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General introduction



History of equine herpesvirus (EHV)-1 and EHV-4

In 1932, EHV-1 was discovered at Kentucky, as a result of necropsy
examination of an aborted fetus (Dimock and Edwards, 1933). Retrospective
examination of preserved specimens indicated that the disease had been present in the
mare population as early as 1921 but the description of neurological disecase was start
in 1988 as infectious paralysis of horses, however the link between the disease and
EHV-1 was made in 1966 by Saxegaard, who isolated the virus at necropsy from the
nervous tissue of horse (Saxegaard, 1966).

Until 1981, two subtypes of the virus were described; EHV subtype 1 was
mainly associated with abortion and nervous disorders and EHV subtype 2 was
mainly responsible for respiratory disorders.

EHV-1 and EHV-4 were considered as two subtypes of the same virus,
namely EHV-1, and the differentiation between EHV-1 and EHV-4 came after their
genomic DNAs were compared by restriction endonuclease digestion pattern (Sabine

et al., 1981; Studdert et al., 1981; Turtinen et al., 1981).



Classification

Order Herpesviridae are classified into four subfamilies based on host cell
range, replication cycle, ability to destroy cells and site of latency. The subfamily
Alphaherpesvirinae are characterized by a variable host cell range, a relatively short
reproductive cycle, rapid spread in cell culture, efficient destruction of infected cells
and the capacity to establish latent infections. The subfamily Betaherpesvirinae has a
restricted host range, the reproductive cycle is long and the infection progresses
slowly in cell culture, infected cells frequently become enlarged and latent virus can
be maintained in secretary glands, lymphoreticular cells, kidneys and other tissues.
The subfamily Gammaherpesvirinae has limited host range of family which the
natural host belongs to, the replication causes lytic infection and latent virus is
frequently demonstrated in lymphoid tissue. The subfamily unnamed, comprising the
channel catfish herpesvirus-like viruses (Murphy et al., 1999)

The horse is the natural host of EHV-1, EHV-2, EHV-3, EHV-4 and EHV-5.
EHV-2 has been linked to respiratory disease and conjunctivitis, but also has a role in
general malaise (Palfi et al., 1978; Collinson et al., 1994; Schlocker et al., 1995),
EHV-3 causes a self-limiting venereal infection of the external genitalia (Blanchard et
al., 1992) and both EHV-2 and EHV-3 are widely prevalent compared to EHV-1 and
EHV-4 (Palfi et al., 1978; Blanchard et al., 1992; Borchers et al., 1997). EHV-2 and
EHV-3 are considered of less economic and veterinary importance (Borchers et al.,
1997). EHV-5 has a role in the development of equine multinodular pulmonary
fibrosis (Williams et al., 2007; Wong et al., 2008). A new equine herpesvirus, EHV-9,
was isolated from diseased gazelle (Fukushi et al., 1997; Yanai et al., 1998) and

seems to display only mild pathogenicity in horses (Taniguchi et al., 2000).



EHV-1 and EHV-4 are clinically, economically and epidemiologically the
most relevant pathogens in horse. EHV-1 is a major pathogen in horses responsible

for respiratory disorders, neonatal foal disease, abortion and neurological disorders.

Structure of virus

Complete genomic maps had been published for EHV-1 (Whalley et al., 1981)
and EHV-4 (Cullinane et al., 1988; Nagesha et al., 1992) and the genomes are linear
double-stranded DNA molecules with 57% G + C (Darlington and Randall, 1963;
Soehner et al., 1965). The complete genome of EHV-I strain Ab4 was composed of
150,223 bp containing at least 80 open reading frames (ORFs) (Telford et al., 1992)
The genomes were composed of unique long (Uy) and short (Us) regions (Fig. 1), and
a set of inverted repeat sequences, internal and terminal repeat sequences flanking Us
region (IRg and TRg). Although EHV-1 genome contains 80 ORFs encoding proteins,
two ORFs are duplicated in the IRg and TRs, so EHV-1 is considered to contain 76
unique genes (Telford et al., 1992). The possibility remains that EHV-1 contains other
less obvious ORFs. EHV-1 and EHV-4 are genetically collinear, although some
variations in the arrangements of the genes with respect to the repeat structures have
been recognized (Nagesha et al., 1993). EHV-l genes 65, 66, and 67 are contained
completely within the repeats, whereas gene 68 appears to straddle the junction
(Telford et al., 1992). EHV-4 genes 65 and 66 are located completely within the
repeats and gene 67 straddles the junction (Nagesha et al., 1993). Functions of the
repeat structures are not completely understood, although they are isomerization of
the S region relative to the L region. Also, a terminal element of the repeat sequences
allows circularization of the genome for rolling circle replication (Roizman and Sears,

1990).



The core contains the linear double-stranded DNA in the form of a torus
(Furlong et al., 1972; Nazerian, 1974) and is enclosed in an icosadeltahedral capsid,
approximately 100 to 110 nm in diameter containing 162 capsomeres (12 pentameric
and 150 hexameric). The pentameric capsomeres have not been well characterized
and the hexameric capsomeres have a cylindrical shape with a channel running
through the long axis (Wildy and Watson, 1962). Core and capsid form the
nucleocapsid, which is surrounded by the tegument and the tegument is enclosed by a
lipoprotein envelope derived from the host cell (Armstrong et al., 1961), (Fig. 2).
Until now, 12 different glycoproteins have been described for EHV-1; gB, gC, gD, gE,
gG, gH, gl, gK, gL, gM, gN and gp2 which are involved in virus attachment,

penetration, egress and cell-to-cell spread (Table 1).

Epidemiology and diagnosis

Both EHV-1 and EHV-4 are endemic in horse population worldwide (Allen
and Bryans, 1986; Allen et al., 1999). Due to antigenic similarity between EHV-1 and
EHV-4, the interpretation of data from serological surveys was complicated by the
lack of availability of a type specific antibody test until the early 1990. Especially,
seroepidemiological studies on EHV-1 and EHV-4 infection were, pre complicated in
horse populations in which EHV-1 and/or EHV-4 vaccination is practiced.
Retrospective testing of sera from Thoroughbred horses collected from 1967-1974
and 1993 showed values of 9% and 28% for EHV-1 specific antibodies, respectively,
and 100% for EHV-4 specific antibodies (Crabb and Studdert, 1995). An earlier study
found an incidence of EHV-1 antibody in mares and foals of 26.2% and 11.4%,
respectively, whereas >99% of mares and foals tested were EHV-4 antibody positive

(Gilkerson et al., 1999).



In the USA, 85% of foals tested 6—8 months after weaning were initially
thought to have seroconverted to EHV-1 (Doll and Bryans, 1963), but the
seroconversion was subsequently amended to EHV-4 (Allen and Bryans, 1986). There
are only limited data available to explain the difference in relative incidence of EHV-
4 and EHV-1. One study of respiratory disease in racehorses during the period 1979—
1990 in Japan concluded that the EHV-1 infections occurred predominantly in winter
season whereas those with EHV-4 occurred throughout the year (Matsumura et al.,
1992).

EHV-1 infection to sucking foals can occur as early as 30 days of age
(Gilkerson et al., 1997), because lactating mares may be the primary source of EHV-1
infection to foals and the latter further transmit the virus to other mares and foals
(Gilkerson et al., 1999) and also stress that activate latent virus is likely to be the
source of such transmissions. EHV-4 infection to the horse probably also starts early
in life.

Classical tests such as virus isolation, various serological methods and more
recently developed PCR assays are all used for diagnosis (Crabb and Studdert, 1995).
However, virus isolation is still important as this is the way to secure the isolate for

any further comparative analysis.

Diseases and pathogenesis

Acute respiratory diseases due to EHV-1 and EHV-4 are characterized by
fever, anorexia, nasal discharge, ocular discharge and bacterial proliferation in nasal
(Thompson et al., 1979). EHV-1 causes severe disecase than EHV-4 (Burrows and

Goodridge, 1973; Edington et al., 1986; Tewari et al., 1993; Patel et al., 2003b).



Horses are repeatedly infected by both viruses in nature and the disease signs become
less severe with progressive episodes later in life.

Primary EHV-1 replication occurs in the upper respiratory tract epithelial cells
and local lymph nodes (Patel et al., 1982; Kydd et al., 1994a, b), resulting in
leukocyte-associated viraemia (Patel et al., 1982; Dutta and Myrup, 1983; Scott et al.,
1983; Edington et al., 1986). This leukocyte-associated viraemia in an acute infection
has been shown to be a prerequisite for abortion and paresis by initiating replication
of EHV-1 in endothelial cell lining of blood vessels in the central nervous system and
pregnant uterus (Patel et al., 1982; Edington et al., 1986; Edington et al., 1991; Smith
et al., 1993). It is likely that this mechanism also operates in abortions and paresis
occurring long after an acute primary infection. Recrudescent virus from latently
infected leukocytes spread to endometrial blood vessels, resulting in severe vasculitis
and multifocal thrombosis (Edington et al., 1991; Smith et al., 1992) and abortion of a
virus negative fetus (Smith et al., 1992; Patel et al., 2003a). Less extensive uterine
vascular pathology may allow focal transfer of virus across the uteroplacental barrier
and abortion of a virus- infected fetus (Smith et al., 1993; Smith, 1997).
Transplacental EHV-1 infection could result in the birth of live infected foals, which
usually die a few days afterwards a condition known as neonatal foal disease. In pony
colts and pony stallions, EHV-1 was found in the epididymis and testis with virus
replication in endothelial cells of these organs accompanied by necrotizing vasculitis
and thrombosis, and also in semen collected after the cessation of viraemia (Tearle et
al., 1996).

Acute EHV-1 infection can result in leukopenia (Bumgardner et al., 1982;
Allen and Bryans, 1986), but this is not characteristic for all virus strains since EHV-1

strain C147 (Patel et al., 2003a) did not show any leukopenia indicating that not all



EHV-1 strains are immunosuppressive. Also the biological characteristics of EHV-1
strains vary in the other respects as is indicated by differences in abortigenic potential
(Gleeson and Coggins, 1980; Mumford et al., 1994). Differences in abortigenic
potential may relate to differences in the level of viraemia or endothelial cell infection
induced (Mumford et al., 1994; Smith et al., 2000) and up to 95% of EHV-1 abortions
occur in the last third of pregnancy and rarely at other stages (Doll, 1952; Allen and
Bryans, 1986).

In the pathogenesis of EHV-4 leukocyte-associated viraemia, abortions and
paresis are not a consistent feature of EHV-4 (Edington et al., 1986; Matsumura et al.,
1992; Tewari et al.,, 1993; Patel et al.,, 2003b). EHV-4 replicated in vascular
endothelial cells and it was suggested that the pathogenesis of EHV-4 abortion might
have a vascular basis similar to that of EHV-1 (Edington et al., 1991; Smith et al.,
1992). Whether difference in the incidence of EHV-4 induced abortions can be put
down to strain differences of circulating viruses is unknown and is difficult to assess
since DNA fingerprints of EHV-4 isolates from around the world have been found to
be similar and EHV-4 is considered highly stable genetically (Studdert, 1983). As
EHV-4 is not commonly associated with equine abortions, evidence for its role in

paresis is limited (Meyer et al., 1987; Verheyan et al., 1998).

Glycoproteins

Envelope glycoproteins of EHV-1 and EHV-4 play important roles in viral
replication by mediating virus attachment to cells and entry into cells, cell-to-cell
spread, pathogenesis and induction of host humoral immune responses. These
glycoproteins play a major role in the immunogenicity of EHV-1 and EHV-4 and

serve as major targets for neutralization of virus infectivity by antibodies (Bridges et



al., 1987; Bridges et al., 1988; Ostlund et al., 1992; Papp et al., 1979; Shimizu et al.,
1989). It was found that glycoproteins B, C, and D were considered as
immunodominant antigens for generating antiviral serological responses to EHV-1
and EHV-4 in infected horses (Allen et al., 1992). EHV-1 glycoproteins, gB, gD, gH,
gL, and gK, are essential for replication of the virus and the others, gC, gE, gG, gl,
gM, and gp2, are not required for viral growth in cell culture and have been termed as
non-essential glycoproteins. These non-essential envelope glycoprotein genes are
maintained in virulent field isolates of EHV-1 and EHV-4 and their deletion results in
a strong reduction of virulence (Matsumura et al., 1996, 1998).

The structural of virion proteins and glycoproteins of EHV-1 and EHV-4 are
similar, but not identical for stable intertypic differences in their viral electrophoretic

mobilities that can be used to differentiate the two viruses (Turtinen, 1983).

gp2

The gene encoding gp2 of EHV-1 and EHV-4 has been identified only in one
other alphaherpesviruses, asinine herpesvirus 3 (AHV-3) (Colle et al., 1995) and there
is no report of the related gene in other herpesviruses of any subfamily. The gp2 also
known as gp300 (Rudolph et al., 2002a) appears to be abundant in EHV-1 and 4
virions and to be one of the most immunogenic viral antigens for the natural host
(Allen et al., 1986; Colle et al., 1995). In vitro studies using an EHV-1 gene 71
deletion mutant demonstrated that gp2 was not essential for virus growth in cell
culture (Marshall et al., 1997) and that it was involved in facilitating virus entry and
egress (Matsumura et al., 1996). In mice, this deletion mutant lacked full expression

of virulence (Fitzmaurice, 1997).



The open reading frame of EHV-1 gp2 encodes a polypeptide of 797 amino
acids (O'Callaghan et al., 1968). The gp2 is rich in serine and threonine residues and
is a heavily O-glycosylated protein with a molecular mass in the range of 192 to >400
kDa (Sun et al., 1994; Telford, 1992; Whittaker, 1990). In contrast to EHV-4 gp2, the
EHV-1 gp2 was shown to be partially cleaved into two polypeptides in infected cells
(Learmonth et al., 2002). Endoproteolytic cleavage occurs after each of two adjacent
arginine (R) residues at positions 506 and 507 in the sequence
HRGRAGGRS06R507G, and results in a 42-kDa carboxy (C)-terminal subunit,
which contains the transmembrane anchor, and an N-terminal serine/threonine-rich
component that is highly O-glycosylated (Learmonth et al., 2002; Wellington et al.,
1996a). In the absence of gp2, EHV-1 was shown to be impaired in virus egress,
while secondary envelopment appears to occur with unaltered kinetics. The EHV-1
with a deletion of gp2 gene conferred protection against pulmonary disease in mice
after challenge with wild-type virus (Marshall et al., 1997; Rudolph et al., 2002a;

Rudolph and Osterrieder, 2002b; Sun et al., 1996).

EHV-1 gB is involved in penetration and in cell-to-cell spread of infection
(Wellington et al., 1996b; Neubauer et al., 1997) and has been identified as a major
target for virus specific antibody in the EHV-1 infected horse (Allen et al., 1992).
Homologues of gB in other herpesviruses are known to be targets for cytotoxic T-
lymphocytes (Blacklaws et al., 1987; Omar et al., 1998). EHV-1 gB as a component
of a subunit vaccine has been supported by a number of experiments, mainly in small
animal models. Monoclonal antibodies to EHV-1 gB conferred passive protection

against EHV-1-induced disease in Syrian hamsters (Shimizu et al.,, 1989) and

10



immunization of mice with recombinant vaccinia virus expressing EHV-1 gB elicited
EHV-1 specific antibodies (Bell et al., 1990) and protected hamsters against lethal
EHV-1 challenge (Guo et al., 1990). A truncated EHV-1 gB co-expressed with HIV-1
gag virus-like particles in insect cells, protected immunized mice against intranasal
challenge with EHV-1 (Osterrieder et al., 1995, 1996).

The open reading frame of EHV-1 gB encodes a polypeptide of 980 amino
acids, including a conserved central region of over 600 residues that has 50 to 60%
amino acid sequence identity with the gB homologues of herpes simplex virus (HSV)
and other alphaherpesviruses (Whalley et al., 1989). The EHV-1 gB polypeptide
contains characteristic hydrophobic sequences corresponding to signal peptide and
membrane anchor regions, and it is processed in EHV-1 infected mammalian cells to
a glycosylated precursor form reported to have apparent molecular mass of 112-138
kDa (Meredith et al., 1989; Sullivan et al., 1989). This precursor is cleaved into two
subunits of approximately 75-77 kDa and 53-58 kDa, which associate to form a
disulfide linked heterodimer of 145 kDa.

EHV-4 gB and HSV-1 gB proteins are 47% homologous and possess highly
conserved hydrophilic surface, hydrophobic transmembrane and cytoplasmic anchor
domains. EHV-4 gB contains five more potential N-linked glycosylation sites than
HSV-1 gB, and it is interesting to note the presence of three such sites immediately
adjacent to each other (residues 493 to 501). In comparison of predicted amino acid
sequence of EHV-4 gB with the varicella zoster virus (VZV) gB, pseudorabies virus
(PRV) gB, Epstein-Barr virus (EBV) gB and human cytomegalovirus gB, the
identities were 51, 54, 30, and 29%, respectively. The gB glycoproteins of the
alphaherpesviruses show a similar degree of homology with each other (47 to 54%)

and significantly less homology with the gB protein of the betaherpesvirus human
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cytomegalovirus (29%) and the gammaherpesvirus Epstein-Barr virus (30%). Epstein-
Barr virus gB and human cytomegalovirus gB are only 30% homologous, suggesting
that each family of herpesviruses has separate ancestral origins. EHV-4 gB
glycoprotein shows 88% homology to the gB glycoprotein of EHV-1 (Riggio et al.,

1989).

gC

Glycoprotein C (gC) was responsible for the first interaction between the
virion and the cell surface. The primary attachment of both HSV-1 and PRV is
mediated by cell surface glycosaminoglycans and is sensitive to treatment with
heparin or heparinase (Mettenleiter, 1994). gC is dispensable for virus growth in vitro
and gC-negative mutants only exhibit marginal defects in their growth characteristics
in cultured cells when compared to wild-type viruses (Schreurs et al., 1988; Whealy et
al., 1988; WuDunn and Spear, 1989; Mettenleiter and Rauh, 1990). Moreover, gC-
negative PRV was shown to retain its virulence for laboratory animals and the natural
host, indicating that gC function is not required or can be compensated by other viral
glycoproteins in vitro and in vivo (Mettenleiter et al., 1988; Kritas et al., 1994a; Kritas
et al., 1994b).

