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ABSTRACT

FUNCTIONAL ANALYSIS OF GLYCOPROTEIN H AND L
COMPLEX OF MAREK’S DISEASE VIRUSES

By

Ping Wu

Serotype 1 Marek's disease virus (MDV) is oncogenic, which rapidly induces T
cell lymphoma and mononuclear cell infiltration of peripheral nerves in susceptible
chickens. The mechanism of cell to cell spread has not been characterized for MDV, but
is thought to occur by intracellular bridge formation which would require the expression
of several MDV glycoproteins on the surface of the infected cell. Glycoproteins H (gH)
and L (gL) form a hetero-oligomeric function unit, which plays an important role in virus
infection and cell to cell spread, in most herpesviruses described to date. The objective of
this research project is to identify the gH gene in MDV-1 GA strain, and analyze its
potential biological functions. A 2439 bps open reading frame (ORF) was identified from
the DNA sequence of BamHI F and K2 fragments of MDV GA strain, which predicts a
813 amino acid polypeptide. This peptide is homologous to herpes simplex virus (HSV-
1) gH, and has typical glycoprotein features: 1. a single signal sequence, 2. a large
extracellular domain, 3. transmembrane domains, and 4. a small cytoplasmic domain.
There are 9 potential N-linked glycosylation sites within the extracellular domain. A
fragment of the gH ORF was cloned into a vector in frame with GST to produce a

GSTgH fusion protein in an E. coli expression system. The GSTgH fusion protein was



used to develop gH monoclonal antibodies (Mab) and antiserum. The gH expression was
detected in MDV GA strain infected DEF by immunofluorescence assay (IFA) with gH
Mabs and serum. To investigate the interaction of MDV gH and gL, both gH and gL were
expressed with baculovirus expression system, fowlpox virus (FPV) expression system,
and vaccinia virus MVA/T; pol enhanced transient expression system. IFA was
performed with gH and gL antibodies. The results suggested that co-expression of gH
and gL in the same cell is required and is sufficient for both gH and gL subcellular
transportation and cell surface expression in Sf9 cells. The gH requires gL for cell surface
expression, the reverse is also true in Sf9 cells, whereas gL alone can be detected on the
cell surface in DF1 cells with small patch appearance. Co-expression of gH and gL in
DF1 cells results in gH-L patches in the cell surface, suggesting the fusogenic function of
gH-L complex. Evidence from the FPV expression system indicated that gH is required
for protecting gL secretion by providing a membrane anchor for the gL molecule. The
results from in vitro translation and transient expression in DF1 cells indicated that the
amino acids 451-659 (the Sacl-HindIII fragment) of the gH polypeptide are essential for
gH-L complex formation. By co-immunoprecipitation from pulse-chase labeling MDV-
infected DEF samples with gL serum, specific and unique bands ranged from 100 to 110
kDa were precipitated, which reflect the immature and mature from of gH molecules.
There was not enough neutralization and plaque-forming inhibition activity of the rabbit
serum against GSTgH fusion protein. Further evaluation of the biologic functions of

MDYV gH is necessary.
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INTRODUCTION

Marek’s disease is one of the most common of the lymphoproliferative neoplastic
diseases of chickens, characterized by a mononuclear infiltration of multiple tissues and
organs (Calnek and Witter, 1997). The first account of the disease was probably Josef
Marek’s report of paresis in six roosters with mononuclear infiltration of peripheral
nerves and spinal nerve roots (Marek, 1907). As the disease gained importance to the
poultry industry, it was clear that the lesions of the disease were not restricted to the
spinal cord and peripheral nerves. The wide variety of clinical signs and the location of
lesions led to promulgation of an equally wide variety of terms to identify the conditions.
For instance, the related pathologic conditions, associated to peripheral nerve or spinal
cord lesions, was variously described as range paralysis for the clinical signs, or
polyneuritis, neuritis, or neurolymphomatosis gallinarum for the lesions of the disease.
The ocular lesions, characterized by mononuclear infiltration of the iris, were commonly
referred to as gray eye for its appearance, or iritis, uveitis and ocular lymphomatosis for
the lesions. Lesions in various visceral organs and muscles were often referred to as
visceral lymphomatosis, and those in skin as skin leukosis (Calnek and Witter, 1997). To
distinguish the condition clearly from etiologically different lymphoproliferative
diseases, Biggs (Biggs, 1961) proposed the use of the term Marek’s disease (MD) in
1961. This term is in common use today.

Prior to use of vaccines, poultry industries worldwide experienced heavy
economic losses due to the death and condemnation resulting from MD between 1950s
and 1960s. The disease has been effectively controlled through the use of live virus

vaccines since the 1970s. However, both clinical, field, and laboratory data have provided



compelling evidence that the virus has undergone a series of mutations to greater
virulence, with an increase in the severity of the disease (Witter, 1997a). The increase in
virulence appears associated with the vaccine application, and may partially result from
the natural selection and adaptation against the changes of host (MDV) resistance due to
the vaccination.

To effectively control MD, it is necessary to study new strategies for vaccine
development. Viral glycoproteins represent the first line of virus-host interaction.
Attachment of virus to host cell surface activates a cellular process mediated by viral
glycoproteins that lead to the fusion of the viral envelope with the cellular plasma
membrane. Multiple viral glycoproteins are required for this process, including
glycoproteins B (gB), C (gC), D (gD), H (gH), and L (gL). The gB, gD, and gH-L
complex can act individually or in combination to trigger pH-independent fusion (Spear,
1993). The focus of this research and dissertation is on gH identification and gH-L
interaction. gH is conserved structurally and functionally in most herpesviruses described
to date and plays an important role in virus infection and cell to cell spread,. However,
available information for MDV gH, gL, and gH-L complex is limited. To further
understand MDYV infection and the cell fusion processes, it is essential to identify gH
expression by infected cells, to investigate gH and gL post-translational modification,
subcellular translocation, as well as gH-L interaction, and to study the relationship
between gH-L complex and viral infection. These studies will expand our knowledge on
the mechanisms of MDYV infection for scientific purposes, as well as vaccine

development.



CHAPTER 1. LITERATURE REVIEW

I. Marek’s disease and Marek’s disease virus (MDV)
1. Etiology of Marek’s disease
A. Identification and classification

Attempts to transmit the disease were not successful until the early 1960s. The
successful and regular experimental transmission of the disease was the first major
breakthrough in modemm MDV research (Biggs and Payne, 1963; Sevoian and
Chamberlain, 1962a; Sevoian et al., 1962b). Many efforts were made, but it was not until
1967 that a herpesvirus was identified as the etiologic agent of MD. The virus was later
designated as Marek’s disease virus (MDV). In the same publications, MDV was
successfully propagated in tissue culture for the first time (Churchill and Biggs, 1967;
Nazerian et al., 1968; Solomon et al., 1968). The successful growth of MDYV in vitro in
cell culture facilitated the identification of many biological, pathological, and virological
characteristics in various experimental studies. MDYV, a strictly cell-associated
herpesvirus (Churchill and Biggs, 1967, Nazerian et al., 1968; Solomon et al., 1968;
Witter et al., 1969), has some properties similar to o-herpesviruses, and some similar to
Y-herpesviruses. Originally, MDV was classified as a <y-herpesvirus based on its
lymphotropic properties, which was similar to Epstein Bar virus (EBV), a member of the
Y-herpesvirus family. However, the genomic structure and gene organization of MDV
more closely resembles o-herpesvirus (Buckmaster et al., 1988). MDYV is the prototype
virus of the MDYV group, and is designated as serotype 1 (Calnek and Witter, 1997).

On the basis of agar gel precipitation (AGP) and indirect immunofluorescence

assay (IFA), the MDV group was divided into three serotypes (Bulow and Biggs, 1975).



Type specific monoclonal antibodies (Ikuta et al., 1982; Lee et al., 1983b) are normally
used to determine viral serotype today. MDYV serotype 1 viruses (MDV-1) include
oncogenic strains and their attenuated derivatives. Two additional groups of non-
oncogenic herpesviruses isolated from turkeys (Kawamura et al., 1969; Witter et al.,
1970) and chickens (Biggs et al., 1972; Cho and Kenzy, 1972) are also considered part of
MDYV group. The non-oncogenic chicken isolates are designated as MDV serotype 2
(MDV-2), such as SB-1 strain (Schat and Calnek, 1978a; Calnek et al., 1979). On the
basis of the antigenic relationship to MDV-1, the turkey isolate, turkey herpesvirus
(HVT) is designated as MDV serotype 3 (MDV-3). Also due to the closer antigenecity
between MDV-2 and MDV-3 to MDV-1, MDV-2 and -3 are normally used as vaccines to
protect chickens from virulent MDV-1 challenge.

There is a wide variation in pathologic potential within MDV-1. Based on
pathogenicity or oncogenicity, MDV-1 strains are further subdivided into three classes,
which are designated as mild (mMDYV), virulent (vMDV), very virulent (vvMDV)
(Witter, 1983; Witter, 1985). The prototype strains for each class are the CU2 strain
(Smith and Calnek, 1973) for the mMDV class, the JM (Purchase and Biggs, 1967), and
GA (Eidson and Schmittle, 1968) strains for the vMDYV class, and the MDS (Witter et al.,
1980) and RB1B (Schat et al., 1982) strains for the vvMDV class. Pathotypes with
virulence exceeding vvMDV (vv+MDV) have been suspected, and at least one such
strain, S84A (Witter, 1992), has been reported. The pathotyping of MDV-1 isolates
involves pathogenicity or oncogenicity tests in vaccinated or unvaccinated chickens
(Witter, 1989). The vv+MDV pathotypes are assigned to those isolates that induce MD

lesions in chickens vaccinated with MDV-2 & MDV-3 bivalent vaccine (Witter, 1997b).



The vwMDV strains induce visceral and neural tumors, and result in excessive MD losses
in HVT vaccinated flocks. The vMDYV strains only induce tumors in susceptible chickens,
but not in resistant lines of chickens or HVT vaccinated birds. The mMDYV strains rarely
cause tumors even in susceptible birds. Repeated passage of oncogenic MDV-1 virus in
cell culture results in attenuation of the viruses (Nazerian, 1971).
B. Isolation and cultivation

MDY can be isolated as early as 1 or 2 days post-inoculation (Phillips and Biggs,
1972), or 5 days after contact exposure (Adldinger and Calnek, 1973), and throughout the
life of the chicken. Intact viable cells are the preferred source, due to the highly cell-
associated properties of MDV. Samples for virus isolation may consist of blood
lymphocytes, splenocytes, or isolated tumor cells. Probably the most widely used method
for primary isolation of MDYV is inoculation of susceptible tissue cultures with blood
lymphocytes, or single cell suspension from lymphoid tissues of infected chickens.
Cultured duck embryo fibroblasts (DEF) and chicken kidney cells are suitable for
isolation of MDV-1 viruses (Churchill and Biggs, 1967; Solomon et al., 1968), whereas
chicken embryo fibroblasts (CEF) are normally used to isolate MDV-2 and MDV-3
viruses (Biggs et al.,, 1972; Schat and Calnek, 1978a). Infected cell cultures usually
develop discrete focal lesions, consisting of clusters of degenerate rounded cells. These
lesions are called plaques, which are normally less than 1mm in diameter. Low passage
MDV-1 viruses grow better in DEF and chicken kidney cell culture, but grow slowly and
produce only small plaques. Usually, the plaques develop in 5-14 days on primary
isolation and in 3-7 days after adaptation to culture. MDV-2 viruses grow better in CEFs,

grow slowly and produce medium sized plaques with some large syncytia. MDV-3



viruses (HVT) grow better in CEFs, grow rapidly and produce large plaques. High titers
of infectious virus can be produced in HVT-infected cell cultures than from cultures
infected with MDV-1 and MDV-2
C. Morphology and Ultrastructure of MDV

Most studies on morphology have been conducted with MDV-1 and HVT.
Qualitative differences have not been detected between these two serotypes with electron
microscopy (Nazerian et al., 1971; Okada et al., 1972). The structures of MDV-1 and
HVT are similar to other herpesvirus. The mature virus particles consist of three layers:
nucleocapsid, tegument and envelope membrane. The tegument is an amorphic space
between nucleocapsid and envelope membrane. It consists of globular material, which is
frequently asymmetrically distributed and variable in amount. The physical structure of
nucleocapsid is described as cubic icosahedral symmetry, which measures between 85-
100nm in diameter and has 162 hollow central capsomers (Nazerian, 1968). The
nucleocapsid appears to be assembled in the infected nucleus via the fusion of 6 small
nuclear protein particles (35nm in diameter) into a cylindrical mass (Hamdy et al., 1974;
Nazerian, 1968; Nazerian and Purchase, 1970; Okada et al., 1974; Okada et al., 1972).
The double-stranded DNA (dsDNA) genome is added into this cylindrical structure
(Okada et al., 1980). The mature nucleoid measures 45-60nm in diameter and has a
toroidal structure (Nazerian, 1974). The envelope membrane is the outer layer of the
mature virus particle. Spikes, the small surface projections of the envelope, are dispersed
evenly over the virion surface. Most glycoproteins are located in the spikes.

The first mature nucleocapsid can be observed 10 hours post-infection, but the

first enveloped virion particles appear at 18 hours post-infection (Hamdy et al., 1974).



The 150-160nm in diameter enveloped particle can be found free in the host cell
nucleoplasm or in membrane bond nuclear vesicles. Sometimes, naked and enveloped
virions can also be detected in the cytoplasm and rarely in the extracellular space. Large
numbers of cytoplasmic enveloped virus particles can be found in the feather follicle
epithelium (FFE) (Calnek et al., 1970). In negative-stained preparations, the particles
have large envelopes measuring 270-400nm in diameter, and often appear as an irregular
amorphous structure (Calnek et al., 1970).

In general, the morphology of HVT resembles that of MDV-1. In thin sections,
however, nucleocapsid of HVT has a unique crossed appearance (Nazerian et al., 1971).
The morphology of MDV-2 has not been studied in detail, but virion particles,
morphologically similar to MDV-1 and HVT, have been visualized (Schat and Calnek,

1978a).

2. Pathology of MD
A. Virus infection

Three general virus-cell interactions are recognized: productive infection (also
known as cytolytic infection), latent infection, and transformation. There are two types of
productive infection, fully productive and productive-restrictive. Fully productive
infection has only been observed in FFE, which results in development of a large number
of enveloped and fully infectious virions (Calnek et al., 1970). Whereas, productive-
restrictive (or semi-productive) infection occurs in the other tissues and in cell cultures,
where most of the virions produced are not enveloped, and not released in an infectious

form. Therefore, cell to cell fusion becomes the major mechanism of virus spreading in



productive-restrictive infection (Calnek et al., 1970). However, a variable number of
enveloped virions may be produced in cell cultures. When disrupting these cells in
distilled water, infectious cell free virions are recovered (Cook and Sears, 1970). In vivo
productive infection normally leads to formation of intranuclear inclusion bodies, cell
destruction, and necrosis. Polykaryocytosis is a major component of viral plaques, and
frequently used as a marker in virus assays in cultured fibroblasts.

Latent infection is not productive. There are very few copies (about 5) of the virus
genome in latently infected cells, and viral gene expression is also highly limited. Mostly
translation does not occur, and normally no virus or tumor associated antigens can be
detected (Calnek et al., 1981; Sharma, 1981), although some genes may be transcribed
(Sugaya et al., 1990). Latent infection may be released to productive, or selectively
activated in vitro with biochemical treatments (Buscaglia et al., 1988b; Buscaglia and
Calnek, 1988a).

The third form of MDYV infection is transforming, which is non-productive, and
occurs only in cells transformed by MDV-1 virus. Transformed cells usually contain
more copies of MDV genome than latently infected cells (Ross, 1985), and there is more
extensive viral gene expression, occasionally resulting in antigen production (Nakajima
et al.,, 1987; Nakajima et al., 1989). The viral DNA in transformed cells is highly
methylated, whereas methylation has not been detected in viral DNA from productively
infected cells (Kanamori et al., 1987).

B. Host range
Chickens are the natural host for MDV. Quail may become infected. However,

quail-origin MDV appears to be more pathogenic than chicken-origin MDV for quail.



The pathogenesis for quail MD was thought different from that for chicken MD. Some
genera of the order Galliformes have virological or serologic evidence of infection with
MDYV. Pheasants can be infected with MDYV experimentally. Ducks become infected but
without developing disease after MDV inoculation. There is evidence that the natural
host range of MDVs is expanding to include turkeys. Close contact with chickens has
been associated with outbreaks of MD in turkeys (Davidson et al., 1996; Witter, 1997a).
The recent field isolates from chickens in the United States also have high oncogenic
potential for turkeys (Davidson et al., 1996; Witter, 1997a). Mammalian species are
refractory to infection with virulent MDV (Calnek and Witter, 1997).
C. Clinical signs of MD

MD is horizontally transmitted by direct or indirect contact between birds. Many
apparently normal chickens may be carriers. Viruses in FFE replicate into a fully
infectious form (Calnek et al., 1970). Feather dander serves as a source of contamination
of the environment, where the virus can remain infectious for a prolonged period at low
temperatures (Beasley et al., 1970; Calnek et al., 1970). Chicks inoculated at a day of age
shed virus about 2 week post-inoculation, whereas clinical signs and gross lesions appear
about 3 to 4 weeks post-infection. In general, the clinical signs of MDYV infection are
associated with asymmetric progressive paresis and later, complete paralysis of one or
more of the extremities, which is common in both classic and acute MDYV infections. A
particular characteristic sign in infected birds is one leg stretched forward and the other
backward (range paralysis). A transient paralysis syndrome associated with MD may

develop 8-12 days post-inoculation and last 1-2 days. Ocular lesions are another common



signs in MDYV infection. Blindness may result from infection of the iris (neoplastic
mononuclear infiltration) (Calnek and Witter, 1997).
D. Morbidity and Mortality

Incidence of MD is quite variable. In general, the mortality is nearly equal to
morbidity. Prior to use of vaccines, losses in affected flocks were estimated to range from
a few birds to 25-30% and occasionally up to 60%. Since vaccination, the losses in egg-
type chickens were reduced to less than 5%, and broilers may experience losses of 0.1-
0.5% and condemnation of 0.2% or more (Purchase, 1985). After the disease appears,
mortality builds gradually and generally persists for 4-10 weeks. Both infectious agent
and host factors can influence the losses in affected flocks. Host factors, virulence of the
virus, dosage and route of exposure are usually correlated with losses. Host factors which
affect pathogenesis and immune response, such as sex, age, genotype, and maternal
antibody may also influence the losses in affected flocks.
E. Gross and microscope lesions of MD

The lesions of MD were systemically reviewed by Calnek and Witter (1997). The
most common gross lesions are associated with peripheral nerves and lymphoid tumor
formation in various organs. The peripheral nerves, especially the celiac, brachial, and
sciatic nerves are grossly enlarged, and appear gray to yellow, occasionally there is
obvious edema, and a loss of cross striations. The celiac plexus is more frequently
involved than other peripheral nerves (Goodchild, 1969). Lymphoid tumors may occur in
one or more organs, including gonads, lungs, heart, mesentery, kidneys, liver, spleen,
bursa, thymus, adrenal glands, pancreas, proventriculus, intestine, iris, skeletal muscles,

and skin. Visceral tumors are common in acute MDYV infections.
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Mocroscopically, lesions are found in peripheral nerve, central nerve system,
lymphometous lesions on various organs, skin, bursa of Febricous and thymus. There are
two main types of lesions in peripheral nerves. The type A lesion is neoplastic in
character, consisting of masses of lymphoblastic cells, along with demyelination and
Schwann cell proliferation. The type B lesion is inflammatory in character, consisting of
diffuse mild to moderate infiltration by small lymphocytes, and plasma cells, along with
edema, demyelination and Schwann cell proliferation. A mild version of the type B lesion
was referred as type C lesion (Payne and Biggs, 1967), but this terminology is not
commonly used today. The MD lesions in the central nervous system are usually
inflammatory in character. Lymphomatous lesions in visceral organs are uniformly
proliferative in nature. Their cellular composition consists of diffusely proliferating
lymphoblasts, and lymphocytes, along with activated and primitive reticular cells (Payne
and Biggs, 1967). Plasma cells are rarely present (Purchase, 1985). Skin lesions are
mainly inflammatory in nature. Occasionally, lymphomatous lesions are present. Skin
lesions are usually located around infected feather follicles. The bursa of Fabricius and
thymus are commonly smaller than normal in chickens infected with MDV. The lesions
are characterized by degeneration, atrophy, necrosis, and lymphoid infiltration.

3. Pathogenesis of MDYV infection

The pathogenesis of MDV-1 infection is well established. Virus gains entrance
via the respiratory tract where it is most likely internalized by phagocytosis. Shortly
thereafter, the lymphoid organs, such as spleen, bursa of Fabricius, and thymus, are
infected. The cytolytic infection is primarily confined to B cells, although some T cells

may also involved (Calnek and Spencer, 1985; Shek et al., 1983). This first phase
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infection is called the productive-restrictive infection, and cause primarily degenerative
changes. The local necrosis associated with this phase can provoke an acute
inflammatory reaction, attracting macrophages, granulocytes, and lymphocytes (Payne
and Roszkowski, 1973). The severity of this early cytolytic phase may be related to the
virulence of virus strain.

About 6-7 days post-infection, the infection switches to the latent stage, due to the
development of host immune response. T- cell mediated immunity (CMI) plays a central
role in this switch (Calnek and Spencer, 1985; Payne, 1985). The activation of T cells in
response to the necrotizing infection of B cells acts as a key event in pathogenesis by
providing an abundant supply of cells that are the usual target cells for transformation
(Calnek, 1986; Schat et al., 1982).

The concept of latency is central to our understanding of herpesviruses. Latency is
the reversibly nonproductive infection of a cell by a replication-competent virus. Almost
all herpesviruses are capable of becoming latent, which can generally be considered to be
a lifelong state. Latency involves several important properties of herpesviruses. First,
they must successfully evade the host immune response, and second, they must be able to
insert their genome into cells of the body, and have that genome persist in the latently
infected cell. This is relatively easy for neurotropic herpesviruses (o-herpesviruses),
which infect non-dividing cells such as neurons. It is more difficult for lymphotropic
herpesviruses (y-herpesviruses), which infect dividing or mitotic cells such as B cells. In
the later case, the virus requires a specialized origin of DNA replication to ensure that its
genome is replicated and retained in daughter cells, upon cell division. An example of

such an element is the Epstein-Bar virus (EBV) oriP element, which is required for
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latent-phase EBV DNA replication. In MDYV latent infection, the CD4+ T-helper cells are
the principal targets of the virus, although a few B cells may be involved (Schat et al.,
1991). The latent infection is persistent and can last for the lifetime of the host (Witter et
al., 1971). The mechanism of MDYV genome persisting in T-cells is unknown.

