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Exvhntation and 1n vitro cu1t‘lvat10u of hmn muroﬁgical t.issue
- m‘"”‘d ""’" “"“ucm Cadw!r: has embled tm movery of |

R spOntmously expmsed hmm simcx virus (HSV) mmes. ,
Af | Furthomre. uchniqun of 1n vitré nlctwat‘lon of 'lltﬂlt HSV have B
e B faciutmd studies. concerned wm\ the bmogy of the virus in hum

/w .' ceﬂso and mlecln ar aspects of HSV stnins recovered fm hmn Msts.f

asv wls nconred fm tha trigufnal gmglu of 33 of a,‘tom of

82 (40.25) 1nd1v1d|uls md fm exphnt cultures of tﬂgemm nem
R

"um cwmrsa !sohtes nre 1d¢nt1f1ed as o

 roots’ mmd fm Tof 47‘__
HSV-I by mtrietipn cnzyn mﬂysis. mis ﬂnding 1nd1cated that 1n 2
e ninority of mdsvimm cHMcmy latant usv-l fs not conﬂned to 2 ko
'f'_ mtomlic u\d mwry ganglia. Recbvnry of HSV fron Iu-ln trigeninal ”\.
nem roots a‘lso suggutod that htcnt virus uy be present 1n cen
types othtr ﬂm\ gangliouic mrong. ‘ o e ; _
Trigcl'lnﬂ gnngHon cultuus der.ived fm 36 1ndiv1dua1s umch

ﬂﬂod?to axpms nsv spontmeous!y wan mﬁnfectcd with geneﬁc

/

J pmbo} 1n thn for- of mdividm ts mtmts of usv-z_to detect the




: superinfection. e ‘ .

Continuous incubation of explant cultures of human triheminai

ganglia in. 10 uM acyclovir (ACY) prevented in vitro reactivation of HSY

- {n 23/23 (100%) of cases. ‘In cultures released from ACV, virus
‘reactivation occurred in 3/18 cases. HSV was recovered from 9/20 45%)

of controi cases. » The above resuits iilustrated that the continuous

presence of . ACY was abie to inhibit HSY reactivation, though in sewera]\
cases, without eiimination of latent virus.

c 115 HSV isolates were recovered from exp]ant cultures from the
trigeminai gangiia of 20 cadavers, inciuding one case in which virus was

also recovered from the vagus ganglion and one in which virus was

“tsolated from trigeminal nerve roots. All {solates had restriction
< . _ ¥ ‘ .

enzyne‘profiiesgcharacteristic of HSV-1. In addition, HSV-1 isolates
from 18 of 20 individuals could be differentiated from individual to

individuai with respect to the presence or absence of. 16 specific

Lrestriction sites with 3 enzymes, though all isolates derived from a
- single host were identical. However, the DNAs of isolates from two

' ¥
} individuais differed among themseives in the number and locatiop of

sites with at least tuo of three enzymes used. Recovery of non-

identical strains of 1atent HSY-1 within single hosts suggested nuTtipie

- strains arose by exogenous reinfection or by concurrent infection with

more than one strain of HSV. Furthernore, the ability of an individua}&*

".hunan hos to harbor nuitiple strains of latent HSV within single or '
¥4

_i 5_muitiple gangiia indicated if even in only a ninority of individuals,
~ that the. iulune response eiicited against an initial herpesvirus

: ’f*i"ffinfectioﬂ uay not be protective against subseque"t exposures to 5"“"5 -

”‘f.j;(f of the sane or different serotypes. g

R
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CHAPTER 1 | o
INTRODUCTION AND REVIEW OF THE LITERATURE

Introduction

Herpes simplex virus (HSV) 1s the prototype of a large group of

' viruses which have been 1soIated from a wide’ variety of anima! species,
inciuding hunans. Members of the group share many physical and
morphological characteristics, yet differ in host range and bio\ogi351 .
properties. Five distinct human herpes viruses have been 1dentif1ed
herpes simplex virus types 1 and 2 (HSV- 1 and HSV-2), cytomegdlovirus

! i)
" (cMv), Epstein-Barrjvirus (EBV) and varicella zoster virus "(VZV) (Spear

v
and Roizman, 1980). S I
c11n1ca1 syndromes associated with herpes simplex viruses 1nc1ude
fever b11sters or cold sores localized to the orofacial. regibn.
mucocutaneous lesions of the genitalia, encepha11tis and severe '
‘generalized 1nfections of the newborn or those undergoing B f;
1ununosuppressive therapy (Nahnias and Roizman. 1973) Infections in
animals or in a broad range of cultured cell types typically results in
»a 1yt1c virus cyc]e with production of 1nfectious brogeny and a »
characteristic cytopathology HSV- 1 and HSV 2 can morphologic&]ly or i
biocheuica11y transforn cel1s in- culture, but on]y 1f virion or genone
1ntegr1ty is disrupted by physical ueans or exc1usion of certain viral
‘genes (Spear and Roiznan, 1980) . '
Characteristic of herpes s1uplex viruses dre a 11near | |
doub1e-stranded DNA. genoue Which 13 approxiuately 100 x m’6 1n nolecular :
. weight L3 virion nuc\eocapsid containing 162 capsoneres and a L.

uenbraneous enveIope acquired as. the hucleocapsid buds through
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,virus-specified g1ycoprotein containing regions qf the host cell

membrane (Spear ‘and Roizman, 1980). - : \‘

Considerabie attention recently focused on hdrpes simplex virus is”
‘attributable to several factors, These inciude th epidemic of venereal
disease caused by HSY, the putative associatien between HSV-2 and
cervical neoplasia (Nahmias et al., 1973; Rawis et ai., 1973), the
'rpropensity of these viruses to remain Iatent in nervous tissue ”
~ throughout the 1ifespan of an individua1 (Stevens, 1975) and the search
fer/anWEffective vaccghe capable of preventing or attenuating the
diverse-range of clinical infections caused by HSV.

| Aspects of the HSV repiicative cycle and assembly, synthesis of
, Jproteins and RNA in infected‘celis, the replication of HSV DNA and
cellular transformation by HSV have been extensiveiy reviewed elsewhere
(Spear‘and Roizman, 1980; Roizman, 1979) and will not be discussed here.
The foliowing review will concentrate on characteristics of t e virion, ~

THSV DNA the genetics of HSV and aspects of : latent infections n animais

eand man.,
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Structure of Virion

Morphology and size

The virions of herpesviruses contain an electron-opaque core, an
jcosahedral capsid surrounding the core, the tegument surrounding the .
capsid which is made of an electron-dense amorphous material and an
envelope whose outer sur{ace has spike-1ike projections (Roizman and

Furlong, 1974).

Yiral DNA is present 1n the core and 1s responsible for its
A}

'e1ectron-opacity. Agents which destain D?A or degrade it, such as DNAse |

requce electron density (Epstein, 1962a, Furlong et al., 1972). The

capsid consfsss of 162 capsomers end is approximately 100.nm in di ameter

(H11dy et 31., 1960) The tegument consisting of material located

wbetween the capsid and the: enveIope has been shown to vary in amount

from virion to virion even within the same cell (Roizman and Furlong,

B

11974; Wildy et al., 1960). The outer envelope of the virion is composed

of a lipid b11qyer and associated proteins and has a typical laginar
appearance electron microscopically (Epstein, 19626). The viral
membrane is permeable (Hatson and Wildy, 1963), sensitive to 11p1d

solvents and detergents (Hanparian et ala, 1963; Spring and Roizman.

- 1968; Kaplan. and Ben-Porat, 1970 Olshevksy and Becker. 1970; Spear and

‘»Roizmun, 1972) and is derived from altered regions of the host ce11 X
. membrane (Faike et al., 1959 Horgan et al., 1959‘ Armstrong et al.,

 1561). | |

2 Fatid &



HSY DNA | »
The gendQJ of herpes simpiex virus (HSV) types 1 and 2 consists of
3 linear double stranded DNA molecule of approximately 160*x\10 daltons
(Becker et al., 1958; Kieff et al., 1971; Wilkie, 1973).; HSV-1 and
HSV-2 DNAs show about\gﬁl sequence homology (Kieff et aii;\ASJZ);and
have a base composition of 67 and 69 G+C mole % respectiveiy (Kieff et
al. 1971) A single viral particie//r isolated DNA moiecuie is

_ sufficient'to initiate productive(inﬁection (Sheldrick et al., 1973;

" Lando and Rhyiner, 1969). The DNA molecule is unsual in that it often

contains some alkali-labile interruptions in the linear sequence of

either or both-single strands (Kieff et al., 1971; Frenkel and Roizman,

1972; Wilkie, 1973). The sequence arrangement of HSV DNA can be

described as follows: (1) HSV DNA consists of two covalently-1inked
components designated\L and S comprising 82% and 18%, respectively,. of
thé.virai DNA. Each component consists of unique sequences»(UL and US)
bracketed by inverted repeats. This model was Eased on the finding that
intact single strands, upon self-annealing, @nn two single-—stranded
lioops of unequal size bridged by double- stranded DNA (Sheidrick and
Berthelot, 1974) (2) The reiterated sequences bracketing tne

. couponent have been designated as ab' and "b'a'" and each comprises 6%

of the total DNA; the reiterated sequences flanking the S component have ‘
been designated as “a c'“ and “ca" and each contains 4 3% of sequences
of the DNA which differs in average base conposition from the “ab" and -

'b'a" sequeeces. ‘These conclusions were based on measurements of the

,dOubie-strand regions formed by seif—anneaiing of intact strands and on )

partiai denaturation studies of intact moiecuies (Hadsworth et al.,

1978, (3) HSV DNA can be circuiarized after digestion with a-
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processive exonuclease (Grafstrom et al.,. 1975; Sheldrick and Berthelot,

1974), but the size of the cohesive ends, designated as ;hef“a" sequence

is uncertain (Wadsworth et al., 1975).

Sheldrick and Berthelot (1974) suggested-that because each unique -
region in the HSV genome is flanked by terminal regions which are
inyerted internally, either terminal repeat can pair with its internal
complementary sequence, ieading to inversion ofothe L or S components.
Subsequently it was established that the Lvand S components can indeed
invert relative to each other and that DNA extracted from wi]d-type
virions consists of four equimolar populations differing soiei} in the
orientation of L and S components. These populations have been
designated prototype (P), inversion of the S component (I ) inversion
of the L component (IL an® inversion of both S: end L components (ISL)
(Rofzman et al , 1974, Hayward et al., 1975b). The evidence for the
existence of four popuiations is based on identification of terminal and
junction restriction fragments (Roizman et al. 1974 Hayward et al.,
1975b~C1ements et al., 1976) and on partiai denaturation profiles '
(Hayward et ai.,/}975b: Delius -and Clements, 1976).

A consequence of the inversions of L and S components, which also
led to the discovery of HSY genomic isomerization,mis that for a

restriction enzyme which cleaves HSY DNReoutside*the inVerted repeats,

B three types of fragments will be generated (L) 1 G mofir fragments

produced from the unique regions of the DNA which are unaffected by an

inversion of these regions, (2) four O. 5 molar fragments which are

- ‘generated from the ends of the mo1ecu1es, and (3) four 0.25 molar
" fragments each of which spans the two interna1 repeats. Enzymes which o

cieave within inverted repeat regions as well as in unique regions
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generate only 1.0 mol;r and 0.5 molar fraghent;\FGlemEhzg—et al., 1976).
R;hent work has focused on the structure and role of the genomic
termini in inversion, circularization hhd replication of HSV DNA. |
Previous studies have shown the size of the terminal and fnternally
inverted "a" Sequencg in different strains of HSV-1 to be 400 to 1600
base pairs (hp) by electron microscopy (Grafstrom et al., 1975) and 265
bp by restriction endonuc{ease mapping (Wadsworth et al., 1975). The
above findings attributed size heterogeneity in the joint and terminal
regions to ;arfations in the numbgr'of copies qf the "a" sequence at the
L-S junction and at the L terminus. Nucleotide sequence data'has also
revealed the existence of three separate sets of direct repgats which
vary in copy number within the "a" sequence itself (Davision and Wilkie,
1981; Mocarski and Roizmap, 1981). Because adjacent "a" sequences share
an intervening direct repe;t it was suggested that amp11f1tation or
.reduction in the number of "a" sequences can occur by recombination
th;ough this direct repeat (Mocarski and Roizman, 1982) Furthermore,
it was shown that the free termini of the L and S components form one,
complete d{hect repeat sequence and therefdre that linear unit-length
molecu1és are generéted‘by cleavage of head-to-head cohcatameric
structures within the direct repeat (Mocahski and Roiiman, 1982).
o Functionally, the a sequence has been shown to mediate
Aintranolecular 1nversion, thus the insertion of DNA fragment spann1ng
- the joint and contaihing an “a" sequence into the middle of UL causes

: }'hew'ihversions to occur (Mocarski et al., 1980; Mocarski and Rojzman,

1981, 1982; Smiley et al., 1981). .



Restriction endopuclease maps and variability of HSV DNAs

Restriction endonuclease maps bf‘HSV-l andAHSV-Z(DNAs have been
_ constructed for a variety of enzymes (Frenkel et al., 1976- Wilkie,
1976; Jones et al. 1977 Skare and Summers, 1977 Cortini and Hilkie,
1978) and reveal differences between HSV-1 and HSV-Z DNAs (intertypic
variability) (Wilkie, 1976 Skare and Summers, 1977 Cortini and Hilkie,
1978) as well as among HSV 1 or HSV 2 DMAs (intratypic variability) :
:(Hayward et.al., 1975a, Skare et al 1975)

Subsequent analyses of viral DNA (Buchman et al., 1978; Hammer et

at., 1981, unpublished results cited. in Roizman, 1979) disclosed that no *
epidemiologically unrel ated isolates of HSV-1 were identical. The.major
criteria used to establish genetic non-identity were differnces in the
presence or absence of restriction enzyme cleavage sites and the
existence of occasional deletions. " These workers reported analysis of
. more than 80 isolates with six restriction .enzymes revealed 19 out of 60
sites that could be present or absent. Variability at each site

| appeared to be-_independent of others. This observation was -
substantiated only 1in part by Chaney et al. (1983) since it was
reported that simultaneous consideration of two or-more variable sites 4Q§.
among 29 HSY- 1 facial and genital isolates disclosed some which were
correlated. T '

Genomic stability of HSV DNAs in vivo and in vitro as measured by
‘the consistency in the nu-ber and location of restriction enzyne sites |
has been well documented (nucmn et al., 19805 Roizman, 1979). :
Extensive in vitro passaging of virus strains, re-isolation of HSV 1
'vfron the sane patient over a 12 year period and isolation of virus fron

Apatients with recurrent infection and fron epideniologically related :';



' ._recovered from human cadavers has shown that. 1solates from the ganglia

8
individuals have 511 ?a11ed to reveal a single .instance of spontaneous
Toss or acquisition of a restriction site (Buchman-et 51.,a;geo).

’ Variability among HSV-2 DNAs has been reported to be less estensive
than that observed in HSV-1 (Buchman et al., 1979; Chane& et al., 1983),
though this finding may be attributable to both the enzymes utilized in
these studies and the fact that less data is ava11ab1e for HSV 2 than
for HsV-1. | '

Variabiliay'in restriction enzyme profi1es of HSY DNAa;has been
applied to-problems of epidemio]ogy, e.g. to trace the spread of virus
from one individual to another (Buchman et al., 1978 Linnemann et al.
1978) and to demonstrate that a temporal cluster df HSV encephalitis was
airandom event (Hammer et al., 1980). Of partﬁcu{ar interest}waS'the
use of this technology to establish that 1nd{§idua15 can become over£1y
»infected with more than one strain of HSV within a serotype, either at
the same or differént sites (Buchman et a1 , 1979; whitley et al.
1982). Restriction enzyme ana]ysis has also shown that individuals can
nbecone concomic;ntly and recurrently infected with both HSV- -1 and HSY-2
at the same genitah site (Fife et al., 1983). ' |

In accordance with the findings that in the majority of cases,
clinical HSV. 1solates from unre1ated hosts are nonidentical (Buchman et

j., 1980), restriction endonuc1ease analysis of DNAs of, 1atent HSV- 1

/

"f”of‘different individuals can. be distinguisheh from/hne another. '
However, 1solates fron different ganglia or muItiple isolates derived ;‘f

':;t&frbl 2 single Eanglion within the same 1nd1v1dua1 are indistinguijﬂﬁb1e*f_f‘
L (Lonsdale & al., 1979). Cloning of single virus isolates from a’ |

<2

'.:Tinited nulber of human sensory gang11a has also fai]ed to revea] the B
C SR



existence of more than one strain of virus within an individual
(Lonsdale et al., 1980). | '

In the above instances, variation in the number and location of
restriction sites has been used to estabiish genetic disj}miiarities
between virus isolates, however variation in the eiectrophoretic

‘mobility of DNA fragments arising from terminal and internal repetitive

regions of- the HSV genome has been widely reported (Buchman et al.

1980; Locker and Frenkei 1979 Lonsdaie et al., 1979, 1980 Roizman and
: Tognon, 1982).

- Roizman and co-workers (Roizman, 1979 ‘Buchman et al. , 1980) have
ascribed HSY variability to the mode of transmission and epidemioiogy of
the virus. Because of the propensity of HSV to remain iatent within the
human. host and upon reactivation to be. transmitted to new contacts, it

' was hypothesized that HSV strains are not dispiaced in the population

r Therefore nonlethal mutations are thought to accumulate in the

> popuiation and become stabilized (Buchman et al., 1980).
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Genetics of herpes simplex viruses

-

| The 1$olation and characterization of nonspecialized conditional
r .§§ lethal temperature-sensitive (ts) mutants of both HSV-1 and HSV-2 have

been reported by several laboratories (Subak-Sharpe, 1969; Brown et al.,

1973; Manservigi, 1974; Schaffer et al., 1970, 1973; Timbury, 1971;

Esparza et al., 1974; Halliburton and Timbury, 1973, 1976). By

i;}’¥? cbmp]emeniation analysis, a wide range of ts mutants of HSV-1 and HSV-2
has been assigned to functionally different comp]émentation groups
(Brown et al., 1973; Schaffer et al., 1973; Timbury, 1971; Halliburton
and Timbury, 1976, Koment and Rapp, 1975). Complementation analysis of
ts mutants derived in 10 laboratories has led to the identification of
29 and 20 essential cistrons of HSV-1 and HSV-Z, respectively (Schaffer

et al., 1978; Timbury et alﬂ,‘1976).

Recombination among ts mutants of herpesviruses was first
demonstrated by Subak;éharpe (1969). The construction of linear linkage
maps for HSV-1 and HSV-2 based on recombination between ts mutants has
also been reported (Brown et al., 1973; Brown and Jamieson, 1978;
Schaffer et al., 1974; Benyesh-Melnick et al., 1974; Timbury and Hay,
1975; Timbury and Calder, 1976). However, because of the inversion of
the ® and S components of HSY DNA relati‘ivﬁqyone another, no direct
comparison can be made between the order of{ﬁutanté on thef]inkage map
and ‘their order on the genomic DNA (Schaffer, 1981).

