhibitors determined by flow cytometry. Equine dermal
(ED) cells were treated for three hours with small GTPase inhibitors or the activator as indicated
and infected at a multiplicity of infection (MOI) of 1. eGFP expression was used to determine
the percentage of infected cells relative to mock-treated cells. (D) Cytotoxicity assay (WST-1) in
ED cells for mock- and hydrogen peroxide-treated cells (as a negative and positive control,
respectively) as well as different GTPase inhibitors. Data are presented as means with standard
deviation (S.D.) of three independent experiments, and normalized to the mean of mock-treated
and infected cells. One-way ANOVA test followed by Dunnett's multiple comparisons test; *
p<0.05.

3.4.2 Small GTPases Facilitate Infection and Cell-to-Cell Spread

ED cells were treated with inhibitors for three hours before infection. The virus was
allowed to attach to cells for 1 h at 4°C, then the temperature was shifted to 37 °C to facilitate
virus entry for another hour. The cells were subjected to citrate treatment to eliminate all non-
penetrated virus particles. Later, cells were overlaid with DMEM, containing 0.5%
carboxymethyl cellulose in the presence or absence of inhibitors, until analysis at 48 hpi.
Treatment of cells with ML-141 (Cdc42 inhibitor) resulted in a significant reduction of EHV-1
plague formation (less than 3% of plaques; Figure 2 A). On the other hand, Racl or RhoA
inhibitors or the Rho\Rac\Cdc42 activator had no effect on plaque numbers (Figure 2A). Next,
we measured the diameter of plaques produced in the presence of small GTPase inhibitors.
The diameter was significantly reduced, and approximately 20% smaller in the presence of
RhoA and Racl inhibitors, or approximately 90% smaller in the presence of the Cdc42 inhibitor
(Figure 2E).

Similar to EHV-1, the number of plaques formed by EHV-1 gH4, EHV-1 gHS440A and
EHV-4 was significantly diminished by the Cdc42 inhibitor (Figure 2B-D). RhoA and Racl
inhibitors significantly reduced plaque numbers for EHV-1 gH4. While not statistically
significant, a similar trend was observed for EHV-1 gHS440A and EHV-4 (Figure 2B-D). The
diameter of plaques formed by EHV-1 gH4, EHV-1 gHS440A and EHV-4 was significantly
smaller in the presence of RhoA and Cdc42 inhibitors (Figure 2F-H). It is noteworthy that, after
using Cdc42 inhibitor, in particular, the number of plaques was significantly reduced; however,
we were able to analyze the diameter of all available plaques in each replicate (see Materials
and Methods). The Racl inhibitor resulted in a significant reduction of plague diameters in
EHV-1-derived mutants EHV-1 gH4, EHV-1 gHS440A, but not in EHV-4 (Figure 2F-H).

Absence of the inhibitors from the overlay media did not alter the picture of infection
compared to mock-treated cells (all viruses produced plaques that were similar in size and
numbers) (Figure 21, J). This result indicates that the observed inhibition of virus infections
requires the presence of inhibitors throughout the infection. We concluded from our data that
small GTPases are actively involved in the entry, but also at later steps of the virus infection
cycle.
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Figure 3.2. EHV-1 infection and cell-to-cell spread is influenced by small
GTPases. Plaque reduction assay of EHV-1 (A,E,I,J) , EHV-1 gH4 (B,F), EHV-1 gHS440A
(C,G) and EHV-4 (D,H) in ED cells following inhibition of small GTPases. ED cells treated for
three hours with inhibitors of small GTPases were infected with 100 PFU of the indicated virus
for one hour, and then subjected to citrate treatment, overlaid with media that was inhibitor-free
(1,3), or contained inhibitor (A-H) for 48 hours. The number of plaques (A-D, 1) was counted with
an inverted fluorescent microscope and plaque diameters (E-H, J) were measured using ImageJ
(NIH). Black circles “*” represent data obtained from each replicate. In case of plaque diameter
panels (F-H), each circle represents average plaque diameter of 50 plaques (or all available) in
a replicate; when there were no plaques (but only single infected cells) in a replicate, plaque
diameter was considered to be zero. Data are presented as means with S.D. of three
independent experiments and normalized to the mean of the control (virus infection without
treatment). One-way ANOVA test followed by Dunnett’s multiple comparisons test; * p<0.05.

3.4.3 EHV-1 Activates Small GTPases Racl and Cdc42

To get a direct measurement of the activation status of the small GTPases Racl and
Cdc42 during virus infection, a FRET-based system was employed. ED cells were transfected
with either the pRaichu-Racl- or pRaichu-Cdc42 FRET constructs. The expressed large
protein is a single polypeptide chain that consists of four domains: the YFP domain and CFP
domain at the termini, the Racl or Cdc42 GTPase domain, and the Ras-binding domain. The
Ras-binding domain can only bind to small GTPase domain in its active form, i.e., when it is
GTP bound. The interaction of the Ras-binding domain with the small GTPase domain results
in conformational changes in the whole protein when the small GTPase is active. This
interaction between the two central domains will then lead to conformational changes of the
protein, and bring the CFP and YFP domains into close proximity and allow for the FRET effect
to take place. We measured the activation of Racl and Cdc42 in ED cells in response to
exposure with UV-inactivated EHV-1, using the FRET-based biosensors. ED cells expressing
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the FRET biosensors were imaged with 2HZ frequency with two sensors, allowing for the
simultaneous collection of the signals emitted by donor (CFP) and FRET (YFP), with an
imaging duration of 20-25 minutes. At two minutes after the start of the imaging sequence, UV-
inactivated EHV-1 was added to the cells. The mean intensity for the region of interest was
measured, and the ratio of FRET/CFP was calculated and plotted as a moving average of 20
points. The measurement was repeated three times for each of the biosensors. We observed
the activation of both (Racl and Cdc42) small GTPases in cells shortly after exposure to EHV-
1 (Figure 3).

