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PREFACE

Our laboratory has been actively studying the first isolated fish
virus, infectious pancreatic necrosis virus. We have also been
initiating studies on fish cell cultures for use as a research tool in
fish virology. It was with interest when we learned sbout the iso-
lation of a herpesvirus from an epidemic disease among catfish fry.
The herpesvirus group is being extensively studied by a great number
of researchers and has become an important model for the study of a
wide range of host-virus relationships such as acute disease,
persistence, latency, and as a cause of oncogenesis. We believed that
research on the herpesvirus of channel catfish would contribute new
knowledge and help in our understanding this important group of
viruses.

Some preliminary descriptive work has been done on the channel
catfish virus (CCV) (Wolf and Darlington, 1971), but still very little
is known concerning this agent. This project had the following
objectives:

l. to describe and characterize the biophysical and biochemical
properties of CCV.

2. to determine the relationship of CCV to the other members
of the herpesvirus group.

3. to evaluate the oncogenic potential of CCV.

4. +to study the inhibition of CCV growth by metabolic inhi-
bitors.

I will draw on the numerous studies being done on the herpes
group and employ these techniques to study CCV. These studies should

provide useful information concerning CCV in its host and may further
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serve as a model system for fish virus and for herpesvirus infections.
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for teaching me pharmacology; Vickie Chrisman for her competent
electron microscopy; Roger Lau for his expertise help with the
illustrations; Chin-~yin Hwang for her Chinese translation of the
dedication page; the lovely ladies of the office and prep room for
their kokua and aloha; the members of the virus research lab for making
the research day happy; Glenn Hashiro for proof-reading; Charles Buck
for compiling the dissertation together; and finally to Joanne Muraoka
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to all of us. He served as a member for both my thesis and disserta-~
tion committees and I learned a great deal from this fine scholar and
gentleman. He will continue to live on in the lives of the many

students he taught and loved.
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ABSTRACT

A biological and biochemical investigation of channel catfish
virus (CCV) was carried out in order to examine this virus and its
relationship to the herpesvirus group. The oncogenic potential of
the virus was also studied for its ability to cause cell transformation
in vitro. In addition, some inhibitors of herpesvirus replication were
investigated for their effect on CCV growth.

Electron microscopical examination of negatively stained purified
CCV preparations showed the virion to consist of a central core (81 =
1 nm), enclosed by a capsid coat (96 * 1 nm), that is surrounded by
an irregular membrane envelope (165 * 5 nm). The nucleocapsid
exhibited icosahedral symmetry with 5 hollow capsomeres per facet edge -
this would give a total of 162 capsomeric units for the virion. The
mass of CCV was determined to be 1.275 g/cm3 by equilibrium ultra-
centrifugation in a CsCl density gradient.

The virus multiplied well in the brown bullhead (BB) catfish
cell line at 27° C, but not at 15° C and 37° C. Under single-cycle
growth conditions, CCV showed a 3 hr eclipse period followed by an
exponential growth period of around 20 hr. Light microscopical
examination of virus-infected BB cells showed formation of cell
syncytia and giemsa-stained cells revealed small nuclear inclusions
with margination of the nuclear chromatin. The virus was very
host-specific in that it did not replicate in cells of other fish such
as RTG-2 (rainbow trout gonad), CHSE #214 (chinook salmon embryo),
and OMAKA (Hawaiian marine fish larvae). Virus replication was
reduced by inhibitors of DNA synthesis (5-fluorodeoxyuridine, cytosine

arabinoside, adenine arabinoside), antibiotics (actinomyein-D,
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cycloheximide), and a chemical agent shown to interfere with herpesvirus

specific DNA polymerase (phosphonoacetic acid).

CCV was shown to be a DNA-containing virion by its ready incor-
poration of 3H—thymidine into the viral genome and by its sensitivity
to inhibitors of DNA synthesis. The molecular weight (MW) of the viral
DNA was estimated to be 103-105 x lO6 daltons by its relative migration
rate compared to T4 DNA in 1% agarose gels. The base composition of
the viral DNA was calculated to be 5T% G + C from its buoyant density
(1.716 g/cm3) in CsCl. The viral nucleic acid was found to be
biologically active by assays employing either the diethylaminoethyl-
dextran or the calcium phosphate co-precipitation techniques. This
infectivity of CCV DNA was destroyed by treatment with deoxyribo-
nuclease I. Eighteen viral proteins ranging from 17,000 - 350,000 MW
were identified by electrophoresis of purified degraded virus in 10%
polyacrylamide gels. Analysis revealed that CCV has two major proteins
of 44,000 and 132,000 Mﬁ.

The immunological studies on the basis of neutralization and
fluorescent antibody staining showed CCV to have no cross-reactivity
with HSV-1, HSV-2, human CMV, or Lucké frog herpesvirus. Therefore
no viral antigens are shared between CCV and these herpesviruses. In
the studies investigating the oncogenic potential of CCV, no morpho-
logically transformed cells with altered growth characteristics were
observed after interaction of UV-inactivated CCV with the fish cell
lines BB, RTG-2, OMAKA, and the mouse BALB/3T3 cell line.

This study of CCV has shown it to be similar to the herpesvirus
group in terms of morphology, genetic material, protein constituents,

mass, and reaction to various chemical and physical agents. It can



therefore be concluded that CCV is indeed a herpesvirus.
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CHAPTER I

VIRUSES AND FISH

Are there many viruses of fish? Will they be similar or
different from the viruses we know? Can they help us to understand
viruses better?

These are important questions; but as yet we cannot answer them
because we know too little concerning fish viruses. Viruses of fish
have only been recently studied and thus have only a short history.
Infectious pancreatic necrosis virus (IPNV) was the first fish viral
agent to be isolated and studied (Wolf et al., 1960). This was made
possible by the development of fish cell cultures for in vitro virus
research. The disease had previously been observed in trout
hatcheries but its viral nature was not shown until its isolation in
cell culture. Since then there has been an increase in interest and
research of fish virology. Ten fish viruses have now been isolated,
while nine more have been observed by electron microscopy (EM).
Several fish viruses have also been associated with neoplasia in the
fish. Very little is known about these possible oncogenic viruses,
especially their relationship with other oncogenic animal viruses and
so more study is needed in this area. Some of the fish viruses that
have been studied appear to be related to the known animal virus
groups; namely the rhabdovirus (six distinct members such as Egtved
virus and infectious hematopoietic necrosis virus of salmonids have
been identified), herpesvirus (two members include channel catfish

virus and Herpesvirus salmonis), iridovirus (rcpresentatives are

lymphocystis virus and piscine erythrocytic necrosis virus), arenavirus

(such as the virus causing "cauliflower disease" in eels), and para-



myxovirus (a possible member is the bluégill virus). Others appear to
be new and different; for example IPNV possesses a single-stranded RNA
with unique properties (Kelly and Loh, 1972). The interested reader
is referred to the extensive reviews that have followed the growth of
our knowledge in fish virology (Wolf, 1966, 1972, 1976).

The herpesvirus group is one of the most ubiquitous in nature.
They have been found in man and a great variety of other animals,
plants, and microorganisms. Some strains of herpesvirus also have
oncogenic properties. A herpesvirus from both the frog and the chicken
has been shown to cause cancer in their respective hosts under natural
conditions (Granoff, 1973; Biggs, 1973). Herpesvirus is now strongly
associated with human cancers and is the most likely candidate for its
viral etiology in man (Rapp and Reed, 1977). These factors have
greatly stimulated research on this group of virus.

Since herpesviruses are so numerous, it is not surprising that
they also have been found in fish. Four herpesviruses have thus far
been reported from fish. Two of these have been isolated and studied
in cell culture, while the other two have only been observed by EM.
The relationship of these herpesviruses among themselves or to the
other members of the herpes group is not known.

The first report of a fish herpesvirus was from diseased
Furopean carp having lesions of benign epidermal tumors (Schubert,
196L4). This disease of cultured carp has been observed as early as
the sixteenth century and has long been thought to have a viral cause
(Wolf, 1973). The lesions are papillomatous showing a thickening of
the epidermis, hence the disease is commonly known as "carp pox".

Electron microscopy of thin sections from these lesions showed virus
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particles whose morphology and intracellular location were reminescent

of a herpesvirus. Since the virus has not been isclated, its role
therefore as the etiologic agent of the disease has not been established.

Channel catfish virus (CCV) was the next herpesvirus to be
associated with fish: it was isolated as a filterable agent from an
acute disease among the fingerlings of channel catfish (Ictalurus
punctatus) raised in ponds (Fijan, 1968; Fijan et al., 1970). Moribund
fish showed symptoms of swimming in spirals, loss of equilibrium, and
hanging vertically with their heads at the surface. Gross observa-
tion showed hemorrhages on fins or under the skin of the abdomen. The
abdomen may alsco be distended and the fish may show exophthalmia. The
infectious nature of the disease was shown by inoculating bacteria-free
filtrates of internal organs, brain, and gills of diseased fish into
healthy channel catfish fingerlings which resulted in the production
of similar disease symptoms. The viral agent was then isolated in
primary cell cultures of channel catfish ovaries. These cell cultures
showed characteristic cytopathology and were also infective for healthy
fingerlings of channel catfish.

The story of channel catfish virus disease is quite typical of
the other fish viruses studied. The virus was observed and isolated
from a commercially important fish being raised in aguaculture. The
disease is often associated with some envirommental stress put on the
fish, e.g., low oxygen concentration, recent handling, change in water
temperature. The virus is highly infectious and may be passed through
the water or by the mixing of diseased with healthy fish. Although
no virus has been found in adult fishes, who are now no longer

susceptible, they are suspected of being carriers of the virus



(Plumb, 1977). CCV causes a hemorrhagic and necrotic disease similar
to those caused by other salmonid viruses (Wolf et al., 1972; Plumb and
Gaines, 1975). Studies in fingerlings have shown the kidney as the
initial target organ, followed closely by infection of the spleen. The
virus replicates in the kidney and causes a viremia that spreads virus
to the intestine, liver, heart, and brain. Maximal virus concentra-
tions are found between T2 to 120 hours post-infection, after which it
slowly disappears by day 10. Tissues of the kidney, spleen, liver,
intestine, brain and heart show necrosis while no histopathological
changes are seen in the gills or skeletal muscle (Wolf et al., 1972;
Plumb and Gaines, 1975). CCV also produces pathology in pancreatic
tissue (Major et al., 1975), in agreement with the finding that
salmonid virus infections all produce pancreatic necrosis.

More recently two other herpesviruses have been reported.
Herpesvirus have been isclated from the ovarian fluids of rainbow
trout broodstock at a fish hatchery in Washington (Wolf et al.,1978).
On the basis of morphology and mode of replication which was charac-

teristic for herpesvirus, the agent was named Herpesvirus salmonis.

The virus replicated optimally in the rainbow trout gonadal (RTG-2)
cell line at 10° C, but not in the brown bullhead catfish (BB) cell
line. This distinguishes it clearly from CCV which replicates
optimally only in BB cells and at 300 C. This virus may be similar
or identical to a herpesvirus agent isolated in Japan (Sano, 1976).
Furthermore epizootiological studies (Wolf et al., 1978) have shown
that this disease in rainbow trout may have occurred as early as
1971 with its possible origin from an unauthorized importation of a

Japanese salmonid. The other more recent finding of a fish herpes-



virus was made through electron microscopical examination of tissues
from diseased turbot. These turbot were being raised on a fish farm
in Great Britain using sea water warmed by a neighboring nuclear power
station. After an outbreak of a high mortality disease among the
fish, tissues were examined and shown to contain herpes-like virus in
the nucleus and cytoplasm of infected cells (Buchanan et al., 1978).
Attempts are now being made to isolate this virus.

The above is a brief account on the growing research being done
on fish viruses. With the greater number of species of fish (23,000)
as compared to birds and animals (13,000), this may mean a greater
number of fish viruses awaiting to be discovered. This will certainly
occur as we expand our attempts to domesticate and raise fish in
aquaculture. The knowledge that we gain from studying fish viruses
will contribute further to our understanding of viruses and their

relationship to their host animal.



CHAPTER II

VIRION MORPHOLOGY AND SIZE

Several questions can be raised with regard to the morphology,
size, and ultrastructure of CCV: What is the shape and structure of
the virus? What are its dimensions? Is its shape and size that of
a herpesvirus?