Only susceptible birds will progress past the latent stage and develop a second
wave of cytolytic infection, coincident with permanent immunosuppression. This second
productive infection is much more severe and extensive than the early productive-
restrictive infection. In this phase, affected tissues are not limited to the lymphoid organs,
but also include epithelial cells in various visceral organs. Lymphoproliferation and the
development of T-cell tumors are commonly observed in this stage (Buscaglia and
Calnek, 1988a; Calnek and Witter, 1997). The composition of lymphomas is complex,
consisting of a mixture of neoplastic, inflammatory and immune cells. Both B and T cells
are present, but T cells are predominant (Hudson and Payne, 1973; Rouse et al., 1973).
The usual target cells for transformation are CD4+ active T-helper cells. But various
subsets of T-cells, such as CD4+, CD8+, and CD4-/CD8- cells, are transformable
experimentally (Schat et al., 1991), and both T and B cell tumors have been reported in
turkeys infected with MDV-1 (Nazerian et al., 1985; Powell et al., 1984). The infections
of transformed cells are mostly non-productive in vivo and in vitro.

MDV transformed cell lines can be established from the tumor tissues.
Lymphoblastoid cell lines developed from MD lymphomas grow continuously in cell
culture. All cell lines have T cell markers, usually CD4+/CD8- from lymphomas. The cell
line also can be established from spleen cells of early MDV lesion, which may be

CD4+/CD8-, CD4-/CD8+, or CD4-/CD8-. The cell lines can be distinguished as either

13



producer or non-producer cell lines. Producer cell lines are those cells MDV can be
rescued from after in vitro co-cultivation, or following inoculation into susceptible
chickens. In non-producer cell lines, viral antigens are not detectable and virus can not be
rescued by co-cultivation (Schat et al., 1989).

Inoculation with attenuated MDV-1 viruses, or challenge of vaccinated chickens
with virulent virus, will alter the pathogenesis by reducing or eliminating the early
productive infections (Calnek et al., 1980; Payne et al., 1976; Schat et al., 1985; Smith
and Calnek, 1974). Consequently, the level of latent infection is markedly reduced, and
neither late cytolytic infection, nor immunosuppression, nor transformation occurs.
Several host factors, such as age, sex, maternal antibody, immunological impairment, and
vaccination may affect the susceptibility of chickens to MDYV infection in various
degrees. One of the potential important factors is genetic resistance. Genetic effects are
not obvious during the initial phase of productive infection. Early cytolytic lesions are
equivalent in susceptible and resistant strains of chickens. However, the infection level in
resistant bird will drop rapidly and markedly 8-10 days post-infection, whereas infection
in susceptible birds remains at high levels or after a brief drop, rises to constitute the
second cytolytic infection which then continues at a high level until the death of the birds
(Calnek, 1985). The genetic resistance to MDYV infection is associated with the B-F
region of the major histocompatibility complex (MHC), B complex (B). The MHC type
resistance can markedly reduce the infection level during latent phase, and eliminate the
second wave of productive infection, which occurs in susceptible chickens. The chickens
with B! allele are highly protective against MD (Briles et al., 1983; Briles et al., 1977,

Calnek, 1985; Hansen et al., 1967; Longenecker et al., 1976). Other B alleles have ranged
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from susceptible to various degree of resistance (Bacon, 1987; Hepkema et al., 1993).
Recently a MHC-like, Rfp-Y haplotype (Rfp-Y is a second region in the genome of the
chicken containing MHC class I and II genes) was reported to significantly influence the
outcome of infection with MDYV, too (Wakenell et al., 1996). Non-MHC genes may also
be involved in resistance. Lines 6 and 7 type (Crittenden et al., 1972) exhibit resistance
associated with the Ly-4 locus. This non-MHC resistance may be more importantas
demonstracted in studies involving several commercial chicken lines (Groot and Albers,

1992).

4. Molecular biology of MDV
A. Physical map and genomic structure

The DNA of MDV is a linear double-stranded molecule that has a density of
1.705g/cm® in CsCl, and a base composition of 46% guanine and cytosine. The molecular
weight of MDV DNA is about 108-120 x 10° Dalton (Da), equivalent to 166-184 kilo
base pairs (kbps) (Cebrian et al., 1982; Fukuchi et al., 1984; Hirai et al., 1979; Lee et al.,
1971). The composition and density of HVT DNA is similar to MDV-1 DNA (Lee et al.,
1972). The genomic structure and gene arrangement of MDV DNA are similar to that of
o-herpesviruses, including HSV and varicela-zoster virus (VZV) (Buckmaster et al.,
1988; Davison and Scott, 1986b; Karlin et al., 1994; Roizman et al., 1992; Wu et al.,
1988), although biologically MDYV is close to y-herpesviruses, like EBV.

The gross organization of the MDV genome consists of unique long and unique
short regions (UL and Us), each bounded by inverted repeats, named terminal repeat long

(TRy), internal repeat long (IRy), internal repeat short (IRs) and terminal repeat short
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(TRs), respectively (Fig. 1). The TR/UL, U/IR,, IRg/Us and Us/TRs junctions have
been determined (Makimura et al., 1994; Brunovskis and Velicer, 1995). The TR/UL
junction is located 192 bps downstream of the last EcoRlI site in the TRy region, while the
UV/IR. junction is located 192 bps upstream of the first EcoRI restriction enzyme site in
the IR region. The IRs/Us junction is located 914 bps downstream of the last EcoRlI site
in the IRgs region, while the Ug/TRg junction is located 914 bps upstream of the first
EcoRlI restriction enzyme site in the TRg region.

In addition to the inverted repeats, several direct repeats have been identified in
the MDV genome (Hirai et al., 1988). These direct repeat sequences are mostly located
within the internal and terminal repeat regions. A heterogeneous expansion region
containing multiple, tandem 132 bps repeats has been identified in attenuated MDV and
mapped to the inverted regions flanking the Uy region of the genome (Fukuchi et al.,
1985a; Maotani et al., 1986; Silva and Witter, 1985), adjacent to the MDYV origins of
replication (Ori), and designated as DR1. DR1 can be expanded by serial in vitro
passages of virulent MDV-1 strain in primary CEF cell culture (Fukuchi et al., 1985c;
Maotani et al., 1986), with a few copies in virulent MDV-1, and multiple copies in their
attenuated derivatives. The function of this DR1 repeat needs further investigation, but
Kawamura’s work suggested that the DR1 may be associated with viral oncogenicity
(Kawamura et al., 1991).

The physical maps of BamHI restriction endonuclease (RE) fragments have been
constructed from MDV-1 (Fukuchi et al., 1985b), MDV-2 (Ono et al., 1992), and HVT
(Igarashi et al., 1987). All three serotypes differ in their RE digestion patterns (Gibbs et

al., 1983; Hirai et al., 1979; Ross et al., 1983; Silva and Barnett, 1991), but share
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significant homology at the DNA level, based on cross hybridization and certain
individual gene comparison results (Coussens and Velicer, 1988; Igarashi et al., 1987;
Ono et al., 1992; Zelnik et al., 1992; Scott et al., 1993; Yoshida et al., 1994c). The RE
maps have become a basis for most gene identification and localization, and also are
useful for comparative studies.

B. MDYV replication and gene expression

For initial infection of cultures or chickens with cell free virus, enveloped virions
enter susceptible cells by conventional absorption and penetration. By contact with cell
associated virus, infection is initiated by cell-to-cell fusion or direct contact with infected
cells (Hlozanek, 1970). Due to the highly cell-associated features of MDYV, cell-to-cell
transfer is normally accomplished through formation of intracellular bridges (Kaleta and
Neumann, 1977), and is presumed to be the principal mode of virus spread both in vitro
and in vivo. Several envelope glycoproteins are involved in these initial events. After
penetrating into the cytoplasm, the naked virions are transported to the nuclear pores,
where viral DNA is released from the capsid into the nucleus. Transcription, replication
of viral DNA, and assembly of new capsid take place in the nucleus. The o-herpesviruses
(or Standard group E genomic herpesviruses) have similar replication and transcription
patterns, and presumably MDYV replication may also follows this pattern.

In HSV-1, several tegument proteins have been shown to have important
functions for the initiation of viral replication. Among these are the virion host shut-off
(vhs) protein (UL 41 gene product), involving in the early shut-off of host macromolecule
synthesis, and turning the infected cell into a viral replication machine. Another protein

of importance is U 48 gene product, named VP16 (oTIF), acting as trans-activator to
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induce transcription of immediate early genes (IE, or o gene in HSV-1) which are the
first set of genes to be expressed. The oTIF and vhs are structural proteins located in the
tegument. They enter the cell along with the virion and perform their functions in
different compartments of the cell. The U 46 and U147 gene products appear to modulate
the VP16 function (Roizman and Sears, 1995). Homologs to all these genes are present in
MDYV genome (Yanagida et al., 1992a), but their functions are not yet defined.

HSV genes are grouped by their timing of expression. Each group is sequentially
ordered in a cascade fashion (Roizman and Sears, 1995). MDV gene expression is also
believed to follow the same pattern (Maray et al., 1988; Schat et al., 1989). Generally,
herpesvirus genes have been grouped into three kinetic families: IE genes, early genes (E
or B in HSV-1), and late genes (L or y in HSV-1), based on the requirement for viral
protein synthesis and/or viral DNA replication (Honess and Roizman, 1974).

(1). MDYV IE gene expression

IE genes are expressed immediately upon infection, in absence of viral protein
synthesis. There are five o genes in HSV, referred to as infected cell peptides, or ICP,
with numbers designation: 0, 4, 22, 27, and 47. All these proteins, except of ICP47, have
been shown to have regulatory functions, and functional proteins are required for the
synthesis of subsequent polypeptide groups. Early attempts to identify the IE genes of
MDYV have had little success due to the highly cell-associated properties of the virus.
With protein synthesis inhibitor, cycloheximide, numerous IE transcripts have been
detected in MDYV infected cells and MDYV transformed lymphoblastoid cell lines (Maray
et al., 1988; Schat et al., 1989). Only limited information was achieved due to the fact

that cycloheximide also inhibits the translation of these IE transcripts. Therefore no IE
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proteins were detected. Recently, at least three IE genes of MDV were identified, with
homologues to HSV-1 ICP4 (Anderson et al., 1992), ICP27 (Ren et al., 1994), and ICP22
(Brunovskis and Velicer, 1995). The MDV ICP4 homologue is located in the BamHI-A
fragment within the short inverted repeats, and there are two copies per MDV genome.
The open reading frame (ORF) of MDV ICP4 consists of 6972 bps, and predicts a
polypeptide with 2323 amino acids. (This data is derived from MDV DNA sequence on
Genbank with access number U17705) (McKie et al., 1995). MDV ICP27 homologue has
been mapped to the EcoRI-B fragment of MDV DNA. MDYV ICP27 is a 473 amino acid
polypeptide and shows 26% amino acid identity with HSV ICP27. A cysteine rich
domain and a potential zinc-binding motif within the C-terminus of the ICP27 proteins
appear to be highly conserved between o-herpesviruses. Two slightly different MDV
ICP27 species, 52 and 55 kDa, have been detected in MDYV infected cells with ICP27
specific antibodies (Ren et al., 1994). The biological functions of the MDV IE gene
products, including ICP4 and ICP27, are poorly understood.
(2). MDYV E gene expression and viral DNA synthesis

E genes are a second group of genes expressed following IE gene expression, and
are regulated by IE gene products. Most E gene products are involved in viral DNA
replication, which are essential for viral origin dependent DNA synthesis. Any inhibitors
of viral DNA synthesis, such as phosphonoacetic acid (PAA), can lead to E gene product
accumulation.

In HSV, available evidence suggests that the viral DNA is circularized
immediately after the DNA is released into the nucleus. The DNA replicates by a rolling

circle mechanism, and the synthesized DNA is a large circular or head-to-tail
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concatemeric molecule. Seven genes mapped in Uy region are required for viral origin
dependent DNA synthesis, including a DNA polymerase (UL30), a single strand specific
DNA binding protein, ICP8 (U.29), an origin binding protein, OBP (UL9), a subunit of
DNA polymerase (U 42), and a primase and helicase complex of U.S, U .8 and U.52.
Most of these homologues have not yet been identified in MDYV genome, except the OBP
(Wu et al., 1996), the DNA polymerase (Sui et al., 1995), and the partial UL29 (Wu et
al., 1996).

Thymidine kinase (TK) homologue is presumably the first E gene identified in the
MDYV genome (Scott et al., 1989). DNA polymerase (U_30) is also an E gene (Sui et al.,
1995). A MDYV unique phosphoprotein, named pp38, was identified as an E gene (Chen
et al., 1992; Cui et al., 1991; Cui et al., 1990). The pp38 homologues are also present in
MDV-2 and HVT (Ono et al., 1994; Smith et al., 1995). But neither gene appears closely
related to MDV-1 pp38. The pp38 gene is located within BamHI-H fragment of MDV-1
genome, and spans the Uy /IR. junction. The pp38 protein is virus-specific
phosphorylated protein complex containing polypeptides of 36-39 kDa and 24 kDa,
which are abundantly expressed in the cytoplasm of MDYV infected cells, including FFE,
and MDYV transformed lymphoid cell line (MSB-1), latently infected cells, and MD tumor
cells ( Ikuta et al., 1985a; Naito et al., 1986; Nakajima et al., 1987; Cui et al., 1990; Ikuta
et al., 1985a). The biological function of pp38 is potentially related to MDYV oncogenicity
(Calnek and Witter, 1997). However, some evidence (Cui, 1995. personal
communication) suggest that pp38 may suppress host immune reaction, therefore
promoting the virulence of MDV.

(3). MDV L gene expression
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L genes comprise the large class of genes in herpesvirus. The key feature of late
gene transcription is the requirement for viral DNA replication, therefore DNA
replication inhibitor will affect L gene expression. Most L gene products are structural
proteins, including capsid proteins, tegument proteins, and envelope glycoproteins. Based
on dependence for viral DNA replication, the y genes (L genes of HSV) can be grouped
into yl and y2. y1 transcriptions occur prior to initiation of viral DNA synthesis, and is
only minimally affected by inhibitors of DNA synthesis. Y2 proteins are expressed late in
infection and are not detectable in the presence of effective concentrations of inhibitors of
viral DNA synthesis (Roizman and Sears, 1995). The hallmark of infected cells late in
infection is the appearance of reduplicated membranes and thick, concave, or convex
patches, particularly in nuclear membranes. It is likely that the patches represent
aggregation of viral membrane proteins, presumably including the viral glycoproteins on
the outside surface of the envelope membrane and anchorage and tegument proteins on
the inside surface (reviewed by Roizman and Sears, 1995).

(4). MDYV oncogenicity-related proteins

Three DNA fragments or genes may be associated with oncogenecity of MDV-1,
including the genes flanking the DR1, pp38, and meq. All three potential oncogenicity-
related genes are mapped closely together in the repeat regions of the MDV genome.
These regions are also associated with the transcriptions detected in MD lymphoma
(Schat et al., 1989; Tillotson et al., 1988). DR1 and pp38 have been discussed in a
previous section. meq is one of the few genes that is highly expressed in MDV-induced
T-cell tumors (Jones et al.,, 1992; Peng et al., 1995), and is also present in the MDV

transformed CEF cells (Buranathai et al., 1997). meq is homologous to the leucine-zipper
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class of nuclear oncogenes, and contains a proline-rich domain characteristic of another
class of transcription factors. meq contains two stretches of basic residues, designated
basic region 1 (BRI1) and basic region 2 (BR2). BR2 contains a primary nuclear
localization signal (NLS) and a sole nucleolar localization signal (NoLS) (Liu et al.,
1997). meq may function as a transcription factor in regulating viral latency or
oncogenesis (Qian et al., 1995a). Overexpression of meq results in transformation of a

rodent fibroblast cell line, Rat-2 (Liu et al., 1998).

5. Diagnosis
A. Virus Isolation, gross and microscope lesions

Virus isolation, gross and microscope lesions have been discussed in the previous
sections. For virus isolation, intact viable cells, such as blood lymphocytes, heparinized
whole blood, splenocytes, and isolated tumor cells are preferred samples for virus
isolation, although cell-free preparations from skin, dander, or feather tips of infected
chickens may be used (Calnek et al., 1970). A suspected isolate must be examined
carefully, because all three serotypes may coexist in the same sample and are frequently
isolated simultaneously. Although cell culture features, such as plaque forming time, and
plaque morphology may provide information about the serotype, IFA with serotype
specific monoclonal antibodies (Mab) is a convenient and more definitive method to
identify the serotype of the isolate (Lee et al., 1983a).
B. Antigen detection

Although as many as 46 virus-specific polypeptides have been identified by

immunoprecipitation assay (IP) from extracts of cells infected with MDV-1 or HVT



(Ikuta et al., 1981; Van Zaane et al., 1982a; Van Zaane et al., 1982b), only a few have
important antigenic properties. Specific Mabs have greatly facilitated the detection of
MDYV antigen in tissues. Mabs have been developed against type-common and type-
specific epitopes of all three MDYV serotypes (Lee et al., 1983a). Mab H19 for pp38 is
MDV-1 specific, except for Rispens strain (a vaccine strain), Mab 2BN90 for pp40 reacts
with CEFs infected with MDV-1 (Lee, 1993; Lee et al., 1983a). These 2 Mabs may be
used to distinguish Rispens from other MDV-1 strains. Mab IAN86 for glycoprotein B
(gB) is common for MDV-1 and HVT, Mab Y5 is specific for MDV-2, and L72 is
specific for HVT (Lee et al., 1983a). Feather tips, cytolytically infected lymphoid tissue
or infected cell cultures are preferred samples for antigen detection by IFA (Spencer and
Calnek, 1970), immunoperoxidase test (Cauchy, 1974), GAP (Haider et al., 1970; Lesnik
et al., 1978), and ELISA (Davidson et al., 1988; Scholten et al., 1990).
C. Nucleotide acid detection

Detection of MDV DNA in infected samples is useful for laboratory research, but
is less useful for clinical diagnosis. Polymerase chain reaction assay (PCR) has been used
to detect MDV DNA from tissue samples and cell cultures (Rong-Fu et al., 1993; Becker
et al., 1992; Silva, 1992; Smith et al., 1995). A quantitative PCR assay has been
developed to determine the number of viral genomes present in samples in a restricted
number of PCR cycles, which was reported to correlate significantly with subsequent
development of disease (Bumstead et al., 1997). The southern hybridization and in situ
hybridization have been used to detect MDV DNA from feather tips, and localize the

virus infected cells in tissue samples (Holland et al., 1994; Ross et al., 1981).
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D. Antibody detection

On the opposite side of antigen detection, tests for specific antibodies present in
chicken sera are useful in studies of viral pathogenesis and for monitoring specific-
pathogen-free flocks. A number of methods used for antigen detection are also applied
for antibody detection. However, none of these tests are capable of determining
antibodies to a specific viral serotype in chickens exposed to multiple viral serotypes. The
biological significance of antibody detection by different methods may vary (Calnek and
Witter, 1997).
E. Differential diagnosis

Most neoplasm of lymphoid and other hematopoietic cells in commercial poultry
are caused by viruses, which belong to one of four distinct groups. MDYV is an oncogenic
herpesvirus. All the other three virus groups are oncogenic retroviruses, including avian
leukosis virus (ALV), reticuloendotheliosis virus (REV), and lymphoproliferative disease
virus (LPDV). The clinical diagnosis of MD has been considered difficult in practice,
because there is no truly pathognomonic gross lesion and because MD lesions may
resemble those of lymphoid leukosis (LL), or reticuloendotheliosis (RE). Especially,
REV can induce experimental lesions (nerve enlargement and lymphoma) that closely
resemble MD lesions. Indicators of virus infection are normally considered to have
limited value in diagnosis of the disease, because only a small percentage of the infected
chickens develop clinical MD. Therefore, differential diagnoses are traditionally based on
disease-specific criteria, including epidemiology, pathology, and tumor-specific markers.
Historically, chickens are diagnosed positive for MD on the basis of gross lesions and age

if at least one of the following conditions are met: 1. Enlargement of peripheral nerves; 2.
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Lymphoid tumors in various tissues (liver, heart, gonad, skin, muscle, and proventiculus)
in birds under 16 weeks of age; 3. Visceral lymphoid tumors in birds 16 weeks or older
that lack neoplastic involvement of bursa of Fabricius; or 4. Iris discoloration and pupil
irregularity (Calnek and Witter, 1997). These criteria are based on following
assumptions: 1. The absence of bursal tumors in cases of MD in birds older than 16
weeks, the consistent presence of gross bursal tumors in cases of LL; 2. REV infection
only rarely induces nerve enlargement or lymphomas in the absence of bursal
involvement in commercial chickens. However, a diagnosis based only on gross
pathologic criteria can no longer be considered definitive (Calnek and Witter, 1997). The
following table (Table 1) adapted from Fadly (Fadly, 1997) summarizes the combined
criteria for lymphoma differentiation.
6. Immunity against MD

Both humoral and cell-mediated immunity develop in competent birds after
infection with MDV. MDYV immunity can be directed either against the virus infection or
later against transformed and proliferating lymphoid cells (Payne and de-The, 1972).
A. Humoral immunity

Both precipitating and virus neutralizing (VN) antibodies can be detected in 1 to 2
weeks post-infection. These antibodies generally persist throughout the life of the bird.
Only the VN antibodies correlate with survival of infected birds (Calnek et al., 1972;
Sharma and Stone, 1972), which may be directed against gB (Davidson et al., 1991;
Nazerian et al.,, 1992; Ono et al., 1985; Ross et al., 1993). The gC can induce the
development of gC specific antibodies (Niikura et al., 1991), but the antibodies do not

protect against MDV infection (Jang et al., 1996a). The pp38 also does not produce
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protective antibodies (Nazerian et al., 1992). Because bursectomized birds survive MDV
infection (Sharma and Witter, 1975a), it is presumed that the humoral antibody response
may not be required for resistance to MD. Maternal antibodies also reduce the level of
MDYV infection(Ball et al., 1971; Chubb and Churchill, 1968). Bursectomy related
resistance might result from the depletion of the B cells, which are the primary targets of
early MDYV productive infection, .
B. Cell-mediated immunity

Since antibodies may be not a required component of immune resistance to MD, it
can be presumed that CMI is important. The first direct evidence for CMI response
against MDV antigen came from delayed hypersensitivity reactions to various MD-
associated antigens in chickens with naturally occurring infection (Byerly and Dawe,
1972). Sensitized T cells from convalescent chickens or from those vaccinated with
attenuated MDV were found to be cytotoxic not only to chicken kidney cells infected
with MDYV in vitro but also to latently infected lymphocytes isolated from infected birds
(Payne et al., 1978a; Ross, 1977). Cell mediated cytotoxicity against MD lymphoblastoid
cells has been demonstrated in vitro (Confer and Adldinger, 1980; Powell, 1976; Sharma
and Cooper, 1978; Sharma and Coulson, 1977). Functional T cells are required for
resistance (Sharma et al., 1975b), as well as vaccinal immunity (Payne et al., 1978b).
Pratt et al. (Pratt et al., 1992) found lymphoblastoid cell lines expressing pp38 to be
targets for MHC-restricted lysis by cytotoxic T lymphocytes (CTL) induced by all three
serotypes of MDV. The approach used by Pratt et al. was the transformation of MDV
gene into REV-transformed cell lines serve as syngeneic targets for CTL in a chronium

(*'Cr) release assay. Similar assay was used by Omar and Schat to demonstrate that REV
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transformed cell lines expressing MDV gene gB, pp38, meq, or ICP4 were lysed by
syngeneic MDYV specific splenocytes. This syngeneic cell-mediated immune response is
induced by virus specific CD8+ CTL, since depletion of CD4+ effect cells did not
influence the specific release of chromium significantly (Omar and Schat, 1997).
C. Vaccinal immunity

Vaccination is one of the most important factor affecting MD morbidity and
mortality. Vaccinal immunity protects chicks against early replication of virus in the
lymphoid organs of challenged birds and reduces the level of latent infection (Calnek et
al., 1980; Powell and Rowell, 1977; Purchase et al., 1972; Schat et al., 1982; Smith and
Calnek, 1974). Immunity from live virus vaccines including HVT, attenuated MDV-1,
and MDV-2 appear to be directed largely against viral antigens, and possibly tumor
antigens. CD8" T cell responses are essential for anti-virus but not anti-tumor effects.
CMI appears to be much more important than humoral immunity, since deletion of
humoral immunity by bursectomy and X-irradiation has no effect on protection conferred
by attenuated MDYV (Else, 1974), although a similar treatment partially impairs vaccinal
immunity from HVT (Calnek and Witter, 1997; Rennie et al., 1980).
D. Types of vaccines and vaccination strategies

Vaccination based on three serotypes of MDYV, mixtures of serotypes, and
recombinant DNA vaccines are all capable of protecting chickens against MD (Calnek
and Witter, 1997). Attenuated MDV-1 vaccines (Churchill et al., 1969b; Rispens et al.,
1972b) are derived from MDV-1 parent strains by serial passages of in vitro cell
cultures, and are normally used in the cell-associated form since little cell-free virus can

be extracted from infected cells (Witter, 1985). Md11.75C/R2/23 (Witter, 1991) and
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CVI988 (Rispens et al., 1972a; Rispens et al., 1972b) are 2 attenuated vaccines which are
currently licensed for use in the United States.