Raichu-Cdc42 FRET Raichu-Rac1 FRET Mock
o o o
4 & %
(WY P UYL et
0 200 400 &S00 800 1000 1200 0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time (seconds) Time (seconds) Time (seconds)

Figure 3.3. Small GTPase activation with ratiometric FRET in response to EHV-1
infection. Raichu-FRET biosensors were used to examine the activation status of small
GTPases. ED cells were transfected with pRaichu-Racl- or pRaichu-Cdc42-biosensor
expressing plasmids. Twenty-four hours after transfection, EHV-1 RFP was added to ED cells
and emissions of donor and acceptor was simultaneously measured and later analyzed. The
ratio of FRET/CFP (acceptor/donor) was calculated for the selected region of interest
(transfected cell) and plotted as a moving average of 20 frames.

3.4.4 Tracking of Virus Transport in Cells

The entry of EHV-1 into equine ED cells can either be through direct fusion with the
plasma membrane, or after interaction with the a4p1 integrins that induce a signaling cascade,
triggering the fusion process. Alternatively, if integrin binding is altered and the signaling
cascade abrogated, EHV-1 is redirected to the endosomal pathway [15]. Virus particles are
then transported inside the cell to the nucleus along microtubules [35], where replication takes
place. We investigated whether small GTPases play a role in the virus transport that might lead
to a reduction of infection, as seen in Figure 1. The transient effects of GTPase inhibitors on
EHV-1 infection (Figure 2) indicated that GTPases play a role at steps of infection after cell
entry. In a time-resolved fashion, we investigated three loci for the presence of virus particles
after infection: (i) the plasma membrane at 30 minutes post infection, (i) endosomes at three
hours post infection, and (iii) nucleus or cytoplasm at six hours post infection. ED cells were
treated with chemical inhibitors of small GTPases for three hours, then infected with EHV-1,
and fixed after 30 minutes, 3 or 6 hpi. One-hundred virus particles were counted manually in a
blinded fashion in three replicates for each setup. For the 30-minute setup, each particle was
counted as on cell borders (colocalized with the plasma membrane), as visualized by FITC-
labeled lectin. The treatment of cells with Cdc42 inhibitors resulted in a small, yet significant,
increase in the number of virus particles that were colocalized with the plasma membrane
when compared to mock-treated cells (Figure 4A). A decrease in colocalization with the plasma
membrane was determined after treatment of cells with Rho\Rac\Cdc42 Activator (Figure 4A).
We did not observe a change in nhumbers of plasma membrane-localizing viruses after
treatment with Racl or Rho inhibitors (Figure 4A). Additionally, we did not record any increase
in virus colocalization with endosomes, lysosomes, or caveolae at 3 hpi in inhibitor-treated cells
when compared to mock-treated cells (Figure 4C-E). We further investigated the efficiency of
virion delivery to the nucleus in the inhibitor-treated ED cells, by counting the number of virus
particles in the perinuclear zone and the cytoplasm. Both Cdc42 and Rac1 inhibitors resulted
in a significant delay of virus transport to the nucleus when compared to virus transport in
mock-treated cells: a significantly smaller number of virus particles reached the nucleus, and
the majority remained in the cytoplasm at 6 hpi (Figure 4B). Taken together, these findings
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indicated that the small GTPases, Cdc42 and Racl, play a role in the transport of the virus
particles to the cell nucleus.
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Figure 3.4. Effects of small GTPase inhibitors on virus transport. Inhibitor-treated
ED cells were infected with EHV-1 at a MOI of 1, fixed at 30 minutes, 3 or 6 hours after infection,
and stained in one of the following ways. (A) ED cells fixed at 30 minutes post infection were
stained with FITC-lectin, and the number of particles localizing with the plasma membrane was
counted manually. (B) At 6 hpi, ED cells were fixed and stained with DAPI. (C-E) Colocalization
of EHV-1 with endosomal markers in ED cells treated with inhibitors of the small GTPases
Cdc42 and Racl. Colocalization of EHV-1 with cellular compartments: cells were stained with
only DAPI at 6 hpi. Exemplary images following staining: (F) DAPI stain at 6 hpi. (G) FITC-lectin
30 minutes after infection, (H) anti-LAMP-1 antibodies 3 hpi, (I) anti-EEA-1 antibodies 3 hpi, (J)
or anti-caveolin antibodies 3 hpi. Scale bars represent 10 um. DAPI is pseudocolored blue, EHV-
1 particles as red, staining target (Lectin, LAMP-1, EEA-1, or Caveolin-1) as green. Data are
presented as means with S.D. of three independent experiments and normalized to the mean

(with S.D.) of the control (virus infection without inhibitor treatment). One-way ANOVA was
employed, followed by Dunnett’s multiple comparisons correction; * p<0.05.