Morphology has been one of the main criteria assigning a virus
to a certain group; it therefore plays an important role in classifi-
cation and identification. The electron microscope has allowed us
to visualize virus particles directly by negative staining or by thin
sections of infected cells and tissues. Brenner and Horne (1959) were
the first to show the usefulness of negative staining in giving contrast
and details to virus structure. The procedure consists simply of
mixing a virus suspension with an electron-dense heavy metal salt.

When spread on a grid the heavy salt forms a dense opaque background
in which the translucent virus can be viewed.

The definitive study on the morphology of the herpesvirus
group was made by Wildy et al. (1960) which was made possible by the
negative staining technique. This fine work remains as the reference
for morphological studies done on herpes. Purified samples of herpes
simplex virus (HSV) were negatively stained with 2% phosphotungstic
acid (PTA), pH 7.0-7.2. The virus is shown to consist of three main
parts: the core (77.5 nm), which is embedded in a characteristic capsid
protein shell (105 nm), surrounding which is a membrane envelope (180
nm). The core is revealed when the virus is missing this structure
and the empty space is the filled by the stain. In these particles the

core shows a hexagonal morphology. More recently Furlong et al. (1972)



examined herpesvirus by thin sectioning and found the core to have

an electron~dense toroidal structure 50 nm high with an inside
diameter of 18 nm, an outside diameter of 70 nm, and penetrated by a
less dense cylindrical mass. This toroidal structure was shown to
contain DNA as its staining by uranyl ion was removed by ethylenedi-
aminetetraacetic acid (EDTA) under conditions which causes removal of
uranyl ions bound to nuclear DNA. Negative staining of purified
capsids further suggested that the toroid consists of DNA spooled
around the less dense cylindrical mass. The capsid shell is shown to
be an icosahedron composed of regularly arrayed polygonal, elongated,
hollow capsomeres showing 5:3:2 axial symmetry. There are five
capsomeres per facet edge of the capsid; this would indicate an
icosahedron of 162 capsomeric subunits. The capsomeres measured 9.5
nm in diameter by 12.5 nm in length, and showed an axial hole (0.4 nm)
running down the middle. The outer membrane envelope is varied both
in size and shape. In some pictures periodic projections were seen
at the periphery of the envelope.

A morphological study of CCV has shown it to have the essential
features of a herpesvirus (Wolf and Darlington, 1971). Negative
staining showed enveloped and non-enveloped virus having icosahedral
symmetry and consisting of 162 hollow capsomeres. Time sequence
studies of thin section preparations of infected cells indicated a
mode of replication similar to that of the herpes group. Unenveloped
virus particles (95-105 nm) and virus core structures (L40-50 nm) are
first seen scattered throughout the nucleus. Infection causes
doubling of the nuclear membrane with parts of the membrane later

becoming indistinct and absent. The virus acquires its envelope



either by budding from the inner lamella of the nuclear membrane into
the perinuclear cisterna, or by budding from a vacuolated cytoplasm into
cytoplasmic vacuoles. Enveloped particles representing the mature
infective virus are seen either in the cytoplasm or ocutside the cell

and measured 175-200 nm.

A simple measurement of the size of a virus is its mass, which
can be determined by equilibrium (isopycnic) sedimentation in a
cesium chloride (CsCl) density gradient (Messelson et al., 1957).

Using this method, HSV was determined to have a buoyant density of
1.26-1.27 g/cm3 in CsCl (Roizman and Roane, 1961). This study also
disclosed that different strains of HSV may have different buoyant
densities. Furthermore the mass of the virus may be affected by the
cell line in which it was prepared (Spear and Roizman, 1967) and also
by the choice of the gradient material (Toplin et al., 1971).

The experiments in this chapter were designed to examine the
morphology of CCV by negative staining and to compare these results
with previous studies. In addition since the mass of CCV is not known,
it will be determined from its sedimentation behavior during isopycnic

gradient ultracentrifugation.
Materials and Methods

Virus and Cell Culture

Channel catfish virus (ATCC VR No. 665) was obtained from the
American Type Culture Collection and was the third passage of the
original isolate, Auburn 1 Clone A, The virus was grown in BB cells
(ccl 59), a continuous cell line derived from caudal trunk tissues of

the brown bullhead catfish (Ictalurus nebulosus). This cell line




was obtained from the American Type Culture Collection Cell Repository
at passage level 10L.

The cells were grown in Eagle's minimal essential medium with 10%
fetal bovine serum (MEM-10) at 24° C. During virus growth the serum

requirement was reduced to 2% (MEM-2).

Virus Assay
CCV was titrated employing a plaque assay developed by Wolf and

Quimby (1973). BB cells were grown in 60 mm sterile plastic tissue
culture dishes using MEM with a buffer consisting of 8.9 mM NaHCO3
plus 14 mM N-2-hydroxyethylpiperazine-N'-2'-ethanesulfonic acid at

PH 7.4 (MEM-HEPES). This allowed cells to be grown in an open atmos-
phere and eliminated the need for a CO2 incubator. An inoculum

(0.25 ml) of a ten-fold dilution of virus was allowed to adsorb onto
the cell monolayer for 2 hr at 22° ¢, The cells were then overlaid
with 3 ml of 1% agarose in MEM-2-HEPES and kept moistened with 1 ml
of MEM-2-HEPES. The dishes were incubated in a plastic air-tight
container at 30° C for 48 hr. At this time the cells were fixed in
10% formalin for 2 hr, the agarose was gently removed with an inocu-
lating loop, after which the cell monolayer was stained with 0.1%

crystal violet in 0.1 M citric acid, and the number of plagues

counted.

Virus Production and Purification

BB cells were grown in roller culture bottles (1170 cm2) to
confluent monolayers and after washing with Hank's balanced salt
solution (HBSS), were infected with 20 ml of CCV at a multiplicity of

infection (MOI) of 1. After adsorption for 2 hr at oL° C, 100 ml of

9
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experimental medium (MEM-2) was introduced and the culture incubated

at 24° C. Infected cells showed L+ cytopathogenic effect (CPE) after
24-48 hr, at which time they were shaken off the bottle and frozen

and thawed 2 times to release the cell-associated virus. The virus
suspension was then clarified of cell debris by low speed centrifugation
(IEC model CS centrifuge at 1,100 rpm for 10 min). Virus was concen-
trated by pelleting it in a Spinco Model L Ultracentrifuge (UC) at
25,000 rpm for 2 hr using a Beckman type 30 fixed angle rotor. The
supernatant was decanted and the virus pellet suspended in 2 ml of

TMK buffer (0.01 M Tris-HC1l, pH 7.4; 0.0015 M MgCl,.; 0.01 M KC1),

2§
sonicated for a few seconds, and any cell debris was removed by
centrifuging at low speed. The virus suspension was then banded in a
10-50% continuous sucrose gradient in virus buffer (VB) (0.15 M NaCl;
0.01 M Tris-HCL, pH 7.4) at 24,000 rpm for 1 hr using a Beckman SW
25.1 rotor in the UC. The virus band was collected by puncturing

the bottom of the cellulose nitrate tube with a 22 g. needle and
dialysed overnight in Dulbecco's phosphate buffered saline (DPBS),

pH T7.4. If further purification was desired, the virus was banded

in a 10-50% continuous potassium tartrate gradient in 1 mM phosphate
buffer, pH 7.4, at 24,000 rpm for 3.5 hr employing a Beckman SW 25.1

rotor in the UC. The virus band was collected as above and dialysed

overnight in DPBS at 4° C.

Electron Microscopy - Negative Staining

An inoculating loop was used to place a drop of purified CCV on
grids covered with a formvar film coated with carbon. A drop of 2%
PTA, pH 6.5, was then added and allowed to mix with the virus for

1 min. The stain was removed by touching the grid to a piece of



filter paper and the grid air dried. The stained specimens were -

examined in a Phillips 300 electron microscope.

CsCl Density Gradient Centrifugation

A CCV sample was prepared by concentrating the virus in the UC
as previously described. The virus pellet was suspended in VB and CsCl
added to a density of 1.28 g/cm3 (1.66 g/4.3 ml). The sample was mixed
well and centrifuged to equilibrium at 35,000 rpm for 48 hr at 4° ¢
using a Beckman SW 50L rotor in the UC. The sample tube's bottom was
punctured by a 25 g. needle and 5 drop and 2 drop fractions were

2 (50

collected alternatively. The 5 drop fractions were diluted 10~
pl in 5 ml of MEM-10) and assayed for infectious virus in screw-
capped tube cultures of BB cells. Any fractions showing CPE were then
titrated by the plaque assay. The 2 drop fractions were used to

measure the specific gravity of the sample in an Abbé refractometer.
Results

Negative stain preparations showed CCV to be composed of three
main structures: (1) the central core enclosed by (2) a capsid coat
that is surrounded by (3) an irregular membrane envelope (Fig. 1).
The size of these virion components was measured from twenty repre-
sentative pictures. The core appeared as an opaque spherical
structure measuring 81 *# 1 nm. The nucleocapsid showed icosahedral
symmetry and measured 96 * 1 nm. The virus envelope varied greatly
in form and size and was not present for every virus particle; it
measured approximately 165 + 5 nm in diameter. The capsid of CCV
consisted of columnar capsomeres with 5 capsomeres per facet edge

yvielding a total of 162 capsomeres arranged as an icosahedron. In
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some micrographs the capsomeres exhibited a central hollow axial hole.
Twelve pentamer capsomeres were located at the apexes and the remaining
150 hexamer capsomeres distributed at the faces and edges.

The mass of CCV, as determined by equilibrium gradient ultra-
centrifugation in CsCl, was found to be 1.275 g/cm3 (Fig. 2). Fractions
from the CsCl gradient were quantitated for infectious CCV by its
formation of plagues (1-3 mm in diameter) in BB cells. When observed
under the light microscope, these areas of plagues showed typical CCV

cytopathology with formation of cell syncytia (Fig. 3).
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Figure 1.

Electron micrographs of negatively stained purified CCV:
A) Dense spherical core structure
B) Nucleocapsid composed of capsomeres containing
a central hollow axial hole
C) Envelope virus showing five capsomeres per
facet edge of capsid
Virus stained with 2% PTA and examined in a Phillips
300 electron microscope.
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Figure 2.

Buoyant density (mass) of CCV as determined by equilibrium
ultracentrifugation in a CsCl gradient. The virus was
centrifuged at 35,000 rpm for 48 hr at L4° C using a SW
50L rotor in a Spinco Model L ultracentrifuge.
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Figure 3.

Plaque assay for CCV in BB cell monolayers:
A) Uninfected and CCV infected BB cells grown
in 60 mm tissue culture dishes; plaques can be
seen as clear round areas measuring 2-4 mm
in diameter.
B) Virus plaque as seen under the light microscope
shows typical cell syncytia characteristic of CCV.
The cell monolayers were infected with 0.25 ml of a
serial ten-fold dilution of virus, overlaid with 1%
agarose in MEM-2 + HEPES, and incubated at 30° C for L8
hr. The cells were then fixed in 10% formalin, the
agarose removed, and cell stained with 0.1% crystal
violet in 0.1 M citric acid.
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CHAPTER IIT

BIOLOGICAL INVESTIGATIONS

With any newly isolated microorganism there is an essential need
to know some of its bioclogical properties. Thus several guestions
may be asked concerning CCV. A primary question is: What are the
growth conditions that support optimal virus yields? Other questions
include: Are there any unique intracellular events happening during
CCV replication? How is CCV affected by various physical and chemical
factors? What kind of metabolic inhibitors affect the growth of
the virus? Answers to these questions are necessary in order to
understand and to facilitate work with CCV. Chapter IIT explores
this important area.