There are high sequence and structural similarity between EHV-1 gC and its
EHV-4 homologue, but also some differences. These differences may help explain the
difference in cell tropism between both viruses, and the difference in cell tropism
between EHV-1 and EHV-4 may be associated with differences in the contributions
of different glycoproteins, at least gC, gD and gG, which involved in virus entry or
spread from an infected to a neighboring uninfected cell. EHV-4 gC plays a role in the

interaction of the virus with cell surface heparan sulfate. It seems likely that gB,
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another heparin-binding glycoprotein, could also mediate the adsorption of EHV-4 to
the cells. In addition, direct interaction between EHV- 4 gC and equine C3 has been
demonstrated and this interaction exhibited species-specificity (Huemer et al., 1993).

EHV-4 gC protects EHV-4 from complement-mediated lysis (Azab et al., 2010).

EHV-1 gD was involved in virus entry (Whittaker et al., 1992) and was
identified as a potent immunogen. Intramuscular inoculation of plasmid DNA
encoding the gene for EHV-1 gD induced a long-term neutralizing antibody response
and led to accelerated clearance of infectious virus from lungs of mice in a model of
EHV-1 respiratory disease (Audonnet et al., 1990; Flowers et al., 1991; Whalley et al.,
1991; Ruitenberg et al., 1999). In these animals immunized EHV-1 gD, lymphocyte
proliferation to EHV-1 and a T-helper type 1 isotype profile were demonstrated,
indicating the induction of cell-mediated immune responses. It has also been reported
that DNA encoding a truncated form of EHV-1 gB could provide some protection
from EHV-1 challenge in the murine respiratory model (Osterrieder et al., 1995). The
amino acid sequence of EHV-4 gD was compared with those of other
alphaherpesviruses and EHV-4 gD shares 83 % sequence identity with EHV-I gD,
38 % with BHV-1 gD, 34% with PRV gD, 29% with MDV gD, 25 % with HSV-1 gD

and 24 % with HSV-2 gD.

gE and gl
Glycoproteins gE and gl of herpesviruses have been shown to facilitate cell-
to-cell spread since the deleted viruses yield small plaques compared to those of the

parent viruses in the case of HSV-1 (Neidhardt et al., 1987; Dingwell et al., 1994),
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PRV (Jacobs et al., 1993), BHV-1 (Otsuka and Xuan, 1996) and FHV-1 (Sussman et
al., 1995). EHV-1 gE and/or gl also facilitate cell-to-cell spread, but are not involved
in either the process of virus maturation and release or virus attachment and
penetration (Matsumura et al., 1998).

EHV-4 with a deletion in the genes encoding gE and gl affected cell-to-cell
spread of the virus in vitro and clinical signs in foals inoculated with the recombinant
were milder than that for the revertant. This suggests that intact gE and/or gl genes are
important factors in the expression of virulence in EHV-4 as in other herpesviruses
(Damiani et al., 2000). HSV-1 mouse model demonstrated that HSV-1 gl and gE
deletion mutants are less virulent and are impaired in their ability to establish latency

(Meignier et al., 1988).

gG

EHV-1 and -4 gG were secreted after proteolytic processing and the
homologues of gG were found in HSV-1 (Richman et al., 1986), EHV-3 (Hartley et
al., 1999), bovine herpesvirus 1 (BHV-1) (Keil et al., 1996) and bovine herpesvirus 5
(BHV-5) (Engelhardt and Keil, 1996), but not in VZV (Gomi et al., 2002). EHV-1 gG
was shown to bind to chemokines of human and mouse origin and to act as a viral
chemokine binding protein by blocking interaction of chemokines with both
chemokine specific receptors and glycosaminoglycans (Bryant et al., 2003). EHV-1
with deletion of gG based on the EHV-1 strain RacL11 showed a more pronounced
inflammatory response in comparison with wild-type virus (Von Einem et al., 2007).
Chemotaxis experiments demonstrated in vitro that EHV-1 gG was indeed able to
inhibit migration of equine neutrophils in response to recombinant equine IL-8 (Van

de Walle et al., 2007).
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EHV-4 gG is also secreted into the medium of infected cells and shares an
overall identity of 58% with its EHV-1 counterpart. In EHV-4 gG, no chemokine
binding activity induced interference with neutrophil migration was found (Bryant et
al., 2003; Crabb and Studdert, 1993; Van de Walle et al.,, 2007). The
immunomodulatory property of EHV-1 gG might contribute to ability of EHV-1 to
induce a more severe and systemic outcome of infection in contrast to EHV-4 (Bryant
et al., 2003; Van de Walle et al., 2007). There is a hypervariable region, comprising
amino acid 287-382 in EHV-4 gG and amino acid 288-350 in EHV-1 gG, which
shared only 21% sequence identity (Crabb et al., 1995). The hypervariable region was
responsible for the potential of EHV-1 gG, but not EHV-4 gG, to bind chemokines by
using hybrid proteins in which the hypervariable region of EHV-1 and EHV-4 gG was
exchanged. The epitope comprising amino acid 301-340 of EHV-1 gG were shown to

be responsible for binding to chemokines in vitro (Van de Walle et al., 2009).

gH and gL

EHV-1 gH is essential for EHV-1 replication, plays a role in cell-to-cell
spread and significantly affects plaque size and growth kinetics. EHV-1 entry into
cells is presumed to require five viral envelope glycoproteins (gB, gC, gD and the
heterodimer gH/gl) and is mediated through different cell surface receptors (Azab et
al., 2012b; Sasaki et al., 2011). Depending on the type of cell, entry of EHV-1 can
occur via endocytosis or fusion at the plasma membrane (Van de Walle et al., 2008;
Frampton, et al., 2007; Hasebe et al., 2009). Among herpesviral glycoproteins, gB, gH,
and gL are conserved across all herpesviruses and consequently essential for virus
entry and cell fusion. Several studies suggested that gH/gL itself has fusogenic

properties (Galdiero et al., 2008; Subramanian, 2007).
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The interact between gB and gH/gl during alphaherpesviral fusion is still not
fully understood but recent studies suggest that fusion is a stepwise process starting
with gD binding to its cognate receptors, followed by activation of gH/gL to prime gB
for fusion (Atanasiu et al., 2007; Avitabile et al., 2007). However, the crystal
structures of HSV-2 gH/gl, EBV gH/gL and PRV gH revealed that gH/gL does not
resemble any known fusion protein. Instead, it may act as a fusion regulator (Atanasiu
et al., 2010; Fan et al., 2009).

The structural studies showed that gH has three distinct domains with the N-
terminal domain (domain H1) shown to bind to gL. (Chowdary et al., 2010). It has
long been known that in the case of EBV and HSV, gL is required for correct folding,

trafficking and function of gH (Backovic et al., 2010; Fan et al., 2009).

gK

EHV-1 gK is either involved in an early step of virus assembly before the cell
to-cell spread and virus egress pathways diverge, or gK is involved in membrane
fusion processes that are important for both pathways (Neubauer et al., 2004). EHV-4
gK is essential for virus replication in vifro and that the gK-negative strain was not
able to be reconstituted in equine cells (Azab et al., 2012a).

PRV gK might be necessary to avoid immediate re-fusion of mature virions
with the virus-producing cells. gK facilitates virus penetration (Klupp et al., 1998),
maturation of PRV gK was proven to depend on yet another multi-hydrophobic
protein, as gK is only fully glycosylated in the presence of the UL20 product (Dietz et
al., 2000). HSV-1 showed that presence of gK on the cell surface was dependent on
the expression of UL20, indicating that this interaction might be conserved (Foster et

al., 2003).
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M

Glycoprotein M is a nonessential glycoprotein that is conserved throughout all
herpesviral subfamilies (JoEns et al., 1998), EHV-1 gM like its counterparts in other
herpesviruses represents a multiply hydrophobic class III membrane protein that
contains eight putative transmembrane domains (Osterrieder et al., 1996; Telford et al.,
1992). EHV-1 and EHV-4 gM carry more than one linear epitope between amino acid
376450 and the major epitopes have to be distinct, although the amino acid
sequences of EHV-1 and EHV-4 gM are 86% identical (Telford et al., 1998). EHV-4
gM is more important for a carefully balanced set of functional and structural
interactions than the respective homologues in most other herpesviruses. Only the
gM-homologue of the strictly cell associated MDYV is essential for virus replication
(Tischer et al., 2002). It could be hypothesized that EHV-4 might be more cell-
associated than EHV-1.

In some alphaherpesviruses, including EHV-1, the simultaneous deletion of
gM, gE and gl increases the defects in plaque formation and virus growth,
demonstrating that these three proteins fulfil somewhat overlapping functions in
secondary envelopment (Brack et al., 1999; Seyboldt et al., 2000), but none is
essential by itself. One of the reasons to initiate electron microscopic analysis was the
idea that gM alone might be so important for secondary envelopment that an
accumulation of particles in the Golgi area might occur. EHV-1 gM or the

gM/UL49.5 complex and the gE/gl complex play in the life cycle.

Latency
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Latency was considered as an important epidemiological strategy ensuring
survival and spread within the natural host population (Whitley and Gnann, 1993).
For both EHV-1 and EHV-4, latency has been demonstrated in lymphoid as well as in
neural tissues (Welsh et al., 1992; Gibson et al., 1992; Edington et al., 1994; Slater et
al., 1994; Baxi et al., 1995; Borchers et al., 1999). Experimentally, EHV-1 has been
reactivated from both naturally reared (Edington et al., 1994) and experimentally
infected conventional (Edington et al., 1985) and specific pathogen free (Slater et al.,
1994) horses upon immunosuppression. Infectious virus was recovered principally
from leukocytes and only occasionally from nasal mucus after corticosteroid
treatment of conventional horses (Edington et al.,, 1985), whereas considerable
shedding in nasal mucus without recurrence of viraemia both after corticosteroid and
cyclophosphamide treatment was recorded in specific pathogen free horses (Slater et
al., 1994). The CD5+/CD8+ T lymphocytes were defined as the predominant site for
EHV-1 latency, which was independently and indirectly activated by both IL-2 and
equine chorionic gonadotrophin (Smith et al., 1998). Predominantly nasal virus
shedding was recorded for reactivated EHV-4 from field-infected horses upon
corticosteroid treatment (Browning et al., 1988). It is assumed that reactivated latent
virus shed in nasal mucus plays a key role in the epidemiology of EHV-1 and EHV-4

infections.

Control and vaccination

In the last 50 years, many attempts have been made to immunize horses
against both EHV-1 and EHV-4 with the objective of mimicing the resistance to
disease induced by natural infection and thereby reducing the impact of disease

caused by these two equine pathogens. Those efforts have been extensively described
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(Allen et al., 1986; Bryan et al., 1982 and1986; Doll et al., 1963; Mumford et al.,
1984) and have culminated in the availability of more than a dozen commercially
manufactured products that are currently marketed for use in controlling the discases
caused by EHV-1 and EHV4 (Allen, 2002).

Adult horses respond to vaccination by these commercial immunogens by
developing high titres of serum antibodies directed against the viruses (Bryans et al.,
1980 and1982; Burrows et al., 1984; Crandell et al., 1980; Doll et al., 1963; Purdy et
al., 1978). Weaker antibody responses are elicited in young, immunologically naive
animals. Antibody response may be undetectable in immunized foals possessing
maternally-derived antibodies directed against the viruses at the time of vaccination.
(Wilson et al., 1999; Breathnach et al., 1999). Vaccination of horses for EHV-1 and
EHV-4 should be considered as only a supplemental tool. No currently registered
vaccine for EHV-1 or EHV- 4 claims to be completely effective in preventing either
infection or disease that may result from exposure. The primary beneficial effects
derived from vaccination of horses against EHV-1 and EHV-4 are reduction in the
severity and/or duration of respiratory disease in the young vaccinated animal and

reduction of the overall incidence of fetal loss during outbreaks of abortion.

The aim of our study

In spite of many trials to develop the effective vaccine, there is no complete
vaccine and EHV-1 and EHV-4 infection still threaten horses all over the world and
lead to highly economic losses in horse industries. In this study, we try to understand
the glycoproteins of these viruses because these glycoproteins play important role in

the virus structure and infection to cells.
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At first, we produced MAbs to EHV-1 and EHV-4and these MAbs were used
as a tool to characterize the glycoproteins of EHV-1 and EHV-4. Total fourteen MAbs
were produce for EHV-1; Four MAbs had virus-neutralizing activity without
complement. Seven MAbs were EHV-1-specific, while the other two recognized
EHV-4. Four MAbs recognized gB, four did gC and one did gp2 by immunoblot
analysis and indirect immunofluroscent assay. Eight MAbs to EHV-4 were produced.
Both MAbs were EHV-4-specific One MAb was specific to gB and one was to gC by
indirect immunofluroscent assay. Furthermore, total of 23 glycoproteins of EHV-1
and EHV-4 were expressed in mammalian cells and characterized their

immunogenicity.
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Table 1. Function of glycoproteins for EHV-1 and EHV-4

Glycoprotein Essential Function
gp2 No Virulence factor role in inflammation
¢B Yes Cell penetration and cell-to-cell spreading
gC No Attachment egress
gD Yes Cell-to-cell spread role in endocytic entry
gE No Cell-to-cell spread
gG No Viral chemokine binding protein
gH Yes Unclear
gl No Cell-to-cell spread
gK Yes Cell-to-cell spread egress
gL Yes Unclear
esM No Penetration cell-to-cell spread
gN No gM processing
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Fig. 1. Genomic organization of EHV-1

Abbreviations: TR, terminal repeat; IR, internal repeat; U, unique; L, long; S, short.

22



Envelope

Tegument

Capsid

Fig.2. Schematic of EHV-1structure

DNA

23



Chapter 1

Characterization of glycoproteins in EHV-1
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1.1. Summary

In this study, we attempted to express twelve glycoproteins of equine
herpesvirus-1 (EHV-1) in 293T cells, and to characterize these using monoclonal
antibodies (MAbs) and horse sera against EHV-1. Expression of glycoprotein B (gB),
gC, gD, gG, gl and gp2 were recognized by immunoblot analysis using horse sera, but
gE, gH, gK, gL, gM and gN was not. Four MAbs recognized gB, four recognized gC
and one recognized gp2. Two MAbs against gB cross-reacted with EHV-4.
Interestingly, coexpression of gE and gl and gM and gN enhanced their antigenicity.
Furthermore, immunoblot analysis of gp2 showed that different molecular masses of
gp2 were recognized by the MAb against gp2 and horse sera against EHV-1. In this
study, it was demonstrated that at least six glycoproteins were immunogenic to horses
and coexpression of gE and gl and gM and gN was important for enhancement of

antigenicity.
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1.2. Introduction

Equine herpesvirus-1 (EHV-1) is a member of genus Varicellovirus, subfamily
Alphaherpesvirinae, family Herpesviridae and order Herpesvirales. EHV-1
distributed worldwide (Allen et al., 1999) and is a major cause of respiratory disease
in horses, resulting in serious economic losses in the horse industry. In addition,
EHV-1 causes epidemic or sporadic abortion in mares and myeloencephalopathy
(Allen et al., 1986; Crabb et al., 1995; Studdert et al., 2003). Acquired immunity
induced by natural infection or vaccination against EHV-1 is generally short-lived,
and consequently, horses may suffer from repeated infections (Turtinen et al., 1982).
Herpesviral glycoproteins are essential in infection processes including virus
adsorption, penetration and cell-to-cell spread, and plays significant roles in eliciting
both humoral and cellular immune responses in horses (Norrild et al., 1985; Paillot et
al., 2008). In EHV-1, eleven viral glycoproteins, gB (gp14), gC (gp13), gD (gp18), gE,
gG, gH, gl, gK, gL, gM and gN are conserved in comparison with those of other
alphaherpesviruses. However, glycoprotein2 (gp2) is encoded only in equine
alphaherpesviruses, EHV-1, equine herpesvirus-4 (EHV-4) and asinine herpesvirus 3
(AHV-3) (Paillot et al., 2008). These twelve glycoproteins of EHV-1 are possible
candidates for vaccine antigens. In some glycoproteins of herpesviruses, co-
expression with different glycoproteins was often required for efficient expression and
protein folding (Crump et al., 2004; Farnsworth et al., 2003; Kukreja et al., 1998;
Rudolph et al., 2002; Norrild et al., 1985), but the detail in EHV-1was still unclear.
To characterize their immunogenicity and functions, twelve glycoproteins of EHV-1
were expressed in vitro and characterized using established monoclonal antibodies

(MAbs) against EHV-1 and sera collected from EHV-1-infected horses.
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1.3. Materials and methods
1.3.1. Cells

FHK-TclI3.1 (Andoh et al., 2009; Maeda et al., 2007) and 293T cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO, Grand Island,
NY, U.S.A.) supplemented with 10% heat-inactivated fetal calf serum (FCS; JR
Scientific, Woodland, CA, U.S.A.), 100 units/ml penicillin and 100 pg/ml
streptomycin (GIBCO) at 37°C under 5% CO,. The myeloma cell line P3U1 was
maintained in RPMI1640 medium (GIBCO) supplemented with 10% heat-inactivated
FCS, 100 units/ml penicillin, 100 pg/ml streptomycin and 55 pM of 2-

mercaptoethanol (2-ME) (GIBCO) at 37°C under 5% CO,.

1.3.2. Viruses

EHV-1 strain 89¢25 was isolated from a racehorse with respiratory disease
caused by EHV-1 respiratory infection (Matsumura et al., 1992).
89c25 was plaque-purified three times in primary fetal horse kidney (FHK) cells and
designated as 89c25p. EHV-1 was propagated in FHK-Tcl3.1 cells. EHV-4 TH20p
strain (Kawakami et al., 1962; Damiani et al., 1998) was propagated in FHK-Tcl3.1

cells and was used for indirect immunofluorescence assay (IFA).