3.4.5 Racl and Cdc42 Activation Is Required for EHV-1-Induced Tubulin
Acetylation

Alphaherpesviruses utilize microtubule transport to reach the nucleus [36]. EHV-1, in
particular, is transported by dynein motor proteins to the cell nucleus [28]. The acetylation of
lysine 40 (K40) is an important posttranslational modification of a-tubulin that stabilizes
microtubule structure [37—39] and increases dynein binding and motility [40]. EHV-1, as well
as HSV-1, were described to induce microtubule acetylation, as the inhibition of acetylation
resulted in reduced virus infectivity of both viruses [28,41]. To investigate whether small
GTPases play a role in microtubule acetylation, we treated cells with small GTPases inhibitors
prior to infection and determined tubulin acetylation levels with monoclonal antibodies by
immunoblot analysis. We confirmed that EHV-1 induces microtubule acetylation at 1 hpi in
293T cells, through a mechanism that might involve the activation of Racl and Cdc42. We
further found that both Racl and Cdc42 inhibitors significantly prevented the acetylation of the
a-tubulin when compared to EHV-1-infected cells (Figure 5).
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Figure 3.5. Tubulin acetylation by EHV-1 requires virus-activated GTPases. (A)
Human 293T cells were treated with inhibitors or mock-treated for 3 hours and infected for 60
minutes with EHV-1. Paclitaxel, a chemical inducing microtubule acetylation, was used to treat
cells for one hour as a positive control. Cell lysates were used for immunoblotting with anti-total
tubulin, and an antibody that is specific for acetylated tubulin. (B) Densitometry of the bands in
(A) was done using ImageJ. The experiment was repeated three times. Data are presented as
means with S.D. of three independent experiments and normalized to the mean (with S.D.) of
the control (EHV-1 virus infection without inhibitor treatment); One-way ANOVA test followed by
Dunnett’'s multiple comparisons correction (each sample vs EHV-1); * p<0.05.

3.4.6 EHV-1-Induced Cell-to-Cell Fusion Is Dependent on Racl and Cdc42
Activation

EHV-1 has the ability to trigger the fusion of infected with non-infected cells. The viral
glycoproteins gB, gD and gH/gL that are expressed in infected cells mediate cell-to-cell fusion
[42]. Small GTPases play a role in membrane remodeling, as well as the cytoskeletal
rearrangements in infected cells [43,44] that govern the cell motility and transport efficacy
inside the cell. To test whether small GTPases play a role in cell-to-cell fusion, luciferase-based
cell-to-cell fusion assays were performed. To investigate the role of small GTPases on cell-to-
cell fusion in an experimental infection set-up with chemical inhibitors, it was necessary to
establish similar levels of infections first, since we already know that small GTPase inhibitors
significantly reduce EHV-1 infection in ED cells. Thus, comparison of cell-to-cell fusion in a
group of cells that have different infection levels would produce biased results. With the
purpose of having inhibitor-treated cells with similar infection rates, we first infected ED cells
with EHV-1 for three hours, before the inhibitors were added for another three hours. Levels of
infection, as measured by eGFP expression at 6 hpi, were determined and showed no
influence of the inhibitors on infection rates; these conditions were chosen for the cell-to-cell
fusion assay. In this assay, two groups of ED cells were independently nucleofected with (i) a
plasmid vector encoding luciferase under the control of T7 promotor, and (ii) a plasmid vector
encoding T7 polymerase. In this experiment, the expression of luciferase will only occur in cells
that also express T7 polymerase protein. In other words, the levels of luciferase expressed are
functions of the number of cells that undergo cell-to-cell fusion. At 24 hours after nucleofection,
ED cells nucleofected with the luciferase carrying plasmid were infected with EHV-1 at a MOI
of 1 for 3 hours, and subsequently subjected to inhibitor treatment for another 3 hours.
Afterwards, the infected luciferase carrying cells and T7 polymerase-expressing uninfected
cells were gently detached, mixed, and incubated for 24 hours, in the presence or absence of
inhibitors. At 24 hours after mixing, cells were lysed, and the level of luciferase produced was
measured via the chemiluminescence intensity of the lysate for each treatment. We found that
the treatment of cells with either Racl or Cdc42 inhibitors led to a significant decrease in cell-
to-cell fusion (Figure 6).
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Figure 3.6. Small GTPases influence cell-to-cell fusion after infection. ED cells were
nucleofected with pT7-EMC-Luc or T7 polymerase-expressing plasmid pCAGT7. pT7-EMC-
Luc-nucleofected cells were infected with EHV-1 for three hours and then treated with inhibitors,
or mock treated, for three hours. Both pT7-EMC-Luc-nucleofected infected-cells and pCAGT7-
nucleofected non-infected cells were mixed and incubated for 24 hours. Cells were lysed, and
the levels of luciferase protein produced were measured as intensity of chemiluminescence.
Data are presented as means with S.D. of three independent experiments (one-way ANOVA
under assumption of normal distribution). All values were compared to the control (EHV-1
infection without inhibitor treatment), and Duntett’'s correction for multiple comparisons was
used; * p <0.0001.

3.5 Discussion

Cellular processes are tightly regulated through intracellular signaling events. Small
GTPases are signaling molecules that are known to play a role in large variety of cellular
processes, including cytoskeleton remodeling, cell cycle regulation, motility, and other
regulatory functions [3,6]. Furthermore, it has been shown that small GTPases are implicated
in facilitating the entry and infection of several viruses [10-12]. Binding of EHV-1 gH to a431
integrins can induce signaling cascades inside the cell that lead to virus fusion with the plasma
membrane [15]. In the current study, we have investigated the role of small GTPases during
EHV-1 entry and throughout the infection cycle. Our data show that the small GTPases Cdc42
and Racl facilitate virus entry and promote efficient virus replication by (i) facilitating virion
transport inside the cells through the regulation of a-tubulin acetylation and (ii) regulating the
direct fusion of infected with uninfected cells, thereby enhancing the cell-to-cell spread. EHV-
1 was able to induce Racl and Cdc42 activation, as demonstrated by a FRET analysis.