In order to map ts mutants, viral proteins and functional markers
on the HSV genome, several physical mapping procedures have been
developed. Many of thesg technologies stemmed from experiments of Kieff
et al. (1972) and Wilkie et al. (1978a) which investigated the overall

DNA homology as well as specific distribution of homologous sequences

Y
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shared by HSV-1 and HSV-2. Studies of Wilkie et al. (1978a) using
restriction endonuclease fragments indicated that homologous regions in
the DNA of HSV-1 and HSV-2 are“distributed widely throughout the unique
long and unique short regions of the genome, thus é]]owing the alignment
of physical- maps for these regions. Since the restriction enzyme maps
for HSV-1 and HSV-2 show numerous differences, it has been possible to
determine the parental origin of DNA sequehces of intertypic
recombinants and map the crossover sites. Both intertypic and
intratypic marker rescue have been used to map ts mutants of HSV, the
DNA polymerase locus and many HSV-induéed polypeptides (Stow and Wilkie,
1978; Wilkie et al., 1978a; Chartrand et al., 1979, 1980; Marsden et
al., 1978; Mofse et al., 1978; Preston et al., 1978; Ruyechaﬁ et al.,
1979). In addition, marker transfer techniques have been used to
determine the physical location of several genes, including that of
virus-specified thymidiné kinase (TK, Knipe et al., 1979; Pellicer et
al., 1978; wWigler et al., 1977). Mapping of genes has also been
accomplished by in vitro translation of mapped mRNA (Anderson et al.,’
1981; Frink et al., 1983; Preston, 1977a,b) and by microinjection and
expression of mRNA into Xenopus oocytes (Cordingley and Preston, 1981;
McKnight and Gavis, 1980; Preston and Cordingley, 1982).

It has been shown that sequences encoding jmmediate early
transcripts and polypeptides map predominantly in the reiterated
sequences bracketing U and U; whereas sequences specifying early and
Jate polypeptides and glycoproteins map mostly in unique sequences.
(Clements et al., 1977; Easton and Clements, 1980; Marsden et é]., 1978;
Morse et.al., 1978; Preston et al., 1978; Ruyechan et al., 1979). As

inferred from DNA homology studies, the genes encoding the majority of
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HSV 1 and HSV-2 polypeptides are colinear. One exception is the
glycoprotein C (gC) gene, the HSV-2 counterpart pappihg to the right of
HSV-2 gC (RG§EChan et al., 1979).

Functnonal markers which NaVe been mapped in HSV-1 and/or HSV-2

include four QOci governing syncytia formation, the locus Cr yhich

effects accumulation of gC (Ruyechan et al., 1979), TK (Halliburton et“\‘-ﬂ

al., 1980; McDougall et al., 1980; Reyes et al., 1982; Wigler et al.,
1977) and loci wh1ch specify resistance to phosphonoacetic acid (PAA )
‘and acycloguanos1ne (ACG") which are associated with the viral DNA
polymerase (Coen and Schaffer, 1980; Chartrand et a] , 1979; Crumpacker
et al., 1980; Knipe et al., 1979a). HSV-2 functional markers which have
been mapped include tpe nuc_ locus which regulates expression of
atkaline exonuclease activity (Moss et al., 1979) and the locus
respodsib]e for shutoff of host cell protein synthesis (Morse et al.,
1978). |

Ts mutations which have been mapped include those derived from
HSV-1 strains KOS (Parris et al., 1980; Chartrand et al., 1980; Dixon
and Schaffer, 1980;'Chu et®al., 1979; Morse et al., 1977), 17 (Chartrand
et al., 1979; Stow et al., 1978; Stow and-Wilkie, 1978), HFEM (Ruyechan
et al., 1979; Knipe et al., 1978), 13 (Knipe et al., 1979b) and HSV-2
HG52 (Chartrand et a].,.1980, 1981).

Summaries of the map locations of genes specifying viral
polypeptides and functions of HSV-1 énd HSV-2 in 1ytic infections, and
positions of various mutations are. available in reviews by Schaffer
(1981) and Spear and Roizman (1980). |

Recently, site specific mutagenesis of restrﬁttion endonuclease

fragments has enabled the production and characterization of several
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temperature-sensitive mutants of HSV-1. These mutatiohs enabled the
identification of three new complementation groups in HSV-1 (Chu et al.,
1979; Conley et al., 1981). '

Additional features of well studied ts mutants such as those which
map in the DNA polymerase locus and the gene specifying the
jmmediate-early polypeptide Vm"175 (ICP 4) are discussed in the above

mentioned review articles (Schaffer, 1981; Spear and Roizman, 1980).
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Latency of herpesviruses

Introduction and historical review - -

One of the hallmarks of herpesviruses, as exemplied by HSV, is the
propensity of the virus to establish a pefsistent state following
initial overt infection. Though the involvement of nervous tissue in
HSY latent infection has been 1nferred for many years, only recently has
direct evidence been obtained to suppoft the association between
" specific neural structures and residence of the HSV genome (Stevens,
1975 1978).

At the turn of the 19th century, Howard (1903, 1905) noted the
concurrence of herpetic lesions, trigeminal ganglionitis and
qneumon1tis. In 1905 Cushing, in the course of treating cases of
trigeminal neuralgia by removal of corresponding ganglia, documented the
development of herpetic lesions in dermatpﬁes subserved by"the
contralateral, but not ipsilateral nerves. This finding suggested an
intact trigeminal tract was requisite to the development of herpetic
d1seése. -In 1923, it was shown that in animals, corneal inoculation of
HSY resulted in the appearance of gross and microscopic lesions in the
trigeminal tract of the pons and‘medu11a on the side ipsilateral to
injection (Goodpasture and Teague, 1923). It was concluded infection
ascended to the central nervous system (CNS) Via the trigeminal nerve.
Additional experiments by Goodpasture (1925) estab1ished the
relationship between peripheral infection amd CNS disease and introduced
the hypothesis HSV was transmitted through nerve trunks. Several years
later, Goodpasture (1929) “suggested the possibility that HSV resides in
a latent state within human nervous tissues, perhaps primarily within

A

nerve cells of the ganglion.
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Andrewes and Carmichael (1930) demonstrated 3 of 4 individuals
sampled randomly possessed heasureabie and significant titers of ,
" neutralizing antibody to HSV as did individuals with a history of
recurrent herpetic lesions. Later Dodd et al. (1938) and Burnet and
Williams (1939) showed that primary infection with HSV was followed by
the appearance of specific neutralizing antibody. The 1nductihn of an
immune response following HSV infection was thus e%;eb]ished, though the
" mechanism responsible for recurrent overt infection remained unresolved.

In the early 1950's Carton and Kilborn (1952) and Carton (1953)
demonstrated that in patients undergoing surgical treatment for |
trigeminal neqra1gia, transection of the proximal trigeminaf nerve root
was followed by the appearance‘of herpetic lesions at the periphery.
They also showed lesions did not appear if the nerve was secgioned
distal to the ganglion. At this time, it was concluded these

——

manipulations resulted in activation of virus from the skin. However in ’
1964, Paine, referring to the ahove studies (Carton-and Kilborn, 1952;
Carton, 1953), stated manipulations of -the trigeminal nerve root result
in the appearance of peripheral herpetic lesions only if the gang1ion

has not been destroyed and peripheral divisions remain intact.

On the basis of the above clinical’ data Stevens (1975) presented
the fo]Towing general hypothesis to eiplain recurrent herpetic disease:
primary 1nfection results 1n viral replication in epithelial cells of
the skin or mucous membrane‘with subseqhent 1nvasion of superf1c1a1

'nerve endings Virus then migrates intra-axonally in sehsory nerves to
the corresponding sensory ganglion where a latent 1nfect10n is

established most probably fn neurons. Following activation , virus

travels centrifugally from the neuronal 'soma through nerve axons to the
» . :

-
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periphery resulting in overt infection of epithelial cells. "
(¢4

Animal model systems of HSV latency

The initial and best studies animal modé] sygtem thch demonsgrated
sensory ganglia are the primary source of latent and reactivable HSV was
the one developed by Stevens and co-workers (Stevens and Cook, 1971,
1973a, 1973b). In this system, viral inoculation into the rear footpads
of mice was shown to bé followed by centripetal movement of the o
infection through the peripheraT and central nervous system to the
brain. All mice. that survived thig 1nfecti6n harbored HSY in a
reactivable forh in ;he 1psilateral Jumbosacral spina] ganglia.

At this time a working definition of latent HSV was developed.
Thus\latent virus could not be recqvered‘from tissues by direct assay,
such as by productive infection of indicator cells, detection of viral
antigens or visualization of virusvparticles by electron microscopy, but
Cou]d be recovered by explantation or co-cultivation techniques.
Following establishment and maintainance of in vitro cultures}virus
- particles were detectable in culture fluids. In addition, it was shown
that latent infection of ganglia p}obab1y persi;ted'throughout.the
Tifetime, of the animal; ' | ( §V

Selective association.éf virus within ganglion cells was inferred
since éhe.aforementioned-techniques failed to‘ reveal the'presence of HSV
in peripheral tissues, sciatit ﬁer&e or centra1-nérvous system.of
“animals which harbored virus .in the‘ganglion; In addition, Cook aﬁd
Stevens (1976) concluded HSV has a;predi1ect{qn for a variety of neural
tissues gspeciai]y the sensory ganglfonAce11s, since after intravenous
| 1nq¢u1ation'ofkan1qgls; viru§ was defecteﬁ‘cdmmonly‘in dorsal root

 gaﬁg11a; Ié the same animals virus was recovered less frequently in
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portions of the brain and spinal cord, but never from the 1ymphatic
system, spleen, kidney, lung or Tiver.

| Similar experimental protocols have resulted in the recovery of
latent HSV from the trigeminal ganglia of rabbits (Nesburn et al., 1972;
Stevens et al., 1972)-and mice (Knotts et al., 1974; Walz et al., 1974)
following corneal inoculation; from the trigeminal, cervical and
Tumbosacral -spinal ganglia of mice after inoculation of the 1ip, ear,
and vagina, respectively (Hi11 et al., 1975; Stevens, 1975; Walz et al.,
1974); g‘d in Tumbosacral.spinal ganglia of guinea pigs following
inoculation of virus into the rear footpads (Scriba, 1975).

Reactivation of latent infection following defined manipulation

has been achieved in several model systems. Hali'et~a1. (1974)
demonsggated réappearance of overé HSV infection within the sensory
ganglia, but not 1nfthe footpad of mice following sciatic neurectomy.
Nesburn and Green (1976) showed that in rabbits latently infected in the
trigeminal gang]ia; mechanical stimuldtion of the ganglia resulted in
shedding of virus in the tear film in the majority of animals. Hi11 and
associates (1978) have provoked virus reactivation with reappearance of
overt infection at the site of peripheral inoculation, by the minor
trauma of stripping the mouse ear skin with cellophane tape.
~ Epinephrine 1oﬁtophoresis.to the rabbit cornea has also been shown to
induce ocular shedding of HSV-1 in latently quected rabbits (Kwon et
al., 1981). Stevens et al. (1975) were able to reactivate a latent
sacroséiat1c §an§1ion1c 1nfection by intratracheal instiliation of

Diplococcug pneumoniae. Fo11ow1ng 1rrad1ation or cyc10phosphamide

| treatment of latently 1nfected immunocompetent mice, Openshaw et a1.~

(1979) have demonstrated v1rus_rgactivation in the presence of_ant1body.
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To determine viral function§ essential for latent infections,
Tenser and co-workers (Tenser et al., 1979) found that TK-negative
mutants of HSV established latent infection in the tr{geminal ganglia of
both quinea pigs and mice with a lower frequency than that of
TK-positive virus, suggesting that expression of‘this enzyme is
neéessary for latency. In a later study, Watson et al. (1980)
jdentified six temperature-sensitive mutants of HSV-1 which produce
latent infections in mice with reduced efficiency. One of these mutants
(tsK) has a lesion 1n»the immediate-early polypeptide vmw 175 and is
blocked at the immediate-early stage of infection (Preston, 1979; Watson
and Clements, 1980). Thus, expression of at least one immedi ate-early
and perhaps additional polypeptides expressed at later stages of
infection may be requisite to establishment and maintenance of latent
virus. '

Though residency of 1atent HSV has previously been associated with
specific neural structures (Stevens et al., 1975) there have been
sev?ral reports implicating peripheral cutaneous sites with viral
latency. Scriba (1977) has demonstrated that HSV-2 s recovered
preferentially, and HSV-1, exclusively, from footpad (site of primary
inoculation) of latently infected guinea pigs. More recently Hi1l et
al. (1980) have recovered HSV from the ears of clinically normal
latént]y infected mice. similarly, Al-Saadi et al. (1983) have shown
that latent 1nfection in the mouse can be established by wi]d type and
ts mutants of HSV-2 in both the footpads and dorsal root gang]ia,
1ndependently The above results suggested virus can be present in the
~skin without associated disease. Whether such findings are 1nd1cat1ve

of microfoci of overt infection at the periphery related to reactivation
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from associated ganglia, or the result of reactivation of latent virus
from cells of cutaneous origin remains to be determined. Such findings
call into guestion possible differences between “"true" latency and low
level persistent infections. |

" The use of animal model systems hfs also enabled the detection and
in some cases, the recovery of latent HSY from tissues of the central
nervous system;“ The putative presence of HSY within the CNS was
suggested by the early work of Goodpasture and Teague (1923) discussed
previously. More recently, Kristensson (1970) and Kristensson et &l.
(1979) described CNS lesions in mice after intradermal and intramuscular
injection of HSV. Following corneal inoculation in rabbits, Townsend
and Baringer (1978) reported the presence‘of trigemiqe1 root entry zone
lesions though adjacent peripheral nervous system tissue was spared.
Knotts et al. (1973) showed HSV can induce a latent infection in the
brainstems of rabbits and in the spinal cords of mice which had
recovered from acute 1nfectdon~of the CNS. Cook and Steveqs (1976)
reported the presence of latent HSV in anterior and postérior portions
of the brain of mice following generalized infection. Latent infections
in the brains of mice were also established with temperature-sensitive
muitants of HSV-1 (Lofgren et al., 1977).

In 1980 Cabrera et al., detected HSV DNA sequences by DNA
reassociation kinetics in 30% of brains of mice harboring Jatent HSV in
their trigeminal ganglia. HSV was recovered‘from only 5% of brains by
explantation or co-cultivation. It was concluded that virus is
maintained in brain tissue in a state which cannot always be reactivated
by explantation techniques. The recent studies of Rock ahd Fraser

(1983) have demonstrated that HSV-1 DNA can be detected in the CNS
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tissue of latently infected mice by Southern blot hybridization
technoloqy. Hﬁv DNA was found in apbroximate]y 50% of whole mouse
brains examined, but was detected in the brainstem of all an1mé1s when
defined regions of the brain were examin;a individually.

Latent HSV in human tissue

Clinically latent HSV type 1 (HSV-1) was first isolated from human
trigeminal ganglia taken at autopsy by Bastian et al. (1972) by
co-cultivating ganglia fraéments with cells permissive for H$V
replication. Subsequently, Plummer (1973) rescued HSV-1 from the
trigeminal ganglia of 4 of 10 individuals and Baringer (1974) isolated
HSV type 2 (HSV-2) from the sacral ganglia of 4 of 26 cadavers by
co-cultivation techniques. Baringer and Swoveland (1973) successfully
recovered HSV from the trigeminal ganglia of six of seven individuals by
in vitro éu]tivation of ganglia fragments without co-cultivation with -
other cells.

HSV was isolated from the trigeminal ganglia of 12 of 20 randomly
selected cadavers by Warren et al. (1977). Fragments of each ganglion

were cultivated in vitro as explantation monolayers and were also
co-cultivated with WI-38 and African green monkey kidney cells. HSY was
expressed from explantation monolayers derived from 11 of 12 1nd1v1dua1§
.bUt only from 5 of 12 1n&ividuals when co-cultivation techniques were
emp1oyed;v In a later study (Warren et al., 1978) HSV was isolated from
trigeminal ganglia in explant moqp1ayers from three of nine individuals;
co-cultivation of gariglia with othef cell types did not facilitate
recovery of HSV. In addition latent HSV was recovered from 2 superior
cer@ical ganglia and 1 vagus ganglion of 9 human cadavers. This

observation indicated latent virus may reside in' autonomic or\fensory

M
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gangl1a 6ther than the trigeminal and therefore may be implicated in the
pathogenesis of recurrent disease at additional anatomica] sites.
Forghani et al. (1977) reported the isolation of HSV-1 from the
trigeminal gang]ia of 44 out of 90 individuals, from the thoracic
ganglia of 2 out of 25 and from the’sacral ganglia of 21 out of 68
cases; HSV-2 was recovered from the sacral ganglia of 8 out of 68
individuals. In all cases where HSV was jsolated from the ganglia and
serdm was available, homo1ogdus, type-specific antibody was demonstrable
by radioimmunoassay QgIA). Where HSV-1 was isolated from the trigeminal
ganglia and HSY-2 from sacral ganglia of the same jndividual, antibody
to both virus types was present in the sera. This finding indicated
simultaneous latent infections with each of two virus can occur, and
that antibody 1s produced to each virus independently. In 8 of 10 cases
where virus isolation attempts were negative, antibody to HSV-1 or HSV-2
or both was present. It was concluded that RIA may be a more sensitive

than in vitro cultugg techniques for detecting the presence of

F virus, or that latent HSV may reside in additional unsampled
in the body.

,f Recently 1atent HSV was reactivated from uterosacral ligaments from
of 12 cases of cervical carcinoma, and from one of 11 control cases.

t was concluded that latent HSV resides in pe]vic tissue distinct from
the sacral gangiia and may serve as a source of virus causing recurrent
l;;infection and perhaps carcinoma of the cervix_(Kitchener et al., 1982).

Tr1gem1na1i§ang]ia explant monolayers which do not spontaneously
|

“express HSV have been shown to contain genetic information, possibly in
the form of uninducible or defective viral ge*omes capable of

comp]ementing and recombining with superinfecting temperature-sensitive
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mutants of HSV-1 (Brown et., 1979).

In 1979, Sequiera et al. demonstrated the presence of HSV genomes
by in situ hybridizetion in ihe brains from 3 of 4 elderly patients who
had died with chronic psychiatric illness and neuropathological. changes
but not in brain tissue from 2 patients who had acute psychotic episodes
and minimal abnormal histology. |

In situ hybridization technology has also revealed the presence of
HSV-specific MNA in 0.4-8.0% of human paravertebral ganglion cells
(Galloway et al., 1979). In a }atter'study, it was reported thaf in -
ganglia from 14 of 40.1nd1viduels, HSV-2 transcripts from the lef¥:hand
30% of the viral genome were detected (Galloway et al., 1982). However,
RNA homologous to other sequences in the L component was present less
frequently and no RNA from the S component was detected. These workers
concluded specific and limited transcription of the HSV genome occurs in
latently infected human ganglion cells.