HVT vaccine (Okazaki et al., 1970) has been widely used since the 1970s. HVT
cell-free virus extracted from infected cells may be lyophilized (Calnek et al., 1970) for
convenient storage and handling, especially in developing countries, but cell associated
form of HVT is more effective than cell-free virus in the presence of maternal antibodies
(Witter and Burmester, 1979). Both attenuated MDV-1 and HVT can be used as a
monovalent vaccine or mixture with others to become bivalent or trivalent vaccines.

The naturally avirulent isolates of MDV-2 (Schat and Calnek, 1978a) are usually
combined with HVT to take advantage of the synergistic activity. HVT+SB-1 (Schat et
al., 1982; Witter, 1982) bivalent vaccine was the first commercial vaccine based on
synergism between MDV-2 and MDV-3 viruses. HVT+301B/1 (Witter, 1987) is another
MDYV serotype 2 & 3 bivalent vaccine.

Recombinant fowlpox virus or HVT expressing MDV-1 gB gene vaccines have
been developed, and have shown some protection (Nazerian et al., 1992; Ross et al.,
1993). These recombinant MDV DNA vaccines are not currently available for
commercial use.

Vaccines are usually administered at hatching by subcutaneous or intramuscular
inoculation with about 1,000 plaque forming units (pfu)/chick (Oei and de Boer, 1986).
In ovo embryo vaccination (Sharma and Burmester, 1982) has been automated and is
used in over 80% of commercial broilers in the United States, due to decreased labor
costs and greater precision of vaccine administration (Calnek and Witter, 1997). In

general, a solid immunity requires up to 7 days to be established. The shorter the interval

28



between vaccination and exposure to the virulent field virus, the poorer the level of
protection (Okazaki et al., 1970).

Several factors may affect the vaccination efficacy, including genetic makeup of
the bird or age at challenge with virulent virus. Immunosuppression due to stress (Powell
and Davison, 1986) or infection by immunosuppressive viruses, such as infectious bursal
disease (Sharma, 1984), REV (Witter, 1979), reovirus (Rosenberger, 1983), and chicken
anemia virus (Otaki et al., 1988; Yuasa et al., 1988), have been reported to interfere with
the induction of vaccinal immunity. “Vaccine failures”, however, may mainly result from
the early exposure and emergence of new higher virulent MDV strains. MDV 2+3
bivalent and serotype 1+2+3 trivalent vaccination are used to deal with the emergence of
virulent strains of MDV. Strict biosecurity practices to reduce early exposure, the use of
genetically resistant birds, and reasonable vaccine combination are essential adjuncts to
successful vaccination program (Calnek and Witter, 1997).

E. Non-specific immunities

Macrophages. The primary function of macrophages is to phagocytose and
degrade the ingested materials, including viruses, bacteria, cells debris, and whole dead
or altered cells. The macrophage also plays a central role in the regulation of the immune
response. It may be involved in resistance by restricting virus replication directly (Haffer
et al., 1979; Higgins and Calnek, 1976) or in concert with antibody (Kodama et al., 1979;
Lee, 1979). Inmune B cells and macrophages can interact to inactivate cell-free virus
(Schat and Calnek, 1978b). Activation of macrophages markedly reduces the incidence of
MD in challenged birds in vivo (Gupta et al., 1989), and inhibits virus replication and

proliferation of MD lymphoblastoid cell lines in vitro (Lee, 1979).
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Interferon may be produced as a response to infection of MDV (Kaleta and
Bankowski, 1972), and the level varies due to differences in genetic resistant lines of
chickens (Hong and Sevoian, 1971), as well as differences in serotype and strains of
infecting MDV (Sharma, 1989). Interferon protects against the transplantable JMV
tumors (Vengris and Mare, 1973), and it appears to be one of the cytokines important in
the development and maintenance of latency with MDYV (Buscaglia et al., 1988b; Volpini
etal, 1995).

Natural killer (NK) cells may be involved in age, genetic and vaccinal resistance
to MD. There are increased NK cell activity after vaccination with HVT or SB-1
(AMDV-2 strain), and the NK cell activity is cytotoxic for lymphoblastoid cell lines
(Quere and Dambrine, 1988). NK cells may also play a role in intratumor immunity in

tumor regression (Calnek and Witter, 1997).

7. Inmunosuppression

Impairment of the immune response might result directly from MDYV infection
through cytolytic infection of lymphocytes or indirectly through the activity of suppresser
cells. Permanent immunosuppression tends to correlate with eventual tumor development
(Schat et al., 1978), and coincide with the second phase of cytolytic infection. A possible
association between immunosuppression, reactivation of cytolytic infection, and MD
breaks during the laying cycle should be considered in egg-laying chickens (Calnek and
Witter, 1997). Both humoral immunity and CMI can be depleted by MD. This is reflected
by reduced antibody response to a variety of antigens and by alterations of T-cell

functions (Calnek and Witter, 1997). pp38 polypeptide plays a role in antibody and CMI
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depletion, which may result from the apoptosis of CD4" cells and the downregulation of
CDS8 expression due to the infection of MDV (Morimura et al., 1995). The pp38 might be
involved in the downregulation of the MHC class 1 molecule, or interference of the
antigen processes in CD4+ T cells, therefore resulting in failure of the host immune

system, especially CTL response, to recognize the virus infected cells.
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I1. Herpesvirus glycoproteins and their roles in virus infection and spread

One of the unusual features of MDYV is its strict cell-association in vitro and in
vivo. MDYV spreading from infected cell to neighboring normal cell is thought to occur by
intracellular bridge formation (Kaleta and Neumann, 1977), which may require
expression of several viral envelope glycoproteins on the infected cell surface. Recent
analyses of the nucleotide sequence of MDV-1 revealed at least eight glycoproteins
which are homologues to HSV-1 gB (Ross et al., 1989; Yanagida et al., 1992b), gC
(Coussens and Velicer, 1988), gD (Ross et al.,, 1991b), gl and gE (Brunovskis and
Velicer, 1995), gK (Ren et al., 1994), gH (Scott et al., 1993), and gL (Yoshida et al.,
1994a).

The principal events of virus infection are attachment (binding of virus to cell
surface), and penetration (the virion envelope fuses with the cellular plasma membrane,
releasing the viral nucleocapsid into the host cell cytoplasm). Attachment of the virus to a
cell surface activates a cellular process mediated by viral surface proteins that lead to the
fusion of the viral envelope with the cellular plasma membrane. Multiple viral
glycoproteins are required for HSV-1 infection and cell fusion, including gB, gC, gD,
and, gH and gL complex, which can act individually or in combination to trigger pH-
independent fusion of the viral envelope with the host cell plasma membrane (Spear,
1993). Transient expression of gB, gD, and gH and gL is sufficient to induce membrane

fusion in the Cos cells transfection system (Turner et al., 1998).
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1. Glycoprotein B homologues
A.HSV-1gB

The gB is most important glycoprotein in herpesvirus family. HSV-1 gB is
essential for viral infection (Little and Schaffer, 1981; Sarmiento et al., 1979), which is
involved in virus entry and cell-to-cell fusion (Cai et al., 1988; Little and Schaffer, 1981;
Manservigi et al., 1977; Sarmiento et al., 1979). The HSV-1 gB gene is located in the
middle of Uy region (U 27) (McGeoch et al., 1988). A 904 amino acid polypeptide was
predicted, consisting of a co-translationally cleaved signal sequence, a large N-terminal
extracellular domain, a 69 amino acid hydrophobic transmembrane domain postulated to
include three membrane-spanning o-helices, and a 109 amino acid highly charged
cytoplasmic C-terminal domain (Bzik et al., 1986; Bzik et al., 1984, Pellett et al., 1985).

HSV-1 gB bears several neutralization epitopes, and can induce neutralizing
antibodies (Navarro et al., 1992). Immunization of mice with HSV-1 gB emulsified in
Freund's complete adjuvant or with HSV-1 gB adsorbed to aluminum gel induced full
protection against subsequent challenge with HSV-1 or HSV type 2 (HSV-2). Latent
infection in the trigeminal ganglion was also prevented by immunization with gB (Kino
et al., 1986). This protection resulted from the antibodies that block penetration of virions
into host cells, and also prevents spread of virus from the infected cells to neighboring
uninfected cells (Navarro et al., 1992).
B. VZV gB homologue, gpll

The VZV gB homology is also located in the center of U region (Davison and
Scott, 1986b). A 2.6 kbps ORF potentially encodes a 98-kDa polypeptide with

glycoprotein features, which is designated as gpIl. The primary amino acid sequence of
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gpIl shows higher homology to HSV-1 gB. Unlike the mature gene products of HSV-1
gB, the primary 125-140 kDa translational product of gpll is cleaved approximately into
halves, forming a pair of glycoproteins with approximate molecular weights of 66 and 68
kDa. The mature gpll (140 kDa) is a disulfide-linked heterodimer (Keller et al., 1986;
Montalvo and Grose, 1987). However, VZV gpll displayed many biological and
biochemical properties similar to its homologue HSV-1 gB. The anti-Mabs also exhibit
both neutralization activity and inhibition of virus-induced cell-to-cell fusion. A rabbit
infected with a gpIl recombinant vaccinia virus produced antibodies which recognized
VZV antigens and neutralized VZV infection in vitro (Massaer et al., 1993).
C. MDYV gB homologues

MDYV homologue of HSV gB has been identified and sequenced within BamHI
fragments I3 and K3 of MDV-1 RB1B and GA strains (Chen and Velicer, 1992; Ross et
al., 1989; Yanagida et al., 1992b). The amino acid sequence of MDV-1 gB shares similar
structural features with gB of HSV-1, VZV and other mammalian herpesviruses. The
percentage of amino acid identity between gBs of a-herpesviruses has a mean of 50%
which was almost twice that between cytomegalovirus (CMV) and EBV (Ross et al.,,
1989). MDV-1 gB is composed of the B antigen complex: gp100, gp60, and gp49 as
detected by immunoprecipitation with Mabl AN86 (Chen and Velicer, 1992; Ross et al.,
1989; Yanagida et al., 1992b). The primary 100 kDa translational product of gB is
cleaved approximately into gp60 and gp49. The mature form of 100 kDa gB is also a
heterodimer (Yoshida et al., 1994b). A MDV-1 gB recombinant fowlpox virus can elicit
neutralizing antibodies and protect chickens against challenge with vwvMDV strains,

RBI1B and MD5 (Yanagida et al.,, 1992b). A MDV-1 gB recombinant HVT virus has
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been constructed, too, but the biological significance has not been determined (Ross et
al.,, 1993). The purified HVT gB also induced partial protection in chickens against
MDV-1 challenge (Ono et al., 1985). Recently, the gB homologue in MDV-2 and HVT
have been identified and sequenced (Yoshida et al., 1994c). The MDV-2 gB is
structurally different from MDV-1 and -3 gBs. At least an important epitope recognized
by MablANS6G is present in MDV-1 and -3, but not in MDV-2 (Yanagida et al., 1992b;
Yoshida et al., 1994c).
D. CMYV gB homologue

Human CMV (HCMV) gB is a large membrane-anchored glycoprotein. The 906
amino acid polypeptide contains a 24 amino acid signal sequence, a 690 amino acid
extracellular domain with 15 N-link glycosylation sites, a 58 amino acid hydrophobic
sequence that anchors the glycoprotein in the plasma membrane, and a long, charged 134
amino acid carboxyl-terminal intracellular domain (Cranage et al., 1986). HCMV gB
undergoes post-translational glycosylation (Pereira et al.,, 1984), and is also
proteolytically cleaved between amino acid 460-461 (Spaete et al., 1990; Spaete et al.,
1988). The cleaved fragments are assembled into heterodimers (Britt and Vugler, 1992).
Three electrophoretically distinct proteins of 170 kDa, 116 kDa, and 55kDa are identified
from HCMYV infected cells (Britt et al., 1990). HCMV gB is an abundant glycoprotein in
the virion envelope, which elicits neutralizing antibodies in human infection and in
immunized animals. Rabbit serum against HCMV gB can immunoprecipitate gB from
HCMV-infected cells and neutralize HCMV infectivity in vitro (Cranage et al., 1986).
Two unique neutralizing epitopes were shown to be present on the cell surface gp55-116

(gB) (Britt et al., 1990). The N-terminal 513 amino acids of HCMV gB stimulate both B-
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and T-cell immune responses in humans (Liu et al., 1991). Antibodies to recombinant-
derived gB after natural human cytomegalovims infection correlate with neutralizing
activity (Marshall et al., 1992), which were found to be against the functional region of
gB molecule (Navarro et al., 1997). HCMV gB is a multifunctional glycoprotein which
plays a central role in infectivity by promoting virion entry into cells, cell to cell spread
of infection, and fusion of infected cells (Navarro et al., 1993; Tugizov et al., 1994). The
HCMY gB is a ligand for the virus that mediates an interaction with a cellular receptor(s)
during HCMYV infection (Boyle and Compton, 1998).
E. EBV gB homologue

EBYV gB homologue, designated as gp110, was identified through cross-reactivity
with anti-gpIl and anti-HSV-1-gB sera (Emini et al., 1987). Humans with serologic
evidence of EBV infection show gp110 antibodies and gp110 activated T-cells (Roudier
et al., 1989). The gp110 is one of the most abundant proteins found during the late phase
of viral replication, and serves as a target for antibody-dependent cell-mediated
cytotoxicity (ADCC) (Jilg et al., 1994). Although gp110 has substantial amino acid
homology to HSV-1 gB, its localization within infected cells is different. The gp110 is
located in the endoplasmic reticulum (ER) and nuclear membrane, and is absent from
virions. gpl10 contain independent signals sufficient to direct the protein to the
ER/nuclear membrane. Specific transport of y-herpesvirus gB to the nuclear membrane
suggests that it may be involved in the egress of virus from the nucleus (Papworth et al.,
1997). Functionally, the gp110 is also essential for EBV replication in vivo (Herrold et

al., 1996; Lee and Longnecker, 1997).
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2. Glycoprotein C

The initial interaction of HSV-1 virus with the host cells is binding to heparan
sulphate receptor (HS). gC is principally responsible for this binding, although gC is
dispensable for replication of HSV-1 in cell culture (Herold et al., 1991). Three
approaches have been used to show that gC mediates the initial interaction between virus
and cells. First, antibodies directed against gC inhibit HSV absorption to cells (Fuller and
Spear, 1985); second, isolated HSV-1 gC can bind to cells (Herold and Spear, 1994,
Svennerholm et al.,, 1991); and third, HSV mutants lacking gC absorb to cells
inefficiently (Herold et al., 1991; Sears et al., 1991). There are several lines of evidence
indicating that HS moieties of cell surface proteoglycans are serviced as receptors for gC
binding (Herold et al., 1991; Shieh et al., 1992; Tal-Singer et al., 1995; Wudunn and
Spear, 1989). HS is present not only as a constituent of cell surface proteoglycans but
also as a component of the extracellular matrix and basement membranes in organized
tissues. In addition, body fluids contain both heparin and heparin-binding proteins, either
of which can prevent the binding of HSV to cells (Wudunn and Spear, 1989). As a
consequence, the spread of HSV infection is probably influenced, not only by immune
responses to the virus, but also by the probability that virus will be entrapped or inhibited
from binding to cells by extracellular forms of heparin or HS (Spear et al., 1992). In
addition to its function on attachment in viral infection, gC also is one of the viral
molecules which modulate the immune response by interacting with components of the
humoral immune system. gC binds the C3b and iC3b fragments of the third component of

human complement (Eisenberg et al., 1987; Friedman et al., 1984; Ghosh-Choudhury et
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al., 1990; Tal-Singer et al.,, 1991). This activity protects the virus from antibody
independent complement-mediated neutralization, suggesting the role for gC early in
infection, before antibodies develop (Fries et al., 1986; Harris et al., 1990).

Although HSV-1 and HSV-2 gC can bind to cell surfaces via HS, the interactions
of HSV-1 gC and HSV-2 gC with cell surface HS are different, which may influence cell
tropism of the viruses (Herold et al., 1996). VZV gC, which is also dispensable for
replication in tissue culture, plays a critical role in the virulence of VZV for human skin
(Moffat et al., 1998). MDV gC homologues (gp57-65) ( Coussens and Velicer, 1988,;
Ikuta et al., 1985b; Isfort et al., 1987; Isfort et al., 1986), originally named A antigen, is
identified in the supernatant fluids of MDYV infected cell cultures by AGP test (Churchill
et al,, 1969a). MDV gC is also present in the cell surface and in the cytoplasm of
productively infected cells, but the authentic gC is mainly secreted into the culture
supernatant of MDV-infected CEF (Isfort et al., 1986). gC expression decreases with
serial passage of MDV in cell culture (Churchill et al., 1969a), probably due to reduced
transcription of gC gene (Wilson et al., 1994). gC appears not related to oncogenecity.
MDYV gC is non-essential for virus replication in vitro in cell culture. The recombinant
gC expressed by the recombinant baculovirus retains the antigenic and immunogenic
properties of wild type gC (Niikura et al.,, 1991), but it does not induce protective

immune response against vvMDY challenge in chickens (Jang et al., 1996a).

3. Glycoprotein D
The gD is one of the structural components of HSV-1 envelope which is essential

for virus entry into host cells. HSV-1 gD acts alone or in combination with gB, or gH-L



complex to trigger pH-independent fusion of viral envelope with the host cell plasma
membrane (Spear, 1993). The biological function of gD is mainly dependent on its native
conformation. gD protein and its antibodies inhibit HSV-1 infection in cultured cells in
several ways.

A. HSV-1 gD specific antibodies can neutralize virus infection. HSV-1 gD or its
synthetic peptide (amino acid residues 1 through 23) inoculation in mice can elicit
antibodies which protect mice from a lethal challenge by either HSV-1 or HSV-2. The
sera from the inoculated mice showed neutralizing activities against both HSV-1 and
HSV-2 (Eisenberg et al., 1985). Several points have been made about HSV-1 gD: (i) gD
is a major target antigen for neutralizing antibody, (ii) the mechanism of neutralization
can involve inhibition of virus penetration of the cell surface membrane, and (iii) gD
plays a direct role in the virus entry process (Highlander et al., 1987)

B. Cells that express HSV gD are resistant to infection with wild-type virus as a
result of gD-mediated interference. A BJ cell line (baby hamster kidney clonal cell line)
which consistently expresses HSV-1 gD is resistant to infection with HSV-1. Analysis of
clonal lines of the BJ cells indicated that resistance to superinfecting virus correlates with
the expression of gD. Resistance is not due to a failure of attachment to cells, but
interference with fusion of the virion envelope with the plasma membrane (Campadelli-
Fiume et al., 1988). This interference has been noted with several cell lines expressing
gD (Campadelli-Fiume et al., 1990; Johnson and Spear, 1989), and also noted with other
herpesviruses, including pseudorabies virus (PRV) and bovine herpesvirus type 1 (BHV-
1) (Chase et al., 1990; Petrovskis et al., 1988). The gD-mediated interference is due to the

competition between cell-associated gD and virion-associated gD for a cellular co-
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receptor for entry (Campadelli-Fiume et al., 1988; Dean et al., 1994; Johnson and Spear,
1989). One of the cell surface co-receptor was identified in vitro in cell culture, which is
a member of the tumor necrosis factor-nerve growth factor receptor family, and named
herpesvirus entry mediator (HVEM) (Whitbeck et al., 1997).