Racl and Cdc42 inhibitors had a strong inhibitory effect on EHV-1 infection. To
investigate at which step of the replication cycle the virus was affected, we monitored virus
trafficking inside the cell, starting from entry, microtubule transport to the nucleus, and ending
with direct virus spread from the infected to uninfected cells. The inhibition of Cdc42 led to a
moderate, but significant, increase in virus particles at the plasma membrane, indicating a
delay in cellular entry. The inhibition of Racl, on the other hand, had no effect on virus entry.
In a previous study, Hoppe and coworkers reported that there was no effect on the cell entry
of HSV-1 in MDCKII cells with inhibited Racl or Cdc42 GTPases [12]. On the other hand, the
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activation of Racl and Cdc42 was shown to be essential for the entry of dengue virus type-2
(DENV-2), since it relies on the formation of filopodia [45] and for the entry of pseudorabies
virus via micropinocytosis in HeLa cells [46]. In contrast, one study of HSV-1 in keratinocytes
showed that Racl and Cdc42 signaling pathways were not important [47]. However, Racl and
Cdc42 are generally considered to be required for HSV-1 infection [12,48]. Both filopodia
formation and virus fusion at the plasma membrane rely on actin remodeling, which in turn is
regulated via small GTPases [49,50].

We also investigated if EHV-1 was redirected towards the endosomal pathway [51]. In
the absence of Racl or Cdc42 signaling, there were no significant changes in virion localization
in the endosomes, suggesting that Racl and Cdc42 play no role in the choice of entry pathway.
Investigation of virion localization to the nucleus revealed that a smaller proportion of virions
was present in the nucleus of cells treated with either Cdc42 or Racl inhibitors. These findings
are consistent with the infection assay results (Figure 1) that also showed that the inhibition of
Racl or Cdc42 led to a decrease in overall production of infectious EHV-1. Presumably, virus
particles that cannot reach the nucleus are degraded in the cytoplasm by the proteasome, or
are re-directed to lysosomes [36,52]. Alternatively, they may be sequestered in the cytoplasm
in a quiescent state [53]. It was described for the vesicular stomatitis virus (VSV) that under
conditions with reduced Cdc42 activation, the trafficking of viral particles from the ER to the
Golgi was blocked, and the majority of VSV patrticles were trapped in the ER [54]. In the case
of Kaposi's sarcoma-associated herpesvirus (KSHV), the virus is able to activate cellular
signaling and the acetylation of microtubules. The disruption of the small GTPase signaling
cascade and the consequent absence of microtubule acetylation led to the reduction of virion
transport, as measured by the presence of viral DNA in the nucleus [55]. We, therefore,
surmise that the main reason for reduced infection rates by blocking Cdc42 or Racl is reduced
virion trafficking in the host cell, caused by the inability of EHV-1 to induce a-tubulin acetylation.

The observation that cells treated with Cdc42 or Racl inhibitors were able to internalize
similar numbers of viruses compared to mock-treated cells and produce similar numbers of
plagues in inhibitor-free media (Figure 2) suggests that the activation of small GTPases is not
essential for cell entry. However, it was clear that virions require the activation of these
GTPases to efficiently reach the nucleus for replication [55]. It seems likely that GTPases affect
virion transport in the cytoplasm, most likely by interfering with proper microtubule function.

Alphaherpesviruses are known to be transported along microtubules to the nucleus
[36,56]. We, therefore, investigated the acetylation of microtubules during infection, and the
possible role of GTPases in this step. The acetylation of microtubules is considered an
indication of their stability and kinesin and dynein motility [37,38,40,57]. We showed that the
inhibition of Cdc42 and Racl reduced the virus-induced acetylation of a-tubulin. Similar effects
were reported for EHV-1, where the activation of ROCK1 is required for the acetylation of a-
tubulin [28]. In the case of influenza A virus (IAV) infection, the activation of the RhoA small
GTPase was reported to induce tubulin acetylation, which is presumably required for trafficking
of 1AV particle components [58]. Similarly, KSHV was able to induce RhoA activation, which
leads to the acetylation of tubulin in endothelial cells [55]. The HSV-1 VP22 protein was
previously reported to be responsible for tubulin acetylation and microtubule bundling, even in
the context of transient transfection [59]. An impaired ability of virus particles to induce a-tubulin
acetylation in the presence of GTPase inhibitors might explain the accumulation of virus
particles in the cytoplasm, due to the reduced transport in infected cells under such conditions.

Herpesviruses induce cell-to-cell fusion to facilitate virus spread [60,61]. We found that
the small GTPases Cdc42 and Racl play a role in the post-replicative stages of EHV-1
infection by facilitating cell-to-cell spread. Inhibition of both GTPases, reduced virus cell-to-cell
spread and the ability of virus-infected cells to induce cell-to-cell fusion. This reduction of the
fusogenic activity of infected cells could also be a direct consequence of the decrease in
acetylation of tubulin, which has been shown to play a role in cell motility and cell-to-cell fusion
[62,63], or reduce the formation of cytoplasm extensions that serve for viral transport to
neighboring cells, or the ability of the microtubules to transport infectious particles across the
cytoplasmic extension [64]. Additionally, small GTPase inhibitors can affect cell-to-cell fusion
through other mechanisms, that were not investigated in this study, such as (i) the modification
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of intracellular trafficking may result in reduced gB and gH-gL (virus fusion machinery)
presence in the plasma membrane, and thus reduced cell to cell spread [6,42]; (ii) changes in
the rates of polymerization of actin filaments can lead to reduced cell-to-cell contact [65,66];
(iii) or even change aspects of the cell physiology independent of viral infection [48].