Much of the biological aspects of herpesvirus replication have
been drawn from HSV, which has been the most extensively studied
member of this large family of viruses. HSV causes a natural
infection only in humans; but is able to infect other animals such
as the rabbit, mouse, hamster, guinea pig, and rat under experimental
conditions. In cell culture HSV also shows 2 wide range of host
susceptibility - ranging from human cells to chick, rabbit, monkey,
hamster, cat, swine, rat, mouse, and tortoise cells (Darlington and
Granoff, 1973). At the cellular level the interaction of virus and
host cell has been studied under single-cycle growth conditions,
which for HSV is short (16-20 hr). The complete enveloped virus
represents the infectious unit, while non-enveloped viruses are not
infectious. The events that take place are described (Darlington
and Granoff, 1973) as: (1) the adsorption or attachment of the virus

to the cell. For HSV such factors as electrolytes in the medium,
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the concentration of virus and cells, the volume of inoculum, and the

cell species are important in the rate of adsorption. For most cells
90% or more of HSV attaches within 1 hr, after which (2) penetration
or entry of the virus into the cell occurs and experiments have shown
that this process is temperature dependent. Penetration of the virus
occurs by direct fusion with the cell membrane or by viropexis
(engulfment). At 370 C over 90% of attached HSV penetrated the cell
by 10 min, while at 4° C less than 1% had penetrated by 1 hr. Pene-
tration is followed by (3) the eclipse period in which virus is
uncoated and no infectious particles are found. During this period
for HSV, transcriptional and translational activities occur resulting
in the production of virus-specific enzymes, viral DNA, and structural
proteins which consequently lead to virus assembly and maturation.
The length of the eclipse period varies for the different strains of
HSV and is also dependent upon the host cell line. Eclipse ends
when the first intracellular virus appears; this starts (4) the period
wherein virus replication occurs. Progeny virus is detected first

by EM at about 4 hr after infection and then by infectivity measure-
ments 1-2 hr later. Virus accumulates in the infected cell at

(5) exponential rates and release of virus from infected cells varies
from system to system, but is generally temperature dependent.

Under optimal conditions, the entire replicative cycle lasts 15-19
hrs and is dependent on the virus strain, the cell species, and the
type of cell culture (monolayer, suspension, or single cell). The
kinetics of this period are believed to be dependent on the increase
rates of formation of an essential precursor or on the increasing

levels of activity of an essential enzyme. HSV from infected Hela



monolayers yielded about 300 PFU/cell.

The cytopathology of HSV-infected cells is distinet and charac-
teristic of the herpes group. Cells either round-up and become
pyknotic or form syncytia of multinucleated giant cells. Light micro-
scopy of stained cells shows the formation of Cowdry type A intra-
nuclear inclusions surrounded by a marginated chromatin. These
cytopathogenic changes are so distinct that if present in infected
cells they give presumptive evidence for a herpesvirus infection.

Various physical and chemical factors affect the infectivity of
HSV. Physical agents such as heat (Farnham and Newton, 1959) and
ultraviolet (UV) irradiation (Scott et al., 1961) are shown to
rapidly inactivate HSV. The virus appears to be so heat sensitive
that maximum virus yield is achieved only at 32-34° C, at which
temperature there is minimal heat inactivation of virus. Chemical
factors which have been shown to inactivate HSV are acid or alkaline
pH (Farnham and Newton, 1959) and various lipid solvents such as
diethyl ether and chloroform (Andrewes and Horstmann, l9h9; Roizman
and Roane, 1963).

Biological studies on the chemical inhibitors of herpesvirus
replication is progressing slowly. Since herpesviruses cause a wide
variety of diseases in man, there has been much interest in finding
chemical agents which can be used therapeutically for treatment.

The study on the pharmacology of some anti-herpes chemical inhibitors
has been recently reviewed (FPox, 1977). Drugs are sought which will
affect virus growth without harming the host cell. Some of the

agents found useful against herpes infection have been the antimeta-

bolites that inhibit DNA synthesis: 5-Iodo-2'-deoxyuridine (IU4R),
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cytosine arabinoside (Ara~C), and adenine arabinoside (Ara-A). One

chemical which offers great promise is phosphonacetic acid (PAA).
We will test the following antimetabolites for their effect on CCV
replication: S5-fluorodeoxyuridine (FUdR), cytosine arabinoside
(Ara~C), adenine arabinoside (Ara-A), disodium phosphonoacetate (PAA),
actinomycin-D (Act-D), and cycloheximide. The mechanism of action of
these inhibitors have been elucidated (Pratt, 1973; Cozzarelli, 1977;
Fox, 1977). For the three inhibitors of DNA synthesis: FUAR binds
to the enzyme thymidylate synthetase and thereby inhibits the synthesis
of thymidine; Ara-C and Ara-A are both analogues of deoxyribonucleosides
and inhibits their polymerization into DNA via their respective DNA
polymerases. PAA is a simple compound shown to have antiviral
activity by selectively inhibiting viral DNA polymerases. For the
two antibiotics, Act-D intercalates between double-stranded DNA and
thereby blocks DNA-directed RNA synthesis; cycloheximide has been
shown to inhibit protein synthesis in mammalian cells.

The following series of experiments reported in this chapter
will examine: a) the replication of CCV in BB cells; b) the growth
of CCV in other fish cell lines; c) the effect of certain physical
and chemical factors such as heat, pH, UV irradiation, and lipid
solvents on the virus; and lastly d) the effect of certain metabolic

inhibitors on the replication of CCV.

Materials and Methods

Viral Growth Kinetics

BB cells were grown to confluent monolayers (5 x lO5 cells) in

1l oz bottles. The cells were washed with HBSS and 0.25 ml of CCV



inoculum (MOI = 5) was allowed to adsorb to the cells for 1.5 hr at
22O C. After adsorption, the inoculum was poured off and the cells
washed three times with HBSS to remove any residual virus. Five ml of
MEM-2 was added and the cultures incubated at 15, 27, and 370 C. At
various time period post-infection (p.i.), duplicate samples were
taken for virus assay. With the 270 C sample, the amounts of released
virus and cell-associated virus were assayed separately. The media

at each time period were poured off and titrated for released virus;
then 5 ml1 of fresh MEM-2 was added back to the bottles and this was
titrated for cell-associated virus. With the other samples only the
amounts of total virus produced were determined. All samples were

frozen (—70O C) and thawed three times to release any cell-associated

virus before virus assay.

Host Cell Species Susceptibility

The following established fish cell lines grown in 1 oz bottles
were tested for their ability to support the growth of CCV: rainbow
trout gonad (RTG-2) (Wolf and Quimby, 1962), chinook salmon embryo
(CHSE #21k4) (Fryer et al., 1965), and the marine fish cell line
OMAKA (Lee and Loh, 1975). The cells were washed with HBSS, infected
with 0.25 ml of CCV at a MOI of 5, and virus was adsorbed for 1.5 hr
at 22° C. MEM-2 was then added and the cultures incubated at 22° C.
At various times (0, 48, and 96 hr) duplicate samples were taken and

frozen at -TOO C until assayed for virus.

Adsorption Kinetics

BB cells were grown in 60 mm sterile plastic tissue culture

dishes. After washing with HBSS, 0.25 ml of CCV containing 150-200
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plaque-forming-units (PFU) was added and allowed to attach to the cells
at 22° C. The inoculum was rocked gently every 15 min to spread the
virus evenly. At various times p.i., virus adsorption was halted by
pouring off the virus and washing the cultures twice with HBSS. An
agarose overlay was then added and the cultures incubated at 30o C for
48 hr. The cells were then fixed, stained, and the number of virus

plagques counted.

Inactivation Studies

7 PFU/ml and the pH adjusted

Heat. CCV was diluted in MEM-2 to 10
to 7.6. One-half ml aliquots were dispensed into 1 ml glass ampoules
and sealed to prevent any change in pH. Samples were then placed in
water baths at 14, 27, and 370 C. Duplicate samples were taken out
at various times (0, 3, 6, 12, and 24 hr) and frozen at -70° C until
assayed for CCV.

pH. MEM-2 prepared with a 8.9 mM NaHCO3 + 14 mM HEPES buffer
was adjusted to various pH ranges from 6.0 to 8.0. CCV (2 x 107 PFU)
was then added to screw-capped tubes containing 5 ml of MEM-2 at the
different pH's. The samples were shaken well and placed at 1° C.
After a period of 3-14 days, aliquots from duplicate samples were
taken out and titrated for virus.

8

UV Irradiation. CCV (2 x 10  PFU/ml) was diluted lO—l in 5 ml

++
DPBS without Ca . A 0.5 ml volume of CCV in a 5 ml sterile glass
beaker was placed 20 cm from a G.E. 15 watt germicidal UV lamp.
The virus sample was rocked continuously on a shaker and exposed to

UV light for various times (0, 15, 30, 60, 90, 120 sec) after which

the samples were removed, frozen at —70O C, and later assayed for virus.

2k
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Lipid Solvents. CCV was diluted to 107 PFU/ml in DPBS and

thoroughly mixed with an equal volume of diethyl ether or chloroform
and allowed to remain at room temperature (24° C) for 0-15 min. They
were then put on ice and centrifuged in an IEC PR2 refrigerated
centrifuge at 2,000 rpm for 10 min at 1° C in order to facilitate
separation of the liquids. The aqueous phase containing the virus was

pipetted off and assayed for CCV.

Antimetabolite Studies

The following chemical agents were studied for their effect on
CCV replication in vitro: FUJdR (Hoffman-La Roche Inc.), Ara-C
(Nutritional Biochemicals Corp.), Ara-A (Calbiochem), PAA (Abbott
Labs), Act-D (NCI), and cycloheximide (Calbiochem). BB cells were

> cells),

grown in screw-capped tube cultures to confluency (2 x 10
washed with HBSS, and infected with 0.5 ml of CCV (MOI = 20) in
MEM-2 containing the antimetabolite being studied. Virus was
adsorbed for 2 hr at 270 C, washed twice with HBSS, and fresh MEM-2

plus antimetabolite was added. The cultures were incubated at 270 C

for 24 hr and then frozen at —TOO C until titrated for CCV.
Results

Growth of CCV In Vitro

Single-cycle growth curves for CCV in BB cells at several
temperatures are shown in Fig. L. Maximum virus yields occurred at
270 C with about equal amounts of released and cell-associated virus
being produced. No virus increase was seen at either the lower

(15° C) or at the higher temperature (37° C). However the cultures
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Figure L.

Growth kinetics of CCV in BB cells at different tempera-
tures. The cells were grown in 1 oz bottles and infected
with CCV at an MOI = 5. For the 270 C time period both
cell-associated virus (CAV) and released virus (RV) were
assayed for, while at the other time periods only

total virus was determined.
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maintained at 150 C could produce virus when transferred to a higher
temperature (27o C). In contrast, 370 C proved lethal for both cells
and virus. These results indicate that CCV when grown in BB cells
has an eclipse period of approximately 3 hr and an exponential growth
period lasting from 6-24 hr. Giemsa stained infected cells when
observed under the light microscope showed formation of numerous
giant multinucleated cells with margination of the nuclear chromatin;
however only a few typical Cowdry type A intranuclear inclusion
bodies characteristic for herpesvirus infection were seen (Fig. 5).
Maximum virus adsorption to BB cells was achieved in 2 hr (Fig. 6).
Three other fish cell lines, RTG-2, CHSE #21L, and OMAKA, did not
support CCV replication as no virus increase was detected at 96 hr

following infection (Table 1).

Physical and Chemical Factors

CCV was shown to be inactivated by various physical and chemical
agents. Heat was found to be very detrimental to CCV which had a
half-life (T, ) of 1.2 hr at 37° ¢, but survived for longer periods

2

at the lower temperatures (T,
2

= 9 hr at 27° C, and T, = 20 br at

14° ¢) (Fig. 7). UV irradiation also readily inactivated CCV with a
greater than four-log drop after a 60 sec exposure (Fig. 8). Two
1ipid solvents, ether and chloroform, both completely inactivated

106 PFU of CCV after as brief an exposure as 5 min. The pH studies
showed CCV to be more stable in an acid (6.0) than in an alkaline

(8.0) pH environment (Fig. 9).

Effect of Antimetabolites

A1l the antimetabolites tested were found to be effective in

28
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Figure 5.

May-Griinwald-Giemsa staining of CCV infected BB cells:
A) Control uninfected BB cells
B) CCV infected BB cells 12 hr p.i.
The cells were grown on glass coverslips in Leighton
Tubes and infected with CCV at a MOI of 1.
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Figure 6.

