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Preface 

A great truth is a truth whose opposite. is also a great truth. 

Thomas Mann (Essay on Freud, 1937) 

This volume centers on pseudorabies (PR V), herpes simplex viruses 1 and 
2 (HSV-1 and HSV-2), and human cytomegalovirus (CMV) and fulfills 
three objectives. 

The chapters on the epidemiology and latency of HSV, and on the 
glycoproteins specified by HSV and CMV, set the stage for the discussions 
of the immunobiology and pathogenesis of human herpesvirus infections 
in Volume 4. The epidemiology of HSV is the basis of our understanding 
of the spread and survival of this virus in the human populations. Central 
to the epidemiology of HSV and its pathogenesis in humans is the ability 
of the virus to remain in a latent state for the life of its host. The viral 
membrane glycoproteins are among the most interesting virion proteins, 
primarily because of their critical role in the initiation of infection. Since 
they are the surface membrane proteins of the virion and appear on the 
surface of productively infected cells, they are also the obvious if not the 
exclusive targets of the immune response. 

The chapters on the transforming potential of HSV and CMV, and 
on the role of HSV in human cancer, deal with challenging problems 
requiring rather different experimental tools. The question of whether 
herpesviruses cause cancer can be answered only by careful, painstaking 
epidemiological studies whereas the analytical techniques required for 
understanding the mechanisms involved in oncogenesis fall largely 
within the domain of molecular biology. The hypothesis that there is a 
causal association between HSV and cervical cancer commemorated its 
16th birthday in 1984. The ability of HSV and CMV to transform cells 
morphologically has also been known for many years. Probably few fields 
of herpesvirus research have generated as much effort as the attempts to 
elucidate the role of these viruses in human cancer and the involvement 
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viii PREFACE 

of viral genetic information in morphologic transformation. The chapters 
provide a critical evaluation of these complex and critical fields of re
search. 

The chapters dealing with the transcription of HSV and with the 
molecular biology of PRY are the forerunners of Volume 5 which will 
focus on the molecular biology of herpesviruses. It is on PRY, however, 
that I would like to focus my remarks. 

The studies on PRY by Albert Kaplan and Tamar Ben-Porat were 
initiated three decades ago. Their contributions to the biology of PRY 
provided important comparative data on PRY and more significant, a 
conceptual framework for the studies on the molecular biology of her
pesviruses in general. Today, these seminal studies illustrate both the 
unity and diversity of the biology of herpesviruses. I am grateful for their 
contribution; without it this series would lack one of the most illustrious 
contributions to the current knowledge of the molecular biology of her
pesviruses. 

I would like to be the first to acknowledge my indebtedness to the 
contributors of this volume for conveying not just the facts, but also the 
excitement of their fields. 

Bernard Roizman 
Chicago, Illinois 
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CHAPTER 1 

Epidemiology of Herpes 
Simplex Viruses 
RICHARD J. WHITLEY 

I. INTRODUCTION 

Epidemiology treatises are notoriously dull as they recite statistics on 
the incidence and prevalence of infection as well as the implications of 
these infections on the salubrity of the community. In these commen
taries, the data presented and their evaluation, which is often subject to 
multiple interpretations, invariably reflect the bias of the author. In stud
ies of herpes simplex viruses (HSV), these biases are particularly apparent. 
The field has been influenced by many investigators who have performed 
excellent research aimed toward the understanding of the physiology of 
these viruses and their interactions with the host. Every attempt will be 
made to distinguish sound and precise clinical observations from those 
that warrant further clarification. Controversial issues range from the 
very simplistic, such as the incidence of symptomatic versus asympto
matic primary infections, to the more complex and unique propensities 
of these viruses, namely their apparent ability to cause recurrent disease 
and incrimination as oncogenic agents. 

This chapter will review the epidemiology of HSV infections of man 
and will provide a background of historical developments, including the 
clinical and social significance of these infections, in order to assess the 
scientific advances of our understanding of these infections. A distinction 
between primary, nonprimary initial, recurrent, and exogenous 
(re)infections from both a clinical and a laboratory standpoint becomes 
essential to the epidemiology of these viruses. Clinical, virologic, and 

RICHARD J. WHITLEY • Department of Pediatrics and Microbiology, University of Al
abama School of Medicine, Birmingham, Alabama 45294. 



2 RICHARD J. WHITLEY 

serologic assessments that directly or indirectly incriminate HSV as the 
causes of disease will be discussed. Major controversies requiring pursuit 
will be explored relative to the application of methods developed in the 
laborauories of our colleagues in molecular virology. Through knowledge 
gained from application of these tools in future studies, it will be possible 
to understand more rationally the epidemiology of these viruses and, 
consequently, to develop regimens for prevention and/or specific thera
peutic intervention in human disease, the ultimate goal of biomedical 
investigators. 

II. HISTORICAL BACKGROUND 

The impact of HSV infections on man has been well documented 
historically. Record of human HSV infections, particularly of spreading 
cutaneous lesions thought to be of herpetic etiology, dates to ancient 
Greek times (Nahmias and Dowdle, 1968) and particularly to the writing 
of Hippocrates (Wildy, 1973). The association between fever and mouth 
lesions was attributed to Herodotus (Mettler, 1947). Many of these orig
inal observations were predicated on Gallen's premise that the lesions 
themselves were an attempt by the body to rid itself of evil humors and, 
perhaps, resulted in the name of herpes excretins. However, these de
scriptions probably bear little resemblance to those of 20th century in
fections (Beswick, 1962). As noted by Wildy (1973), Shakespeare was no 
doubt cognizant of recurrent labial lesions as was recounted in Romeo 
and Juliet where Queen Mab, the midwife of the fairies, stated: 

O'er ladies lips, who straight on kisses dream which oft the angry Mab with 
blisters plagues, because their breaths with sweetmeats tainted are. 

It was not until the 18th century that Astruc, physician to the King 
of France, drew the appropriate correlation between herpetic lesions and 
genital infection (Hutfield, 1966). By the early 19th century, the vesicular 
nature of lesions associated with herpetic infections was well character
ized; however, it was not until 1893 that Vidal specifically recognized 
human transmission of HSV infections from one individual to another 
(Wildy, 1973). 

Observations at the beginning of the 20th century brought an end to 
the early imprecise descriptive era of HSV infections. First, histopatho
logic studies described the multinucleated giant cells associated with all 
herpesvirus infections (Unna, 1896). Second, the unequivocal infectious 
nature of HSV was recognized by Lowenstein (1919) who demonstrated 
that virus from the lesions of human herpes keratitis and the vesicles of 
herpes labialis produced lesions on the rabbit cornea. Vesicle fluid from 
patients with herpes zoster failed to produce similar dendritic lesions. In 
fact, these observations were actually attributed to earlier investigations 
by Gruter (1920) who performed virtually identical experiments around 
1910 but did not report them until later. 
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Investigations reported between 1920 and the late 1960s focused on 
the biologic properties of these viruses and the natural history of human 
disease. Durtng this period the host range of HSV was expanded to include 
a variety of laboratory animals, chick embryos, and, ultimately, cell cul
ture systems. Expanded animal studies demonstrated that transmission 
of human virus to the rabbit resulted not only in corneal disease, but 
could also produce encephalitis (Doerr, 1920). 