Fraser et al. (1981) reported HSV-1 DNA sequences were found in 6
of 11 human brain DNA samples by Southern blot analysis. Different
anatomice1 sites of the brain were assayed for the presence of HSV DNA.
It was found ;o unique site for HSV DNA exists within the human CNS, nor
is there a correlation between neurological disease (multiple sclerosis)
and the presence of HSV-1. | L o o

Cell type 1nvolved-in latent infections

In the early l970 s, Stevens and. co—workers conducted a series of
experiments wh1ch strong]y suggested latent HSV. is harbored exclusively
in the neuron cell bod1es of sensory gang11a (Cook et al., 1974). Their

conc1usions were based on the ‘following observdtions: (1) Sciatic nerve -

" trunks do not harbor latent virus. Since the neuronal soma is the only |
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cell type present in the ganglia, but not in the nerve trunk, the soma
is the presumed site of virus latency. (2) If latently jnfected murine
ganglia were transferred into the peritbneal cavity of uninfected
syngenic mice, infectious viral progeny were produced. Immuno-
f1uorescent methods utilizing specific viral antigens and e]ectron
m1croscop1c observations indicated the neuron was the first cell in
which viral products or particles were detected. (3) Autoradiographlc
techniques illustrated neufons were the first cells in which viral DNA
replicaf?on could be detecfed. When 3H-thymid'ine pulses were followed
by chases with unlabeled thymidine, radioactivity was found to be |
localized in satellite cells surrounding degeherated neurons.
Additionally, the DNA in "reactivitating” neurons was identified as e
HSV-specific by in situ hybridization. The last observation has been
documented by another laboratory (zur Hausen ahdSchu]te-Ho]thausen;
1975).

More recently, McLennan and Darby (1980) confirmed the earlier
conclasions of Cook et al. (1974) and provided evidence which suggested -
activation of latent virus in a neuron may 1ead‘to déath of that cell.
Latent infections were established with a ts mutant of HSV-1 unab]e'to
replicate at the body temperature of the murine host. When Tatently |
infected ganglia were cultured in vitro at the non-permissive
temperature, immunofluorescence assay§ coupled with histo]ogica1
examination 1nd1caied'viral products were associated with neurons. _HSV
ant1gens were also demonstrable in neurons following in vivo re-.
activation of 1atent virus by neurosurgery F1na11y, when gang11a were
: excised severa] weeks after neurosurgery, there was a dramatic decreasec

- in the number. of gang]ia from which latent virus could be recovered by

N
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in vitro cu\ture and in the quantity of virus produced. These data
indicated a significant reduction in the number latent foci presumably
due to thgfdestruction of cells by virus reactivétion. Despite evidence
which implicated the neuron as the site of HSV latency, these workers
~were unable to rigorously exclude the possibility that other cell types
may be involved in latent interactions.

Kennedy et al. (1983) reported the in vitro reactivation of HSY
from dissociated dorsal root ganglia of mice. Double immunofluorescence
1abeling techniques showed cytopathic effect and HSV antigens arose

first in neuron cells. These findings are consistent with those cited

above (Cook et al., 1974; McLennan aﬁd’Darby, 1980).

The state of the herpes genome in latently infected cells

In the 1960's Roizman introduced two alternate hypotheses to
explain the persistence ®f HSV in nervous tissue (Roizman, 1965). The
dynamic state hypothesis predicted a small number of cells would
constantly replicate virus, but that infection would be localized by
humoral or cell mediated immune mecﬁanisms or through the action of
interferon. Alternatively, the static state hypothesis involved
conservation of the viral genome in a ﬁon—replicating state, either as
an extrachromosomal element or integrated into the*éef{q}ar DNA of the
host. | ‘

Several lines of evidence argué againstufhe dynamic state
hypothesis. Latent infection has been established using
temperature-=sensitive mutants of HSV in animals hosts whose body
temperature is restrictive for virus rep]icatipn (Lofgren et al., 1977;
McLennan and Dérby, 1980; Watson et al., 1980£. In addition, it has

been shown that antiviral drugs which inhibit virus weplication are
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incapable of eliminating latent virus (Blyth et al., 1980; Field et al.,
1979; Klein et al., 1979). Lastly, kinetic hybridization studies
performed during the acute and chronic stages of HSV jnfection have
failed to demonstrate the presence of HSV TRNA at the latent stage. In
constrast, mRNA could be dectected during the acute stage of infection
and HSY DNA could be measured at the level of 1.2 - 2.0 genome
equivalents per cell at the acute stage and 0.11* 0.03 genome
equivalents per cell at the latent stage.

The only evidence which supported the dynamic state hypothesis was
the detection by ultrastructural methods, of rare neurons within the
trigeminal ganglia of latently 1nfécted rabbits which contained
morphologically complete virions (Baringer and Swoveland, 1974)..

However this findi;g did not discount the possibility that spontaneous
reactivation had occurred within tissues)being examined.

The above observations support the s%atic state alternative, though
recent findings have challenged the notion that the viral genome is
completely quiescent while in the latent state. Galloway et al. (1979,

N

1982) have detected virus-specific tramscripts within human sensory
ganglia. In stud?és by Green et al. (1981), indirect immuno-
fluorescence assays have revealed the presence of an immediate-early
polypeptide Vmw 175 (ICP 4) within cells of the trigeminal ganglia of "
mice at the latent stage of infection. However, the ﬁranscripts
detected by Ga1loway et al. (1982) do not map in the region encoding 1cp
4. The results from these two 1aborator1es while not in d1rect
agreement, do suggest that limited viral express10nAmay be requ1s1te to

or a consequence of ma1ntenance of latent genomes.

Several studies have attempted to elucidate the precise molecu]ar
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relationship between host and viral DNAs. These studies have been
hampered by the low proportion of latently infected cells per ganglion
(estimated as 0.1% by Walz et al., 1974) and consequently by the small
amounts of HSV ﬁucleic acids present in the tissue of latently infected
hosts (Puga et al., 1978). In addition, hybridization methodologies
will most 1ikely be affected by the homo]oéy of HSY DNA sequences
originating from the reiterated regions of the genome to mamma1ng cell
DNA (Peden et al., 1982; Puga et al., 1982).

Nevertheless, Rock and Fraser (1983) have recently been successful
in defining the state of the herpes genome within the brain of latently
infected mice by Southe€rn bilot hybridization ana]isis. when total virus
DNA was used as a hybridization probe, comhlete genomes were shown to be
preseht. However, when clbnéd probe§“represent1ng the internal jofnt
region were used, both internal and terminal repeats were detected at
the acute stage of infection, but only DNA from the internal repet1t1ve
regions was detected at the latent stage. These results suggested the
presence of "endless” DNA within latently infected cells, either in the
form of closed-circular plpsm{ds, long circular céncatamers or linear
molecuies‘randomly integrated into host DNA. This was the first
indication that in the latent Qtage viral DNA may exist in a different
molecuiér configuration frém that found at the acute stage.. These
findings must be interpreted with caution sincé theﬁsource of latent
genomes,'the brainstem,. is a strucfurekfrom which virus s not
frequently reactivated. It will be of interest to see if ‘the
conc1usions.of'Rock and Fraser (1983) apply to HSV DNA within sensory
ganglia where thé presence of latent virus has been proven by in vitro

_ reactivétibn,
‘ o

(14
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Immune control of herpesvirus latency

Though the precise mechani sms responsible for persistence of HSV in
the host are unknown, several studies have dealt with the role of the
immune response in establishment, maintenance and reactivation of latent

virus.
»

Openshaw et al. (1979) have shown that in T-cell deficient (nude)
mice inoculated with HSV, the ganglionic viral titer reaches high levels
and all animals succumb to acute infection. Additional studies using .
nude mice demonstrated that anti-HSV antibody administered in high titer
failed to eliminate acute ganglionic infection (Rager-Zisman and
Allison, 1976). These studies implicated a cell-mediated immune
response or possibly T-cell induction of humoral immunity 1n.the
elimination ;f productive ganglionic infection and subsequent
establishment of the latent state. Studies by Sokawa et al. (1980) have
indicated the transjtion from the acute to latent stage within animal
ganglia fis influenced by interferon; interferon;induced suppression of
HSV replication at the acute stage occurred before the onset of antibody
synthesis. |

There have been several conf1icting»reports concerning the ro]é of
jmmune mechanisms in resistance to jnitial infection with HSV or to
reinfection with either hbmologous or heterologous herpes simplex
viruses. Walz et al., (1976) have shown jmmunization of mice to HSV-1
provides some protection in reducing both the severity of initial .
infection and the proportion of ganglion cells wﬁich become latently
infected. Price et al. (1975) reported that substantiél protection was
achieved when animals were immunized and challenged with HSV-1 but no

protection was afforded by immunization with HSV-1 and chaltenge with
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HSV-2. In contrast, McKendall

confered resistance to both Acute and latent infections with HSV-2.

Studies by Klein et al. (1978) have deﬁonstrated that HSV-infected
nude mice with evidence‘og latent infection in spinal ganglia failed to
develop latent HSV infections in trigeminal ganglia upon re-infection in
the orofacial region. However, HSV-infected and phosphonoacetic acid
(PAR) treated mice without evidence of latent infection in spinal
ganglia were resistant to reinfeétiOn in the lumbar region; but not to
reinfection in the orofacial area. It was concluded that extensive |
lesions in the epithelial surface at reinoculation may result in local
accumulation of antibody and immunocompetent cells which prevént virus
from.entering nerve endings and establishing latent infections.

More recently, Centifanto-Fitzgerald et al. (1982) have reported
that primary‘infection of rabbits and establishment of ganglionic
latency with one strain of HSV-1 precluded colonization of ganglia with
different challenging strain;.9f HSY-1 applied at the same peripheral
site. However, super1nfécting\xifuses were shown to produce significant
local infections. These workers utilized the highly-sensitive method of
restriction enzyme analysis to show that only the initial infecting
virus strain co]onfzed the ganglia; no trace of superinfecting strains
could be found in viruses recovered from the ganglia of doub1x‘1nfected
animals. It was concluded that the mechanism of protection of the
ganglia is 1ikely to be jmmunological, though its precise nature remains
unclear.

In contrast to results reported previously Centifanto-Fitzgerald
(personal communication, 1983) reportéd superinfectin§1~§enetica11y
3'dissim11ar ;trains of HSV-1 could colonize the ganglia of rabbits if the

found that immunization with HSV-1
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dose of the initial infecting strain was below 10° PFU. Thus it is
possible that characteristics of initial infection may effect the
pathogenesis of exogenous reinfections.

Invesfigations concerning the maintenance of HSY latency have
impiicated the involvement of antiviral IgG. In 1974, Stevens and Cook
showed that viral DNA synthesis wasrinh1b1ted in 1atently infected
neurons within ganglia which were transplanted in Millipore chambers to
uninfected mice passively immunized with specific immune IgG, but not in
mice given non-immune IgG. Recently, Cook and Stevens (1983) have
demonstrated 196G 1pf1uences the pathogenesis of HSV in mice resistant to
HSY infection. Following footpad jnoculation, restriction of virus
replication was shown to occur at the level of spinal ganglia where
infiltration of IgG-bearing mononuclear cells was‘obserﬁed. This
pﬁenomenon was more marked in resistant than in susceptible animals.
Nevertheless, other studies have demonstrated specific HSY antibody or
interferon fail to prevent in vitro reactivation of virus from latently
infected ganglia {0penshaw et al., 1979; Wohlenberg et al., 1979). .

In vivo studiés ﬁave shown that in animals passively immunized with
rabbit anti-HSY serum following peripheral virus inoculation, latent
virus is maintained despite deé\ining and ultimately undetectable levels
of neutraliz1ng antibody. (Openshaw et al., 1981). It was concluded
that persistence of virus in the absence of neutra]izing antibody is due
‘ to immunological ?olerance or alternatively, to 1nsuff1c1ent antfgenic
stimul ation needed to effect antibody production.

Reactivation of latent virus has been achieved in vivo in the
presence of antibody following irradiation or‘cyclophOSphamide treatment

of latently infe;téd immunocompetent mice 10pen§haw et al., 1979);
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Similar results have been obtained by treating passively immunized mice
with 6-hydroxydopamine following intraocular injection with HSV (Price,
1979). The above finﬁfngs suggest immunosuppression has a direct effect
on the induction of latent virug. Kactrukoff and co-workers (1981) have
shown that massive immunosuppression resulting in tﬁe removal of both
radiattohisensitive and radiation-resistant memory T cells résu1ts in
expressibn of infectious virus within brain tissue of mice carrying -
latent HSY within iheir\trigeminal ganglia. They concluded that
conditions of physiologic stress may cause a transient, but specific

defect in HSV-specific cell-mediated fmmunity which could result in the

emergence of infectious virus in the CNS despite the persistence of
specific circulating antibody. ’
However, experimental data has failed to resolve the paradox that
most human subjects with a clinical history of recurrent HSY infections
have both high antibody tfters to the virus (Douglas and Coucﬁ, 1970;
Rand et al., 1977) and elicit 1ymphoycte responses to HSV antigens
(Corey et al., 1978; Rosenberg and Notkins, 1974; Russell, 1974; Russell
et al., 1975). The.possiblity has been raised that the type, severity

and pattern of recurrent herpetic disease in animals and man may be

reflectiye of genetically determined:virulence and pathogenic

_characteristics of specific virus strains as well as of host immune

" factors {Centifanto-Fitzgerald et al., 1982).
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Aims of the project

*The following Studies address problems concerned with the
1nteract10n of latent HSV with human cells of neurological origin. An
in vitro system of virus reactivation was utilized to detect viral
genomes in human tissue and to isolate spontaneously expressed
infectious virus from several neuroanatomical sites. Specificially,
these questions were posed: |
1. What factors affect the rate of in vitro reactivatioﬁ of latent HSV
from the trigeminal ganglia obtained from unselected human gadavers?

2. Can latent HSV be recovered from sites other than sensory and
autonomic gangiia, such as the trigeminal nerve root? g; “

| 3. Can non-reactivable HSY or HSV-specific genetic info ‘agion latent

.in human neurological tissué be detected by the use of genetic probes in
the form of ts mutants of HSV-2?

4. ls spontaneous expression of HSV from explant cultures of human
trigeminal ganglia prevented by the continuous presence of the antiviral
agent acyclovir?

5. Can multiple strains of latent HSV-1, as defined by variabi]ity in
the number and location of specific restriction enzyme cleavage sites,

>be recovered from individual human hosts?



CHAPTER 11
MATERIALS AND METHODS

Cells and viruses

Baby hamster kidney clone 13 (BHK C113) cells were obtained from
the American Type Culture Collection and grown as monolayers in Eagle's
minimal essential medium (EMEM) supplemented with L-glutamine (2 mM),
penicillin (100 units/ml), strepéomycin (100 ug/m1) and 5% fetal bovine
cerum (FBS). Cells were incubated fn 5% COp, 95% atr at 37 C.

Laboratory prototype virus strains HSV-1 Glasgow strain 17 (Brown
at’al., 1973) and HSY-2 strain HGS2 (Timbury, 1971) and HSV-2 ts
mutants ts 1, ts 2, ts 5 and ts 9 (Timbury, 1971) were supplied by J.H.
Subak-Sharpe, Institute of Virology, Glasgow. ts 1, ts 2, ts 5 and ts
9 were derived from HSV-2 HGS52; the permissive (PT) and non-permissive
temperatures for the ts mutants are 31°C and 38.5°C, respectively. The
physical map locations of ts 1, ts 5 and ts 9 have been determined by
intratypic marker rescue and analysis of HSV-1/HSV-2 intertypic
recombinants (Chartrand et al., 1981) and correlate almost exactly with
those assigned by genetic analysis (Timbury and Calder, 1976). Ts 1,
ts 2, ts 5 and ts 9 all map within %he UL segment of HSV-2 and are not
clustered (Chartrand et al., 1981; Timbury and Calder, 1976). They are
in different complementation groups thohgh the precise nature of their
gehetic lesions is unknown (Timbury, 1971). Additional biochemical and
genetic properties have been reported elsewhere (Timbury, 1971; Timbury
and Calder, 1976).

" Removal of human trigeminal ganglia and trigeminal nerve roots

The left and right trigeminal ganglia were obtained from .

‘unselected human cadavers at the time of postmortem examination (under'

32
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26 hours from time of death) by the method of Warren et al. (1977).
After removal of the brain, the dura mater in the area of the
trigemina]lnerve root was wiped with sterile gauze soaked in 70%
alcohol. The dura matter was then dissected off the superior surface
of the ganglia. The ganglia appeared as yellow crescents in sharp
cdntrast to the white nerve root and peripheral nerves. A
crescent-shaped incision was made proximally and distally to the
ganglia. The ganglia were then separated from the! cavum trigeminale by
dissecting them free from the underlying connective tissue. To remove
left and right trigeminal nerve roots, a cresent-shaped incision was
made just proximal to the ganglia and the nerve roots were dissected
free from connective tissue. Each ganglion and nerve root was then
immediately immersed into a sterile vial containing EMEM. The wet
weight of each trigeminal ganglion was approximately 250 mg.

Growth of human neurologjc31 tissue.

fach ganglion or nerve root was finely minced with sterile
scalpels aﬁd the tissue suspension divided equally between 25 cm2
plastic tissue culture flasks. Ganglion tissue was divided into five
or ten 25 cm2 flasks providing a total surface growtﬁ area of 125 cm
or 250 cmz, réspectivély. Each frigemina] nerve root was divided into
five 25 chz flasks. Tissue fragments were overlayed with EMEM |
supﬁ}emented with L-glutamine‘}é mM), penicillin (100 units/ml),
streptomycinl(loo ug/ml) and 50% fetal bovine serum (FBS). A1l flasks
were incubated in 5% C0,, 95% air at 379%C. After 5-7 days, the flasks
were observed for cell recovery and growth. The culture medium was

then replaced with EMEM supplemented with 20%-FBS and the remainfga

additives.
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Rate of recovery of 1atgnt HSV from human trigeminal ganglia

HSV was recovered from 33 of 82 (40.2%) of individuals. Maximal
recovery rate of HSV occurred when cul tures were initiated within 12
hours of death on 250 cm2. These conditions resulted in recovery of
virus from 14 of 22 (63.6%) cases. When the cultures were initiated
within 12 hoﬁrs of death of the patient but onto a total area of 125
cm2 rather than 250 cmz, the recovery rate dropped to 11 ofA23 (47.8%)
cases. If the mono]ayers were initiated onto 250 cmz, but not until
I3-25 hours after death, the recovery rate was approximately the same
at 8 of 19 (42.1%) cases. The 1owest recovery rate, 0 of 18 (0%)

cases, occurred when cu]tures were established 13-25 hours after death

onto 125 cmz.

Thus, if ganglia were explanted within 12 hours of death
difference in surface area available for cell growth did not affect the
HSV ret@very rate to a statistically significant degree; however if
explant cultures were established over 12 hours after death, the rate
of HSY recovery increased sjgﬁ%ficant\y (x2 = 7.34, 1 df p<0.01) when
the 250‘cm2 area was utilized.

Twenty-five of 45 (55.6%) cases establ{shed from 4-12 hours from
death yielded spontaneous HSV, whereas 8 of 37 (21.6%) cases

established from 13-25 hours from death were positive for spontaneous .

expression of virus. The increased rate of virus recovery in the group |

of ganglia obtained under 12 hours,‘relative to those obtained over 12
hours was statbgtical]y significant (x = 8.36, 1 df, . p<0.01).