C. Cells pretreated with soluble, truncated forms of gD are resistant to virus
infection. HSV-1 and HSV-2 plaque production is inhibited by treating cells with soluble
forms of HSV-1 gD (gD-1t) and HSV-2 gD (gD-2t). Both truncated gDs inhibit entry of
HSV-1 and HSV-2 into the cells without affecting virus adsorption. Specific binding of
gD-1t and gD-2t to a limited set of cell surface receptors is essential for subsequent virus
entry into cells. This binding is not required for the initial adsorption of virus to the cell
surface, which involves more numerous sites (probably including heparan sulfate) than
those which mediate gD binding (Johnson et al., 1990; Nicola et al., 1996).

D. The inhibition of HSV infectivity by soluble gD is influenced by the antigenic
conformation of the blocking gD mutant, as well as the form of gD in the target virus
(Nicola et al., 1997). HSV-1 mutants that are resistant to gD-mediated interference have
been isolated. Some of the mutants have been selected for their ability to propagate in
cells expressing gD (Campadelli-Fiume et al., 1990; Dean et al., 1994). Some mutants
contain altered forms of gD that can partially or fully account for any noted resistance.
Others are resistant to neutralization by specific anti-gD Mabs (Mannini-Palenzona et al.,
1995; Minson et al., 1986).

However, the gD is divergent functionally in o-herpesviruses. In VZV genome,
there is not gD homologous gene (Davison and McGeoch, 1986a). In MDV, gD

homologue is identified (Brunovskis and Velicer, 1995; Jang et al., 1996b; Ross and
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Binns, 1991a; Ross et al., 1991c; Zelnik et al., 1993), which are encoded by Us6 gene.
The MDYV gD contains several residues that are conserved in mammalian herpesviruses,
HSV-1, PRV, and equine herpesvirus type 1 (EHV-1). In particular, six cysteines are
perfectly aligned in all the gDs and there are numerous conservative substitutions (Ross
and Binns, 1991a). However, the expression of the MDV-1 gD homologue in cell culture,
where only cell-associated virus is produced, has not been demonstrated. The gD gene
appears to be nonessential for cell culture propagation of MDV (Isfort et al., 1994,
Parcells et al., 1994). The MDV-1 gD gene has been cloned into fowl pox virus (FPV).
The results of an in vivo experiment suggests the gD recombinant FPV does not induce
protective immunity (Nazerian et al., 1996). In fact, the gD gene is the common target for
retrovirus integration, which results in disruption of the gD coding region(Isfort et al.,
1994). Moreover, a MDV mutant, having a disrupted gD ORF, can establish infection
and induce tumors in chickens exposed to it by inoculation and by contact, suggesting
that the gD gene is also not essential for oncogenicity and horizontal transmission of

MDYV (Anderson et al., 1998).

4. Glycoprotein E, I, and E-I complex

The ORFs of gE and gl genes are located adjacent to one another in the Us region.
The gE and gl are conserved among the a-herpesviruses that have been sequenced, and
commonly regarded as “dispensable,” as their genes can be deleted from the viral genome
with little or no effect on replication in vitro in cell culture (Balan et al., 1994; Neidhardt
et al., 1987). However, the expressions of these gene products are required for full

pathogenicity in animals. gE and gI form a noncovalently associated hetero-oligomeric
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complex (Johnson and Feenstra, 1987; Whealy et al., 1993; Whitbeck et al., 1996; Yao et
al., 1993; Zuckermann et al., 1988), which is considered to be a function unit. Biological
functions of gE and gl complex include cell-to-cell spread, binding to antibody
immunoglobulin G (IgG) (Fc receptor), and virulence, whereas the gE and gl may have
separate functions in virulence because a gl null mutant is more virulent than a gE null
mutant (Kaashoek et al., 1994).

The gE and gl function in cell-to-cell spread of HSV-1 and PRYV in tissue culture
and in animal infections (Jacobs, 1994). PRV gE mutant produces small plaques relative
to wild-type virus under conditions in which extracellular progeny virus is neutralized
(Zsak et al., 1992). Cell-to-cell transmission of wild-type HSV-1 occurs by at least two
mechanisms: (i) release of virus from cells and entry of extracellular virus into a
neighboring cell, and (ii) transfer of virus across cell junctions in a manner resistant to
neutralizing antibodies. Replication of gE- and gl- mutant viruses in human fibroblasts
was normal, and the rates of entry of mutant and wide type viruses into fibroblasts were
similar. However, due to the defect in transfer of virus across cell junctions, spread of gE-
and gl- mutant viruses from cell to cell was significantly slower than that of wild-type
HSV-1, which results in small plaques on monolayers of normal human fibroblasts and
epithelial cells (Dingwell et al., 1994). In VZV, deletion of both gl and gE prevents virus
replication. Although VZV gl was dispensable for virus replication in vitro (whereas gE
appeared to be required), its deletion or mutation resulted in a significant decrease in
infectious virus yields, disrupted syncytium formation, and altered the conformation and

distribution of gE in infected cells. Normal cell-to-cell spread and replication kinetics
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were restored when gl was expressed from a nonnative locus in the VZV genome
(Mallory et al., 1997).

The gE and gl mutants of HSV and PRV also exhibit significantly reduced
virulence and a diminished or altered ability to spread to and within some, but not all,
aspects of the central nervous system in animals (Jacobs, 1994; Mulder et al., 1994).
Mice vaccinated with a secreted form of HSV-1 gE produced in human cells developed
high serum tilters of HSV-1-neutralizing antibodies and were significantly protected from
intraperitoneal lethal HSV-1 challenge (Miriagou et al., 1995). HSV-1 gE and gl form a
hetero-oligomer which acts as an Fc receptor and also facilitates cell-to-cell spread of
virus in epithelial tissues and certain cultured cells. Although gE-I hetero-oligomer is not
required for infection of cells by extracellular virus, it is essential for efficient neuron-to-
neuron transmission through synaptically linked neuronal pathways (Dingwell et al.,
1995). PRV gE and gl are required for anterograde spread to a restricted set of
retinorecipient neurons in the brain after infection of the rat retina. Bovine herpesvirus
1.1 (BHV-1.1), gE and gl proteins are capable of complementing the virulence functions
of PRV gE and gl null mutations in a rodent model (Knapp and Enquist, 1997a; Knapp et
al., 1997b).

Endocytosis is an important internalization process by which cells obtain
extracellular materials. Receptor-mediated endocytosis enables selective uptake of
macromolecules by the cell. Some virus-encoded proteins also undergo endocytosis from
cell membrane. Herpesvirus gE is one of these proteins. Multifunctional HSV-1 gE-I
complex is capable of binding the Fc portion of IgG. The domain on gE involved in IgG

binding is distinct from the domain involved in mediating cell-to-cell spread (Weeks et



al., 1997). The region of gl between amino acids 128 and 145 is required for formation of
the HSV-1 Fc receptor for monomeric IgG (Basu et al.,, 1997). Like HSV-1 gE-gl
complex, VZV gE-I complex can also serve as a Fc receptor, and bind the Fc region of
IgG (Johnson and Feenstra, 1987; Litwin et al., 1992). However, VZV gE is the most
abundant glycoprotein (Montalvo et al., 1985). VZV gE is endocytosed from the cell
surface through a tyrosine localization motif in its cytoplasmic tail, when it is expressed
alone in cells (Olson et al., 1997a). Although VZV gI is normally found in association
with gE in the infected cells, the gl also undergoes endocytosis and recycling when it is
expressed alone in cells, which may be mediated by the methionine-leucine
internalization motif in its cytoplasmic tail. The gl is co-localized with gE during
endocytosis and recycling, and this endocytosis with gE-I complex is more efficient than
with either gE or gl alone. The VZV gl exerts a more pronounced effect than gE on
internalization of the complex, and behaves as an accessory component by facilitating the
endocytosis of the major constituent gE and thereby modulating the trafficking of the
entire cell surface gE-I Fc receptor complex (Olson and Grose, 1997b; Olson and Grose,

1998).

S. Glycoprotein H, L, and H-L complex

The appropriate interaction of gH and gL is required for the maturation and
subcellular translocation of these two molecules, and is functionally essential for virus
entry (penetration) and cell-to-cell spread. Although gH is conserved structurally and
functionally throughout the Herpesviridae, the gl was thought to share homologues

among herpesviruses only based on the genomic location and biologic function. The



mode of interaction and function of the gH-L complex partners appears to be quite
variable. While gH and gL are covalently linked by disulfide bonds in HCMV (Kaye et
al., 1992), a noncovalent interaction is present in HSV-1 (Hutchinson et al., 1992), and
VZV (Duus et al., 1995). In EBV and HCMYV, a third complex partner was detected,
represented by a 42 kDa protein and a 125/145 kDa protein, respectively (Li et al., 1997b;
Li et al., 1995; Yaswen et al., 1993). The similarity and the variation of gH-L interaction
are discussed in following sections.
A. HSV-1 gH, gL and gH-L complex

A HSV-1 type-specific Mab LP11 was used to immunoprecipitate a 115 kDa
glycoprotein from HSV-1 infected cells, this glycoprotein was designated as gH-1. The
biological features of LP11 are able to efficiently neutralize virus infectivity, block cell
fusion by syncytial virus strains, and inhibit the formation of plaques when added to cell
monolayers after infection (Buckmaster et al., 1984).

The gH coding sequence was mapped to the BglIl "m" fragment of HSV-1 DNA
(map coordinates 0.27- 0.312). The complete nucleotide sequence of the Bglll "m"
fragment revealed two large ORF in addition to the thymidine kinase gene. The ORF
lying immediately 3' of the thymidine kinase gene has a predicted translation product
about 90 kDa with a signal peptide, a membrane anchor sequence, a large external
domain containing potential N-glycosylation sites, and a charged C-terminal cytoplasmic
domain (Gompels and Minson, 1986).

In in vitro transient expression systems, HSV-1 gH could be synthesized in
greater amounts than those produced by a high-multiplicity virus infection, but this gH

was partially processed, and accumulated intracellularly in rough endocytoplasmic
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reticulum (RER) with a precursor-like form of the glycoprotein. It was not translocated to
the cell surface, unless the cells were superinfected with HSV-1 or HSV-2 (Foa-Tomasi
et al., 1991; Forrester et al., 1991; Gompels and Minson, 1989). The immature gH was
unrecognized by LP11 (Roberts et al., 1991). Immunization with the recombinant gH did
not protect mice from HSV-1 infection (Forrester et al., 1991), although gH may induce
neutralizing antibodies (Ghiasi et al., 1992). The results indicated that HSV-1 gH needs
to interact with another protein encoded by the virus. This interaction is required for gH
maturation, cell surface localization, and formation of an antigenic structure important for
its function in mediating infectivity (Gompels and Minson, 1989; Roberts et al., 1991).
The ULl gene has previously been implicated in virus-induced cell fusion (Little
and Schaffer, 1981). With anti-U_1 peptide sera, two protein species, a 30-kDa-precursor
form and a 40-kDa mature form of the glycoprotein were identified in HSV-1 infected
cells, both of which were modified with N-linked oligosaccharides. This novel
glycoprotein is the 10th HSV-1 glycoprotein to be described, and was named
glycoprotein L (gL). A large fraction of the gL found in infected cells was discovered to
be tightly associated with gH. The gH co-expressed with gL. by using vaccinia virus
recombinants was antigenically normal, processed normally, and transported to the cell
surface. Similarly, gL was also dependent on gH for proper post-translational processing
and cell surface expression. The gH and gL form hetero-oligomer is incorporated into
virions, transported to the cell surface, and play a role during entry of virus into cells
(Hutchinson et al., 1992). In the absence of gL, virus particles were produced, and these
particles reached the cell surface; however, the gL-negative particles purified from

infected cells were also deficient in gH. The mutants lacking gH and gL were able to
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adsorb onto cells, but unable to enter cells and initiate an infection (Browne et al., 1993).
When attaching a ER retention motif, KKXX to the C-terminal cytoplasmic domain of
gH peptide, this targeting signal conferred the predicted ER localization properties on gH
in recombinant virus-infected cells, resulting in gH and gL failure to become processed to
their mature forms. Cells infected with the recombinant virus released particles, which
contain normal amounts of gD and VP16 but do not contain detectable amounts of gH.
These particles are 100-fold less infective than those released by cells infected with the
wild-type parent virus, although the number of enveloped virus particles released into the
medium was unaltered. (Browne et al., 1996). A recombinant vaccinia virus expressing
both gH and gL of HSV-1 was able to induce HSV-1-specific neutralizing antibody in
mice. The virus clearance from the site of challenge was marginally enhanced compared
to that observed following immunization with gH alone, and gH-L was found to protect
mice against acute infection in the ganglia (Browne et al., 1993).

A set of linker insertion mutants in HSV-1 gH was generated and tested in
transient assays for their ability to complement a gH-negative virus. The results
suggested that the C-terminal third of the external domain affects the ability of gH to
function in cell-cell fusion and virus entry, while the N-terminal half of the external
domain induces conformational changes in gH, such that it was not recognized by LP11,
although expression of the mutants on the cell surface was unchanged (Galdiero et al.,
1997).

A solﬁble truncated gH and gL complex (gHt-L) was produced by a recombinant
mammalian cell line (HL-7). Purified gHt-L reacted with gH- and gL-specific Mabs,

including LP11. Polyclonal antibodies to the complex exhibited high titers of
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complement-independent neutralizing activity against HSV-1, and block virus entry even
when added after virus attachment. These sera also cross-neutralized HSV-2. When
BALB/c mice were immunized with the gHt-L complex, the sera also exhibited high
titers of virus neutralizing activity, and the mice showed reduced primary lesions,
exhibited no secondary zosteriform lesions, and survived from virus challenge (Peng et
al., 1998).

B. VZV gH, gL, and gH-L complex

The gH homologue of VZV was first described in 1980 as an infected cell-
specific glycoprotein (Grose, 1980), designated as gpl118 (VZV gH homologue). An
important property of Mab to gpl118 was its ability to neutralize infectious virus in the
absence of complement (Buckmaster et al., 1984; Rodriguez et al., 1993).

After the complete sequence of VZV genome was published in 1986 (Davison
and Scott, 1986b), VZV ORF 37 and 60 was identified to encode the gH (gpIIl) and gL
(gpVI) homologues, respectively. The maturation and transport of VZV gH are also
dependent on co-expression of its chaperone gL. When the gH and gL transfected cells
were examined by laser scanning confocal microscopy, expression of the wild-type gH-L
complex was clearly visualized by uniform distribution of gH molecules across the cell
surface, and causes extensive cell-to-cell fusion with polykaryocytosis (Duus et al.,
1995).

In recombinant vaccinia virus expression system, a 94 kDa gH intermediate
glycoprotein is synthesized in cell cultures infected with gH recombinant alone, but co-
infection with both gH and gL recombinants results in the synthesis of the fully processed

118 kDa gH molecule. Simultaneous intraperitoneal inoculation of mice with high doses



of both gH and gL recombinant vaccinia viruses resulted in the development of VZV-
neutralizing, complement-independent antibodies; these antibodies were not detected in
mice infected solely with either the gH or the gL recombinant (Nemeckova et al., 1996).

Site-directed mutagenesis of gL cysteine residues led to a marked change in the
trafficking pattern. The gH was not processed in the Golgi, and the immature gH was
transported to and aggregated (patch) in the cell surface. There was also interference of
fusogenic properties of the gH-L complex (Duus and Grose, 1996). Immature gH may
exit the ER, when co-expressed with either gE or gl and appear on the cell surface in a
patch pattern. The property of cell-to-cell fusion was also absent (Duus et al., 1995).

Analysis of VZV gL primary data suggested that VZV gL diverges greatly from
other herpesvirus gL. VZV gL by itself can be processed to a mature product within the
Golgi. The maturation of gH may not require transport beyond the medial-Golgi, since
the gL bears an endoplasmic reticulum targeting sequence like many chaperone proteins.
This property of gL results in retaining gL protein in the ER and Golgi system when
expressed alone (Duus et al., 1995). VZV gL is a simpler form of the gL chaperone
protein, which can be interchangeable functionally with EBV gL, although the gH and gL.
complexes are very different between VZV and EBV (Li et al., 1997a).

Taken together, VZV gL maturies in ER, where it escorts immature gH from the
ER to the Golgi. Thereafter, mature gH is transported from the trans-Golgi to the outer
cell membrane, where it acts as a major fusogen (Duus and Grose, 1996), whereas gL

returns to the ER.
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C. Pseudorabies Virus (PRYV) gH, gL, and the gH-L interaction

PRYV is an a-herpesvirus. The PRV gH and gL interaction may represent a third
mode of interaction in a-herpesviruses, which is different from the interaction of the gH
and gL of HSV and VZV. The primarily translated product of PRV gH protein is
predicted to comprise 686 amino acids with a calculated molecular weight of 71.9 kDa. It
also possess several characteristics typical for membrane glycoproteins, including a N-
terminal hydrophobic signal sequence, C-terminal transmembrane and cytoplasmic
domains, and domains with higher surface-localizing probability containing three
potential N-linked glycosylation sites (Klupp and Mettenleiter, 1991). The PRV gL, a 20-
kDa protein, was identified from purified PRV virions by Western blot assay with anti-gL
synthetic oligo-peptide sera (Klupp et al., 1994; Dean and Cheung, 1993). The PRV gH
is a structural component of the virion and forms a complex with another glycoprotein,
gL. The absence of gH did not affect attachment of PRV to the cells, but the mutant was
not infectious. The defect in infectivity could be partially overcome by experimentally
induced membrane fusion using polythylene glycol (PEG), which suggests that gH is
essential for entry and cell-to-cell spread in cell culture, as well as for propagation in the
nervous system of mice (Babic et al., 1996). A premature translation termination codon
was introduced in the gH gene by linker insertion mutagenesis. The mutant virus isolated
from complementing cells, which expresses native gH, was unable to form plaques on
noncomplementing cells. Immunological staining and electron microscopy showed that
this mutant virus produced noninfectious progeny and was unable to spread from infected

to uninfected cells by cell-cell fusion (Peeters et al., 1992).
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There are several points being made about the gH and gL interaction of PRV
(Klupp et al., 1997), which are different from HSV-1 gH and gL interaction. (i) PRV gL
is required for penetration of virions and cell-to-cell spread. (ii) Unlike HSV-1, PRV gH
is incorporated into the virion in the absence of gL. (iii) Virion localization of gH in the
absence of gL is not sufficient for infectivity of PRV virions. (iv) In the absence of gL,
N-glycans on PRV gH are processed to a greater extent than in the presence of gL,
indicating masking of N-glycans by association with gL. (v) An anti-gL polyclonal
antiserum is able to neutralize PRV viral infectivity but did not inhibit cell-to-cell spread,
an important function of PRV gL in the viral entry process, which is not explained by a
chaperone-type mechanism in gH maturation and processing.

D. HCMYV gH, gL, and their complex.

HCMV U_75 (gH homologue) was reconstructed into vaccinia viruses. A
glycoprotein of approximately 86 kDa was immunoprecipitated from cells infected with
the recombinant viruses, as well as from HCMV-infected cells with a Mab that efficiently
neutralized HCMYV infectivity. In HCMV-infected MRCS cells, the gH was present on
both nuclear and cytoplasmic membranes, but in recombinant vaccinia virus-infected
cells it accumulated predominantly on the nuclear membrane (Borysiewicz et al., 1988).

None of ORF within the HCMV genome encodes a product with discernible
sequence homology to HSV-1 gL, but the arrangement of conserved genes in HCMV
suggested that the Up115 gene is a “positional homologue” of HSV-1 U_l, which
encodes a small secreted glycoprotein. Co-expression of HCMV gH and the U115 gene
product revealed that these proteins form a disulfide-linked complex and that the

formation of this complex results in cell surface expression of gH. This complex is
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analogous to the gH-L complex of HSV-1 and the HCMV U_115 gene product is,
therefore, the functional homologue of HSV-1 gL (Forrester et al., 1992).

There are three disulfide-bonded glycoprotein complexes within the envelope of
HCMV, gCl, gClI1, and gCIII. The gH protein is known to be a component of a 240-kDa
envelope complex, gCIII (Gretch et al., 1988a; Gretch et al., 1988b; Gretch et al., 1988c¢).
The UL115 is a second component of gCIII. By immunoprecipitation analysis of gH and
gL from HCM V-infected fibroblasts and purified HCMV virions, a 125/145 kDa protein
was shown to be the third integral part of gCIII, along with gH and gL. Within the
envelope of infectious extracellular virions, the mature gH exists as both a covalently
complexed and noncovalently associated component of the gCIII complex (Huber and
Compton, 1997; Li et al., 1997).

Functionally, the HCMV gH appears to be one of the dominant immunogens, and
induces neutralizing antibodies during natural infection (Urban et al., 1996). HCMV gH
also activates T helper cells, and the multiple T cell-reactive domains of gH were mapped
within 15-510 amino acids of the gH polypeptide (Beninga et al., 1996).

E. EBV gH, gL, and gH-L-gp42 complex

In EBV, a viral envelope glycoprotein, gp8S5, is involved in the fusion process in
virus infection (Haddad and Hutt, 1989; Miller and Hutt-Fletcher, 1988), and induces
virus neutralizing antibodies (Strnad et al., 1982). The gene for gp85 was mapped to the
BXLF2 ORF, which is predicted to code for a 706 amino acid protein (Heineman et al.,
1988), and is homologous to HSV-1 gH (Cranage et al., 1988). Expression of gp85 in
vitro in cell culture also resulted in an immature gH, which was absent from the cell

surface (Heineman et al., 1988; Pulford et al., 1994b; Yaswen et al.,, 1993). The
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translocation and cell surface expression of gp85 appears to require an accessory protein
gp25, gL homologue, to form a heterodimeric complex (Pulford et al., 1995; Yaswen et
al,, 1993).

However, gp85 also complexes with one additional glycoprotein of gp42/38. Co-
expression of EBV gH and gL facilitated transport of gH to the cell surface and resulted
in formation of a stable gH-L complex. It also restored expression of an epitope
recognized by Mab E1D1, which immunoprecipitates the native gH complex but not
recombinant gH expressed alone. Co-expression of gH, gL, and gp42/38 restored
expression of an epitope recognized by Mab F-2-1, which immunoprecipitates the native
gH-glL-gp42/38 complex but not the complex of recombinant gH and gL. The epitope
recognized by F-2-1 was mapped to the gp42 itself. The F-2-1 inhibits the ability of EBV
to infect B-lymphocytes, but had no effect on the ability of the virus to infect the
epithelial cell line SVK-CR2. In contrast, EID1 has no effect on infection of the B-cell
line but inhibited infection of the epithelial cell line. The gp42/38 in gH-L-gp42/38 acts
as a unique adaptation to infection of B lymphocytes by EBV (Li et al., 1995). It is
essential for penetration of the B-cell membrane (Wang and Hutt-Fletcher, 1998), via
interacting with HLA-DR (MHC-II molecule) on the B cell surface (Li et al., 1997a).