The infection of EHV-4 and the other recombinant EHV-1 that are unable to bind to
integrins EHV-1 gH4 and EHV-1 gHS440A) was also affected in a fashion similar to that
recorded for EHV-1, which we showed binds to integrins. These data suggested that the
activation of the small GTPases play a role in a the signaling cascade independent of that
induced by integrins [51]. Further studies will be needed to investigate the exact mechanistic
role of small GTPases in EHV-1 and EHV-4 infection. Of specific interest is our observation
that while the plaque number of EHV-4 was strongly reduced, the reduction of plaque size was
less pronounced.

In conclusion, we have shown that EHV-1 activates small GTPases to facilitate the
stabilization of a-tubulin and promote virion transport inside the cell and to neighboring cells
via cell-to-cell fusion. Chemical inhibitors of the small GTPases Racl and Cdc42 precluded
the virus-induced activation of small GTPases and ultimately resulted in impaired virus
trafficking to the nucleus of infected cell. Furthermore, the reduced acetylation of the
microtubules is likely the main reason of the observed phenomena. A deeper understanding of
the mechanisms of the virus-host interactions of EHV-1 and its relatives in the
Alphaherpesvirinae may provide the basis for the rational development of therapeutics or
preventive measures against this important group of human and animal pathogens.
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Chapter 4

4.1 General discussion

EHV-1 is an important pathogen, and that is closely related to the EHV-4 [1-3], they
present a unique model among Alphaherpesviruses to study virus-host interactions, since they
vary in the pathogenic manifestations with EHV-1 causing systemic infection and equine
herpesviral myeloencephalopathy, pneumonia, abortions, ataxia paralysis and death, while
EHV-4 is limited to respiratory manifestations [4—6]. The difference is also present in the
specifics of infection at the cellular level, EHV-4 infection is limited to fusion within the endocytic
pathway, while EHV-1 is additionally capable of fusion at the plasma membrane utilizing the
signaling cascade that involves activation of PIP3, PLSCR-1 and release of Ca2+ from ER
resulting in increase in cytosolic Ca2+ concentration and exposure of PS to the outer leaflet of
the plasma membrane [7]. However, the specific role that PS plays in EHV-1 infection, or what
the function is of EHV-1 induced signaling cascade in infection has not yet been described. For
this dissertation, | therefore aimed to explore the roles of PS and intracellular signaling in EHV-
1 infection.

4.2 Importance of phospholipids in EHV-1 entry

EHV-1 is enveloped virus and its entry in to the host cell is mediated by a few host
factors such as attachment factors heparan sulfate proteoglycans (HSPG) and chondroitin
sulfate proteoglycans (CSPG) [8,9]. EHV-1 infection induced exposure of PS through activation
of PLSCR-1 to the outer leaflet of the plasma membrane [7]. PS is seldomly exposed in normal
cells [10] that leads to suspicion that PS plays role in virus infection, perhaps facilitating the
attachment similar to what was found for hepatitis C virus [11]. Another distinct possibility is
that PS exposure plays role in masking the infected cell from the host immune system in the
process known as apoptotic mimicry [12,13], since PS exposure on the outer leaflet of the
plasma membrane is associated with the apoptotic states of the cells [14]. However, EHV-1-
induced PS exposure is a characteristic of an early stage of infection [7], and it is likely to be
localized to the virus attachment site suggesting that exposure of PS is playing role in the virus
attachment or entry. Another potential role that PS exposure at the point of virus attachment
can play is modulation of the plasma membrane fluidity since it is highly dependent on the
phospholipid composition [15,16]. Physical properties of the membrane, including the fluidity
determine the likelihood of the fusion [17-19]. The process of fusion is essential in order to
release nucleocapsid into the cytoplasm and the infection process to continue.

4.3  EHV-1inhibition with charged lipids

In the course of this work we have identified that PS and DOTAP both inhibit the
infection of Equine dermal (ED) cells by EHV-1. Inhibition of the viral infection with the charged
phospholipids added to the infection media in the form of vesicles was immediate, reversible,
dose dependent and seems not to rely on the integration of the phospholipids in to the plasma
membrane of the host cell, but rather to interact with the virus. Biophysical examination of
interaction between PS or DOTAP with EHV-1, as measured by the surface plasmon
resonance showed that both PS and DOTAP are interacting with the viral particles.
Additionally, microscopic examination showed strong viral preference to binding to the PS and
DOTAP GUVs. In both cases interaction with the DOTAP was stronger.

EHV-1 can interact with both cationic (DOTAP) and anionic (PS) lipids. The finding that
during EHV-1 infection there is a scramblase mediated exposure of PS to the outer leaflet of
the plasma membrane suggest that PS is utilized by the EHV-1. Findings that EHV-1 is
inhibited both by positively and negatively charged lipids is interesting in itself, DOTAP seems
to have much stronger interactions with the EHV-1 particle on SPR and under microscopical
examinations. It appears that DOTAP vesicles enclose the viral particle and perhaps
preventing the virus from getting in to proximity of the cell. This strong interaction with the
DOTAP can be explained through overall charge interactions between the viral particle and the
lipids [106]. Interactions of EHV-1 with PS are not as strong as with DOTAP, while the inhibition
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of infection is about equal, this suggests that mechanism through which PS is inhibiting EHV-
1 infection is more specific. The viral interactions partners and the role that PS plays in the
context of cell entry during EHV-1 infection remains to be studied.