Growth of trigeminal ganglion cultures in the presence of acyclov1r

The left and right trigeminal ganglia derived ‘from 23 individuals

were fragmented as described above and cultured in EMEM plus 50% FBS

V4
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with 10 M acyclovir (ACV; Burroughs Wellcome Co., Research Triangle
park, North Carolina). After 5-7 days culture medium was_replaced with

| dium containing 20% FBS. Cultured géngl1a were maintained

h as described above. Eighteen of 23 cultures released
‘{nsed twice in medium without ACV before refeeding with

it drug. Cultures were monitored for the appearance of

Ixpl antation cultures were monitored three times per week up to 45
:ﬂfor the appearance of viral cytopatric effect (CPE) typical of

? After CPE progressed to involve 90% of the cellular monolayer

k was harvested by centrifugation of cells and medium at 2000 rpm
‘! min. at 4°C. Pellets were resuspended in 1.0 ml of supernatant
f1u1i5and sonicated for 30 sec. Primary vwrus jsolates were stored at

-70% prior to passaging.

‘ m1 of the primary virus isolate suspension was passaged onto
confy it nono1ayers of baby hamster kidney clone 13 (BHK C113) cells
in 150 cm? tfssne'cu1ture flasks. Virus was allowed to adsorb to the
. cells for 60 min at 37%. F1asks were refed with supplemented EMEM
plus 5% FBS. Cells were allowed to incubate for 48-72 hours or until
CPE progressed to 90%. Flasks were subjected to one cyc1e of
freeze-thawing. ~ The contents of the flask were harvested by
centrifugation at 2000 rpm for 10 min. at 4°C peliets were
resuspended into 2 0 mls of supernatant f1u1d and aliquots of 0.5 ml
were placed in sterile vials prior to freezing at -70%.

virus nomenclature

Single passage ganglion or root isolates derived from individual
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and 31A2 were subclones derived from the same culture. yd
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cadavers were designated by the same arabic numbers. Isolates
recovered from separate cultures derived from the same individual- were
given alphabetical letters in order of their recovery. Thus each
isolate had both a number and a letter. Where isolates were -
plaque-purified an additional number following the letter indicated an
independently derived subclone. Thus isolates 31A and 31B were derived
froﬁ the same individual, but from different cultures; isolates 31Al ///'
/
Wild-type isolates rescued after superinfection with HSV-2 ts
mutants (described below) were designated by the autopsy case number
from which the culture was derived followed by the number of individual
éulture wﬁich was superinfected. An alphabetical letter indicated a
p1aque-pur1fi;d clone. For example, isolate 444-3B was rescued
following superinfection of culture 3 from autopsy case A444/80 and

represented one of several plaque-purified subclones.

Virus plaque purification

Virus suspensions were plated on 50 mm petri dishes of confluent

BH& C113 cells so as to produce approximately 10 plagues per dish.
Virus was adsorbed for 1 hour at 37°C, or at 31°C or 38.5°C if

temperature- sensitivity of strajns'was to be determined. Plates were

G N e
overlayed with EMEM with additfves‘61us 2% FBS and incubated for 2-3

days or until plaques were visible at the appropr1ate temperature
Prior to picking plaques, cell sheets were washed twice with ster11e

phosphate-buffered saline (PBS). One or two well-separated plaques per

_dish were picked into 0.5- 1 0 m1 EMEM + 2% FBS and sonicated for 30

Ik (7 -
sec. 0.1 ml of this suspension was used to infect mono1ayers of BHK

C113 cells at 37%, 31% or 38.5%. This procedure was repeated 2-3

163



times.

Virus titration

Yirus suspensions were titrated by a modification of the method
described by Russell (1962). 0.1 m1 of serially diluted virus

suspension was used to infect confluent mono]ayers of BHK C113 cells in

50 mm petri dishes. Adsorption was for 1 hour at 37 O, or where

temperature-sensitivity of isolates was to be determ1ned at 31 °c and
38.5% to quantitate total virus yields, and yields of ts+ virus,
respectively. After 1 hour, plates were overlayed with EMEM + 2%
pooled human serum to reetrict pl aque sp;eading. Plates were incubated
at 37, 31°% or 38.5% for 2-3 days. Monolayers were fixed in formal
saline, stained with Giemsa and plaques were counted.

Superinfection of ganglion and control cultures with HSV-2

temperature-sensitive mutants

Ganglion cultures which failed to release HSV spontaneously were
infected with individual temperature-sensitive (ts) mutants of HSV at
an input mulktiplicity of one plaque-forming un?t (PFU) per cell.
Parallel cultures,were infected with one PFU per cell of HSV-2 HG5Z or
mock infected. Control BHK C113 and primary fetal brain cuitures were
similarly infected. Fof infection, virus was was adsorbed for 1 hour
at 37~C for cells subsequently ihcubeted at 31°C and at 38.5°C for
cells subsequently incubated at 38. 500@ After 1 hour- unadsorbed virus

was removed by wash1ng mono]ayers with sterile PBS. F1asks were refed
&5

with EMEM plus 20% FBS. . -
Cells were 1ncubated for 24 hours at 38. Sdlfto allow complement-
ation to occur or at 31 % to allow for recombination between

super1nfecting virus and putative res1dent genomes. Between 6 and 38
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ganglion cultures obtained from a single cadaver were infected with at
least 3, and in most cases 4, individual ts mutants. Progeny virus was

assayed at 31%C to determife total yield and at 38.5°C to detect any

A

ts+ virus in the yield. ts* viruses recovered from gang]ion cultures
following superinfection with H5V-2 ts mutants were passaged on BHK
C113 cells and plaque purified twice before subsequent restriction
enzyme analysis. ts* strains and viruses spontaneously released from
ganglia cultures were digested with restriction endonucleases, Hind
IIT, Kpn I and Bam HI according té the following method.

Virus identification by restriction endonuclease analysis

Viral DNA was prepared by the method of Lonsdale (1979). BHK C113
cells seeded in 1.6 cm Linbro wells containing EMEM and the l()A6 M
phosphate supplemented with 1% FBS (PIC) were incubated for 24 hours at
37°C.  The medium was removed and each well was infected with virus at
a; input multiplicity of 10 plaque forming units (PFU) per cell and
allowed to adsorb for 1 hour at 379 . Cells were washed with PIC, and
0.5 ml of PIC was added to each well. Linbro plates were incubated at
37°C for 2-4 hours before 50 uCi_of [BZP] orthophosphate (1 mCi = 37
MBq) was added to each ;el1. Inééghtion was continued overnight at
37°C.  After the appearance of vi%g? CPE (usually within 24 hours), the
contents of each well were harvested. A 0.5 ml volume of 5.0% (w/v)
sodium dodecyl sulfate was added to each well and mixed by swirling.
The mixture in each well was transferred to glass centrifuge tubes and
mixed, by inversion, with 1 ml of phenol saturatedwith 75 mM NaCl and
50 oM EDTA, pH 8.0. Tubes were placed in an ice Qater bath for 10 min

and centrifuged for 10 min at 2000 rpm at 4°C. The aqueous phase was

removed and transferred to a glass centrifuge tube. The nucleic acids

~
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were precipitated by the addition of two volumes of ethanol and
immediately pelleted by centrifugation for 10 min at 2000 rpm at 40C.
The supernatant was discarded and the nucleic acids were resuspended by
gentle shaking for 1-2 hours at 37°C in 0.2 ml of distilled water
containing 20 ng of RNase A and 200 units of RNase T,. A 10 ul volume
of the redissolved nucleic acids was transferred to a Whatman's No. 1l
filter paper disc and air—driéd. Paper discs were washed three times
in 5% trichloroacetic acid - 0.1 M sodium tetraphosphate, three times
in absolute ethanol, and once in acetone and counted in toluene - 5%
PPO.

Samples containing equal numbers of RNase-resistant counts in 6 mM
Tris-HCY (pH 7.5), 6 mM MgCl,, 6 mM 8 -mercaptoethanol, and 100 1 g/ml
bovine serum albumin in a final volume of 30-50 1 were incubated
individually with 5-10 units of restriction enzymes Hind 111, Xpn I and
Bam HI (Bethesda Research Laboratories) for 4 hours at 37°C.  The
reactions were stopped by the addition of 10 ul of 60% sucrose in 0.2 M
EDTA, pH 7.5, containing bromophenol blue.

.Agarose and polyacrylamide gel electrophoresis

Digests were analyzed after overnight electrophoresis on 0.6% -
1.2% agarose gels at 2 V/cm. The gel and tank buffer consisted of 36
mM Tris, 30 mM NaN2P04, and 1 mM EDTA. Gels were dried on glass plates
or vacuum dried with a Bio-Rad gel dryer and exposed with intensifying
screens to preflashed Kodak X-omat RP-1 film at -70%C for varying
lengths of time.

For resolution of low molecular weight Bam HI and Kpn I digestion
fragments, digesfs were electrophoresed in 3.5% polyacrylamide gels by

the method of Laemmli (1970). Gels were formed from a solution

L4
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coataining 302 w/v of 29:1 w/w acrylam%de: N, N1 -methylene

bisacryl anide and run at room temperature at 2V/cm overnight. The£9e1
and ;ank buffer was 36 M Tris, 30 mM NaHZPO4 and 1 M EDTA. Gels were
vaéuum dried and autoradiographed at -70% using pre-flashed Kodak
X-omat RP-1 film with an intensifying screen. Exposure was for 4-/
days.

Southern transfer and hybridization

DNA fragments electrophoresed through agarose gels were
transferred to nitrocellulose filters (Schlefcher and Schuell Co.)
essentially by as described by Southern (1975). To denature DNA, the
agarose gels were washed twice in 0.25M HC} for 5-10 min, and twice in
0.5M NaOH for 10-15 min. The gel was neutralized by two 30 min |
treatments in 0.5M Tris (pH 7.4), 3M NaCl prior to transfer in 20 x SSC
(1 x SSC is 0.15M NaCl, 0.01%M sodium citrate}. For blotting onto
nitrocellulose filters, gels were placed on top of layers of Whatman
MM filter paper.- Nitrocellulose wetted in 2 X SSC was placed on top
of the gel. 3MM paper towels were placed on top of the nitrocellulose
filter onto which a weight was placed. Transfer proceeded overnight.

The filter was dried between two sheets of 3MM paper and baked at 80°C

for 2 hours prior to hybridizations. )
Nitrocellulose filters were placed in heat-sealable plastic bags

prehybridized in a 42°C waterbath for 4-6 hours in 15 ﬁ] pre-

hybridfzation buffer. The prehybridization buffer consisted of 40 ml

deionized formamide, 20 m1 20 x SSC, 8 ml 50X Denhardt's sd]ution (1%

bovige serum albumin, 1% polyviny) pyrrolidine, 1% Ficol MW 400K) 4 ml

M NaPO, (pH 6.5) and 8 mg salmon sperm DNA. The filters were i%

hybridized with 1.6-3.0 x 107 cpm (0.75-1.5 ug) of 3% - labeled
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denatured nick translated probe (see below) in hybridization buffer (4
parts prehybridization buffer: 1 part 50% dextran sulfate) at 42°C
overﬁight. _

The filters were washed with gentle shaking 4 times for 5 min in
2 x SSC,.O.I% SDS at room temperature, and 3 times for 15 min in 0.1 x
$SC. 0.1% SDS at 50°C. Filters were dried at 50°C for 1 1/2 hours
prior to autoradiography .

Preparation of radiolabeled hybridization probes

Radioactively labeled probes were prepared using.a nick
translation kit (Amersham). 1.5 ug ofS\qurified plasmid DNA containing
HSV-1 KOS fragments Bgl 11-j1 and Bgl II-k (obtained from W.C. Leung,
University of Alberta) were individually incubated in 20 .1 solution 1
[100 uM each dATP, dTTP and dGTP in buffer contaim')ng Tris/HC1 (250 mM)
pH 7.8, MgCl, (25 mM) and 8- mercaptoethanol (50 mM)], 60 uCi « 32?—
dCTP (specific activity 3000 Ci/m mole, Amersham) and 10 ul solution 2
(5 units DNA polymerase 1 and 100 pg DNése 1 in a buffer solution
containing Tris/HC1, pH 7.5, magnesium chloride, glycerol, bovine serum
albumin and sterile deionized water) in a total volume of 100 ul. The
reaction mixture was incubated at 15°C for 2 hours. The reaction was
terminated and unincorporated nucleotides removed by immediate addition
of 1/10 volume 3M NaAc, 20 ug ®RNA and 2.5 volumes ethanol followed by
precipitation in a dry jce/ethanol mixture for 5 min. The mixture was
centrifuged in an Eppendorf Microfuge at 12,000 x g for 5 min and the
pe]]et was resuspended in 100 ,1 sterile water. The solution was
‘boiled for 5 min, chilled on ice and added quickly to hybridization
buffer. The nick translated DNA probes had specific activities of

L

1.6-6.0 x 10 cpm/ug.



CHAPTER III
RECOVERY OF LATENT HERPES SIMPLEX YIRUS FROM HUMAN TRIGEMINAL NERVE

ROOTS

INTRODUCTION

Latent HSV has previously been recovered from several
neuroanatomical sites of human cadavers. These fnclude the trigeminal
(Baringer and Swoveland, 1973; Bastian et al., 1972; Plummer, 1973;
‘Harren et al., 1977) superfor cervical, vagus (Warren et al., 1978) and
sacral ganglia (Baringer, 1974).

In animal model systems,‘m1gnat10n of HSY from peripheral sites to
the central nervous system involves the progression of virus infection
from mucocutaneous surfaces, to the trigeminal nerve, ganglion, root and
trigeminal tract within the brainstem (Baringer and Griffith, 1970;
Goodpasture and Teague, 1923; Kristensson et al., 1978; Townsend and
Baringer, 1978). The present study was undertaken to determine whether
latent HSY could be isolated from additional human neuroanatomical
structures especially those proximal to known sites of latency. Thet
trigeminal nerve root was of particular ifhterest és 1atent virus locaked
withiﬁ%this site could be a source of infectious or possibly defectivé
HSV genomes involved in the pathogenesis of central nervous system
disease.

Results

Latent herpes simplex virus was fsolated from explant cultures of
%rigemina1 nerve roots derived from 7 of 47 human ca&avers (Table 4).
Virus specific cytopathic effect (CPE) appeared in the monolayers 6 to
22 days following establishment of nerve root cultures. In one case

(A060/81) virus was isolated from both the left and right trigeminal
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nerve roots, whereas in the remaining 6 cases virus was recoverea frgm
either the left or right nerve root.

In 2 of 7 individuals where latent virus was recovered from
trigeminal nerve roots, HSV was isolated from explant cultures of the
corresponding trigeminal ganglia (cases A060/81 and AQ79/82). In one of -
these cases (A079/82), latent HSV was recovered from a ganglfon culture
following removal of the antiviral drug, acyclovir (ACY) (see Chapter
vI).

Ganglion cultures derived from the remaining 5 individuals were
negative for spontaneous expression of latent HSV; however, in 2 cases
ganglia were cultured in the coﬁtinuous presence of %cyclovir for 30
days. In ane of these 2 cases, ganglia were released from ACV‘and
cultured in the absence of drug, but latent HSV was not recovered.
Trigeminal ganglia derfved from the other 3 individuals failed to
spontaneously express HSV. (Table 4).

Yirus isolates recovered from explant cultures of human trigeminal
nerve roots, and where available corresponding trigeminal ganglia were,
jdentified as ﬂSV type 1 (HSV-1) by restriction enzyme analysis of viral
DNA (Fig. 1).<.D1ge§tion of viral DNA with Bam HI revealed all isolates
had an overall restriction enzyme profile characteristic of prototype
HSV-1 Glasgow strain 17. None of the enzyme patterns resembled that of
prototype HSY-2 HG52.

Virus isolates derived from different individuals had
distinguishable Bam HI profiles with the exception of isolates 31A and
318. Isolates 31A and 318 derived from the left and right trigeminal
nérve roots, respectively, of the same'individnal exhibited differént

restriction enzyme patterns. Ganglion isolates derived from this
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individual also displayed variability in the number and location of
restriction enzyme cleavage sites (see Chapter VII, Fig. 13-15).
Isolates 42A and 42B recovered from the right trigeminal nerve root and
right trigeminal ganglion, respectively had fdentical Bam HI restriction
enzyme profiles.

Discussion

The trigeminal nerve coqp]ex is divided into peripheral nerves,
ganglia and nerve roots. Peripheral nerves join the ganglia to
mucocutaneous surfaces, whereas trigeminal nerve roots join the ganglia
éo the central nervous system brainstem. Histologically, trigeminal
ganglia differ from trigeminal nerve roots in that the ganglia contain
the majority of sensory neuron cell bodies, whereas the nerve roots are
composed mainly of Schwann cells with an occasional ectopic sensory
neuron located at the distal end of the nerve root.

The isolation of HSV-1 from trigeminal nerve root cultures derived
from 7 of 47 unselected human cadavers indicated that clinically latent
HSY is not confined to autonomic and sensory ganglia. MHowever, it
appeared as if only a small percentage of individuals harbors latent
virus within the trigeminal nerve root.

Because of‘experimental design it was difficult to determine if all
1ndiv1d%als positive for latent virus within nerve roots also harbored
latent virus within the trigeminal ganglia. Two of 7 individuals had
latent HSV in both sites; hoﬁever. where culture conditions allowed for
sponfaneous expression of HSV from corresponding ganglia, 4 of 7
individuals remained negative for latent virus within this site.
Cultures derived from the trigeminal ganglia of the remaining individual

failed to express virus, however the continuous presence of acyclovir in
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these cultures most 1ikely prevented in vitro reactivation of latent
HSV. The above results suggested that within the same human host Tatent
HSV may reside in trigeminal nerve roots irrespective of the presence of
virus in trigeminal ganglia. However,‘further experiments where
trigeminal nerve roots are cultured along with corresponding trigeminal
ganglia under identical conditions must be performed to substantiate

this suggestion.

It is unlikely "stress” of death activated latent HSY from sensory
neuro;s causing spread of infectious virus into the nerve root and
re-establishment of a latent state in nerve root cells. Such a
phenomenon has not been“observed in experimental animals and probably
does not occur in humans between the time of death and removal of
ganglia at autopsy.

The bulk of evidence, though indirect, suggests that latent HSY is
associated with neurons within sensory gangiia (Green et al., 1981,
McLennan and Darby, 1980; Stevens, 1975). In the ganglia of both
latently infected animals and humans, it has been estimated that only a
very small fraction of ganglion cells contafns HSV nucleic acids or
reactivable virus (Galloway et al., 1979, 1982; Puga et al., 1978; Walz
et al., 1976). In addition, only a few cells within human trigeminal
ganglion explant cultures have ultrastructural and electrophysiological
properties characteristic of neurons (Kim et al., 1979). In studies
described’hére, the possibility that occasional ectopic neurons in the
trigémin§1 nervé root of humans were the source of latent HSV cannot be
discounted. However, the likelihood that a neu}on was eétopic, and also
both latently infected and viaﬂle in culture is exceedingly small.

Recovery of HSV from trigeminal nerve roots suggests that latent =~
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virus may be present in cells types other than ganglionic neurons. It
is possible HSV resides in myelin-producing Schwann cells of the
peripheral nervous system (PNS), in axons passing from the ganglionic
sensory neurons to the cengral nervous system (CNS) or in sparse
astrocytes or oligodendrogiia bordering the PNS/CNS junction. The
identification of cell types present in trigeminal nerve root explant
cultures by specific staining procedures or use of monoclonal antibodies
was not performed. However, at present, most avaf¥able identification
techniques for human neural cells require the fixation or processing of
cells. Such treatment would subseguently render cells non-viable in
culture or arrest the replication of host or viral DNA. This precludes
definitive association of cell types present within a given culture with
in vitro reacttyation of HSV.

