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SUMMARY

1



The aim of the work described in this thesis was to
identify genetic loci of herpes simplex virus type 2 (HSV-2)
with functions needed to initiate, maintain or reactivate
virus from the latent infection. The experimental system
adopted involved mouse footpad inoculation and 3 months
later explantation of dorsal root ganglia and footpads, and
used 13 of the temperature sensitive (ts) mutants derived
from the HGS52 strain of HSV-2. The phenomenon of "latency"
was investigated in five different strains of mice 1in order
to provide information about the possible involvement of
host genetic factors in modulating HSV latent infection.

The mouse core temperature (38.59C) is non permissive for

growth of the ts mutants and therefore synthesis of

infectious virus is inhibited by virtue of the ts lesions.
The results indicate that ts mutants were recoverable at

different frequencies from the latent state in dorsal root
ganglia. The mutants ts 3, ts 5 and ts 9 were only
recovered on one occasion each (1/80, 1/59, 1/66)
respectively. This finding implies that these mutants are
impaired in functions that affect latency. The precise
nature of this impairment needs further detailed
examination. A number of intracerebral inoculations were
also carried out. No virus was recovered from the brain of
mice 6 weeks after intracerebral inoculation with either
ts 3, ts 5 or ts 9.

None of the 13 ts mutants reactivated from the ganglia
as efficiently as the wt virus. Differences in the capacity
of the various ts mutants to be recovered from the latent
state support the notion that latency is under the genetic
control of several viral genetic loci. Mouse strains were

found to differ in the frequency with which these viruses



could be recovered from the latent state, e.qg. "BALB/c",
"BIOZZI" and "A" strains giving more frequent recovery than
"C57BL/6-J" or "PIRBRIGHT": evidence for the involvement of
host genetically determined factors in modulating latency.
In addition no correlation was observed between the
susceptibility of mice to acute infection and latency; this
1s another interesting aspect of the system which needs
further investigation.

The mutant viruses as well as the wt were reproducibly
recovered from the footpad tissues of latently infected
mice, and differences 1n the recoverability of the ts
mutants from the footpads were also observed: for example
ts 5 (0/59) and ts 11 (0/58) have never been recovered from
the footpad whereas ts 3, £ts 4 and ts 10 were recovered more
often from the footpad than other mutants and wt viruses.
This makes ts 5 is a specially notable mutant, having been
recovered from latency on one occasion only.

The following lines of evidence points toward the
possibility that HSV can establish latent infection in the
footpad and therefore in cells other than neurones: 1) the
inability to deﬁect virus in footpad tissue homogenised
immediately after explantation; 2) the difference in the
time of virus reactivation from the dorsal root ganglia and
from the footpad (generally viruses take longer to
reactivate from the footpad); 3) the fact that some ts
mutants were recovered from the ganglia but not from the
footpad, and others from the footpad but very rarely from
the ganglia. However, the possibility that the virus 1is

merely persistent in the footpad can not yet finally be

excluded. Experiments are underway to elucidate this point.

HSV-2 was successfully reactivated from dissociated



dorsal root ganglia in culture; viral antigen first appeared
in neurones and only subsequently did reactivated virus
spread to non neuronal ganglionic cells. Recovery of virus
from dissociated ganglia clearly shows that anatomical
integrity 1s not required for reactivation and furthermore
allows the system to be examined in a qualitative and
quantitative way.

The recovered viruses were always found to have retained
their ts genotype. The identity of recovered viruses
(HSV-2) has been confirmed by comparing their restriction
enzyme profiles to that of the originally inoculated
viruses, Apart from one instance, no change in restriction
sites was observed, however, shifts in the mobility of
certain restriction enzyme fragments were noticed. In one

isolate of ts 3, a HindIII site is missing between the 1 and

m fragments.,

Virus was never recovered from the footpad of the non
inoculated side. Virus was not recovered from the left
dorsal root ganglia except for one instance where wt virus
- was recovered from the left sided ganglia and from the
spinal cord tissue explanted from a mouse showing paralysis

5 months after inoculation. In many cases virus could be
recovered from ganglia not associated with the inoculated
dermatome. These findings simply suggest the spread of the

virus within the nervous tissue of inoculated mice and also
indicate that latent infection can also be established

within the spinal cord.

The work described here analyses the effect on latency
of 13 HSV-2 ts mutants and also demonstrates the important

modulating influence of the host genetic makeup. The state

of the viral genome during latency has yet to be elucidated.



Further investigation of the latency capacity (both in vivo
and in vitro) of deletion mutants, ts mutants 1in other genes

and recombinants should allow precise identification of the

regions of the viral genome involved in latent infection.
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Herpesviruses

Herpesviruses are very widespread in occurrence and
have been isolated from humans and from many other species
(Nahmias, 1972). Many have a very narrow host range but:in
other cases this may vary considerably both in nature and in
the laboratory. Herpesviruses occur in both warm- and
cold-blooded vertebrates and in invertebrates. In addition,
herpesviruses have also been reported in fungus (Kazoma and
Schonstein, 1972).

In the earliest writings, the word "herpes" has been
used to describe a variety of clinical conditions. 1In
recent years, herpesviruses have been associated with a
number of diseases and some members of herpesviruses have

been reported to induce neoplasia in their natural host
and/or in experimental animals. In cell culture, some

herpesviruses have been shown to be able to transform cells
into continuous cell lines which may produce invasive
tumours 1in appropriate experimental hosts (reviewed by Rapp
and McCarthy, 1978).

The site of primary infection with herpesviruses
varies and the viruses may remain latent in their host for
the life time of the host; the actual cells harbouring
latent virus may vary depending on the virus type.

A common characteristic among herpesviruses is that,

i. the size of the virion 1s 120-150 nm in diameter and they

possess a linear molecule of double stranded DNA genome with
an average molecular weight 80-150 x 106 galtons, ii. their
capsid is icosahedral and composed of (T162) hexagonal and
pentagonal capsomereunits, iii. they are ether sensitive

enveloped viruses.

At least five distinct human herpesviruses exist:
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Human herpesvirus is Herpes simplex virus type 1 (HSV-1)

‘Human herpesvirus is Herpes simplex virus type 2 (HSV-2)

Human herpesvirus is Varicella zoster virus (VZV)

> W N

Human herpesvirus is Epstein-Barr virus (EBV)

Human herpesvirus 5 1is Cytomegalovirus (HCMV)

This Thesis deals mainly with herpes simplex virus,
particularly HSV-2. However, whenever 1t is relevant, other
human herpes viruses are also discussed.

Although the clinical syndromes associated with the
infection by HSV type 1 and type 2 have long been known, it
is only recently that the importance of studying these
viruses in detail has been appreciated for the following
reasons: a, Hegpes simplex virus has been 1solated from
different pathological lesions (conjunctivitis,
keratoconjunctivitis, mouth ulcers, stomatitis, urogenital
tract infection and fever blisters). In addition some cases

of aseptic meningitis have been attributed to herpes

infection, b, Herpes simplex virus has become a major cause
of venereal infections, c: the severity of lesions and
syndromes they induce has become recognised as life
threatening to the newborn and to immunologically
compromised hosts (Rawls, 1973), d, it is thought that HSV

is aetiologically linked to urogenital cancer particularly
carcinoma of the cervix, (Roizman and Frenkel, 1976), e, the
virus has the ability to induce latent infection and remain
within the body for the life of the individual, £, up to now
and despite all efforts, there is no real prospect for
eradication of these viruses; however, several antiviral
compounds particularly aeyclovir (ACV) have been shown to

possess substantial antiviral activity 1in limiting virus

replication, but at present none seem to affect the
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established latent infection (Blyth et al., 1979; Field et

al., 1979) g, the development of various molecular

techniques has made the manipulation of these viruses much
easler.

The two types of herpes simplex virus (HSV—l‘and
HSV-2) are related, with great similarities in their

molecular and biological properties, yet there is a

significant genetic divergence and the two types can be

distinguished by a variety of immunological tests including

neutralization and by the differences in the molecular

weight of virus induced polypeptides (Killington et al.,

1977) and on the basis of the pattern of their DNA

restriction endonuclease fragments (Hayward et al., 1975;

Skare et al., 1975; Lonsdale, 1979). There is approximately

a 50% homology of genetic relatedness between the two

serotypes (Kieff et al., 1972; Ludwiqg et al., 1972)

Herpes Simplex Virus (Structure and Components)

The virion

The major structural features of HSV are 1, Core; 2,

Capsid; 3, Tegument and 4, Envelope. A diagrammatic
illustration of the virion is shown in Fiqure (l). The
virion diameter ranges between 120-180 nm. The virion
diameter, however, 1s considerably affected by the diameter
of the nucleocapsid and by the volume of the tegument as
well as by discontinuities 1n the virion envelope (intact
virion has smaller diameter than the disrupted particles).
In sectioned virion preparations, the core appears as
electron opaque, and although the precise configuration of

the DNA in the core is not known, it has been shown that the

DNA occupies a toroidal compartment in the core and that a

"spindle™ of electron-dense material probably of



FIGURE 1

DIAGRAMMATIC ILLUSTRATION OF
HERPES SIMPLEX VIRUS STRUCTURES
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proteinaceous nature, extends through the whole of the

toroid (Furlong et al., 1972). It has also been shown that

HSV-1 capsids which contain DNA differ from those lacking
cores with respect to certain virion polypeptides (VP),
where VP22a appears to be on the surface of the capsid while
VP2l 1s a possible core protein (Gibson and Roizman, 1972).
The polyamine, spermine may also represent a core component
packaged within the capsid (Gibson and Roizman, 1971).

The average diameter of HSV capsids is approximately
100 nm. It encloses the core and is composed of smaller
units, the capsomers. The total number of the latter is 162
arranged as an icosahedral structure. Electron microscopy
reveals two groups of capsomers, hexomeric and pentameric

(Wildy et al., 1960). The nucleocapsid protein appears to

be in the space between the capsid and the core. It is
thought that the nucleocapsid protein may interact with the
core and maintain its central position within the capsid
(Roizman and Furlong, 1974).

The material located betweén the capsid and the
envelope 1is defined as the tegument (Roizman and Furlong,
1974). 1In thin sections of virions or budding particles,
the electron-dense tegument has no distinctive features,

however, 1in negatively stained preparations, tegument can

have a fibrous structure (Wildy et al., 1960; Morgan et al.,

1968; Schwartz and Roizman, 1969). The tequment seems to be
present 1n most virions, but the amount seen in the electron
microscope can vary from virion to virion, even in the same
cell. The overall quantity of tegument appears to be

controlled at least in part by the virus (McCombs et al.,

1971). Proteins present in de-enveloped virions but not in

nucleocapsids containing DNA have been assigned to the
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tegument. Among such proteins is the VP22 (36,000 MW) which
is thought to be formed by cleavage of precursor tegument
polypeptide. ~ VP22a (Gibson and Roizman, 1972, 1974).

The envelope is the virion outermost structure. It 1is

composed of lipid bilayer and associated proteins. It

contains spike-like projections (Fig.l) on 1its surface

(Wildy et al., 1960). All the virion glycoproteins are

thought to be restricted to the envelope and possibly the
tegument (Roizman and Furlong, 1974). The polyamine

spermidine is also associated with the envelope (Gibson and

Roizman, 1971).

The Genome

The first direct chemical evidence indicating that HSV
genome contains DNA was described by Ben-Porat and Kaplan

(1962) and Russell (1962). Further studies, had shown that

HSV DNA within virions is a single (double-stranded) linear

molecule (Russell and Crawford, 1963, 1964; Becker et al.,

1968; Frenkel and Roizman, 1971; Furlong et al., 1972;

Graham et al., 1972) and that the intact HSV DNA molecule

strands as well as the native duplex molecule are infectious

(Sheldrick et al., 1973). The size (molecular weight) of

the HSV genome has been the subject of much controversy and
various methods used to determine the molecular weight have

given values ranging between 51x106 daltons (D) to 110x10°

(Russell and Crawford, 1963, 1964; Becker et al., 1968;

Wilkie, 1973; Grafstrom et al., 1974; Wagner et al., 1974;

Clements et al., 1976; Wilkie, 1976; Cortini and Wilkie,

1978). The general agreement, however, 1s that HSV genome

is close to 100x10©® D in MW.

It is worth mentioning here that most of the above

values were determined using HSV type 1, however, 1t has
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been reported (Kieff et al., 1971) that the DNAs of HSV-1l

and HSV-2 could not be differentiated with respect to size
when cosedimented on neutral sucrose gradient . Moreover,
Cortini and Wilkie (1978) found that the molecular weight of
various regions which constitute the HSV-2 genome are verf
similar to the corresponding molecular weight in HSV-l
genome., The buoyvant density of HSV-1 and HSV-2 DNAs were
estimated to range from 1.725-1.727 g/cm3 (HSV-1) and from

1.727-1729 g/cm3 for HSV-2 (Goodheart et al., 1968; Kieff et

al., 1971; Graham et al., 1972; Halliburton, 1972).