1.3.3. Construction of expression plasmids

For expression of glycoproteins of EHV-1, each gene was amplified from the
genome of EHV-1 89¢25p by polymerase chain reaction (PCR) using primers (Table
1. 1). PCR was performed by using Takara LA PCR Kit Ver. 2.1 (Takara, Otsu,
Japan) and the amplified fragments were digested with restriction enzymes, and were

then cloned into the expression plasmid pCAGGS, which was kindly provided by Dr.
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Miyazaki (Osaka University). The nucleotide sequences of at least two constructed
plasmids were determined using a Big Dye Terminator v3.1 kit (Applied Biosystems,
Foster City, CA, U.S.A.). All plasmids were purified by QIAprep Spin Miniprep Kit

(QIAGEN, Maryland, U.S.A.) or QIAfilter plasmid Midi Kit (QIAGEN).

1.3.4. Expression in 293T cells

293T cells were transfected with purified plasmids using polyethylenimine (PEI).
Briefly, 3.2 pg of plasmid were mixed with 8 pl of PEI (2 mg/ml) and were then
transfected to 293T cells in 6 wells plate (Sumitomo Bakelite, Tokyo, Japan), as

reported previously (Boussif et al., 1995).

1.3.5. Production of MAbs

BALB/c mice (female, aged six weeks) were intraperitoneally inoculated with
1x10° PFU of EHV-1 three times at an interval of three or four weeks. At 3 to 7 days
after final immunization, splenocytes were collected and fused with P3U1 myeloma
cells using 50% polyethylene glycol solution (Hybri-Max™; Sigma, St. Louis, MO,
U.S.A)). Hybridoma cells were selected in GIT media (Wako, Osaka, Japan)
containing hypoxanthine aminopterin thymidine supplement (HAT) (GIBCO), 10%
BM-condimed H1 hybridoma cloning supplement (Roche Diagnostics, Mannheim,
Germany) and 10% FCS for 7 days at 37°C under 5% CO,. Supernatants of
hybridomas were screened by virus-neutralization (VN) test and/or IFA. Hybridoma
cells secreting EHV-1-specific MAbs were cloned twice by limiting dilution method
and were then inoculated into BALB/c mice pretreated with pristane (Sigma) for

preparation of ascites.
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1.3.6. VN test

In order to detect VN activity, supernatants of hybridoma or diluted ascites
were mixed with EHV-1 for 60 min at 37°C, and then the mixtures were directly
inoculated into FHK-Tcl3.1 cells that were washed with DMEM without FCS.
Control was carried out without hybridoma or ascites. After incubation for 60 min at
37°C under 5% CO,, cells were washed twice with DMEM without FCS and overlaid
with 0.8% agarose (SeaPlaque GTG agarose; Lonza, Rockland, ME, U.S.A.) in
DMEM containing 10% FCS. Plates were placed at 37°C in 5% CO; for 3 days and
cells were fixed with 5% buffered formaldehyde. Agarose layers were removed, and
cells were stained with crystal violet. The number of plaques was counted, and
hybridoma or diluted ascites that reduced the number of plaques by more than 50% in
comparison with the mean number of plaques in control wells were considered to be

positive.

1.3.7. 1IFA

Virus-infected FHK-TcI3.1 cells or plasmid-transfected 293T cells was
collected, washed with PBS three times and placed on 24-well microscope slides
(Matsunami Glass, Osaka, Japan). After fixation with cold acetone for 30 min, cells
were incubated with MAbs for 60 min at 37°C. Cells were then washed three times in
PBS and incubated with goat anti-mouse Ig (H+L)-FITC human-adsorbed (Southern
Biotech, Birmingham, AL, U.S.A.) for 30 min at 37°C. After washing three times,
fluorescence was observed under a Nikon Optiphot 2 EFD3 fluorescence phase

contrast microscope (Nikon, Tokyo, Japan).

1.3.8. Immunoblot analysis
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Virus-infected FHK-Tcl3.1 cells or plasmid-transfected 293T cells were
extracted with RIPA (25mM Tris-HCI (pH 7.6), 150 mM sodium chloride (NaCl), 1%
sodium dodecyl sulfate (SDS), 1% sodium deoxycholate and 1% Triton X-100) and
then dissolved in 2xSDS sample buffer (125 mM Tris-HCI, 4% SDS, 40% glycerol
and 0.002% bromophenol blue) with or without 2-ME or directly dissolved in 1xSDS
sample buffer with or without 5% 2-ME. After boiling for 3 min, samples were loaded
on SDS-polyacrylamide gel (PAGE), and electrophoresis was carried out in SDS
buffer (25 mM Tris, 192 mM glycine and 0.1% SDS). Then, proteins were transferred
to polyvinylidene difluoride (PVDF) membrane (Immobillon; Millipore, Billerica,
MA, U.S.A.) by semi-dry blotting apparatus (Biocraft, BE-310, Tokyo, Japan). After
membranes were reacted with 3% gelatin (Bio-rad, Hercules, CA, U.S.A.) in TBS (20
mM Tris-HCI and 150 mM NaCl, pH 7.5) for 30 min at 37°C, they were then washed
three times with TBS containing 0.05% Tween 20. After washing, the membrane was
incubated with diluted horse sera or MAbs for 1 hr at 37°C as primary antibody,
followed by incubation with the peroxidase-conjugated F (ab), fragment of anti-horse
IgG (H&L) goat (Rockland, Gilbertsville, PA, U.S.A.) or peroxidase-conjugated goat
affinity purified antibody against mouse imunoglobulins IgG, IgA and IgM (Cappel,
Solon, OH, U.S.A.) for 30 min at 37°C as secondary antibody. All antibodies were
diluted with TBS containing 0.05% Tween 20 and 1% gelatin. The reaction was

visualized using 0.03% diaminobenzidine (Wako) and 0.009% H,0, (Wako) in TBS.

1.3.9. Sera

Sera were collected from three foals that were experimentally infected with

EHV-1 89¢25p (Tsujimura et al., 2009). Serum specific to EHV-1 gE was collected
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from BALB/c mice immunized with fusion protein of glutathione S-transferase and

gB (169-201) (Andoh et al., 2013).

1.3.10. Immunoglobulin class and subclass
Immunoglobulin class and subclass of MAbs were determined using mouse

monoclonal antibody isotyping kit (Roche).

1.4. Results

1.4.1. Sequence analysis of each glycoprotein of EHV-1 strain 89¢25p

Nucleotide sequences of at least two cloned genes encoding each glycoprotein of
89c25p were determined and compared with those of EHV-1 strain Ab4 (Telford et al.,
1992). The results showed that the amino acid sequences of gC, gD, gE, gG, gH, gl,
gK, gL and gN of 89¢25p were identical to those of Ab4, but those of gp2, gB and gM
were different at positions 95 (Serine to Phenylalanine), 938 (Lysine to Glutamic
acid) and 84 (Methionine to Lysine), respectively (Table 1. 2). These plasmids were
designated as pCAG-gp2-1 pCAG-gB-1, pCAG-gC-1, pCAG-gD-1, pCAG-gE-1
pCAG-gG-1, pCAG-gH-1, pCAG-gl-1, pCAG-gK-1, pCAG-gL-1, pCAG-gM-1 and

pCAG-gN-1.

1.4.2. Expression of EHV-1 glycoproteins in 293T cells

Twelve expression plasmids encoding each glycoprotein were transfected into
293T cells, and expression was examined by immunoblot analysis using horse sera.
Expressed gp2, gB, gC, gD, gG and gl were detected, but gE, gH, gK, gL, gM and gN
were not. Three bands with molecular masses of approximately 230, 65 and 42 kilo

Daltons (kDa) were detected in pCAG-gp2-1-transfected cells, two bands of 148 and
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135 kDa were detected in pCAG-gB-1-transfected cells, two bands of 150 and 68-75
kDa were detected in pCAG-gC-1-transfected cells, one band of 50 kDa was detected
in pCAG-gD-1-transfected cells, two bands of 100 and 50 kDa were detected in
pCAG-gG-1-transfected cells, and two bands of 140 and 65 kDa were detected in

pCAG-gl-1-transfected cells (Fig. 1. 1).

1.4.3. Establishment and characterization of MAbs

In order to characterize EHV-1 glycoproteins, fourteen MAbs against EHV-1
strain 89C25p were produced (Table 1. 3). Four MAbs, 5F8, 1G10, 8H4 and 8B2, had
VN activity against EHV-1 and all were specific to gC (Table 1. 3 and Fig. 1. 2). Four
MADbs, 5F12, 6F4, 6G12 and 7E11, were specific to gB (Table 1. 3 and Fig. 1. 3A)
and two, 6F4 and 6G12, cross-reacted with EHV-4 (Table 1. 3). One MAb 8H11 was
specific to gp2 (Table 1. 3 and Fig. 1. 3B). All MAbs did not recognize glycoproteins
on immunoblot analysis under reducing conditions. In addition, the molecular masses
of gp2, gB and gC expressed in 293T cells were similar to those in EHV-1-infected
cells (Figs. 1. 4A, B and C). Interestingly, the molecular mass of gp2 detected by
MADb 8H11 was over 250 kDa and was different from those detected in horse sera,

230, 65 and 42 kDa (Fig. 1. 5B).

1.4.4. Co-expression of glycoproteins

EHV-1 gE and gl, gM and gN and gH and gL were co-expressed in 293T cells,
meaning that co-expressed gE and gl, and gM and gN reacted strongly with horse sera,
but co-expressed gH and gL did not (Fig. 1. 6C). With co-expression of gE and gI,
two additional bands other than gl-specific bands with molecular masses of 80-90 and

250 kDa were seen (Figs. 1. 5A and 1. 6A). Furthermore, mouse antibody specific to
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gE also recognized two bands with molecular masses of 80-90 and 250 kDa with co-
expressed gE and gl, but not with individually expressed gE and gl (Fig. 1. 5A). With
co-expression of gM and gN, one band with a molecular mass of over 250 kDa was

observed (Fig. 1. 6B).

1.5. Discussion

In this study, twelve glycoproteins in EHV-1 were analyzed using horse sera
against EHV-1 and established MAbs. In expression systems for single glycoproteins,
gp2, gB, gC, gD, gG and gl reacted strongly with horse sera (Fig.1. 1). Although high
immunogenicity has been reported for gp2, gB, gC, gD and gG (Crabb et al., 1991,
1993 and 1995), it is interesting that the immunogenicity of gl was also high.
Furthermore, gp2, gB and gC expressed in 293T cells were similar to those expressed
in EHV-1-infected cells (Figs. 1. 4A, B and C), indicating that these proteins were
mature when expressed in vitro.

We reported that EHV-1 gE is able to induce antibodies in horses and that the
20 amino acids of gE at positions 169 to188 were a useful antigen for ELISA to
differentiate EHV-1 and EHV-4 infections (Andoh et al., 2013). However, gE
expressed in 293T cells was not recognized by horse sera (Figs. 1. 1, 1. 5A and 1. 6A).
After co-expression with gl, gE strongly reacted with horse sera against EHV-1 and
mouse antibody specific to gE (Fig. 1. 6A), indicating that gl might be required for
efficient expression of gE. In EHV-4, gE (95kDa) was co-precipitated with gl
(75kDa) by immunoprecipiration using anti-gl serum, but not by anti-gE serum
(Damiani et al., 2000a). It is unknown whether two bands, 80-90 and 250 kDa, in co-
expressed gE and gl contain only gE or complex of gE and gl. Further experiment

will be required to clarify the role of gl in expression of gE.
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As shown in (Fig. 1. 6B), over 250 kDa proteins in co-expressed gM and gN
strongly reacted with horse sera against EHV-1, indicating that gM/gN complex is
important for antigenicity in horses. In a previous study, it was reported that gN is
necessary and sufficient for functional processing of gM (Rudolph et al., 2002b).
Therefore, we speculated that immature gM and gN are expressed in a single
expression system and that coexpression of gM and gN induces maturation of gM and
enhances the antigenicity. However, it is still unknown whether over 250kDa protein
contains only gM or both gM and gN.

In EHV-1, it is reported that co-expression of gH and gL is important for
efficient expression and for induction of protective immunity (Kukreja et al., 1998;
Stokes et al., 1996). Therefore, co-expression of gH and gL was examined, but
reactions with horse sera were not observed (Fig. 1. 6C). It is unknown whether
antigenicity of EHV-1 gH and gL against horse is low, or whether another protein is
required for maturation of EHV-1 gH and gL.

Horse sera against EHV-1 and MADb against gp2 recognized different
molecular masses of gp2, 230, 65 and 42 kDa, and over 250 kDa, respectively (Fig. 1.
5B). EHV-1 gp2 is rich in serine and threonine residues and is a heavily O-
glycosylated protein with a molecular mass in the range of 192 to 400 kDa (Sun et al.,
1994; Telford et al., 1992; Whittaker et al., 1990). Furthermore, it has been reported
that gp2 is cleaved into a highly glycosylated N-terminal subunit (over 200 kDa) and
C-terminal subunit (42 kDa) (Learmonth et al., 2002). Therefore, horse sera against
EHV-1 and MAb 8H11 might recognize different positions of gp2, the C-terminal

subunit and glycosylated N-terminal subunit, respectively.
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1.6. Conclusion

In conclusion, our results showed that efficient expression and/or maturation
of two glycoproteins, gE and gM, requires co-expression of gl and gN, respectively.
In addition, these materials, expression plasmids and MAbs, may be useful for further

analysis of EHV-1 glycoproteins.
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1.7. Figure legends

Fig. 1. 1. Immunoblot analysis of EHV-1 glycoproteins expressed in 293T cells. 293T
cells were transfected with each plasmid and FHK-Tcl3.1 cells were infected with
EHV-1. Immunoblot analysis was carried out under non-reducing conditions. Sera
collected from horses experimentally infected with EHV-1 were used as primary

antibody.

Fig. 1. 2. EHV-1 glycoprotein C (gC) in 293T cells by IFA, MAbs 5F8, 8H4, 1G10

and 8B2 were used as a primary antibodies.

Fig. 1. 3. EHV-1 glycoprotein B (gB) in 293Tcells by IFA. MAbs 6F4, 5F12, 6G12
and 7E11 were used as primary antibodies. (B) EHV-1 glycoprotein 2 (gp2) in

293Tcells by IFA. MADb 8H11 was used as a primary antibody.

Fig. 1. 4. Comparison of gp2, gB and gC expressed in plasmid-transfected 293T cells
and EHV-1-4-infected FHK-Tcl3.1 cells. Immunoblot analysis was carried out under
non-reducing conditions. MAbs, 8H11(A), 5SF12 (B) and 1G10 (C) were used as

primary antibodies.

Fig. 1. 5. (A) Comparison of co-expressed gE and gl by immunoblot analysis using
mouse sera specific to gE (169-201) and horse sera specific to EHV-1. Black
arrowheads show gE-specific bands and open arrowheads do gl-specific bands. (B)
Comparison of molecular masses of gp2 detected by MAb 8HI11 and horse sera
specific to EHV-1. Immunoblot analysis was carried out under non-reducing

conditions. Black arrowheads show gp2-specific bands.
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Fig. 1. 6. Co-expression of EHV-1 glycoproteins. Plasmids pCAG-gE-1 and pCAG-
gl-1 (A), pCAG-gM-1 and pCAG-gN-1 (B), and pCAG-gH-1 and pCAG-gL-1 (C)
were co-transfected into 293T cells. Immunoblot analysis was carried out under non-
reducing conditions. Sera collected from horses experimentally infected with EHV-1
were used as primary antibody. The amount of plasmid DNA transfected into 293T

cells in 35mm dishes is noted under each figure.
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Table 1. 1. Primers based on the complete genome of Ab4 strain

Genes Primers Position?
Name Sequences® Start stop
gB1-F 5”- ACGAATTC Catgtcctetggttgeegtte -3 61432 61452
ef gB1-R 5”- ACCTCGAGttaaaccattttttcattttccatg -3° 64374 64349
gCI1-F 57- ACAGATCTatgtggttgcctaatetegtg -3 22851 22830
8¢ gC1-R 5”- ACGAATTCctaaaagteagacttettgtac -3° 21445 21467
gD1-F 57- ACAGATCTatgcctgetgtgetgettgt -3° 131583 131603
&P gD1-R 5”- ACCTCGAGttacggaagctgggtatatt -3° 132791 132771
gE1-F 57- ACAGATCTatggagctgttggeegeaag -3° 134406 134426
B gE1-R 5”- ACGAATTCtcattttagtatcgactttaget -3° 136058 136035
gG1-F 5°- ACAGATCTatgttgactgtcttageagee -3° 127681 127702
8¢ gG1-R 5”- ACGAATTCTtaagcaacgtactcaagteg -3 128916 128896
gH1-F 5”- ACAGATCTatgttacaaccgtatcgaaaaat -3° 71192 71215
el gH1-R 5”- ACCTCGAGttactcataactcaataacaatttat -3° 73738 73712
gll-F 5”- ACAGATCTatggccaaactcactgggatg -3° 132899 132920
o gl1-R 57- ACGAATTCctatgattcttctttgatggeet -3° 134173 134150
¢gK1-F 5”- ACAGATCTatgttacteggtggtagaacgg -3 7042 7020
et gK1-R 5°- ACGAATTCttaggacgagaaggactcge -3 6011 6031
gL1-F 5”- ACAGATCTatgtatcaaatcctaattgggtg -3° 108803 108780
ek gL1-R 57- ACCTCGAGttaggtcttttgaagattggeg-3' 108147 108169
gM1-F 57- ACAGATCTatggcacgacggggageage =3 94472 94492
&M gM1-R 5”- ACGAATTCctatceggtactceeggegat -3° 93120 93100
gN1-F 5”- ACAGATCTatgctgtccacgagattegt -3 12084 12104
&N gN1-R 57- ACCTCGAGtcaatgcaggtgttgeaacat -3 12386 12365
gp2-F 57- ACAGATCTatggggttcatctatgegeg -3 129097 129117
&P gp2-R 5”- ACGAATTCttaatatacagacgctcggggg -3° 131490 131468

a: Position in Ab4 strain (Accession No. AY665713.1)

b: Capital letters indicate the restriction endonuclease digestion site and additional two nucleotides.

A final polymerization step for 7 min at 72 ° C served for the completion of fragmental DNA strands. Finally, the reaction was finished by a 1 min cooling step to 4° C.