In experimental animal systems, centripetal migﬁation of HSY from
sensory ganglia to central nervous system tissue following peripheral
inoculation of HSY has been demonstrated by-the appearance of
distinctive lesions in the trigeminél root entry zone (Kristensson et
al., 1978, 1979; Townsend and Baringer, 1978). Biochemical and electron
microscopic investigations have indicated ascending infection of the
trigeminal tract occurs by retrograde 1ntra-axoﬁa1 transport of virus
(Baringer and Swoveland, 1974; Cook and Stevens, 1973; Kristensson,

1975; Kristensson et al., 1971, 1974). Therefore, infectious virus

present in axons within the trigeminal nerve root could be a source of

virus which becomes latent in cells within this site.
It remains to be determined if latent HSV harbored in:sensory
ganglia or nerve roots of humans, in addition to migrating centrifugally

to mucocutaneous surfaces to cause recurrent lesions, may also travel

3



centripetally to the central nervous system to evince neur

disease.

ological
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Figure 1

o

Autoradiograph of Bam HI digests of 32P—labeled DNA of HSY isolated from
human trigeminal nerve roots and corresponding trigeminal ganglia.

HSV-1 17 and HSV-2 HG52 are 1aboratory prototypes. Strains 29A, 31A and
31B, 32A, 34A, 35A, 42A and 48A are root isolates from cases A031/81,
A060/81, A085/81, A137/81, A172/81, A079/82, and A311/82, respectively.
Strain 428 is a isolate derived from the right trigeminal ganglion from

case AQ79/82.
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CHAPTER IV

RECOVERY OF HERPES SIMPLEX VIRUS GENETIC INFORMATION FROM HUMAN

TRIGEMINAL GANGLION CELLS FOLLOWING SUPER INFECTION WITH HERPES SIMPLEX

VIRUS TYPE 2 TEMPERATURE-SENSITIVE MUTANTS

Introduction

In vitro culture techniques have enabled the recovery of clinically

latent HSY from the sensory and autonomic ganglia (Baringer, 1974;
Baringer and Swoveland, 1973; éastian et al., 1972; Warren et al., 1977,
1978) of unselected human cadavers. Virus is usually recoverab]e from
40-60% of individuals (Baringer, 1975; Forghani, et al., 1977; Warren et
al., 1977), though immunological evidence indicates a much higher
prevalence of HSV infection (Forghani et al., 1977).

Spontaneous reactivation‘of MSV from human trigeminal ganglia
occurs from 7-45 days following explantation or co-cultivation with )
indicator cells (Baringer and Swoveland, 1973; Warren et al., 1977).
Trigeminal ganglion cells which fail to release virus after 45 days in
culture have been shown to contain HSV genetic 1nformét10n capable of
complementing or recombining with superinfecting temperature—sehsitive;
(ts) mutants of HSV-1 (Brown et 51., 1979). This observation suggested
some individuals may harbor virus in a non-reactivable form thus

“accounting for the discrepancy between serological evidence of prior HSV
infection and the rate of HSV recqvery from human cadavers.

In the present study, HSV-2 ts mutants have been employed as
genetic probes to detect the presence of putatative HSV-1 information in

ganglion cells which failed to express virus during the course of the

in vitro culture. Restriction enzyme analysis of ts+ virus rescued from

51
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ganglion cells following intertypic superinfection with H5V-2 ts mutants
was performed to unambiguously distinguish between the following events:
(1) activation or spontaneous expression of endogenous HS5V genomes
consequent to superinfection, (2) recombination between superinfecting
ts mutants and resident HSY genetic information, or (3) reversion of
superinfecting ts mutants to ts' virus. If activation or spontaneous
expression of endogenous genomes occurred resulting viral progeny would
have a restriction enzyme profile characteristié of HSY-1. Genetic
recombination between superinfecting ts mutants and resident HSY genetic
information would result in the generation of viral progeny with
restriction enzyme protiles characteristic of intertypic (HSV-1 x HSV-Z)
recombinants. Finally, if reversion of superinfecting ts mutants to ts
virus occurred, viral progeny would have an HSY -2 restrictioo enzyme
profile identical to that of the parental strain (HSV-2 HG52) from which
the ts mutant originated.

Resulgz

The origin of trigeminal ganglion cultures obtained from 36
randomly selected cadavers, along with information regarding spontaneous
release of HSV and cul ture conditions prior to superinfection are listed
in Table 5. Ganglia obtained from 17 individuals were maintained in
culture for 282§2 days prior to superinfection (Table 5, Part A),
whereas those fr;h 19 individuals were cultured for 9-21 days before
superinfection with HSV-2 ts mutants (Table 5, Part B). Cultures were
divided into two groups to determine whether frequency of rescue of s’
Virus by superinfecting mutants was different in cells superinfected
early after explantation compared to those superinfected at 1afer times.

Cultures from 3 of 17 individuals which were maintained in culture
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28-62 days prior to superinfection and cultures from 12 of 19
individuals maintained in culture 9-21 expressed HSY spontaneously.

Thus cultures from 15 of 36 (42%) individuals spontaneously released HSY
which is within the 40-60% range observed by others (Baringer, 1975;
Warren et al., 1977). Spontaneous isolates were jdentified as HSY-1 by
restriction enzyme analysis (Chapter VII).

Trigeminal ganglion cultures wﬁich failed‘to express HSY
spontaneously were superinfected with single tikmutants of HSV-2 at an
input multiplicity of 1 PFU per cell. Cul tures maintained 28-62 days
after explantation (Table 5, Part A) were infected at passages 1—3;
Twenty to 40 cultures from a single ind%gidual were infected with ?mor 4
individual ts mutants at both permissive (31°C) or nonpermissive
temperatures (38.5°C). Five cultures from 4 individuals yielded
positive results (Table 6A). Complementation was observed in a culture

)
+ 7
from autopsy case A292/80. Complementation and rescue of ts virus

occurred in cultures from cases A274/80, A276/80 and A2§2/80; rescue of
ts' virus occured in a culture from case A261/80. None of the ganglion
cultures derfived from these 4 individuals expressed HSY brior to
superinfection.

Cultures maintained 9-21 days after explantation (Table 5, Part B)

were superinfected prior to passaging and, due to their restricted
numbers, were incubated only at the permissive temperature (§1°C). In
several instances, superinfection of negative cultures was performed
close €3 the time of in vitro reactivation of latent HSY from parallel
cultures, and in one case (A444/80) spontaneous HSV was expressed in a

mock -infected culture following superinfection of parallel cultures.

ts* virus was obtained from cultures from cases A386/80 and A444/80 in
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this group (Table 68). .

ts' viruses rescued from cultures A386(9), A444(3), and A444(12)
were subjected to two cycles of plaque purification at the nonpermissive
temperature (38.5°C). Plaque-purified isolates grew to approximately
equal titers at permissive and nonpermissive temperatures. ts+ virus
was not recoverable from culture A261(2) upon subsequent passage. The
reason for this is not known, and it can only be speculated that
leak-through of ts 1 occurred in this ganglion cu]turé though not' in
corresponding control BHK C113 or fetal brain cells.

Restriction enzyme analysis with Kpn | and Bam HI of spontaneous
isolates from cases A386/80 and A444/80 along with ts' viruses rescued
after superinfection of cultures with HSV-2 ts mutants is shown in Figs.
2 and 3.

Spontaneous fisolates recovered from case A386/80Fnere uniformly
HSY-1 and had Kpn I and Bam Ml (Fig. 2) restriction enzyme patterns
jdentical to one another and also to ts’ virus recovered after
superinfection with HSY-2 ts 1. None of the bands corresponded to HSY -2
fragments. Similarly isolates recovered from two cultures from case
A444/80 following superinfection with ts 5 were identical by the
criterion of number and location of restriction enzyme sites to
endogenous HSV-1 spontaneously expressed (Fig. 3). In addition,
isolates from cases A386/80 and A444/80 could be distinguished from
HSV-1 17 and from one another. Intratypic variabi]it;\was most clearly
seen when comparing Bam HI restriction enzyme patterns.

Discussion ‘
The presentfstudy has demonstratedbthe retrieval of HSY genetic

information from latently infected human trigeminal ganglia by
f

|
|
|
I
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superinfection of explant cultures with genetic probes in the form of
HSV-2 ts mutants. Previously Brown et al., (1979) employed the
technique of superinfection of latently infected human ganglion cells
with HSV-1 ts mutants to demonstrate the presence of HSV specific genes
within cells by complementation or recombination with input virus. In
this study we have utilized HS¥-2 ts mutants to more definitively
characterize the interaction between superinfecting virus and resident
HSV genomes by application of restriction enzyme technology. ~

Evidence of complementation or rescue of ts' virus was obtajned
from 8 cultures derived from 6 individuals; ganglia from 2 of these
individuals contained latent HSV which reactivated in vitro prior to
superinfection. Positive results were obtained with ts 1 and ts 5
though cultures from most cases were infected with ts 1, 2, 5 and 9.
Since the functional nature of the ts mutations is not known, it is
difficult to speéulate on the selective interaction of ts 1 and ts 5
with latent genomes. .

In the initial experiments of Brown et al., (1979) ganglia from 8
of 14 individuals which had been consistentlyAnegatfve for spontaneous
release of virus were shown to contain uninducible genomes by super-
infection with HSY-1 ts mutants. Negative ganglion cultures from an
additional two individuals also yielded positive results, though
parallel cﬁ1tures had previously released HSV spontaneously. In
experiments reported here, ganglion cultures from only 6 of 36
indfviduals which failed to release virus spontaneously were shown to
harbor HSY information by genetic probing with HSY-2 ts mutants. Fewer
positive results in this study suggest that efficiency of

.comp1ementation and recombination between superinfecting yirus and
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resident genomes may be higher‘when homotypic rather than heterotypic
viruses are used. Lower rescue frequencies could also be attributed to
the longer culturing of ganglion cells prior to superinfection. Some
cultures were maiﬁfained over 60 days. and latently infected cells may
have been diluted out and(}ost from cultures by passaging. In addition,
many of the ganglia superinfected early after explantation spontaneously
yielded HSV leaving fewe; cultures to be genetically probed.
HSY-1 and HSY-2Z share appkoximate]y 50% homology in their

nucleotide sequences (Kieff et al., 1972) and both complementation and

- recombination between the two serotypes have been reported (Esparza et

al.. 1976; Timbury and Subak-Sharpe, 1973). Restriction enzyme analysis
which unambiguously differentiates HSV-1 from HSV-2 (Haywaﬁd et al.,
1975a; Skare et al., 1975) was applied to ts+ viruses recovered from
ganglia superinfected with HSV-2 mutants. P1aque-purified strains

rescued after superinfection had restriction enzyme patterns identical

_ to MSV spontaneously released from the ganglia of correspbnding

individuals. No HSY-1 x HSV-2 ts+ recombinants or ts+ revertants of
superinfecting viruses were recovered. However, the possibility cannot
be exc{uded that recombination between superinfecting ts mutants and
resident genomes occurred resulting in the insertion of an HSY-2 DNA
fragment responsible for a ts’ phenotype but too small to cause
alteration in adjacent HSV-1 Kpn I or Bam HI restriction enzyme sites.
Superinfecting ts mutants may have activated latent endogenous
genomes, perhaps by providing a product essential for the stimulation of
virus replication. Such a mechanism has been suggested in an in vitro
mode) sy;tem of cells latently infected with HSV. Superinfection with

heterologous {CMV) or partially homologous viruses (HSV-1 or HSV-2)
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caused reactivation of parenfal HSV used to establish inapparent
infection (Colbery-Poley et al., 1979; Wigdanl et al., 1981, 1982). In
studies outlined here, identification of a viral p}éduct acting in trans
and capable of inducing spontaneous viral expression could be
facilitated by repeating the above experiments with infected cell
supernatants or UV-inactivated virus.

Recently, a factor responsible for activating HSV o genes has been
characterized (Batterson and Roizman, 1983). This a gene finducer was
shown to be an HSV-1 or HSV-2 specific virion component located outside
the capsid the suggested function of which is to enhance transcription
of o genes. Whether the described factor is unique to isolated ts
mutants or is universally present in yirions of HSV-1 and MSV-2 fis
unknown. In experiments described here, 1t is conceiyable that an
jdentical or related inducer present in superinfecting virions activated
expression of latent genomes.

A1terﬁat1vely, reactivation of endogenous HSV-1 following
superinfection with HSV-2 ts mutants-may have been unrelated to the act
of superinfection and may have been attributable to expression of latent
genomes in temporal proximity to superinfection. This hypothesi; is
supported by the occurrence in one instance of spontaneous reactivat1on
of HSY in a mock-infected culture. If superinfection were coincident to

 spontaneous expression, one would expect recombination to occur between
éndogenous wild-type genomes and superinfecting ts mutants. However, no
selection system is presently available to distinguish between
endogenous HSY-1 and putative HSV-1 x HSY- 2 recombinants which may have
been a minority component of the wild-type virus population.

Park et al., (1980) were successful in retrieving intertypic HSY



58

recombinants from HSV-transformed cells following superinfection with ts
mutants of the alternative serotype. Restriction enzyme analysis
deménstrated the isolation of recombinant viruses which Spanned the
genome as well as virus indistinguishable to that used in the original
transformation. These positive results most probably were related to
the content of HSV per cell. In contrast to HSV transformed cells,
ganglia contain only a small number of latently infected cells
undergoing 1imited expression (Galloway et al., 1979, 1982; Puga et al.,
1978; Walz et al., 1976). Therefore, genetic interaction between latent
genomes and superinfecting virus probably occurs very rarely.

Recently, Campione-Piccardo and Rawls (1981) reported the inability
to rescue viral genes from human cells biochemically transformed by
HSV-2 DNA by superinfection or transféction of cells with heterotypic
virus or viral DNA. They suggested rescue experiments have 1imited
applicability in the detection of small pieces of viral DNA.

The relatively low frequency of retrieval of virus information from
human ganglion cells by superinfection techniques as reported here
emphasizes the need to: (1) utilize more sensitive methods to detect
viral products in latently infected cells, and (2) amplify in vitro the
number of cells containing HSY information so that the molecular

mechanisms responsible for Tatency can be better studied.

&
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’@ gure 2. ‘Autoradiographs of A) Kpn I and B) Bam HI digests of

P-1abeled DNA of prototypes HSV-1 17 and HSV-2 HG52, spontaneous
isolates from human trigeminal ganglion cultures and ts+ viruses rescued
following superinfection of a single ganglion culture with HSV-2 tsl.
Isolates 20A, 208, and 20C are spontaneous isolates from autopsy case
A386/80. Isolates 386-9A, 386-9B, and 386-% are pl aque-purified ts+
viruses recovered after superinfection. (@) Novel fusion or cleavage
products. . - '

g
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i3 , | ©
E%gure 3. Autoradiographs of A) Kpn I and 8) Bam HI digests of®
P-labeled DNA of prototypes HSV-1 17 and HSV-2 HG52 spontaneous
isolates from human .trigeminal garglion cultures, and ts+ viruses
rescued following superinfection of cultures with HSV-2 ts5. [Isolates
28A, 288, 28C, and 28D are spontaneous isolates from autopsy case
A444/80. Isolate$ 444-3B and 444-3F are plaque-purified ts+ viruses
recovered following superinfection of a single culture; 444-17A,
444-128, and 444-12C are plaque-purified ts+ vifuses recovered from a
single culture. (e) Novel fusion or cleavage pkoducts.
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CHAPTIR ¥
EFEECT OF ACYCLOVIR ON REACTIVATION OF LATENT HERPES

SIMPLE X VIRUS FROM CULTURED HUMAN TRIGEMINAL GANGLION CELLS
Introduction

The nucleoside analogue acyclovir [(ACY, 9-(2-hydroxyethoxymethyl)
guanine] has been shown to inhibit the replication of HSY-1 and HSY-2 in
vitro (Crumpacker et al., 1979; tlion et al., 1977, Furman et al., 19/9;
Schaetter et al., 1978) and in vivo (Bauer et al., 1979; Cho and feng,
1980 Kautman et al. , 19/8; Park et al., 19/9; Pavan-l angston et al.,
19/78; Schaéffer et al.. 19/8), although the drug is not effective in
eradicating latent virus from peripheral nerve ganglia (Field et al.,
19/9; Klein et al., 1981, Svennerholm et al., 1981). In the first step
ot inhibition, the virus-specified thymidine kinase (TK) phosphorylates
ALY to 5°  monophosphate more efficiently than does cellular 1K (tyte
et al., 1978). Cellular kinases further phopshorylate ACY monphosphate
to the 5' - triphosphate (Elion et al., 1977; fyfe et al., 1978). The
acycloguanosine triphosphate form inhibits viral DNA synthesis at the
level of the viral ONA polymerase, which allows the drug to become
incorported into growing ONA chains and thereby effect chain termination
(Furman et al., 1980). The 50% inhibitory dose (IDSO) of ACV for HSVY-I
has been reported to be 0.15 M + 0.09 M and that for HSY-2 to be 1.62
Mo+ 0,76 (M, as measured by plaque-reduction assays (Crumpacker et al.,
1979).

In the present study in vitro techniques of virus reactivation
nave been employed to test the efficacy of ACV in preventing the
spontaneous expression of HSV from cultured human trigeminal ganglion

» cells.
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Results

HSY was recovered from cultures of human trigeminal ganglia
incubated for 30-45 days in the absence of ACY in 9/20 (45%) of cases
(Table 7). This rate of recovery of HSV from human trigeminal ganglia
derived from randomly selected cadavers is in the 40-60% range
previously reported (Baringer, 1975; Warren et ‘al., 19/7). The mean
time elapsed to virus recovery was 14 days from explantation (Table 7).
A1l viruses isolated were fdentified as HSY-1 by restrictibn enzyme
analysis (Figs. 5-13, 17-22, Chapter Yil).

In .those cultures incubated in the continuous presence of 10uM
ACY for 30 days, 0/23 (0%) of the cultures yiETded MSV spontaneously
(Table 8). The difference in recovery rate of HSV in cul tures
maintained in the continuous presence of ACY (0%) compared to that
obtained in the absence of ACV (45%) was statistically significant

(% = 10.51, 1 df, p<0.01).

Cultures from eighteen of the 23 cases incubated in the continuous
presence of ACY for 30 days were released from the drug and maintained
in cu{ture for an additional 15-20 days in medium without ACV (Table 8).
Of these 18, cultures from } individuals (cases A0/9/82, A102/82, and
A211/82) spontaneously expressed HSV following release of ACV. Virus
was recovered from cultures 13, 14 and 20 days following ACYV withdrawa].
lHSV was also recovered from cultures of trigeminal nerve root derived
from one of these 3 individuals (case A079/82, Chapter IV).. The root
and ganglion isolates from case A079/82 were identified by restrigtion

enzyme analysis as HSV-1 and had identical Bam HI profiles (Chapter 1V,

Figure 1).
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Discussion

Recently Klein et al., (1981) reported that the continuous
presence of agyc]ovir in concentrations of 5 or 10 wg/ml for 3 to 6 days
prevented the in vitro reactivation of HSY from cultures of latently
infected murine ganglia. However, when the drug was removed after 3
days, the process of virus reactivation and multiplication resumed. It
was concluded that the continuous presence of ACY can prevent further
multiplication once the process of virus reactivation is fnitiated in
latently infected ganglia maintained in explant culture.