Adsorption kinetics of CCV for BB cells at 22° C.
Duplicate 60 mm tissue culture dishes were infected
with 100-200 PFU of CCV and at the various times

shown washed with HBSS to remove unattached virus to
stop adsorption.
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Table 1. Susceptibility of various fish

cell lines to CCV

CELL LINE® VIRUS YTELD (PFU/m1)P
0 hr 48 hr 96 hr
BB h,3 x 103 6.5 x 1o5 2,7 x 106
RTG-2 1.2 x 10h 1.0 x 1oh 5.8 x 103
L 2 1
CHSE #21L 1.1 x 10 8.8 x 10 2.0 x 10
OMAKA 4.8 x 10° 1.1 x 0¥ 5.8 x 10°

3Cells were grown in 1 oz prescription bottles and infected with CCV
at a MOI of 5.

bDuplica,te samples were titrated for CCV in 60 mm plastic tissue
culture dishes by an agarose overlay procedure.
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Figure 7.

Heat inactivation of CCV at var%ous temperatures. One-
half ml aliquots of CCV (5 x 10~ PFU) were dispensed
into 1 ml glass ampoules and sealed. The samples

were incubated at the different temperatures, taken

out at various time intervals, and assayed for CCV.
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Figure 8.

Inactivatio? of CCV by UV irradiation. +Qne-half ml of
ccv (2 x 10' PFU/ml) in DPBS without Ca = in a 5 ml glass
beaker was placed 20 em from a G.E. 15 watt germicidal
UV lamp. The virus was rocked continuously and exposed
to UV irradiation for the indicated time periods.
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Figure 9.

Stability of CCV7at various pH concentrations. Five ml
of virus (2 x 10' PFU) in MEM-2 + HEPES at different
pH's was incubated at 4° C for 3-1k days. For the two
time periods, the highest virus titer (pH 6.0) was
taken as 100% and the other samples compared to this

value.
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Lo
inhibiting CCV replication although in varying degrees (Table 2). The

two antibiotics tested, Act-D and cycloheximide, were extremely
effective in as low a dose as 1 pg/ml which caused a four-log decrease
in virus production. The three DNA inhibitors - FU4R, Ara-C, and
Ara~A - were also able to interfere with CCV replication. Relatively
much higher concentrations of phosphonoacetic acid were required to
inhibit CCV replication to the same extent as the other inhibitors.
In these studies an RNA-containing fish virus (IPN) replicated in

BB cells in the presence of Ara-A (200 ug/ml) and PAA (1,000 pg/ml),
indicating that no cytotoxicity occurred at these high concentrations
of inhibitors. However no cytotoxicity studies were done with FUAR,
Ara-C, Act-D, and cycloheximide. It may be possible then that at

the higher concentration of these inhibitors, cellular toxicity may
be occurring but was not noticed during the short time period of

our studies.



Table 2.

b1

Effect of metabolic inhibitors on

CCV replication

INHIBITORY (ug/ml)  (mM) VIRUS YIELD (PFU/ml) % VIRUS SURVIVING
5-Fluorodeoxyuridine 7
0 0 5.2 x 107 100
26 0.1 1.6 x 106 31
260 1.0 3.5 x 10, 7
2,600 10.0 4,1 x 10 0.0008
Cytosine arabinoside 7
0 0 5.2 x 10 100
1 0.004 1.h x 102 27
10 0.040 h.6 x 105 0.009
100 0.400 5.2 x 10 0.001
Adenine arabinoside 7
0 0 2.3 x 10¢ 100
25 0.09 1.2 x 1o5 5
50 0.19 k.1 x 1o5 2
100 0.37 1.6 x 105 0.7
200 0.75 3.5 x 10 0.002
Phosphonoacetic acid 7
0 0 3.6 x 107 100
10 0.05 3.0 x 107 83
100 0.50 1.3 x 10 36
1,000 5.00 3.k x 10 9
Actinomycin~D 7
0 0 3.6 x 103 100
1 0.0008 2.0 x 10 0.006
Cycloheximide 7
0 0 3.6 x 103 100
1 0.00k 1.9 x 10 0.005

®Antimetabolite was added along with CCV (MOI = 20) to BB cells
grown in screw-capped tubes; virus was adsorbed for 2 hr, the
cells washed with HBSS, and fresh gEM-2 plus antimetabolite

added to cells and incubated at 27 C.



CHAPTER IV

VIRAL NUCLEIC ACID AND POLYPEPTIDES

Several important gquestions can be asked in regard to the
biochemical and biophysical properties of CCV. Among these are: What
is the size and composition of the viral DNA? Can biologically
active nucleic acid be recovered from the virus? How many different
species of viral proteins make up the infective particle and what are
their molecular sizes? In this chapter we will attempt to obtain
answers to the above questions with regard to CCV.

The evidence that the genetic material for herpesviruses is DNA
comes from various sources. In early studies it was shown that HSV
inclusion bodies stained for DNA by the Feulgen technique (Crouse
et al., 1950). This was reaffirmed indirectly using DNA inhibitors
such as 5-fluorouracil (Kaplan and Ben-Porat, 1961). More recent
evidence has come from either the direct assay of DNA from purified
virus samples (Noreross et al., 1963) or from the use of uranyl acetate
staining of DNA through electron microscopy (Smith and Melnick, 1962).
Direct chemical analysis of various herpesviruses reveal they have
the following components: DNA, carbohydrate (deoxyribose), and
spermine are located in the nucleocapsid; while protein, carbohydrate,
and spermidine are found in the envelope (Gentry and Randall, 1973).

An analysis on the DNA of HSV-1 and HSV-2 by size, structure,
and composition has indicated that HSV DNA is a linear, double-
stranded structure having a molecular weight (Mﬁ) of 99 + 5 x 106
daltons (Kieff et al., 19T1; Roizman, 1979). This value was deter-

mined from its sedimentation rate by co-centrifugation with T4 DNA
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in neutral sucrose density gradients. The structure of this DNA

was analyzed by alkaline denaturation and the fragments identified
by their sedimentation in alkaline sucrose gradients. This procedure
showed that HSV DNA has several bands of single-stranded DNA ranging
from fragments of T x 106 to intact strands 48 x lO6 daltons in
molecular weight. The nucleotide composition of the viral DNA was
determined indirectly through calculation from their buoyant density
as determined by isopycnic banding in CsCl (Schildkraut et al., 1962).
The buoyant densities of DNA from HSV-1 and HSV-2 were found to

be 1.726 and 1.728 g/cm3. Since the buoyant density of DNA is
dependent on the amount of guanine and cytosine present, it was
calculated that the DNA composition of HSV-1 and HSV-2 are 67 and 69
G+C moles %.

The nucleic acid of some viruses is sufficient by itself to be
infective and produce progeny. This biological activity has been
shown for both RNA and DNA containing viruses and includes the
herpesviruses (Lando and Ryhiner, 1969; Graham et al., 1973). In
these systems either diethylaminoethyl-dextran (DEAE-dx) or a calcium
phosphate co-precipitate were used to enhance the uptake of the viral
DNA by the host cell,

Proteins comprise the main constituents of viruses and provide
either a protective coat for their genetic material or receptors for
specific interaction with susceptible host cell receptor sites.

Some also serve as enzymes or as regulators in the synthetic proces-
ses during virus replication. The proteins of HSV-1 have been
studied using polyacrylamide gel electrophoresis (PAGE) in which 24

proteins and glycoproteins from purified virus were initially



identified (Spear and Roizman, 1972). More recently with the use of
polyacrylamide slab-gel electrophoresis, 51 virus-related polypeptides
were detected in HSV-2 infected cells (Powell and Courtney, 1975).

In this chapter we examine these two principal chemical components
of CCV to gain some insight into the chemical structure, immunologic

specificity, and the synthesis of virus components.

Materials and Methods

Radiolabeling of Virus

DNA. BB cells in roller cultures were infected and adosrbed with
CCV for 2 hr as previously described. MEM-1l containing 5 uCi/ml of
thymidine (methyl—3H) (New England Nuclear) was added and the infection
allowed to proceed for 24-L8 hr until the cells showed L+ CPE. The
virus pool was processed as described previously and the radiolabeled
DNA extracted by the procedure given below.

Proteins. BB cells in roller cultures were infected and adsorbed
with CCV for 2 hr in Eagle's basal media (EBM) containing only 1/10 the
usual concentration of amino acids. After the adsorption period, EBM-~-1
containing 2.5 uCi/ml of (3H) L-amino acid mixture (New England Nuclear)
was added. The infection was allowed to proceed for 24-48 hr when
the cells showed 4+ CPE and the radiolabeled virus sample was then

purified for study.

Extraction of DNA

This procedure is essentially that of Graham et al. (1973). A
CCV pool was prepared as previously described. The virus was suspended
in ™K buffer (0.01 M Tris-HC1l, pH 7.4t; 0.0015 M MgCl; 0.01 M KC1l) and

then made 0.01 M for EDTA, 2% for sodium dodecyl sulfate (SDS), and
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0.05% for diethylpyocarbonate; the virus was lysed in this mixture for
15 min at room temperature. The lysate was extracted four times by
gentle rolling for T min with freshly distilled phenol saturated
(80:20) with 0.01 M Tris-HC1l, pH 7.4, and 0.001 M EDTA. The two phases
were separated by centrifuging in an IEC PR-2 at 2,500 rpm, 15 min,

at 4° C. The top aqueous phase containing the viral DNA was carefully
removed with a plastic disposable 1 ml pipette; all pipetting was done
very slowly to avoid shearing the DNA. After the final phenol extrac-
tion, the DNA was dialysed against 0.1 x standard saline-citrate
buffer (SSC) (0.015 M NaCl, 0.0015 M Na citrate) at 4° C with no
stirring. The buffer was changed four times over a 48 hr period. The
amount of DNA was estimated from its absorption at 260 nm (1 A =

260
50 pg/ml DNA).

Agarose Gel Electrophoresis of DNA

One percent agarose gels were made according to the procedure of
Aaij and Borst, 1972. Agarose (2%) was dissolved by boiling briefly
in distilled water, cooled to hSO C, and an equal volume of 2 x F
electrophoresis buffer was added (F-buffer consists of 0.04 M Tris-HC1,
pH 7.9; 0.02 M sodium acetate; 2 mM disodium EDTA; adjust to pH 7.7
with glacial acetic acid). The agarose was pipetted slowly into
cylindrical glass tubes (0.6 x 12 cm). After polymerization the top
of the gel was cut with a razor blade to insure a flat gel surface,
while the bottom of the glass tube was bound with nylon to prevent the
gel from slipping out. The gels were pre-electrophoresed in F-buffer
for 30 min at 5 mA/gel. Then 0.5-1.6 ug of DNA dissolved in TE buffer
(10 mM Tris-HCl; 0.5 mM disodium EDTA; adjust to pH 7.6 with HC1)

containing 5% sucrose and 0.025% bromophenol blue was layered on the



gels and electrophoresed for 3-T hr, 5 mA/gel, at room temperature. K6

After electrophoresis the gels were removed and stained overnight in
buffer (50 mM sodium acetate/acetic acid, pH 4.5; 1 mM EDTA) containing
100 pg/ml ethidium bromide. They were then washed twice with buffer
during an 8 hr period and observed under two UV lamps in a darkened

roon for DNA bands fluorescing bright orange.

Isopyenic Banding of DNA in Cesium Chloride

A sample of CCV DNA was added to a cellulose nitrate tube that had
been pre-treated with 1% BSA to minimize non-specific adherence of DNA.
CsCl was added to TE buffer (0.01 M Tris-HC1l, pH 8.0; 0.001 M EDTA) at
a final density of 1.71 g/cm3. After gentle mixing of the viral DNA
with the CsCl solution, it was centrifuged to equilibrium in the UC
using a SW 50L rotor at 35,000 rpm for 48 hr at 4° ¢. Fractions were
collected by puncturing the bottom of the tube. The DNA was detected
either by taking UV spectrophotometric readings at 260 nm or by
measuring radiolabeled DNA as follows: the fractions were cooled in
ice, a drop of 1% BSA added to aid precipitation, and an equal volume
of 10% trichloroacetic acid (TCA) was used to precipitate the DNA
for 15 min. The precipitate was collected on Whatman 2.4 em GF/C
circular glass fiber filters by vacuum suction, allowed to air dry,
and counted in a Packard liquid scintillation counter. The density
of selected fractions of the gradient was determined by use of an

Abbé refractometer.