Subsequently the base (guanine and cytosine) composition of
the two subtypes were calculated and found to be 67 G+C

moles % for HSV-1l and 69 G+C moles % for HSV-2. Some other
methods were also used to determine the base composition of
HSV-1 and HSV-2 DNAs such as nucleotide analysis (Ben-Porat

and Kaplan, 1962; Graham et al., 1972), melting temperature

analysis "Tm" (Kieff et al., 1971). In addition, Russell

and Crawford (1963) described the use of ultraviolet

absorption measurement.
Fragmentation
A significant property of HSV DNAs is their

fragmentation upon denaturation with alkali (Kieff et al.,

1971; Frenkel and Roizman, 1972; Wilkie, 1973; Biswal et
al., 1974). Kieff and co-workers (1971) have reported that
sedimentation of alkaline~denatured DNA from purified virus
on alkaline sucrose density gradient consistently yielded
several bands of single stranded HSV DNA ranging from
fragments of 7x106 D to intact strands of 48x10©® D in
molecular weight. Similar results were reported by Frenkel

and Roizman (1972) and in addition they also reported that

of the seven bands sedimented on an alkaline sucrose density
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gradient, only one band is an intact strand and the others

are fragments with smaller sizes than the unit length.
Possible explanations for this fragmentation property of HSV

DNAs, are the presence of ribonucleotides (Hirsch and Vonka,

1974; Biswal et al., 1974), however, this has been largely
confined to newly synthesized DNA as 1t seems probable that
RNA stretches which arise in the replication are removed
only gradually during maturation (Hirsch and Vonka, 1974).

The other explanation is the presence of single-strand nicks

or gaps (Wadsworth et al., 1976; Hyman et al., 1976; Ecker

and Hyman, 198l1). The role of these gaps or nicks within
the DNA is unknown although some of the ribonucleotides may
serve as primers in DNA synthesis. Theilr position 1in the
DNA 1is subject to controversy and it has been concluded that
.the fragments are non random in size and originate at unique
positions from single breaks.of intact strands (Frenkel and
Roizman, 1972). On the other hand, it has been proposed on
the basis of the heterogenous sedimentation and
electrophoretic pattern observed that the single~strand
interruptions are randomly located on the genome (Wilkie,

1973; Wilkie et al., 1974; Hyman et al., 1977; Ecker and

Hyman, 198l). Moreover, the intact strands were not unique
(Wilkie, 1973) and in vitro pretreatment of the DNA with

repair enzymes (DNA polymerase and DNA ligase) would prevent

the alkali fragmentation (Hyman et al., 1977).

Arrangement of the Genome

Electron microscope studies have shown that most of
the DNA molecules have one or two distinct ends indicating

the linear nature of the herpes simplex DNA genome (Becker

et al., 1968). Sheldrick and Berthelot (1974) described

three structurally distinct molecules of HSV genome, namely,



a linear form "L", and two circular forms Cj; and C3
(Fig.2a). The number of the L forms in a given preparation
rarely exceeded 10-20% and more than 50% of the -L-
molecules had a highly folded region or "bush" at one end.

The length of these structural features (bushes) was

estimated to account for 20% of the total length of the -L-

molecules.

The Cy; molecules comprise more than 70% of the total.
It is a single-stranded circle with a bush, and as in the
L-form, the bush represents approximately 20% of the total
contour length, however, all C; molecules possess a bush,
The C» molecules are present as less than 10% of the total
number of the molecules and consist of two single stranded
circles, one short (SC) and one long (LC) in circumference,

joined by an extensive and highly homologous duplex region

(D). It has been shown that it is possible to convert Cj
molecule to L-form by heating the DNA in 50% formamide to a
temperature above 70°C (the temperature at which complete
strand separation of native DNA occurs), however, heating
the DNA to and below 70°C will lead to the conversion of the
Cy molecule to the Cy form. This thermal conversion of Cj
to Co, probably involves a rearrangément of the bush in Cy
to the "stalk" (SC+D) in Co. Since C, molecules arose from
linear precursors, these must be present somewhere in the
DNA strand - two inverted repetitions one to generate SC and
the second to generate LC (Sheldrick and Berthelot, 1974).
The finding that the DNA strand ends were located near the
middle of the duplex region D, had suggested that the two

inverted repeats were adjacent to each other and of equal

length with one half of each repeat located at the interior

and the other half at the end of the intact strand. The



FIGURE 2

SCHEMATIC ILLUSTRATION OF:

a) C2 molecule

b) HSV genome arrangement
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duplex region D, had no obvious topological features under
the electron microscope (spreading condition of 50%
formamide at 20°C) and contained mainly non-reiterated base
sequences.

It has been observed that native HSV-1 DNA formed
duplex circles at low frequency after digestion with )
exonucleases or exonuclease III, which initiate sequential
digestion at the 5' and 3' termini respectiﬁely of duplex

DNA (Graftstrom et al., 1974, 1975; Sheldrick and Berthelot,

1374; Wadsworth et al., 1976; Kindler and Hyman, 1979).

This 1indicates the presence of terminally redundant base
sequences. Therefore, the HSV-1 genome (Fig.2b) consists of
a short and a long unique sequence (Ug and Uy) flanked by

terminal and internal inverted repeat sequences (TRg/IRg)
and (TRy/IRy) respectively. The sequence which is directly
repeated at the genome termini (and inversely repeated at
the joint) is named as the "a" sequence, while the remaining

sequences within the TRy /IRy, and TRg/IRg are known as the

"b" and "c" sequences respectively. Other studies on

self-annealed intact single strands and on partially
denatured molecules of herpes simplex virus 1 DNA, confirmed

the above arrangement of HSV genome (Wadsworth et al.,

1975).

Isomeric Arrangement of HSV DNA
It has been proposed (Sheldrick and Berthelot, 1974)

that since the terminal regions are inverted internally, an
intramolecular recombination between the ends of the
molecule and their repeat might readily occur. The result
of such recombination will be the inversion of the entire

unique regions (L or S) relative to each other. A high

frequency of occurrence for such recombination events,
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distributed randomly between the two sets of repeats will
generate equél amounts of the four genome arrangements which

result from possible combinations of inversions of the two

unique reqgions (Hayward et al., 1975; Delius and Clements,

1976). The four possible genomic arrangements (Fig.3a) are
designated P (prototype) IS and IL (inversion of S component

and L component respectively) and ISL, inversion of both §

and L components; (Roizman et al., 1978; Hayward et al.,

1975b). The genome structure and isomerisation patteras
were found to be similar in HSV-l and HSV-2 DNA (Clements et
al., 1976; Cortini and Wilkie, 1978).
Variability in HSV DNA

Nucleic acid hybridization studies and heteroduplex

thermal stability analysis had demonstrated that HSV-l and

HSV-2 share 47-50% of their sequence (Kieff et al., 1972;

Sugino and Kingsbury, 1976). 1In addition, analysils of
intertypic recombinants showed that most of the recombinants
can multiply and the genes of HSV-1l and HSV-2, essential for
replication of the virus, are grossly colinear (Morse et

al., 1978; Marsden et al., 1978). However, restriction

endonuclease digests of HSV-1 and HSV-2 DNA revealed that

the two serotypes differ in most of their cleavage sites

(Hayward et al., 1975; Skare et al., 1975; Clements et al.,

1976: Wilkie, 1976; Skare and Summers, 1971; Wilkie et al.,

1977; Cortini and Wilkie, 1978; Locker and Frenkel, 1979).
Moreover, intratypic strain variations in the restriction
endonuclease digest patterns of both HSV-1 and HSV-2 DNA

have also been observed (Hayward et al., 1975; Skare et _al.,

1975: Buchman et al., 1978; Lonsdale, 19793; Lonsdale et al.,

1980). The major differences seen were in the form of 1,

absence of restriction sites leading to the fusion of two



FPIGURE 3a

THE FOUR GENOME ISOMERS OF HSV-1l

_-“““_

Cleavage of the prototype molecule (P) with
endonuclease enzyhe Hsu-1l (which cleaves DNA outside the
inverted repeats) yields three fragments of interest: two
terminal fragments (one on either side) H & G and one

junction fragment DM. When S is 1inverted, that portion of
the junction fragment (DM) which belongs to S component now
becomes a new terminal fragment of the Ig arrangement -M-,
whereas the terminal fragment of the P molecule (G) is now
fused with the right end of the L component forming a new
junction fragment DG. Hence, when all four genome isomers

are cleaved four distinct terminal fragments are present (G,

M, D, H) each of 0.5 molar ratio and four distinct junction

fragments (DM, DG, HM, HG) each of 0.25 molar ratio.

) % prototype isomeric arrangement

Ig inversion of S component

Iy, inversion of L component

Igp, inversion of both S and L components
FIGURE 3b

SCHEMATIC ILLUSTRATION OF THE GENOME ISOMERS
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segments or gain of a new site leading to loss of a fragment
compensated by gain of two smaller fragments, ii, gain or
loss of small portions of fragments. This variability is
reflected by intertypic variations in structural

polypeptides (Heine et al., 1974; Cassie et al., 1975;

Pereira et al., 1976).

Virion Polypeptides

Studies of the virion polypeptides have been published

primarily for HSV-l, while similar investigations of HSV-2
polypeptides have not been published in detail. However,
the number of polypeptides found in purified preparations of

both viruses were approximately the same (Cassai et al.,

1975). Based on the data reported by Spear and Roizman

(1972) and by others (Heineet al., 1974, Powell and Watson,

1975; Cassai et al., 1975; Strand and Aurelian, 1976) HSV

virions contain from approximately 15-33 structural
polypeptides, which can be divided into three groups: the
first group has at least six polypeptides present in
nucleocapsids prior to envelopment. The second group
comprises the glycosylated polypeptides most or all of which
are present in the envelope of the virion. The third group
contains the remainder of polypeptides and most of which are
probably constitutents of the tegument.

Gibson and Roizman (1972) described three types of
nucleocapsids; Nucleocapsid A and B can be isolated from the
nuclei of infected cells and nucleocapsid C can be produced
by stripping virions of their envelope. Nucleocapsid A (DNA
deficient or empty capsid) contains four polypeptides (VP5,

VP19C, VP23 and VP24), while nucleocapsid B which contains

viral DNA, has two additional polypeptides (VP21 and VP22a).

It has been shown that both A and B capsids have another
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major protein component with a molecular weight

approximately 12,000 (Heilman et al., 1979). The C capsids

were found to contain all of the B capsid protein (except
Vp22a), 1in addition it also contains several proteins
present in the virion, i.e. proteins 1-3. It has been
concluded that most of the virion glycoproteins are membrane
assoclated and are in an exposed position at the surface of
the virion (Olshevsky and Becker, 1972: Roizman and Furlong,
1974). 1In support of the latter conclusion, is the finding
that antibodies directed agéinst glycoproteins (with
molecular weights of 100,000-130,000 or against glycoprotein

gD (VP1l7) have neutralising activity (Powell et al., 1974;

Cohen et al., 1978). Very little is known about the

organisation of the tegument polypeptides and it has been
considered that proteins external to the capsid and not in

the envelope are in the tegument, and this would include

proteins 1-4, 6, 6.5, 20 and 22 (Roizman and Furlong, 1974).
Variability in the antigenicity and electrophoretic

mobility of the virion polypeptides among isolates of HSV-1

and HSV-2 has been observed (Cassai et al., 1975; Pereira et

al., 1976). Serological tests have proved the variability

\

in virion glycoproteins (Killington et al., 1978).

DNA Binding Proteins

Preliminary evidence for the presence of a virus

specified DNA binding protein was provided by Bayliss et al.

(1975) and Kudler and Hyman (1979). It was found that
non-deproteinised viral DNA isolated from HSV-1l infected
cells was unable to circularise following exonuclease III

treatment, and that the DNA was more sénsitive to digestion

by a 3' than by 5' exonuclease suggesting that the proteins

are more strongly associated with one strand than the other.
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Restriction endonuclease cleavage profiles of highly
purified but not specifically deproteinised DNA were found

to be different from the published pattern (Hyman et al.,

1979). More evidence for DNA binding proteins was reported
by Hayman (1980) where it has been shown that polyacrylamide
gel electrophoresis of purified HSV DNA (treated with 125
labelled Bolton—-Hunter reagent which bound to free amine

group of protein but does not affect DNA) revealed four

bands of protein. Electron microscopic studies using
dinitro fluorobenzene/antibody complex allowed the
visualisation of the protein at four sites on HSV DNA, i.e.
near the ends and within the inverted terminal repeats on

the DNA (Wu et al., 1979). The exact functions of the

DNA-bound proteins are unknown, however, a rolling-circle
mechanism has been proposed for HSV DNA replication which
may utilise such proteins in intermediate structure

stabilisation (Jacob et al., 1979). Recently, Powell and

colleagues (1981) purified major HSV-2 DNA binding protein
(ICSP 11/12) and showed that antisera prepared against the
purified binding proteins inhibits (in vitro) wvirus DNA
synthesis whereas antisera reactive with other virus
proteins do not exert such effect, suggesting the

involvement of ICSP 11/12 in DNA replication. In addition,

these proteins were also found to cause the denaturation of
the DNA helix at 40°C. More details, about the involvement

of the DNA binding protein in the mechanism of DNA synthesis

have been reported by Littler et al. (1983), as it has been

shown that HSV-2 ts mutants defective in DNA binding protein
(mutation mapped to the area of the genome known to code for

these properties) were also defective in replication of

virus DNA and that induction of both DNA polymerase and
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alkaline exonuclease were also affected by the ts lesion in
the DNA binding protein. Therefore, it has been suggested
that 1t 1s likely that inhibition of DNA synthesis is due to
an effect brought about by the lesion on the stability of
the DNA replication complex. However, it is not known how
relevant these (in vitro defined) properties are to the in

vivo course of viral infection.