The above vesults demonstrated that ACV was able to also prevent
the in vitro reactivation of HSY from human trigeminal ganglia obtained
from cadavers. Compared to the control group of ganglion cultures
incubated without ACV, where HSY was recovered in 9/20 cases, ganglion
cultures incubated in the continuous presence of ACY failed to release
HSV spontaneously in 23 cases. In cultures released from ACV, virus
reactivation occurred in 3/18 cases.

It is not clear why latent HSY was not recovered from more than 3
of 18 cases&fol10w1ng.removal of ACY. Perhaps, in cultures released
from ACV, longer incubation would have increased recovery of HSV. The
possibility that continuous incubation with ACY resulted in elimination
of latent virus from ganglion cells cannot be discoun£ed. There has
been one report of significant reduction of the incidence of gahg]ionic
HSY latency in mice following systemic treatment with ACY
(Pavan-Langston et al., ;979) however these data have not been confirmed
in other 1aborato;1es (Klein et al., 1981).

A more likely explanation for limited recovery of HSV following

ACY withdrawal in experiments described here is related to the dilution

»
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of latent foci during repeated passaging of cultured ganglion cells. It
is believed sensory neurons are the source of latent HSY (Cook et al.,
1974; McLennan and Darby, 1980; Stevens, 1975) thus it is conceivable
that latently infected neurons fincapable of cell division are lost from
ganglion cultures during prolonged incubation and cell growth.

Alternatively, as suggested by Park et al., (1982), all latent HSY
present in the trigeminal gangltia prpbably does not reactivate
simultaneously in vitro. In the majority of ganglion cul tures which
harbored latent HSV, ACV treatment may have permitted virus
reactivation, though subsequent replication of virus would have been
prevented. In those few cultures with residual latent foci, removal of
ACY after 30 days of incubation may have allowed reactivation of HSY
with progression to a full replicative cyc]e.'

The observation that the continuous presence of ACY inhibited the
recovery of latent MSV from human ganglia in vitro suggested that the
continuous presence of the drug in vivo may also prevent the recurrence
of overt herpesvirus infection. In fact, the level of ACY employed in
the above studies is within the range observed in the plasma of humans
receiving theraputic regimens of ACV‘(Saral'et al., 1981; Whitley et
al., 1982a). Recently, aéyclovir has been shown to provide effective
prophylaxis against reactivated herpesvirus infections in patients
receiving  bone marrow transplants (Saral et al., 1981). However current
reports of the isolation of acyclovir-resistanf mitants following drug
therapy in humans (Burns et al., 1982; Crumpacker et al., 1982) argue
for .selective clinmical use of this drug.

The above results which illustrated that the continuous presence

of ACV was able to inhibit HSY reactivation, thbugh in several cases
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without elimination of latent virus from ganglion‘ce11s are ih agreement
with those obtained in animal model systems (Blyth et alﬂ; 1980; Field

et al., 1979). Experiments described here provide a useful in vitro

°

model to study the effect of antiviral drugs fin inhibiting reactivation

of latent herpes simplex virus from human ganglia. o
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CHAPTER VI
RESTRICTION ENZYME ANALYSIS OF MULTIPLE ISOLATES OF LATENT HERPES

SIMPLEX VIRUS RECOVERED FROM INDIVIDUAL HUMAN HOSTS

Introduction

Restriction enzyme analysis of HSV DNAs has- demonstrated that the
overall electrophoretic profiles of DNA fragments allow d1ffe?ent1ation
between strains of HSV-1 and HSV-2. Furthermore minor variations in
cleavage patternsAenab]e the identification of strains within a serotype
(Hayward et al., 1975a; Skare et al., 1975). ,

previous studies employing restriction endonuclease digestion of
DNAs of 1atent HSV-1 recovered from human cadavers have shown that in
the majority of cases, 1§o1ates from the ganglia of different
individuals can be distinguished from one another. MHowever, virus
isolates derived from the trigeminal, superior cervical and vagus
ganglia, or from the left and right ganglia of the same ind1v1dua1
multiple isolates derived from different explant cultures of a single
ganglion were indistinguishable by this criterion (Lonsda]e et al.

¢
1979, 1980). L

It has been demonstrated that individuals can hhrzgf Tatent HSV-1
: ¢ : : 2
in the trigeminal ganglia and H$V-2 in the sacral ganglia‘simu]téneously
(Forghani et al. , 1977) ., fln addition, a mixture of HSV-1 and WSV-2 has

 “d fiom@the sag? genital sites of individual patients on

" repeated occas1ons (Fife et al., 1983). This observation illustrated
that HSV-1 and HSV 2 can cause eoncomitant overt infection at the
periphery and simultaheous 1atent 1nfgctiqn within one or more ganglia

which innervatye the site of recurfence. Within individual %hosts, the
h .

’ | . Z./
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recovery of non-identical strains of HSV-2Z from genital lesions and
genetically different strains of HSV-1 from brain biopsy specimens and
orolabial lesions has been reported (Buchman et al., 1979; Whitley et
al., 1982). Thus individuals can become overtly infected with more than
one strain within an HSV 'serotype.

The above data suggested the possibility that within individual
human hosts multiple strains of latent H3V could be recovered from the
same ganglia or from different ganglia which innervate proximal
peripheral sites. The hypothesis of Lonsdale et al. (1979, 1980) that a
single virus strain infects each individually initially and virus
descended from Ghis event subsequently becomes latent in different ge]]s

"
of the same ganglion as well as in different ganglia, was based, in
part, on the analysis of two or more virus isolates obtained from 9
individuals. To re_examine the above hypothesis, restriction
endonuc lease analysis was employed to compare the DNAs of three or more

independent 1solates of latent HSV recovered from the same or ditferent

sites ot 20 ind1§1duals.

Results

e,
~

A. Origin of latent HSV isolates recoveFéa\{(om human cadavers

The origin of 115 isolates recovered from 20 cadavers is shown in

Table 9. Three or more isolates were recovered from separate explant
' 2

cultures derived from the ganglia of each individual. Virus was
isolated from both the left and right trigeminal ganglia in 13
individuals and from either tke left or right ganglion‘fkom 7

. .
individuals. In one case (A060/81) virus was isolated from the left and
*
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right trigeminal nerve roots as well as from both trigeminal ganglia.
In another case, (A401/82) virus was recovered from the left vaqus
ganglion and the right trigeminal ganglion.

Virus specific cytopathic effect was observed between 8 and 30idays
(mean 12.9 days) following establishment of in vitro cultures.

Thirteen isolates were recovered from separate explant cultures
derived from one individual, 12 isolates were recovered from another
individual, and 10 1solates were obtained from another individual.
Eight isolates were obtained from 2 individuals, 7 isolates were
recovered trom 2 1nd1Jiduals.and 6 isolates were recovered from 2
individuals. In 5 cases, 4 isolates were obtained and in 6 cases 3

isolates were recovered (Table 9).

K. Restriction enzyme analysis of HSV DNAs

Isolates were individually digested with Hind III, Kpn 1 and Bam HI
restriction enzymes and the fragment profiles compared to HSV-1 Q]asgow
strain 1/ and in most cases, to HSV-2 strain HGS2, (Figs. 2, 3, 4-15,
11-22).' Each isolate exhibited a restriction enzyme profile
characteristic of HSY-1 with all enzymes used. None oflfhe isolate
profiles resembled that of the HSV-Z prototype strain, nor did any
isolate appear to be an HSV-1 x HSV-2 intertypic recombinant. A
diagrammatic representation_of the HSV-1 genome and Hind.III, Kpn I and
Bam HI restriction endonuclease maps for HSV-]1 strain 17 are shown in
Fig. 4. Hind II1 Cleaves the HSV-f 17 genome at 11 Sité;, Kpn 1 at 29
sites and Bam HI at 41 sites.

Within thertypical HSVhl reétriction profiles, 1nd1%jdua1 isolates

exhibited changes in fragment number and mobiljity. The changes observed

',
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in restriction patterns of the isolates compared to HSV-] strain 17 were
classified into two major categories (Buchman et al., 1980; Lonsdale et

al 1979, 1980): (i) The loss or gain of restriction endonuclease sites

resulting in the generation of new frqgﬁents by fusion or additional
cleavage and ({i) variation in electrophoretic mobility of certain
fragments due to the insertion or deletion of specific sequences
contained within those fragments. Ffragments which exhibit variable
mobility have been shown to originate from the long and short repeat
termini (TRL and TRS), the internal joint (IRL/IRS), unique-repeat

junctions, and in a very small number of cases, from unique regions of

the HSV genome (Buchman et al., 1980; Loﬁgdale et al., 1980).

1. variations due to loss or gain of restriction endonuclease sites

. . . i X ’ . r;_%fﬁ

Figures 2, 3, 5-15, and 17422 show restriction enzyme prof1les~d%‘
2

multiple strains of latent HSV-1 recovered from 20 unselected human

cadavers. The fragment nomenclature conforms to that of Wilkle (1976),
Wilkie et al. (1978) and Davison and w1f§1e (1981) as shown in Fig. 42
Comparison of the DNA of virus isolates with prototype HSV-1 strain
17 disclosed bands which had no counterpart in the reference strain, as
well as prbtotype strain bands missing from the profiles of experimentéi
strains. Where a ﬁew band was larger than two missing reference strain
bands, it was usually found that the molecular weight 6f the novel band
was approximately equal to the sum of the molecular weights of the two
" missing bands. Sinc%ythe missing fragments were always contiguous on
the phjéical maps of HSV-1 17, it was evident that the novel band
_originated from the loss of a restriction enzyme cleavage site between

the contiguous fragments. In the case where-a standard strain band was
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missing and two new bands appeared which had a total molecular weight
equal to that of the missing band, it was deduced that tﬁe experimental
strain contained a restriction site within the standard strafn fragment.

In many instances it was observed that one standard band strain.was
missing from the experimental strain, but that no additional bands or
only.one new band appeared. However, one of the other standard straif
bands in the autorad1o§;ém had an 1ncreased intensity indicating that
the new band(s) comigrated with a standard band. Th1§90bservat1on was
confirmed, in one series of strains, by Southern blotting data (Figure
16). 1t ambiguities arose, reference to published restriction maps ofi,_ ¢
other HSV-1 strains (Locker and frenkel, 1979) often facilitated
" analysis. It is to be recognized that ultiaéte proéf ofvthe origin of
novel fusion or cleavage products can anly be obtained by hybridization
data.

Table 10 gives a precise description of variableﬁ}estriction enzymé
cleavage sites observed in the DNA of lsolates rgcovered from human
cadavers. Nomenclature of variable sltes 15 Based on that descr1bed
prev1ously (Chaney et al.,,l983). Among!vira] DNAs anglyzed, two
variable ‘sites were found upon Hind III higestion. Sevgn variable sites
were observed with Kpn I and Bam HI restriction enzymeél

In Table .11, variable restriction enzyme cleavag sités,of isotatles

derived from each individual, and in select cases, of individual

isolates are compared.’ In 18 of 20 ca

e all iso}btes derivedlfrom a

AR .
) .the presence or absence of
/

the specified restr1ct10n sites, The exceptlons were found in isolates

s1ngle host were 1dent1ca1 with respe;‘ﬁé

31A-M (casé A060/81) and isolates 49A-F (case A401/82). Addltﬁona]ly,

isolates derive&ffrom each of 18 indjviduals could be distinguished by

C
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this criterion., These data conformed to those reported in previous
studies (Lonsdale, 1979, 1980).

One anomaly was noted. The Bam HI digestion pattern of the
DNA of isolate 378 revealed the presence of an additional fragment of
"approxlmatelv.g.S Md (Figure.ldc).‘ This fragment, which migrated
between Bam“HI-n and Bam Hl-o, was not observed in the DNA profiles of
the other nine viruses isolated fron the same individual. The y
appearance of this novel band was'not accompanied by the:loss or galn of
any other fragment and therefore its origin is difficult to explain. |
It is possible a discrete block of either host or viral DNA sequences
'was 1nserted into the genome of isolate 378. However, the appearance of
a novel fragment 1mpl1es such an insert was bounded by Bam HI
‘recognition sltes. Alternatively, lsolate 378 may have consisted of /a
mixed population of viral ODNAs, the majority of which had a . Bam HI
profile identical to that of the otker isolates derived from this
individual, and f minority population in which a spontaneous mutation .
resulted in_tneiacquiggtlon of a new Bam HI cleavage‘site. Additional
cleavage broducts or loss ot fragments may have resulted but were not '
detectable. , "

In contrast to the above findings, where HSV 1solates derived from
single hosts were genetically identical, the DNAs of HSV 1solates from
two 1nd1v1duals differed among “themselves in ‘the number and locatlon of
vrestrlctlon sites with at least two of~t§reg‘enzymes used. |
Analysis of isolates,glg;g U.. B o - ,\\V,

In one cadavé/, 13 HSV isolates were recovered frnm parallel .

cultures of explanted tissue from the trigeminal ganglla and nerve '

‘roots, lsolates 31A-M uere derived fron the left (31A) and right (318)



|
|

3

Lo
}

i

|

»
) 81

trigehina] nerve roofs'and left (31D, E, E, G, H, I) and right (31C, J,
K, L, M) trigeminal ganglia of a 63 year old female whose cause of death
Qas pulmonary emboli (Table 9). Although EYR 1solates had identical
Hind 111 restriction enzyme prefiles, Bam HI digests of DNA from virus
isolates 31A to M 7&vea1ed the @&psence of at least four distihguishable
profiles (Fig. 13C), Isolates 31A,.D, and F had similar profi]es to one
another, as did 1soIates 318,'E, I, K, L and M; isolates 31H and J; and
isolates 31C and G. Kpn 1 digestion showed two different profiles (Fig.
13A snd B). In view of past analysis of many human HSV c]inica]
isolates which show that «epidemiologically related isolates have
identical restriction enzyme patterns (Buchman et al., 1978, 1980;
Linneman et al., 1978; Lonsdale et al., 1979, 1980; Roizman and Tognon,'
1982), these results immediately indicated that the presence of muitiple
strains of latent HSV-1 within the trigeminal nerve complex of one
individual. ‘ ; |

In order to ascertain whether each virus isolate consisted of

honogeneous population or mixtures of difoérent strains in equal or

unequal proportions, two cycles of plaque purification were performed on
four 1so1ates which illustrated three different Bam HI restriction

profiles. Nineteen_subclones derived from isolates 31A, 31C, 31G and

31kvexhibited six differentiable Bam HI profiles and two distinct Kpn I

profiles (Table 12, Figs. 14A and B, 15A and B). Subclones of isolate

31A had identical Bam HI profiles but segregated into two strains upon’

Kpn 1 digestion. Isolate 31C consisted of a mixture of strains showing
four distioct Bam HI profiles and tno Kpn 1 profiles. Subclones of 31G
exhibited three distinct Bam HI patterns and two. different Kpn 1

\ profi]es. Subclones of 31K had two different Bam HI profiles and two

\\
|

-
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different Kpan profiles, however subclone K5 appeared to be a mixture
of strains exhibiting two differént\ham HI.profiies. ‘

Where identity of subclones was‘estibiished with one enzyme, as
with Bam HI digests of strains Al and A3, digestion with an additional
_enzyme, Kpn I, unambiguously differentiated between the two strains.
Thus, the combined data from KQ\ ‘1 and Bam HI restriction enzyme |
profiies indicated the existence of eight separable strains among
‘ - isolates 31A, 31c 316 and 31K. They were represented by strains (1) C1

and K1; (2) Al, A2, A5, G1, G3, G5; (3) A3; (4) Ca and G2; (5) C2 and
€4 (6) K2 and K3; (7) G#; and (8) C3 and C5. Analysis of all subclones
indicated mitiple strains were recoverabie~from eacﬁ'ganglidn'and\from
the left trigeminai nerve root and therefore that individual strains
were not associated with distinct neuroanatomica1 sites.

In order ‘to confirm several of the rest;iction site changes and
strain classifications referred to above,,Southern biot hybridization
was performed on several subclones. The DNAs of seiected strains were
digested with Bam HI and Kpn I and transferred to nitrocé/iuiose fiiters
by the method‘of Southern (1975) as described.in Materials and Methods.’
Probes‘of 32ﬁ-iabeied Bgl I1 fragments k or ji derived'from HSv-l §train0

koS were used for hybridization. h | I
| Figure 16 shows the hybridization of Bgi II-k to Bam HI digests of
several subclones of 31C, G, and K. Bgl- 11-k (1ocated-at map position :
0.10 - 0.16, refer to Fig. 4) is contained with fragmants Bam HL:C
(position 0.80 - 1.40) and Bam.HI -a inosition 1 40 - 2. 20) As
predicted, hybridization of Bgl 11k to'HSV~1 17 Bam HI -a and Bam Hl-c o
was observed (Fig. 16A). A similar pattern was observed An subciones
K1, Ci, G3 which confirmed that the Bam HIta sgandard fragment was

. ¢ L4

. % | : o
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“intact in these strains. Strain KS a presumed mixture‘of strains with

Bam HI patterns I1 and 1V (Tabie 12) shomed hybridization of Bgi IT-k to

-

a 1ow moiecuiar weight cieavage product of Bam HI-a (0. 8 Nd) as well as -

to the 7 2 Md cieavage product (consistent of pattern II) and to a 2.2
Md fragment characteristic of the pattern IV profiie. In strain C2 Bg]

11k hybridized to the 2.2 m//ﬁam HI-a cieavage praduct, consistent with
. & Bam HI pattern IV profiie. Strains ca and 62 aiso exhibited fragment R
‘hybridization which correiatqd with a Bam HI pattern_ 1 profiie. In

~strain G4 (Bam d&ttern V) Bgl I1-k hybridized to 0.8 Md Bam HI- a

strains. Therefore, in all subciones ‘examined the presence or absence

- of cleavage sites within the" standard strain fragment Bam HI-a as shown

‘6f various subciones did not cieariy distinguish one strain from another

by hybridization data was. compietely consistent with the anaiysis of Bam

HI restriction enzyme profiles. L
Hybridization of Bgi 11 fragment Ji to restriction enzyme digestsv

-4

~ {Fig. 16B.and C) Bgl II-J] is an internal joint fragment present in

the XSL arrangement of the HSV 1 genome In the prototype orientation

of ‘the HSV 117 genome, fragment AR is iocated at the terminal repeat of

' the L segment (TRL) and extends into the U region (map position

0. 00 - 0 06) and fragment 1 is Yocated' at ‘the terminus of S (R¢) and ,

. extends into Ug. (map position 0. 9 - 1. 0) Restriction site changes in’

)

°'f“the TRL, TRS or’ IRL/IRS regions of the genome were not used. to separate‘

i’strains within isolates 31A-M, homever hybridization to standard strain

ii;,fragments iocated in these regions was observed. In addition. the
e existence of cleavage sites within standard strain Kpn T fragments b and

7 }g mas confirmed by hybridization of Bgi II-ji to the 6 2/1 8 Md and

- Acieavage product.. As expected, Bam HI-c hybridized to Bgl I1-k .in a1} - -
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5.2/1. 8 Md c‘leavage products of these fragments, respectiveiy (Fig. IGC. -

Table 100, o S R

Analysis of isoiates A9A-F S o T

Isoiates 49A-F were {:btained fron a 65 year oid maie who died fron
" a cardiac arrest. The restriction enzyle patterns of five virus . {\

isolates recovered from ‘the, right trigenina‘i gangiion (QSB-F) were

| fdentical but differed from those of a singie isolate from the vagus
~ganglion (49A) Hith Hind 111, Kpn 1 and Ban HI there were differences '

e,
y‘.
Q‘«

“i"r & é

in the presence or absence of restriction sites betueen isoi ate 49A° and
| o ~ h

" isolates 498-F (Fig. 22, Table 11). _
The Hind 1§84 restriction enzyne digestion pattern of;gtrain 49A was “w
identical to that-of prototype HSV-1 17. Isolates 498-F were. .
_characterized by the*loss of Hind III h (7.0 Md) and. thd III-o (1.9 Md)
.ﬁnd the appearance of a novel fusion fragnent Hind II- h/o (8 9 Md) -
hich migrated between Hind 111-f and Hind III-g. The Kpn I digestion
patterns of strains 49B-F uere {dentical, whereas strain 49A was f
characterized by the loss of fragment m (3. 1 Md) and the appearance of 2
fragment which nﬂgrated faster than fragment qr (2 6 Md) and one of 0 5
Md which migrated between Kpn I-a’ and Kpn 15 visualized ona 3.5% !
.polyacryianide gel. The Ban HI restriction patterns of strains 49B-F
| were identical and were. characterized hy the presence of a high o

nolecuiar weight Ban Hl-d/h fusion fraguent. Strain 49A al so c'ontained

L fj, this fragnent. hut had an additiona'l cieavage site within Ban Hl-a.a_ T

I this case. as in one discussed above for isolates 31A-ii
= restriction site changes occured at mi tiple genonic ioci. In contrast |
»..to the above situation where mltiple strains were recoverable within

"the sue neuroanatonicai site. auong isoiates strain 49A—F ‘a singie \

i o
jooa

)
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' strain was unique to the vagus gangiion and another to the trigeminal

Pgangiion. However since plaque-purified subciones were not obtained '
s'from this individuai the possibility that strain 49A comprised a
minority popu)ation among isoiates obtained “from the trigeminai ganglion

can not be rigorousiy excluded. g

‘2 !griations due_to changes in_the eiectrophoredic bility of various

-

‘ restriction endonuciease fragments.