The amplified DNA fragments were separated in a 0.8 % agarose gel, stained with ethidium bromide solution
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Table 1. 2. Differences of amino acid sequences of glycoproteins

Glycoproteins Change of amino acid
EHV-1 gp2 S95F*
EHV-1gB K938E®?
EHV-1 gM MS84K*

a: Comparison with Ab4 strain (Accession No. AY665713.1)

39



Expression on

MADbs Wmncmi.Nma VA test TFA cell surface
proteins Isotype
Table 1. 3. Characterization of monoclonal w:m%.%mm to mmmmﬁ 4 EHV-1 EHV-4
8H11 gp2 IgG2a <1:10 <1:10 1: 1280 <1:10 +
S5F8 gC IgM 1: 80 <1:10 1: 1600 <1:10 +
1G10 gC IgM 1: 640 <1:10 1: 800 <1:10 +
8H4 gC IgM 1: 1280 <1:10 1: 800 <1:10 +
8B2 gC IgM 1: 3200 <1:10 1: 1600 <1:10 +
5F12 gB IgM <1:10 <1:10 1: 1280 <1:10 +
6F4 gB IgG2a <1:10 <1:10 1: 20480 1: 800 +
6G12 ¢B IeM <1:10 <1:10 1: 1280 1: 800 +
7E11 gB IgM <1:10 <1:10 1: 1280 <1:10 +
8C11 unknown IgG1 <1:10 <1:10 1:640 1: 80 +
5D1 unknown IgM <1:10 <1:10 1: 5120 1: 800 +
4G9 unknown I1gG2b <1:10 <1:10 1: 10240 1: 800 +
1G9 unknown IgG1 <1:10 <1:10 1: 10240 1: 320 -
1A1 unknown I1gG2b <1:10 <1:10 1: 1280 <1:10 -
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Fig. 1. 6
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Chapter 2

Characterization of glycoproteins in EHV-4
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2.1. Summary

Eleven glycoproteins in EHV-4 were expressed in 293T cells and eight MAbs
to EHV-4 were developed. One MAD recognized gB4, one did gC4 and the other six
did unknown proteins. Only three glycoproteins, gB4, gD4 and gG4, expressed in
293T cells reacted with sera from EHV-4-infected foals, indicating that these three
glycoproteins were immunogenic to horses. However, the other eight glycoproteins
were not recognized by horse sera, suggesting that in vitro expression of EHV-4

glycoproteins might not be efficient for recognition by horse sera.
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2.2. Introduction

EHV-4 is also a member of the Alphaherpesvirinae subfamily, genus
Varicellovirus (Davison et al.,, 2009; Roizman, 1996). The complete genome
sequences of EHV-4 was reported and the virus has a linear double stranded DNA
genome of approximately 145 kbp and 57% of G+C content (Cullinane et al., 1988,
Darlington and Randall, 1963; Roizmann et al., 1992; Telford et al., 1998). Sequence
analysis showed that there is 55—84% DNA homology depending on the gene and that
the homology at the amino acid level ranged from 55% to 96% (Telford et al., 1998)
between EHV-4 and EHV-1.

EHV-4 mainly causes respiratory disease in horse and rare cases causing
abortion, while EHV-1 is responsible for abortion and myeoloencephalopthy in
addition to respiratory disease. Both EHV-4 and EHV-1 cause economic losses and
negative impact on equine welfare as a result of morbidity or mortality from virus-
induced abortion and respiratory disease. However, EHV-4-specific vaccine has not
yet been available in Japan.

EHV-4 encodes twelve envelope glycoproteins which are involved in virus
attachment, penetration, egress and cell-to-cell spread. Although these glycoproteins
were candidates of subunit vaccine, EHV-4 glycoproteins have not been characterized
well. In this study, EHV-4-specific MAbs were produced and EHV-4 glycoproteins

were characterized in vitro.

2.3. Materials and methods
2.3.1. Cells
FHK-Tcl3.1 (Andoh et al., 2009; Maeda et al., 2007) and 293T cells were

maintained in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO, Grand Island,
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NY, U.S.A.) supplemented with 10% heat-inactivated fetal calf serum (FCS; JR
Scientific, Woodland, CA, U.S.A.), 100 units/ml penicillin and 100 pg/ml
streptomycin (GIBCO) at 37°C under 5% CO,. The myeloma cell line P3U1 was
maintained in RPMI1640 medium (GIBCO) supplemented with 10% heat-inactivated
FCS, 100 units/ml penicillin, 100 pg/ml streptomycin and 55 pM of 2-

mercaptoethanol (2-ME) (GIBCO) at 37°C under 5% CO,.

2.3.2. Viruses
EHV-4 TH20 strain was isolated from a colt suffering from respiratory disease
in1952 (Kawakami et al., 1962) was plaque-purified three times in primary fetal horse

kidney (FHK) cells and termed as TH20p.

2.3.3. Construction of expression plasmids

For expression of glycoproteins of EHV-4 each gene was amplified from the
genome of EHV-4 TH20p by polymerase chain reaction (PCR) using primers (Table 2.
1). PCR was performed by using Takara LA PCR Kit Ver. 2.1 (Takara, Otsu, Japan),
and the amplified fragments were digested with restriction enzymes, and were then
cloned into the expression plasmid pCAGGS, which was kindly provided by Dr.
Miyazaki (Osaka University). The nucleotide sequences of at least two constructed
plasmids were determined using a Big Dye Terminator v3.1 kit (Applied Biosystems,
Foster City, CA, U.S.A.). All plasmids were purified by QIAprep Spin Miniprep Kit

(QIAGEN, Maryland, U.S.A.). or QIAfilter plasmid Midi Kit (QIAGEN).

2.3.4. Expression in 293T cells
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293T cells were transfected with purified plasmids using polyethylenimine
(PEI). Briefly, 3.2 pug of plasmid were mixed with 8 pul of PEI (2 mg/ml), and were
then transfected to 293T cells in 6 wells plate (Sumitomo Bakelite, Tokyo, Japan), as

reported previously (Boussif et al., 1995).

2.3.5. Production of MAbs

BALB/c mice (female, aged six weeks) were intraperitoneally inoculated with
1x10° PFU of EHV-4 three times at an interval of three or four weeks. At 3 to 7 days
after final immunization, splenocytes were collected and fused with P3U1 myeloma
cells using 50% polyethylene glycol solution (Hybri-Max™; Sigma, St. Louis, MO).
Hybridoma cells were selected in GIT media (Wako, Osaka, Japan) containing
hypoxanthine aminopterin thymidine supplement (HAT) (GIBCO), 10% BM-
condimed HI1 hybridoma cloning supplement (Roche Diagnostics, Mannheim,
Germany) and 10% FCS for 7 days at 37°C under 5% CO;. Supernatants of
hybridomas were screened by virus-neutralization (VN) test and/or IFA. Hybridoma
cells secreting EHV-4-specific MAbs were cloned twice by limiting dilution method
and were then inoculated into BALB/c mice pretreated with pristane (Sigma) for

preparation of ascites.

2.3.6. VN test

In order to detect VN activity, supernatants of hybridoma or diluted ascites
were mixed with EHV-4 for 60 min at 37°C, and then the mixtures were directly
inoculated into FHK-TclI3.1 cells that were washed with DMEM without FCS.
Control was carried out without hybridoma or ascites. After incubation for 60 min at

37°C under 5% CO,, cells were washed twice with DMEM without FCS and overlaid
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with 0.8% agarose (SeaPlaque GTG agarose; Lonza, Rockland, ME, U.S.A) in
DMEM containing 10% FCS. Plates were placed at 37°C in 5% CO; for 3 days and
cells were fixed with 5% buffered formaldehyde. Agarose layers were removed and
cells were stained with crystal violet. The number of plaques was counted and
hybridoma or diluted ascites that reduced the number of plaques by more than 50% in
comparison with the mean number of plaques in control wells were considered to be

positive.

2.3.7. In direct fluorescent assay (IFA)

Virus-infected FHK-Tcl3.1 cells or plasmid-transfected 293T cells were
collected, washed with PBS three times and placed on 24-well microscope slides
(Matsunami Glass, Osaka, Japan). After fixation with cold acetone for 30 min, cells
were incubated with MAbs for 60 min at 37°C. Cells were then washed three times in
PBS and incubated with goat anti-mouse Ig (H+L)-FITC human-adsorbed (Southern
Biotech, Birmingham, AL, U.S.A.) for 30 min at 37°C. After washing three times,
fluorescence was observed under a Nikon Optiphot 2 EFD3 fluorescence phase

contrast microscope (Nikon, Tokyo, Japan).

2.3.7. Immunoblot analysis

Virus-infected FHK-Tcl3.1 cells or plasmid-transfected 293T cells were
extracted with RIPA (25mM Tris-HCI (pH 7.6), 150 mM sodium chloride (NaCl), 1%
sodium dodecyl sulfate (SDS), 1% sodium deoxycholate and 1% Triton X-100) and
then dissolved in 2xSDS sample buffer (125 mM Tris-HCI, 4% SDS, 40% glycerol
and 0.002% bromophenol blue) with or without 2-ME or directly dissolved in 1xSDS

sample buffer with or without 5% 2-ME. After boiling for 3 min, samples were loaded
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on SDS-polyacrylamide gel (PAGE) and electrophoresis was carried out in SDS
buffer (25 mM Tris, 192 mM glycine and 0.1% SDS). Then, proteins were transferred
to polyvinylidene difluoride (PVDF) membrane (Immobillon; Millipore, Billerica,
MA, U.S.A.) by semi-dry blotting apparatus (BIOCRAFT, BE-310, Tokyo, Japan).
After membranes were reacted with 3% gelatin (Bio-rad, Hercules, CA, U.S.A.) in
TBS (20 mM Tris-HCI and 150 mM NaCl, pH 7.5) for 30 min at 37°C, and were then
washed three times with TBS containing 0.05% Tween 20. After washing, the
membrane was incubated with diluted horse sera or MAbs for one hour at 37°C as
primary antibody, followed by incubation with the peroxidase-conjugated F(ab),
fragment of anti-horse IgG (H&L) goat (Rockland, Gilbertsville, PA, U.S.A) or
peroxidase-conjugated goat affinity purified antibody against mouse imunoglobulins
IgG, IgA and IgM (Cappel, Solon, OH, U.S.A) for 30 min at 37°C as secondary
antibody. All antibodies were diluted with TBS containing 0.05% Tween 20 and 1%
gelatin. The reaction was visualized using 0.03% diaminobenzidine (Wako) and

0.009% H,0, (Wako) in TBS.

2.3.10. Sera
Sera were collected from six foals, Three foals were challenged with the EHV-
4 TH20 revertant and three were challenged with the EHV-4 TH20p (Damiani et al.,

2000).

2.3.11. Immunoglobulin class and subclass
Immunoglobulin class and subclass of MAbs were determined using mouse

monoclonal antibody isotyping kit (Roche).
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2.4. Results
2.4.1. Establishment and characterization of MAbs

Eight MAbs to EHV-4 (3-1 F3A9, 3-3C12ES5, 3-3E4H10, 3-2G2A7, 3-2C1HS,
3-1E5A83-1D4HS and 3-2C10C8) were produced and all of them were only EHV-4-
specific by IFA (Table 2. 2). By IFA using each glycoprotein-transfected cells, one
MADb 3-1D4H8 was specific to EHV-4 gB and one MAb 3-2C10C8 was specific to
gC by IFA (Table 2. 2 and Fig. 2. 1). All MADbs could not detect EHV-4 proteins by

immunoblot analysis (Table 2. 2).

2.4.3. Sequence analysis of each glycoprotein of EHV-4 strain TH20p

Nucleotide sequences of genes encoding each glycoprotein showed that the
amino acid sequences of gB, gE, gG, gH, gK, gL, gM and gN of TH20p were
identical to those of NS80567, but those of gC, gD, gl and gp2 were different at
positions 309 (Aspartic acid to Glutamic acid), 27 and 382 (leucine to valine and
glycine to glutamic acid, respectively), 134 and 298 (arginine to tryptophan and
aspartic acid to alanine, respectively) and 376, 463 and 509 (leucine to serine, lysine
to arginine and Glutamine to Arginine, respectively), respectively (Table 2. 3).These
genes were cloned into the expression plasmid, pPCAGGS, and the resultant plasmids
were designated as pCAG-gB-4, pCAG-gC-4, pCAG-gD-4, pCAG-gE-4 pCAG-gG-4,
pCAG-gH-4, pCAG-gl-4, pCAG-gK-4, pCAG-gL-4, pCAG-gM-4 and pCAG-gN-4.

We could not clone the gene encoding gp2 into pCAGGS.

2.4.5. Expression of EHV-4 glycoproteins in 293T cells

Eleven expression plasmids encoding each glycoprotein were transfected into

293T cells and expression was examined by immunoblot analysis using horse sera.
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Expressed gB, gD, gG were detected, but gC, gE, gH, gl, gK, gL, gM and gN were
not. Two bands of 148 and 135 kDa were detected in pCAG-gB-4-transfected cells, a
broad band of 40-44 kDa was detected in pCAG-gD-4-transfected cells, and two
bands of 100 and 47 kDa were detected in pCAG-gG-4-transfected cells (Fig. 2. 2 and
2. 3). Furthermore, proteins with molecular masses of 100 and 47 kDa were detected

in supernatant from pCAG-gG-4-transfected cells (Fig. 2. 3).

2.5. Discussion

In this study, eleven glycoproteins were expressed in vitro and eight MAbs
were produced. The results indicated only three glycoproteins, gB, gD and gG,
reacted with horse sera to EHV-4. These three glycoproteins are well known to be
highly immunogenic in EHV-1 and other herpesviruses. However, one of the major
immunogenic proteins, gC, could not be detected by horse sera. Since one MAb 3-
2C10C8 could detect the gC in pCAG-gC-4-transfected cells by IFA, the amount of
gC in the transfected cells should be enough. These results indicated that EHV-4 gC
might be not immunogenic to horses and might not induce antibody to horse. Further
analysis will be required to clarify the immunogenicity of EHV-4 gC.

EHV-4 gB shared 47% homology with HSV-1 gB and possesses highly
conserved hydrophilic surface, hydrophobic transmembrane and cytoplasmic anchor
domains. EHV-4 gB contains five more potential N-linked glycosylation sites than
HSV-1 gB, and it is interesting to note the presence of three such sites immediately
adjacent to each other (residues 493 to 501). EHV-4 gB also shows 88% homology
with EHV-1 gB (Riggio et al., 1989). gB expressed in 293T cells resulted in two
bands of 148 and 135 kDa under non-reducing condition. This result was similar to

the previous report (Sullivan et al., 1989). Comparison of nucleotide sequence of gB
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with the reference strain NS80567 indicated that there is no change in amino acid of
gB of EHV-4.

Two MADbs specific to EHV-1 gB recognized the proteins with similar
molecular masses in EHV-4 and EHV-1-infected cells and EHV-1 gB- and EHV-4
gB-transfected cells, indicating that both EHV-1 and EHV-4 gBs shared similar
immunogenic site. In amino acid sequences, EHV-4 gB have 85 to 90 % identity with
EHV-1 gB.

EHV-4 gG was secreted from infected cells (Drummer et al., 1998) and highly
immunogenic to horses (Allen et al., 1986; Maeda et al., 2004). In this study, two
bands with molecular masses of 100 and 50 kDa were detected in supernatant from
EHV-4 gG-transfected cells under non-reducing conduction and the two bands were
also detected in supernatant by using horse sera for EHV-4. The result is similar to the
previous report.

EHV-4 gE and gl are important factors in cell-to-cell spread in vitro and for
the expression of EHV-4 virulence (Damiani et la., 2000b) and the gE and gl of other
herpes viruses are associated with neurovirulence (Neidhardt et al., 1987; Card et al.,
1992; Kritas et al., 1994b). In this study, gE or gl expressed in vitro was not
recognized by horse sera to EHV-4, indicating that the immunogenicity of both gE
and gl was low or their antigenicity was not complete. Further experiment will be
required to clarify the complex of gE and gl. However, EHV-1 gl was recognized by
horse sera to EHV-1, suggesting that at least EHV-4 gl was less immunogenic to
horses than EHV-1 gl.

EHV-4 gH, gK, gL, gM and gN were also recognized by horse sera to EHV-4.
In EHV-1, co-expression of gM and gN were recognized by horse sera to EHV-1,

indicating that antigenicity of gM changed by co-expression with gN in Chapter 2.
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Further analysis should be performed to clarify the antigenicity of these glycoproteins
not recognized by sera from natural hosts.

In this study, some glycoproteins of EHV-4 were not recognized by horse sera
to EHV-4 in spite that those of EHV-1 were recognized by horse sera to EHV-1.
These results suggested that EHV-4 might possess immune evasion system than

EHV-1.

2.6. Conclusion

Eight MAbs to EHV-4 were produced, and all of them were EHV-4-specific,
one MAD was specific to gB and one was to gC by indirect immunofluroscent assay.
In mammalian cells, total of 11 glycoproteins of EHV-4 were expressed. Although gB,
gD and gG were recognized by immunoblot analysis using horse sera, gC, gE, gH, gl,
gK, gL, gM and gN were not. In this study, EHV-4-specific MAbs were produced and
these materials must be useful for research and diagnosis of EHV. In addition, it was

suggested that EHV-4 might possess immune evasion system more than EHV-1.
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2.7. Figure legends
Fig. 2. 1. (A) EHV-4 gB in 293Tcells by IFA using MAb 3-1D4HS. (B) EHV-4 gC in

293Tecells by IFA using MAb 3-2C10CS.

Fig. 2. 2. Immunoblot analysis of EHV-4 glycoproteins expressed in 293T cells. 293T
cells were transfected with each plasmid and FHK-Tcl3.1 cells were infected with
EHV-4. Immunoblot analysis was carried out under non-reducing conditions. Sera
collected from horses experimentally infected with EHV-4 were used as primary

antibody.

Fig. 2. 3. Immunoblot analysis of EHV-4 glycoprotein g (gG) and EHV-1
glycoprotein g (gG) in supernatant from all 293T cells. 293T cells were transfected
with each plasmid and FHK-Tcl3.1 cells were infected with EHV-4 or and EHV-1.
Immunoblot analysis was carried out under non-reducing conditions. Serum collected

from horses experimentally infected with EHV-4 was used as primary antibody.