Polyamines

Following detergent treatment, the polyamine
spermidine is removed in parallel with the envelope
constitutents, suggesting that this polyamine is associated
with the envelope or the tegument, however, on the other
hand such treatment (non-ionic detergent and urea) left the
amount of spermine unchanged, indicating that spermine is

restricted to the nucleocapsid (Gibson and Roizman, 1971).

The presence of the polyamines has been confirmed by
McCormick (1978). It is thought that the function of the
spermine is to neutralise DNA-phosphate and may play a role
1n condensation of viral DNA,

Lipids

Chemical analysis (Asher et al., 1969: Ben-Porat and

Kaplan, 1971) revealed the presence of lipids in HSV
virions. It has been shown that the infectivity of the
mature virion is destroyed by phospholipase C, suggesting
that the lipids are essential for infectivity and contained
in the envelope (Spring and Roizman, 1968). Very little is
known about the factors that might influence the lipid
composition of HSV virions.

Replication Cycle

Cell Penetration

The finding that specific infectivity of naked
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nucleocapsids is much lower than that of intact virions

(Spring and Roizman, 1968; Rubenstein et al., 1972) clearly

indicated that the virion envelope plays a major role in
entry of the virion into the host cell., This has been

confirmed, as ts mutations of an envelope constitituent
results in the production of enveloped particles that can

not penetrate into cells (Sarmiento et al., 1979). Since

virion glycoproteins are exposed on the surface of the
envelope (Olshevsky and Becker, 1972; Roizman and Furlong,
1974), it is highly likely that they play a role in viral
adsorption to, and/or penetration of the host cell.
However, the possible participation of glycoprotein C (gC)
in viral adsorpﬁion has been ruled out, as a gC deficient

virion can still be infectious (Keller et al., 1970;

Manservigi et al., 1977). Similarly, virions lacking gB can

bind to cells - although they can not initiate infection -
an indication that gB is required for penetration but not

for adsorption (Sarmiento et al., 1979). It has been

hypothesized that gB function is to promote fusion between

the virion envelope and the cell surface membrane. This has

been supported by the above observation (Sarmiento et al.,

1979) and by the finding that gB plays an essential role in

the promotion of HSV-induced cell fusion (Manservigi et al.,

1979). Glycoprotein D (gD) has been shown to be HSV-1l type

specific envelope component which is involved in the

attachment of the virion to the host cell plasma envelope

(Vahlne et al., 1979). The mode of viral entry into the

host cells is thought to take place either by i,
phagocytosis, where the attachment of the virion to the host

cell surface triggers their phagocytosis, which 1s followed

by partial disruption of the virus and release of the DNA
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(Dales and Silverberg, 1969) or ii, after the adsorption of
the virus to the host-cell surface, the virion envelope

fuses with the cell surface membrane, releasing the

nucleocapsid into the cytoplasm (Morgan et al., 1968).

However, the presence of virus receptors in cell-surface
membranes and the identification of a virus envelope
glycoprotein, that plays an essential role in cell fusion

(Manservigi et al., 1977) appears to favour the second

hypothesis of viral entry to the host cell.

Following removal of the envelope and entry of the
virus, the virus particles appear to be uncoated by existing
cellular enzymes and the naked viral DNA to be gradually
transported into the nuclei (Hochberg and Becker, 1968). It
has been observed that infectious DNA of HSV forms a complex
with host nuclear protein, while the newly synthesised viral
DNA does not possess such a property. Moreover, since this
complex can be formed in the presence of inhibitors of RNA
and protein synthesis, it is possible that it may be

involved in the immediate early functions of the HSV genome

(Rice et al., 1976).

Viral and Cellular DNA Svnthesis in Herpes Virus Infected

Cells

Cellular DNA

Infection of cells with herpes simplex virus results
in cessation of host cell DNA and protein synthesis, and a
marked reduction in host cell RNA synthesis (Ben-Porat and
Kaplan, 1973). The mechanism that switches off the
synthesis of these macromolecules is unknown. However, it
is probably mediated by a virus-specific protein bound to

cellular DNA, in the case of pseudorabies virus 1infected

cells (Ben-Porat and Kaplan, 1965). Similarly, in HSV-2
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infected cells a virion structural component has been
suggested to switch off the synthesis of cellular DNA
(Fenwick and Walker, 1978). Halliburton and Timbury (1976)
have reported that two of the HSV-2 ts mutants (ts 9 and

ts 11) were not able to switch off host DNA synthesis at the

non-permissive temperature (38©0C)., It appears likely that

these mutants are deficient in synthesis of, or lacking of,
this virus specific protein(s). In a recent report,
Notarianni and Preston (1982) provided information that
infection of chick embryo fibrolasts with HSV-1l ts K mutant
stimulates the specific set of cellular genes which encode
"stress" or "heat shock" proteins. , The function of the
stress proteins is unknown, though it has been shown that
the protein is being induced in viral infected cells where

there is an overproduction of wviral IE polypeptides.

Viral DNA

Viral DNA synthesis takes place in the nucleus.
Evidence for that was provided by Munk and Sauer (1964):;
Kaplan and Ben-Porat (1964); Roizman (1969), and it has been
shown that in cells fractionated immediately after a 5
minute pulse labelling with 3H-thymidine, labelled DNA was
found in the nuclear fraction. 1In Hep-2 cells infected with
HSV-1 at 319C, wviral DNA synthesis started 3 hours
post—infection (PI), peaking at 4-6 hours and was virtually
over by 12 hours PI (Roizman, 1969). While in HSV-2
infected BHK2l cells at 37°C, viral DNA synthesis was
initiated around 2 hours (PI) and continued at a rapidly
increasing rate for a further 8 hours (Munk and Sauer, 1964;

Wilkie, 1973). Only a small fraction of parental viral DNA

(HSV-1) entered the replicative pool (Jacob and Roizman,

1977), this might be because most of parental molecules are
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not uncoated (Leinbach and Summérs, 1980). It appears that
HSV-2 DNA synthesis in BHK cells (at 31°C) is somewhat

slower, starting at 3-5 hours PI, reaching a peak at 9-11

hours post-infection (Rixon, 1977).

RNA Synthesis in Herpes Virus Infected Cells

Cellular RNA

As previously noted, infection of cells with herpes
simplex virus leads to an overall decline in cellular RNA

synthesis (Roizman et al., 1965; Hay et al., 1966; Ben-Porat

and Kaplan, 1973). By cell fractionation and labelling at
longer intervals, Wagner and Roizman (1969) were able to
demonstrate that nuclear precursor rRNA (45S) synthesis
decreases and its processing to 28S and 185 does not take
place., Moreover, a reduction in the rate of synthesis of

cellular messenger RNA (mRNA) and of transfer RNA (tRNA) in

herpes virus infected cells, has also been reported (Bell et

al., 1971; Rakusanova et al., 1972).

Viral RNA
The existence of virus specified ribonucleic acid in

HSV infected cells has been established (Hay et al., 1966;

Flanagan, 1967). It has been found that viral RNA is made
in the nucleus and has a sedimentation coefficient of 50S or

more and therefore, can be distinguished from the 45S

cellular precursor rRNA (Wagner and Roizman, 1969). Viral
RNA smaller (16S-20S) than that found in the nucleus (50S)

has been detected in the cytoplasm associated with

polysomes. It is suggested that this small RNA is generated
by the cleavage of large precursor RNA molecules (Wagner and
Roizman, 1969a). Herpes simplex virus mRNA has been found

to possess 3'-polyadenylated (poly A) tails (Bachenheimer

and Roizman, 1972) and the 5' termini are modified, being



capped with a methylated guanine residue joined to the RNA
through 5'-5' pyrophosphate linkage. Moreover, studies on
the methylation pattern of viral mRNA revealed the existence
of 5'-terminai and internal, methylated nucleotides
(Bartkoski and Roizman, 1976). It seems that the 5' capped
ends of viral mRNA are essential for efficient in vitro
translation (Jacquemont and Huppert, 1977), as 1t has been
found that inhibition of viral RNA methylation particularly
of the 5'-cap, by 5' S-isobutyl-adenosine (a structural
analogue of 5-adenosyl homocystein) prevents the replication
of HSV-1l by inhibiting protein synthesis.,

It has been suggested that host cell RNA polymerase
activity is responsible for HSV-1 immediate early RNA

synthesis in the infected cell (Alwine et al., 1974). This

enzyme activity has not been found as a virion component
implying that initial transcription utilises a pre-existing
cell coded RNA polymerase. The fact that purified herpes

virus DNA is infectious (Graham et al., 1973) supports the

above observation. Studies using e« -amanitin (an inhibitor
of cellular RNA polymerase II activity), revealed that viral
transcription is blocked at all stages in infection and
suggesting that this particular host enzyme is required for

the replication of HSV (Alwine et al., 1974; Preston and

Newtown, 1976; Costanz et al., 1977). Furthermore, 1t has

been shown that HSV replication can occur in«-amanitin-

resistant cells lines but not i1n «—-amanitin-sensitive cell

lines, in the presence of the inhibitors (Ben-Porat and

Becker, 1977).

Regulation of Viral Transcription

Using inhibitors of DNA and protein synthesis to study

regulation of viral genome transcription, three classes of
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viral RNA have been described. The immediate early (IE) or
«; Early (E) or § and the Late or ¥ . The synthesis of IE
RNA takes place directly after infection and before the
commencement of virus protein synthesis. The synthesis of
this class of RNA takes place even in the presence of the
protein synthesis inhibitor cycloheximide. Early
transcription takes place prior to viral DNA synthesis but
after the start of protein synthesis, while late (¥)
transcription is dependent on prior viral DNA synthesis

(Wagner et al., 1972; Frenkel et al., 1973; Clements et al.,

1977;:; Jones and Roizman, 1979; Holland et al., 1980; Mackem

and Roizman, 198l).

Splicing of Viral mRNA
In addition to 3' polyadenylation and 5' capping and

methylation of viral mRNA (Bachenheimer and Roizman, 1972;
Bartkoski and Roizman, 1976), a third post—-translational
modification of the viral mRNA i.e. "splicing" has been
detected. Three instances of splicing in HSV mRNA have been
detected. These are "IE" RNAs 4 (which maps across the
Ug/IRg junction); Immediate early RNAs 5 (which maps across
the Ug/TRg junction) and the major late 2.7 kb mRNA (which
maps o6n the HindIII 1 restriction fragment in Uj, region)

(Frink et al., 1981; Watson et al., 198l; Rixon and

Clements, 1982). The roles of the spliced RNA segments are
subject to speculation and they could be involved, as in
adenovirus 1i1nfected cells, in the selection of.certain viral
RNA sequences for transport to cell cytoplasm or could be
responsible for the preferential translation of viral mRNA

during the late stage of infection (Berget et al., 1977).

Protein Synthesis in Herpesvirus Infected Cells

The effect of infection of cells with herpesviruses or
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the overall rate of protein synthesis varies with the
different virus-cell systems (i.e. infecting virus,
multiplicity of infection, type of cells and their
physiological state). The rate of protein synthesis in HSV
infected cells undergoes an initial reduction, then an

increase between 3-6 hours post-infection, and then followed

by an irreversable decline (Roizman et al., 1965). These

changes in the kinetics of synthesis correspond to
quantitative changes 1n cytoplasmic polyribosomes (Sydiskis
and Roizman, 1967, 1968; Silverstein and Engelhardt, 1979).
Cellular Proteins

Four criteria have been used to demonstrate the
synthesis (inhibition) of cell-specific protein in cells
infected with herpesviruses. First is the immune

precipitation where isotopically labelled protein (cellular

or viral) is precipitated by specific immunoglobulin
(¥-globulin). The result of such experiments indicated an
increase in the amount of radioactivity in protein
preciplitated by viral specific ¥.globulin and a decrease in
radioactivity of protein precipitated by cell specific
¥-globulin (Hamada and Kaplan, 1965). Second is the
dlisaggregation of cellular polysomes (170S) after infection °
and their reconstitution as (220S-270S) viral 1induced
polysomes (Sydiskis and Roizman, 1967). Third is the ratio
of various amino acids to each other in viral and cellular
proteins. Uninfected cells have much higher ratios of
lysine to leucine than those of the infected cells (Kaplan

et al., 1970). Fourth, electrophoretic profiles of viral

and cellular protein. The electrophoretic profiles in

SDS-PAGE of protein synthesized by HSV-infected cells differ

greatly from those synthesized by control uninfected cells
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(Spear and Roizman, 1968). Host protein synthesis 1is
rapidly suppressed after infection with herpes simplex virus
(Powell and Courtney, 1975). It has been suggested that
this suppression is mediated by both a virion component and

a virus encoded function which is expressed early 1in

infection (Sydiskis and Roizman, 1967; Marsden et al., 1976;

Fenwick and Walker, 1978; Fenwick and Clark, 1981).