F. MDYV gH, gL, and gH-L complex

The coding regions of gH genes of MDV-1 Rb1B strain and HVT are found to
contain 2439 and 2424 nucleotides, respectively. The predicted primary polypeptide
products contain 813 and 808 amino acids with of a calculated molecular weight of 90.8
and 91.1 kDa, respectively. Both amino acid sequences of Rblb and HVT gHs exhibit

characteristic glycoprotein features such as hydrophobic signal, anchor sequences, and 9
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potential sites for N-linked glycosylation. Polypeptide sequence comparison to the other
available gH sequences revealed that MDV and HVT gH have more similarity to the o-
herpesviruses than to either B- or y-herpesviruses (Scott et al., 1993).

MDV-2 gH gene contained 2436 nucleotide and the primary translation product
contained 812 amino acids with a molecular weight of 89.4 kDa. The protein encoded by
MDV2 gH gene has a number of features characteristic of a membrane-associated
glycoprotein. There are 9 potential N-linked glycosylation sites, too. Alignment of the
amino acid sequences of the gHs among the three MDV serotypes showed 57.5% (RB1B
and MDV-2), 56.2% (RBIB and HVT), and 50.1% (MDV-2 and HVT) identities
(Shimojima et al., 1997).

The MDV-1 GA strain gL shares 18% identity with the HSV-1 counterpart. An
antiserum to a hydrophilic region of gL expressed in E. coli can immunoprecipitate a 25
kDa polypeptide in MDV-infected cells. The gL in MDV-infected cells is resistant to
Endo H, but gL expressed by gL recombinant FPV (reFPV-gL) is highly sensitive to
Endo H, suggesting MDYV gL alone may not be processed to its mature from (Yoshida et
al., 1994a).

The biological function of gH and gH-L complex appears to be conserved in all
three groups of herpesviruses, although the process of maturation and subcellular
translocation of gH and/or gL products vary. However, available information for MDV
gH, gL, and gH-L complex is limited. To further understand MDYV infection and the cell
fusion processes, it is essential to identify gH expression in infected cells, to investigate
gH and gL post-translational modification, subcellular translocation, as well as gH-L

interaction, and to study the relationship between gH-L complex and viral infection.
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These studies will expand our knowledge on the mechanisms of MDYV infection for

scientific purposes, as well as vaccine development.
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Figure 1. The physical map of MDYV genome.

Two unique regions, unique long (UL) and unique short (US), are flanked by repeat
fragments, which are terminal repeat long (TRL), internal repeat long (IRL), internal
repeat short (IRS), and terminal repeat short (TRS). Above the genome, BamHI
restriction sites are indiceted with vertical lines, the major BamHI digestion fregments
are indicated with the designated letters. Under the genome, the related locations, the
protein names, and the gene names of several major glycoproteins are indicated with

solid arrows and letter designations.
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Table 1. Diagnosis of avian lymphomas using a combined criteria

Criterion LL RE Bursal RE Nonbursal MD

Bursa lesions +() +(-) - -

Morphology of tumor cells  Homogeneity Homogeneity Pleomorphic Pleomorphic

Nerve lesions - -(4) -(+) +
Age at onset (> 14 weeks) + + -(4) -(+)
Virus isolation +/- +/- +/- +/-
Antibody +/- +/- +/- +/-
B cell markers + + - -
T cell markers - - +

Ia (MHC-II) n/a n/a -

CD4 n/a n/a - +
CD8 n/a n/a + -
MATSA - - - +
H19 for pp38 - - - +

““ lymphoid leukosis by ALV; REB952 “Bursa lymphoma by REV; RE nonbursa.
Nonbursa lymphoma by REV; MP. lymphoma by Marek’s disease; * Present; ~ Absent; ¢ -
Occasionally present; *". Present or absent; “* not applicable. MATSA" Marek’s disease

tumor-associated surface antigen.
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CHAPTER I1. IDENTIFICATION AND CHARACTERIZATION OF
GLYCOPROTEIN H OF MDV GA STRAIN

Abstract

One of the unusual features of MDV-1 is its strict cell-association in vitro and in
vivo. The mechanism of cell to cell spread has not been characterized for MDYV infection
but is thought to occur by intracellular bridge formation which may require the
expression of several MDV glycoproteins on the surface of the infected cell.
Glycoproteins gB, gC, gD, gH and gL have been shown to directly or indirectly mediate
membrane fusion events required both for entry of virus into host cells and cell fusion in
herpes simplex virus type I (HSV-1) infection. A 2439 bps open reading frame (ORF)
was identified from the DNA sequence of BamHI F and K2 fragments of MDV GA
strain, which predicts a 813 amino acid polypeptide. This peptide is homologous to HSV-
1 gH, and has typical glycoprotein features: 1) a single signal sequence, 2) a large
extracellular domain, 3) transmembrane domains, and 4) a small cytoplasmic domain.
There are nine potential N-linked glycosylation sites within the extracellular domain. A
fragment of the gH ORF was cloned into pGEX vector in frame with GST to produce a
GSTgH fusion protein in E. coli. The GSTgH fusion protein was used to develop gH
monoclonal antibodies and antiserum. The gH expression was detected in DEF infected
with MDV-1 GA strain by immunofluorescence assay (IFA) with monoclonal and
polyclonal antibodies. The virus neutralization and plaque-forming inhibition analyses
were conducted with the gH antiserum. There was no evidence indicating neutralization
or plaque-forming inhibition activities of the antiserum. Thus, it is necessary to further

evaluate the biologic functions of MDV gH.
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Introduction

Marek’s disease (MD) is one of the most common lymphoproliferative neoplastic
diseases of chickens, characterized by a mononuclear infiltration of multiple tissues or
organs (Calnek and Witter, 1997). The etiology of MD is Marek’s disease virus (MDV),
an o-herpesvirus. For the initial infection of either cell cultures or chickens by cell free
virus, enveloped virions enter susceptible cells by conventional absorption and
penetration, whereas cell associated virus infection is initiated by cell-to-cell fusion, or
direct contact with infected cells (Hlozanek, 1970). Due to the high cell-associated nature
of MDYV, the cell-to-cell transfer is normally accomplished through formation of
intracellular bridges (Kaleta and Neumann, 1977), and is presumed to be the principal
mode of virus spread both in vitro and in vivo. These intracellular bridges may require
expression of several envelope glycoproteins from the virus on the infected cell surface.
Recent analyses of the nucleotide sequence of MDV-1 revealed at least eight
glycoproteins, which are homologous to HSV-1 gB (Ross et al., 1989; Yanagida et al.,
1992b), gC (Coussens and Velicer, 1988), gD (Ross et al., 1991b), gI and gE (Brunovskis
and Velicer, 1995), gK (Ren et al., 1994), gH (Scott et al., 1993), and gL (Yoshida et al.,
1994a).

The principal events in the interaction of a virion with cellular membrane are
attachment and penetration. Attachment of virus to a cell surface activates a cellular
process mediated by viral surface glycoproteins that lead to the fusion of the viral
envelope with the cellular plasma membrane. Multiple viral glycoproteins are required. A
subset of these glycoproteins, including gB, gC, gD, gH, and gL, may directly mediate

the membrane fusion events required both for HSV-1 entry of host cells and for HSV-1
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induced cell fusion. The gB, gD, and gH-L complex act individually or in combination to
trigger pH-independent fusion of the viral envelope with the host cell plasma membrane
(Spear, 1993). Transient expression of gB, gD, and gH and gL shows sufficiency for
inducing membrane fusion in the Cos cell expression system (Turner et al., 1998).

The gH is conserved structurally and functionally throughout the Herpesviridae.
One common feature of gH homologues in herpesviruses is that gH can induce
neutralizing antibodies, such as monoclonal antibody (Mab) LP11 of HSV-1. LP11 can
efficiently neutralize virus infectivity, block cell fusion by syncytial virus strains, and
inhibit the formation of plaques when added to cell monolayers after infection
(Buckmaster et al., 1984). An important property of the Mab to VZV gpl18 (gH
homologue) was its ability to neutralize infectious virus in the absence of complement
(Buckmaster et al., 1984; Rodriguez et al., 1993). In EBV, the gH homologue, gp85 , is
involved in the fusion process in virus infection (Haddad and Hutt, 1989; Miller and
Hutt-Fletcher, 1988), and also induces virus neutralizing antibodies (Strnad et al., 1982).
The mature form of the gH molecule is always expressed on the cell surface (Duus et al.,
1995; Gompels and Minson, 1989; Roberts et al., 1991), and the surface expression is
required for the cell fusion function of gH. This is another feature of gH molecules.

In MDYV, the DNA sequences of gH homologues of RB1B strain (serotype 1) and
HVT (serotype 3) have been reported since 1993 (Scott et al., 1993), and MDV-2 gH
sequence data was also introduced recently (Shimojima et al., 1997). No other
information about gH is available, except the sequence data and the computer analysis
results. The major problem in characterizing the function of gH is lack of gH antibodies,

therefore the characteristics of MDV gH have not been defined. In the present report, the
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DNA sequence of MDV GA strain gH was determined. The antibodies against gH
peptide were successfully developed. Some serologic features of these antibodies are

investigated, and the potential biologic functions of MDV gH are also discussed.
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Materials and Methods

Cells and Virus. Duck embryo fibroblasts (DEF) and chicken embryo fibroblasts
(CEF) were grown in Leibowitz-McCoy medium (GIBCO Laboratories, Grand Island,
NY), supplemented with 4% calf serum (growth medium) or 1% calf serum (maintenance
medium). MDV-1 GA strain (Eidson and Schmittle, 1968) was propagated in DEF or
CEF. Cell free virus of GA strain made from feather follicles was a kind gift from Dr R.
L. Witter (USDA-ARS Avian Disease and Oncology Laboratory, East Lansing, MI).

DNA sequence determination. DNA sequencing was performed on a double
stranded plasmid by the dideoxy chain termination method using [0-*>S]dATP (New
England Nuclear, Life Science Products, Boston, MA) and the TAQuence version 2.0
DNA Sequencing Kits (United States Biochemical Corporation, Cleveland, Ohio) as
suggested by the manufacturer. Both strands of the DNA of BamHI F and K2 fragments
of MDV GA strain (Fukuchi et al., 1985b) were partially sequenced. The sequence data
were analyzed with various computer programs (see computer analysis in this section).
The junction of BamHI F and K2 fragment was confirmed by PCR amplification of the
particular area. Several regions in question were sequenced using an automated sequencer
(373A DNA Sequencer, Applied Biosystems, Foster City, CA) and dideoxy sequencing
methods (Prism, Applied Biosystems, Foster City, CA).

Construction of expression plasmid for GSTgH fusion protein. In order to
overexpress gH antigen, the BgIII-EcoRV fragment of gH gene was cloned into plasmid
pGEX-5X-3 (Pharmacia Biotech AB, Uppsala, Sweden) at BamHI and Smal sites. An

adapter (5’-GGATCCGAGCTCGAGATCT-3’) was obtained from plasmid pBlueBac4
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(Invitrogen corporation, Carlsbad, CA), which allows the gH fragment to fill in
Glutathione S-transferase (GST) ORF to generate GSTgH fusion protein expression
vector pGSTgH. The construction was confirmed by restriction endonuclease digesting
patterns and sequence analysis.

Expression and purification of GSTgH fusion protein in E. coli. The
expression and purification of GSTgH fusion protein were according to the manufacture
procedure (Pharmacia Biotech AB, Uppsala, Sweden). Briefly, a single colony of
pGSTgH transformed E. coli (TG1 strain) cells were seeded into SOml 2xYT-G medium
(2xYT with 2% glucose, and 100pug/ml ampicillin) in a 200ml flask, and incubated at
37°C overnight with vigorous shaking. The culture was further diluted into 450ml pre-
warmed 2xYT-G medium in a 2,800ml flask, and incubated for about 5 hours at 37°C
with shaking until A,, = 1-2. The GSTgH fusion protein expression was induced with
0.1mM Isopropyl-b-D-thiogalactopyranoside (IPTG, Boehringer Mannhem corporation,
Indianapolis, IN) for 3 hours. For crude GSTgH fusion protein, the 500ml E. coli culture
was centrifuged at 7,700xg for 10 minutes at 4°C. The pellet was washed once with 40ml
phosphate buffered saline (PBS), and resuspended in 20ml PBS. The cell suspension was
sonicated, and the cell debris was removed by centrifuge, the supernatant was stored at -
20°C as crude GSTgH fusion protein. For purification of GSTgH fusion protein, Triton
X-100 was added into the 20ml sonicated E. coli cell suspension (final concentration is
1%), and gently mixed for 30 minutes. The cell debris was removed by centrifugation at
12,000xg for 10 minutes at 4°C. One ml PBS equilibrated 50% slurry of Glutathione
Sepharose 4B (Pharmacia Biotech AB, Uppsala, Sweden) was added into the supernatant,

and incubated for 30 minutes with gentle agitation at room temperature. The pellet was
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retained and washed 3 times with PBS by centrifuge. The GSTgH fusion protein (or GST
protein, as a negative control antigen) was eluted with Glutathione elution buffer (10mM
reduced glutathione in S0mM Tris-HCl, pH8.0) (Figure 2).

Development of anti-gH monoclonal antibodies (Mab) and polyclonal
antiserum. Antibodies were developed against the purified GSTgH fusion protein. For
Mabs, a mouse was subcutaneously inoculated with 100ug (in 50ul PBS) purified GSTgH
fusion protein emulsified in equal volume of Titlemax research adjuvant *R-1 (CytRx
Corporation, Norcross, GA) at 2 sites in the base of the tail. The mouse was boosted with
100pug same protein intraperitoneally 3 weeks post-inoculation. Four days later, the spleen
cells were isolated and fused with myeloma cells line, NS-1 cells. The hybridomas were
screened by ELISA against crude GSTgH protein. The positive hybridomas were cloned
by the limited dilution method and rescreened by ELISA with purified GSTgH fusion
protein, and purified GST protein as negative control. The rabbit antiserum was produced
by inoculating a New Zealand white rabbit with about 200pug (in 100ul PBS) of GSTgH
fusion protein emulsified in Titlemax research adjuvant *R-1. The rabbit was given two

boosters at 4 and 8 weeks with 200ug GSTgH emulsified in #R-1 at first booster

subcutaneously, and 200ug GSTgH in second booster intravenously. The rabbit was bled
10 days after the last booster.

ELISA. Flat bottomed Immulon I 96-well plates (Dynatech Laboratories, Inc.,
Chantilly, VA) were coated with crude GSTgH protein diluted 1:10 (1:200 for purified
GSTgH fusion protein, and GST protein) in carbonate coating buffer (22mM Na,CO;,
22mM NaHCOs, pH 9.6) for 24 hours at 4°C. Plates were washed 2 times with ELISA

wash buffer (PBS-T, 0.1% Tween 80 in PBS). The wells were blocked with blocking
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buffer (3% bovine serum albumin in PBS) and incubated at 37°C for one hour in a
humidified incubator. Plates were washed 3 times with PBS-T. Hybridoma supernatants
(100ul/well) were applied without dilution, but rabbit serum was diluted to 1:1000 in
blocking buffer, 100ul/well, following by 1 hour incubation at 37°C in a humidified
incubator. Plates were washed 3 times with PBS-T. Goat anti-mouse (or anti-rabbit) IgG
labeled with horseradish peroxidase (Kirkegaard & Perry Laboratories, Gaithersburg,
MD) was diluted 1:1000 in blocking buffer and added to each well, 100ul/well. The
plates were incubated 1 hour at 37°C in a humidified incubator and then washed 3 times
PBS-T. 100ul subtract [Phosphate buffer, 0.2M, pH6.0, 0.8mg/ml 5-amino salicylic acid
(Sigma Chemical Co., St. Louis, MO), and 0.006% hydrogen peroxide] was added to
each well and the plates were placed in the dark at room temperature for 2 to 6 hours,
until color was fully developed. Plates were read on an automatic ELISA reader at Asysqm.

Indirect Immunofluorescence assays (IFA). CEF cells were grown into a
monolayer on glass coverslips. The monolayer was infected with MDV GA strain at
about 200 plaque forming unit (pfu) per 60mm tissue culture dish. When lytic plaques
were observed, the coverslips were harvested by washing once in PBS, fixing 5 minutes
in ice cold acetone, and air-drying. Fixed coverslips were stored at -20°C for later use.
IFA was performed as previously published (Wu et al., 1997). Briefly, The fixed samples
were incubated with ether anti-gH Mab32 or rabbit serum diluted 1:100 in PBS for 30
minutes at 37°C in a humidified incubator. Coverslips were rinsed 15 minutes in PBS
then incubated for 30 minutes with either goat anti-mouse or goat anti-rabbit fluorescein

isothiocyanate (FITC)-conjugated IgG (Kirkegaard & Perry Laboratories, Gaithersburg,
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MD). The coverslips were rinsed again, and sealed with 50% glycerol in PBS. The
samples were observed with a confocal microscope.

Confocal microscopy. The IFA samples were observed with a laser scanning
confocal microscope (Carl Zeiss, Inc, New York, NY) with 40x oil lane, 488 argon laser
line with green (BP521-650) barrier filter, fluorescence operation and confocal modes.
The photographs were taken under the same conditions, and processed with Adobe
Photoshop program (Adobe Systems Inc., Mountain View, Goleta, CA).

Virus neutralization and plaque-forming inhibition assays. Secondary DEF
monolayer on 35mm tissue culture dish was used for virus neutralization and the plaque-
forming inhibition assays. The rabbit antiserum and the pre-bleeding negative control
serum were inactivated at 56°C for 30 minutes. For neutralization, 10-fold diluted sera
(10", %, and ) in SPGA (sucrose 218mM, KH,PO, 3.8mM, K,HPO, 7.2mM,
monosodium glutamate 4.9mM, BSA 1% in water)-0.2% EDTA dilute solution was
incubated with a certain amount of cell free virus (5Opfu/dish) of GA strain for 30
minutes on ice. The serum-virus mixture (100pl per plate) was inoculated into secondary
DEF monolayer. The virus was allowed to absorb for 30 minutes at 37°C, and 2ml
maintenance medium was added. The plaques were counted 7 days post-inoculation. For
plaque-forming inhibition assay, about 50pfu cell free virus of GA strain was inoculated
into secondary DEF monolayer, and allowed to absorb for 30 minutes at 37°C, then the
maintenance medium with 10-fold diluted sera (102 and 10%) was added. The plaques
were counted 7 days post-inoculation.

Computer analysis. Several computer programs were used for different

purposes. DNASTAR package (DNASTAR Inc. Madison, WI) was used for sequence
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data input, multiple sequence analysis, and phylogenic tree generation. MacVector
program (Scientific Image systems, New Haven, CT) was used to find the ORF from the
DNA data, to translate ORF to polypeptide, and to generate protein profiles. Gene
Construct Kit (Textco Inc., Western Lebanon, New Hampshire) was used for drawing the
DNA construction map, and predicting the ORF. GCG package (Genetics Computer
Group, Madison, WI) was used for pairwise comparison (GAP program), and
homologous searches (FASTA program). Oligo program (National biosciences, Inc.,
Plymouth, MN) was used to design the oligonucleotide primers for PCR and sequencing.

Blast program at National Center of Biotechnology information (http://ncbi.nlm.nih.gov/cgi-

bin/blast/) was used for searching homologues, and retrieving the sequence data from

Genbank and Swiss-Port databases.
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Results

Analysis of the nucleotide sequence of the gH gene of MDV GA strain

The nucleotide sequence of BamHI-F and K2 fragments (Fukuchi et al., 1985b) of
MDV-1 GA strain was partially determined in order to obtain complete ORF of gH gene.
An overall map of the corresponding genomic region is shown in Figure 3. Computer
analysis of the partial sequence revealed 3 ORFs corresponding to HSV-1 U, 21, U 22
(gH gene) and TK gene (partial) (McGeoch et al., 1988), respectively. The ORF of U 22
has a size of 2,439 bps with an average base composition of 30.4 % A, 19.1 % G, 19.7 %
C and 30.8 % T. The U 22 OREF is leftward, and located downstream of TK ORF.

The DNA sequence upstream and downstream of U 22 was analyzed for putative
transcription control elements. Two potential “TATA” boxes, characteristic of many
eukaroytic and also herpesviral promoters (Breathnach and Chambon, 1981; Corden et
al., 1980), are located -113 and -157 nucleotides upstream from the proposed initiation
codon. The sequence 5’-GGCCAATAT-3’ at -127, and 5’-TCACAATGA-3’ at -138
exhibit similarities to the “CAT” box consensus sequence (5’-GGC/TCAATCT-3’)
(Figure 4). Regarding 3’ elements of U 22, there is a potential poly A sequence located at
2449 (AATAAAATTAAA) downstream from the stop codon.

The DNA sequence of U 22 was compared with that of gH gene of MDV RB1B
strain. The results indicated that only three variations of nucleotides residues are present
within the ORFs at position 1414 (T to C), 2377 (T to G), and 2378 (T to G), which result
in two amino acid substitutions between GA and RB1B gH. The major difference of the

DNA sequence of the gH genes between GA and RB1B strains is located in the upstream
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at position -55 to —129 (Figure 5). At least, a potential “TATA” box at —113 and a

“CAT” box at —127 in GA gH are absent from RB1B gH.

Analysis of the deduced amino acid sequence of gH peptide

The predicted initiation codon, ATG at position 1, exhibits features of a strong
translational starting signal according to Kozak’s rules (Kozak, 1986). The optimal
consensus sequence for initiation has been shown to be 5’-A/GCCATGG-3’. This
sequence is found in the MDV U 22 with a small difference, and reads 5’-AACATGG-
3’. The proposed termination codon, TAA is found at position 2440. The polypeptide
predicted from the nucleotide sequence comprises 813 amino acids with a calculated
molecular weight 90.9 kDa, which is the precursor of gH peptide (pgH). The amino acid
sequence is shown in Figure 6. There are four hydrophobic helices in the gH precursor,
located at amino acid 1-18, 619-641, 660-682, and 770-792 (Table 2), according to the
results predicted by using SOSUI system (Mitaku Laboratory, 1996). The N-terminal
helix (amino acid 1-18) appears to be the signal sequence. The C-terminal helix (amino
acid 770-792) might be transmembrane domain. The additional two helices may interact
with or span the membrane. There is a very short cytoplasmic domain located in the C-
terminus from amino acid 793 to 813. There are 9 potential N-linked glycosylation sites,
N-X-T/S, with X being any amino acid except proline or aspartic acid. The locations of

the 9 N-linked glycosylation sites were indicated at Figure 6.
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gH peptides are highly conserved in MDV

Pairwise-comparison of pgH sequence of GA strain with the gH homologues of
RBIB (Scott et al., 1993) and HVT (Shimojima et al., 1997) was conducted with GAP
program in GCG package (Version 9.1). Both the sequences of RB1B and HVT are
available in SWISS-PORT protein database, the accessed numbers are P36336 and
P36337, respectively. The results indicated that the pgH from MDV-1 share higher
percentage of identity, 99.8% between GA and RBI1B strains. In fact, there are only two
amino acids substituted between these two gHs, which are located at position 472 (valine
to alanine) and 793 (isoleucine to arginine). There is about 50-70% identity between the
gHs of MDV-1, MDV-2, and HVT (Table 3). MDV-2 sequence is not yet available in
Genbank. The comparison data related to MDV-2 was directly cited from Shimojima’s

report (Shimojima et al., 1997).