Assay For Infectious DNA

DEAE-dx Methods. The procedure for using DEAE-dx to enhance the

infectivity of DNA was adapted from McCutchan and Pagano (1968). Samples



of CCV DNA were diluted to the desired concentration using MEM-Tris L7

buffer (3x MEM without NaHCO_; 1x 0.2 M Tris-HCl, pH 7.4). To a

35
control DNA sample was added DNase I (20 ug/ml) plus 6 mM MgCl,, and
all samples incubated at 370 C for 1 hr. An equal volume of DEAE-dx
(200 pg/ml in 0.14% M Tris-HCl, pH 7.5) was then mixed with the viral
DNA. Subconfluent monolayers (about 80%) of 48 hr BB cell cultures
prepared in 60 mm tissue culture dishes were washed with GKN for 5 min
and then removed. Aliquots of the DNA + DEAE-dx mixture (0.2 ml)

were added to the washed monolayer cultures and allowed to adsorb to
the BB cells for 20 min at room temperature. The cell monolayers

were rinsed with HBSS, MEM-2-HEPES added, and the dishes incubated at
270 C. The cell cultures were examined daily and foci of viral CPE

were visible after L4-T days post-infection.

Calecium Phosphate Co~-precipitation Method. The technique

employing a co-precipitate to enhance the infectivity of viral DNA is
essentially that of Graham et al. (1973). CCV DNA was adjusted to the
desired concentration with HEPES buffered saline (HeBS) (8 g/L NaCl;

0.37 g/L KC1; 0.125 g/L Na HPOh'QH 0; lg/L dextrose; 5 g/L HEPES).

2
If the DNA concentration was less than 5 ug/ml, a carrier DNA (yeast,

2

Worthington DNA standard, 10 ug/ml) was added to facilitate co-preci-
pitation. A DNase treated sample served as a control. 2 M CaCl2 at
a final coucentration of 125-200 mM was added to the samples which
caused a precipitate to form over a 20-30 min period. A 0.5 ml of
the DNA—CaPOh suspension was added to a subconfluent culture of BB
cells in 60 mmtissue culture dishes and adsorbed for 20 min at room

temperature. Experimental medium consisting of MEM-2-HEPES was

added and the cultures incubated at 270 C for a post-adsorption period



of 5-7 hr. At this time the media was removed, fresh media added, and
incubation continued at 270 C. The cell cultures were examined daily

and viral CPE appeared L4-7 days after infection.

Polyacrylamide Gel Electrophoresis of Proteins

This procedure followed that of Loh and Shatkin (1968)., Purified
virus was degraded with 2% SDS, 1% 2-mercaptoethanol (2-ME) and 8 M
urea for 2-3 hr at room temperature. The solubilized viral protein
sample was then dialysed 2-3 hr against 0.0l M sodium phosphate buffer,
pH 7.2; 0.1% SDS; and 0.1% 2-ME. Sucrose was added (final concen-
tration of 10-15%) to the virus sample (0.1 ml) and then layered on
the gel (10% acrylamide; 0.26% N, N'-bis-methylene acrylamide; 0.1%
SDS; and 0.2 M sodium phosphate buffer, pH 7.2) polymerized in glass
tubes 0.6 x 12 cm; the gels had been pre-electrophoresed for 1 hr at
4 mA per gel. Electrophoresis of the viral samples were run for
16-2i: hr at 4 mA per gel at room temperature in electrophoresis buffer
(0.1 M NaPO) , pH 7.2, and 0.1% SDS). Then the gels were either stained
with Coomassie brilliant blue dye (CBB) or frozen, sliced, solubilized
in H202, and counted in a Packard liquid scintillation counter. The
procedure for staining with CBB involved fixing the gels overnight in
10% TCA, followed by another overnight fix in T% acetic acid, and
then staining with 0.025% CBB in 10% TCA overnight. The gels were
de-stained with daily changes of 7% acetic acid until all background

stain was removed.

Results

Viral DNA

Molecular Weight. The migration of DNA in agarose gels has been

L8
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shown to be inversely related to its sedimentation rate in sucrose
density gradients (Takahashi et al., 1969). Therefore the electro-
phoresis of DNA in agarose gels provides another method to determine
its relative molecular weight. Using this procedure the molecular
weight of CCV DNA was determined to be 103-105 x 106 daltons (Table 3).
For different migration times (3, 4, and 7 hr), the DNA of CCV
consistently migrated slightly ahead of marker T4 DNA (110 x lO6
daltons) when electrophoresed simultaneously under the same conditions
but in separate gels. However when the two DNA's were co-electro-
phoresed together in the same gel, this mixture consistently migrated
slower than either the T4 or the CCV DNA alone. Since only one
diffuse band (3-5 mm) was seen in these gels, the most likely explana-
tion is that the two DNAs became aggregated non-specifically; this
would explain the slower migration rate in the agarose gels during
electrophoresis.

Base Composition. Isopyenic banding of the viral DNA in CsCl

revealed a single component having a buoyant density of 1.716 g/cm3

(Fig. 10). Assuming that the DNA has no unusual base nucleotides and
on the basis of the formula derived by Schildkraut et al. (1962)
(buoyant density = 1.660 + 0.098:GC; where GC refers to the mole
fraction of guanine plus cytosine), this would mean a 57% G+C

content for the DNA of CCV.

Infectious DNA. The DNA of CCV was infectious as shown by

the DEAE-dx and by the CaPO) co-precipitation techniques (Table k4).
This infectivity was destroyed by deoxyribonuclease I. Infectivity
was not observed when either viral DNA, DEAE-dx, or CaCl were absent

from the assay system. The virus plaques produced from infectious



Table 3. Viral DNA in agarose gels

50

DNA AMOUNT {ug) DISTANCE MIGRATED (cm)®
3 HOURS
cov 1.6 3.5
CCV + T4 1.6 + 1.0 3.0 - 3.3
T4 1.0 3.35

waor CCV DNA = 105 x lO6daltonsb

4 HOURS
ccv 1.6 L.5

CCV + Th 1.6 + 0.5 T e
Th 0.5 h.2

M_w for CCV DNA = 103 x 106 daltons

7_HOURS
cev 1.6 §.05

CCV + Th 1.6 + 0.5 7.3 -7.8
Th 0.5 7.65

MW for CCV DNA = 105 x lO6 daltons

8Gels were electrophoresed at 5 mA/gel at room temperature
and stained with ethidium bromide. The viral DNA was
detected by fluorescence under two G.E. UV lamps.

wa for CCV DNA was calcu%ated based on its relative migration
rate to T4 DNA (110 x 10  daltons).
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Figure 10.

Buoyant density of CCV DNA determined by equilibrium
ultracentrifugation in CsCl. The DNA was centrifuged
in a Spinco Model L ultracentrifuge using a SW 50L
rotor at 35,000 rpm for 48 hr at 4° C.
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Table 4. CCV infectious DNA

I. DIETHYLAMINOETHYL-DEXTRAN METHOD

ccv DNA (ng) DEAE-dx (ug/ml) . INFECTIOUS VIRUS™

0 100 —

10 100 ++

10 + DNase I 100 —_
1 100 ++

1 —_— —_—

0.1 100 4

0.01 100 ++

IT. CaPOh CO-PRECIPITATION METHOD

CCV DNA (ug) CARRIER DNA (ug/ml)b INFECTIOUS VIRUS

0 10 _

10 - ++

10 + DNase I - -
0.3 10 ++

0.3 + DNase I 10 -
0.15 10 ++

0.075 10 ++

*Virus was detected by observation of CPE microscopically and
tested for infectivity in BB cell cultures.

bWorthington standard (yeast) DNA.



i
DNA were identical to those caused by CCV (Fig 11). This virus could °

be grown to high titer and serially passaged in BB cells and is similar

to CCV in all characteristics.

Viral Polypeptides

Electrophoresis of the solubilized proteins of CCV in 10% poly-
acrylamide gels showed that the virus is made up of a minimum of 18
polypeptides (Fig. 12). The molecular weights (Mw) of the proteins
were estimated by their relative migration rate compared to bovine
serum albumin (BSA) (Mw = 68,000). The viral proteins were found to
range from 17,000 - 353,000 M _ (Table 5). The relative proportion
of the various proteins composing the virus were calculated by dividing
the percentage of radiocactivity associated with each peak of the
electrophorogram by the estimated MW and then normalizing the resultant
ratios with respect to the largest peak. These values showed that CCV
has two major proteins with M_ of 44,000 and 132,000 respectively.

The small Mw proteins seen at the bottom end of the gel represent a
small proportion of the proteins of CCV, however these small molecular
weight species were consistently detected in our PAGE studies. A
Coomassie brilliant blue dye stained gel preparation electrophoresed
under the same conditions also showed a similar profile (Fig. 13). 1In
this instance only the major proteins were clearly seen; the minor

proteins were more difficult to distinguish.
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Figure 11. Virus plaques produced from infectious DNA in BB cells.
A) Uninfected control BB cells and plagques
produced by virus from infectious DNA.
B) Infectious DNA plaque as observed under the
microscope.
The cells were fixed with 10% formalin and stained
with 0.1% crystal violet in 0.1 M citric acid.
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Figure 12.

Major polypeptides of CCV identified by polyacrylamide
gel electrophoresis. Purified virus was solubilized with
2% SDS, 1% 2-mercaptoethanol, and 8 M urea and electro-

phoresed in 10% polyacrylamide gels for 16-24 hr at
4 mA/gel at room temperature.
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Table 5. The major polypeptides of CCV

ELECTROPHORIC  PERCENTAGE OF ESTIMATED RELATIVE,
PEAK RADIOACTIVITY M PROPORTION
1 1.3 350,000 0.01
2 39.2 132,000 0.91
3 7.0 96,000 0.22
4 7.6 81,000 0.29
5 6.3 59,000 0.33
6 1.8 48,000 0.12
7 L4 L4 J000 1.00
8 4.5 39,000 0.35
9 3.6 35,000 0.31
10 5.2 32,000 0.50

"1l 1.8 29,000 0.19
12 0.9 27,000 0.10
13 0.h4 26,000 0.05
1k 0.6 25,000 0.07
15 0.6 23,000 0.08
16 1.0 21,000 0.15
17 0.3 18,000 0.05
18 0.5 17,000 0.09

aMW was calculated using bovine serum albumin (Mﬁ = 68,000) as
a reference marker.

bThe values were calculated by dividing the percentage of radio-
activity associated with each peak by the estimated M_ and
normalizing the resultant rates with respect to peak V as unity.
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Figure 13.

Coomassie brilliant blue staining of the major poly-
peptides of CCV after polyacrylamide electrophoresis.
The gels were electrophoresed under the same
experimental conditions as noted in Figure 12.
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CHAPTER V 62

IMMUNOLOGICAL STUDIES

In this chapter we examine the immunoclogic relatedness between
CCV and other herpesviruses and in so doing we will confront questions
such as: Can antisera to CCV be prepared in lab animals such as the
rabbit and the mouse? Will immune sera of other herpesviruses
neutralize CCV? Using the fluorescent antibody procedure, what can we
learn concerning the sequence of events relating to the synthesis of
viral proteins during CCV infection; also, what can we learn concerning
possible common antigens between CCV and other herpesvirus? This
chapter addresses itself to these problems.

The complex nature of the herpes virion makes it difficult to
study by serological tests and one must consider such factors as - the
diversity of viral antigens, the temporal sequence of viral antigen
synthesis and virus assembly, and also the efficiency of virus repli-
cation for the particular virus-host system. The antigenic relationships
among herpesviruses have been extensively studied using serologic tests
as neutralization, complement fixation, immunofluorescence, and immuno-
diffusion (Hampar and Martos, 1973). The accumulated evidence so far
indicate that there is no antigen common to all herpesviruses within one
species or between species. However, some members of the herpes group
have been shown to share common antigens. Some of these are: HSV-1
and HSV-2; HSV and B virus (E, simiae); human CMV and simian CMV; and
EB virus and a subhuman primate herpes-type virus.