Viral Proteins

HSV infected cells synthgsise a relatively large
number of viral proteins in amounts sufficient to give
distinct peaks in polyacrylamide gels. The number of HSV
induced polypeptide species identified by using one
dimensional polyacrylamide gel electrophoresis (SDS~-PAGE)is

about 50 (Honess and Roizman, 1973; Marsden et al., 1976:

Bookout and Levy, 1980). However, a much larger number of
viral polypeptides (230) has been detected by
two-dimensional gel electrophoresis (Haarr and Marsden,
1981) and some of these polypeptide species are related by
post-translational modification events.

The synthesis of HSV proteins takes place in the
cytoplasm and many of those made late in infection migrate
to the nucleus (Sbear and Roizman, 1968) where they assemble
into nucleocapsids and then into mature virions. The
factor(s) responsible for the migration of viral proteins to
the nucleus are not clearly understood. Based on the time
of maximum synthetic rate and dependence on prior viral
protein or DNA synthesis, HSV specific polypeptides have
been classed into 3 groups, corresponding to the three
transcriptional phases, i.e. e« (IE), B (E) and ¥ (L); The«

or immediate early polypeptide group are those synthesised

immediately after removal of the cycloheximide (that has
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been present from the start of infection); Their highest
rate of synthesis is between 3 and 4 hours PI and their
synthesis requires no prior infected cell prétein synthesis
(Honess and Roizman, 1974; Powell and Courtney, 1975). The
«&-polypeptide group consists largely of non-structural
species.

Synthesis of "Early" or B polypeptides requires the
presence of functionalo; polypeptides, in addition to new
RNA synthesis (Honess and Roizman, 1974). Their rate of
synthesis peaking between 5 hours and 7 hours PI; Functional
B -polypeptides shut-off residual host synthesis as well as
ﬁhe synthesis of immediate early proteins. They are also
required for regqulating the synthesis of new viral RNA
coding for the next groups the "Late" or ¥ polypeptides.

The @ group of polypeptides consist of both minor structural

and non-structural species. Viral DNA polymerase (Honess

and Roizman, 1975; Powell and Purifoy, 1977), thymidine

kinase (Garfinkle and McAuslan, 1974; Leiden et al., 1976)

are p,polypeptides.
The late or ¥y group consist of major structural
polypeptides. However, a number of the polypeptides in this

group appear to be non-structural (Morse et al., 1978).

Synthesis of ¥ polypeptides occurs at increasing rate until
12 hours PI and also requires the presence of functional

polypeptides belonging to « and § groups (Honess and

Roizman, 1974).

It has been concluded (Marsden et al., 1976) that the

regulation of protein syntﬁesis in HSV infected cells, 1is

more complicated than the scheme of cascade regulation
(<, g » ¥) proposed by Honess and Roizman (1974).. 1In support

of the early conclusion 1is the identification of 9 classes
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of virus-induced polypeptides which were dependent upon the

DNA phenotype of the ts mutants (Marsden et al., 1976).

Moreover, 2 classes of f§ polypeptides have been identified

in HSV-2 infected cells (Pereira et al., 1977), while HSV-1

1induced polypeptides have been classified into six distinct -
classes of which one can be subdivided on the basis of
kinetics and sensitivity to arabinosyladenine (a DNA
synthesis inhibitor) which can exhisif a variety of enzymes

(Pedersen et al., 198l).

The polypeptide species synthesised in HSV~-1l and HSV-2
infected cells, show an extensive correspondence to each
other. However, there are slight differences in the
apparent molecular weight and hence in their mobility in the

polyacrylamide gels (Killington et al., 1977). Through the

analysis of the viral polypeptides and of the restriction

endonuclease fragment profiles of HSV-1l x HSV-2 intertypic
recombinants, the map locations of individual polypeptides

have been determined (Marsden et al., 1978; Morse et al.,

1978; Preston et al., 1978; Marsden et al., 1982). The

results of such analysis reveals that genes coding for all
classes of polypeptides map in both the I. and S regions of
the genome. The map positions of the polypeptides is well

correlated with the map position of corresponding mRNAs.

Moreover, the sizes of 1n vitro translation products

correlate with the sizes of corresponding in vivo products

(Easton and Clements, 1980).

Modification in Herpesvirus Induced Proteins

The mobilities (in polyacrylamide gel electrophoresis)
of the in vitro translated HSV-1l and HSV-2 polypeptides

differ slightly from their putative polypeptides translated

in vivo (Preston, 1977), suggesting a post-translational
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modification of viral proteins. At least three kinds of

post-translational modification may alter the mobility of

virus polypeptides: i, rapid post-translational cleavage,

1, slow post-translational cleavage (determined by

intracellular translocation or occurring during assembly of

the virion), iii, conjugation or addition of prosthetic

groups (e.g. glycosylation, phosphorylation, acetylation,
sulphation, methylation). Such modification may be required
for normal function of enzymes or other non-structural
proteins. Preliminary evidence (Honess and Roizman, 1973)
had indicated that HSV-1l (F) infected cell polypeptides do
not undergo rapid post-translational cleavage similar to
that seen in poliovirus infected cells, while slow
post~-translational changes in the mobility of at least two
polypeptides were noticed. However, rapid
post-translational processing of some of the HSV-1l and HSV-2

specified polypeptides has been observed (Morse et al.,

1978). Moreover, experiments involving the use of
chymotrypsin inhibitor tosyl-phenylalanyl-chloromethyl
ketone (TPCK) revealed that at least 14 HSV-1l polypeptides
are subjected to rapid post-translational modification (H.S.
Marsden, personal communication).

Phosphorylation of viral specified polypeptides has

also been reported (Marsden et al., 1978; Bookout and Levy,

1980) and of the 22 phosphorylated HSV-1l polypeptides, nine

were found to be major species. It is possible that
phosphorylation may mediate activity of regulatory proteins

in HSV infected cells, since certain of these proteins,

including Vmv 175, are phosphorylated. Wilcox et al. (1980)

have demonstrated that the affinity of proteins for DNA is

atfected by their phosphorylation.
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Glycosylated HSV-1l proteins are found in the virion

envelope and also in the plasma membrane (Marsden et al.,

1976; Spear, 1976). Four major antigenically distinct
glycoproteins have been identified, namely gA/gB, gC, gD and

gE (Spear, 1976; Roizman et al., 1977; Baucke and Spear,

1979).

Glycoprotein A and gB share antigenic determinants and
it has been proposed (Eberle and Courtney, 1980) that gA is
an intermediate in the gB glycosylation. There is evidence
that all glycoproteins mentioned above are sulphated with
the glycoprotein E being the major sulphated species (Hope

et al., 1982). Recently, a number of minor glycoproteins

and a new major glycoprotein (designated g¥) have been found

in HFL cells infected with HSV-1l (Palfreyman et al., 1982).

At present six types of HSV-2 glycoproteins have been

described (Marsden et al., 1978; Ruyechan et al., 1979)

gA/gB, gC, gD, gE, gF and 92K glycoprotein. However, it is
not clear whether the gC glycoprotein which had been mapped
in U, region, is in fact the 92K protein described by

Marsden et al. (1983).

DNA Replication

Different molecular structures of HSV~1 DNA have been
isolated from infected cell nuclei. Most of these forms

were indicative of replicative intermediates. The
topological features of these structures as seen under

electron microscope are presented in Fig. 4 after Jacob and

Roizman (1977). Some of the above molecules, namely the
rapidly sedimenting molecules which may correspond to those
large tangled masses and molecules with single stranded

regions, have been confirmed to be precursors of mature unit

length of HSV-DNA (Hirsch et al., 1976; Shlomai et al.,
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1976; Jacob and Roizman, 1977).
Restriction endonuclease analysis of DNA concatemers

generated during HSV DNA replication (Jacob et al., 1979)

show tpat the concatemeric DNA molecules are aligned in
"head-to-tail" orientation. On the basis of the above
observations, a rolling circle mechanism for the replication
of HSV DNA (i.e. continuous synthesis of one strand and

discontinous synthesis of the other strand) have been

proposed by Jacob et al. (1979). Similar "head-to-tail®”

concatemeric arrangements were observed in PsRV DNA
(Ben-Porat and Rixon, 1979) which is how thought to have
only one main origin of replication (near or at the end of
the inverted repeats of the molecule) from which replication
proceeds undirectionally. The observation that PsRV DNA is

largely found in circdular forms during the first round of

replication supports the rolling circle mechanism of

replication (Ben-Porat and Veach, 1980).

The origins of replication on HSV-1 DNA have been

located both at terminal and internal sites (Shlomai et al.,

1976; Hirsch et al., 1977; Spaete and Frenkel, 1982; Stow,

1982). It has also been shown that purified monomeric
repeat units, corresponding to map units 0.94-1.00 could
replicate to generate defective multimers using only a

helper virus trans function (Vlazny and Frenkel, 1981). The

ac sequence of HSV genome, seems to contain the recognition

site for cleavage to unit length molecules generated by

rolling circle mechanism (Jacob et al., 1979), and for the

encapsidation of the mature product (Vlazny et al., 1982).
More recently, it has been found that the signals required

for the encapsidation of HSV-1 DNA reside within the 'a’

segquence (Stow et al., 1983).
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Virion Assembly and Release from the Cell
The mechanism of HSV maturation is not well understood
but there is evidence that the assembly of herpesvirus
nucleocapsids takes place in the nucleus of the infected
cells, as it has been shown by EM studies that empty capsids
tend to accumulate in nuclei prior to the appearance of

capsids with dense cores (Watson et al., 1964; Nii et al.,

1968). Experiments designed to study the assembly of viral
proteins and DNA into mature virions revealed that capsid
proteins, synthesized in the cytoplasm are transported to
the nucleus where they are assembled into the characteristic

capsid (Olshevsky et al., 1967; Spear and Roizman, 1968).

Few, biochemical studies of nucleocapsid assembly have
been reported, and studies using ts mutants of HSV-1l and

HSV-2 have been carried out (Schaffer et al., 1974; Cabral

and Schaffer, 1976; Atkinston et al., 1978; Dargan and

Subak-Sharpe, 1983). The primary site of nucleocapsid

envelopment 1s the inner nuclear membrance (Morgan et al.,

1959). However, it has been proposed that nucleocapsids of
HSV-2 may acquire their envelopes by de novo deposition
within the nucleus, instead of by budding through the inner

nuclear membrane (Atkinson et al., 1978).

Release of herpesvirus can take place either by

budding (reverse pinocytosis) through the cytoplasmic

membrane (Morgan et al., 1959) or by transportation through

pores which connect the endoplasmic reticulum directly with
the extracellular fluid (Schwartz and Roizman, 1969a).
Moreover, virus transmission from cell to cell may take

place due to fusion of neighbouring cell membranes resulting

in formation of synctyia (Brown et al., 1973; Timbury et

al., 1974).

Sl —
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HSV-2 Temperature Sensitive Mutants

In this section, the temperature sensitive (ts)
mutants derived from HSV-2 (wt) strain HG52 will be
discussed. It must be noted that ts mutants derived from
HSV-1 and from other strains (186) of HSV-2 have also been

isolated and described (Schaffer et al., 1971, 1974; Brown

et al., 1973; Manservigi, 1974; Esparza et al., 1974).

Using the mutagen, 5-bromodeoxyuridine (BUdR) at a

concentration of 5 ug/ml, Timbury (1971) isolated 33
independent temperature sensitive mutants from the HG52
strain of HSV-2; and on the basilis of complementation tests
(infectious center assay) the mutants were assigned into 10
different complementation groups. Later another three
complementation groups of ts mutants were added and
described bringing the total number of complementation
groups to 13 (Halliburton and Timbury, 1976). The mutants
were designated as ts 1 to ts 13 and found to grow well at
the permissive temperature (PT) 319C (the temperature at
which they were first isolated), but no growth was noticed
at the non-permissive temperature (NPT) 38°C (Halliburton
and Timbury, 1973, 1976). Limited cpe (cell rounding),
however, has been observed in cells infected with the
mutants (except ts 9 and ts 11) at 38°C. Further, all the
mutants absorbed to cells just as well as 38°C as at 31°cC.