Another potential application of the interaction and inhibition that we found charged
phospholipids have, is potential future development of antiviral or therapeutic strategies.
Phosphatidylserine liposomes were already used as a drug delivery vehicle and shown to have
beneficial effects on their own. However, effects of on Phosphatidylserine liposomes on EHV-
1 or EHV-4 infections in-vivo have not been investigated [107-109].

4.4 Role of Racl and Cdc42 in EHV-1 infection

Infection of ED cells with EHV-1 and EHV-4 involves activation of small GTPases.
Inhibition of the small GTPases Racl and Cdc42 leads to reduction of infection. This effect is
transient, and affects early stages of infection. In the experiment where virus was allowed to
penetrate cells prior to inhibition of small GTPases, the infection was not affected. We found
activation of the Racl and Cdc42 small GTPases in a 20-minute time window after contact with
inactivated viral particles in a FRET assay.

We present some evidence to suggest that activation of small GTPase RhoA is involved
in EHV-4 entry, but not in EHV-1 entry. We found that RhoA inhibitor had no effect on the ability
of EHV-1 to establish the infection, while EHV-1 gH4, and EHV-1 gHS440A, both mutants that
cannot fuse at the plasma membrane, had their infection rates significantly reduced. RhoA,
has been described playing important role in endocytic pathway, that is utilized by the EHV-1
gH4, EHV-1 gHS440A and EHV-4 viruses [28,110].

45  Small GTPases activation is independent from integrin interaction

Inhibition of small GTPases affected infections of both integrin binding EHV-1, and
EHV-1 mutants that cannot bind to the integrins EHV-1 gH4, EHV-1 gHS440A [20] and EHV-
4 [21]. Signaling cascade that starts with EHV-1 gH interactions with a431-Integrins and
activates calcium release from endoplasmic reticulum and is essential for EHV-1 fusion at the
plasma membrane may involve small GTPases although this topic will require further
investigation [7].

4.6 Role of small GTPases in EHV-1 transport

We have identified that small GTPases Cdc42 and Racl play role in the viral transport,
inhibition of Cdc42 and Racl small GTPases had prevented EHV-1 induces acetylation of the
tubulin, similar to effect described previously for ROCK1 small GTPase [22]. Effects on the
EHV-1 transport can be detected in the decreased infections rates as early as 3 HPI and
increased number of viral particles present at the cytoplasm while reducing humber of viral
particles that reached the nucleus. While the EHV-1 cell entry, does not seems to require
activation of Cdc42 and Racl. EHV-1 was able to enter Racl and Cdc42 inhibitor treated cells,
effectively avoiding the low pH treatment, so that infection can be rescued if the inhibitors were
removed from the media.

4.7 Role of small GTPases in EHV-4 infection

EHV-4 infection was reduced under conditions of Cdc42 and Racl inhibition.
Interestingly in case of EHV-4 small GTPase inhibition resulted in reduction of both plaque
number and plague diameter. Observation is interesting, in this study the number of plaques
developed under Cdc42 inhibition was low. However, the few EHV-4 plaques that developed
under the condition of Cdc42 inhibition were much closer to the typical diameter, than EHV-1
plagues. The exact role of Cdc42 in EHV-4 infection, particularly in cell-to-cell spread remains
to be studied.

Inhibition of small GTPases can have number of effects on the cell, in our experiments,
we utilized non-cytotoxic concentration of the inhibitors, and observed some specificity for
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example inhibitor of RhoA small GTPase, that is primarily described as a cytoskeleton regulator
[111], had no statistically significant effect on the EHV-1 establishing infection, while Racl and
Cdc42 inhibitors has led to strong reduction of the infection. RhoA inhibitor, has led to reduction
in cell-to-cell spread of the virus, as suggested by the plaque size assay. Testing role of the
small GTPases on EHV-1 infection with the other approaches, such as dominant negative or
constitutively active mutants of the small GTPases, would grant higher confidence to our
findings [67,68]. Over the course of this work, we have attempted to utilize mutant forms of
small GTPases, but these approaches have not yielded consistent outcomes and were not
included in the results. ED cells used in this study are primary cells, transfection of ED cells
has very low efficacy. Transfection of GTPase mutant expressing plasmids was out of the
guestion, as this would yield low double digits of the number of transfected cells. Nucleofection
of ED cells, while producing workable amounts of successfully nucleofected cells, seemingly
resulted in high amounts of cell stress response [112], we found cellular signaling under such
conditions to be inconsistent. Another alternative approach that we have tried was to infect the
ED cells with the lentivirus, to establish cell lines that would express desired small GTPase
mutant. This lentivirus-based approach met a humber of obstacles and was unsuccessful in
the end as well. Rates of lentivirus infection of the ED cells was low, and comparable to the
transfection rates, thus creating a small bottle neck for the progeny cells, the progeny cells had
slow generation times, and morphology of the cells was similar to very high passage number
ED cells, at the point where their number would allow to perform an experiment. Constant
expression of the cell-cycle involved GTPase mutants, presumably also had an effect on the
selection of the cells, potentially resulting in cells that were able to readjust cell signaling to
overcome the effects of expressed small GTPase mutant. As a consequence of such
limitations, Lentivirus-based approach to expression of small GTPases did not yield an
interpretable result.
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4.8 Final remarks and outlook