58



Table 2. 1. Primers based on the complete genome of EHV-4 NS80567

Primers Position?
Genes Start stop
Name Sequences®
gB4 F 5”-ACGAATTCatgtccacttgttgcegtge-3' 61147 61168
¢B
gB4 R 5”-ACCTCGAGttaaaccattttttegettteca-3* 64074 64051
gC4 F 5"-ACGAATTCatgggtttggtaaatataatgeg-3" 22396 22373
gC
gC4R 5”-ACCTCGAGttagaagtctgctttcttgtac-3* 20939 20961
gD4F 5”-ACAGATCTatgtctaccttcaagectatg-3 129798 129777
gD
gD4R 57-ACCTCGAGttacggaagctgagtatatttg-3’ 131006 130984
gE4-F 5"-ACAGATCTatggagctgttagactccege-3' 136058 136037
gE
gE4-R 5”-ACCTCGAGtcattttaggatagacctgage-3" 134239 134262
gG4F 5”-ACAGATCTatgttggctgtgggageaact-3" 125970 125991
gG
gG4R 57-ACCTCGAGttatgcaacgtactcaagtcg-3’ 127277 127256
gH4-F 5"-ACGAATTCatgtcacaaccgtatctaaaaat-3 70858 70881
gH
gH4-R 5”- ACCTCGAGttactcagagtttaataacaaact-3° 73425 73421
gl 4-F 5”-ACGAATTCatggccaaacatactgtattgt-3" 131111 131133
gl
gl 4-R 5”-ACCTCGAGttagtcttectettttatggee-3 132373 132351
gK4-F 5"-ACAGATCTatgttattcggggggagaacg-3° 6649 6628
gK
gK4-R 5”-ACGCATGCttattgtgacaaggactcgeee-3 5618 5640
glL4-F 5”-ACAGATCTatgtatcactcccaattgggtg-3* 108296 108274
gL
gl4-R 5”-ACCTCGAGtcattctgaagtttcttgaatt-3" 107637 107615
gM4-F 5”-ACAGATCTatggcacgacgtggegetget-3° 94033 94012
gM
gM4-R 5”"-ACCTCGAGTtaacggtaatctetgegegag-3' 92681 92702
gN4F 5"-ACAGATCTatgttgtcagcgagattagtg-3 11671 11692
gN
gN4R 5”-ACCTCGAGtcagtgtaggtgtcgeaacat-3 11973 11952
gp2-F 5”-ACAGA'TCTatggggttcatctatgttage-3' 127455 129476
gp2
gp2-R 5”-ACCTCGAGttaatatacggacgecegggg-3' 129707 129686

a: position of genome of Equine herpesvirus 4 strain NS80567, complete genome (Accession No. AF030027.1)
b: Capital letters indicate the restriction endonuclease digestion site and additional two nucleotides.

A final polymerization step for 7 min at 72 ° C served for the completion of fragmental DNA strands. Finally, the reaction was finished by a 1 min cooling step to 4~ C.
The amplified DNA fragments were separated in a 0.8 % agarose gel, stained with ethidium bromide solution.
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Table 2. 2. Characterization of monoclonal antibodies to EHV-4

VN test IFA
Wi R e e
EHV-4 EHV-1 EHV-4 EHV-1
3-1 F3A9 Unknown IgM <1:10 <1:10 1:640 <1:10 -
3-3C12ES Unknown IgM <1:10 <1:10 1:320 <1:10 -
3-3E4H10 Unknown IgM <1:10 <1:10 1:640 <1:10 +
3-1D4H8 gB4 IgM <1:10 <1:10 1:640 <1:10 +
3-2C10C8 gC4 IgM <1:10 <1:10 1:320 1:10 +
3-2G2A7 Unknown IgG3 <1:10 <1:10 1:640 <1:10 +
3-2C1HS Unknown IgM <1:10 <1:10 1:640 <1:10 +
3-1ESA8 Unknown IgM <1:10 <1:10 1:640 <1:10 +
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Table 2. 3. Differences of amino acid sequences of glycoproteins

Glycoprotein Change of amino acid
EHV-4 gC D309E?
EHV-4 gb L27V, G382E?
EHV-4 gl R134W, D298A®
EHV-4 gp2 L376S, K463R, Q509R?

a: Comparison with NS80567 strain (Accession No. AF030027.1)
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Chapter 3

Pseudorabies virus infection in wild boars in Japan
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3.1. Summary

In Japan, most pig populations are now free from pseudorabies virus (PRV) due to the
recent success of an extensive eradication program. However, PRV infection persists
in Japanese wild boars (Sus scrofa leucomystax), representing another potential
reservoir for the virus in Japan. In this study, the seroprevalence of PRV in wild boars
captured in three different regions was ascertained. The virus-neutralization (VN) test
showed that 6 of 173 (3%) were positive for VN antibody; glycoprotein E-ELISA
revealed infection with the wild-type, but not the available vaccine strain, PRV. These

results indicate that PRV has continued to spread among wild boars in Japan.

66



3.2. Introduction

Pseudorabies virus (PRV), a member of the genus Varicellovirus in the
subfamily Alphaherpesvirinae of the family Herpesviridae (Klupp et al., 2004), is the
causative agent of a contagious and epidemic disease, Aujeszky’s disease, which
affects swine at various production phases, causing high mortality in naive and
newborn piglets and abortion in pregnant sows. This disease results in significant
economic losses for the swine industry (Cunha et al., 2006).

In Japan, a PRV eradication program in domestic pigs has been successfully
implemented; consequently, most domestic pig populations are now free from wild-
type PRV and therefore are not vaccinated with a live attenuated vaccine. As this
vaccine virus has a deletion in the glycoprotein E (gE) gene, vaccinated pigs can be
serologically differentiated from those infected with wild-type PRV by the gE-ELISA.
In 1997, a PRV epidemic in Nara Prefecture, Japan resulted in the deaths of 24
hunting dogs due to PRV infection acquired after eating raw wild boar (Sus scrofa
leucomystax) meat (Kouda et al., In the 129th Annual Meeting of the Japanese
Society of Veterinary Science, Tsukuba, 2000). This event suggested that wild boars
may represent a potential source of PRV infection for other animals. However, there
is currently little information about the present situation of PRV prevalence among
wild boars in Japan. Here we present the results of a seroepidemiological study of
PRV in wild boars in Japan in order to clarify the seroprevalence of PRV in this

population.

3.3. Materials and Methods

3.3.1. Sera
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A total of 173 serum samples were collected from wild boars in three different
prefectures of Japan. These three prefectures were located in the western part of Japan,
were not neighbor each other and were free from PRV in their pig populations. Most
animals were hunted with government permission during the winter season. Sera were
inactivated by incubation at 56°C for 30 min and then kept at —20°C until use. Results

of sample analysis are presented in (Table 3. 1).

3.3.2. Cell

Cloned porcine kidney (CPK) cells were kindly provided by the National
Institute of Animal Health in Japan; these were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; GIBCO, NY, U.S.A.) supplemented with 10% fetal calf

serum (FCS), 100 U/ml penicillin and 100 ug/ml streptomycin.

3.3.3. Virus

PRV Indiana strain was propagated in the cultured CPK cells.

3.3.4. Virus-neutralization test

To assess the presence of virus-neutralization (VN) antibody to PRV, sera were
serially two-fold diluted in DMEM containing 2% FCS. Diluted sera and medium
(control) samples were mixed with equal volumes of a solution containing 50 plaque-
forming units (PFU) /100 x/ of PRV, and then incubated at 37°C for 1 hr. CPK cells
were then inoculated with these samples. After adsorption for 60 min at 37°C in 5%
CO,, treated cells were washed twice with DMEM and then overlaid with 0.8%
agarose (SeaPlaque GTG agarose, Lonza, USA) in DMEM containing 10% FCS. The

plates were then incubated at 37°C in 5% CO, for 3 days. The cells were fixed with
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5% buffered formaldehyde for 1 hr, and the agarose layers were removed. After
staining with crystal violet, plaques were counted. Sera that reduced the number of
plaques by more than 80%, as compared to the mean number of plaques in control

wells, were considered positive.

3.3.5. ELISA
PRV gE-ELISA was carried out using HerdChek PRV gl (gE) Antibody

ELISA (IDEXX Lab., Westbrook, ME, U.S.A.) according to manufacturer’s protocol.

3.4. Results

The results of VN assays revealed that at least 6 sera (3%) had VN antibodies
against PRV (Table 3. 1). PRV seropositivity was found in 2 of 50 wild boars (4%) in
area A, 4 of 71 (6%) in area B, and none of the 52 in region C. VN titers in the 6
positive sera ranged from 1:40 to 1:160 (Table 3. 2). PRV-positive boars were over
three years old and relatively heavy (49-81 kg), indicating that infection may have
occurred a few years before sampling took place and may not occur recently.
To confirm PRV seropositivity, PRV gE-ELISA was carried out using HerdChek
PRV gl (gE) Antibody ELISA. This assay detects antibody to wild-type PRV gE by
competition with a monoclonal antibody, thereby distinguishing antibody induced by
wild-type PRV from that induced by the vaccine strain (Mikulska et al., 2005).
Results for all 6 VN-positive sera contained antibodies to wild-type, virulent PRV gE,

and not the vaccine strain.

3.5. Discussion
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The present results were consistent with the PRV epidemic in hunting dogs in
1997, because prefecture B is neighbor to Nara Prefecture, suggesting that virulent
PRV continues to spread among wild boars in Japan. However, the reported
seroprevalences of PRV in wild boars in western (10%) and eastern (9%) Germany
(Lutz et al., 2003; Miiller et al., 1998), France (6%) (Albina et al., 2000), south-
central Spain (56%) (Gortazar et al., 2002), Croatia (55%) (Zupan&ic et al., 2002) and
the southern USA (34-61%) (Corn et al., 2004; Gresham et al., 2002; Hahn et al.,
1997;Van Der Leek et al., 1993) seem to be higher than that in Japan (3%). In
addition, only one previous report indicated that wild boars in Shikoku, in southern
Japan, were free from PRV (Ishiguro et al., 2005). These results suggest that the low
seroprevalence of PRV in wild boars in Japan might be indicative of the success of
the PRV eradication program in domestic pigs.
PRV-seropositive wild boars can act as a source of infection for other wildlife species,
including wild canids and hunting dogs (Tozzini et al., 1982). Mortality associated
with PRV infection has also been documented in endangered species such as the
Florida panther (Felis concolor) in the USA (Glass et al., 1994), and PRV has been
suggested as a possible factor contributing to the declining numbers of the Eurasian
lynx (Lynx lynx) in Slovenia (Vengust et al., 2005). Taken together with our results,
these trends indicate that PRV infection in wild boars should become a target for
eradication programs like the one implemented in the domestic pig population in

Japan.
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3.6. Conclusion

In conclusion, although PRV continues to infect wild boars in Japan, the
prevalence is very low. Therefore, the possibility of transmission to domestic pigs
may also be low, since PRV seems to be rare even within the wild boar population.
Nevertheless, the continued threat of economic loss in the domestic pig industry due

to this persistent virus reservoir should not be ignored.
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Table 3. 1. Seroprevalence of PRV in wild boars.

. Number of examined Number of PRV-positive Percentage of PRV-
Area Period .
sera sera positive sera
A September, 2009 to November, 2010 50 2 4
B November, 2007 to March, 2010 71 4 6
C January, 2010 to December, 2010 52 0 0
Total 173 6 3

72



Table 3. 2. VN titres and antibodies to PRV gE in PRV-positive sera

Prefecture Date Sex Age? (Body weight) gE ELISA S/N ratio® VN titer
A Nov. 26, 2010 F Over 3 (65kg) 0.04 1:160
A Oct. 4, 2010 F Over 3 (73kg) 0.19 1:80
B Feb. 15, 2008 M N.A. (52kg) 0.05 1:160
B Feb. 19, 2008 M N.A. (53kg) 0.19 1:80
B Mar. 3, 2010 M N.A. (81kg) 0.10 1:40
B Feb. 16, 2010 M N.A. (49kg) 0.15 1:80

a: Age was presumed from their teeth.

b: S/N ratio was calculated as a ratio of absorbance of well with serum/absorbance of control well without serum.

Serum with S/N ratio of =0.60 is judged as positive.
N.A.: Data is not available
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General Conclusion
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In my PhD course, glycoproteins of EHV-1 and EHV-4 were expressed in
vitro and characterized by our established monoclonal antibodies (MAbs). In addition,
the availability of ELISA for detection of antibody to gE was examined using other

herpesvirus.

Chapter 1. Characterization of glycoproteins in EHV-1

In this chapter, I attempted to express twelve glycoproteins of EHV-1 in 293T
cells, and to characterize these using MAbs and horse sera against EHV-1. Expression
of glycoprotein B (gB), gC, gD, gG, gl and gp2 was recognized by immunoblot
analysis using horse sera, but that of gE, gH, gK, gL, gM and gN was not. Four MAbs
recognized gB, four recognized gC and one recognized gp2. Two MAbs against gB
cross-reacted with EHV-4. Interestingly, coexpression of gE and gl and gM and gN
enhanced their antigenicity. Furthermore, immunoblot analysis of gp2 showed that
different molecular masses of gp2 were recognized by the MAD against gp2 and horse
sera against EHV-1. In this study, it was demonstrated that at least six glycoproteins
were immunogenic to horses and coexpression of gE and gl and gM and gN was

important for enhancement of antigenicity.

Chapter 2. Characterization of glycoproteins in EHV-4

In this chapter, eleven glycoproteins in EHV-4 were expressed in 293T cells
and eight MAbs to EHV-4 were developed. One MAD recognized gB4, one did gC4
and the other six did unknown proteins. Only three glycoproteins, gB4, gD4 and gG4,
expressed in 293T cells reacted with sera from EHV-4-infected foals, indicating that
these three glycoproteins were immunogenic to horses. However, the other eight

glycoproteins were not recognized by horse sera, suggesting that EHV-4
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glycoproteins might require other mechanisms for efficient expression and proper
folding or that EHV-4 glycoproteins might be less immunogenic to horses than EHV-

1 glycoproteins.

Chapter 3. Pseudorabies virus infection in wild boars in Japan

Pseudorabies virus (PRV) is the next candidate for eradication from Japanese
swine industry. To eradicate PRV, the attenuated live vaccine, PRV with a deletion in
gE gene, is available and the ELISA to detect antibody to PRV gE is used to
serologically differentiate between wild type PRV infection and vaccination. In horses,
EHV-1 with deletion in gE gene is developed as a new live attenuated vaccine and our
laboratory developed ELISA for detection of antibody to EHV-1 gE and the ELISA
made it possible to distinguish between wild EHV-1 infection and vaccine inoculation.
In this study, the availability of ELISA to detect antibody to PRV gE was examined
by using sera from wild bores (Sus scrofa leucomystax).

In Japan, most pig populations are now free from PRV due to the recent
success of an extensive eradication program. However, PRV infection persists in
Japanese wild boars, representing another potential reservoir for the virus in Japan. In
this study, the seroprevalence of PRV in wild boars captured in three different regions
was ascertained. The virus-neutralization (VN) test showed that 6 of 173 (3%) were
positive for VN antibody; glycoprotein E-ELISA revealed infection with the wild-
type, but not the available vaccine strain, PRV. These results indicate that PRV has
continued to spread among wild boars in Japan and confirm that ELISA to detect

antibody to gE is available in the field.
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Conclusion
In these PhD studies, there are some novel findings.
1. EHV-1 gl plays an important role in expression of EHV-1 gE.
2. Immunogenicity of EHV-4 glycoproteins seems to be different from that of EHV-1

glycoproteins.

These novel findings, expression plasmids and MAbs must be available for

understanding the pathogenicity of EHVs and for development of effective vaccine

and diagnostic method.

77



Acknowledgments

First of all, my prayerful thanks go to "ALLAH" for every thing bestowed on
me during my life. I would like to express my cordial thanks to my mother for her
suffering as she sacrificed a lot for my success.

I am deeply grateful expressing my cordial thanks to my supervisor Professor
Dr. Ken Maeda from whom I learned a lot not only in the scientific research but also
in the daily life. He smoothly engaged me in the virus research, enforced me to think
deeply and work hardly to find my way independently and encouraged me to soar
higher and help myself to solve the problems that faced me during my experiments
with his sincere guidance. I am now having a self-confidence to be a researcher in my
field. I am grateful thanks to Professor Dr. Toshihiro Ito in Tottori University, my
co-supervisor, for his unlimited help, useful discussions, guidance and encouragement
through out my PhD course. [ am grateful thanks to Professor Dr. Hiroyuki Iwata in
Yamaguchi University, my co-supervisor, for his kind support and encouragement.

I am indebted for the Government of Egypt, Minister of Higher Education and
State Scientific Research of my beloved country Arab Republic of Egypt for
selecting and giving me this chance to study abroad and financially supporting me. I
am gratitude to the staff members of the Culture Office of Arab Republic of Egypt
in Tokyo, Japan for their efforts to help and support us. I am grateful thanks to
Professor Dr. Takuya Mizuno in Laboratory of Internal Medicine, Yamaguchi
University for his great assistant in using the fluorescence phase contrast microscope.
I thanks the officer in United Graduate School of Yamaguchi University for their
great efforts to facilitate our hard life in Japan. I am indebted to the soul of my

beloved father who hoped to see me as a good man, May Allah rewards him. All my

78



thanks to all members of Laboratory of Veterinary Microbiology and to every kind
hand that helped me in this work. I express my deepest thanks to my wife and my son
who faced a lot of hard times here and scarified to allow me to finish my study. I
thank to all my friends and colleagues who I met here for their help and support and

wish them full success.

79



References

L.

Albina, E., Mesplede, A., Chenut, G., Le Potier, M. F., Bourbao, G., Le Gal,

S. and Leforban, Y. A. (2000). Serological survey on classical swine fever
(CSF), Aujeszky’s disease (AD) and porcine reproductive and respiratory
syndrome (PRRS) virus infections in French wild boars from 1991 to 1998.
Vet. Microbiol. 77, 43-57.

Allen, G. P. and Bryans, J. T. (1986). Molecular epizootiology, pathogenesis,
and prophylaxis of equine herpesvirus-1 infections. Prog. Vet. Microbiol.
Immunol. 2, 78-144.