Important studies performed by one group (Andrews and Carmichael, 
1930) revealed the presence of neutralizing antibodies to HSV in serum 
of previously infected adult patients. Subsequently, some of these pa
tients developed recurrent lesions albeit less severe. Only individuals 
with neutralizing antibodies developed these recurrent lesions, a para
doxical finding given the classical lessons of infectious diseases whereby 
antibodies are usually associated with protection from disease. By the 
late 1930s it was well recognized that infants with severe stomatitis shed 
a virus thought to be HSV (Dodd et al., 1938), subsequently developed 
neutralizing antibodies during the convalescent period (Burnet and Wil
liams, 1939), and later could have apparent recurrent lesions. 

The medical literature of the 1940s and 1950s was replete with ar
ticles describing such specific disease entities as primary HSV infections 
on mucous membranes as with gingivostomatitis, involving the skin such 
as eczema herpeticum (Seidenberg, 1941), primary keratoconjunctivitis 
(Gallardo, 1943), and herpes simplex encephalitis (Smith et al., 1941). 
Furthermore, the clinical spectrum of HSV infection was expanded to 
include Kaposi's varicella-like eruption and neonatal disease. 

Over the past 15 years major laboratory findings have built a foun
dation for the recent clinical evaluations of HSV infections. Certainly, 
one cornerstone of this foundation was the independent observation by 
two investigators that antigenic differences existed between HSV strains. 
Although suggested by Lipschitz (1921) on clinical grounds over 60 years 
ago and by others from laboratory obserVations (Schneweis and Bradiz, 
1961; Plummer, 1964), it was not until 1968 (Nahmias and Dowdle, 1968) 
that well-defined antigenic and biologic differences were demonstrated 
between HSV, type 1 (HSV-l) and type 2 (HSV-2). These latter two in
vestigators demonstrated that HSV-l was more frequently associated 
with nongenital infection while HSV-2 was associated with genital dis
ease, an observation that has set the stage for many clinical, serologic, 
immunologic, and epidemiologic studies. 

III. DESCRIPTIVE EPIDEMIOLOGY 

HSV are distributed worldwide and have been reported in both de
veloped and underdeveloped countries, including remote Brazilian tribes 
(Black, 1975). Animal vectors for human HSV have not been described 
and, therefore, man remains the sole reservoir for transmission of these 
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viruses to other humans. Virus is transmitted from infected to susceptible 
individuals during close personal contact. There is no seasonal variation 
in the incidence of infection. Because infection is rarely fatal and because 
these! viruses become latent, it is estimated that over one-third of the 
world's population has recurrent infections and, therefore, the capability 
of transmitting HSV during episodes of productive infection. 

HSV infections have historically been considered to be of biologic 
interest, but of little clinical significance. The associated diseases these 
agents cause, with attendant clinical manifestations, range from the usual 
case of mild illness, even undiscernable in many patients, to sporadic, 
severe, and life-threatening disease in a very few children and adults. 

Two apparently independent phenomena are drawing increasing at
tention to the need for control of these infections. On the one hand, 
enhanced scientific awareness has developed because of a proliferation 
of knowledge regarding the molecular structure and function of these 
viruses, particularly as regards the physiology of host-virus interactions 
and recent advances in the clinical applications of antiviral chemother
apy. On the other hand, the lay public has become increasingly aware of 
the social significance of genital herpetic infections, neonatal herpes, and 
cervical carcinoma and, now, openly discusses its prevalence. As a con
sequence, renewed interest has been generated in the epidemiology of 
infections caused by HSV. 

A. Epidemiology of HSV-l 

Although HSV-1 and HSV-2 are usually transmitted by different 
routes and involve different areas of the body (HSV-1 above the waist and 
HSV-2 below the waist), there is a great deal of overlap between the 
expression of these viruses. The mouth and lips are clearly the most 
common sites of HSV-1 infections; however, any organ can become in
fected with HSV-l. Children, particularly those less than 5 years of age, 
are most often affected; yet, primary infections can also occur in older 
individuals. Great variability exists in clinical symptomatology of pri
mary HSV-1 infections, ranging from being totally asymptomatic to com
binations of fever, sore throat, ulcerative and vesicular lesions, gingivos
tomatitis, edema, localized lymphadenopathy, anorexia, and malaise. The 
incubation period ranges from 2 to 12 days with a mean of about 4 days. 
The duration of disease is generally 10 to 16 days. A clinical distinction 
should be drawn between intraoral lesions and lip lesions indicative of 
presumed primary and recurrent infection, respectively (Douglas and 
Couch, 1970). 

Precise epidemiologic studies of HSV -1 infections, as well as those 
caused by HSV-2, are difficult to perform on clinical grounds alone be
cause of the frequency of asymptomatic acquisition. Moreover, antigenic 
cross-reactivity between the two virus strains only further confuses the 
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issue, as will be discussed below. Nevertheless, tools applied to epide
miologic investigations include clinical evidence of infection, serologic 
surveys to determine prevalence of antibodies connotated with infection, 
and serial attempts at virus isolation to determine the frequency of oc
currence and associated clinical findings. 

There have been few studies using both serologic and virologic tools 
for the determination of the incidence of primary HSV-l infections. In 
the absence of such detailed investigations, seroepidemiologic assess
ments provide an acceptable and the most commonly employed approach 
to determine the occurrence of infection according to antibody preva
lence. Such serologic surveys have included a variety of methods, al
though none is currently practical for quantitating type-specific antibod
ies. These assays include neutralization, complement fixation, passive 
hemagglutination, immune adherence, indirect immunofluorescence, 
and, more recently, the enzyme-linked immunosorbent assay (ELISA), 
among others. Kinetic microneutralization determinations have been uti
lized in an attempt to calculate potency of HSV-l and HSV-2 antigens 
and, thereby, determine specific antibodies (Plummer, 1973). However, 
the presence of common HSV-l and HSV-2 antibodies has created diffi
culty in distinguishing specific antibody responses, especially for recur
rent infections (Schneweis and Nahmias, 1971). Nevertheless, a primary 
antibody response can be easily distinguished from a recurrent infection 
or reinfection with the opposite major serotype because of the absence 
of preexisting antibodies. Fortunately, recent elucidations of the glyco
protein composition of these viruses and the application of that knowl
edge to the development of type-specific antibody assays should provide 
more precise tools for future surveys (Pereira et a1., 1976 j Eberle and 
Courtney, 1981 j Arvin et a1., 1983). Furthermore, utilization of immune 
blotting technology may also be of assistance (Bernstein et al., 1983). 