Hhen isoiates from different individuais or from a single
"'inﬂctiduai were compared variations in the eiectrophoretic mobility of
- certain restriction enzyme fregmentskﬁere observed. The criterign used

to- estabiish alterations in fragment mobiiity due to the inserti?n or

~ "fdeietion of a number of DNA base pairs was the absence of new cieavoge

- or fusion products which couid account for the mobiiity shift. .
o ', The restriction fragments which have been observed to exhibit |
3 ,.raiterations in mobiiity originate from the foiiowing defined areas of -
.;f., :the HSV-l genome (li the restriction fradments of the long and short |
© - repeat termint’ (W, TRg) and the internal Joint fragnent (IR /IRg), (2)
. ithe restriction fragments spanning the unique-repeat Junctions of both |
fﬁtﬂglfthe iong and short segments of the genome and (3) Bam HI-z (Lonsda]e et
:5{;ifai.. 1980) with the three enzymes used‘in this study the standard

fﬁflfstrain (usv-i 17) fragments referred to above ipciude Hind Ill-m. Kpn |

_'_n*;lx-r. b, g. J. k a and e.’and Bam Hl-s. e, b, q, y. n, z and x (refer to ;:
,i*ijfifrig. a). Additionaiiy. in many of the exoerimentai strains, novei e
'€“¥7f;fnfragments resuiting from the internai cieavaqe of standard strain v~7.;lﬂﬁﬁi
i};fraoments exhibited expected mobiiity variations..f§va~?f' SR R

' .

Mobility variations in certain fragments were observed in the
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restriction profﬂes of virtumy m strains exemined, ther only
select examples of variations between isol ates fronl different
Individuals as we1'l as among 1so1ates from the same individual wﬂl bé °
’ discussed. As 1n past studies (Lonsdﬂe et al.,. 1979 1980) variation o
‘1n fra,qnent mobi]ity. 1n 1sol ates. Aerived fron a single host was less
| notable than that observed in 1s01 ates from unre1 ated nosts.
Figs. 6B and sc show Kpn 1. and Ban HI restriction profﬂes of -
1sol ates 18A-c 21A-D and 22A-D eech set of i sol ates was derived fron a
d1fferent individuel. In the Kpn 1 profﬂe ver‘letmi}.y of fragments k-
.and 2 frognent ‘which co-migreted with HSV I 17 Kpn 1-s was observed and
was nore narked between 1sol ates fron different 1nd1v1duals then unong ‘.o
1so1 ates fron the same 1nd1v1dua1. A sinﬂar observation was mde for
new cleavage freg\nents vh'lch co-nngreted with HSV- -1 17 Kpn I-u end Kpn |
I-h. The Ben HI profﬂes of the same 1§olates show vartabﬂity in
fragnents K, ee, Ny X, ¥ and z that was more extensive between 1501 ates
 from different hosts then mng those derived frou the same. nost. _
“Isol ates 30A-C obtai‘:ed fron one host end 1so1 etes 43A-D obtiained ~fron _
%.m__'i' _ enotner nost e] $0 exhibited verimon in nobnity of certein restriction
| fragnents thet was greeter in 180, ates between the tuo 1ndiv1dua1s tnen
thet observed in 1sohtes vdthin either 1nd1v1due1 (Fig. 12). )
m-k. n.es and X were nost noteble 1n tMs resoect. Enhenced
alteration in. fraqnent nob111t1es observed hetween unre’l ateq 1sol etes
e rehtive to tbose seen uong related 1so1etes supported the }observation
e o oiscussed wove tnet 1n 2 of 20 1nd1vidue'ls, nul tiple streins of hunt
WSy vare. 1soleted. smmcmy. the. vamtm n fugmts Mind. IIl-n,
Ban H’t’-k. y, Kpn I-j. k. end novel fregnen,ts co-nigreting witn Kpn I-s.
u. and n between 1so'iete 49A ond‘ 1soletes 498-F (F‘Ig. 22) wes es noteble ‘
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as that exhioitedfbetween isolates derived from .different hosts.

o o Within many individual hosts, alteration-in eleCtrophoretic

| mobility of several fragments was also observed. For example, th:»Hind :
III‘orofiles of isolates 22A-D showed variation in iragnent m (Fig. 6A).
A novel cleavage product of Kpn I-g which migrated between Kpn I-j and

_ Kpn I-k Jn isolates 38k»D also displayed nobility variatdons (Fig. 19)
a Auong isolates 36A-H Bam Hl-k exhibited marked mobility heterogeneity

. as shown: by the "fuzzy* or stepladder appearance of this fragnent in

agarose gels (Fig. 17). d

“Mobility variations within ‘the reiterated regions and unique-repeat
Junctions of the HSV- 1 S conponent uere notable in aluost all casés, and
-~ 1n one particular instanc: posed interpretational difficulties. Fig. 38
,(Chapter V) shows the Bam HI profiles of-isolates 28A-D, The observgd |
| variability in fragnents Bau Hl-x y and z appeared greater than
observed elseuhere but could have been due to insertions and deletions
in these fragnents as discussed above. Alternatively, variability could
. | ‘ihave been due to new cleavage sites within the region spanning these
fraguents, since the sum of the nolecular weights of fragments uhich’
nigrated betueen Kin Hl-w and Bam HI- -2’ had a total nolecular weight'

. “
equal to tnat of Bam HI-x, yad z. - 7

"\4_’:'J'9,Discussion _“;,’ e D o Lon |
B l Previous studies elploying restriction endonuclease analysis have
” i?:established uolecular identity between herpes virus strains isolated

S fromthe, lesions of epidaiologically related indiviguals (Buchwan,
'v:f?f;;;f1978. Linnelmnn et al‘. 1978) but have also shoun virus strains obtained s
”7?Tffi;;frdn overt infections are genetically dissinilar betueen unrelated hosts ‘

| .,,- m cases where an individual vas. ini'eci:ed with #ore than one strain f

..‘)

: .‘ '
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of HSV _either successive\y or concurrently (Buchnan et el 1979; fife
et al., 1983. uhmey et al., 1982b).- However, when Jatent HSV obtained:

erm humn cadaver's was, reect1veted(\1n vitro, u&]&e&m ar analysis of

1s01 ates revealed the presence of a.single and unique virus strain

within the gangHa of each individual (Lonsdale et al., 1979, 1980).
‘ “ In the present: study, 115 isol ates “derived from the trigenimn and
vagus ganglia and trigeninﬂ nerve ‘roots of 20 1nd1viduals wereé cowared
by restriction enzyne ane\ysis to determine if mul t‘lple strains of
latent HSV could be i solated within 1nd1v1dua1 human hosts: In
addition, the extent of molecular vardabﬂity between 1sol ates from
epidenio]ogicany unrehted 1nd1v1dua1$ was, conpared. '
One signiﬁcant observation resul ting from the above ar/alysis was
“that al1 fsolates were identi¥ied as HSV-1. Though HSV-1 1s the *.
predoninant serotype essocﬂted with orol abial 1esions and rare
dnstances of herpes encephalit‘ls. and HSY- 2 withgenital 1es1ons and
nepnetaI 1nfections. (Dowdle et al., 1967; NaheY as .and Roizman, 1973)
both serotypes have been 1sol ated fron the oral and genital swes of
huuans (Chaney et al., !983 Fife et al., 1983 Nahmi es et a1., 1981)
However, 1sol etion of HSV- 2 fron the human oropharynx has been reported s
to be rare (Nahnias et al.. 1981) and s0, in- studies reported here. 1t .
was not. unexpected that letent HSV-Z was rot recovered from ganglia.

which 1nnervete this anatonical region. e
| Anelysi s of three or nore 1ndependent 1so1 ates obtained from each
of 20 1ndiv1duels reveeled the existence of 16 veri eble e\eevage sites
vith three restriction enzynes used.. For HSV 1 17 T totel eg 81

cleevege sites exist for Hind Ill, Kpn I and Bel HI restriction

o enzynes. | In the moﬂty of experiuentﬂ stre‘lns enelysed 1n th1s .
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sgu&y.'the presence or apsence of lzn molecular weight fragnenti\{pn
I-c' and Bam Hlfc; - m' was not determined. Therefore, in most cases a
total of 69 sites wae.surveyed. The nep locatfons of variable sites are
swmarized in Fig. 23. ¢ ‘ 'A o I

The present study, ‘which ‘considered noleculor relatlonshlps between
latent herpes viruses isolated from the same hosts as well as those
recovered fron epldeniologlcally unrelated 1nd1v1duals, requlred a clear
and preclse deflnition of a vlrus strain.’ Previous reports concerned

with the application of restrlctlon enzyne analysis to molecular

- epldeudologic problems have dlfferred in this respect. Lonsdale»et al.

(19807, in his study af 44 Janglion isolates from 21 individuals, used

as a basis for analysis only those differences resulting from loss or

gain of 2 or more restrlction sites with nine enzymes wlthout regard to

~variatfen 1nﬂelectrophoret1c mobility of specific restrlction fragnents.
~ Buchman et al. (1980) in their review of f1ve case studles concerned

with transmission of HSV-1 and HSV 2 and recurt 1nfection g?tn HSV-2,

used as criteria for genetic non- 1dent1ty, the loss or gain ofrsingle
\‘j restriction s(tes with two to five enzymes or a change of at leest ten ‘
:percent 1n the eléctmphoretic nobﬂity of a given frag-ent band with
;respect to the colperable band 1n other profiles. In the report of
a “Cheney et al. 1983) 29 usv 1 s rains were differentiated so'lely on the
. bosis of e sdngle verlable restrlctlon s1te wdth eight enzymes used

’”'?:.rnouever the differentiation of 39 strains of HSV-2 was based on a

. : ;isms \dtl\ ﬂve enzy-es. o

ff;;cogbinatlon of verlable length fragnent deta and varfable restriction

<

RS

In the above study, the loss or galn of a single restrlctlon 1te

’*i'i;ii’:-;;llf...m three enzym, which could be accounted for by the appearance of

.V.
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‘movel fusion or c1eavogeQ productsXas “used as the sole criteripn of
genet'lc non-*ldentity.» -and hence strain djfferenti o‘tion. Since. the
molecu) ar weights of ver1 able fragnents were not ueesured alteration 1 n
electrophoretic nigratdon of fraguents was not used as parameter to-
establish genetic diss'lnﬂ aﬂty In addition, the use of the terr
strain referred on1y to~o\un1que restriction enzyne profﬂe and wos not
used to kqﬂy ontigenic differences. X

By the criter!on of number and locet'lon of restriction enzyme

cleavage sites utﬂized here, the genetic identity of isolates from the

left and right trigeuinel gengHa or of multiple 1so1 ates from a single
gengHon witMn 18 of .20 1nd1v1mals was estabHshed. It was also
shown that 1so1 ates from these Jndividuo'ls cou'ld be di st'lngui shed fron

: eoch oth‘er pure1y on the basis of vari able restrict‘lon s‘l te

’ coéineﬁ ons.

The nJor‘Ity of 1nd1vidue1s snp'led in this study harbored only one |
tre‘ln of latent HSV-l despite probable exposures to edditional strains.
However. 1n two 1nd1v1duels mltfple strains of latent HSV-1 were

. recovered frou the sae or different neuroenetouicel sites. -

x4

| Recovery of non-identical straing of lotent HSV-1 within single
hosts suggested uﬂtiple stroins arose by ,,wgenous reinfection or by
concurrent 1nfect1on with wore then one of HSV. Due to the lack of
detoﬂed serologicel and clinicel 1nfomtion fronéf.he patieots cited 1n "
this study these situotions could not be differentieted. '

A temtively. the prommty that miltiple virus 1301 m; of Hsv.

- erose by genetic olterotjon of oue 1n1t1ol strein 1n vivo or cu1tiveted

1n vitro 1s slo'n Sponteneous mtotious resuiting 1n the 1oss or gein :
of restricﬂon sites hove not been ettributed to repeated pessage of o
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virus in cu1ture nor to prolonged. residence within the host (?uchman et .
al., 1980; Lonsdale et al., 1980). In fact, extensive studies invo1v1ng
analysis of. plaque-ﬁhrified c1ones of stock strains have failed to

reveal a single 1nstance of a change 1n the number and 1ocat10n of

A restr1ction endonucIease cleavage ‘sites by in’ vitro propagation (Roizman

and Tognon, 1982) clhe virus 1501ates jna1yzed In the above study were
-passaged -only one time in culture at low multiplicities of infection.

~ The existence;of genetica]ly dissimilar»strains within 1nd1vidua1,
~hosts which exhibit nultiple nucleotide changes mapping at different’
sites in the HSV genome has been demonstrated; the 1ikelihood such
changes arose spontaneous1y 15‘:}rtua11y nil. In fact the extent of
varfab 1ty used to define genetic non ident1ty of virus 1so1ates may be

much greater than observed, since only a small fraction of nucleotides

: has been analyzed by restriction enzyme digestion. _“C)'

Houever, the possibility that some of the strains among isolates

=

31A-M arose by intratypic recombination betu;en any pair of strains

- initially present either at the site of peripheral 1nfection,or Tatency

‘a“'w1th1n the host, or during the course of in vitro culture can not be ,

excluded. Further analyﬂs ‘of the virus isolates recovered from this

'a-individual lay c1ar1fy the genetit relationship, if any, between these

'o-7parenta1 strains of HSV. c - B = \* ‘

’strains. However, 1t 1s recognized that the generation of recombinants

= ffftrequires, a pr10r1 the co-exfstence of at least two non ident%cal

4

A\

An additional aspect of the above study warrants~emphasis. The

’ pur1f1cation of genetical1y dissin11ar subclones from 1solates §1A~M :

~;funderscores the need fora';"“

”7'f-{fhe-ngeneity of a given virus populathn 1s ‘not readily apparent.v “n the

t

k s N ¥
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previous studies of Lonsdale et al. (1979 1980) which established m~' «

molecular jdentity of’virus isolates within single hosts, ‘the majority _y'

\,-

of test stocks were not plaque-purified and assumed to be free of h: .

contamination with a second HSV 1 strain. Here,z the existence of -/ :

different virus strain% among both heterogeneous and seemingly

homogeneous popul ations was demonstrated. Isolates 31A and 31K appeared'°

" td have pure and distinguishable Bam H1 profiles (Fig 13C), however i

subclones segregated into several distinct petterns.v This was not
unexpected in .the cases of 1solates 31C and 31G as their Kpn I and Bam
HI restriction profiles (Fig. 138 ‘and C) were indicative of a mixed
population of virus strains. Thus, furthér epidemiologic studies
concerned with the genetic relatedness of herpesvirus strains from the
same or different individuals must.consider the possibility that the

presence of a majority virus component may mask identification of &

‘minority component within the population. ‘

The above findings have other important implications. Recently,

the isolation in humans of herpesviruses resistant to antiviral drugs "

\

has been reported (Burns et al 1982 Crumpacker et al., 1982}, 1In the

- case of an individual with a mixed herpesvirus infection, the resistance.

uof 2 single strain may confer a phenotypic drug resistance upon a

population consisting of : both susceptible and resistant‘strains.

. Secondly, the ability of an individual human host to harbor multiple
'ﬂfstrains of latent HSV within single or multiple ganglia suggests, if -
°f‘i_even in only a minority of individﬁ“ls, that the immune response 'gbb
l]elicited against an initial herpesvirus infection may ndt be protective
‘;against subsequent exposures to strains of the same or different ‘

E serotypes.: It thus appears that immune mechanisms operating in the

VEEER o

/

-
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“human host cannot be directly comﬁared to those in experimental animals
where latent ganglionic infection established with one strain of HSV-1
prgvented colonization of the gang]ion‘by suberinfecting genetically
dis%inguishable strains of HSY-1. (Centifanto-Fitzgerald et al., 1982).
These points warrant consideration in regard to both angiviral and
future vaccine therapies. =

Lastly, the data presen}ed above are re]ezant to hypotheses
explaining the origin and mechanisms of molecular variability of herpes-
viruses. In this stud}rand those of others (Buchman et al., 1980; |
Chaney et al., 1983; Lonsdale et at-., 1979, 1980) the extent of |
variability of HSY DNAs has been assessed by restriction enzyge
analysis. By definition, a technique whicq‘surveys only a minority of
nucleotides is likely to underestimate tgé‘magnitude of genomic
flexibility. Nevertheless, it appears as if vériabi]ity is confined to
only a fracttdn of restriction sites, the majority of which are stable.

Thouéh insufficient data are available Yo substaqtiate the idea
thut nucleotide changes, insertions, or deletions occur at non-essential
siges in the genome, logic dictates thjs to be the case. For example,
in ged;s which have‘beeQ'sequenCed, suLh as the immediate-early
polypeptides (VmN 12, vm;68 and V. {75), variable numbers of tandemly
repeated sequences occur im introns in the case of Vmw 175, or in
;ohacbding reéions_of the polypeptides V12 and V68 (Mu}chie and
McGeogh, 1982). ) .