Electron microscopic studies of cells infected with
the mutants at the NPT, revealed that all the 13 ts mutants
were unable to produce complete electron dense

nucleocapsids. On the contrary, all other types of capsids

(empty, partial, dense, enveloped) were observed in cells

infected with the tst (wt) virus at 380C (Atkinson et al.,

1978). On the basis of the type of capsid (if any)
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produced, ts mutants were classified into three classes: 1I.
those producing no capsid structures (ts 2, 7, 9, 10 and
ts 12), II. those producing empty and partial-cored capsid
(ts 1, 6 and ts 13), and III. those producing empty, partial

and dense-cored capsid (ts 3, 4, 5 and ts 11). 1In addition,
an array of microtubules - a characteristic feature of HSV-2

infection - were observed in the nucleus and to a lesser

extent in the cytoplasm of cells infected with the mutants
except those infected with ts 6 or ts 12, Although HSV-2 ts
mutants had exhibited a variety of defects in morphogenesis,
these defects could not be correlated completely with the
DNA phenotype as both DNA positive and DNA negative mutants

showed these defects at 38°C (Atkinson et al., 1978).

However, there is generally a tendency for DNA-negative
mutants to show more defects than DNA positive mutants in
both morphogenesis and polypeptide synthesis. Support for
this conclusion comes from unpublished observations

(H.S. Marsden) which indicate that DNA negative mutants show
multiple defects iﬁ synthesis of polypeptides at 38°C, while
DNA positive mutants have polypeptide profiles similar to
that of the wt virus, except ts 3 and ts 12 which also
possess multiple defects (Table l1l). However, Halliburton
and Timbury (1973, 1976) have shown that DNA synthesis in
ts 12 and also in ts 13 (both mutants considered DNA
positive) was remarkably reduced to an extent of 90% less
than the wt. 1In the study reported by Timbury and Calder
(1976), a third marker (syncytial plaque morphology or syn)
was 1ntroduced into some of the ts mutants by backcrossing

the ts mutants to a syncytial but not temperature sensitive

mutant of wild type virus. This was used to order the ts

mutations and the results showed that ts mutants of HSV-2
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recombine and many do so with relatively high frequency.
It is noteworthy that the L unique region comprises
about 70% of the total DNA, thus there is a strong
probability that most of the mutants isolated would lie

within the L region (Timbury and Calder, 1976). Experiments
with intratypic and intertypic marker rescue analysis

confirmed the above assumption and indicated that the

physical map (Chartrand et al., 198l) correlates very well

with the genetic map (Timbury and Calder, 1976) except for
ts 12 which possess two separate ts mutations (Fig. 5a and
b). Ts 13, in addition to ts 12, is also known to be a
double mutant with one lethal mutation (at 0.64-0.70
fractional length) affecting the thermal stability of the

virion and a second non-lethal ts mutation (at 0.12-0.21
fractional length) in the viral (DNase activity) exonuclease

gene (Moss et al., 1979). All other ts mutants of the HG52

strain show variable activity to induce this nuclease
activity (Table 2) under the restrictive conditions (Moss et
al., 1979; Moss, 1982).

Studies with DNA polymerase activity of the mutants
under low salt conditions (30 mM-KCl) and high salt
conditions (100 mMKcl) at the permissive and non-permissive
temperature revealed that both DNA-positive and DNA-negative
mutants are able to induce DNA polymerase activity in BHK
cells at 31°C; and all DNA-positive mutants do so at the NPT
(38°C) (Hay et al., 1976). Moreover, while ts 6 and ts 9
(DNA-negative mutants) failed to induce this activity at the
NPT, ts 11 (DNA-negative) induced only a small amount of DNA
polymerase at the same temperature. On the contrary, ts 1

induced more DNA polymerase than the wt at both

temperatures. The results suggested that at least three
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functions (ts 6, ts 9 and ts 11) were required for
regulation and full expression of this enzymatic activity.

In the same study, Hay et al. (1976), assay for viral

pyrimidine deoxyribonucleoside kinase activity (TK) showed

that mutants ts 1 to ts 10 are capable of producing this
activity at both permissive and non-permissive temperatures.

However, the actual amounts of the enzyme produced were not
reported.

It has been reported that HSV type 2 virus,
inactivated by UV radiation, had the ability to transform
hamster embryo cells in vitro, and that these transformed
cells were oncogenic upon inoculation into hamsters (Duff
and Rapp, 1973). Utilizing the fact that in ts mutants,
infectious virus synthesis is inhibited at 38°C by virtue of
the_Eg_lesion while the remaining viral gene activities
remain unimpaired, Macnab (1974) successfully induced
transformation of rat embryo cells with ts mutants (without
UV radiation) of HSV-2 at the NPT. The result of this study
revealed that ts 1 and ts 7 (DNA-negative) and ts 3, ts 4
and ts 5 (DNA-positive) are transformation positive, while
all other mutants were not able to induce cell
transformation (Macnab, 1974). Attempts to demonstrate
infectious virus in the transformed cell line gave negative

results, but HSV specific antigens were demonstrated by
indirect immunofluorescence. Recently, 1t has been shown

that HSV-1 can be rescued from a rat tumour (induced by a

HSV transformed cell line) by injecting the tumour with
intertypic virus HSV-2, ts 1 (Park and Macnab, 1983).
Furthermore, two of the transformed cell lines, namely REl

and RE7 (ts 1 and ts 7 transformed rat embryo cell lines

respectively) and HSV-2 strain 333 proved to be tumourigenic
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after injection (S.C.) into highly immunosuppressed inbred

rats (Macnab, 1979). A summary of HSV-2 ts mutant

characteristics are listed in Table 2.



TABLE 2

PROPERTIES OF HSV-2 (HG52) TEMPERATURE SENSITIVE MUTANTS
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Terminology and Definition

The terminology of viral infection continues to be
controversial, though it is generally agreed that viral
infections are of two main types: 1I. Acute infection, as a
result of virus interaction with permissive cells. Normally
this type of infection 1s productive and leads to cell death
which is reflected in the individual host as an overt
infection which is usually cleared by effective immune
response. II. Prolonged infection, where a degree of
equilibrium is established between the virus and the
infected host. Three subtypes of such infection can be
distinguished. First, after infection the virus is retained
within thé host but in a non-detectable form, (i.e. by using
present techniques) and shedding of the virus to the outside
occurs sporadically, e.g. as a result of reactivation of HSV
or VZV in dorsal root ganglia (DRG). This type of infection
is referred to as "latent infection"™ and the phenomenon 1is
known as latency. The second type of infection is where the
virus persists, replicates and continues to be shed often
throughout the life of an individual host in the presence of
an immune response e.g. adenovirus in human tonsils. Third,
a typical infection often in the presence of a defective
immune response when prolonged continuous virus growth takes
place, in for example Hepatitis B carrier, SSPE. Some other
terms have alternatively been used for the purpose of the
definition of the above types of infection (Smith and
Ritchie, 1980), for example the term "inapparent infection”
has been used to describe the whole area of infections which

give us no overt sign of their presence. The term

‘subclinical®' can be used as an alternative, particularly 1in

human medicine. According to this scheme of terminology,
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latent infection is an inapparent infection, whereas "occult
virus™ is used to describe the case where virus particles
can not be detected and in which the actual state of the
virus can not as yet be ascertained. However, the simplest
definition of latency is whereby an organism is infected
with a virus but yet shows no apparent disease or sign of
infection. The phenomenon, latency, 1s widespread among the
herpesviruses group. Based on the behaviour of viruses in

their natural hosts, Wildy and co-workers (1982) constructed

a list of herpes viruses that show classical latency

(Table 3). One criterion that has to be satisfied before a
virus is acceptable on the list is evidence that it can
remain latent in dorsal root ganglia (the anatomical site
and relation to other organs of these ganglia is shown 1n

Figure 6 and 7) and can be reactivated.

In this chapter, the available data concerning HSV
latency will be reviewed, while the latent infection by
other herpsviruses will be discussed later.

LLatent HSV Infection in the Natural Host

Almost from the time of their discovery, herpes
viruses have been known to cause latent infection, and even

before the causative agent for herpetic fever blisters was
identified as a virus, its ability to establish latent

infection was postulated (Goodpasture, 1929). Recurrent
herpes is produced by both types (HSV-1 and HSV-2) of virus.
Moreover, patients may be infected with both types and have

recurrences caused by either or both viruses (Wheeler,
1975). The site of recurrence appears to be determined by

the location of the primary infection (Chang, 1971). The
primary exposure of individuals to herpes simplex virus

usually occurs early in life. Most of these infections are



TABLE 3

HERPES VIRUSES AS CANDIDATES FOR CLASSICAL LATENCY

Virus Melnick's $G+C Typical primary infection?d
group

Local or Pulmonary
widespread involvement

B virus A 75 L -
(Herpesvirus

simiae)

Pseudorabies A 73 L-W +

virus (Aujeszky's
disease virus)

Spider monkey A 71 L-W +
herpes virus®
Infectious bovine A 71 WE +
rhinotracheitis
virus
Squirrel monkey A 67 L ?
herpes virusd
(Herpesvirus
tamarinus)
Herpes simplex A 68 L -
virus 2
Herpes simplex A 66 L -
virus 1
Bovine mammilitis A 64 L-W -
virus
Equine abortion A 56 L-W& +
virus
SAS8 A L? ?
vVaricella-zoster B 46 W +
virus
Feline rhinotra- B 46 W +
cheitis virus
Canine herpesvirus B 33 L +
Viruses have a wide host range tissue culture and are not greatly
cell associated
Viruses have narrow host range and tend to remain cell associated
In the natural host, immunocompetent, non-neonate
Genital infection is markedly localized
Not to be confused with Herpesvirus ateles
Not to be confused with Herpesvirus saimiri

Qo oo



TABLE 3 (continued)

Natural Other Recurrence oOr Reactivation
host experimental recrudescence from nervous

hosts tissue
Rhesus + +

(Man)rabbit usually
guinea-pigs, lethal
other simians

Swine + +
Rabbits,calves usually
mice and many 1lethal
other species

Ateles +?
Guinea-pigs, usually
marmosets, lethal
rabbits
Cattle + -2
Rabbits,
cotton tail
rabbits
Squirrel +?
monkey Mice,rabbits + +
Man Mice, + +
rabbits, + +
Man guinea-pigs + +
Cattle , + -2
Mice,rabbits
Horses + -7

Hamsters.,mice

Vervet +? +
Rabbit

Man None*® + +

Cats + +

Dogs + -

e D-herpes virus of patas monkey (serologically related to

varicella-zoster)
+? probably
-? tried but not yet successful
L localized

W widespread
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subclinical and the principal clinical manifestation is

gingivostomatitis (Scott et al., 1941). The incidence of

primary infection with herpes simplex virus type 2 increases
with increasing sexual activity and a significant proportion
of the adult population have antibodies to this strain of

herpes simplex virus (Rawls et al., 1973; Nahmias et al.,

1974). Recurrent herpes simplex has been recognised for

centuries, and the early evidence which suggests that herpes

simplex virus might remain latent within nervous system
tissues and specifically within the trigeminal (TG) or other
sensory ganglia of humans, was provided by a variety of
clinical observations. These were: many patients can
predict the appearance of vesicles because of a sensation of
numbness, tingling or pain in the area 12-48 hours before
the appearance of the eruption in the skin (Behrman and
Knight, 1954; Layzer and Conant, 1974). 1In addition some
factors are well known to have the ability to provoke
recurrent herpes infections such as stress, allergic
reactions, menstruation, fever, exposure to sunlight, trauma

and sexual activities (Warren et al., 1940; Chang, 1971;

Nahmias and Roizman, 1973a, b, c; Segal et al., 1974).

Other evidence which also suggests the involvement of the
nervous system particularly the trigeminal ganglia, in
provocation of herpes simplex virus lesions, is provided by
the observation that 90% of patients subjected to trigeminal
rhizotomy develop herpetic lesions on their lips or mouth

(Ellison et al., 1959). In fact, some years earlier, Carton

(1953) showed that herpes lesions occur after section of the

trigeminal nerve proximal to the ganglion, while section of
the nerve distal to the ganglion will not lead to the

development of such lesions. 1In fact, section of the nerve
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distal to the ganglion or damaging the nerve by injection of
alcohol may prevent herpes on the face. Moreover, herpes
usually occurs only in the area innerveted by the maxillary
and mandibular branches of the trigeminal nerve and not the
ophthalmic branches (Fig. 8). However, asymptomatic
shedding of HSV in the tears has been observed presumably
after reactivation of virus in the trigeminal ganglion
(Klein, 1982). Furthermore, it has been suggested that
latent HSV-1 may not be located only in neurones associated
with the site of primary infection, which, in the majority
of cases is the oral cavity and the perioral area -
innerveted by the maxillary and mandibular branches (Klein,
1976). Recovery of herpes simplex virus from explanted
human trigeminal ganglia (Barringer and Swoveland, 1973) has
confirmed the belief that virus resides in the human
trigeminal nerve ganglion during clinically inactive herpes.