Geographic location, socioeconomic status, and age influence to a 
considerable extent the frequency of HSV infection, regardless of the 
mode of assessment. These associations were brought to light by several 
investigators (Dodd et a1., 1938 j Scott et a1., 1941) and these data were 
recently summarized by Rawls and Campione-Piccardo (1981). Utilizing 
antibody prevalence, in developing countries, seroconversion occurs early 
in life with some differences between study populations. In Brazilian 
Indians, HSV antibodies were present in over 95% of children by the age 
of 15 (Black et a1., 1974). Similarly, serologic studies performed in New 
Orleans demonstrated acquisition of antibodies in over 90% of children 
by the age of 15 (Buddingh et al., 1953). In developing countries such as 
Uruguay or in lower socioeconomic populations in the central United 
States, the appearance of antibodies occurred at similar but lower fre
quencies (Rawls and Campione-Piccardo, 1981). These lower rates of ac
quisition were particularly evident in the poor black communities of 
Atlanta and Houston (Rawls et a1., 1969 j Nahmias et a1., 1970). By 5 years 
of age, approximately one-third of patients had seroconverted j this fre-
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quency increased to 70-80% by early adolescence. Predictably, presumed 
middle-class individuals of industrialized societies acquired antibodies 
even later in life. Seroconversion occurred over the first 5 years of life in 
20% of children, followed by no significant increases until the second 
and third decades of life at which time the prevalence of antibodies in
creased to 40 and 60%, respectively (Sawanabori, 1973j Wentworth and 
Alexander, 1971). Further support for the relationship 6f socioeconomic 
status to acquisition of infection is offered by a variety of other studies 
(Smith et al., 1967j McDonald et al., 1974j Glezen et al., 1975). 

The influence of age is underscored by two other studies, in particular 
(Juretic, 1966j De Giordano et al., 1970). A thorough clinical-serologic 
study of primary herpetic oral infection was performed in Yugoslavia. Of 
the 18,730 children attending outpatient clinics, evidence of oral herpetic 
infection was found in approximately 13% over a lO-year period. Children 
from 1 to 2 years of age were most commonly afflicted, accounting for 
over half of all cases. Children less than 6 months of age were uninfected 
in this study. With increasing age, the frequency of viral isolation de
creased. No differences in sex or seasonal variation were detected. Indi
rectly, it is implied that most children had asymptomatic infection. 

From these data, primary oral infection in older individuals appears 
to occur less commonly. However, in one thorough study of university 
students, seroconversion of susceptibles occurred at an annual frequency 
of approximately 10% (Glezen et al., 1975), a figure three times higher 
than that estimated by Rawls and Campione-Piccardo (1981). In the col
lege student population the major clinical manifestation of disease was 
an upper respiratory tract infection, particularly pharyngitis, as noted by 
others as well (Evans and Dick, 1964). 

These studies demonstrate the significantly lower prevalence of an
tibodies in the relatively middle and upper socioeconomic classes. Pri
mary infection occurs much earlier in life, generally very early, in chil
dren of underdeveloped countries as well as those of lower socioeconomic 
classes, whereas in developed countries and more affluent classes, pri
mary infection may be delayed until adolescence or, perhaps, even adult
hood. Frequency of direct person-to-person contact, indicative of crowd
ing encountered with lower socioeconomic status, appears to be the major 
mediator of infection. 

Following the implication of HSV as the etiologic agent responsible 
for gingivostomatitis (Dodd et al., 1938) and its confirmation by Burnet 
and Williams (1939), virologic screening became a useful tool for epide
miologic surveys. Dodd et al. (1938) determined that primary infection 
led to the shedding of virus in mouth and stool and from the former site 
for as long as 23 days but on the average 7-10 days. Neutralizing anti
bodies began to appear between days 4 and 7 after clinical onset of disease, 
and peaked in approximately 3 weeks. In these studies, virus could be 
isolated from the saliva of asymptomatic children (Buddingh et al., 1953). 
Viral shedding was documented in approximately 20% (15 of 72) of the 
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children in the age range of 7 months to 2 years. Interestingly, in spite 
of no overall race or sex differences for the entire study, for the young 
age group, black children had higher rates of both neutralizing antibodies 
and virus iso'lation than did their Caucasian counterparts. Occurrence of 
virus shedding in children less than 6 months of age was uncommon, as 
noted in more recent studies (Juretic, 1966). In older children, 3 to 14 
years of age, presumed asymptomatic shedding was documented in 18% 
(18 of 99). Virus retrieval decreased with advancing age in the Buddingh 
studies such that over 15 years of age, the frequency of excretion was 
2.7% (5 of 185 individuals tested). These frequencies of shedding are very 
similar to more contemporary cross-sectional surveys, ranging from 2 to 
5% (Stern et a1., 1959; Lindgren et a1., 1968; Cesario et a1., 1969; Kloene 
et a1., 1970). 

A major question that continues to arise is the nature of infection 
itself; specifically, is infection synonymous with symptomatic disease? 
The epidemiologic consequences are obvious. With asymptomatic infec
tion, either primary or recurrent, a reservoir exists for transmission of 
virus to susceptible individuals. The ratio of symptomatic to asympto
matic cases can only be determined when serologic and virologic tools 
are applied prospectively to targeted patient populations. Unfortunately, 
only few such studies exist. Cesario et a1. (1969) reported a study of 70 
seronegative children who had evidence of a primary infection. Only 6 
of the 70 children, or less than 10% had clinical symptoms associated 
with illness. In an Australian study, Anderson and Hamilton (1949) found 
that 67.4% of seronegative children (29 of 43) developed HSV antibodies 
over a period of 1 year; 69% of the cases had symptomatic infections. 
Although the data from these two studies indicate that primary infection 
with HSV-l can be associated with no symptoms of illness, the frequency 
of its occurrence remains for more precise determination. 

Early epidemiologic studies have failed to precisely define the in
traoral sites of virus replication with primary infection or, for that matter, 
with recurrent infection either. Perhaps such definition would clarify 
severe manifestations of disease such as herpes simplex encephalitis, 
often thought to progress from viral replication at the site of the olfactory 
bulb or correlate with frequency of recurrent lesions. Moreover, since the 
reporting of these original studies, it has been suggested that the epide
miology of infection is changing (as reflected by acquisition of primary 
infection later in life) because of improved standards of living. It is clear 
that many of these studies will be repeated to consider these among other 
possibilities. 