Comparison of gH peptide to the homologues of other herpesviruses

To compare gH homologues, a total of 16 gH sequences were retrieved from
Genbank, and Swiss-Port databases. The resource for each gH and the database accession
number are listed in Table 5. The multiple alignment analysis was done by the cluster
method of Multiple Sequence Alignment program in DNASTAR package (DNASTAR
Inc. Madison, WI). The rooted phylogenic tree was generated within same program
(Figure 7). This tree shows three clusters of the gH proteins which agree basically with
the classification of o-, B-, and y-herpesviruses. The gHs from B- and y- herpesviruses are
closer to each other. MDV gHs are closer to, but not absolutely located within the cluster

of o-herpesviruses.
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Characterization of anti-gH antibodies

The antibodies were developed according to the procedure described in the
Materials and Methods section. A total of 9 Mabs and 1 rabbit serum were obtained.
Three methods, ELISA, IFA and immunoprecipitation (IP) assay, were used to study the
serological characteristics of these Mabs and the rabbit antiserum. Various resources of
gH antigen were used in these assays. GSTgH fusion protein in bacterial lysate was used
for ELISA and all the antibodies were positive in ELISA. Sf9 cells infected with gH
recombinant baculovirus were used for IFA (see Chapter III). IP was done with
transiently expressed gH in DF1 cells (see Chapter III). A summary of the results is listed

in Table 4.

gH product is expressed in MDV GA strain infected DEF cells

To study the gH expression in MDV infected DEF cells, the coverslips of DEF
was infected with MDV GA strain, and fixed with cold acetone for 5 minutes at room
temperature. IFA was performed with Mab32. One positive plaque (with some single
cells and some multinuclear syncytial cells) is illustrated in Figure 8. The fluorescence

was mainly present in the cytoplasm, and absent from the nucleus.

The product of BglII-EcoRYV fragment of gH gene does not induce neutralization,
nor plaque-forming inhibition antibodies

These assays were conducted with anti-gH rabbit serum, which was developed by
using GSTgH fusion protein as an immunogen. The BgIII-EcoRV fragment of gH is the

main antigenic region of gH molecule, according to the antigenecity profile generated by
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the MacVector program (Figure 9). The results of virus neutralization test with 8 repeats
are shown in Figure 10. The plaque-forming inhibition assay was composed of two trials,
one trial with 4 repeats, and the other with 8 repeats. The results are summarized in
Figure 11. In both assays, there were no significant differences found between the normal

serum and the gH serum.

Discussion

The MDV DNA is a linear double-stranded molecule, composed of 166-184 kbps
(Lee et al.,, 1971). The physical map of BamHI restriction endonuclease has been
constructed from MDV-1 GA strain (Fukuchi et al., 1985b), which became a basis for
most MDYV gene identification and localization. The gH gene of MDV-1 RB1B strain has
been mapped to BamHI K2 (one quarter) and F (three quarters) fragments (Scott et al.,
1993). About the same time, the BamHI K2 and F fragments of the GA strain (Fukuchi et
al., 1985b) were also sequenced to determine the gH location (Lee’s group at USDA-
ARS avian disease and Oncology Laboratory). Pairwise comparison of GA and RB1B gH
DNA and deduced amino acid sequences revealed that only 3 nucleotide residues are
instituted at position 1414, 2377 and 2378, which result in 2 amino acid substitutions in
the deduced protein sequence at position 472 and 793. The main difference between GA
and RB1B gH gene is not within the coding region, but in the upstream control elements
of the gH ORFs. These differences have resulted in some changes of the potential
transcription elements, such as a potential “TATA” box at —113 and a potential “CAT”

box at —127 in GA strain which are absent from the RB1B sequence (Figure 5). The
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biological effects of these changes on the gH expression or virus infectivity remains to be
studied.

The deduced MDV gH amino acid sequence was also compared to the
homologues of other herpesviruses, including a-, B-, and y- herpesviruses. A phylogenic
tree was generated from the multiple sequence alignment. All 16 entries (including 3
MDYV gH homologues) are grouped into 3 main clusters, which basically agrees with the
classification of a-, B-, and y-herpesviruses. Although closely related to o-herpesvirus,
the MDYV subgroup is not completely located within the o-herpesvirus cluster (Figure 7).
This separation may reflect the features of MDYV in both biological properties (closer to
y-herpesviruses) and genomic structure and gene organization (closer to o-herpesviruses).

Fukuchi et al. reported the presence of simple repeat units (2-16 units of Smal-M
fragment repeat) in BamHI F fragment (Fukuchi et al., 1985b). After inspecting the
sequence data of F fragment (data not shown), at least 4 ORF were found. They are
homologous to Ui 22 (gH), 21, 20, and 19 of HSV-1. However, only 1 unit of Smal
fragment was identified in the left side of the F fragment. In some herpesviruses, such as
EHV-1 (Robertson et al.,, 1991), EHV-4 (Nicolson et al., 1990), PRV (Klupp and
Mettenleiter, 1991), and infectious laryngotracheitis virus (ILTV, another avian
herpesvirus) (Ziemann et al., 1998), the downstream area of gH ORF appears very active.
Some direct repeat elements and putative replication origin (Ori) sequences have been
found in this area. In PRV and ILTV, this region even becomes the junction for the
internal reversion within the UL region. Whereas in MDV, just like HSV-1 and VZV, the
homologous or equivalent region of the direct repeat elements and Ori is not present in

the downstream area of gH ORF. In fact, the MDV U 21 OREF is located at 294 bps
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downstream to the gH stop codon (Figure 3); The gH and U 21 ORFs are arranged tail to
tail.

A number of distinct hydrophobic regions were identified from the gH precursor
(Table 2). Two primary hydrophobic stretches were noted at both the N and C termini,
which are likely to represent signal and anchor (transmembrane domain) sequences
involved in the transport to and subsequent insertion into cell membranes. The
homologues of these two stretches can be found in the HSV-1 gH molecule. However,
compared with HSV-1 gH protein, there is a third primary hydrophobic stretch located at
amino acid 619-641, which does not have a homolog to HSV-1 gH. This fragment may
also function to anchor the protein to the cell membranes. A secondary hydrophobic
stretch is closer to the third primary hydrophobic stretch, and is unlikely to be membrane
spanning, but may be associated to cell membrane. Therefore, from amino acid 619-792,
the gH possesses a large hydrophobic area in the C-terminus which may tightly interact
with cell membranes. This feature may reflect the highly cell-association properties of
MDV.
Some difficulty was encountered in making gH antibodies. Several type antigens of gH
protein were used to develop the antibodies, including TrpE-gH fusion protein, gH
recombinant fowlpox virus (reFPV) infected CEF cell lysate (containing gH protein), as
well as gH recombinant baculovirus (rBacgH) infected Sf9 cell lysate (also containing gH
protein). We were unsuccessful in producing antibodies against gH protein. Finally, we
tried using the GSTgH fusion protein. The GSTgH fusion protein proved to be a good
immunogen for the production of monoclonal antibodies and rabbit polyclonal

antibodies. The other antigens were poor immunogens most likely because of the
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following: 1. The expression of gH in reFPV and rBacgH is poor, and the majority of
antigens in both cell lysates are FPV or baculovirus structural proteins. 2. The TrpE-gH
fusion protein was highly denatured when the fusion protein was processed [Procedure
for purification of TrpE fusion protein was described previously (Wu et al., 1997)].
Antibodies against TrpE-gH fusion protein might only react with the denatured form of
gH, but not the gH within MDYV infected CEF (or DEF) cells. The processing of GSTgH
fusion protein was under very natural conditions (see materials and Methods). This
procedure offers not only more purity, but also more natural form of GSTgH fusion
protein. Therefore, it was the most antigenic immunogen in this investigation. Several
Mabs and rabbit serum were developed with this GSTgH fusion protein. This is the first
time that the gH expression in MDYV infected DEF was detected with gH antibodies
(Figure 8).

The biological role of gH appears to be in virus entry into host cells and its
subsequent cell to cell spread. Strong neutralization antibodies have been raised against
the gH proteins from HSV-1 (Showalter et al., 1981), VZV (Keller et al., 1984), HCMV
(Rasmussen et al., 1984), and EBV (Strnad et al.,, 1982). Plaque-forming inhibition
activities were also demonstrated with these neutralizing antibodies (Desai et al., 1988;
Keller et al., 1987; Miller and Hutt-Fletcher, 1988). Similar activities were not found in
the present studies with rabbit serum against the MDV GSTgH fusion protein. However,
the GSTgH fusion protein only contains a small portion of the gH gene (BgllI-EcoRV
fragment), although this portion includes the most antigenic fragment of gH protein. The

results of the neutralization and plaque-forming inhibition experiments with the antibody
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developed from the GSTgH fusion protein in this study may not be a good representation

of the real biological activity of the entire gH molecule.
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Figure 2. SDS PAGE analysis of GSTgH fusion protein.

Lane 1 is purified GSTgH fusion protein, which was used to inoculate mice and rabbit.
Lane 2 is crude preparation of GSTgH fusion protein, which is used to screen the
hybridoma cells. Lane 3 is the purified GST protein. The location of GSTgH fusion
protein and the GST protein are indicated with arrowheads.
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Figure 3. The location of gH and the adjacent genes.

The top portion of the scheme map shows the structure of MDV genomic DNA of MDV
and the BamHI digestion map. The BamHI F and K2 fragments were amplified in the low
portion of this map. Three potential ORFs are labeled with arrows. The directions of the
arrows represent the direction of transcription. The gH ORF was extended from the
BamHI K2 to F. The U 21 ORF was located at 294 bps downstream of the gH stop
codon.

78



Figure 4. The DNA sequence of gH gene of MDV GA strain.

The gH coding region is numbered from 1 to 2439. The stop codon is located at 2440.
The TK ORF (partial) was underlined from —-319 to —185. The potential poly A sequence
was also underlined at 2449.
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TTGACTTATA TTAAGATAGT AATTTGGCOT CCTTAGATCC
GTAGCACTTG CAAGTTGCAT TGGATGGCTA CATATCCAAC

ATG ATC CAT GCA TTT TGT GCA AAG
GGA ATT ACA GAT CTG CCT TCT CTO
GGC TCC TGG GTA CGOT GAC AAT ACT
TTG TIT TAT ATG CCA ACA AGT CAT
TTG GCG TCC AAT AAT CTA ATC AAA
GCC ATG CCA TAC CGA AAT
AAA GAC GAC GCT CAA CCT ACA GGA
GTT GTT AAT CCT GAA CAT CGOT TTC
TGT TTIT OGTG GAT CCC ATG GAC ATG
G@T TCC GAT GGC GCT GAA GTT ATA
AAA TCG GCA CCT CCC GTC GAA TTG
GCae CTo CCT TAT GAA CCC

CCA CAT ATG AAC GCA TCG GAT ATG
TCA TCC AAT TAT GAT TTC CAG ATT
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-169
GA tatcgcgctt ctataattag cttgcccaca tcacaatgat goggcaatat tgacttatat
RBIB —=---mmmmm mmmmmme e mmmm e e aacttattat tggtccatgce

-109
GA taagatagta atttggcgtc cttagatcca ataaatatcc atgatttagt aagtgtgttc
RE1B tagaatagtc atacgctacg atctgttgct atatatgacc atcgccaaac = -----

-49 -1+1
GA atacggatcg tagcacttgc aagttgcatt ggatggctac atatccaacA T@ggtcttcc

Figure 5. Comparison of the upstream DNA sequences from gH gene between GA
and RB1B strains.

GA, DNA sequence from GA strain, RB1B, DNA sequence from RBIB strain. The
position of nucleotide residue is referenced to the start codon of gH ORF, counting as +1
at the A of ATG, which is underlined and bolded. The first nucleotide residue to the left
of A is numbered as -1. The same nucleotide residue in RB1B as that in GA is represent
with -. The different nucleotide residues are aligned and bolded in both GA and RBI1B.
At least, a “TATA’ box at —113 and a “CAT” box at —127 were absent from RB1B
sequence.
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813 aa

Transmembrane Domain 770-792 aa
Cytoplasm Domain 793-813 aa
Extracellular Domain 19-770 aa

Signal Sequence 1-18 aa

71

Figure 1. Characteristics of amino acid sequence of MDV gH precursor

A. Amino acid sequence of gH precursor of MDV GA strain. Four potential
transmembrane helices are underlined. The corresponding positions are referenced in
Table 2. There are 9 potential N-linked glycosylation sites are boxed. The
corresponding positions are at amino acid 62, 116, 247, 279, 410, 434, 469, 727, and
750.

Schematic map of gH precursor. The signal sequence, extracellular domain,

transmembrane domain and the cytoplasmic domain are indicated, and the related
positions are numbered (adapted from Scott et al. 1993).
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Figure 7. The phylogenic tree of gH homologues of herpesviruses.

A total of 16 gH homologues of herpesviruses were analyzed. The multiple alignment
analysis was done by the cluster method of Multiple Sequence Alignment program in
DNASTAR package. The rooted phylogenic tree was generated within the same program.
The groups of the 16 gHs were exactly matched with the classification of herpesvirus.
The MDV gHs with a group were separated from B and y groups, but MDV gHs were
first separated from other o herpesviruses.

83



Figure 8. Photograph of gH in DEF infected with MDV GA strain.

The coverslips were prepared as described in Materials and Methods. Mab32 (1:100) was
used to detect gH expression in MDV infected DEF. The photograph was taken under
laser scanner confocal microscope. One plaque was visualized. The fluorescence was
mainly present in the cytoplasm, and the unstained nuclei appeared as black holes.
Several multinuclear cells are present in this plaque.
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Figure 9. Schematic map of antigenic profile of gH peptide.

In the upper panel, the antigenic profile was generated by MacVector program with
predicted gH peptide. Related to the horizontal line in the middle, the up site represents
more antigenic than below. The low panel indicates the full length of gH ORF. Several
common restriction endonuclease-cutting sites are also indicated. The solid box is the
fragment, which was cloned into pGEX-5X-3 vector to generate GSTgH fusion protein.
Related to the antigenic profile, this fragment is the main antigenic region in the gH
molecule.
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Figure 10. The results of Neutralization tests.

The average plaques were obtained from 8 single observations. The rectangles represent
the average plaques. The vertical bars represent the standard deviations. There was no
difference between the gH serum and normal serum.
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Figure 11. Result of plaque-forming inhibition tests.

Two trails are present. Average plaques (rectangles) were obtained from 8 single
observations in trail 1, 4 single observations in trail 2. Vertical bars represent standard
deviation. Same results as Figure 10.
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Table 2. The locations and the sequences of 4 hydrophobic helices of gH precursor
predicted by SOSUI system

No. N-terminal Hydrophobic helices C-terminal type length
1 1 mglpgsivflimihafca 18 primary 18
2 619 adileatallvlpisglgsyvvt 641 primary 23
3 660 nqlyityvrlpctttagnivpmyv 682 secondary 23
4 770 tyvatatagasiaisiaiitvrm 792 primary 23

Table 3. Comparison of gH precursor of GA strain with other MDV gH homologues

GA-gH RBIB-gH MDV-2-gH HVT-gH

1* 2% 1 2 1 2 1 2
GA-gH 100 100 | 998 998 | N/A N/A | 665 56.0
RBI1B-gH 100 100 [ NJA 575 | 664 559
MDV-2-gH** 100 100 | NJA  50.1
HVT-gH 100 100

*, 1. Percentage of Similarity;

2. Percentage of Identity;

** The data was directly cited from the publication;
GA and RB1B are MDV-1 strains;

HVT is MDV-3 strain;

N/A, the data were not available.



Table 4. Serological characteristics of anti-gH antibodies

Methods Mab28 Mab32 Rabbit serum Antigens used
ELISA* + + + GSTgH fusion protein
IFA** +/- + + MDYV infected DEF
IP*** ND ND + Truncated gH

" Total 9 Mabs are ELISA positive against GSTgH fusion protein.
" Only the listed three antibodies were tested for IFA feature.

"™ P, Inmunoprecipitation

** positive

" negative

ND. Not done.
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Table 5. List of database resources of gH homologues of herpesviruses

No. Organisms subgroups  Accession No. References

1 Herpes simplex virus o P06477 (McGeoch and
type 1 (HSV-1) Davison, 1986)

2 Bovine herpesvirus o P27599 Direct Submission
type 1.1 (BHV-1.1)

3 Pseudorabies virus o P27416 (Klupp and
(PRV) Mettenleiter, 1991)

4  Feline herpesvirus o S64566 (Maeda et al., 1993)
type 1 (FHV-1)

5  Equine herpesvirus o P09101 (Telford et al., 1992)
typel (EHV-1)

6  Varicella-zoster virus o P09260 (Davison and Scott,
(VZV) 1986b)

7  Turkey herpesvirus o P36337 (Scott et al., 1993)
(HVT)

8 MDV-1 GA strain a

9 MDV-1 RBIB strain o P36336 (Scott et al., 1993)

10  Herpes simplex virus B P52353 Direct Submission
type 7 (HSV-7)

11  Human cytomegalo- B P12824 (Cranage et al., 1988)
virus (HCMV)

12 Epstein-Barr virus Y P03231 (Baeret al., 1984)
(EBV)

13 Equine herpesvirus 2 Y S55616 (Telford et al., 1995)
(EHV-2)

14  Kaposi's sarcoma- Y U75698 (Chang et al., 1994)
associated
herpesvirus (KSAH)

15 Bovine herpesvirus-4 Y 279633 (Lomonte et al., 1997)
(BHV-4)

16  herpesvirus saimiri Y P16492 (Gompels et al., 1988)

(SHV)




CHAPTER II1. ANALYSES OF MDV GH-L INTERACTION IN IN
VITRO TISSUE CULTURE EXPRESSION SYSTEM

Abstract

A set of glycoproteins, including gB, gD, gH, and gL have been shown to directly
or indirectly mediate membrane fusion events required for both virus entry into host cells
and cell-to-cell fusion in herpes simplex virus type I (HSV-1). Glycoproteins H and L
form a hetero-oligomeric functional unit (gH-L), which plays an important role in virus
infection and cell to cell spread, in most herpesviruses described to date. To investigate
the interaction of MDV gH and gL, both gH and gL were expressed in a baculovirus
expression system, fowlpox virus (FPV) expression system, and a vaccinia virus MVA/T;
pol enhanced transient expression system. Indirect immunofluorescence assay was
performed using gH and gL antibodies. The results suggested that co-expression of gH
and gL in the same cell is required and sufficient for both gH and gL subcellular
transportation and cell surface expression in Sf9 cells. The gH requires gL for cell surface
expression and the reverse is also true in Sf9 cells. However, gL alone can be detected on
the cell surface in DF1 cells and has a small patchy appearance. Co-expression gH and
gL in DF1 cells also results in gH-L patch formation on the cell surface, suggesting a
fusogenic function of the gH-L complex. Evidence from the FPV expression system
indicated that gH is required for protecting gL secretion by providing a membrane anchor
for the gL molecule. The results from in vitro translation and transient expression in DF1
cells indicated the amino acids 451-659 (SacI-HindIII fragment) of the gH polypeptide
are essential for gH-L complex formation. By co-immunoprecipitation from pulse-chase

labeling MDV-infected DEF samples with gL serum, specific and unique bands ranged
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from 100 to 110 kDa were precipitated, which reflect the immature and mature from of

gH molecules.
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Introduction

Previous studies on the molecular mechanisms of MDYV infection have focused on
two categories predominantly; (1) Oncogenically associated genes and regulative gene
products (Bradley et al., 1988; Bradley et al., 1989; Chen et al., 1992; Cui et al., 1991,
Cui et al., 1992; Cui et al., 1990; Jones et al., 1992; Li et al., 1994; Maotani et al., 1986;
Ono et al., 1994; Peng et al., 1992; Qian et al., 1996; Qian et al., 1995b; Ren et al., 1994;
Silva and Witter, 1985; Smith et al., 1995), and (2) Envelope membrane glycoproteins.
One of the unusual features of MDYV is its strictly cell-associated character in vitro and in
vivo. MDYV spreading from infected cell to neighboring normal cell is thought to occur by
intracellular bridge formation (Kaleta and Neumann, 1977), which also requires the
expression of several viral envelope glycoproteins on the infected cell surface. At least 5
glycoproteins (gB, gC, gD, gH and gL) are reported to be directly involved in the initial
infection processes and cell to cell spread in HSV-1 infection. gH usually forms a
complex with gL as a functional unit. The biological function of gH and gH-L complex
appears to be highly conserved in all three groups of herpesviruses, although the
processes of maturation and subcellular translocation of gH and/or gL products vary.
Appropriate interaction of gH and gL is required for the maturation and subcellular
translocation of these two molecules, and is functionally essential for virus entry
(penetration) and cell-to-cell spread(Kaye et al., 1992; Hutchinson et al., 1992; Duus et
al., 1995; Li et al., 1997b; Li et al., 1995; Yaswen et al., 1993). In HSV-1, gH alone was
partially processed, and intracellularly accumulated in rough endocytoplasmic reticulum
(RE) with a precursor-like form of the glycoprotein, and was not translocated to the cell

surface, unless the cells were super-infected with HSV-1 or HSV-2 (Foa-Tomasi et al.,
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1991; Forrester et al., 1991; Gompels and Minson, 1989). This immature gH was
unrecognized by the monoclonal antibody, LP11 that efficiently neutralizes HSV-1
infection (Buckmaster et al., 1984; Roberts et al., 1991). The gH co-expressed with gL by
using vaccinia virus recombinants was antigenically normal, processed normally, and
transported to the cell surface. Similarly, gL was also dependent on gH for proper post-
translational processes and cell surface expression. gH and gL form hetero-oligomers
which are incorporated into virions, transported to the cell surface, and play a role during
entry of virus into cells (Hutchinson et al., 1992). Whereas VZV gL chaperone modulated
gH expression via retrograde flow from the Golgi to the ER. The mature gL returns to the
ER, where it escorts immature gH from the ER to the Golgi; thereafter, mature gH is
transported from the trans-Golgi to the outer cell membrane, where it acts as a major
fusogen (Duus and Grose, 1996).