Allen, G. P., Coogle, L. D., Ostlund, E. N. and Yeargan, M. R. (1992).
Molecular dissection of two major equid herpesvirus-1 glycoprotein antigens
(gB gC) that elicit humoral immune responses in the horse. In (Equine
Infectious Diseases), proceedings of the Sixth International Conference,
(Plowright, W., Rossdale, P. D. and Wade, J. F. eds), R&W Publications,
Newmarket, United Kingdom, pp.181-193.

Allen, G. P., Kydd, J. H., Slater, J. D. and Smith, K. C. (1999). Advances in
understanding of the pathogenesis, epidemiology and immunological control of
equine herpesvirus abortion. In (Equine Infectious Diseases), proceedings of the
Eighth International Conference (Wernery, U., Wade, J., Mumford, J. and
Kaaden, O. R. eds.), R&W Publishers, Newmarket, United Kingdom, pp.129-
146.

Allen, G. P. (2002). Respiratory infections by equine herpesvirus types 1 and 4.
In (International Veterinary Information Service), (Lekeux, P. ed),

(www.ivis.org), Ithaca, New York, USA.

80



10.

11.

12.

Andoh, K., Kai, K., Matsumura, T. and Maeda, K. (2009). Further
development of an equine cell line that can be propagated over 100 times. J.
Equine Sci. 20, 11-14.

Andoh, K., Takasugi, M., Mahmoud, H. Y. A., Hattori, S., Terada, Y.,
Noguchi, K., Shimoda, H., Bannai, H., Tsujimura, K., Matsumura, T., Kondo,
T. and Maeda, K. (2013). Identification of a major immunogenic region of
equine herpesvirus-1 glycoprotein E and its application to enzyme-linked
immunosorbent assay. Vet. Microbiol. 164, 18-26.

Armstrong, J., Pereira, H. G. and Andrewes, C. H. (1961). Observations of the
virus of infectious bovine rhinotracheitis and its affinity with the herpesvirus
group. Virology 14, 276-285.

Atanasiu, D., Whitbeck, J. C., Cairns, T. M., Reilly, B., Cohen, G. H. and
Eisenberg, R. J. (2007). Bimolecular complementation reveals that
glycoproteins gB and gH/gL of herpes simplex virus interact with each other
during cell fusion. Proc. Natl. Acad. Sci. 104, 18718-18723.

Audonnet, J. C., Winslow, J., Allen, G. and Paoletti, E. (1990). Equine
herpesvirus type 1 unique short fragment encodes glycoproteins with homology
to herpes simplex virus type 1 gD, gl and gE. J. Gen. Virol. 71, 2969-2978.
Avitabile, E., Forghieri, C. and Campadelli-Fiume, G. (2007). Complexes
between herpes simplex virus glycoproteins gD, gB, and gH detected in cells by
complementation of split enhanced green fluorescent protein. J. Virol. 81,
11532-11537.

Azab, W., Tsujimura, K., Maeda, K., Kobayashi, K., Mohamed, Y. M., Kato, K.,
Matsumura, T. and Akashi, H. (2010). Glycoprotein C of equine herpesvirus 4

plays a role in viral binding to cell surface heparan sulfate. Virus Res. 151, 1-9.

81



13.

14.

15.

16.

17.

18.

19.

20.

Azab, W. and FEl-Sheikh, A. (2012a). Role of Equine Herpesvirus Type 4
Glycoprotein K in Virus Replication. Viruses 4, 1258-1263.

Azab, W. and Osterrieder, N. (2012b). Glycoproteins D of equine herpesvirus
type 1 (EHV-1) and EHV-4 determine cellular tropism independently of
integrins. J. Virol. 86, 2031-2044.

Backovic, M., dubois, R. M., Cockburn, J. J., Sharff, A. J., Vaney, M. C,,
Granzow, H., Klupp, B. G., Bricogne, G., Mettenleiter, T. C. and Rey, F. A.
(2010). Structure of a core fragment of glycoprotein H from pseudorabies virus
in complex with antibody. Proc. Natl. Acad. Sci. 107, 22635-22640.

Baxi, M. K., Efstathiou, S., Lawrence, G., Whalley, J. M., Slater, J. D. and Field,
H. J. (1995). The detection of latency-associated transcripts of equine
herpesvirus 1 in ganglionic neurones. J. Gen. Virol. 76, 3113-3118.

Bell, C. W., Boyle, D. B. and Whalley, J. M. (1990). Transcript analysis of the
equine herpesvirus glycoprotein B gene homologue and its expression by a
recombinant vaccinia virus. J. Gen. Virol .71, 1119-1129.

Blacklaws, B. A., Nash, A. A. and Darby, G. (1987). Specificity of the immune
response of mice to herpes simplex virus glycoproteins B and D constitutively
expressed in L cell lines. J. Gen. Virol. 68, 1103-1114.

Blanchard, T. L., Kenney, R. M. and Timoney, P. L. (1992). Venereal disease.
Veterinary Clinics of North America. (Equine Practice) 8, 191-203.

Borchers, K., Wolfinger, U. and Ludwig, H. (1999). Latency-associated
transcripts of equine herpesvirus type 4 in trigeminal ganglia of naturally

infected horses. J. Gen. Virol. 80, 2165-2171.

82



21.

22.

23.

24,

25.

26.

27.

Borchers, K., Wolfinger, U., Goltz, M., Broll, H. and Ludwig, H. (1997).
Distribution and relevance of equine herpesvirus type 2 (EHV-2) infections.
Arch. Virol. 142, 917-928.

Boussif, O., Lezoualc'h, F., Zanta, M. A., Mergny, M. D., Scherman, D.,
Demeneix, B. and Behr, J. P. (1995). A versatile vector for gene and
oligonucleotide transfer into cells in culture and in vivo: polyethylenimine.
Proc. Natl. Acad. Sci. USA. 92, 7297-7301.

Brack, A. R., Dijkstra, J. M., Granzow, H., Klupp, B. G. and Mettenleiter, T. C.
(1999). Inhibition of virion maturation by simultaneous deletion of
glycoproteins E, I and M of pseudorabies virus. J. Virol. 73, 5364-5372.
Breathnach, C. C., Allen, G. P., Holland, R. E., Conboy, H. S., Berry, D. B. and
Chambers T. M. (1999). Problems associated with vaccination of foals against
equine herpesvirus-4 (EHV-4) and the role of anti-EHV-4 maternal antibodies.
In (Equine Infectious Diseases), proceedings of the Eighth International
Conference, (Wernery, U., Wade, J. F., Mumford, J. A. and Kaaden, O. R. eds),
R&W Publications, Newmarket, United Kingdom, pp. 426-427.

Bridges, C. G. and Edington, N. (1987). The proteins of equid herpesvirus 1
(EHV-1) recognised by equine antisera and their ability to promote antibody-
dependecell-mediated cytotoxicity. Tierdrztl. Prax. Suppl. 2, 47-49.

Bridges, C. G., Ledger, N. and Edington, N. (1988). The characterization of
equine herpes virus-l-infected cell polypeptides recognized by equine
lymphocytes. Immunology 63, 193-198.

Browning, G. F., Ficorilli, N. and Studdert, M. J. (1988). Asinine herpesvirus
genomes: comparison with those of the equine herpesvirus. Arch. Virol. 101,

183-190.

83



28.

29.

30.

31.

32.

33.

34.

Bryans, J. T. (1980). Serologic responses of pregnant thoroughbred mares to
vaccination with an inactivated equine herpesvirus 1 vaccine. Am. J. Vet. Res.
41, 743-746.

Bryans, J. T. and Allen, G. P. (1982). Application of a chemically inactivated,
adjuvanted vaccine to control abortigenic infection of mares by equine
herpesvirus 1. Dev. Biol. Stand. 52, 493-498.

Bryans, J. T. and Allen, G. P. (1986). Control of abortigenic herpesviral
infections. In (Current Therapy in Theriogenology), Vol. 2, (Morrow, D and
Saunders, W. B. eds), p. 711-714.

Bryant, N. A., Davis-Poynter, N., Vanderplasschen, A. and Alcami, A. (2003).
Glycoprotein G isoforms from some alphaherpesviruses function as broad-
spectrum chemokine binding proteins. The EMBO J. 22, 833-846.

Bumgardner, M. K., Dutta, S. K., Campbell, D. L. and Myrup, A. C. (1982).
Lymphocytes from ponies experimentally infected with equine herpesvirus 1:
sub populations dynamics and their responses to mitogens. Am. J. Vet. Res. 43,
1308-1310.

Burrows, R. and Goodridge, D. G. (1973). In vivo and in vitro studies of equine
rhinopneumonitis strains. In (Equine Infectious Diseases), proceedings of the
Third International Conference, (Bryans, J. T. and Gerber, H. eds.), Karger
(Basel), pp. 306-321.

Burrows, R., Goodridge, D. and Denyer, M. (1984). Trials of an inactivated
equid herpesvirus 1 vaccine: challenge with a subtype 1 virus. The Vet. Rec.

114, 369-374.

84



35.

36.

37.

38.

39.

40.

41.

42.

43.

Chowdary, T. K., Cairns, T. M., Atanasiu, D., Cohen, G. H, Eisenberg R. J. and
Heldwein, E. E. (2010). Crystal structure of the conserved herpesvirus fusion
regulator complex gH-gL.. Nat. Struct. Mol. Biol. 17, 882-888.

Colle, C. F. III. and O'Callaghan, D. J. (1995). Transcriptional analyses of the
unique short segment of EHV-1 strain Kentucky A. Virus Genes 9, 257-268.
Collinson, P. N., Orielly, J. L., Ficorilli, N. and Studdert, M. J. (1994). Isolation
of equine herpesvirus type 2 (equine gammaherpesvirus 2) from foals with
keratoconjunctivitis. J. Am. Vet. Med. Assoc. 205, 329-331.

Corn, J. L., Stallknecht, D. E., Mechlin, N. M., Luttrell, M. P. and Fischer, J.
R. (2004). Persistence of pseudorabies virus in feral swine populations. J.
Wildl. Dis. 40, 307-310.

Crabb, B. S., Allen, G. P. and Studdert, M. J. (1991). Characterization of the
major glycoproteins of equine herpesviruses 4 and 1 and asinine herpesvirus

3 using monoclonal antibodies. J. Gen. Virol. 72, 2075-2082.

Crabb, B. S., Nagesha, H. S. and Studdert, M. J. (1992). Identification of equine
herpesvirus 4 glycoprotein G: a type-specific, secreted glycoprotein. Virology
190, 143-154.

Crabb, B. S. and Studdert, M. J. (1993). Epitopes of glycoprotein G of equine
herpesviruses 4 and 1 located near the C termini elicit type-specific antibody
responses in the natural host. J. Virol. 67, 6332-6338.

Crabb, B. S. and Studdert, M. J. (1995). Equine herpesviruses 4 (equine
rhinpneumonitis virus) and 1(equine abortion virus). Adv. Virus Res. 45, 153-
190.

Crabb, B. S., MacPherson, C. M., Reubel, G. H., Browning, G. F., Studdert,

M. J. and Drummer, H. E. (1995). A type-specific serological test to

85



44.

45.

46.

47.

48.

49.

50.

51.

distinguish antibodies to equine herpesviruses 4 and 1. Arch. Virol. 140, 245-
258.

Crandell, R. A., Mock, R. E. and Lock, T. F. (1980). Vaccination of pregnant
ponies against equine rhinopneumonitis. Am. J. Vet. Res. 41, 994-996.

Crump, C. M., Bruun, B., Bell, S., Pomeranz, L. E, Minson, T. and Browne,
H. M. (2004). Alphaherpesvirus glycoprotein M causes the relocalization of
plasma membrane proteins. J. Gen. Virol. 85, 3517-3527.

Csellner, H., Walker, C., Wellington, J. E., mclure, L. E., Love, D. N. and
Whalley, J. M. (2000). EHV-1 glycoprotein D (EHV-1 gD) is required for virus
entry and cell-cell fusion, and an EHV-1 gD deletion mutant induces a
protective immune response in mice. Arch. Virol. 145, 2371-2385.

Cullinane, A. A., Rixon, F. J. and Davison, A. J. (1988). Characterization of the
genome of equine herpesvirus 1 subtype 2. J. Gen. Virol. 69, 1575-1590.

Cunha, E. M. S., Nassar, A. F. C., Lara, M. C. C. S. H., Bersano, J. G.,
Villalobos, E. M. C. and Oliveira, J. C .F. (2006). Antibodies against
pseudorabies virus in feral swine in southeast Brazil. Arq. Bras. Med. Vet.
Zootec. 58, 462-466.

Damiani, A. M., Matsumura, T., Yokoyama. N., Maeda, K., Miyazawa, T.,
Kai, C. and Mikami, T. (1998). Nucleotide sequences of glycoprotein I and E
genes of equine herpesvirus type 4. J. Vet. Med. Sci. 60, 219-225.

Damiani, A. M., Matsumura, T., Jang, H. K., Izumiya, Y., Mikami,T. and
Takahashi, E. (2000a). Identification of the products of the equine
herpesvirus type 4 gl and gE genes. Arch. Virol. 145, 1489-1496.

Damiani, A. M., Matsumura, T., Yokoyama, N., Mikami, T. and Takahashi, E.

(2000b). A deletion in the gl and gE genes of equine herpesvirus type 4 reduces

86



52.

53.

54.

55.

56.

57.

58.

59.

viral virulence in the natural host and affects virus transmission during cell-to-
cell spread. Virus Res. 67, 189-202.

Darlington, R. W., and Randall, C. C. (1963). The nucleic acid content of equine
abortion virus. Virology 19, 322-327.

Davison, A. J., Eberle, R., Ehlers, B., Hayward, G. S., McGeoch, D. J., Minson,
A. C., Pellett, P. E., Roizman, B., Studdert, M. J. and Thiry, E. (2009). The
order Herpesvirales. Arch. Virol. 154, 171-177.

Dietz, P., Klupp, B. G., Fuchs, W., Kollner, B., Weiland, E. and Mettenleiter, T.
C. (2000). Pseudorabies virus glycoprotein K requires the UL20 gene product
for processing. J. Virol. 74, 5083-5090.

Dimock, W. W. and Edwards, P. R. (1933). Is there a filterable virus of abortion
in mares?. Kentucky Agricultural Experiment Station Bulletin 333, 297-301.
Dingwell, K. S., Brunetti, C. R., Hendricks, R. L., Tang, Q., Tang, M., Rainbow,
A. J., and Johnson, D. C. (1994). Herpes simplex virus glycoproteins E and I
facilitate cell-to-cell spread in vivo and across junctions of cultured cells.
Virology 68, 834-845.

Doll, E. R. (1952). Seasonal incidence and fetal age in equine viral abortion.
Cornell. Vet. 42, 505-509.

Doll, E. R. and Bryans, J. T. (1963). A planned infection program for
immunizing mares against virarhinopneumonitis. Cornell. Vet. 53, 249-262.
Drummer, H. E., Studdert, M. J. and Crabb, B. S. (1998). Equine herpesvirus-4
glycoprotein G is secreted as a disulphide-linked homodimer and is present as

two homodimeric species in the virion. J. Gen. Virol. 79, 1205-1213.

87



60.

61.

62.

63.

64.

65.

66.

67.

Dutta, S. K. and Myrup, A. C. (1983). Infected centre assay for intracellular
virus and infective virus titre of equine lymphocytes infected in vivo and in vitro
with equine herpesviruses. Can. J. Comp. Med. 47, 64-69.

Edington, N., Bridges, C. G. and Huckle, A. (1985). Experimental reactivation
of equid herpesvirus 1 (EHV1) following the administration of corticosteroids.
Equine Vet. J. 17, 369- 372.

Edington, N., Bridges, C. G. and Patel, J. R. (1986). Endothelial cell infection
and thrombosis in paralysis caused by equid herpesvirus- 1: equine stroke. Arch.
Virol. 90, 111-124.

Edington, N., Smith, B. and Griffiths, L. (1991). The role of endothelial cell
infection in the endometrium, placenta and fetus of equid herpesvirus 1 (EHV-1)
abortions. J. Comp. Pathol. 104, 379-387.

Edington, N., Welch, H. M. and Griffiths, L. (1994). The prevalence of latent
Equid herpesviruses in the tissues of 40 abattoir horses. Equine Vet. J. 26, 140-
142.

Engelhardt, T. and Keil, G. M. (1996). Identification and characterization of the
bovine herpesvirus 5 US4 gene and gene products. Virology 225, 126-135.

Fan, Q., Lin, E. and Spear, P. G. (2009). Insertional mutations in herpes simplex
virus type 1 gL identify functional domains for association with gH and for
membrane fusion. J. Virol. 83, 11607-11615.

Farnsworth, A., Goldsmith, K. and Johnson, D. C. (2003). Herpes simplex
virus glycoproteins gD and gE/gl serve essential but redundant functions
during acquisition of the virion envelope in the cytoplasm. J. Virol. 77, 8481-

8494.

88



68.

69.

70.

71.

72.

73.

74.

Fitzmaurice, T., Walker, C., Kukreja, A., Sun, Y., Brown, S. M. and Field, H. J.
(1997). The pathogenesis of ED71, a defined deletion mutant of equine
herpesvirus-1, in a murine intranasal infection model for equine abortion. J. Gen.
Virol. 78, 2167-2169.

Flowers, C. C., Eastman, E. M. and O’Callaghan, D. J. (1991). Sequence
analysis of a glycoprotein D gene homolog with the unique short segment of the
EHV-1 genome. Virology 180, 175-184.

Foster, T. P., Alvarez, X. and Kousoulas, K. G. (2003). Plasma membrane
topology of syncytial domains of herpes simplex virus type 1 glycoprotein K
(gK): the UL20 protein enables cell surface localization of gk but not gk-
mediated cell-to-cell fusion. J. Virol. 77, 499-510.

Frampton, A. R., Stolz, D. B., Uchida, H., Goins, W. F., Cohen, J. B. and
Glorioso, J. C. (2007). Equine herpesvirus 1 enters cells by two different
pathways, and infection requires the activation of the cellular kinase ROCKI. J.
Virol. 81, 10879-10889.