In addition to the surgical manipulation of the
trigeminal structures, other factors such as fever and
sunburn (light) have been used to precipitate recurrent
herpes in man. Fever was produced by using diathermy,

infrared bulbs, blankets and hot water baths (Warren et al.,

1940; Keddie et al., 1941). About 75% of fever treated

patients developed herpes, and herpetic eruptions usually

appeared within 24-48 hours after the induction of fever.
The results suggest that almost everyone who has been

infected with herpes virus can be made to develop recurrent

herpes if the stimulus is strong enough. Evidence for the
latter conclusion came from the observation that if the

initial fever was between 390C and 39.59C about 55% of
patients develop herpes, while increasing the initial fever

to 40.80C-410C will result in herpes development in about



FIGURE 8

DIAGRAM ILLUSTRATING THE THREE BRANCHES OF

HUMAN TRIGEMINAL GANGLION (TG)

a) lateral view

b) superior view

1. ophthalmic branch
2. maxillary branch
3. mandibular branch

Herpes lesions occurs after sectioning nerve

proximal to the ganglion.
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86% of the total patients (Keddie et al., 1941). Using

sunburn to induce recurrent herpes (in patients known to
have had herpetic infection) Wheeler (1975) suggested the
administration of 8 minimal erythema doses of ultraviolet to
a 3-inch diameter circle centered over a healed recurrent
site. Herpes was precipitated in the three patients in four

of nine attempts giving 4.5 to 8 minimal erythema doses of
U.V. light. These and other reactivation inducing agents

will be discussed later.

'The data reported by Spruance et al. (1977) confirmed

the previous observation about the short lived nature of
lesions in recurrent herpes simplex labialis. The data
showed that two thirds of the 80 patients studied, had
prodromal symptoms which generally lasted a few hours only
and that pain was experienced early, gradually reducing.
Moreover, the progression “"erythema -> papule -> vesicle =->
ulcer ~> healing®™ was usual and most lesions progressed from
the vesicle to the ulcer stage within 48 hours: virus was
isolated from 60% of patients with papules and from all
patients with vesicles. No virus was isolated during the
prodromal or erythematous stage, though virus was retrieved

by cocultivation in 3/6 attempts. However, Daniels et al.

(1975) were able to isolate virus, on several occasions, up

to three weeks from recurrent lesions persisting in two
immunocompromised patients. Infectious virus was frequently

in the form of immune complexes.

Three main hypotheses concerning the location of the
virus during the latent stage of infection have been

described (Pain, 1964; Chang, 1971; Nahmias and Roizman,
1973a, b, c). The first hypothesis postulates that a

chronic infection of the mucous membranes and glandular
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appendages of the eye, mouth or genitalia is established and
serves as a source of virus for clinically evident

recurrences. Supporting this theory is the observation that
virus is present in tears, saliva and genital secretions and
can be isolated from time to time in the absence of clinical

disease (Buddingh et al., 1953). éuch virus can produce

lesions in the cornea, lip, vulva and penile skin. However,
this does not explain how virus from mucocutaneous areas can
repeatedly produce recurrent lesions at distant sites e.g.
on the buttocks, hands or lower legs. Moreover,
asymptomatic shedding of virus in tears has been observed

after microneurosurgical decompression of the trigeminal

ganglion nerve root (Pazin et al., 1978). The second theory

is that virus is present in some latent, incomplete or

site of
inactive, form at the/recurrence , = i.e. the skin and

mucous membrane. The third theory, says that virus is
present in some latent, incomplete or inactive, form in
nerve tissue at a point distant from the recurrent site
(e.g. sensory ganglia) which innervates the recurrent site.
It is the latter two theories that attracted the attention
of many workers and they will be discussed in detail later.
However, it is relevant to discuss them from the natural
host's point of view, in the following paragraph.
Human Skin Tissue as a Site of Latent Infection

It seems to be reasonable to consider that latent HSV
resides in the skin during the interval between recurrences.
According to one point of view, the site of latent infection
is the skin or the mucous membranes where the primary

infection occurred (Rauffman et al., 1967; Sabin, 1975).

This idea is supported by the following facts: first, HSV

has been isolated from the saliva and lachrymal secretions
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of healthy carriers (Buddingh et al., 1953; Kauffman et al

o

1968; Douglas et al., 1970). Second, 10% of non pregnant

women with a history of recurrent herpes presented evidence

of asymptomatic HSV shedding (Adam et al., 1979), while 70%

of mothers delivering HSV infected newborns shed virus

asymptomatically (Whitley et al., 1980). In addition,

experimental reinoculation of the virus into human skin
induces a new recurrence at the site (Blank and Haines,
1973). Furthermore, herpes simplex virus type 2 has been
isolated from the buffy coat of two adults with meningitis
(Craig and Nahmias, 1973). However, the idea that the skin
is the site of latent infection has generally been hampered
by the failure to demonstrate the presence of the virus
(either by isolation from homogenized tissues or by organ

culture) in the skin during the quiescent stage (Findlay and

MacCallum, 1940; Rustigan et al., 1966; Wohlenberg et al.,

1976).

Early studies in man (Stadler and Zurukzoglu, 1936)
had shown that it was not possible to transfer a recurrence
by switching skin grafts on the same patient, but recurrent
lesions were observed in skin adjacent to the donor site,
suggesting that recurrence did not depend upon residence of
the virus in the skin. However, this was done in only two
or three patients in the 1930s and it is hardly conclusive
(Wheeler, 1975).

The observation that local ultraviolet light
administration precipitates recurrent herpes (Wheeler, 1975)
suggested that the virus may be in the skin, but it could
alternatively be due to light (or heat) serving to call the

virus forth from a nerve ganglion. However, as will be

explained later, some evidence has accumulated suggesting
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that latent infection can be induced (at least in
experimental animals) in peripheral tissues (Scriba, 1977,

1981: Hill et al., 1980; Al-Saadi et al., 1983). Moreover,

Hoyt and Bilson (1976) reported recurrent herpes simplex in
patients with blow-out fractures which had severed the nerve
supply to the area of skin involved, indicating that the
lesions must have arisen from virus already present in the
skin. Nevertheless, the skin is unlikely to be the most
important site in view of the substantial evidence that
reappearance of herpetic lesions is dependent on the
preservation of intact anterior roots of viable ganglionic
cells (Klein, 1976).
Neuronal Tissue as the Site of Latent Infection

The concept that the virus resides in the some latent
or inactive form in nerves has been popular for years
(Cushing, 1904; Howard, 1905). Goodpasture (1929) was the
first to hypothesize the location of HSV in ganglionic
tissue. This was supported by the clinical observation that
herpes eruptions regularly followed rhizotomy (Cushing,
1904: Carton and Kilbourne, 1952; Carton, 1953). A further
suggestion that nervous tissue is involved in recurrence of
herpes simplex virus lesions comes from the observation that
most of the patients experienced burning, itching and

neuralgic pains 24-48 hours before the appearance of lesions

(Behrman and Knight, 1954; Constantine et al., 1968; Layzer

and Conant, 1974). However, while early attempts to isolate

the virus from the ganglion were unsuccessful (Burnet and

Lush, 1939; Ritchter, 1944; Carton and Kilbourne, 1952;

Ellison et al., 1959), herpes simplex virus isolation from

both the semilunar (Bastian et al., 1972; Baringer and

Swoveland, 1973; Plummer, 1973; Rodda et al., 1973) and
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sacral (Baringer, 1974) ganglia was successfully achieved
during the past decade. Furthermore, herpes simplex
specific RNA has been detected in sensory ganglia (Galloway

et al., 1979) of patients with no evidence of herpes or

recurrent infection, though no attempts were reported to
recover the infectious virus and it is not clear if this
hybridization was to neurones containing truly 1latent
virus. In addition to the sensory or dorsal root ganglia
other neurological sites have been speculated as

possibilities for latent HSV infection. Warren et al.

(1978) have demonstrated (by 1solation) the presence of
latent herpes simplex virus 1in the superior cervical and
vagus ganglia of human beings. Furthermore, there is
unconfirmed evidence for the presence of herpes simplex
virus in the central nervous system (CNS) of man, using DNA

hybridization (Sequera et al., 1979). Also there is a

report of rescue of defective viruses from long term
trigeminal ganglion cell cultures by superinfection with ts

mutants at the non-permissive temperatures (Brown et al.,

1979). The presence of HSV genomes in the CNS of man has
been proposed as a possible precursor of encephalitis or it
might provide a stimulus for demyelination. 1In general, it
has been concluded that the sensory ganglion is the

important site in man which harbours herpes simplex virus

(see Table 3) in classical latency (Wildy et al., 1982).

Latent HSV Infection in Experimental Models

The different stages (initiation or establishment,

maintenance, reactivation) of the mechanism of latent HSV
infection have been variably investigated both in in vitro

and in vivo experimental models. Among the experimental

animals which have been used are mice (Stevens and Cook,
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1971; Hill et al., 1975; Harbour et al., 1981; Al-Saadi et

al., 1983), rabbits (Perdrau, 1938; Good and Campbell, 1948;

Schmidt and Rasmussen, 1960; Nesburn et al., 1967: Plummer

et al., 1970), guinea-pigs (Scriba, 1975; Donnenberg et al.,

1980), and tree-shrews (Campbell, 1966; Goodman, 1966;: Munk

et al., 1978; Darai et al., 1978). The main point to note

is that some aspects of herpes pathogenesis, latency and
reactivation are reproducible in the animal models.
Moreover, some of these models provide a close reproduction
of the disease in humans: for example, recrudescence in mice

(Hill et al., 1975; Harbour et al., 198l1), recurrent genital

herpes infection in guinea pigs (Scriba, 1975) and recurrent

ocular herpetic infection in rabbits (Anderson et al., 1961:

Nesburn et al., 1967). Beside, host strain differences (if

any) can be studied in laboratory animals, particularly when
a large variety of host strains are available e.g. mice used
during this study. However, since the molecular aspects of
HSV infection and latency are difficult to study in vivo,
investigations have examined the interaction between HSV and
some cells (both of neural and non-neural origin) in vitro.
Moreover, using the latter system may help to shed light on
the mechanism in man and in animals. Nevertheless it should
always be kept in mind that human and animal infections
involve additional complications due to the activity of
their immune system.

In Vitro Studies

Many and varied cell culture systems have been used to

study HSV-cell interaction resulting in long term infected
cell lines and during the quiescent stage of infection

different terms (chronic, prolonged, persistent and

abortive) have been used to describe the nature of
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infections. The goal of the investigations was to establish
\

a reliable model system to study HSV latency in vitro.

Certain criteria have been suggested (Levineet al.,

1980) for any HSV cell culture latency model: i, survival of

infected cells, ii, absence of infectious particles in the

surviving culture, iii, retention of the complete viral

genome in the surviving cells, iv, ability to induce the
synthesis of infectious virus by some manipulation of the
culture. These criteria, however, do not take into account
the fact that naturally occurring latent infection does not
require as a prerequisite a certain alteration in the host
body temperature, or the presence of viral inhibitors such
as arabinosyl cytosine (ara-c) or phosphonoacetic acid which
are used in most of the in vitro systems; moreover the

criteria do not take into consideration the nature of cells

harbouring latent virus under natural conditions, i.e. the
non-dividing neurons (and perhaps other cells) that might be
latently infected by viruses which have travelled from the
primary site of entry. In addition, low levels of virus
replication or virus gene expression (i.e. persistence)
should be excluded as viral antigens can not normally be
detected in latently infected neurones.

Ssome of the in vitro HSV cell interactions are listed

in Table No.4. In reports where the infection is described

as latent (O'Neill et al., 1972, 1977; Colberg-Poley et al.,

1979, 1981;:; Wigdahl et al., 1982a, 1983), supportive

measures (i.e. antimetabolites, interferon and elevation of
the temperature of incubation) were essential in preventing
virus replication. Moreover, infectious virus was detected

within a short period upon removal of additives or upon

lowering the temperature of incubation. Recently, it was
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TABLE 4

SUMMARY OF SOME OF THE IN VITRO SYSTEMS

Virus Type of Cell

HSV-1l C6 rat glioblastoma

B103 rat brain neuroma

Cl43 rat CNS neuroma

C-1300 mouse neuroblastoma

Cells from rat sensory
ganglia A@cnwmwmm neurone
culture)”

Raji
P3HR Burkitt lymphoma
derived cell line
(human)

HEL human embryo lung

HSV-2 C6 rat glioblastoma

C-1300 mouse neuroblastoma
Raji Burkitt lymphoma
derived cell 1line

HEL human embryo lung cell

HFF human fetal fibroblast

II_III]

Nature of Infection Type of Supportive
Described As:

persistent
persistent
persistent

persistent

latent?

persistent
latent?

abortive
persistent

persistent
latent?
latent?

E-5-C-2~-bromovinyl l=-~2-deoxy-uridine

human leukocyte interferon

Measures

elevated temperature
of incubation

BVDU1
elevated temperature

of incubation,
IFN2

ara-c
elevated temperature
of incubation

ara-c
phosphonoacetic acid
elevated temperature

Reference

Rice et al.,1979
Dawson et mw.ﬁwmmu

Levine et al., 1980
Doller et al.,1979

Vahlne and Lycke, 1977

Wigdahl et al.,1983

Robey et al.,1976
Wigdahl et al.,1982a

Smith and Lancz,1982
Vahlne and Lycke, 1977

woum% mﬂ WH.ﬁHWQm

O'Neill et al.,1972,1977

Colberg-Poley et al.,
1979,1981

ara-c fluorodeoxyuridine and uridine (antimiotic agents) were used to prepare the culture
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possible to establish a similar type of latent infection in
Cl3 cells without the presence of éupportive measures (E.