We found that under the conditions of Cdc42 or Racl inhibition, there was no significant
accumulation of the virus particles near the plasma membrane, neither there was an increased
colocalization with the endosomal markers, while we found increase in cytoplasmically
localized virus particles, proportional to decrease of viral particles that was found at the
nucleus. This suggests that EHV-1 infection in such conditions was not redirected towards the
endocytic pathways, and fusion at the plasma membrane was undisturbed, while the trafficking
of the virus particles to the perinuclear space was affected. This is consistent with the finding
that Cdc42 and Racl inhibitors are preventing EHV-1 induced stabilization microtubules
through K-40 acetylation and that the infection of the Cdc42 and Racl inhibited cells could be
rescued, if the inhibitors were removed post virus entry. However, some aspects of this study
could be further improved, for example acetylation status of tubulin, was examined in the
human 293-T embryonic kidney cell line due to non-reactivity of the monoclonal antibodies to
ED cells K-40 acetylated a-tubulin, despite this reactivity being previously reported [64].
Additionally, low selection and quality of horse specific antibodies, did not allow to quantify the
amount of activated GTPases in infected cells with a commonly used pulldown assay, followed
by an immunoblotting analysis, nor to measure the changes in localization of PLSCR-1 in
response cell-virus interactions. With techniques such as artificial in-vitro selection of
nanobodies [113] in combination with expression of the required fragments, would theoretically
allow to produce high-quality antibodies in house, however this technique would require costly
upfront investment, that was beyond the scope of the current work. FRET analysis could be
further improved with the utilization of the two-photon approach [114] or near infrared imaging
[115] to reduce the phototoxicity during the imaging process, and increase the resolution,
allowing to observe the kinetics of the viral particle in the cell under different treatments.

In conclusion our data suggest the model where EHV-1 infection is inducing activation
of small GTPases Cdc42 and Racl, activation is required for viral transport to the nucleus, and
cell-to-cell spread but not for cell entry. Activation of Cdc42 and Racl is needed for the EHV-
1 induced stabilization of microtubules, that is achieved through acetylation of a-tubulin.
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Zusammenfassung

Neue Erkenntnisse lUber die Rolle von Phospholipiden und kleinen GTPasen in der
molekularen Pathogenese von equinen Herpesviren

Die Equinen Herpesviren Typ 1 (EHV-1) und Typ 4 (EHV-4) sind eng verwandte Viren,
die wichtige Unterschiede in den wichtigsten molekularen Aspekten der Infektion aufweisen.
EHV-1 kann im Gegensatz zu EHV-4 nach einer gH-Integrin-Wechselwirkung eine
Signalkaskade in der Wirtszelle induzieren, die zur Exposition von Phosphatidylserin (PS) auf
der extraplasmischen Seite der Plasmamembran fihrt und fur die Fusion an der
Plasmamembran erforderlich ist. Um zu bewerten, welche Rolle die Exposition von PS auf der
extraplasmatischen Seite der Plasmamembran im Falle einer EHV-1-Infektion spielt, haben wir
untersucht, welche Auswirkungen Lipide mit positiver, nattrlicher oder negativer Ladung auf
die EHV-1-Infektion in der Zellkultur haben. Wir fanden heraus, dass Liposomen, die negativ
geladenes PS oder positiv geladenes DOTAP enthielten, die EHV-1-Infektion hemmten,
wahrend neutrales Phosphatidylcholin (PC) keine Wirkung hatte. Die Hemmung der Infektion
durch PS ist dosisabhangig und voribergehend. Eine Verringerung der Infektion kann auf die
Wechselwirkung zwischen den Lipidvesikeln und dem Viruspartikel selbst zuriickgefiihrt
werden. Die starke Virusinteraktion wurde sowohl mit DOTAP als auch mit PS identifiziert,
gemessen durch Mikroskopie mit grofden unilamellaren Vesikeln (LUVs) und riesigen
unilamellaren Vesikeln (GUVs) sowie durch Oberflachenplasmonresonanz (SPR) -Analyse
von EHV-1-Wechselwirkungen mit Liposomen aus neutralen, kationischen oder anionischen
Phospholipiden, in beiden Fallen war die Wechselwirkung mit kationischem DOTAP starker als
mit PS. Dies legt nahe, dass die PS-induzierte Hemmung der Infektion spezifischer ist als die
von DOTAP. Mdglicherweise wird die PS-Hemmung durch spezifische Wechselwirkung mit
den viralen Glykoproteinen gH / gL und gB vermittelt, wahrend DOTAP auf weniger spezifische
Weise wirken kann, indem es die viralen Partikel umgibt und abschirmt.