B. Epidemiology of Genital HSV Infections 

Although most genital HSV infections are caused by HSV-2, a rec
ognizable and variable proportion is attributable to HSV-l (Naib et a1., 
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FIGURE 1. Ulcerative lesions of primary herpes simplex genitalis. 

1973; Smith et a1., 1976; Wolontis and Jeansson, 1977; Kalinyak et a1., 
1977; Corey et a1., 1983a). This distinction in virus type is not insignif
icant as genital HSV-l infections are usually less severe clinically and 
are less prone to recur (Corey et a1. , 1983a). Sexual transmission is the 
primary route of the spread of HSV-2 (Josey et a1., 1966, 1968, 1972; Parker 
and Banatvala, 1967; Deardourff et a1., 1974). The major line of evidence 
supporting sexual transmission of HSV includes the demonstrated high 
risk of infection following sexual contact with patients having confirmed 
disease. In the male, genital HSV infections are most often associated 
with vesicular lesions superimposed upon an erythematous base, usually 
appearing on the glans penis or the penile shaft, as shown in Fig. 1. In 
the female, lesions may involve the vulva, perineum, buttocks, cervix, 
and/or vagina. In the female, the lesions usually are excruciatingly sen
sitive to the touch, as suggested by Fig. 2, and associated with discharge. 
Primary infections independent of sex can be associated with fever, dy
suria, localized inguinal adenopathy, and malaise. As recently reviewed, 
the severity of primary infection and its association with complications 
are statistically higher in women than men for unknown reasons (Corey 
et a1., 1983a). Systemic complaints are common in both sexes, approach
ing 70% of all cases. The mean duration of disease in patients with pri
mary genital HSV infections is 19 days. The most common complications 
include aseptic meningitis (8%) and extragenital lesions (20%). Nonpri
mary but initial genital infection (preexisting antibody) is less severe as 
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FIGURE 2. Bilateral labial lesions of primary herpes simplex genitalis . 

healing is of shorter duration. Several studies estimate that the risk of 
susceptible females contracting HSV from infected males is 80% (Nah
mias et a1., 1969; Rawls et a1., 1971, 1972; Poste et a1., 1972). Following 
primary genital herpetic infection, complications have occurred such as 
sacral radioculomyelitis, which can lead to urinary retention, neuralgias, 
and meningoencephalitis (Terni et al., 1971; Skoldenberg et a1., 1975; 
Hinthorn et a1., 1976; Hevron, 1977; Caplan et al., 1977). Primary perianal 
and anal HSV-2 infections (Jacobs, 1976), as well as associated proctitis 
(Goodell et a1., 1983), are becoming increasingly more common in male 
homosexuals. As with HSV-1 infections, many primary HSV-2 illnesses 
are subclinical, involving the mouth (Hale et a1., 1953) or the uterine 
cervix (Yen et al., 1965; Josey et al., 1966, 1968). 

Sexually transmitted disease clinics provide the basis for prevalence 
data on genital HSV infections, particularly those in the United States, 
England and Sweden (Beilby et a1., 1968; Josey et a1., 1972; Nahmias et 
a1., 1973). Current estimates of the number of new cases of genital HSV 
infections number approximately 200,000-300,000 individuals per year 
(Nahmias et a1., 1973), which is probably a conservative estimate at best. 
These data were derived from the calculation that for every 5-10 cases 
of gonorrhea, 1 case of genital HSV infection exists (Nahmias et ai., 1973; 
Jeansson and Molin, 1974). A recent study by Corey et a1. (1981) suggests 
a ratio of 1 case of genital herpes infection to 2.2 cases of gonorrhea. Such 
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estimates would strikingly increase the frequency of primary disease. One 
difficulty in determining actual prevalence stems from the lack of a na
tional reporting system. Current estimates of individuals with genital 
herpetic infection in the United States alone range from as low as 2-4 
million to as high as lO-20 million Americans (Corey et al., 1981). 

Cytopathologic screening by Papanicolaou staining of clinical spec
imens adds another epidemiologic tool for the study of these problems 
(Josey et al., 1968, 1972; Vesterinen et al., 1977). If these methods are 
employed along with virus isolation, the incidence of genital HSV infec
tions ranges from 0.09 to 0.24% in normal women (Kleger et al., 1968; 
Naib et al., 1969; Wolinska and Melamed, 1970; Jeansson and Molin, 
1970). In contrast, rates of infection in individuals routinely attending 
sexually transmitted disease clinics vary between 0.02 and 3.3% to even 
7.0% depending upon the population studied (Duenas et al., 1972; Naib 
et al., 1973). 

Women appear to have the highest rates of infection, particularly 
prostitutes and others with multiple sex partners. An interesting obser
vation has been made relating the incidence of HSV shedding to the age 
of prostitutes. The most active prostitutes (age range 20-29 years) were 
most likely to excrete HSV (12%), while those in older age groups had a 
decreased frequency (6%). Of note, one study found that the incidence 
of genital HSV infections in both indigent women and those of middle 
and upper socioeconomic classes appeared significantly lower than that 
found among women attending sexually transmitted disease clinics, 0.3 
and 0.2% respectively (Ng et al., 1970). As with HSV-1 infections of the 
mouth, HSV-2 can be excreted in the absence of symptoms at the time 
of primary or recurrent infection (Rattray et al., 1978; Ekwo et al., 1979); 
this occurs more frequently with HSV-2 and, again, a silent reservoir for 
transmission is created. 

In spite of the difficulty encountered in determining type-specific 
antibodies, the appearance of HSV-2 antibodies reflects the time of ex
posure or, more simply, the acquisition of infection. The appearance of 
antibodies can be positively correlated with the onset of sexual activity 
(Rawls et al., 1969; Nahmias et al., 1970b; Adam et al., 1979), although 
crowded living conditions may indirectly contribute to antibody preva
lence (Becker, 1966; Naib et al., 1973). If HSV-2 antibodies are sought in 
healthy women, there is a wide discrepancy in prevalence, ranging from 
lO% in Americans to 77% in Ugandans (Rawls et al., 1972). Because the 
infection occurs primarily in adolescents and young adults, antibody prev
alence rates increase most rapidly in those aged 20-29 years, followed by 
those under 20 years of age (Bolognese et al., 1976). Predictably, those 
individuals with multiple sexual partners have the highest frequency of 
antibodies (Rawls et al., 1976). 

Conversely, antibodies to HSV-2 are virtually nonexistent in nuns 
(Rawls et al., 1969; Nahmias et al., 1970b; Duenas et al., 1972). As an 
interesting and provocative side-issue, a previous history of antibodies to 
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either HSV-1 or HSV-2 may have an ameliorative effect on the expression 
of clinical disease (Nahmias et a1., 1970c; Rawls et a1., 1971; Kaufman 
et a1., 1973; Corey et a1., 1981). This suggestion is of importance as it 
relates to vaccine development to at least ameliorate if not prevent pri
mary infection. 