Notarianni, personal communication). In another study

Wigdahl et al. (1983) have claimed the establishment of

latent HSV-1l infection in neuron culture, but the presence
of infectious virus was detected within 2-3 days after
lowering the temperature of incubation and the presence of
contaminating fibroblast and Schwanncells in the culture was
not excluded. It can be seen that the conditions under
which the infection was established are highly artificial
and in none of these systems has a true latent infection
been established that can be said to mimic the course of the
infection in vivo. However, it is worth discussing HSV cell
interaction in some of these systems.

Different studies had shown that cells range from non
permissive, semi permissive to permissive for HSV
replication (Schwartz and Elizan,-1973; Vahlne and Slycke,
1977, 1978; Adler et al., 1978; Doller et al., 1973; Lewin

et al., 1980; Smith and Lancz, 1982) and that HSV can

persistently infect a variety of cells (Table No.4)
including neural and non neural (i.e. epithelial, fibroblast
and lymphoid) cells of different species, e.g. Chinese

hamster ovary cells (Hampar and Copeland, 1965; Hampar and

Burroghs, 1969), L cells (Nii, 1969), HeLa cells, (Szanto,
1963) both in the presence or absence of supportive

measures. In most of these cells, however, there is lack of

evidence for retention of HSV genetic information in
cultures that are no longer producing infectious virus.
Results of these studies have indicated that

persistent HSV infection can be maintained for variable

often prolonged lengths of time, or as long as the cultures
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were maintained under supraoptimal temperature e.g. for 128

days in HFF cells (O'Neill et _al., 1977). It was also shown

that in these cells (Bl03) non permissiveness 1s temperature

and multiplicity dependent (Lewin et al., 1980). On the

other hand, it has been shown (Rice et al., 1979) that 1in

contrast to human glioma (COX) and mouse neuroblastoma (D2)
cells, rat glioma (C6) cells do not support generalised
HSV-1 replication and a persistent infection of these cells
(i.e. C6) is established. 1In conclusion, HSV replication
patterns in cultured cells are quite variable and no
generalization can be made particularly for HSV infection 1in
neural cells.

As in latency, the molecular basis of the persistent
infection is unclear, and the state of the virus genome 1in
such types of infections 1is not understood. Manipulations
of persistently infected cell cultures (lowering the
temperature or removal of inhibitors) have resulted in.
resumption of virus growth and both released virus and cpe

were observed in the treated culture (Rice et al., 1979;

Dawson et al., 1983). Stimulation of HSV-2 production in

persistently infected cultures was also achieved by

superinfecting cells with the wt virus and ts mutants of

human cytomegalovirus (Colberg-Poley et al., 1979, 1981).

Similarly, superinfection with HSV-2 ts mutants stimulated
HSV-1 genome in persistently infected cell culture (Wigdahl

et al., 1982; Park and Macnab, 1983). Evidence in both of

the superinfection systems indicated that HCMV and HSV-2 DNA

synthesis is not required for activation of repressed HSV
genomes suggesting the involvement of early genome functions

in the stimulation process. However, it is not clear

whether the superinfection mechanism stimulates cellular
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functions that are required for HSV replication, or directly
stimulates virus transcription, or alternatively, provides
functions or products necessary for replication and there 1is
no evidence to support any of the latter possibilities. 1In

addition, recombination between repressed HSV-1l and

inoculated HSV-2 genomes has not been totally excluded

(Wigdahl et al., 1982).

It has been reported that some cell cultures
persistently infected with HSV underwent a series of
"~rises”™ of cell destruction and regrowth, i.e. cyclical
persistent infection (Hampar and Copeland, 1965; Nii, 1969;

Robey et al., 1976; Szanto et al., 1976; Rice et al., 1979).

Several models have been proposed to explain persistence and
cyclical activity in tissue infected with cytopathic viruses

(Friedman and Ramseur, 1979) including i, defective

interfering (DI) particles, ii, involvement of the
interferon system, iii, genetic changes of virus or host,
e.g. spontaneously generated temperature sensitive mutants
and iv, probably integrated DNA. Though a proportion of the
Epstein-Barr virus DNA (human herpes virus) was found as an
integrated form (Nonoyama and Pagano, 1972; Tanaka and
Nonoyama, 1974) in the Raji cell line and subsequently in
other EBV carrying lines, there is no evidence for

integration of the HSV genome in persistently infected
cells. The integration of EBV-DNA in host cells will be

discussed later. The first two possibilities (DI particles

and interferon) are subjects of controversy. The role of DI

particles has not been confirmed and it has been proposed

(Roizman, 1965) that both functional and defective subunits

may play a role in the mechanism of HSV abortive infection.

In addition, a low level of HSV DNA synthesis was observed
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in C6 cells persistently infected with HSV-1 (Rice et al.,

1979) which might preclude the formation of DI particles.
However, this has not been confirmed since viral DNA
synthesis and specific antigens were not detected in similar

cell cultures infected with HSV-2, On the other hand, it

has been shown that interferon is not involved (Lancz and
Zettlemoyer, 1976; Smith and Lancz, 1982) or at least not of
primary importance in the establishment and/or maintenance

of persistent infection in C6 cells (Dawson et al., 1983).

Investigations attempting to characterize a 'HSV-cell
interaction have produced inconsistent results, for example,

certain variants of glioma cell lines vary in their ability

to produce virus (Rice et al., 1979). Moreover a

discrepancy between the levels of resistance and HSV
production in C6 cells has been noticed in different reports
(Schwartz and Elizan, 1973; Lancz and Zettlemoyer, 1976;

Ando and Arai, 1980; Smith and Lancz, 1982; Dawson et al.,

1983). These discrepancies probably explain the
inconsistency of terms used to describe the infection
(prolonged, chronic, persistent, abortive and others).

These observations, indicate the important role of the virus
and host cell factors in the mechanism of persistent

infection.

In Vivo Studies

There is general agreement on the basic features of

HSV infection. The virus enters the host organism in most

cases through the mucocutaneous surface where the primary
infection occurs then there is usually infiltration of the
corresponding ganglia by the virus. For some individuals,

the virus may periodically reactivate subsequently with

recrudescence or without the development of detectable
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lesions at the peripheral site within the infected dermatome

(recurrence) (Wildy et al., 1982). It is convenient to

review the mechansims of latency in the order of lst, acute

ganglionic infection; 2nd, establishment and maintenance of

latent infection:; 3rd, reactivation.

Acute Ganglionic Infection
Evidence for the presence of HSV virus in the spinal.

ganglia of mice, during the acute phase of infection, has

been provided by Hill et al. (1972) and Cook and Stevens

(1973). Following peripheral inoculation of mice, HSV can
be demonstrated in spinal ganglia within 20-24 hours p.i.
The amount of infectious virus that can be detected in the
corresponding ganglia increases for the first 4-7 days p.i.
and then subsequently declines. The increase in the amount
of virus in the ganglia leads to the assumption that a
productive neuronal infection occurs during the acute phase
of the infection (Cook and Stevens, 1973). Supporting this
and the assumption that HSV travels centripetally along the
axon, is the observation of the presence of virions in
neuronal bodies and axons several days after infection

(Wildy, 1967; Hill et al., 1972; Cook and Stevens, 1973;

Knotts et al., 1974; Kristensson et al., 1974, 1978).

Moreover, the presence of viral mRNA in the ganglia during

the acute phase of infection has also been demonstrated

indicating a productive infection (Puga et al., 1978).

However, the viral RNA:DNA ratio suggests that either virus

DNA replication was limited to only a few genomes or the
lytic cycle was arrested during an early stage of infection.

In addition, topical treatment of the inoculation site with

2% phosphonoacetic acid (PAA) resulted in suppression of

virus multiplication at the site of inoculation with
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subsequent drop of virus titre in corresponding ganglia
(Klein and Destefano, 198l1). This indicated that local
antiviral treatment could reduce the viral titre in ganglia
by halting the continuous virus supply from the site of
primary infection. However, the possibility that productive
ganglionic infection may occur to a limited extent has not
been totally excluded. On the other hand good evidence has
indicated that a productive infection is not necessary for
the establishment of latent infection in neurones or
ganglia. Using HSV~1l temperature-sensitive mutants, Lofgren

et al. (1977) showed that there is no apparent relationship

between the capacity of the mutant to induce encephalitis
and the subsequent establishment of latent infection in
brains of mice. Similarly, McLennan and Darby (1980) have
concluded that there is no absolute requirement for a
productive infection during the establishment of latency in
the neurone. Furthermore, it has been shown that acyclovir
resistant (ACVr) mutants can establish acute but not latent

infections in trigeminal ganglia of mice (Klein et al.,

1980).

Virus Pathway to the Nervous System

The intra-axonal transport of herpesvirus was proposed

in the early years of this century (Goodpasture, 1929).

Four alternative routes have been suggested, namely, virus
travels within the periaxonal (extracellular) spaces
(Payling Wright, 1953); virus travels by multiplying 1in
Schwann cells in a stepping-stone fashion along the nerve
fibres (Johnson, 1964); virus travels through lymphatics or
as a viraemia (Field, 1952). Evidence against the

possibility that the virus travels through periaxonal spaces

or by multiplication in supporting (Schwann) cells, 1is
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provided by the demonstration of virus first in the ganglia
and spinal cord and only afterwards in the sciatic nerve

(Wildy, 1967; Kristensson et al., 1971; Cook and Stevens,

1973). Moreover, virus titres were consistently higher in
ganglié than in the sciatic nerve (Cook and Stevens, 1973;
Klein, 1982). In addition, viruses were almost never seen
to be free in the extracellular space and were only rarely
seen in supporting cells. On the contrary, intact virions
were observed within the axoplasm, though it is not possible

to be certain that the particles observed are the effective

virions.

The failure to detect HSV virus in the distal and
proximal sections of the sciatic nerves (during the first 2
days p.i.) and the fact that HSV is first detected in the
ganglia and only afterwards in nerves, suggested an
alternative (haematogenous or lymphatic) route may be
involved in the dissemination of virus to the nervous
system. Cook and Stevens (1973) have tentatively concluded
that since HSV infection progresses (i.e. the development of
lesions in the nervous system) despite the présence of
significant levels of neutralizing antibody (passive
administration of anti-viral sera), blood and lymph vesselé
are not involved in the transport of virus to ganglia.
However, following the inoculation of the virus in the
footpad of guinea pigs, HSV-2 has been regularly found in

the regional lymph nodes by the second day p.i. (Scriba and

Tatesber, 198l1). Some other studies (Kristensson et al.,

1971: Knotts et al., 1974; Renis et al., 1976; Kristensson

et al., 1978) also reported the absence of herpes simplex

virus in blood following corneal, footpad, intravaginal or

intraperitoneal inoculation. But HSV has been detected in
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the blood of newborn and adult mice following footpad
(Wildy, 1967; Lascano and Berria, 1980; Klein, 1982) or

intranasal inoculation of newborn mice (Kern et al., 1975).

It is not known whether virus invades the nervous system

subsequent to viraemia or whether viraemia is due to virus
spill over from the peripheral nervous tissues. Direct

evidence for the possible involvement of the circulatory
system is the demonstration that HSV-1 selectively
establishes latent infection in mouse neural tissue,
particularly the sensory ganglia, after intravenous
inoculation. This was shown conclusively when (tail vein)
inoculation was immediately followed by tail amputation at
2.5 cm proximal to the injection site (Cook and Stevens,
1976). It is possible that nervous tissue may not be

infected directly by virus in the blood stream, but

indirectly by virus travelling in the nerves associated with
vessels or other organs that became first infected through
viraemia.

Using the PAP method (peroxidase antiperoxidase) to
trace viral antigen, Lascano and Berria (1980) reported
evidence that supports the mixed route for the neural
transport of HSV-1l in newborn mice. This study suggested
that the neural transport of HSV depends on more than one
mechanism: a. cell-to-cell active transport (Schwann and
connective tissue cells of the sciatic nerve) b, passive
movement of the virions along the intracellular spaces
within the neural structures.

It is obvious that much controversy persists
concerning the mechanism of virus transport. Another

approach (neurectomy) has been used to investigate the

possible structures involved in dissemination of virus to



53
the nervous system. Wildy (1967) showed that sciatic nerve
sectioning three days before virus inoculation, prevented

HSV isolation from the spinal cord in 80% of mice.