Fukushi, H., Tomita, T., Taniguchi, A., Ochiai, Y., Kirisawa, R., Matsumura, T.,
Yanai, T., Masegi, T., Yamaguchi, T. and Hirai, K. (1997). Gazelle herpesvirus
1: a new neurotropic herpesvirus immunologically related to equine herpesvirus
1. Virology 227, 34-44.

Furlong, D., Roizman, B. and Swift, H. (1972). Arrangement of herpesvirus
deoxyribonucleic acid in the core. J. Virol. 10, 1071-1074.

Galdiero, S., Falanga, A., Vitiello, M., Raiola, L., Fattorusso, R., Browne, H.,
Pedone, C., Isernia, C. and Galdiero, M. (2008). Analysis of a membrane
interacting region of herpes simplex virus type 1 glycoprotein H. J. Biol. Chem.

283, 29993-300009.

89



75.

76.

77.

78.

79.

80.

8l1.

82.

Gibson, J. S., Slater, J. D., Awan, A. R. and Field, H. J. (1992). Pathogenesis of
equine herpesvirus-1 in specific pathogen-free foals: primary and secondary
infections and reactivation. Arch. Virol. 123, 351-366.

Gilkerson, J., Love, D. and Whalley, J. (1997). Serological evidence of equine
herpesvirus 1 (EHV-1) infection in Thoroughbred foals 30 -120 days of age.
Aust. Equine Vet. 15, 128-134.

Gilkerson, J. R., Whalley, J. M., Drummer, H. E., Studdert, M. J. and Love, D.
N. (1999). Epidemiology of EHV-1 and EHV-4 in the mare and foal populations
on a Hunter Valley stud farm: are mares the source of EHV-1 for unweaned
foals. Vet. Microb. 68, 27-34.

Glass, C. M., Mclean, R. G., Katz, J. B., Maehr, D. S., Cropp, C. B., Kirk, L.
J., Mckeirnan, A. J. and Evermann, J. F. (1994). Isolation of pseudorabies
(Aujeszky’s-disease) virus from a Florida Panther. J. Wildl. Dis. 30, 180-184.
Gleeson, L. J. and Coggins, L. (1980). Response of pregnant mares to equine
herpesvirus 1 (EHV-1). Cornell Vet. 70, 391-400.

Gomi, Y., Sunamachi, H., Mori, Y., Nagaike, K., Takahashi, M. and Yamanishi,
K. (2002). Comparison of the complete DNA sequences of the Oka varicella
vaccine and its parental virus. J. Virol. 76, 11447-11459.

Gortazar, C., Vicente, J., Fierro, Y., Leon, L., Cubero, M. J. and Gonzalez,
M. (2002). Natural Aujeszky’s disease in a Spanish wild boar population.
Ann. N. Y. Acad. Sci. 969, 210-212.

Gresham, C. S., Gresham, C. A., Duffy, M. J., Faulkner, C. T. and Patton, S.
(2002). Increased prevalence of Brucella suis and pseudorabies virus
antibodies in adults of an isolated feral swine population in coastal South

Carolina. J. Wildl. Dis. 38, 653-656.

90



83.

&4.

85.

86.

87.

88.

89.

Guo, P., Goebel, S., Perkus, M. E., Taylor, J., Norton, E., Allen, G., Languet, B.,
Desmettre, P. and Paoletti, E. (1990). Coexpression by vaccinia virus
recombinants of equine herpesvirus 1 glycoproteins gpl3 and gpl4 results in
potentiated immunity. J. Virol. 64, 2399-2406.

Hahn, E. C., Page, G. R., Hahn, P. S., Gillis, K. D., Romero, C., Annelli, J. A.
and Gibbs, E. P. J. (1997). Mechanisms of transmission of Aujeszky’s
disease virus originating from feral swine in the USA. Vet. Microbiol. 55,
123-130.

Hartley, C. A., Drummer, H. E. and Studdert, M. J. (1999). The nucleotide
sequence of the glycoprotein G homologue of equine herpesvirus 3 (EHV3)
indicates EHV3 is a distinct equid alphaherpesvirus. Arch. Virol. 144, 2023-
2033.

Hasebe, R., Sasaki, M., Sawa, H., Wada, R., Umemura, T. and Kimura, T.
(2009). Infectious entry of equine herpesvirus-1 into host cells through different
endocytic pathways. Virology 393, 198-209.

Huemer, H. P., Larcher, C., van Drunen-Littel-van den Hurk, S. and Babiuk, L.
A. (1993). Species selective interaction of Alphaherpesvirinae with the
“unspecific’ host immune system. Arch. Virol. 130, 353-364.

Ishiguro, N. and Nishimura, M. (2005). Genetic profile and serosurvey for
virus infections of Japanese wild boars in Shikoku Island. J. Vet. Med. Sci.
67, 563-568.

Jacobs, L., Rziha, H. J., Kimman, T. G., Gielkens, A. L. and Van Oirschot, J. T.
(1993). Deleting valine-125 and cysteine-126 in glycoprotein gl of pseudorabies
virus strain NIA-3 decreases plaque size and reduces virulence in mice. Arch.

Virol. 131, 251-264.

91



90.

91.

92.

93.

94.

95.

96.

97.

JoEns, A., Dijkstra, J. M. and Mettenleiter, T. C. (1998). Glycoproteins M and N
of pseudorabies virus form a disulfide-linked complex. J. Virol. 72, 550-557.
Kawakami, Y., Kaji, T., Ishizaki, R., Shimizu, T. and Matumoto, M. (1962).
Etiologic study on an outbreak of acute respiratory disease among colts due

to equine rhinopneumonitis virus. Jpn. J. Exp. Med. 32, 211-229.

Keil, G. M., Engelhardt, T., Karger, A. and Enz, M. (1996). Bovine herpesvirus
1 U(s) open reading frame 4 encodes a glycoproteoglycan. J. Virol. 70, 3032-
3038.

Klupp, B. G., Baumeister, J., Dietz, P., Granzow, H. and Mettenleiter, T. C.
(1998). Pseudorabies virus glycoprotein gK is a virion structural component
involved in virus release but is not required for entry. J. Virol. 72, 1949-1958.
Klupp, B. G., Hengartner, C. J., Mettenleiter, T. C. and Enquist, L. W. (2004).
Complete, annotated sequence of the pseudorabies virus genome. J. Virol. 78,
424-440.

Kritas, S. K., Pensaert, M. B. and Mettenleiter, T. C. (1994a). Invasion and
spread of single glycoprotein deleted mutants of Aujeszky’s disease virus
(ADV) in the trigeminal nervous pathway of pigs after intranasal inoculation.
Vet. Microbiol .40, 323-334.

Kritas, S. K., Pensaert, M. B. and Mettenleiter, T. C. (1994b). Role of envelope
glycoproteins gl, gp63 and glII in the invasion and spread of Aujeszky’s discase
in the olfactory nervous pathway of the pig. J. Gen. Virol. 75, 2319-2327.
Kukreja, A., Love, D. N., Whalley, J. M. and Field, H. J. (1998). Study of the
protective immunity of co-expressed glycoprotein H and L of
equineherpesvirus-1 in a murine intranasal infection model. Vet. Microbiol. 60,

1-11.

92



98. Kydd, J. H., Smith, K. C., Hannant, D., Livesay, G. J. and Mumford, J. A.
(1994a). Distribution of equid herpesvirus-1 (EHV-1) in the respiratory tract
of ponies: implications for vaccination strategies. Equine Vet. J. 26, 466-469.

99. Kydd, J. H., Smith, K. C., Hannant, D., Livesay, G. J. and Mumford, J. A.
(1994b). Distribution of equid herpesvirus-1 (EHV-1) in the respiratory tract
associated lymphoid tissue: implications for cellular immunity. Equine Vet. J.
26,470-473.

100.Learmonth, G. S., Love, D. N., Wellington, J. E., Gilkerson, J. R. and
Whalley, J. M. (2002). The C-terminal regions of the envelope glycoprotein
gp2 of equine herpesviruses 1 and 4 are antigenically distinct. Arch. Virol.
147, 607-615.

101.Lutz, W., Junghans, D., Schmitz, D. and Muller, T. (2003). A long-term
survey of pseudorabies virus infections in European wild boar of western
Germany. Z. Jagdwiss. 49, 130-140.

102.Maeda, K., Mizukoshi, F., Hamano, M., Kai, K., Iwata, H., Kondo, T. and
Matsumura, T. (2004). Development of an equine herpesvirus type 4-specific
enzyme-linked immunosorbent assay using a B-cell epitope as an antigen. J.
Clin. Microbiol.42, 1095-1098.

103.Maeda, K., Yasumoto, S., Tsuruda, A., Andoh, K., Kai, K., Otoi, T. and
Matsumura, T. (2007). Establishment of a novel equine cell line for isolation
and propagation of equine herpesviruses. J. Vet. Med. Sci. 69, 989-991.

104.Manninger, R. (1949). Studies on infectious abortions in mares due to a

filterable virus. Acta Vet. Acad. Sci. Hung. 1, 62-72.

93



105.Marshall, K. R., Sun, Y., Brown, S. M. and Field. H. J. (1997). An equine
herpesvirus-1 gene 71 deletant is attenuated and elicits a protective immune
response in mice. Virology 231, 20-27.

106.Matsumura, T., Sugiura, T., Imagawa, H., Fukunaga, Y. and Kamada, M.
(1992). Epizootiological aspects of type 1 and type 4 equine herpesvirus
infections among horse populations. J. Vet. Med. Sci. 54, 207-211.

107.Matsumura, T., O'Callaghan, D. J., Kondo, T. and Kamad, A. M. (1996).
Lack of virulence of the murine fibroblast adapted strain, Kentucky A
(Kequine herpesvirus type 1 (EHV-1) in young horses. Vet. Microb. 48, 353-
365.

108.Matsumura, T., Kondo, T., Sugita, S., Damiani, A. M., O'callaghan, D. J. and
Imagawa, H. (1998). An equine herpesvirus type 1 recombinant with a
deletion in the gE and gl genes is avirulent in young horses. Virology 242,
68-79.

109.Mayr, A., Thein, P. and Scheid, R. (1978). Immunization experiments with in
activation equine herpesvirus 1. In (Equine Infectious Diseases), proceedings
of the Forth International Conference, (Bryans, J. T. and Geber, H. eds),
Veterinary publication, Princeton, New Jersey. pp. 57-68.

110.Meignier, B., Longnecker, R., Mavromara-Nazos, P., Sears, A. E. and
Roizman, B. (1988). Virulence of and establishment of latency by genetically
engineered deletion mutants of herpes simplex virus 1. Virology 162, 251-
254.

111.Meredith, D. M., Stocks, J. M., Whittaker, G. R., Halliburton, I. W.,
Snowden, B. W. and Killington, R. A. (1989). Identification of the gB

homologues of equine herpesvirus types 1 and 4 as disulphide-linked

94



heterodimers and their characterization using monoclonal antibodies. J. Gen.
Virol. 70, 1161-1172.

112.Mettenleiter, T. C., Schreurs, C., Zuckermann, F., Ben-Porat, T. and Kaplan,
A.S. (1988). Role of glycoprotein glll of pseudorabies virus in virulence. J.

Virol. 62,2712-2717.

113.Mettenleiter, T. C. and Rauh, 1. (1990). A glycoprotein gX-[-galactosidase

fusion gene as insertional marker for rapid identification of pseudorabies
virus mutants. J. Virol. Methods 30, 55-66.

114.Mettenleiter, T. C. (1994). Initiation and spread of Alph-herpesvirus
infections. Trends Microbiol. 2, 2-4.

115.Meyer, H., Thein, P. and Hubert, P. (1987). Characterization of two equine
herpesvirus (EHV) isolates associated with neurological disorders in horses.
Zentralb. Veterindrmed. B. 34, 545.548.

116.Mikulska-Skupien, E., Szweda, W. and Procajlo, Z. (2005). Evaluation of
specific humoral immune response in pigs vaccinated intradermally with
deleted Aujeszky's disease vaccine and challenged with virulent strain of
Herpesvirus suis type 1. Pol. J. Vet. Sci. §, 11-16.

117 .Miiller, T., Teuffert, J., Ziedler, K., Possardt, C., Kramer, M., Staubach, C.
and Conraths, F. J. (1998). Pseudorabies in the European wild boar from
Eastern Germany. J. Wildl. Dis. 34, 251-258.

118. Murphy, F. A., Gibbs, E. P .J, Horzinek, M. C. and Studdert, M. J. (1999).
Veterinary Virology, 3 ed, (Murphy, F. A., Gibbs, E. P. J, Horzinek, M. C.,

Studdert, M. J. eds.), San Diego: Academic Press, pp. 303.

95



119.Mumford, J. A. and Bates, J. (1984). Trials of an inactivated equid
herpesvirus 1 vaccine: challenge with a subtype 2 virus. Vet. Rec. 114, 375-
381.

120.Mumford, J. A., Hannant, D., Jessett, D. M., ONeill, T., Smith, K. C. and
Otlund, E. N. (1994). Abortigenic and neurological disease caused by equid
herpesvirus-1. In (Equine Infectious Disease), proceedings of the Seventh
International Conference, (Nakajima, H. and Plowright, W. eds), Cambridge,
UK: R&W Publications (Newmarket), pp. 261-275.

121.Nagesha, H. S., mcneil, J. R., Ficorilli, N., and Studdert, M. J. (1992).
Cloning and restriction endonuclease mapping of the genome of an equine
herpesvirus 4 (equine rhinopneumonitis virus), strain 405/76. Arch. Virol.
124, 379-387.

122.Nagesha, H. S., Crabb, B. S., and Studdert, M. J. (1993). Analysis of the
nucleotide sequence of five genes at the left end of the unique short region of
the equine herpesvirus 4 genome. Arch. Virol. 128, 143-154.

123.Nazerian, K. (1974). DNA configuration in the core of Marek's disease virus.
J. Virol. 13, 1148-1150.

124 Neidhardt, H., Schroder, C. H., and Kaerner, H. C. (1987). Herpes simplex
virus type 1 glycoprotein E is not indispensable for viral infectivity. J. Virol.
61, 600-603

125.Neubauer, A., Braun, B., Brandmuller, C., Kaaden, O. R. and Osterrieder, N.
(1997). Analysis of the contributions of the equine herpesvirus 1 glycoprotein
gB homolog to virus entry and direct cell-to-cell spread. Virology 227, 281-

294.

96



126.Neubauer, A. and Osterrieder, N. (2004). Equine herpesvirus type 1 (EHV-1)
glycoprotein K is required for efficient cell-to-cell spread and virus egress.
Virology 329, 18-32.

127.Norrild, B. (1985). Humoral responses to herpes simplex virus infections. In:
(The herpesviruses), vol. 4. (Roizman, B. and Lopez, C. eds.), Plenum Press,
New York, pp. 69-86.

128.0'Callaghan, D. J, Cheevers, W. P., Gentry, G. A. and Randall, C. C. (1968).
Kinetics of cellular and viral DNA synthesis in equine abortion (herpes) virus
infection of L-M cells. Virology 36, 104-114.

129.0mar, A. R., Schat, K. A., Lee, L. F. and Hunt, H. D. (1998). Cytotoxic T
lymphocyte response in chickens immunized with a recombinant fowlpox
virus expressing Marek's disease herpesvirus glycoprotein B. Vet. Immunol.
Immunopath. 62, 73-82.

130.Osterrieder, N., Wagner, R., Brandmiiller, C., Schmidt, P., Wolf, H. and
Kaaden, O. R. (1995). Protection against EHV-1 challenge infection in the
murine model after vaccination with various formulations of recombinant
glycoprotein gp14 (gB).Virology 208, 500-510.

131.O0sterrieder, N., Neubauer, A., Brandmuller, C., Braun, B., Kaaden, O. R. and
Baines, J. D. (1996). The equine herpesvirus 1 glycoprotein gp21/22a, the
herpes simplex virus type 1 gM homolog, is involved in virus penetration and
cell-to-cell spread of virions. J. Virol. 70, 4110-4115.

132.0stlund, E. N. (1992). Antibody Responses of Horses to Five Major
Glycoproteins of Equine Herpesvirus 1 Specificity of Responses to Antigenic
Domains of glycoproteins B and C. PhD Thesis University of Kentucky:

Lexington.

97



133.0tsuka, H., and Xuan, X. (1996). Construction of bovine herpesvirus-1
(BHV-1) recombinants which express pseudorabies virus (PRV)
glycoproteins gB, gC, gD, and gE. Arch. Virol. 141, 57-71.

134.Paillot, R., Case, R., Ross, J., Newton, R. and Nugent, J. (2008). Equine
Herpes Virus-1: Virus, Immunity and Vaccines. The Open Vet. Sci. J. 2, 68-
91.

135.Palfi, V., Belak, S. and Molnar, T. (1978). Isolation of equine herpesvirus
type 2 from foals, showing respiratory symptoms. Zentralblatt. Veterinarmed.
B. 25, 165-167.

136.Papp VID, G. and Derbyshire, J. B. (1979). The virus neutralizing activity of
antibodies specific to the envelope and nucleocapsid of equine herpesvirus
type 1 .Can. J. Comp. Med. 43, 231-233.

137.Patel, J. R., Edington, N. and Mumford, J. A. (1982). Variation in cellular
tropism between isolates of equine herpesvirus 1 in foals. Archives of
Virology 74, 41-51.

138.Patel, J. R., Bateman, H., Williams, J. and Didlick, S. (2003a). Derivation
and characterisation of a live equid herpesvirus 1 (EHV-1) vaccine to protect
against abortion and respiratory disease due to EHV-1. Vet. Microb. 91, 23-
39.

139.Patel, J. R., Fo6ldi, J., Bateman, H., Williams, J., Didlick, S. and Stark, R.
(2003b). Equid herpesvirus (EHV-1) live vaccine strain C147: efficacy
against respiratory diseases following EHV types 1 and 4 challenges. Vet.

Microb. 92, 1-17.

98



140.Purdy, C. W., Ford, S. J. and Porter, R. C. (1978). Equine rhinopneumonitis
vaccine: immunogenicity and safety in adult horses, including pregnant
mares. Am. J. Vet. Res. 39, 377-383.

141.Richman, D. D., Buckmaster, A., Bell, S., Hodgman, C. and Minson, A. C.
(1986). Identification of a new glycoprotein of herpes simplex virus type 1
and genetic mapping of the gene that code for it. J. Virol. 57, 647-655.