Various laboratory animals have been used successfully for the
production of antisera, the most common being the rabbit and the mouse

(Campbell et 2l., 1970). Antibody can be made in rabbits by introducing



HSV into scarified cornea or intravenously (IV) (Hampar et al., 1968).

A series of intraperitoneal (IP) injections of virus plus complete
Freunds adjuvant (CFA) produces an increase antibody titer in the
ascites fluid of the mouse (Munoz, 1957).

Of the several methods used to study immunologic relatedness
among viruses the neutralization test is one of the most specific and
quantitative (Habel, 1968). Antisera made against the virus capsid
coat or envelope components can combine with the virus to render the
virus noninfectious. Thus the neutralization test can be used to
identify either the virus or the antibody by using known standardized
reagents. A common procedure used to quantitate this reaction is
the plaque reduction method which assays a serum sample for its
ability to decrease the number of virus plaques formed on cell mono-
layers. Another widely employed prccedure is the use of fluorescent
antibody (FA) to locate and follow the development of viral antigens
in infected cells; this has been used for studying HSV infection in
human epidermoid carcinoma cells (HEp-2) growing in tissue culture
(Letrun, 1956). This study showed virus antigen first appearing in
the nucleus of infected cells as a tiny round spot that gradually
develops into numerous spherical areas. Next a network of antigenic
material is seen in the nucleus which results in a large homogeneous
area. This is followed by antigenic material appearing diffusely in
the cytoplasm that increases in amount while the antigenic material
in the nucleus decreases until it becomes small or absent. Later
studies also using FA (Roizman et al., 1967) have described five
distinct immunofluorescent antigens for HSV during its growth in

cells: 1) small nuclear granules, 2) large nuclear granules, 3) an
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amorphous mass filling the nucleus, 4) cytoplasmic granules and 5) a
diffuse cytoplasmic fluorescence. These viral antigens were shown to
segregate either in the nucleus or in the cytoplasm. The amorphous
nuclear mass and the diffuse cytoplasmic fluorescence are synthesized
early in infection, while the nuclear and cytoplasmic granules arise
later in infection.

The experiments in this chapter will include: 1) the preparation
of an immune sera against CCV. 2) the use of the neutralization test
to evaluate the immune CCV sera and to analyze the cross-neutralization
capacity of the immune sera of other herpesviruses for CCV. 3) the use
of the fluorescent antibody procedure to follow the time-sequence of
events of viral protein synthesis during CCV replication and to examine
for any cross-reactivity between CCV and other members of the herpes

group.
Materials and Methods

Preparation of Antisera

Rabbits. Two New Zealand white and two locally raised rabbits
4-6 months old were used in these studies and different immunization
schedules were followed to ensure antibody production. In one set
of animals, after pre-bleeding for control normal sera, two rabbits
were immunized as follows (Horwitz and Scharff, 1968): an initial
injection of 100 pg purified CCV IV into the ear vein was followed
in two weeks by injection of 100 pg purified CCV plus an equal volume
of CFA into the rear footpads. The animals were then rested for four
weeks before being bled by cardiac puncture and the serum tested.

If no viral antibody was detected the rabbits were given an IV boost
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of viral antigen after two weeks. When a satisfactory titer of
antibody was attained the rabbits were bled and the sera obtained,
pooled, and store at —700 C. The other two rabbits were immunized as
follows: an initial injection of 100 ug purified CCV plus CFA was
given intramuscularly in both hind legs. This was followed by four
to six IP injections of 500 pg of crude CCV preparation (virus con-
centrated in the UC and suspended in saline) given two weeks apart
(P.C. Loh, personal communication). The rabbits were then rested

for two weeks and bled by cardiac puncture. All sera were pooled
and stored at -70° C.

Mice. Fourteen female white Swiss albino mice four weeks old were
used in this study. Five mice served as controls and were immunized
with only saline plus CFA. The other mice were immunized as follows:
a series of five injections of 250 ug of crude CCV plus an equal
volume of CFA was given IP 1-2 weeks apart. The mice were rested for
2-3 weeks until marked swelling of the peritoneal cavity was observed;
at which time the ascites fluid was harvested, centrifuged to remove

any remaining CFA, pooled, and stored at —700 C.

Absorption of Antisera With BB Cells

Since the virus prepared for immunization was grown in BB cell
culture it was necessary to absorb out any antibodies made to cellular
antigens from the antisera. BB cells were grown in four 32 oz.
bottles (60 x 106 cells), washed once with DPBS, the cells scraped off
into DPBS, and pelleted by low speed centrifugation (IEC CS centrifuge
at 1,100 rpm for 10 min). The cell pellet was then fixed for 10-15
min in excess acetone at room temperature and again pelleted by

centrifugation. The cells were then washed three times with DPBS and



after pelleting were suspended in a small volume of DPBS and stored at
—700 C until used. The immune serum before absorption was first heat
inactivated at 560 C for 30 min. Then acetone-fixed BB cells were
mixed with 10 ml of immune serum at 370 C for 1 hr with intermittant
shaking and left overnight at 5° C. The serum was recovered by
pelleting down the BB cells in the UC at 15,000 rpm for 30 min at

4° ¢ in a Beckman #30 fixed angle rotor. The serum was absorbed

with BB cells in this manner for a total of 2-3 times.

Virus Plague Reduction Assay

A CCV pool was diluted in MEM-2 to contain 100-200 PFU/0.25 ml.
Antiserum was diluted 10'_l in MEM-2 and serial two-fold dilutions were
made. Pre-immune serum served as a control. The virus (0.5 ml) was
mixed with antiserum (0.5 ml) for 1 hr at 22° C with frequent mixing.
Culture dishes of BB cells were infected with 0.25 ml of the virus-
serum mixture, adsorbed for 2 hr, the inoculum poured off, and the
cells washed with HBSS. An agarose overlay was added and the cultures
incubated for 48 hr at 30O C. The cells were fixed, stained, and
counted for plaques. The following sera were tested for their ability
to neutralize CCV: 1) immune CCV sera prepared in rabbits, 2) immune
CCV sera prepared in mice, 3) immune Lucké herpesvirus prepared in
rabbits ~ kindly furnished by Dr. Allan Granoff, St. Jude Children's
Research Hospital, U4) immune HSV-1 (Mayo 181k4) sera prepared in guinea
pig - NIH Research Reagent, 5) immune cytomegalovirus (CMV) (human

strain C 87) sera prepared in goat - NIH Research Reagent.

Fluorescent Antibody Studies

Precipitation of IgG. IgG was purified from rabbit immune serum
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by high salt precipitation. To 10 ml of constantly stirred antisera,
1.4 g of Nazsou anhydrous crystals was slowly added. The precipitate
that formed was pelleted in an IEC CS centrifuge at 2,000 rpm for 10
min. The pellet was suspended in 5 ml of saline and precipitated
again by adding 0.6 g of Nazsoh and centrifuged as before; this preci-
pitation and pelleting was repeated once again. The IgG pellet was
suspended and dialysed overnight in saline; it was made up to its
original volume and ready for conjugation with fluorescein-isothio-
cyanate (FITC).

Conjugation of IgG With FITC-Celite. A rapid method for fluorescent

labeling of proteins has been to react the protein with the FITC dye
dispersed in inert materials (Rinderknecht, 1962). Using this method,
2 ml of purified IgG was mixed with 2 ml of 0.05 M sodium carbonate-
bicarbonate buffer (pH 8.5) and stirred for 3 min with 5-10 mg of
"Celite" containing 10% FITC (Calbiochem). The mixture is centrifuged
in an IEC PR2 refrigerated centrifuge by slowly increasing the speed
to 3,000 rpm over a 15 min period to remove the "Celite". The
supernatant is then put on a column of Sephadex G-25 in 0.02 M sodium
phosphate buffer, pH 6.5. The column is then developed with the
phosphate buffer until the yellow-labeled protein band is passed
through and is eluted. The labeled IgG was collected and concentrated
to 20 ml by vacuum dialysis.

Direct Tmmunofluorescent Staining. Coverslip cultures of different

cell lines in 60 mm tissue culture dishes were prepared by seeding
cells and infecting with virus at a M.0.I. of 0.1-1.0. The following
coverslips were prepared: BB cells infected with CCV, human fetal

diploid lung cells (HFDL #645 - kindly obtained from Dr. Edwin H.
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Lennette, California Dept. of Health Services) were infected with
either HSV-1 (obtained from Hawaii State Board of Health) or with
CMV-AD 169 (kindly furnished by Dr. Joseph Melnick, Baylor College of
Medicine). Cells were observed until they exhibited 3-L+ CPE. The
media were poured off, the cells washed twice with DPBS, fixed for 10
min in cold acetone, alr-dried, and stored at -20 C until stained.
The following FITC conjugated antisera were used: rabbit anti-CCV
prepared in this labj; rabbit anti-HSV-1, rabbit anti-HSV-2, and sheep
anti-human CMV (all obtained from Microbiological Associates, Bethesda,
Md.). The cells were stained by placing 2 drops of FA on the cover-
slip and incubated in a moist chamber at 370 C for 1 hr. The FA was
removed by touching it to a paper towel and the cells washed three
times with cold DPBS in staining jars. The coverslips were quickly
rinsed in distilled H20 to remove the salts, mounted in a drop of

glycerol-DPBS on a glass slide, and observed under a Zeiss GFL

fluorescent microscope assembly.
Results

CCV Neutralization

CCV forms distinct plaques in BB cell monolayers with the plagues
showing typical cell syncytia. Using a plague reduction test assay, it
was shown that lmmune sera from both the rabbit and the mouse have the
ability to neutralize CCV (Table 6). There always remains a small
persistent fraction of virus that is never neutralized even at a high
concentration of antisera (1:10). Neutralizing antisera prepared
against other various herpesviruses - Luck& herpesvirus, HSV-1, and

human CMV - showed no ability to neutralize CCV infectivity.



Table 6. Assay for CCV neutralization by the

plaque reduction method

SERUM SAMPLE DILUTION  PLAQUE count® % PLAQUE
REDUCTION

Rabbit pre-immune 1:10 148 0
Rabbit immune CCVb 1:10 10 93
1:20 36 76
1:40 39 L
1:80 11 93
1:160 23 84
Rabbit immune Lucké® 1:10 129 13
he¥pesvirus
Mice non-immune 1:10. 1h2 0
Mice immune CCVb 1:10 18 87
1:20 10 93
1:40 20 86
1:80 30 T9
Rabbit pre-immune 1:10 61 0
Rabbit immune CCV 1:20 11.5 81
Guinea pig immune gy 1:16 85 0
1:32 81 0
Goat immune CMVd 1:16 99 0
1:32 96.5 0

aNumber of plaques represent the average of duplicate samples.
bAntisera prepared in this lab.

“Antisera obtained from Dr. Allan Granoff , St. Jude Children's
Research Hospital.

dAntisera obtained from NIH.
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Immunofluorescent Studies

The FITC conjugated rabbit antisera was able to detect specific
CCV antigens as only virus-infected cells showed immunofluorescence
(Fig. 14). Employing this specific fluorescent antibody, the events
during a single cycle of CCV replication was followed: 1) during
early infection 4 hr p.i., small granules are stained in the nucleus,
2) as the infection proceeds staining spreads to the cytoplasm by 8 hr
p.i., and 3) at 12 hr p.i. most of the staining is now observed in
the cytoplasm but with some cells still showing fluorescence in the
nucleus.

The CCV FITC conjugated antisera did not react with HSV-1 or CMV
infected cells as no fluorescence was observed. Different FITC
conjugated antisera agalnst three other herpesviruses - HSV-1, HSV-2,
and CMV - did not show any specific staining in CCV infected cells

(Table 7).
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Figure 1bh.

Immunofluorescent staining of CCV infected BB cells:
A) Control uninfected cells
B) Infected cells stained 12 hr p.i.
Coverslips of BB cells in 60 mm tissue culture dishes
were infected with CCV at an MOI = 0.1-1.0 and stained
with rabbit immune CCV sera conjugated with FITC.
The stained cells were observed in a Zeiss GFL
fluorescent microscope assembly.
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Table T.