Kleine GTPasen sind allgegenwartige Signalproteine, die stromabwarts der EHV-1-
induzierten Calciumfreisetzung aktiviert werden koénnten. Um zu untersuchen, ob kleine
GTPasen eine Rolle bei der EHV-1-Infektion spielen, infizierten wir mit kleinen GTPase-
Inhibitoren behandelte Zellen. Wir fanden heraus, dass die Aktivierung kleiner GTPasen fir
die EHV-1-Infektion bei den Schritten nach dem Eintritt unter Verwendung des
Fluoreszenzresonanzenergietransfers (FRET) erforderlich ist identifizierten, dass EHV-1 in der
Lage ist, die Aktivierung von Racl und Cdc42 in wenigen Minuten nach Kontakt mit der Zelle
zu induzieren, obwohl diese Hypothese aufgrund technischer Einschrénkungen mit
alternativen Experimenten nicht bestétigt werden konnte. Die Feststellung, dass EHV-1 mit
Inhibitor behandelten Zellen endringen kann und dass eine Infektion durch Verdinnung des
Inhibitormediums gerettet werden kann, zeigt, dass kleine GTPasen fur den Viruseintritt selbst
nicht essentiell sind. Es wurde festgestellt, dass kleine GTPasen Racl und Cdc42 fur die EHV-
1-induzierte Acetylierung von Tubulin erforderlich sind, was mit der Feststellung
Ubereinstimmt, dass mit Racl- oder Cdc42-Inhibitor behandelte Zellen das Virus schlechter an
den Zellkern abgeben und verringerte Zellraten aufweisen Zellfusion, gemessen durch
Plaguedurchmesser-Assay und Luciferase-Fusionsassay. Um zu untersuchen, ob die kleinen
GTPasen stromabwarts des durch gH-Integration induzierten Weges aktiviert werden, wurde
eine Anzahl von nicht mit Integrin interagierenden Viren wie EHV-4, EHV-1 gH4 und EHV-1
gHS440A durch kleine GTPase beeinflusst Inhibitoren, was darauf hindeutet, dass kleine
GTPasen Racl und Cdc42 auf irgendeine Weise orthogonal zum zuvor beschriebenen gH-
Integrationsweg aktiviert werden.

Zusammengenommen legen die Daten nahe, dass PS eine spezifische Rolle bei der
EHV-1-Infektion spielen kdonnte und dass die Aktivierung der kleinen GTPasen Racl und
Cdc42 fur die Infektion von EHV-1 und EHV-4 wichtig ist. In EHV-1 spielen Racl und Cdc42
eine Rolle beim intrazellularen Transport des Viruspartikels durch Acetylierung von Tubulin
und erleichtern die Ausbreitung von Zelle zu Zelle, ohne den Viruseintritt zu beeinflussen.
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Summary

Equine herpesvirus type 1 (EHV-1) and equine herpesvirus type 4 (EHV-4) are closely
related viruses that have important differences in the key molecular aspects of infection. EHV-
1 unlike EHV-4, can induce signaling cascade inside the host cell following gH-integrin
interaction, that leads to exposure of phosphatidylserine (PS) in the outer leaflet of the plasma
membrane, and is required for fusion at the plasma membrane. To evaluate what role exposure
of PS to the outer leaflet of the plasma membrane plays in case of EHV-1 infection we
investigated what effects lipids with positive, natural or negative charge had on EHV-1 infection
in cell culture. We found that liposomes containing negatively charged PS or positively charged
DOTAP inhibited EHV-1 infection, while neutral phosphatidylcholine (PC) had no effect.
Inhibition of infection with PS was dose dependent, decreased with time, and transient.
Reduction in infection can be attributed to the interaction between the lipid vesicles and the
virus particle itself. The strong virus interaction was identified with both DOTAP and PS, as
measured with microscopy with large unilamellar vesicles (LUVs) and giant unilamellar
vesicles (GUVs) as well as Surface plasmon resonance (SPR) analysis of EHV-1 interactions
with model membrane composed of neutral, cationic, or anionic phospholipids, in both cases
interaction with cationic DOTAP was stronger that with PS. This suggests that PS induced
inhibition of infection is more specific, than that of DOTAP. Perhaps PS inhibition is mediated
through specific interaction with viral glycoproteins gH/gL and gB, while DOTAP can act in a
less specific manner, by surrounding and shielding the viral particle.

Small GTPases are ubiquitous signaling proteins, that could be activated downstream
of EHV-1 induced calcium release. To investigate whether small GTPases play role in EHV-1
infection we infected cell treated with small GTPase inhibitors, we found that activation of small
GTPases is required for EHV-1 infection at the post entry steps, using fluorescence resonance
energy transfer (FRET) we identified that EHV-1 is activating Racl and Cdc42 in a few minutes
after contact with the cell, although due to technical limitations this hypothesis could not be
confirmed with alternative experiments. The finding that EHV-1 can penetrate inhibitor treated
cells and that infection can be rescued through dilution of the inhibitor media, indicates that
small GTPases are not essential for the virus entry itself. It was identified that small GTPases
Racl and Cdc42 are required for EHV-1 induced acetylation of tubulin, which is consistent with
the finding that Racl or Cdc42 inhibitor treated cells are worse at delivering the virus to the
nucleus, and have reduced rates of cell-to-cell fusion, as measured by plaque diameter assay,
and luciferase fusion assay. In order to examine if the small GTPases are being activated
downstream from gH integrin induced pathway, number of non-integrin interacting viruses were
employed, such as EHV-4, EHV-1 gH4 and EHV-1 gHS440A, were affected by small GTPase
inhibitors, suggesting that small GTPases Racl and Cdc42 are activated in some way
orthogonal from previously described gH integrin pathway.

Taken together, the data suggests that PS could play a specific role in the EHV-1
infection, and that activation of small GTPases Racl and Cdc42 is important for infection of
both EHV-1 and EHV-4. In EHV-1 Racl and Cdc42 play role in intracellular transport of the
virus particle through acetylation of tubulin, and facilitate cell to cell spread, while not affecting
the virus entry.
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