The coding regions of gH genes of MDV-1 RBIB (Scott et al.,, 1993) and GA
strains (see chapter II), and MDV-3 (HVT) have been determined. The primary
polypeptides exhibit typical glycoprotein features, including a hydrophobic signal and an
anchor sequences (transmembrane domain) and potential N-linked glycosylation sites.
Polypeptide sequence comparison to other available gH homologues and phylogenic
analysis revealed that MDV gHs are located in between a-herpesvirus subgroup and B- &
v-herpesvirus subgroups, but closer to a-herpesvirus. MDV-2 gH gene was also reported
recently (Shimojima et al., 1997). Alignment of the amino acid sequences of MDV gH
homologues among three MDV serotypes shows 57.5% (MDV-1 and MDV-2), 56.2%
(MDV-1 and HVT), and 50.1% (MDV-2 and HVT) identities (Shimojima et al., 1997).

The MDV-1 gL shares 18% identity with the HSV-1 counterpart. An antiserum was
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produced which can immunoprecipitate a 25 kDa polypeptide in MDV-infected cells. The
gL alone expressed by reFPVgL is highly sensitive to Endo-H, indicating that it may be
not properly processed to a mature form. (Yoshida et al., 1994a).

Available information for the interaction and the biological function of MDV gH,
gL, and gH-L complex is limited. In order to further understand MDV infection and the
cell fusion process, it is essential to study gH and gL expression, as well as their
interaction. In this study, the molecular and biologic properties of MDV gH were
investigated in vitro in a recombinant baculovirus expression system, a fowlpox
expression system, a TNT in vitro translation system, and in a vaccinia virus MVA/T; pol

enhanced transient expression system.

Materials and methods

Virus and Cells. Duck embryo fibroblasts (DEF) and chicken embryo fibroblasts
(CEF) were grown in Leibowitz-McCoy medium (GIBCO Laboratories, Grand island,
NY), supplemented with 4% calf serum, penicillin/streptomycin and amphotericin B
(growth medium) or 1% calf serum, penicillin/streptomycin and amphotericin B
(maintenance medium). Spodoptera frugiperda (Sf9) cells were propagated in complete
TNM-FH medium [Grace’s insect medium and supplements (Invitrogen corporation,
Carlshad, CA) with 10% fetal bovine serum (FBS), Gentamycin, and amphotericin B].
MDV-1 GA strain (Eidson and Schmittle, 1968) was propagated in DEF or CEF. Line O
chicken embryo fibroblast cell line, and DF1 cells were propagated in Leibowitz-McCoy
medium, supplemented with 5% FBS, penicillin/streptomycin and amphotericin B. Wild

type baculovirus was purchased from Invitrogen corporation (Carlshad, CA). Bacterial T,
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RNA polymerase recombinant vaccinia virus, MVA/T; pol (Wyatt et al., 1995) was a
kind gift from Dr. Bernard Moss (Laboratory of viral disease, NIAID, NIH, Bethesda,
MD), which was propagated in CEF. gL and gH+gL recombinant fowlpox virus [reFPV-
gL (Yoshida et al., 1994a)), and reFPV-gHL (Lee, unpublished)] were also propagated in
CEF.

Constructions of MDV-1 gH and gL recombinant transfer vectors. The gH
ORF was amplified from genomic DNA of MDV GA strain by polymerase chain reaction
(PCR). The primers used for PCR were 5’-GGG GCT AGC GGA TCC CAA CAT GGG
TCT TTC C-3’ (forward), and 5’-CCC GTC GAC GGA TCC GCA TTA AAG ATC
GTC GT-3’ (reverse). The PCR product was cloned into pUC18 vector to produce gH
DNA stock, pUCgH. Generally, the DNA fragment and the vector were combined in a
ratio of 3:1 and ligation was performed overnight at 14°C with T4 DNA ligase and 1x
ligation buffer. Transformation of competent TG1 strain E. coli was conducted via
electroporation (Cell-Porator, BRL, Grand Island, NY) at 400 volts, 4 kilo-ohms and a
capacitance of 330 microfarads with the ligation mixture and plated on 2xYT agar with
ampicillin. Plates were incubated from 16-20 hours at 37°C. Ampicillin resistant colonies
were selected and grown in 2ml 2xYT medium containing ampicillin for 5 hours.
Colonies were screened for inserts with minipreps. Positive clones were amplified and
the DNA was extracted and purified with a Qiagen-tip 500 (Qiagen, Chatsworth, CA).
DNA was stained with Hoechst dye and quantitated with a DNA fluorometer (Hoefer
Scientific Instruments, San Francisco, CA).

To construct baculovirus transfer vectors, the gH gene was cut out from the

pUCgH by BamHI-Dral and Dral-Sall. Two fragments, BamHI-Dral and Dral-Sall,
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were cloned into BamHI and Sall sites of baculovirus transfer vector, pBlueBac4
(Invitrogen corporation, Carlshad, CA) to generate a transfer vector, pBacgH. The gL
gene was cut out from gL-pbluescript (Yoshida et al., 1994a) with BamHI and Xhol, and
then inserted into linearized pBlueBac4 with compatible cohesive ends to generate
transfer vector pBacgL. The gL cassette (the gL ORF with the polyhedrin promoter in the
upstream, as well as 3’ end sequence) was digested from pBacgl with EcoRV-SnaBI
(both ends were blunted). This fragment was inserted into pBacgH downstream of the 3’
end of the gH gene at SnaBlI site to generate transfer vector pBacgHL. The gL gene in
pBacgHL has the same orientation as the gH gene. The MDV gH and/or gL genes were
placed under control of the baculovirus polyhedrin promoter (Figure 12).

To construct transient expression vector, the gH fragment was cut out from
pBacgH with Nhel and sall, and cloned into linearized pCDNA3.1zeo vector pBlueBac4
(Invitrogen corporation, Carlshad, CA) at Nhel and Xhol sites to generate transfer vector
pCDNAgH. The gL fragment was cut out from pBacgL with Nhel and Pstl, and cloned
into pCDNA3.1Zeo vector to generate pCDNAgL. Both gH and gL gene are under
control by the T, promoter. Three truncated gH fragments were generated by digesting
pBacgH with Nhel-EcoRI, Nhel-HindIll, and Nhel-Sacl, and cloned into linearized
pGEM-7Zf+ vector (Promega corporation, Madison, WI) with compatible cohesive ends
to generate transfer vectors pPGEMgHe, pPGEMgHh and pGEMgHs, respectively. All the
three truncated gHs were also under control by the T; promoter (Figure 13).

The constructs were conformed free of error by sequencing analysis with an
automated sequencer (373A DNA Sequencer, Applied Biosystems, Foster City, CA) and

dideoxy sequencing methods (Prism, Applied Biosystems, Foster City, CA).
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Developments of gH and gL recombinant baculoviruses. All the reagents used
for the transfection were provided in the Bac-N-Blue transfection kit (Invitrogen
Corporation, Carlshad, CA). 2x10° log phase S9 cells (98% viability) was seeded into a
60mm tissue culture dish in 2ml complete TNM-FH medium. The dish was rocked gently
side to side to evenly distribute the cells. The cells were allowed to fully attach to the
bottom of the dish to form a monolayer (about 50% confluence) for at least 15 minutes
before performing the transfection.

In a 1.5ml sterile microcentrifuge tube, the transfection mixture was set up with
4ul (4pg) pBacgH (pBacgL or pBacgHL), 10ul (1pug) linearized Bac-N-Blue baculovirus
DNA, Iml Grace’s Insect media (without supplements, FBS, and antibiotics), and 20ul
Insect Liposomes (always added last). The mixture was vortexed vigorously for 10
seconds, then incubated at room temperature for 15 minutes.

While the transfection mixture was incubating, the TNM-FH media was removed
from the cells carefully without disrupting the monolayer. The cells were rinsed twice
with 2ml Grace’s Insect medium without supplements, FBS, and antibiotics. The
transfection mixture was directly added onto the cell sheet a drop at a time, and evenly
distributed over the monolayer. Following 4 hours incubation at 27°C, the cells was fed
with 1ml complete TNM-FH medium, placed in a sealed plastic bag, and incubated at
27°C for 3 days.

Blue plaque assay was used to select and purify the recombinant baculoviruses.
The transfected cell culture medium (containing recombinant baculovirus) was collected
and diluted to 102, 1072, and 10* in 3 days post-transfection. Sf9 monolayer in 100mm

dish (5x106 cells) was prepared (2-3 dishes for each viral dilution) in Sml complete
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TNM-FH medium. The confluence of the cells was about 50%. For viral infection, 3ml
medium was removed from the cells, 1ml diluted virus was added a drop at a time. The
virus was allowed to absorb to Sf9 cells at 27°C for 1 hour. After completely removing
the medium, the infected cell sheet was overlapped with 10ml/dish baculovirus agarose
[2.5ml pre-warmed (at 47°C) 2.5% agarose solution, and 2.5ml pre-warmed complete
TNM-FH medium, mixed with 5ml complete FNM-FH medium with 150pg/ml
halogenated indolyl-B-D-galactosidase (bluo-gal)]. The dishes were sealed in a plastic
bag, and incubated at 27°C until plaques formed (about 3-5 days).

A single blue plaque was picked, and seeded into 35mm dish with 5x10° Sf9 cells
in 2ml complete FNM-FH medium. Three days post-inoculation, 0.75ml cell suspension
was harvested, the virus was precipitated with 20% polythylene glycol 8000 (PEG, in IM
sodium chloride), and the DNA was extracted with proteinase K digestion and phenol-
chloroform extraction. The DNA was used to check the foreign gene (gH, gL, and gH-L)
insertion and the purification of the recombinant virus by PCR. The positive plaques were
propagated in Sf9 cells to prepare the high titer recombinant virus stocks. In this way,
three recombinant baculoviruses were established, which are rBacgH, rBacgl and
rBacgHL (Figure 12).

Polymerase chain reaction. 25ul PCR reaction mixture was setup as described
below: 2.5l DNA (10-100ng/ul), 2.5ul 10x PRC buffer, 2ul 25mM Mg*™, 1yl 25mM
dNTPs, 1ul PCR primer mixture (Spicomol/each), 0.5ul (1unit) Taq polymerase, sterile
water to 25ul. The mixture was overlaid with 30pl mineral oil. PCR reaction was
executed in MiniCycler (M J Research Inc., Watertown, MA) with the following

parameters: Step 1, initial denaturation at 94°C for 2 minutes; step 2, denaturation at 94°C
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for 1 minutes; step 3, annealing at 55°C for 2 minutes; step 4, extension at 72°C for 3
minutes; step 5, 30 cycles between step 2 and 4; step 6, final extension at 72°C for 7
minutes; and step 7, holding the reaction at 15°C until analyzed in 1% agarose gel
electrophoresis. The primers used in the PCR reaction were 5’-TTT ACT GTT TTC GTA
ACA GTT TTG-3’ (forward), and 5’-CAA CAA CGC ACA GAA TCT AGC-3’
(reverse), which will amplify 839 bps from wild type baculovirus, 2708 bps from
rBacgH, and 888 bps from rBacgL.

In vitro translation. In vitro translation was done by using TNT T coupled
reticulocyte lysate system (Promega Corporation, Madison, WI). Five plasmids,
pCDNAgH, pGEMgHe, pGEMgHh, pGEMgHs, and pCDNAgL were analyzed. The
reaction mixture was setup as described below: 13l TNT rabbit reticulocyte lysate, 1ul
TNT reaction buffer, 0.5ul TNT T7 RNA polymerase, 2l *>S-methionine (1,000Ci/mM at
10mCi/ml, New England Nuclear, Life Science Products, Boston, MA), 0.5ul Rnasin
Ribonuclease inhibitor (40u /ul), 2.0pl plasmid DNA templates (1pg), and distill water to
25ul. The reaction mixture was incubated at 30°C for 90 minutes. 2ul reaction product
was analyzed with SDS-polyacrylamid gel electrophoresis (SDS-PAGE), whereas 10-
15ul samples were analyzed by immunoprecipitation.

Transient expression of gH and gL with MVA/T; pol enhancement. DF1 cell
were plated onto 35Smm culture dishes (108 cells/dish) in 2ml Leibowitz-McCoy medium
(GIBCO Laboratories, Grand island, NY) with 5% calf serum, penicillin/streptomycin
and amphotericin B, and incubated at 37°C overnight. When transfected, the cell
confluence was about 80%. The DF1 cells were infected with recombinant vaccinia virus,

MVA/T; pol, at 10 multiplicity of infection (moi) in 1ml M199 medium (GIBCO
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Laboratories, Grand Island, NY) with 5% FBS and, penicillin/streptomycin, without
amphotericin B for 1 hour prior to adding the transfection mixture. The transfection
mixture was prepared as follows: About 2-10ug plasmid DNA was diluted in 250ul
distilled water, slowly adding 250l 0.5M calcium chloride solution with gentle vortex,
slowly adding 500ul 2xHepes solution (140mM sodium chloride, 1.5SmM disodium
phosphate, 50mM Hepes, pH7.05, stored at —20°C) with gentle vortex. The mixture was
held at room temperature for 20 minutes for formation of fine precipitate. Into each
35mm dish 100pl of the transfection mixture was added with large bore pipette tip, and
the dish was swirled afterwards to evenly distribute the precipitate. Then the dish was
incubated at 37°C, 5% CO, for 4 hours. After removing the media, the DF1 cells were
shocked with 1ml 15% glycerol solution (fresh prepared with distilled water) for 5
minutes at room temperature. The glycerol was removed, and the DF1 cells were rinsed
twice with 2ml phosphate buffered saline (PBS). The dishes were fed with 2ml fresh
Leibowitz-McCoy medium with 5% FBS, penicillin/streptomycin, without amphotericin
B, and incubated in 37°C, 5% CO,. After 20 hours incubation, the samples were
harvested for further analysis.

Antibodies. Anti-GSTgH monoclonal antibody Mab32 and rabbit serum were
developed by using GSTgH fusion protein as an antigen (Chapter II). The anti-gL rabbit
serum was reported (Yoshida et al., 1994a).

Indirect immunofluorescence assay (IFA). Samples were taken from
recombinant baculovirus infected Sf9 cell coverslips and from gH or gL transiently
transforming DF1 cells in 35mm tissue culture dishes. To detect gH or gL expression,

samples were fixed for 5 minutes in ice cold acetone (or acetone 60% and ethanol 40%
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mixture for tissue culture dishes), and air dried. To detect the cell surface expression of
gH and gL, Sf9 cells were fixed with 2% paraformadelhyde solution in PBS for 1 hour.
The paraformadelhyde fixed samples were further treated with 0.5% Triton X-100 in PBS
for 30 minutes at room temperature for permeabilization of the cells. The fixed samples
were stored at -20°C for later use. IFA was performed as previously published (Wu et al.,
1997). Briefly, The fixed samples were incubated with either anti-gH Mab32 or rabbit
serum (including gH and gL serum) diluted 1:100 in PBS for 30 minutes at 37°C in a
humidified incubator. Coverslips were rinsed 15 minutes in PBS then incubated for 30
minutes with either goat anti-mouse or goat anti-rabbit fluorescein isothiocyanate (FITC)-
conjugated IgG (Kirkegaard & Perry Laboratories, Gaithersburg, MD). The coverslips
were rinsed again, and sealed with 50% glycerol in PBS, before the samples were
observed under confocal microscope.

Confocal microscopy. The samples were viewed with a laser scanning confocal
microscope (Carl Zeiss, Inc, Thornwood, NY) with 40x oil lane, 488 argon laser line
with green (BP521-650) barrier filter, fluorescence operation and confocal modes. The
photographs were taken under the same conditions. Some samples were observed under
Leica DM IRB microscope (Leica Mikroskopie und system GMbH, Wetzlar, Germany),
and photographs were taken with a DEI-750 CE digital camera (Optronics Engineering,
Goleta, CA). Adobe Photoshop program (Adobe Systems Incorporated, Mountain view,
CA) was used to process the images.

3S-methionine labeling gH and gL. Secondary DEF monolayer in 60mm dish
was infected with MDV-1 GA strain. When the cellular pathologic effect (CPE) reached

70-80% (about 72-96 hours post-infection), the infected DEF was incubated with 2ml
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methionine free RPMI 1640 medium (Gibco BRL, Life Technologies, Inc., Gaithersburg,
MD) for 1 hour. 100uCi **S-methionine (New England Nuclear, Life Science Products,
Boston, MA) was added in 2ml methionine free RPMI 1640 medium, and incubated for
another 5 hours. The reFPVgL and reFPVgHL infected CEF (10moi) were labeled in 18
hours post-infection for 5 hours. The transient expressions of gH and gL were directly
labeled with 75uCi *S-methionine per 35mm dish in 1ml methionine free RPMI 1640
medium for 19 hours, right after 15% glycerol treatment of the cells. After labeling, the
cells were washed twice with PBS, and lysed in lysis buffer (150mM NaCl, 1% sodium
deoxycholate, 1% Triton X-100, 0.1% SDS, 10mM Tris-HCl pH 7.5). For pulse-chase
labeling, the cells were treated with *°S-methionine for 10-20 minutes, and washed twice
with PBS to remove the trace *°S-methionine, then fed with fresh RPMI 1640 with
methionine, and incubated to an indicated time point. The supernatant was collected, and
the cells were lysed in lysis buffer,

Immunoprecipitation. Immunoprecipitation was performed in the following
way. The cell lysate (200-300pl/sample) was pre-absorbed with pre-bleeding rabbit
serum (or NS-1 myeloma ascites) and Sepharose protein A (Pharmacia-Biotech, Uppsala,
Sweden) for 1 hour in an ice bath with shacking. The pre-absorbed lysate was mixed
with antibody (Spl) and 50pul Sepharose protein A., and incubated for 1 hour in an ice
bath with shaking. The Sepharose protein A-antibody-antigen complex was washed 3
times with lysis buffer. 40pul SDS-PAGE loading buffer (1% SDS, SOmM Tris-HC] pH
6.8, 10% glycerol, 2.5% diethylthreotal, 0.01% phenol red in water) was added, the
sample was boiled for 5 minutes, centrifuged with a tabletop centrifuge at a maximum

speed for S minutes and analyzed on 5-15% gradient SDS-PAGE.
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The gel was fixed in fixing solution (10% glacial acetic acid, 20% methanol in
water) for 45 minutes, incubated for 45 minutes in dimethyl sulfoxide (DMSO) to
dehydrate and 45 minutes in 16% 2, S-diphenyl oxazole (PPO, Sigma Chemical Co., St.
Louis, MO) in DMSO, and washed for 10 minutes in tap water. The gel was dried on
filter paper with a Speed gel SG 200 gel dryer (Savant, Farmingdale, NY) and exposed to

film at -70 C.

Results

gH and gL are expressed in recombinant baculovirus expression system, as well as
transiently expressed in MVA/T7 pol expression system

In order to investigate the interaction between MDV gH and gL, these two genes
were expressed in a recombinant baculovirus system, as well as transiently expressed in
recombinant vaccinia, MVA/T7 pol expression system. The samples were taken from Sf9
cells infected with recombinant baculoviruses, or DF1 cells transfected with pCDNAgH,
and pCDNAgL. The samples were fixed with acetone, and strained with anti-gH mab32,
anti-gH rabbit serum, and anti-gL rabbit serum. The results were shown in Figure 14A &
B, 15A, and 16A & D.

Co-expression of gH and gL is required for gH maturation and translocation in Sf9
cells.

In baculovirus expression system, coverslips of Sf9 were infected with either
rBacgH, rBacgHL, or rBacgL, and fixed with paraformadelhyde for cell surface staining.
Some of them were permeabilized with Triton X-100. IFA was conducted with gH and
gL antibodies. When Sf9 was infected with rBacgH alone, gH was detected only in the

permeabilized sample (Figure 15A), but not in the non-permeabilized sample (i.e.
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paraformadelhyde fixed sample) (Figure 15 B). When Sf9 was infected with rBacgL
alone, similar results were observed. The gL was only detected on the permeabilized
samples (Figure 16A), but not in the non-permeabilized sample (Figure 16B). When Sf9
was infected with rBacgHL, the gH and gL were detected in both permeabilized and non-

permeabilized samples (Figure 16D and 17A, B, C, & D).

gH and gL expressed in the MVA/T7 pol enhanced expression system in DF1 are
similar to that in Sf9, but not the same.

In order to study the interaction of gH and gL in a more native cell of MDV
infection, a line O chicken embryo fibroblast cell line, DF1 was used to express the gH
and gL products in a MVA/T; pol enhanced transient expression system. The MVA/T,
pol infected DF1 cells were transfected with pCDNAgH, pCDNAgL, and pPCDNAgH+
pCDNAgL. The IFA results indicated that gH could be expressed in both pPCDNAgH and
pCDNAgH+pCDNAgL transfected DF1 cells (Figure 18A & B). However, only co-
transfected with pCDNAgL, would the gH be detected on the cell surface (Figure 19A),
otherwise, the gH was retained in the cytoplasm (Figure 19B & 18B). The results also
indicated that gL. was also expressed in DF1 (Figure 18C and D), but gL appears to
behave differently in DF1 cells compared to in Sf9 cells. The IFA results indicated that
the gL could be detected not only in DF1 cell surface co-transfected with
pCDNAgH+pCDNAgL (Figure 19C), but also in DF1 cell surface transfected with
pCDNAgL alone (Figure 19D). gL was not detectable on the Sf9 cells surface when the

S9 cell was infected with rBacgL alone(Figure 16B).
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gL alone is consistently secreted from CEF cells

Pulse-chase labeling and immunoprecipitation results revealed that the gL alone
expressed in CEF cell was consistently secreted from the cells. The reFPVgL and
reFPVgHL infected CEF cells, and MDV-1 GA strain infected DEF cells were labeled
with **S-methionine for 20 minutes, and then chased in time course. The supernatant
samples were centrifuged with maximum speed at tabletop centrifuge for 10 minutes to
clarify the cell debris before used for immunoprecipitation. Figure 20 shows the results.
When gL was expressed in reFPVgL infected CEF, the gL signal from cell lysate was
decreased along with the chase time; On the other hand, the gL signal in the supernatant
was increased along with the chase time. However, in reFPVgHL infected CEF culture
supernatant, there was no significant increase of gL signal in the entire chasing period,
although the gL was present in the cell lysate (Figure 21A). This absence might be due to
the expression of gH (Figure 22). Moreover, in MDV-1 GA strain infected DEF cells, the
gH and gL were also positive by IFA (Figure 8), but in the cell culture supernatant, the

gL signal is absent (Figure 21B).