Viral immunofluorescent studies

FITC ANTISERUM DILUTION CELL CULTURE FLUORESCENCE
Rabbit immune CCVS 1:8 Control BB -
1:8 CCV infected BB L+
1:2 Control HFDL -
1:2 HSV-1 infected HFDL +
1:2 CMV infected HFDL +
Rabbit immune HSV—lb 1:20 Control BB -
1:20 CCV infected BB -
Rabbit immune HSV-2b 1:20 Control BB -
1:20 CCV infected BB -
Rabbit immune CM\fb 1:20 Control BB —_
1:20 CCV infected BB -

aFluorescent antibody prepared in this lab.

bFluorescent antibody obtained from Microbiological

Bethesda, Md.

Associates,
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CHAPTER VI T

VIRAL LATENCY AND CELL TRANSFORMATION

Some herpesviruses cause cancer in their natural host (such as
Marek's disease in chickens, Biggs, 1973; or the Lucké renal carci-
noma of the frog, Granoff, 1973), while others such as HSV-2 cause in
vitro cell transformation (Rapp and Jerkofsky, 1973). Thus among
several valid questions that can be asked are: a) Does CCV share this
oncogenic potential? b) Can CCV also alter and transform cells in
vitro? In chapter VI we will examine this area of wide concern on
herpesvirus and their possible role in oncogenesis.

Previously virologists have studied mainly acute virus infections
but are now becoming aware of other possible host-virus relations.
Studies on acute virus ianfections were predominant as they are easily
recognizable and they represent an end result of varying severity
occurring to the infected animal. Currently however consideration is
being given to viruses that are not as destructive but instead can
produce a "silent" type of infection, where their presence in the
cell or animal cuases no obvious cytopathology or disease for long
periods of time. These diseases are expressed only when some changes
in the environment triggers the virus to express itself in the cell
or animal. At present there are two defined classes of "silent"
infections (Rapp and Jerkofsky, 1973): 1) a persistant infection which
is a condition under which infectious virus is continually made, even
in the presence of an immune response (e.g. circulating antibody)
and/or in the absence of discase symptoms. 2) a latent infection which
is a condition under which the genome of the virus is present in the

animal or cell in some form, but infectious virus cannot be recovered
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except during episodes of overt disease. It should be noted that this
classification is dynamic and assumes that these interactions can change
from one type of infection to the other and each can be triggered to
cause disease.

Many members of the herpesvirus group cause "silent" infections.
HSV-1 is a good example of a persistant infection in humans. Since
the virus is ubiquitous, children are exposed to the virus at an early
age and infections are usually subclinical although a gingivostomatitis
may be noticed in some cases (Rawls, 1973; Rapp and Jerkofsky, 1973;
Felman and Sonnabend, 1979). The virus can be isolated from the
mouth and from rectal swabs during the acute stage of illness ~ even
up to 13 years after recovery from the disease. Latent infections are
also very common for HSV-1 which causes fever blisters in humans.,

Here the virus becomes latent in its host until triggered to express
itself in response to certain stimuli. Such stimuli as ultraviolet
light, fever, hormonal changes during the menstrual cycle, and
emotional upsets are postulated to cause eruption of fever blisters
due to HSV-1l. Other members of the herpes family known to cause
"silent" infections in their hosts are cytomegalovirus, varicella-
zoster, and Lucké frog virus (Wright, 1973; Gold and Nankervis, 1973;
Granoff, 1973).

An interesting phenomenon related to viral latency studies in
vitro has been the transformation of normal cells into malignant cells.
An UV-inactivated HSV-2 strain has been shown to transform hamster
embryo fibroblast (HEF) cells (Duff and Rapp, 1971). Through indirect
immunofluorescence virus-specific antigens were demonstrated in a small

percentage of the transformed cells, but no infective virus could be
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recovered from these cells. The transformed cells were found to be
capable of producing tumors when inoculated into newborn hamsters.
However transformations by UV-inactivated HSV-2 does not appear to be
an unique event, as several different herpesviruses have also been
shown to cause in vitro cell transformation. These include HSV-1,
human CMV, a guinea pig herpes-like virus, Epstein-Barr virus, and
infectious bovine rhinotracheitis virus (Rapp and Westmoreland, 1976;
Michalski and Hsiung, 1975). It appears that herpesviruses are able
to interact in some way with the cell's genome to alter its properties.
The experiments in this chapter examine the interaction of CCV with
various cell lines from different animal species to determine whether

the virus has the property to cause transformation in vitro.

Materials and Methods

UV Inactivation of Virus

A CCV pool was made by infecting BB cells grown in roller culture
bottles and the virus harvested when the cell cultures exhibited L+
CPE (24 hr). If the virus preparation needed to be concentrated, it
was centrifuged in the UC using a #30 rotor at 25,000 rpm for 2 hr at
4° ¢. The virus pellet was suspended in DPBS (minus ca™) to the
desired concentration and 1.5-2.0 ml was pipetted into a sterile 60
mm tissue culture petri dish. The virus sample was then placed 20 cm
from under a G.E. 15 watt UV germicidal lamp and irradiated on a

shaker with constant rocking for the desired time intervals.

Transformation Assay

The assay for transformation essentially followed the procedure

described by Duff and Rapp (1975). The following cell lines were used



for transformation studies by CCV: BB, OMAKA, RTG-2, and BALB/3T3-Cl6 m

(a continuous mouse cell line obtained from Dr. Kenneth K. Takemoto,
N.I.H.). With each cell line, the cells were trypsinized and diluted

T

to the desired concentration (0.1-1.0 x 10  cells) in MEM-10-HEPES. To

7 PFU) was added an equal

1.5 ml of UV-irradiated CCV (0.5-1.0 x 10
volume of BB cells in suspension and the mixture gently rocked for 1
hour at room temperature. Four 25 cm2 plastic flasks were seeded with
0.5 ml of this cell-virus suspension and incubated at 22° C; except
for the BALB/3T3 cells which were incubated at 3ho C. The medium was

changed every 5-T7 days and the cells were examined microscopically

daily for 30 days.
Results

Three different series of experiments were done in an effort to
see if cells could be transformed by UV-inactivated CCV. In experiment
1, UV-inactivated CCV was mixed with BB cells at a ratio of 5:1. The
time of UV-irradiation for CCV was varied (1-8 min) in order to
determine the optimal time when viral infectivity was destroyed but
not the oncogenic potential of the virus. As seen in Table 8,
exposure to UV irradiation for all time periods was adequate to
destroy infectious virus; but no cell transformation due to UV-
inactivated CCV was seen. In this experiment the non-permissive cell
line, OMAKA, was also mixed with CCV (not exposed to UV-irradiation)
under the same conditions; however no cell transformation was observed.
In experiment 2, UV-inactivated CCV )length of UV irradiation was 5
min) was mixed with cell lines from different animal species: the

fish cell line BB, the non-permissive fish cell lines OMAKA and RTG-2
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Table 8. Assay for cell transformation by CCV

CELL LINE™ cev (PFU) UV VIRUS CELL
(1x 10° cells) INACTTVATION®  TRANSFORMATION
(min)
EXPERIMENT 1
BB 5 % 10° 1 -
BB 5 x 10° 2 -
BB 5 x 10° 4 -
BB 5 x 10° 8 -
OMAKA 5 % 10° 0 —
EXPERIMENT 2
BB 1 x 10 5 _
OMAKA 1x 107 5 _
RTG-2 1 x 10 5 _
BALB/3T3 1 x 107 5 -
EXPERTMENT 3
BB 1.5 x 10° 7 =€

(1.5 x 106 cells)

aCells were seeded in plastic 25 cm2 flasks ang incubated at 20° C,
except for BALB/3T3 which was incubated at 33~ C.

bVirus was placed 20 cm from under a G.E. 15 watt UV germicidal lamp
and irradiated for the time shown.

cl of b flask showed 4+ virus CPE after 10 days.
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and the non-permissive mouse cell line BALB/3T3 (previously used in
assaying for HSV-2 cell transformation; Duff and Rapp, 1975). CCV did
not show any ability to transform these cell lines under the conditions
studied. In experiment 3, the ratio of UV-inactivated CCV to BB cells
was reduced (1:1) to test if this would be a more optimal condition
under which cell transformation might occur. Although one of the

four flasks seeded with the virus-cell mixture showed viral CPE after
10 days incubation, none of the remaining flask showed any cell
transformation. After 30 days of incubation, the cells were passed by
splitting 1:4 into new tissue culture flasks and observed daily for

30 days. Again no cell transformation was observed. Therefore under
these experimental conditions none of the cell lines tested showed

any cell transformation after interaction with CCV. Variations of the
different parameters such as length of UV-inactivation of CCV,
different host cell lines, and virus:cell ratio did not produce any

cell transformation.
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CHAPTER VII

DISCUSSION: CHANNEL CATFISH VIRUS AND THE HERPESVIRUS GROUP

After completing our biological and biochemical study on CCV, we
now confront the basic question of whether or not CCV is indeed a
herpesvirus. This important question regarding the relationship of
CCV to the herpesvirus group is discussed in this final chapter.

The most recent criteria employed by the International Committee
On Taxonomy of Viruses (Fenner, 1976) for the classification of virus

belonging to the family Herpetoviridae are:

"Virion consists of a capsid 120-150 nm in diameter surrounded by
a lipid-containing envelope. Buoyant density (CsCl) of virion,
1.27-1.29 g/cm3. Capsid icosadeltahedral with 162 partially hollow
capsomeres. Buoyant density (CsCl) of capsid 1.305 g/cm3. Capsid
surrounds a core which consists of DNA wrapped around a protein
spcol. About 33 protein species in virion with molecular weights

up to 290,000,

Genome consists of linear double-stranded DNA with both terminal
reiterations and internal repetition of terminal sequences, G+C

content 33-T4%, molecular weight 92-102 x 106.

Viral replication begins in the nucleus and is completed by the
addition of a glycoprotein-lipid membrane as the virus passes
through the inner lamella of the nuclear membrane into the endo-
plasmic reticulum. Margination of chromatin and intranuclear

inclusion bodies are characteristic.

Several genera occur among vertebrate herpetoviruses but classifi-



cation is difficult. Viruses of same morphological type have been

recognized in an oyster and a fungus.”

The evidence accumulated from the present studies indicate that

CCV is a member of the family Herpetoviridae. CCV is morphologically

indistinguishable from HSV-1, the type species for the herpes group:
size, symmetry, and virion components are shared by CCV. The virus
observed in negative stained preparations by EM showed a central core,
enclosed by a capsid coat consisting of 162 hollow capsomeres arranged
in icosahedral symmetry, surrounded by an irregular membrane envelope.
CCV therefore joins a wide variety of other viruses from many different
hosts that share this unique virus structure defined for the herpes
family.

The replicative cycle for CCV in BB cells occurs optimally at
a temperature around 270 C and consists of a very short eclipse period
(3 hr) with an exponential increase of virus completed within 24 hr.
When followed by immunofluorescence, CCV antigen was shown to appear
initially in the nucleus and later in the cytoplasm. This pattern of
replication in vitro is very similar to HSV-l: under single-cycle
growth conditions the eclipse period is also very short (1-3 hr) and
virus replication is completed within 16-20 hr (Darlington and
Granoff, 1973). The development of viral antigen followed by fluore-
scent antibody in HSV-1 similarly shows a pattern of early appearance
of viral antigen in the nucleus with later spreading to the cell
cytoplasm (Lebrun, 1956). CCV will only replicate in cells of icta-
lurid origin. This host-specificity is a very interesting characteris-
tic of CCV; whether it is a property of the virus or a property of the

host cell needs to be further explored. Host-specificity is not
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unigue to CCV but seems rather to be a trait common among other
herpesviruses as well. ¥Few herpesviruses cross host-species barriers
under natural conditions although some, as HSV-~1l, may do so under in
vitro cell culture conditions. Others, as CMV, are very host-specific
and will not cross host-species either in vivo or in vitro (Darlington
and Granoff, 1973). It is interesting to note that the recently

isolated Herpesvirus salmonis of fish has also been found to be host-

specific and will replicate only in cells of trout and salmon (Wolf
et al., 1978).