142. Riggio, M. P., Cullinane, A. A. and Onions, D. E. (1989). Identification and
nucleotide sequence of the glycoprotein gB gene of equine herpesvirus 4. J.
Virol. 63, 1123-1133.

143.Roizman, B., and Sears, A. E. (1990). Herpes simplex viruses and their
replication. In (Virology), (Fields, B. N. ed.), Raven Press, New York, pp.
1795-1841.

144. Roizmann, B., Desrosiers, R. C., Fleckenstein, B., Lopez, C., Minson, A. C.
and Studdert, M. J. (1992). The family Herpesviridac: an update. The
Herpesvirus Study Group of the International Committee on Taxonomy of
Viruses. Arch Virol. 123, 425-49.

145. Roizman, B. (1996). Herpesviridae, In (Virology), (Field, B. N., Knipe, D. M.,
Howley, P. M., Channock, R. M., Melnick, J. L., Monath, T. P., Roizman, B.
and Straus, S. E. eds), Lippincott-Raven, Philadelphia, PA. pp. 2221-2230.

146.Rudolph, J. and Osterrieder, N. (2002a). Equine herpesvirus type 1 devoid of
gM and gp2 is severely impaired in virus egress but not direct cell-to-cell
spread. Virology 293, 356-367.

147.Rudolph, J., Seyboldt, C., Granzow, H. and Osterrieder, N. (2002b). The
gene 10 (UL49.5) product of equine herpesvirus 1 is necessary and sufficient

for functional processing of glycoprotein M. J. Virol. 76, 2952-2963.

99



148.Ruitenberg, K. M., Walker, C., Wellington, J. E., Love, D. N. and Whalley, J.
M. (1999). DNA-mediated immunization with glycoprotein D of equine
herpesvirus 1 (EHV-1) in a murine model of EHV-1 respiratory infection.
Vaccine. 17, 237-244.

149.Sabine, M., Robertson, G. R. and Whalley, J. M. (1981). Differentation of
sub-types of equine herpesvirus 1 by restriction endonuclease analysis. Aus.
Vet. J. 57, 148-149.

150. Sasaki, M., Hasebe, R., Makino, Y., Suzuki, T., Fukushi. H., Okamoto, M.,
Matsuda, K., Taniyama, H., Sawa, H. and Kimura, T. (2011). Equine major
histocompatibility complex class I molecules act as entry receptors that bind to
equine herpesvirus-1 glycoprotein D. Genes Cells 16, 343-357.

151.Saxegaard, F. (1966). Isolation and identification of equine rhinopneumonitis
virus (equine abortion virus) from cases of abortion and paralysis. Nord. Vet.
Med. 18, 504-512.

152.Schlocker, N., Gerber-Bretscher, R. and von Fellenberg, R. (1995). Equine
herpesvirus 2 in pulmonary macrophages. Am. J. Vet. Res. 56, 749-754.

153.Schreurs, C., Mettenleiter, T. C., Zuckermann, F., Sugg, N. and Ben-Porat, T.
(1988). Glycoprotein glII of Pseudorabies virus is multifunctional. J. Virol.
62,2251-2257.

154.Scott, J. C., Dutta, S. K. and Myrup, A. C. (1983). In vivo harbouring of
equine herpes virus-1 in leukocyte populations and sub populations and their
quantitation from experimentally infected ponies. Am. J. Vet. Res. 44, 1344-

1348.

100



155.Seyboldt, C. (2000). Structural and functional analysis of the Equine
herpesvirus type 1 glycoprotein M. PhD thesis, Ludwig-Maximilians-
Universitat Munchen, Munich, Germany.

156.Shimizu, M., satou, K. and Nishioka, N. (1989). Monoclonal antibodies with
neutralising activity to equine herpesvirus 1. Arch. Virol. 104, 169-174.

157.Slater, J. D., Borchers, K., Thackray, A. M. and Field, H. J. (1994). The
trigeminal ganglion is a location for equine herpesvirus 1 latency and
reactivation in the horse. J. Gen. Virol. 75, 2007-2016.

158.Smith, K. C., Whitwell, K. E., Binns, M. M., Dolby, C. A., Hannant, D. and
Mumford, J. A. (1992). Abortion of virologically negative fetuses following
experimental challenge of pregnant pony mares with equid herpesvirus 1.
Equine Vet. J. 24, 246-259.

159.Smith, K. C., Whitwell, K. E., Mumford, J. A., Gower, S. M., Hannant, J. P.
and Tearle, J. P. (1993). An immunological study of the uterus of mares
following experimental infection by equid herpesvirus 1. Equine Vet. J. 25,
36-40.

160.Smith, K. C. (1997). Herpesviral abortion in domestic animals. The Vet. J.
153, 253-268.

161.Smith, D. J., Igbal, J., Purewal, A., Hamblin, A. S. and Edington, N. (1998).
In vitro reactivation of latent equid herpesvirus-1 from CD5 / CDS§
leukocytes indirectly by IL-2 or chorionic gonadotrophin. J. G. Virol. 79,
2997-3004.

162.Smith, K. C., Whitwell, K. E., Mumford, J. A., Hannant, D., Blunden, J. P.
and Tearle, J. P. (2000). Virulence of the V592 isolate of equid herpesvirus-1

in ponies. J. Comp. Pathol. 122, 288-297.

101



163.Soehner, R. L., Gentry, G. A. and Randall, C. C. (1965). Some physico-
chemical characteristics of equine abortion virus nucleic acid. Virology 26,
394-405.

164.Stokes, A., Alber, D. G., Greensill, J., Amellal, B., Carvalho, R., Taylor, L.
A., Doel, T. R., Killington, R. A., Halliburton, I. W. and Meredith, D. M.
(1996). The expression of the proteins of equine herpesvirus 1 which share
homology with herpes simplex virus 1 glycoproteins H and L. Virus Res. 40,
91-107.

165.Studdert, M. J., Simpson, T. and Roizman, B. (1981). Differentiation of
respiratory and abortigenic isolates of equine herpesvirus 1 by restriction
endonucleases. Science 214, 562-564.

166.Studdert, M. J. (1983). Restriction endonuclease DNA fingerprinting of
respiratory, fetal and perinatal foal isolates of equine herpesvirus type 1.
Arch. Virol. 77, 249-258.

167.Studdert, M. J., Hartley, C. A., Dynon, K., Sandy, J. R., Slocombe, R. F.,
Charles, J. A., Milne, M. E., Clarke, A. F. and El-Hage, C. (2003). Outbreak
of equine herpesvirus type 1 myeloencephalitis: new insights from virus
identification by PCR and the application of an EHV-1-specific antibody
detection ELISA. Vet. Rec. 153, 417-423.

168.Subramanian, R. P. and Geraghty, R. J. (2007). Herpes simplex virus type 1
mediates fusion through a hemifusion intermediate by sequential activity of
glycoproteins D, H, L, and B. Proc. Natl. Acad. Sci. 104, 2903-2908.

169.Sullivan, D. C., Allen, G. P. and O'Callaghan, D. J. (1989). Synthesis and
processing of equine herpesvirus type 1 glycoprotein 14. Virology 173, 638-

646.

102



170.Sun, Y., Maclean, A. R., Dargan, D. and Brown, S. M. (1994). Identification
and characterization of the protein product of gene 71 in equine herpesvirus 1.
J. Gen. Virol. 75, 3117-3126.

171.Sun, Y., Maclean, A. R., Aitken, J. D. and Brown, S. M. (1996). The role of
the gene 71 product in the life cycle of equine herpesvirus 1. J. Gen. Virol. 77,
493-500.

172.Sussman, M. D., Maes, R. K., Kruger, J. M., Spatz, S. J. and Venta, P. J.
(1995). A feline herpesvirus-1 recombinant with a deletion in the genes for
glycoproteins gl and gE is effective as a vaccine for feline rhinotracheitis.
Virology 214, 12-20.

173.Taniguchi, A., Fukushi, H., Matsumura, T., Yanai, T., Masegi, T. and Hirai,
K. (2000). Pathogenicity of a new neurotropic equine herpesvirus 9 (gazelle
herpesvirus 1) in horses. J. Vet. Med. Sci. 62, 215-218.

174.Tearle, J. P., Smith, K. C., Boyle, M. S., Binns, M. M., Livesay, G. L. and
Mumford, J. A. (1996). Replication of equid herpesvirus-1 (EHV-1) in the
testes and epididymis of ponies and venereal shedding of infectious virus. J.
Comp. Path. 115, 385-397.

175.Teleford, E. A. R., Watson, M. S., Mcbride, K. and Davison, A. J. (1992).
The DNA sequence of equine herpesvirus-1. Virology 189, 304-316.

176.Telford, E. A., Watson, M. S., Perry, J., Cullinane, A. A. and Davison, A. J.
(1998). The DNA sequence of equine herpesvirus-4. J. Gen. Virol. 79, 1197-
1203.

177.Tewari, D., Gibson, J. S., Slater, J. D., O'Neill, T., Hannant, D., Allen, G. P.

and Field, H. J. (1993). Modulation of the serological response of specific

103



pathogen-free (EHV-free) foals to EHV-1 by previous infection with EHV-4
or a TK-deletion mutant of EHV-1. Arch. Virol. 132, 101-120.

178.Thompson, G. R., Mumford, J. A. and Smith, I. M. (1979). Experimental
immunization against respiratory disease due to equid herpesvirus 1 infection
(Rhinopneumonitis) using formalin-inactivated virus with various adjuvants.
Vet. Microb. 4, 209-222.

179.Tischer, B. K., Schumacher, D., Messerle, M., Wagner, M. and Osterrieder,
N. (2002). The products of the UL10 (gM) and the UL49.5 genes of Marek's
disease virus serotype 1 are essential for virus growth in cultured cells. J. Gen.
Virol. 83, 997-1003.

180.Tozzini, F., Poli, A. and Della Croce, G. (1982). Experimental infection of
European wild swine (Sus-scrofa L.) with pseudorabies virus. J. Wildl. Dis.
18, 425-428.

181.Tsujimura, K., Shiose, T., Yamanaka, T., Nemoto, M., Kondo, T. and
Matsumura, T. (2009). Equine hepesvirus type 1 mutant defective in
glycoprotein E gene as candidate vaccine strain. J. Vet. Med. Sci. 71, 1439-
1448.

182.Turtinen, L. W., Allen, G. P., Darlington, R. W. and Bryans, J. T. (1981).
Serological and molecular comparisons of several equine herpesvirus type 1
strains. Am. J. Vet. Res. 42, 2099-2104.

183.Turtinen, L. W. and Allen, G. P. (1982). Identification of the envelope
surface glycoproteins of equine herpesvirus type 1. J. Gen. Virol. 63, 481-485.

184.Turtinen, L. (1983). Studies on the antigenic and genetic variation between
the two subtypes of equine herpesvirus 1. PhD. Thesis, University of

Kentucky, Lexington.

104



185.Van de Walle, G. R., May, M. L., Sukhumavasi, W., von Einem, J. and
Osterrieder, N. (2007). Herpesvirus chemokine-binding glycoprotein G (gG)
efficiently inhibits neutrophil chemotaxis in vitro and in vivo. J. Immunol.
179, 4161-4169.

186.Van de Walle, G. R., Peters, S. T., VanderVen, B. C., O’Callaghan, D. J. and
Osterrieder, N. (2008). Equine herpesvirus 1 entry via endocytosis is
facilitated by alpha V integrins and an RSD motif in glycoprotein D. J. Virol.
82, 11859-11868.

187.Van de Walle, G. R., Kaufer, B. B. , Chbab, N. and Osterrieder, N. (2009).
Analysis of the herpesvirus chemokine-binding glycoprotein G residues
essential for chemokine binding and biological activity. J. Biol. Chem. 284,
5968-5976.

188.van der Leek, M. L. , Becker, H. N., Pirtle, E. C., Humphrey, P., Adams, C.
L., All, B. P., Erickson, G. A., Belden, R. C., Frankenberger, W. B. and
Gibbs, E. P. (1993). Prevalence of pseudorabies (Aujeszky's disease) virus
antibodies in feral swine in Florida. J. wildl. dis. 29, 403-409.

189.Vengust, G., Valencak, Z., and Bidovec, A. (2005). Presence of antibodies
against Aujeszky’s disease virus in wild boar (Sus scrofa) in Slovenia. J.
Wildl. Dis. 41, 800-802.

190.Verheyan, K., Newton, J. R., Wood, J. L., Birch-Machin, 1., Hannant, D. and
Humberstone, R. W. (1998). Possible case of EHV-4 ataxia in warmblood
mare. Vet. Rec. 143, 456.

191.Von Einem, J., Smith, P. M., Van de Walle, G. R., O'Callaghan, D. J. and

Osterrieder N. (2007). In vitro and in vivo characterization of equine

105



herpesvirus type 1 (EHV-1) mutants devoid of the viral chemokine-binding
glycoprotein G (gG). Virology 362, 151-162.

192.Welch, H. M., Bridges, C. G., Lyon, A. M., Griffiths, L. and Edington, N.
(1992). Latent equid herpesviruses 1 and 4: detection and distinction using
the polymerase chain reaction and co-cultivation from lymphoid tissues. J.
Gen. Virol. 73, 261-268.

193.Wellington, J. E., Gooley, A. A., Love, D. N. and Whalley, J. M. (1996a). N-
terminal sequence analysis of equine herpesvirus 1 glycoproteins D and B
and evidence for internal cleavage of the gene 71 product. J. Gen. Virol. 77,
75-82.

194. Wellington, J. E., Love, D. N. and Whalley, J. M. (1996b). Evidence for
involvement of equine herpesvirus 1 glycoprotein B in cell-cell fusion. Arch.
Virol. 141, 167-175.

195.Whalley, J. M., Robertson, G. R. and Davison, A. J. (1981). Analysis of the
genome of equine herpes virus type 1: Arrangements of the cleavage sites for
restriction endonucleases EcoRI, Bgl/ll and BamH]I. J. Gen. Virol. 57, 307-
323.

196.Whealy, M. E., Robbins, A. K. and Enquist, L. W. (1988). Pseudorabies virus
glycoprotein glll is required for efficient virus growth in tissue culture. J.
Virol. 62, 2512-2515.

197.Whalley, J. M., Robertson, G. R., Scott, N. A., Hudson, G. C., Bell, C. W.
and Woodworth, L. M. (1989). Identification and nucleotide sequence of a
gene in equine herpesvirus 1 analogous to the herpes simplex virus gene

encoding the major envelope glycoprotein gB. J. Gen. Virol. 70, 383-394.

106



198.Whalley, M., Robertson, G., Bell, C., Love, D., Elphinstone, M., Wiley, L.
and Craven, D. (1991). Identification and comparative sequence analysis of a
gene in equine herpesvirus 1 with homology to the herpes simplex virus
glycoprotein D gene. Virus Genes 5, 313-325.

199.Whitley, R. J. and Gnann, J. W. (1993). The epidemiology and clinical
manifestation of herpes simplex virus infections. In (the Human
Herpesviruses), (Roizman, B., Whitley, R. J. and Lopaz, C. eds.), Raven
Press, New York, pp. 69-105.

200.Whittaker, G. R., Wheldon, L. A., Giles, L. E., Stocks, J. M., Halliburton, I.
W., Killington, R. A. and Meredith, D. M. (1990). Characterization of the
high Mr glycoprotein (gP300) of equine herpesvirus type 1 as a novel
glycoprotein. J. Gen. Virol. 71, 2407-2416.

201.Whittaker, G. R., Taylor, L. A., Elton, D. M., Giles, L. E., Bonass, W. A.,
Halliburton, I. W., Killington, R. A. and Meredith, D. M. (1992).
Glycoprotein 60 of equine herpesvirus type 1 is a homologue of herpes
simplex virus glycoprotein-D and plays a major role in penetration of cells. J.
Gen. Virol. 73, 801-809.

202.Wildy, P. and Watson, D. H. (1962). Electron microscopic studies on the
architecture of animal viruses. Cold Spring Harbor Symposia. Quant. Biol.
27,25-47.

203.Williams, K. J., Maes, R., Del Piero, F., Lim, A., Wise, A., Bolin, D. C.,
Caswell, J., Jackson, C., Robinson, N. E., Derksen, F., Scott, M. A., Uhal, B.
D., Li, X., Youssef, S. A. and Bolin, S. R. (2007). Equine multinodular
pulmonary fibrosis: a newly recognized herpesvirus-associated fibrotic lung

disease. Vet. Pathol. 44, 849-862.

107



204.Wilson, W. D. and Rossdale, P. D. (1999). Effect of age on the serological
responses of Thoroughbred foals to vaccination with an inactivated equine
herpesvirus EHV-1/EHV-4 vaccine. In (Equine Infectious Diseases),
proceedings of the Eighth International Conference, (Wernery, U., Wade, J.
F., Mumford, J. A. and Kaaden, O. R. eds), R&W Publications, Newmarket,
United Kingdom, pp. 428.

205.Wong, D. M., Belgrave, R. L., Williams, K. J., Del Piero, F., Alcott, C. J.,
Bolin, S. R., Marr, C. M., Nolen-Walston, R., Myers, R. K. and Wilkins, P. A.
(2008). Multinodular pulmonary fibrosis in five horses. J. Am. Vet. Med.
Assoc. 232, 898-905.

206.WuDunn, D. and Spear, P. G. (1989). Initial interaction of herpes simplex
virus with cells is binding to heparan sulfate. J. Virol. 63, 52-58

207.Yanai, T., Sakai, T., Fukushi, H., Hirai, K., Narita, M., Sakai, H. and Masegi,
T. (1998). Neuropathological study of gazelle herpesvirus 1 (equine
herpesvirus 9) infection in Thomson's gazelles (Gazella thomsoni). J. Comp.
Pathol. 119, 159-168.

208.Zupancié, Z., Juki¢, B., Lojki¢, M., Cag, Z., Jemersi¢, L. and Stare$ina, V.
(2002). Prevalence of antibodies to classical swine fever, Aujeszky's disease,
porcine reproductive and respiratory syndrome, and bovine viral diarrhoea

viruses in wild boars in Croatia. J. Vet. Med. B. 49, 253-256.

108