The Sacl-HindIII fragment of gH gene is required for gH-L interaction

In order to map the potential domain responsible to the interaction of gH and gL,
three truncated gH mutations were constructed in pPGEM-7zf+ vector (see Materials and
Methods). Three truncated gH were co-translated with gL in TNT in vitro translation
system (Figure 23). The immunoprecipitation results of the translated products with gH
serum revealed that the gl was co-immunoprecipitated with gHe, gHh by gH antibody,
but not with gHs (Figure 24), suggesting that the SacI-HindIII fragment of gH gene,

corresponding to the 451-659 amino acids would be responsible for gL binding. These
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results were repeated in DF1 transient expression of gH and gL with MVA/T; pol
enhancement. The transiently expressed gH, and gL were labeled with *>S-methionine.
Immunoprecipitation was performed with both gH and gL serum. Specific truncated gH
proteins were precipitated from gH transfected DF1 lysates with gH serum (Figure 25).
The gHe and gHh were also co-precipitated with gL from gH and gL co-transfected DF1

samples by gL serum, but gHs was not co-precipitated (Figure 26).

The gH was co-immunoprecipitated with gL. antibody from the DEF infected with
MDYV-1 GA strain.

DEF infected with MDV-1 GA strain was labeled with **S-Methionine at 96
hours post-infection for 20 minutes, and chased for a different time period. The anti-gL.
rabbit serum was used to immunoprecipitate the gL, as well as gH products. The results
indicated that the gH product was co-immunoprecipitated with gL antibody even at 0
minute chase time. The mobility of the gH product was slowed with the increased chase

time. The related molecular weight was ranged from 100 to 110 kDa (Figure 27).

Discussion

The interaction mode and the function of the gH-L complex partners appear to be
quite variable. While gH and gL are covalently linked by disulfide bonds in HCMV
(Kaye et al., 1992), a noncovalent interaction is present in HSV-1 (Hutchinson et al.,
1992) and VZV (Duus et al., 1995). In EBV and HCMYV, a third complex partner was
detected, represented by a 42 kDa protein and a 125/145 kDa protein, respectively (Li et

al., 1997b; Li et al., 1995; Yaswen et al., 1993). Baculovirus expression system has been
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successfully used to study gH and gL interaction in several herpesviruses (Ghiasi et al.,
1991) (Westra et al., 1997; Pulford et al., 1994a). In this report, the gH and gL gene of
MDV-1 GA strain were cloned into baculovirus to generate rBacgH, rBacgl, and
rBacgHL. The cell surface immunofluorescence strain was achieved by fixing the Sf9
cells infected with these recombinant baculoviruses with paraformadelhyde solution
without permeabilization (Duus et al., 1995). The IFA results revealed the interaction of
MDYV gH and gL in Sf9 cells and DF1 cells was basically similar to previous reports in
other herpesviruses (Westra et al., 1997; Pulford et al., 1994a). The co-expression of
MDV gH and gL is required and sufficient for both the gH and gL subcellular
translocation and cell surface expression. Expression of gH or gL alone in Sf9 cells will
result in the absence of gH or gL from the cell surface, although gL alone is present on
the DF1 cell surface.

Although gH is conserved structurally and functionally throughout Herpesviridae,
the gL was thought to share homologues among herpesviruses only based on the genomic
location and biologic function. VZV gL can be processed to a mature product within the
Golgi by itself. Although the full length of gL is required for gH maturation, the
subcellular transportation beyond the medial-Golgi of mature gH does not require the gL
molecule. The VZV gL is usually retained in ER due to its bearing an ER targeting motif
(Duus et al., 1995; Li et al., 1997a). PRV gL bears a neutralization epitope, which is
associated with virus infection, but not with cell to cell spread. Therefore, PRV gL is not
only a chaperone for gH maturation, but also directly involved in the virus infection
processes. MDV gL also appears to behave different in DF1 cells. The gL could be

detected in the cell surface with small patch appearance by IFA, when the gH was absent
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from the DF1 cells (Figure 19), although the gL molecule may consistently secret into
culture medium in FPV expression system in CEF. This process is just like gC, which is a
secreting glycoprotein in MDYV, but also can be detected on the cell surface (Churchill et
al., 1969a; Isfort et al., 1986). On the other hand, with co-expression of gH and gL in
FPV expression system in CEF, most of the expressed gL was trapped in the CEF cells,
instead of being secreted. The same situation was observed in the MDYV infected DEF
samples. All these results suggested that gH is an important factor for gL staying in the
cells, most likely by providing an anchor.

The gL is normally a simpler form of chaperone protein. However, the diverse gL
glycoproteins of EBV and VZV have been reported to be functionally interchangeable,
although membrane expression and maturation of gH were separate functions for these
two viruses. The domain homologue search indicated that the MDV gL shares
homologous domains located in between EBV and VZV gL (Figure 28), suggesting
MDYV gL might be interchangeable functionally with EBV gL or VZV gL.

There are at least three types of gH-L complex within cells in o-herpesviruses.
HSV-1 gL is required for gH maturation and subcellular translocation and both gH and
gL are co-expressed on the cell surface (Buckmaster et al., 1984; Foa-Tomasi et al., 1991;
Forrester et al., 1991; Gompels and Minson, 1989; Hutchinson et al., 1992; Roberts et al.,
1991). The mature VZV gH is expressed on the cell surface alone, and executes the
fusogenic function (Duus and Grose, 1996; Duus et al., 1995; Li et al., 1997a). PRV gH
is incorporated into the virion in the absence of gL, but virion localization of gH in the
absence of gL is not sufficient for infectivity (Klupp et al., 1997). Like HSV gH, MDV

gH alone in DF1 cells was retained in the cytoplasm, and absent from the cell surface,
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whereas co-expression gH and gL in DFI results in gH-L patch formation on the cell
surface (Figure 19). Similar patches were also observed within the cytoplasm of the DF1
cells transfected with gL alone and gH-L. These cytoplasmic patches may represent
transport vesicles, a common phenomenon in secretory and endocytic pathways. The
patching or capping in cytoplasmic membrane (a basic mechanism for endocytosis)
changes the local environment on the cell surface, which may promote membrane fusion
of the enveloped virion (or infected cells) with the adjacent normal cells.

The potential gH-L interaction domain was mapped to Sacl-HindIII fragment by
serial truncated deletion mutants. The truncated gHe and gHh (with Sacl-HindIII
fragment) can be co-precipitated with gL from DF1 cells by gL serum. In reverse, the gL
is also co-precipitated with gHe and gHh from in vitro translation samples with gH
serum. However, gL is unable to be co-precipitated with truncated gHs (without Sacl-
HindIII fragment) by gH serum. In HSV-1 gH, the N-terminal half of the external domain
may be responsible for gH-L interaction, while the C-terminal third of the external
domain affected the ability of gH to function in cell-cell fusion and virus entry (Galdiero
et al., 1997). According to the domain homologous analysis, MDV gH and HSV-1 gH
share 2 homologous domains at the C-terminal 300 amino acids (Figure 29), suggesting
the C-terminal 300 amino acid of MDV gH may also function in cell to cell fusion and
virus entry, which is the function of the homologous domains of HSV-1 gH (Galdiero et
al., 1997).

Difficulty was encountered in immunoprecipitating full length gH protein from
Sf9 cells, from MDYV infected DEF, and from DF1 cells, although IFA results showed

positive reaction to gH antibodies in all cells. However, the truncated gH, including gHe,
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gHh, and gHs, was immunoprecipitated from DF1 cells with gH serum, as well as co-
precipitated with gL from DF1 cells by gL serum. These results suggest that the C-
terminal sequence may affect the properties of the gH molecule significantly, which will
protect the protein from immunoprecipitation with gH serum. Since co-precipitation with
the truncated gH was detected with gL serum, this feature may be applied to precipitate
full length gH from MDYV infected DEF cells. The lysates of pulse-chase labeled DEF
cells infected with MDV GA strain were precipitated with gL serum. Two specific
polypeptides were identified, one with 25 kDa in size, which is the mature form of the gL
molecule (Yoshida et al., 1994a) and the other with a molecular weight ranging from 100
to 110 kDa in different chase time (Figure 27). The second polypeptide is in good
agreement with the predicted gH (114 kDa) reported by Scott et al. (Scott et al., 1993)
based on sequence data, and the 115 kDa gH reported by Yoshida (Yoshida et al., 1994a).
The range of the molecular masses may represent the post-translational modification
processes. The gH polypeptide binds to gL right after its synthesis. In vitro translation of
gH and gL (no post-translational modification element was added) shows similar results,
suggesting the appropriate interaction of gH and gL starts at very early stage of gH

synthesis. This interaction might occur in the cytosol before gH enters into the ER lumen.
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Figure 12. Schematic map of MDYV gH, gL, and gHL recombinant baculoviruses

The MDYV genes were inserted into the polyhedrin region of baculovirus (AcMNPV) to
generate the recombinant viruses. Polyhedren promoter controlled all the MDV genes. 1.
MDV gH recombinant baculovirus, rBacgH; II. gH and gL recombinant baculovirus,
rBacgHL; and III. gL recombinant baculovirus, rBacgL.
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Figure 13. Schematic map of truncated gH fragments.

The gH gene was digested with EcoRI, HindIIl, and Sactl, respectively, to generate three
truncated gH fragments. These fragments were cloned into pGEM-7zf+ vector to
generate three truncated gH transfer vectors, which are pPGEMgHe for EcoRI truncate;
pGEMgHh for HindIII truncate; and pGEMgHs for Sacl truncate. The top line represents
the whole length of gH molecule. The three restriction endonucleases used for truncating
gH were indicated. The related N-linked glycosylation sites were indicated with the
vertical bars.
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Figure 14. Inmunofluorescence assay of gH expression on Sf9 cells.

Sf9 cells infected with rBacgHL, fixed with paraformadelhyde and permeabilized with
Triton X-100. A. Straining with anti-gH rabbit serum; B. Staining with Mab32.
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Figure 15. The gH was not expressed on the cell surface when Sf9 cells were infected
with rBacgH alone.

The Sf9 cells were infected with rBacgH. The paraformadelhyde fixed samples were
permeabilized with Triton X-100 (A) to detect gH expression in the cytoplasm, or
without permeabilization for cell surface staining (B). The samples were stained with
Mab32. Only the permeabilized sample was positive to Mab32, whereas non-
permeabilized sample was negative. These results indicated that gH alone expressed in
Sf9 cells was unable to reach the cell surface.
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Figure 16. The gL was not expressed on the cell surface when Sf9 cells were infected
with rBacgL alone.

Sf9 cells were infected with recombinant baculoviruses: A & B infected with rBacgL, C
infected with rBacgH as negative control, D infected with rBacgHL as positive control.
The samples were fixed with paraformadelhyde without permeabilization (B) and with

permeabilization (A, C, D). All samples were stained with gL antibody. A and D show
positive reaction, and B and C are negative response.
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Figure 17. Co-expression of gH and gL in Sf9 cells result in the cell surface
expression of both gH and gL.

The Sf9 cells were infected with rBacgHL. The samples were fixed with
paraformadelhyde with permeabilization (A and C) and without permeabilization (B and
D). A and B were stained with gL antibody, and shown positive reaction in both
permeabilized and non-permeabilized conditions. Same results were present in C and D,
which were stained with gH Mab32.
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Figure 18. The expressions of gH and gL in DF1 cells transfected with
pCDNAgH+pCDNAgL (A & C), pCDNAgH (B), and pCDNAgL (D).

All the samples were fixed with 60% acetone and 40% ethanol at room temperature for 5
minutes. A and B were strained with gH serum, C and D were stained with gL serum. All
the samples show fluorescent positive. However, the subcellular distribution patterns
were different between gH and gL. gH alone was uniformly distributed all over the
cytoplasm (B), while gL alone, as well as co-expressed gH and gL, was unequally
distributed (so call patch) (A, C, and D).
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Figure 19. Photographs of gH and gL cell surface expression in DF1 cells.

The DF1 cells were transfected with pCDNAgH+pCDNAgL (A & C), pCDNAgH (B),
and pCDNAgL (D). The cells were trypsonized and stained with gH and gL anti-sera. A
& B were strained with gH serum, and only A shows positive reaction, B was negative. C
& D were strained with gL serum, and both C and D were positive. The gH and gL
molecules were forming patches of staining on the cell surface(A, C, and D), which were
observed in the cytoplasm, too (See Figure 7).
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Figure 20. Immunoprecipitation of gL protein from the reFPVgL infected CEF cell
lysates and supernatant with gL serum.

The reFPVgL infected CEF cells were pulse-labeled with 35S-methionine for 20 minutes,
then chased for 0, 1, 2, 4, 6, and 8 hours. Samples were collected, and
immunoprecipitation analysis was conducted as described in the Material and Methods.
The results indicated that the gl. was gradually decreased in cell lysate samples, and
increased in the supernatant samples, suggesting the gL might secrete instantly from the
cells. gL, mature form of gL; pgL, gL precursor.
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Figure 21. immunoprecipitation of gL from reFPVgH infected CEF (A) and MDV-1
GA strain infected DEF (B).

The infected cells were labeled with >*S-methionine for 10 minutes and chased at
indicated time periods. The supernatant and cell lysate were precipitated with gL serum.
In the reFPVgHL infected CEF lysate, the gL signal was not significantly changed in the
first several hours, whereas the supernatant gL signal was not significantly increased (A).
In the GA infected DEFs, the gL signal was absolutely absent from the supernatant (B).
gL, mature form gL; pgL, gL precursor.
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Figure 22. IFA photographs of reFPVgHL infected CEF cells.

The coverslips of reFPVgHL infected CEF were stained with gL (A) and gH (B) serum,
respectively. The results were observed with Leica DM IBR microscope, and the
photographs were taken in same microscope with DEI-750 digital camera with 40x
objective lane.
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Figure 23. In vitro translation of gH and gL.

The truncated gH were cotranslated in vitro by TNT in vitro translation system. 2ul
translation samples were loaded in 5-15% gradient PAGE gel. Lane 1, pCDNAgL alone;
Lanes 2 to 4, pGEMgHe, pGEMgHh, and pGEMgHs with pCDNAgL respectively. The
standard molecular weight (MW) markers were indicated at the left side. Each truncated
gH and gL were indicated with arrow and named. The related MW for gHe is 81 kDa,
gHh, 67 kDa, gHs, 50 kDa, and gL, 22 to 23 kDa.
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Figure 24. Co-immunoprecipitation of gH and gL from in vitro translation samples
with gH serum.

The samples were precipitated with gH serum and analyzed with 5-15% gradient SDS-
PAGE. Lane 1, pCDNAgL alone; Lanes 2 to 4, the three truncated gH: pGEMgHe,
pGEMgHh, and pGEMgHs with pCDNAgL, respectively; Lanes 5 to 7, three truncated
gH only. The gL was co-precipitated with gHe and gHh (Lanes 2 and 3), but not with
gHs (Lane 4).
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Figure 25. I precipitation of transiently expressed gH from DF1 cell lysate.

The DF1 cells were transfected with either pGEMgHe, pGEMgHh, pGEMgHs, or
pCDNAgL. The cells were labeled with 5S-methionine. The immunoprecipitation was
performed with gH serum. Lane 1 was pCDNAgL control, Lanes 2 to 4 were pGEMgHe,
pGEMgHh, and pGEMgHss, respectively. The MW markers are indicated at the left, and
the truncated gH was indicated at the right with the arrow.
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Figure 26. Inmunoprecipitation of gL and gH from DF1 cells transiently expressing
gH and gL.

The immunoprecipitation was conducted with gL serum. Lane 1, pPCDNAgL alone; Lane
2, pPCDNAgH+pCDNAgL; Lanes 3 to 5, pPGEMgHs, -gHh, and —gHe with pCDNAgL,
respectively. Lane 6, MVA/T7 pol control. Only gHe and gHh, but not gHs, were co-
precipitated with gL (Lanes 4 and 5). The locations of gHe and gHh and gL were

indicated with arrows.

126



o 1 23456

11> | & 6 B

7 |- T T g
v s
-

O ow - < gL

Figure 27. Co-immunoprecipitation of gH and gL with gL. serum from MDV-1 GA
strain infected DEF cell lysate.

The GA strain infected DEF cells were labeled with >*S-methionine for 20 minutes and
chased at the indicated time periods. The precipitation was performed with gl serum.
Lanes 1 to 5, different chased time points: 0, 1, 2, 4, and 8 hours. Lane 6, DEF control.
The gH was co-precipitated with gL even at 0 hour chasing time point, suggesting the gH
binds to gL right after its synthesis. Along with the increase of chasing time, the gH
molecule was gradually increased. The molecular weight ranged from 100 to 110 kDa.
The MW markers are indicated at the left, and the locations of gH, gH precursor (pgH),
and gL are indicated at the right.
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Figure 28. Schematic map of gL. domain homologous search results.

MDV gL protein sequence was used to search for the domain homologues within
PRODOM protein domain database (http://www.toulouse.inra.fr/prodom/prodom.html). 4
entries were found. The MDV gL has at least 2 domains homologous to EBV and VZV
gL , and only 1 domain homologous to HSV-1.
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Figure 29. Schematic map of gH domain homologous search results.

MDYV gH protein sequence was used to search for domain homologues within the
PRODOM protein domain database. Total 11 entries were found. The MDV gHs were
closer to HSV-1 gH (at least 3 domain homologues: [J, ll, and (7). HSV(2), HSV-1 and
HSV-2; EHV (2), EHV-1 and EHV-2; PRV (3), three different PRV strains.
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CHAPTER IV. CONCLUSION AND FURTHER WORK

One of the unusual features of MDV-1 is its strictly cell-associated character in
vitro and in vivo. The mechanism of cell to cell spread has not been characterized for
MDYV but is thought to occur by intracellular bridge formation which may require the
expression of several MDV glycoproteins on the surface of the infected cell. A set of
glycoproteins, including gB, gD, gH, and gL have been shown to directly or indirectly
mediate membrane fusion events required both for virus entry of host cells and cell fusion
in herpes simplex virus type I (HSV-1). The gH usually forms a complex with gL as a
functional unit. The biological function of gH and gH-L complex appears to be highly
conserved in all three groups of herpesviruses. The appropriate interaction of gH and gL
is required for maturation and subcellular translocation of these two molecules, which is
functionally essential for virus entry (penetration) and cell-to-cell spread (Kaye et al.,
1992; Hutchinson et al., 1992; Duus et al., 1995; Li et al., 1997b; Li et al., 1995; Yaswen
et al., 1993). The objective of this research project was to identify the gH gene in a
genomic DNA library of the MDV GA strain, and analyze its potential biological
functions. Several expression systems were applied to investigate the MDV gH, gL, and
their interaction. We concluded:

1. A 2439 bps ORF was identified from the DNA sequence of BamHI F and K2
fragments of MDV GA strain, which predicts a 813 amino acid polypeptide. The
predicted molecular weight of gH precursor is 90.1 kDa based on the polypeptide
sequence, whereas the mature form of gH is 110kDa in size based on

immunoprecipitation and SDS-PAGE results.
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2. This peptide is homologous to HSV-1 gH, and has typical glycoprotein features: 1) a
single signal sequence, 2) a large extracellular domain, 3) transmembrane domains,
and 4) a small cytoplasmic domain. There are 9 potential N-linked glycosylation sites
within the extracellular domain. The gH homologues of three serotypes of MDVs
share a high percentage of identity and similarity. The evolutionary location of MDV
gH is in between a-herpesvirus and y & B herpesviruses, closer to but beyond a-
herpesvirus group, although MDV is classified as an a-herpesvirus based on its
genomic structure and gene arrangement.

3. Mabs and serum were developed by using GSTgH fusion protein as an antigen. These
antibodies can be used to detect gH expression by several serological methods,
including Immunoprecipitation, IFA, and ELISA.

4. There was no evidence of neutralization and plaque-forming inhibition of rabbit
serum against the GSTgH fusion protein. The GSTgH fusion protein only contains a
small portion of the gH gene (BglII-EcoRV fragment), although this portion includes
the most antigenic fragment of gH protein. Therefore, the serological characteristics
of the antibody developed from the GSTgH fusion protein may not be a good
representation of real biological activity of the entire gH molecule. On the other hand,
the functional unit is the gH-L complex, so the best way to evaluate the biological
function of gH or gL is to study the gH-L complex, not gH or gL alone. Therefore, to
evaluate the biological function of the gH-L complex could be a direction for follow-
up research. These studies could lead to a better understand of the biological function of gH-

L complex, and thus potentially lead to a better understanding of the mechanism of MDV

infection.
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5. Co-expression of gH and gL in the same cells is required and sufficient for both gH
and gL subcellular transportation and cell surface expression in Sf9 cells. The gH
requires gL for its cell surface expression, the reverse is also true in Sf9 cells. gL
alone can be detected on the cell surface of DF1 cells with the small patch
appearance. Co-expression gH and gL in DF1 cells results in gH-L patch formation
6n the cell surface, suggesting the fusogenic function of gH-L complex. The post-
translational modification and the subcellular traffic of gH and gL appear to be very
important for gH-L interaction and final complex formation. To date, the knowledge
we have about the gH-L subcellular trafficking mechanism is only end point
information. The middle processes to reach the end point are missing. The recently
introduced life color protein, green fluorescence protein (GFP), appears to be a good
candidate for follow-up study on protein synthesis, modification, subcellular
translocation, and cell surface expression. gH or gL GFP fusion protein may provide
more detail information about gH and gL subcellular processes, as well as gH-L
interaction. Therefore, using gH and gL GFP fusion protein as tools to study the
subcellular processes of gH and gL may be the other direction for follow-up research.
The results of these studies could provide the inside information about virus
replication, envelope formation, as well as virus egression.

6. Results from FPV expression system studies indicated that gH is required for
blocking gL secretion by providing a membrane anchor for the gl. molecule.

7. Amino acids 451-659 (Sacl-HindIII fragment) of the gH polypeptide are essential for
gH-L complex formation, whereas the C-terminal 300 amino acid of the gH

polypeptide may be involved in membrane fusion processes.
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