C. Treatment of Primary Infections 

Although the focus of this review is the epidemiology of HSV infec
tions, therapy cannot be ignored. No conclusive data are available for 
therapy of primary herpes simplex gingivostomatitis. Topical therapy of 
primary genital HSV infections has been shown to have some clinical 
usefulness. In a study of 77 patients with the first episode of genital 
herpetic infection, topical acyclovir applied six times daily reduced the 
duration of viral shedding, alleviated local symptoms, and accelerated 
time to crusting by mean times of approximately 3, 2, and 4 days, re
spectively. Topical therapy, however, did not significantly shorten the 
duration of total disease or decrease the appearance of new lesions. These 
data did not appear to correlate to sex or preexisting antibodies to HSV. 
Furthermore, therapy did not alter the frequency or severity of recurr
ences (Corey et a1., 1982, 1983c). 

With the apparent difficulties of skin penetration of nucleoside an
alogs applied topically, two alternate systemic routes of therapy have been 
studied; these are oral and intravenous administration of acyclovir. Pre
liminary findings from these studies are encouraging for skin healing. A 
study on the effects of intravenous administration of acyclovir at 15 
mg/kg per day for 5 days to 31 hospitalized patients with initial disease 
demonstrated a reduction in viral shedding by a mean of 11 days (p = 
0.001)' in symptoms by a mean of 5 days and accelerated time to total 
healing (Corey et a1., 1983b). Furthermore, complications were elimi
r..ated in those receiving the drug. In placebo recipients, complications 
included extragenital disseminated lesions (2 of 16 patients) and urinary 
retention (2 of 16). These data clearly indicate enhanced healing when 
compared to data derived from the topical trial; however, cost-effective
ness of i.v. therapy, which requires 5 days of hospitalization, can only be 
justified if recurrences are prevented or for therapy of severe complica
tions. In the follow-up of these 31 patients, 60% of acyclovir recipients 
versus 88% of placebo recipients had a recurrence within 10 months of 
infection. These data can be transposed to a recurrence frequency per 
month of 0.26 and 0.50 for acyclovir and placebo recipients, respectively. 

A larger number of patients are being assessed to determine the effect 
of therapy on recurrences. In this trial there was no evidence of significant 
clinical or laboratory toxicity nor the appearance of resistant virus in 
either randomization group. A virtually identical study has been per
formed in Europe. The data are essentially identical for clearance of virus 
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from lesions, total healing time, and resolution of all symptoms; however, 
no reference is made to the frequency of recurrence. 

A similar study design-double-blind, placebo-controlled-has been 
completed for oral therapy of initial genital HSV infections. This study 
involved 48 patients receiving 200 mg acyclovir or placebo five times 
daily for 10 days (Bryson et ai., 1983). The data from this trial are similar 
to those resulting from i.v. administration of drug; thereby, a much less 
costly modality of therapy is provided. As with the i.v. studies, no effect 
was found on the frequency of recurrence. Here also, however, the phy
sician must be concerned with the possibility of drug resistance following 
repeated exposures to drug. 

Although the results of several trials substantiate the antiviral effects 
of acyclovir for genital HSV infections, the effect focuses on acceleration 
of acute disease. This capability in and of itself represents a major advance 
in therapy of viral disease. Yet, its clinical usefulness may be short-lived 
as recurrences do not appear to be prevented and resistant virus could 
pose additional problems. 

IV. RECURRENT INFECTION VERSUS REINFECTION WITH 
HSV 

A. Latency 

The observation that lesions caused by HSV can reappear at a site of 
prior occurrence introduces a fascinating biologic phenomenon, namely, 
the apparent ability of the infection to recur following a period of pre
sumed latency. The mechanism by which this phenomenon occurs is not 
totally understood; several controversial explanations have been offered. 
Ultimately, one must question whether a defined episode is the result of 
reactivation of latent virus, subclinical chronic production of virus, or 
reinfection with an exogenous strain of HSV either of the same or opposite 
serotype. Several reviews of this subject have addressed these issues in 
detail (Roizman, 1968, 1971; Terni, 1971; Nahmias and Roizman, 1973; 
Stevens et a1., 1975; Pagano, 1975; Baringer, 1976). The fundamental data 
upon which our understanding of latency and, therefore, reactivation are 
founded warrant brief review for epidemiologic purposes. 

The demonstration of latency is relatively new. Animal model stud
ies provide one dimension in our understanding of this phenomenon. 
Several investigators have described the ability of HSV to remain latent 
for prolonged periods of time within nervous tissue of animal model sys
tems (Stevens and Cook, 1971, 1974; Nesburn et ai., 1972; Baringer and 
Swoveland, 1973; Stevens et ai., 1975; Hill, 1981). Although these studies 
are not totally conclusive, data have shown that virus can only be re
trieved from the ganglion rather than the peripheral nerve itself. These 
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results have been obtained from animals infected at peripheral sites, gen
erally the foot pad or ear. 

From human and animal model studies, latency follows primary in
fection, as is best understood (Bastian et al., 1972; Baringer and Swove
land, 1973; Stevens, 1975), by transmission of virus or its genome or a 
part thereof, via sensory nerve pathways to ganglion sites (Hill, 1981). 
Once within the ganglion, viral DNA can be detected intracellularly but, 
with existing tools, no other form of infectious virus or products of rep
lication can be demonstrated (Stevens, 1975). Latent virus has been re
trieved from the trigeminal, sacral, and vagal ganglia (Bastian et al., 1972; 
Baringer and Swoveland, 1973; Baringer, 1974; Warren et al., 1977). Reac
tivation of latent virus appears dependent upon an intact anterior nerve 
route and peripheral nerve pathways. The resulting recurrent infection 
frequently involves the same site, but only a very limited portion of the 
dermatome. No data exist to support the existence of virus peripherally 
in a latent state (Rustigian et al., 1966). 

In man the frequency of isolation of HSV from ganglia has been de
scribed by Baringer (Baringer and Swoveland, 1973; Baringer, 1974), 
among others. When trigeminal and sacral ganglia were explanted with 
human embryonic lung cells, cytopathic effect could be detected within 
the newly growing cells. Evidence of virus replication, however, may not 
appear until cells have been subcultured and passed. In one study, virus 
isolation was attempted from the trigeminal ganglia of 90 cadavers and 
was documented in 44 individual situations. In 26 of these cases, viruses 
were isolated bilaterally from both ganglia. Similarly, when 68 sacral 
ganglia were removed and cocultivated, only 9 were positive for HSV, 
and all but one were HSV-2. Baringer extended these observations to suc
cessfully retrieve virus from the thoracic ganglia of one patient whose 
trigeminal ganglia yielded HSV -1 bilaterally (Baringer and Swoveland, 
1973). 