Recently, the complete nucleotide sequence of the HSV-2 $train 333
thymidine Kinase (TK) géne was obtatfed and compared to that of the
"HSV-1 strain MP (McKnight, 1980) and HSV-1 strain CL 101 (Wagner et al.,

1981) TK genes in order to assess the degree of intra- and intertypic
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variation for a single viral gene (Swain and Galloway, 1983). It was
found that the nu§1eot1des,encod1ng tﬁe structural gene varied 1.7%
between the two HSV-1 strains and 19% between‘ﬁsvtl and HSV-2.
Approximately half of the nucleotide changes resulted in amino acid |
substitutions.'.Between the two HSV-1 strains, the‘amino acid sequence
of the TK protein differed 1.9%; between HSV-1 and HSV-Z, 27% of the
amino acid residues differed. Conservatfon of the DNA sequences in tﬁe
5' non-coding region of the gene was more marked than thdat within thé
coding region, however in the 3' non-coding region, homology Mas least
extensive. Swain and Galloway (1983) concluded that a series of base
changes was the basis of genetic variability between the TK genés of
HSV-1 and HSV-2. No evidence was obtained for major chrgmosoma1
rearrangements in this area of éie genome, in fact, it was found that ¢
variation was conservative, with transitions and transversions occurring
atAapproximater equal frequencies and more commonly than insertions and
deletions of single nucleotides. However, it was suggested that
constraints on the TK gene may not be found in other classes of viral
proteins.

| As the DNA sequences of more HSV-1 genes become available, the
extent to which the virus can tolerate genetic variability without loss
of.viability will be revealed. It is ;ssumed single base changes in the
third position of certain codons which wﬁuld not alter the amino acid
sequence of a given polypeptide (wobble) could be maintained. Similarly
missense mutations which would not disrupt polypeptide function could be
a source of genetic diversity. Insertions, deletions or point mutations
occurring in regtons non-obligatory for accurate and guantitative gene .

transcription could also contribute to molecufar variation.

!
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Roizman and co-workers {Buchman et al. 1980) have attributed the-- -
genetic variability of herpes simplex viruses to the accumulation and.
persistence of spon;aneous, though rare mutations which havgjoccurred
over the millenia of the existence of HSV. Inmlihd in‘this'nypothesis
is that such variants are not displaced from the human population. Due
to the ability of HSV to remain Tatent ove; the lifetime of the host,’
and the mode of transmission of the virus, 1t was theOrized that viral
variants cluster among those individyals in close contact.

However, these workers have also stated ggequivocally that
genotypic differences between virus isolates are stable in vitro and\in
vivo. To the contrary, Lonsdale et al. (1980) reported that mutational
events resulting in the loss or gain oﬁ‘restriction sites, though rare,
do occur among'clonally related isolates at the rate of one site
difference with nine enzymes in one in 15 to one in 30 isolates. Though
this appears t6 be a relatively high rate of spontaneous mutation it is
difficult to meconcile these observations with those of Buchman et al.
.(1980). A more tenable hypothesis of the origin of HSV genomic \
variability is thatﬁspontaneous mutations do occasipnally occur during
residence in the host, and that minority populations containing such
mutatipns can be’;;ansmitted to other hosts if the genetic lesion is one
that is non-lethal. It remains to be determined if the occurrence,
| though likely infrequent, of multiple rather than unique latent strains
of HSV within individual human hosts has modified the epidemiology or

even the evolution of the herpes simplex viruses<



TABLE 6 ORIGIN OF LATENT HERPES SIMPLEX VIRUS ISOLATES RECOVERED.FRVOM
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HUMAN CADAVERS
Days in :
: : culture to Neuro-
Case  Age Isolate expression anatomic,ag
number and sex Cause of death designation of virus site
A303/79 65M  colon cancer 8A 20 L76?
88 30 LTG
8C 30 LTG
A375/80 6&F  myocardial infarction 18A 12 LTG
- T 188 12 LTG
e 18C 12 LTG
A386/80 47F cerebellar aneurysm 20A 9 LTG
208 9 L,.st
20C 9 RTG
A393/80 8% carcinomatosis 21A 8 RTG
218 8 RTG
21C - 9 RTG
) 210 10 RTG
A389/80 7MP myocardial infarction 224 10 RTG
) 228 10 RTG
22C .10 LTG
. 220 14 LTG
A397/80 58 endometrial cancer 2R 11 RTG
238 11 LTG
. 2% 12 LTG
A402/80 53M abdominal aneurysm 24A 9 RTG
g : 248 9 RTG
¢ 24C 9 RTG
' 24D 11 RTG
2& 11 LTG
24F 14 RTG
A431/80 79M hip replacement 26A ¢ 9 LTG
. - surgery 268 9 \'l:TG
. 26C 9 TG
26D 9 LTG
26E 11 LTG
' 26F 13 LTG
A424/80 8OM cardiac failure 25A © 8 RTG
: 28 8 RTG
25C . 8 RTG
29 8 RTG, °
25 8 RTG
25F . 8 LTG
256 9 LTG
254 9 CLTG
251 9 ., RTG -
25 11 RTG
25K 12 RTG
28 : L'l};



o TAB(E 9 continued

A437/86 ‘gBM respiratory failure g;a

& ‘ .

-

27C
27D

#
2

M4a/80 88 bratnstem infarction 24

MS1/81 62F  multiple sclerosis g(&

I

A060/81 63F  pulmonary emboli

o - |
A298/81 54M  liver cirrhosis-

© " A36/81 TM  mycosis fungoides

28C
28

. 30C
- 31A
318

3AC

310
3l
\ 3F
- 316

311

31K
3L
3IM

*36A
368 °
36C

'+ 36D.
36E

31
310 -

R

RTG
LTG
RTG

LTG
LTG
LTG

- LT&

LTG
LTG
LTG

- RTG

RTG
RTG

RTG
LTR

RTG

L76

LT6

97

R

an

LTG -

LTG. .

L16
L6
RTG
RTG
RTG

- RTG

RYG-
LTG
LT6

S T (T
CLT6

RT&

RTE
L RTG

CRT&
. RY&, o
L ORTE
. RTE
m

. ey B



i TABLE 9 continued

.~A'§3_7/81 52F 1ntracercbrn
: SRRV hmrrhage L

1ntr&combrﬂﬂ -

A379/81  96F ‘
_ " hemorrhege -

cardiovascular

'A028/82 6IM
. S ‘ -oarreste

A133/82  100M  pancreatic cancer
cardiac arrest

. M01/82 . 65M

'LTG - Ieft triguinal gangHon
RTG - right trigeniml gangHon

¢ v'.LTR - loft triguﬂm nerve *root

-.vnm - right triguinn nerve root
".LVG - left vagus gquon |

41F

S8
- 38D
7 40N

L AB
T 400
A
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21
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13
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S013
o120
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25
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e
4N
N
4
m
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C(A%E
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10

12
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13
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17
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R mu: 7 DETAILED DESCRIPTION OF VARIABLE RESTRICTION ENDONUCLEASE (RE)
. L NERVE ROOT ISOLATES

SITES IN HSV-I GMGLION MD TRIGEH
Approxinte B New site witMn
‘map location "*HSV-1 ‘17 RE

meg (genome length=  fragment (Md ~ fusfon of HSV-1 17 -
RE site 100 map units) ~ new framts) fragments (Hd) '

w W Y h/o (8.9)

oo ke e Wn (7.4) |
:“.-f'f LR XTI \ t‘:(,G.Z/iI.{-B): DR e
% By f3e300
o o K3 o 28-32., S _‘,'.(2.5/0,5).»_‘ S o a
., omuena

e k_s;'_- Y T R S TET v (3.9) o
ox6 o T T R LYY

Novel fragmerits
resulting from

K 180 Hﬁs z/1 8

81 e aln2/.8)

R T sz

ss T gj(fi.é/o.‘n | -
Y T R “;-,Q/J' (1 N
e sz | kN Z uo-s) b

. me. mmng from the Teft hand end of the HSV-1 17 map 1s
“named by the first Tetter of the enzyme Used and then nu-bered
cﬁnm‘ﬂtﬂﬂy (H. im\d m K Kpn L B. Bm HI) e
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Figure 4

 A) Hsv‘gehome’organization and B) Physicai,ﬁaps for the HSV-1 17 DNA
fragments generated by Hind III, Kpn and Bam HI restriction.enzymes.
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Figure 5

Autoradiographs of A) Kpn I and B) Bam HI digests of 32P-Jabe1ed DNA of
prototypes HSV-1 17, HSV-2 HG52 and ganglion isolates 8A-C {e®) Novel
fusion or cleavage products. | ‘ _



104

]

ar



¢

| R

. B S | - .~
Figure § - ’ S | e

3 ‘agtor,adiogfaphs of A) Hind T1I B) Kpn I and C) Bam HI digests_of

2p_1abeled DNA of prototype HSV-1 17 and ganglion isolates 18A-C, 21A-D
and 22A-D (e) Novel fusion or cleavage products. - . -
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Figure 7

ggtoradiographs of A) Hind III B) Kpn I and C) Bam HI digests of
P-labeled DNA of prototypes HSV-1 17 and HSV-2 HG52 and ganglion
isolates 23A-C (®) Novel fusion or cleavage products.
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Figure 8

Autoradiograph of Kpn I digests of 32P—1abe1eg DNA of prototypes HSV-1
17 and HSV-2 HG52 and ganglion isolates 24A-F. (e) Novel fusion or
cleavage products.. \



Figure 9

Autoradiograph of Bam HI digests of 3?'P 1abe1ed DNA of prototypes HSV 1
17 and HSV-2 HGS52 and ganglion isolates) 28A-F and B) 256-L. (o) Novel

fusion or cleavage products. - .
}
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Figure 10°

~ Autoradiograph of Bam HI digests of 32 _1abeled DNA of prototypes HSV-1 -
17 and HSV-2 HG52 and ganglion isolates 26A-F (e) Novel fusion or
cleavage products. Lo '
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- Figure 11 |

Autoradiograph of Kpn I digests of 3 P-labeled DNA of prototypes HSV-1
17 and HSY-2 HG52 and ganglion isolates 27A-H (e) Nove? fusion or

cleavage products.



Figure 12
-] .

ggtoradiographs of A3 Hind III B) Kpn I and C) Bam HI digests of
P-labeled DNA of prototypes HSV-1 17 and HSV-2 HG52 and ganglion
isolates 30A-C and 43A-D (e) Novel fusion or cleavage products.
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Figure 13

Autoradiographs of A) and B) Kpn 1 and C) Bam HI digests of}32P-1abe1ed g
DNA of prototypes HSV-1 17 and HSV-2 HG52 and ganglion and trigeminal
nerve root isolates 31A-M. )
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Figure 14 .

. . 32 ‘
Autoradiographs of digests of ~ P-labeled DNA of HSV-1 17, HSV-2 HG52,
and various subclones of isolates 31A,C,G and K.

A. Xpn I profiles of representative subclones G2 and G4 derived from
isolate 31G. Strain G4 has a Kpn pattern I profile whereas strain G2
has a Kpn pattern II profile (see Table 12).

B. Bam HI profiles of prototypes subclones 31 A3, C3, K1, K2, G2 and
G4. Strain A3 has a Bam HI pattern II profile, K1 has a'Bam HI pattern
I profile, and K2 has a Bam HI pattern IV profile. The Bam HI profile
of strain C3 is identical to that of strain 17 (pattern VI). Strain G2
has a Bam HI pattern III profile and G4 has a Bam HI pattern V prof11e
(Table 12). (e) Novel fusion or cleavage praducts.
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Figure 15

32
Autoradiographs of digests of P-labeled DNA of HSV-1 17, and subclones
of Tisolates 31A,K,C, and G run on 3.5% polyacrylamide gels.

A. Kpn I profiles. The 0.5Md cleavage product of Kpn I-m which
migrates between fragments a' and b' 1is shown.

B. Bam HI profiles. The absence of fragments b' and j' indicating the
loss of a Bam III restriction site is demonstrated.
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Figure 16

N

Hybridization of S2P-1abeled DNA fragments of HSV-1 strain KOS to the
DNAs of HSV-17 and subclones of isolates 31C, G and K. HSV-1 17
fragments are labeled according to standard nomenclature.

A. Bam HI digests of subclones K1, K5, C1, C2, C3, C4, Gl, G2 and G4
hybridized to HSV-1 KOS BglIl-k '

B. Bam HI digests of subclones X1, K5, Cl, C2, C3, C4 and Gl hybridized
to HSV-1 KOS BglII-ji.

C. Kpn I digests of subclones C1, C2, C3, C4, and G1 hybridized,tb HSV-1
KOS BglII-j1. ‘
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Figure 18 3

Aytoradiographs of A) Hind III B) Kpn I and C) Bam HI digests of
P-labeled DNA of prototypes HSV-1 17, HSV-2 HG52 and ganglion isolates

37A-J (@) Novel fusion or cleavage products. .

o
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BamHI SRR

Figure 17

3 32 HSV-1
Autoradiograph of Bam HI digests of ~ P-labeled DNA of prototypes
17, HSV-ggHGSZ and ganglion isolates 36A-H (e) Novel fusion or cleavage
products.



131




132

ed



- Figure 19

Autoradiograph of Kpn I digests-of 32P-1
17, HSV-2 HG52 and ganglion isolates 38A

':f‘>products.

133

abeled DNA of prototypes HSV-1
-D (e) Novel fusion or cleavage
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Figure 20

Autoradiographs of A) Kpn I and B) Bam HI digests of 32P-]abeled\D‘NA of
prototypes HSV-1 17, HSV-2 HG52 and ganglion isolates 40A-C (e) Novel
fusion or cleavage products.
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Figure 21

32
Autoradiograph of Bam HI digests of P-labeled DNA of prototypes HSV-1
17, HSV-2 HG52 and ganglion isolates 41A-G (e) Novel fusion or cleavage
products.
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Figure 22

Aytoradiographs of A) Hind 111 B) Kpn 1 and C) Bam HI digests of '
P-1abeled DNA of prototpyes HSV-1 17, and ganglion isolates 49A-F (e)

Novel fusion or cleavage products.
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Figure 23 _ a

Summary of map looations of variable restriction endonuclease cleavage
sites for Hind I11, Kpn I and Bam HI. The physical map locations for
HSV-1 17 are given. Filled inverted triangles point to restriction
endonuclease sites absent in the DNAs of some human HSV-1 strains. Open
inverted triangles point to restriction endonuclease sites present in
the DNAs of some human HSV-1 strains but absent in HSV-1 I7 DNA.

Precise locations of novel cleavage sites have not been determined. The

nomenclature of sites is described in Table 10.
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CHAPTER VII
CONCLUDING REMARKS

Though the presence of persistent HSV in human neurological tissue
was suggesteq around the turn of this century, it was not until the
early 1970's that latent HSV was recovered from human ganglia. In the
decade since, many important questions regarding the mechanisms whereby |
the latent state is established, maintained and reversed to evince overt
disease remain to be answered.

The above studies have focused on the bfological and biochemical
properties of latent HSV present in the ganglia and assocfated
structures derived from unselected human cadavers. Parameters have beeﬁ
identified which optimize recovery of latent virus from human cells
cultured in vitro, but additional manipulations which may enhance this
process can be imagined. Thzgﬁresence in culture media of nerve growth
factor, neuroactive transmitters, cyclic nucleotides, prostaglandins or
tumor promoters may also effect in vitro reactivation.. The use of other
virus activating agents such as UV-irradiation, BudR or temperature
manipulations may also prove fruitful.

‘ The present study documents recovery of latent HSV from trigeminal
nerve roots and suggests latent virus is not restricted to the autonomic
and sensory ganglia of humans. Interest in additional Sites of latent
or possibly deféctive genomes stems from the known association of HSY
with an acute encephalitis and putative involvement of HSV genes in
other clinical diseases such as ceryical carcinoma and possibly chronic
degenerative diseases of the CNS. The idea has also been raised that
cell fypes other than ganglionic neurons can be a source of latent and
reactivable HSV. Though the majority of studies addressing the question
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of cell type involved in latent interactions indicate the neuron is the
predominant cell type harboring HSV, this association may not be
exclusfve. \The application of{cell jdentification techniques to human
cell cultures which subsequently release HSV is the obvious approach
needed to clarify this issue. The use of such techniques, combined with
the identification of viral nucleic acids by in situ hybridization and
viral proteins by immunofluorecence will also aid in d"more precise
association between the presence of latent virus and specific human
cells.

.The above stddies have indicated that in a small number of cultures
negative for spontaneous virus release, virus specific information can
be detected by the use of genetic probes in the form of heterotypic HSV
ts mutants. However, the low efficiency of this technfque makes it
obvious that more sensitive methods must be employed to detect viral
genomes in very low copy numbers. In situ nucleic acid hybridization
assays appear to have the most potentiai in terms of identifying
occagional cells which harbor latent virus. Additional experiments
utilizing this technique on human tissue are therefore warranted but
must consider recent findings that portions of the HSY genome share
homology with mammalfan cell DEA.

The technique of| in vitro reactivation of latent HSV has also been
applied to the study of agents able to inhibit expression of latent
genomes. The continuous presence of acyclovir prevented virus
reactivation in all cultures tested. Similar experiments have been
cond&cted by others to test the efficacy of various drugs and agents
able to block‘the reactivation process. However, it must be realized

tpiﬁ the 1nhibft1on of virus reactivation is not necessarily equivalent
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to the arrest of viral replication once reactivation has occur?ed.
Until the precise nature of react1vatioh is defined in molecular terms
the application of viral inhibitors towards the creation of in vitro
model systems Qf latent infections will be limited. Nevertheless, the
use of antivirals such as ACV in inhibition studies described here ha%_m
great utility in assessing agents which may be administered to human
patients to prevent recurrent HSY infections. |

The molecular analysis of multiple isolates of latent HSY recovered
from individual human hosts has revealed the majority of indiviuals
harbor a unique virus strain within single or mu1£1ple neuroanatomical
sites. However, the finding that %ome individuals maintain more than
one strain of HSV-1 in latent form is significant in terms of the new
qdéstions it raises. This observationiinvites re-examination of
existing theories concerned with esfahlishment of Tatent infections and
the role of the immune response in modulating access of superinfecting
HSY strains to ganglia already colonszed with la;ent virus. As several
animal studies have indicated, re-inoculation of. previously infected
animals may -fail to establish latent infections if the initial infecting
strain is present in high titers. Presumably, the characteristics of
initial infection such as dose and route of fnoculation, severity of
infection and properties of individual strafni may determine if an
immunocompetent individual will be able to support multiple latent
infections.

The ability of humans to harbor multiple strains of HSV in either
overt or latent form opens up the possibility of in vivo genetic
interactions between different strains. Though in vivo recombination

between HSY strains has never been documented in humans, surely such
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interactions are feasible. The generation of genetic variants.in this
.way may affect the epidemiology of HSV infections or may contribute to
the pathogenesis of rare diseases of the human nervous system whose
etiological agen}s have not yet been identified. What is apparent fis
that the pathogenesis of HSV infections in humans is variable and not
fully understood. Mpny generalities now held will be tested as new data

accumulates.
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