Moreover, Kristensson et al. (1971) reported that colchicine

treatment, ligature or freezing of sciatic nerve 0-4 days
before virus inoculation into the footpad of mice reduced
the mortality rate to 10% compared to 100% if the treatment
was carried out after inoculation. In neither of the above
reports were attempts made to recover the virus from
ganglia. Total surgical section of the sciatic and femoral
nerves completely prevented the establishment of latent HSV
infection in sensory ganglia of guinea-pigs inoculated into
the footpad (Scriba, 198l1). Similar experiments 1n the
mouse (Klein, 1982) revealed that establishment of acute

infection in spinal ganglia was prevented by section of both

femoral and sciatic nerves in about 80% of mice. Free
virus, however, was regularly demonstrated on the 4th and
7th day after infection in spinal ganglia of mice in which
either the sciatic or femoral nerves were severed. Further
evidence supporting the axonal transport hypothesis has come
from the in vitro study of attachment of HSV to rabbit and
rat astrocytic glia, neuronal perikarya and (nerve

terminals) synaptosomal fractions (Vahlne et al., 1978).

HSV preferentially adsorbs to the synaptosome fraction
rather than neuronal perikarya. However, it remains unclear

whether this difference in virus attachment was due to the

presence of specific HSV receptors on the synaptosomes or

merely reflected a high endocytic activity of the

synaptosomes.

Another observation is the rate of HSV translocation

from the skin to the ganglia which has been reported to be
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in agreement with the rate of movement of macromolecules and

' organelles by retrograde axonal transport (Cook and Stevens,

1973: Kristensson et al., 1974, 1978).

In conclusion, it seems that axonal transport 1is the
most important method of virus translocation, though the
virus may also travel by other routes. Irrespective of the
way virus travels to the nervous system, the subsequent
result is almost always the establishment of latent
infection.

Latent Phase of the Infection
Establishment

After the initial increase, the amount of detectable
HSV in cell free ganglion homogenates decreases gradually;
within 14 days p.i. virus can no longer be detected 1n

homogenates, but HSV can still be recovered by explantation

or cocultivation of ganglia. At this point the acute phase
is terminated and the latent phase of the infection begins

(Openshaw et al., 1979a; Sekizawa et al., 1980; Klein,

1982). The transition from the 'acute' to the 'latent'
phase of infection, coincides with the appearance of immune
responses, particularly high levels of antibodies. It has
been proposed that immune factor(s) play a major role in the
switch from the acute to the latent phase of infection

(Openshaw et al., 1979a; Sekizawa et al., 1980; Openshaw et

al., 1981), though the mechanism by which these immune

responses could produce the transition from the acute to the

latent state of infection is not clear. Some hypothetical

models (Openshaw et al., 198l1) have been proposed (Fig. 9):

1, The immune modulation model; this assumes that ganglion

cells are permissive but the immune response modulates the

infection at the level of the ganglion, converting a



FIGURE 9a

IMMUNE ELIMINATION MODEL FOR ESTABLISHMENT OF LATENCY

There are two populations of ganglion cells, one
permissive and the other non-permissive for HSV replication.
1. latent infection is established in non-permissive cells

while a productive infection develops in permissive
cells
2. immune response aids in eliminating the productively

infected cells leaving the latently infected cells
intact

FIGURE 9b

NON-PERMISSIVE MODEL FOR LATENCY AND REACTIVATION

T T B N T

1. ganglion cells are primarly non-permissive for HSV
replication. Replicaﬁion of virus at the skin and/or
the ensuing inflammation, directly or indirectly,
provides a signal (stimulus) that makes the ganglion
cells permissive for HSV

2. during the course of the natural infection, the host's

immune response shuts off this signal by decreasing

replication of the virus at the epithelial surface.

This puts ganglion cells back to the non-permissive

state and latency ensues

reactivation occurs when any non-viral stimulant, e.q.

trauma, provides a signal at the epithelial site

innervated by the latently infected ganglion cell. This

makes the non-permissive ganglion cell once again
permissive for HSV replication

Openshaw et al., 1981
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potentially lytic infection into non-lytic or latent
infection (i.e. the immune response plays an active role 1in

2, The immune elimination model,

establishing latency).

(Fig. 9a) where there are two populations of ganglion cells:
permissive and nonpermissive. A productive HSV infection
occurs in the permissive cells and a non lytic or latent
infection occurs in the nonpermissive cells. The host
immune response strictly has nothing to do with the
establishment of latency, but just eliminates only acutely
infected cells. 3, The third model (Fig. 9b) assumes, that
ganglion cells are ordinarily nonpermissive for HSV
replication, however they become permissive after receiving
signals (induced by the inflammatory reaction in the skin
due to virus replication). The host immune response then

turns off these signals by decreasing virus replication in

the skin, returning ganglion cells to the nonpermissive
state hence latency 1is established. The above three models,
rely solely on immune mechanisms to account for the
transition from the acute to the latent state of infection.
Another model has been proposed by Klein (1982) which
assumes that ganglion cells are nonpermissive; colonization
of the ganglia is achieved by continuous virus supply from

the site of primary infection. Immune responses restrict

virus replication in mucocutaneous tissue. It is suggested
that the majority of virions in neurones are inactivated by

cellular enzymes and only a minority will be in a latent

form in cellular structures (Fig. 10).

It must be emphasized, that the above models are
merely hypothetical and there is no hard evidence to support

them. Besides, the models do not consider the possible

establishment of latent infection in tissues other than



FIGURE 10

HYPOTHETICAL MODEL FOR THE TRANSITION FROM THE ACUTE

a) virus replicates in the skin then migrates to the
corresponding ganglion (neurone)

b) development of immune responses, followed by
neutralisation of virus in the skin which ends the
process of virus migration

c) virus is eliminated from the skin. Immune and/or other

mechanisms eliminate the majority of virus from

neurones. A few virions remain latent within the cell

Klein, 1982
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ganglion cells.
Maintenance

The factors involved in maintenance of HSV latency
have not been fully demonstrated and no settled conclusions
have been achieved yet. Stevens and Cook (1974) claimed
that passive administration of anti-HSV IgG prevented
reactivations; latently infected ganglia were less likely to
reactivate when implanted (in a Millipore chamber) within
the peritoneal cavity of immune mice than in non immune
mice. However, this study did not distinguish between a
direct effect of antibody on the reactivation process and a
reduction in the ability of reactivated virus to
subsequently replicate. Studies with immunised and nude
mice showed that the immunological status of the host is one

of the factors that controls the number of cells in ganglia

that become infected (Walz et al., 1976). . However, 1in vitro

studies (Openshaw et al., 1979; Wohlenberg et al., 1979)

revealed that neither antibody nor interferon treatment
prevented reactivation. Furthermore, Sekizawa and
co-workers (1980) were able to establish latent HSV
infection in mice passively immunized with rabbit anti-HSV
serum administered at various times post infection. A few
months later, neutralizing antibody was undetectable in

passively immunized mice which remained latently infected
(i.e. ganglionic homogenates were negative but ganglionic
explants yielded virus). Persistence of virus in the

absence of neutralizing antibody suggests that once latency

is established, serum neutralizing antibody does not appear
to be required to maintain the latent state (Openshaw et
al., 1981). However, a role for non neutralizing antibodies

has not been excluded (Nash, 1981). Furthermore, anti-HSV
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antibody found in cerebrospinal fluid (CSF) of acutely
infected mice was probably not from the serum but possibly

produced locally (Kastrukoff et al., 1981). Although the

immune responses are thought to play a role, some other

determining factors have been suggested as being involved in

the prolonged maintenance of latent herpes simplex virus

infection in sensory ganglia (Klein, 1982) of infected

individuals:-

i) The number of latently infected neurones after
termination of the acute phase,

ii) - The number of neurones involved during each
reactivation event.

1ii) The fate of neurones after reactivation.

iv) The possibility of infecting new sets of neurones
after each recurrent episode.

A schematic illustration of the above possibilities is

presented in Figure 11.

An independent estimate of the total number of cells
in the mouse trigeminal ganglion is not available, and the
ratio of nonneuronal to neuronal cells is also unknown.
However, the number of neurones in the trigeminal ganglion
of man, cats and rats range from 50,000 to 124,000 with an
estimated nonneuronal:neuronal ratio of 10-20 to 1 (Puga et
al., 1978). Based on their relative numbers in the above
species, the total number of cells in the mouse trigeminal

ganglion was estimated as about 8x10°, with an average of

104 to 2x104 neuronal cells per ganglion (Puga et al.,

1978; Klein, 1982). If these figures are correct, then the

estimate of the percentage of latently infected cells (by

infectious center assay) in mouse trigeminal ganglia as 0.1%

(10 to 20 neurones) 1is probably an underestimate (Walz et



FIGURE 11

QUANTITATIVE AND QUALITATIVE FACTORS INVOLVED

IN THE PROLONGED MAINTENANCE

OF LATENT HSV INFECTION IN SENSORY GANGLIA
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al., 1976), due to possible loss of cells during physical
manipulation and also because of the potentially low plating
efficiency of infected cells. The proportion of latently
infected neurones in the human has been assumed to range

between 0.1 and 10 percent, i.e. 150-15,000 latently
infected neurones in each trigeminal ganglion (Klein, 1982).
The number of neurones 1in which reactivation takes place
during each recurrent episode is unknown. However,
experiments in which ganglia from latently infected mice
(with HSV-1 wt and ts mutants) were excised 2 weeks after
neurosurgery and then reactivated in vitro, have revealed a
signficant reduction in the total number of resulting foci
(McLennan and Darby, 1980). Moreover, the virus produced on
culture of positive ganglia (of surgically manipulated mice)
was significantly less than that generated in the controls.
This would suggest that virus reactivation occurs in most or
all latently infected neurones and that the consequence of
reactivation is destruction of latently infected cells
(neurones). However, the possibility that latency
disappears (due to virus reactivation) only from those
ganglia in which few neurones 'have been latently infected

has not been excluded. Supporting this argument is the
observation that virus can still be detected in 25%

(McLennan and Darby, 1980) and in 32-62% (Klein, 1982) of
ganglia after neurectomy. Furthermore, since preliminary

data suggest that there 1is a rélationship between the

frequency of persistent infections after neurectomy and
virus dose used in primary infection, it seems possible that
ganglia in which large numbers of neurones were latently

infected can continue to shed virus even after neurectomy.

It has been proposed that the productive replication
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which follows activation of latent virus in the neurones
leads to the death of that cell. Supporting this
interpretation is the strong immunofluorescence observed in
ganglion cells (neurones) following HSV reactivation
(McLennan and Darby, 1980). Moreover, electron microscopic
study revealed active virus synthesis in neurones of
latently infected ganglia (rabbit trigeminal ganglia)
maintained in culture (Barringer and Swoveland, 1974).
However, in man, on the basis of clinical data, it is not
clear whether the neurone is necessarily destroyed after an
HSV reactivation episode and whether the latent virus may
disappear from the cell after reactivation.

Klein (1976) has proposed two mechanisms, viz,
"one-way" transmission and the "round-trip". In both
mechanisms it 1is assumed that the neurone is not destroyed
and reactivation occurs in all latently infected neurones.
The "“one-way" trip proposed that the number of latently
infected neurones is fixed, and the virus is reactivated
from the neurone, travels to the skin. However, the
information for renewed recurrence is never lost from
latently infected neurones. The "round-trip" proposed that
infection of a new set of neurones is possible. AaAfter
reactivation, some virions escape the elimination process at
the neuronal level, and travel to the skin where they

produce lesions. Then virus synthesized in the skin will
migrate toward the neurone and re-establish a latent
infection. Neither of these mechanisms has been proven or
rejected; nevertheless since the reduction in frequency of
latent foci was seen in mice infected with the most

bﬁthogenic HSV-1 strain (SCl6 - virus, Hill et al., 1975), it

would seem unlikely that latency is re-established by spread
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of reactivated virus within the ganglion (McLennan. and
DarBy, 1980).
Virus State During Latency

Two hypotheses have been proposed by Roizman (1965),
namely the "static-state" hypothesis which proposes that
certain (virogenic) cells are capable of sheltering a
non-replicating HSV or its genome between recurrent attacks;
and the "dynamic state"™ hypothesis, where latent virus
appears to be multiplying in a very slow fashion resulting
in a chronic subclinical infection. Supporting evidence to
the latter hypothesis, 1s the isolation of both HSV-1

(Buddingh et al., 1953; Lindgren et al., 1968; Douglas and

Couch, 1970) and HSV-2 (Jeansson and Molin, 1970; Centifanto

et al., 1971, 1972; Masukawa et al., 1972) from apparently

healthy individuals during the quiescent stage of infection.

Moreover, Kaufman et al. (1967, 1968) were able to isolate

HSV from lachrymal glands of rabbits and from tears of
humans. Furthermore, in vitro studies where persistent
infection has been established in cell cultures, revealed
cycles of cell destruction followed by periods of cellular
recovery and repopulation (Hampar and Burrough, 1969; Nii,
1969, 1970). Those studies and those of others (Hampar and

Keehn, 1967) underlined the role of the antibody and of

genetically determined factors in the maintenance of the

dynamic state of virus-cell interaction. On the other hand,

nonspecific or specific factors may be involved in

preventing the initiation and maintenance of virus
multiplication (i.e. static state). It has been suggested
(Roizman, 1965) that virus infected cells may specifically

produce a substance (possibly interferon or some other
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