Early studies on the pathogenesis of CCV has shown it to infect
only the young fry and fingerling catfish in which it causes a high
mortality disease (Fijan et al., 1970; Plumb, 1977). Once past the
fingerling size (after 1 year of age), young adults are no longer
susceptible to CCV infection either under natural conditions, or by
experimental exposure to diseased fish, or by injection of infectious
virus. In fact no virus has been isolated from adult channel catfish
although urine, fecal, blood, and internal organ samples have all
been examined for virus (Plumb, 1973). Adult fish previously
infected when young have CCV neutralizing antibody., but in contrast
adults having no known exposure to the virus do not (Plumb, 1973).
This pattern of disease 1s quite reminiscent of herpes infections as
HSV and varicella-zoster in humans. In regards to age and severity
of infection, herpesvirus acquired at bith is more likely to result in
a fatal disease; this has been seen in human infections and also
experimentally in mice (Andervont, 1929; Lennette and Koprowski, 19Lh;
Witzleben and Driscoll, 1965). However a high human mortality rate

due to HSV is not limited to the young, and HSV herpetic encephalitis
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occurs with approximately equal frequency in all age groups with a
fatality rate possibly as high as T0% (Rawls, 1973; Feldman and
Sonnabend, 1979). HSV more commonly first infects children at an early
age (1-3 years old) causing an inapparent infection or symptoms of
acute herpetic gingivostomatitis (Rawls, 1973). Almost T0% of
children by age 14 will show serologic evidence of exposure to HSV.
As in the catfish, noninfected human adults do not have antibody made
against the virus and are not usually susceptible to virus infection
(Feldman and Sonnabend, 1979). In infected adults HSV remains in a
latent state and can be activated to produce "cold sores" under such
stimuli as fever, emotional stress, menstration, or exposure to sun-
light. The location and state of the virus during latency is not
known. Two possible mechanisms have been proposed by Roizman (1965b)
to explain latency in vivo. The virus may replicate at a low level,
perhaps in tissue close to the sight of recurrence such as the
lacrimal or salivary glands. On the other hand the virus may remain
in a truly latent and noninfectious state between recurrences, the
most likely sites being the ganglia of sensory neurons. Current
evidence supports the later postulation. Nothing is known about the
latency of CCV in adult catfish. However, since some adults that
produced CCV-diseased offspring have been shown to have high virus
neutralizing antibody titers, they were suspected of being carriers
and can possibly transmit the virus vertically to the offspring
(Plumb, 1977).

In our studies on the DNA of CCV, we have determined its molecular
weight to be 103-105 x lO6 daltons by its migration in agarose gels

relative to Th DNA. This value is consistent with the molecular



84
weights for the DNA of other members of the herpes group that have

been studied and range from MW of 82-132 x 106 (Roizman, 1978).

However it is slightly higher than a previous reported value of 85 x
lO6 daltons for the genome of CCV (Sheldrick et al., 1976) as determined
by sucrose gradient sedimentation and EM. This difference in Mw

values may merely reflect the different experimental techniques
employed. We were not able to confirm our DNA Mw estimate by sucrose
gradient sedimentation. The G+C content of CCV DNA is 56% as determined
by our studies on its buoyant density in CsCl (1.715 g/cm3) employing

a preparative ultracentrifuge. This value is in good agreement with
that of Goodheart and Plummer (1975) who determined CCV DNA to have a
density of 1.715 g/cm3 (G+C = 56%) by analytical ultracentrifugation.
The studies on the DNA of the various herpesvirus have shown a wide
variation in base composition from 33-T4 G+C moles % (Goodheart and
Plummer, 1975; Roizman, 1978). However the G+C content of CCV is
similar to the DNA of frog virus 4 (56%) (Goodheart and Plummer,

1975) and of H. salmonis (50%) (Wolf et al., 1978). This similarity

of G+C content may indicate a phylogenetic relatedness among these
viruses, since they all infect poikilothermic animal hosts; however
more studies are needed to explore this possibility. The DNA of CCV

is infectious and shares this property in common with HSV-1, HSV-2, and
pseudorabies virus (Lando and Ryhiner, 1969; Wilkie et al., 19Th);
three other herpesviruses whose DNAs have been shown to be infectious.
Whether CCV DNA is also infectious for cells of non-ictalurid origin
was not examined in the present studies and should be explored in

order to help explain the narrow host-specificity of the virus. The

genome of HSV is being extensively studied and now appears to have a



complex nature with structural properties unlike that of the other
known viruses (Roizman, 1979). Location by EM indicate atoroid
structure surrounding a protein cylinder. The HSV DNA is a linear
double-stranded molecule approximately 100 x lO6 in molecular weight
and is located in the core of the viral nucleocapsid. It has single-
strand interruptions (Kieff et al., 1971), terminal repetitions
Grafstom et al., 1974), internal repetitions of terminal sequences
Gheldrick and Berthelot, 197L4), and palindromic sequences (Miller and
Hyman, 1978). The sequence arrangement of HSV DNA is a structure
consisting of two covalently linked components designated L (82% of
total virus DNA) and S (18%). These two components consists largely
of unique sequences (UL and US) that are bracketed on each end by
inverted repeats. The reiterated sequences bracketing L are designated
ab and b'a' (each comprises 6% of the total viral DNA), while those
bracketing S are designated a'c' and ¢ a (each comprises 4.3%). Thus
the sequence of HSV DNA can be viewed as: ab UL b'a' - a'c’ US c a.
The L and S components have been shown to invert relative to each
other giving rise to four isomeric arrangements of HSV DNA, although
only one is believed to be functional. Examination of the DNA from
numerous different isolates of HSV have shown great variability as
seen by the presence or absence of various restriction enzyme cleavage
sites and also by occasional deletions. The origin of DNA repli-
cation is thought to be contained in the unique sequence "US" and

also possibly in "UL", therefore there may be two sites for initiation
of DNA synthesis. The genome of HSV can be circularized after digestion

with a processive exonuclease that forms cohesive ends. At the time

of DNA replication various forms suggestive of a rolling circle
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mechanism are seen by EM and thus this type of model for the replica-
tion of HSV DNA has been proposed (Roizman, 1979). A previous study
has shown the genome of CCV to share some of this complexity. The
DNA of CCV does have interruptions as shown in alkaline sucrose
gradients of denatured DNA (Sheldrick et al., 1976). But because CCV
DNA strands do not fold back upon themselves under the same conditions
in which HSV DNA does, this indicates the absence of inverted repeti-
tions for the genome. However CCV DNA strands do reanneal to form
duplex circles and thus assumed to be non-permuted and terminally
repetitous. Based on this study, Sheldrick et al. (1976) proposed that
CCV may be a "minimal" herpesvirus, carrying the same "fundamental"
genetic sequences (region L) containing basic information necessary

to specify a "herpesvirus". Whether CCV DNA also shares in the
further complexity shown for the HSV genome remains to be shown.

The study on the polypeptides of CCV identified a minimum of 18
virus-specific proteins, but a genome the size of CCV is capable of
coding for about 100 average size polypeptides. Analysis of HSV-1
and HSV-2 polypeptides showed they were clearly different although some
similarities were noted (Powell et al., 1977). Other studies have
shown that the major capsid protein for HSV-1 is around 155,000 M.W.
(Spear and Roizman, 1972; Powell and Watson, 1975). Our studies showed
that CCV has two major proteins of L4L,000 and 132,000 M.W., but
detailed comparisons with the proteins of other herpesvirus were not
made. Glycoproteins of the herpesvirus envelope have also been
identified, but in our studies the glycoproteins were not studied.

The immunological studies on the basis of neutralization and

fluorescent antibody showed CCV to have no cross-reactivity with
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HSV-1, HSV-2, human CMV, or Lucke frog herpesvirus. It can be

concluded that no viral antigens are shared between CCV and these
viruses. This is not completely surprising since only a few members
of the many different herpesvirus studied so far have shown serolo-
gically to share common antigens (Hampar and Martos, 1973). However
the studies are so few that much more work needs to be done in this
area before any firm conclusions can be drawn. No immunological
comparisons have yet been done among CCV, H. salmonis, and FV L,

Such comparisons should be examined as these three poikilothermic
herpesviruses have similar DNA base composition.

Exposure to heat, UV irradiation, and lipid solvents were all
detrimental to CCV as they are for most herpesviruses. An interesting
significant difference is the stability of CCV in an acid rather than
in a neutral or alkaline pH. In contrast previous studies have shown
HSV to be stable at pH 7.0 but inactivated by an acidic or alkaline pH
(Farnham and Newton, 1959; Roizman, 1965a). The basis for this
difference in the stability of CCV at an acid pH is not known.

The selected antimetabolites used were found to effectively
inhibit CCV replication. At virus-inhibiting concentrations these
chemical agents were non-toxic to BB cells. Since the three inhibitors
enployed primarily affect DNA synthesis, this provides additional
supportive evidence that CCV is a DNA-containing virus. It should be
noted that phosphoncacetic acid has been reported to interfere with
herpesvirus specific DNA polymerase activity (Mao and Robishaw, 1975).
Whether PAA inhibits CCV replication in a similar fashion remains to
be elucidated.

In the present studies we were not able to demonstrate any
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transforming ability for cells in vitro by CCV. Observation of various
cell lines that had been exposed to CCV did not show any morpholo-
gically transformed cells with altered growth characteristics as
reported previously for HSV-2 transformed cells (Duff and Rapp, 1971).
Since the present studies were limited in scope, we cannot state with
assurance that CCV does not have any oncogenic potential. On the
other hand CCV may be among those herpesviruses which have not shown
any transforming ability. Whether the genome of all herpesvirus can
trigger oncogenesis under the appropriate conditions is not known.
More study and information is needed before this question can be
answered.

Some relevant applications might be drawn from the present studies.
In the area of treatment for disease outbreaks of CCV among catfish
fry, it may be advantageous to lower the temperature of the water.
With lower temperatures, virus replication is much slower and will
allow greater survival of infected fry. Another factor in therapy
and control is the relative instability of CCV at an alkaline pH. The
use of an alkaline agent such as calcium oxide (quicklime) may be a
convenient and effective way to treat and rid infected ponds after
a disease episode.

The present studies have shown that the CCV-BB cell in vitro
system is convenient and easy to use. It provides large yields of

virus (lOT-lO8

PFU/ml) in a short 24 hr period of time. The virus can
be easily quantitated using a plaque technique. Large quantities of
catfish fry are available from hatcheries if animal studies are

desired to complement in vitro studies. It may serve as a model system

in which to explore the reasons for the host-specificity of herpes-



89

viruses or the possible latency of the virus in the adult fish.

It is interesting to speculate on the origin of CCV. We can only
guess on the evolution and phylogeny of CCV since we know so little
at this time. CCV could have evolved along with its catfish host;
this would make it a "recent" member of the herpes group as the
ancestral catfish originated in North America in mid-Eocene approxi-
mately 50,000,000 years ago. In contrast Burnet (1955) estimates
that if we assume all herpesviruses to have a common ancester, it
would have taken about 400 x 106 years of evolution to account for
their widespread occurrence today. Wildy (1973) suggests several
factors that would argue for herpesviruses having evolved along with
their host - namely that the viruses are very host-dependent, that
they cause latent infections in their own host, and that they are
well-adapted parasites that usually give rise to little or no general
disturbance in their specific host species. These factors are
suggestive of a virus evolving and adapting to its host over a period
of time. Other evidence would be the great variability in G+C content
suggesting phylogenetic distance, and the antigenic distinctness of
the various members of the herpes group. There is also the possibi-
lity that CCV is a new pathogen adapted to grow in catfish. The highly
pathogenic nature of the virus for catfish fry argues for this, as
most herpesvirus infections cause little or no disturbancé in their
host but reflect a well adapted host-parasite relationship having
evolved over a long period of time. CCV may be phylogenetically
related to H. salmonis and FV 4, two other poikilothermic herpes-
viruses with which it shares a similar G+C content. As we learn

more about these herpesviruses it will provide further insight into
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the possible origin and evolution of CCV. It may be that these three

viruses have evolved from a common ancient herpesvirus of fish that
arose in the Devonian era before other vertebrates.

We can state that channel catfish virus is indeed a herpesvirus
as defined by the criteria set forth in classifying this group of
viruses. The herpesvirus group is composed of a wide variety of
viruses that infect many different hosts and yet still show great
similarity in terms of their morphology, genetic material, protein
constituents, mass, and reaction to various chemical and physical
agents. This study of CCV has added a little bit more to our under-

standing of this large, complex, and important group of viruses.
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