These findings, regarding the retrieval of virus from the trigeminal 
ganglia, help explain the observation of vesicles that recur at the same 
site. Nevertheless, one cannot ignore the question: can exogenous rein
fection with the same or an opposite strain of virus account for II apparent" 
recurrent HSV infections? Clinical evidence as early as 1968 (Nahmias 
and Dowdle, 1968) has suggested that this is a real possibility. However, 
late in 1979, speculation regarding exogenous reinfections was based upon 
the prior observation that it was possible to establish genital reinfection 
with HSV-2 in mice and Cebus monkeys who had recovered from prior 
genital inoculation at the same site (London et al., 1971). Unequivocal 
demonstration of exogenous reinfection was possible only with the de
velopment of restriction endonuclease technology. It is worthwhile to 
briefly review its thesis and application to clinical-epidemiologic studies. 

Hayward et al. (1975) found that fragments resulting from the cleav
age of HSV DNA by restriction endonuclease enzymes become finger
prints for the virus. Analyses of numerous HSV-1 and HSV-2 isolates from 
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a variety of clinical situations and geographic areas demonstrated that 
epidemiologically unrelated strains yielded distinct HSV DNA fragment 
patterns. In contrast, fragments of HSV DNA derived from the same in
dividual obtained years apart, mothers and their newborns, or sexual part
ners, or following short and long passages in vitro had identical fragments 
after restriction endonuclease cleavage. 

This technique has been applied to specimens collected from a va
riety of patients with a genital HSV infection to assess potential strain 
differences or similarities with various endonucleases. Analyses of pat
terns of the HSV DNA fragments revealed that isolates from the same 
patients or their respective sexual partners could be either the same or 
different (Buchman et al., 1979). Stated differently, a given patient might 
well have nonidentical isolates obtained from lesions at adjacent sites. 
This finding implies that an individual can be infected with multiple 
HSV-2 strains at different sites following prior infection with a genetically 
different strain. No doubt, similar findings will become apparent for or
olabial HSV-1 infections when properly studied. The utilization of en
donuclease restriction enzymes has unequivocally demonstrated that a 
target organ, in this case the genitalia, is not immune to reinfection. The 
frequency of this occurrence in large-scale studies has not been estab
lished. From a public health viewpoint this is an important issue because 
if such events do in fact occur, regardless of incidence, techniques of 
vaccination will have to be varied from those currently available to render 
immunity to target organs. Obviously, an exogenous source of virus does 
not explain the majority of instances of apparent reactivation. 

Reinfection with the same strain of HSV can occur as by autoino
culation at a distant site. Thus, HSV could be mechanically transmitted 
from one site to either an adjacent site or a distal one. These instances 
have been reported in cases from mouth to genital transmission (Nahmias 
et al., 1970c) or intentional inoculation of vesicle fluid to "bolster im
munity" (Teissier et al., 1926; Lazer, 1956; Goldman, 1961; Blank and 
Haines, 1973). 

At the present no data support the contention that recurrent infec
tions are the result of chronic viral production at the site of recurrence. 
Skin biopsies performed at the site of recurrent lesions but between ep
isodes of disease for purposes of virus isolation have not resulted either 
in the retrieval of virus or in the demonstration of its presence by standard 
laboratory procedures (Roizman, 1968, 1971). However, during the prod
rome of recurrent herpes labialis, HSV can be retrieved by needle biopsy 
or cell scrapings from apparently normal tissue (Spruance et al., 1977). 

B. Recurrent HSV-l Infections 

The largest reservoir of HSV infections in the community is that 
associated with recurrent herpes labialis and genitalis. The onset of re-
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current orolabiallesions is heralded by a prodrome of pain, burning, tin
gling, or itching, which generally lasts for less than 6 hr followed within 
24-48 hr by vesicles (Young et a1., 1976; Spruance et a1., 1977). Vesicles 
appear mosecommonly at the vermillion border of the lip and persist in 
most patients only 48 hr at the longest. The total area of involvement 
usually is localized, being less than 100 mm2, and lesions progress to the 
ulcerative and crusting stage within 48 hI. Pain is most severe at the 
outset and resolves quickly over 96-120 hr. Similarly, the loss of virus 
from lesions decreases with progressive healing (Spruance et a1., 1977; 
Bader et a1., 1978). Healing is rapid, generally being complete in 8-10 
days. The frequency of recurrences varies among individuals (Spruance 
et a1., 1977). The factors responsible for recurrences are both highly var
iable and poorly defined. 

Studies performed to assess the frequency and severity of recurrent 
infection are limited. Rawls and Campione-Piccardo (1981) have reviewed 
several studies performed to determine the nature of recurrent infection; 
however, the studies encompass admittedly limited socioeconomic and 
geographic groups. Baseline frequencies for recurrence can be gleaned 
from a study performed in Philadelphia. A positive history of recurrent 
herpes labialis was noted in 38% of 1800 students attending the Uni
versity of Pennsylvania graduate education program (Ship et a1., 1960, 
1961). New lesions occurred at a frequency of 1 per month in 5% of the 
students and at intervals of 2-11 months in 34% of the students. Re
currence of 1 per year or less often was found in 61 %. The frequency of 
recurrence is relatively constant, approximately 33% in a series of other 
studies (Ship et a1., 1967, 1977; Friedman et a1., 1977). Exceptions to this 
33% mean frequency of recurrence are studies by Young et a1. (1976) in 
Ann Arbor, Michigan, and Embil et a1. (1975), which record lower fre
quencies of recurrence, approximately 16%, but under vastly different 
socioeconomic conditions, namely, of upper versus lower social groups, 
respectively. In comparative studies done within one community in this 
country, Ship et a1. (1977) found that recurrences occur more frequently 
among the more socially privileged. These findings are somewhat per
plexing because recurrence should reflect the population previously in
fected. Clearly, the distinction between socioeconomic status, age of ac
quisition, and prevalence of infection versus the frequency of recurrence 
warrants further investigative pursuit. 

Factors associated with the recurrence of HSV-1 lesions are highly 
stereotyped and include stress, fatigue, menses, and exposure to sunlight 
(Segal et a1., 1974; Ship et a1., 1977). In addition, fever has been associated 
with recurrent lesions. Greenberg et a1. (1969) demonstrated that recur
rent lesions of herpes labialis were three times more frequent in febrile 
patients than in nonfebrile controls. The mechanisms by which these 
factors lead to production of infectious virus are not known. 

Several interesting studies have provided insight into stimuli asso
ciated with recurrences. In two studies (Carlton and Kilbourne, 1952; 
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Ellison et al., 1959), it was possible to demonstrate an incidence of her
petic lesions in the mouth or palate of at least 90% in patients undergoing 
nerve root section for trigeminal neuralgia. Lesions appeared in the im
mediate postoperative period. These findings have been further verified 
by Pazin et al. (1978, 1979) in assessments of virus excretion following 
microvascular surgery to alleviate tic douloureux. Clearly, in these sit
uations it is unreasonable to think that exogenous viral infection could 
account for the recurrent disease. Reactivation by axonal injury has been 
further investigated by Walz et ai. (1974), who reactivated a latent gan
glionic infection following section of the peripheral nerve with the re
sultant appearance of virus within the ganglia 3-5 days after the surgical 
manipulation. Similarly, if an attempt is made to excise lesions, it will 
fail as vesicles will recur adjacent to the site of excision (Kibrick and 
Gooding, 1965). 

As with primary infections recurrent disease may occur in the ab
sence of clinical symptoms. Asymptomatic excretion of HSV in normal 
children following recurrence is approximately 1% (Hellgren, 1962; 
Haynes et aI., 1968) and varies from approximately 1 to 5% in the normal 
adult (Lindgren et al., 1968; Sheridan and Herrmann, 1971; Glezen et al., 
1975). Interestingly, it has been noted that approximately 1 % of pregnant 
women and nursery personnel excrete HSV at any point in time. This 
source of virus may pose risks for transmission to the newborn (Buchman 
et al., 1978). Asymptomatic excretion of virus is not limited to the healthy 
adult as demonstrated by the studies of Pass et al. (1979) whereby ex
cretion of HSV in renal transplant recipients, without signs or symptoms 
of disease, occurs in nearly one-third of infected patients. Furthermore, 
studies of closed populations have documented a high frequency of re
current HSV excretion in the absence of symptoms (Cesario et al., 1969). 

C. Therapy of Recurrent HSV-l Infections 

Treatment of recurrent herpes labialis infections has not beenre
warding. A major focus of antiviral research in the United States has been 
attempts to develop therapeutically useful and simple modalities of ther
apy for herpes labialis and genital HSV infections. As reviewed by Overall 
(1980), numerous compounds have been tested for these diseases with 
little evidence of success with one recent exception. No doubt these fail
ures are in large part related to the inability of these nucleoside derivatives 
to penetrate the skin and reach the site of viral replication. 

In acyclovir treatment of active recurrent herpes labialis, no benefit 
could be demonstrated for time to total healing, crusting, or loss of pain; 
however, there was a trend to accelerated loss of virus from lesions (Spru
ance and Crumpacker, 1982). A follow-up study to determine the effect 
of therapy instituted during the prodrome phase of illness similarly failed 
to show evidence of a drug effect (Spruance et aI., 1983). 
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D. Recurrent HSV-2 Infections 

As with, orolabial lesions, recurrent genital infection is the largest 
reservoir of HSV-2. Factors responsible for reactivation of genital HSV 
infections cannot be unequivocally gleaned from retrospective studies. 
Recurrent HSV-2 infection can be either symptomatic or asymptomatic 
as with HSV-l; however, recurrence is usually associated with a shorter 
duration of viral shedding and fewer lesions (Corey et al., 1981). Consti
tutional symptoms are uncommon with recurrent disease. The frequency 
of recurrences varies somewhat between males and females with cal
culations of 2.7 and 1.9 per 100 patient days, respectively (Corey et al., 
1981). Overall, several studies have implicated a frequency of recurrence 
as high as 60% (Adam et a1., 1979; Chang et a1., 1974). These rates must 
be verified by additional studies and in a larger series of patients as they 
appear exceedingly high, a legitimate possibility based upon selection of 
a nonrepresentative subpopulation. The type of genital infection, HSV-l 
versus HSV-2, appears predictive of the frequency of recurrence (Corey 
et a1., 1981), such that HSV-1 appears to recur less frequently. Further 
epidemiologic investigations of genital HSV infections must address such 
issues as the age of acquisition, frequency of intercourse, number of sex
ual partners, and prior antibody status as well as the influence of soci
oeconomic conditions. In addition, the severity and duration of initial 
disease correlated with recurrences as well as the frequency and signif
icance of exogenous infection will have to be clarified. 

E. Therapy of Recurrent HSV-2 Infections 

A study of III patients was similarly conducted for the therapeutic 
effectiveness of acyclovir on the management of recurrent genital herpes 
infections (Corey et a1., 1982). The data suggest an effect on shedding of 
virus from lesions and, perhaps, the time to crusting of lesions in men 
but not women. Overall, topical acyclovir had no effect on the symptoms 
of disease or healing time in either sex, with the exception of crusting 
in women. Similarly, no effect on recurrences was apparent. All the ther
apeutic trials with acyclovir from one center were recently reviewed 
(Corey et al., 1983b). An extension of this study to determine therapeutic 
effectiveness when drug application is introduced during the prodrome 
has been completed and similarly appears to show no benefit (Luby et 
a1., 1984). 

These trials encapsulate the difficulties encountered in topical stud
ies of antiviral agents. Specifically, issues regarding penetration of nu
cleoside derivatives to the site of viral replication and the clinical value 
of therapy become foremost questions. In that recurrences are not pre
vented, improved therapeutic modalities must be developed. Further
more, the potential for development of drug resistance is apparent in a 
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disease such as genital HSV infection with a known propensity for re
currence and, therefore, the probable resistance increases with repeated 
exposure to medications following each episode (Crumpacker et a1., 
19821. Such resistant viruses have been documented, following repeated 
systemic therapy with acyclovir. The frequency of development of re
sistance and the potential pathogenicity of these isolates will require 
further extensive investigation. Nevertheless, one must weigh topical 
therapy of HSV infections against the need to reserve such potentially 
useful drugs for truly life-threatening disease lest problems of drug re
sistance encountered in the management of bacterial disease occur also 
with viral infections. 

Only recently have field trials been initiated with phosphonoformate, 
a compound developed in Sweden, for topical therapy of both herpes la
bialis and genital HSV infections. These trials have employed cross-over 
study designs and can only be considered preliminary because of the lim
ited numbers of patients studied and, consequently, an inability to ap
propriately stratify analyses for demographic characteristics as well as 
for treatment responses. Regardless, these initial studies demonstrate a 
trend toward accelerated healing, particularly loss of virus from lesions 
and time to total crusting. A larger, collaborative trial has recently been 
initiated to assess clinical usefulness in Scandinavian countries. With 
phosphonoformate, as with acyclovir, resistant strains of virus have been 
encountered and, clearly, this possibility must lead to careful definition 
of frequency of occurrence. Should this occur even as frequently as 1-
2 % following a course of therapy, serious consideration must be given 
to the possible resultant harm that could result from drug application to 
a usually benign illness. 

V. DISEASES OF EPIDEMIOLOGIC IMPORTANCE 

A. Herpes Keratoconjunctivitis 

Infections of the eye are usually caused by HSV -1 beyond the newborn 
age (Ostler, 1976; Binder, 1977). Approximately 300,000 cases are diag
nosed yearly and ocular HSV infections are second only to trauma as the 
cause of corneal blindness in this country. Primary herpetic keratocon
junctivitis is associated with either unilateral or bilateral conjunctivitis 
which can be follicular in nature followed soon thereafter by preauricular 
adenopathy. HSV infection of the eye is also associated with photophobia, 
tearing, eyelid edema, and chemosis with the pathognomonic findings of 
branching dendritic lesions, as shown in Fig. 3, or less commonly but 
with advanced disease a geographic ulcer of the cornea, as shown in Fig. 
4. Healing of the cornea can take as long as 1 month even with appropriate 
antiviral therapy. 
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FIGURE 3. Dendritic herpes keratitis. 

FIGURE 4. Geographic ulcer of the cornea caused by herpes simplex virus. 
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Recurrent herpes infections of the eye are common. Most frequently, 
they are unilateral in involvement, but a small percentage of cases involve 
both eyes. Characteristically, either dendritic ulcerations or stromal in
volvement appears. Visual acuity is decreased in the presence of the ul
cerSj and with progressive stromal involvement, opacification of the cor
nea may occur. Repeated individual attacks may last for weeks or even 
months following appropriate antiviral therapy. The route and pathogen
esis of infection remain unknown. Clearly, therapeutic attempts warrant 
further refinement. At present, however, three compounds have been 
licensed for therapy of these diseases: idoxuridine, trifluorothymidine, 
and vidarabine ophthalmic preparations. Progressive disease can result 
in visual loss and even rupture of the globe. A major goal for clinical and 
molecular research is the development of more efficacious agents for the 
management or even prevention of this disease. 

B. Skin Infection 

Skin infections caused by HSV generally manifest as eczema her
peticum in patients with underlying atopic dermatitis (Pugh et al., 1955 j 

Wheeler and Abele, 1966 j Terezhalmy et a1., 1979). The lesions can either 
be localized resembling herpes zoster with a dermatomal distribution or 
disseminated. The latter occurs commonly in Kaposi's varicellalike erup
tion (Ruchman et al., 1947). HSV infections of the digits, Whitlow ulcers, 
have been reported, particularly among dentists (Rosato et a1., 1970). Whi
tlow lesions are commonly caused by HSV-1 j however, an increasing 
incidence of HSV-2 Whitlows has been recognized in the community. 

The prevalence of skin infections in Skaraborg, Sweden, among ap
proximately 7500 individuals over 7 years of age was found to be about 
1 % (Hellgren, 1962). In another Swedish study performed in dermatology 
clinics, 2% of men and 1.5% of women attending clinics in Gothenburg 
over a 6-year period had evidence of herpetic skin infections (Eilard and 
Hellgren, 1965). In addition to individuals with atopic disease, patients 
with skin abrasions or burns appear particularly susceptible to HSV -1 and 
HSV-2 infections and some may develop disseminated infection (Foley 
et a1., 1970). Disseminated HSV infections have also been reported among 
wrestlers, being referred to as herpes gladitorlum (Selling and Kibrick, 
1960 j Wheeler and Cabraniss, 1965). Other skin disorders associated with 
extensive cutaneous lesions include: Darier's disease and Sezary's syn
drome (Hitselberger and Burns, 1961 j Hazen and Eppes, 1977). As would 
be predicted, localized recurrence followed by a second episode of dis
semination has been observed (Orenstein et a1., 1974). 

C. Infections of the Immunocompromised Host 

Patients compromised by either immune therapy, underlying disease, 
or malnutrition are at increased risk for HSV infections. Renal transplant 
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FIGURE 5. Cutaneous dissemination of herpes simplex virus in a renal transplant recipient. 

and cardiac recipients are at particular risk for increased severity of HSV 
infections (Logan et a1., 1971; Muller et al., 1972; Pass et al., 1978). An 
example of cutaneous dissemination following shaving, in a renal trans
plant recipient, is shown in Fig. 5. Often these infections are asympto
matic as in the normal host. In these latter two patient populations, the 
presence and quantity of antibodies before treatment predict the indi
vidual at greatest risk for recurrence (Pass et al., 1979). These patients 
may develop progressive disease involving the respiratory tract, esoph
agus, or even the gastrointestinal tract (Korsager et al., 1975; Montgo
merie et al., 1969). The severe nature of progressive disease in these pa
tients appears to be directly related to the degree of immunosuppressive 
therapy employed (Rand et al., 1977). Reactivation of latent HSV infec
tions in these patients can occur at multiple sites and healing in these 
patients with severe progressive disease occurs over an average of 6 weeks 
(Whitley et al., 1984). 

D. Infections of the Newborn 

Ongoing evaluations of neonatal HSV infections by Nahmias et al. 
(1983) estimate that the incidence of disease is approximately 1 in 5000 
to 10,000 deliveries. Overall, approximately 120 to 150 cases are thought 
to occur each year. Recently, in one country, an increasing incidence has 
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been documented (Sullivan-Boyai et al., 1983). The primary route of trans
mission of virus to the newborn appears to be contact of the child with 
infected genital secretions during deliveryj however, in utero acquisition 
of infection by hematogenous routes has been reported. The major epi
demiologic problem worthy of attention regarding neonatal HSV infec
tions is identification of the woman with genital herpes at risk of trans
mitting the infection to her offspring. Such identification may lead to 
early intervention by cesarean section and, hopefully, prevention of new
born disease. A recent study performed to evaluate antiviral chemother
apy of this disease (Whitley et al., 1980b) also verifies a previous obser
vations by Nahmias et al. (1970a) and Tejani et al. (1979) that genital 
herpetic infection in the pregnant woman is more frequently asympto
matic than symptomatic. In women with suspected genital herpesvirus 
infections, every attempt must be made to define the presence or absence 
of virus excretion at the time of delivery. If viral diagnostic facilities are 
available, viral cultures should be obtained from the genital tract of sus
pected viral excretors. Lacking viral isolation tests, it is possible to iden
tify the presence of HSV infection by Papanicolaou smear of the involved 
area, as noted previously. In children born with suspected HSV infections, 
it is imperative to obtain a history from the baby's parents or their sexual 
partners regarding evidence of genital vesicles, genital pain, dysuria, or 
penile lesions. 

Another problem of potential epidemiologic importance is nosocom
ial transmission of HSV within nurseries (Francis et al., 1975). The only 
truly precise means for assessment of transmission would be the appli
cation of restriction endonucleases for fingerprinting of viral isolates, as 
has already been employed in a limited study (Linnemann et al., 1978). 
More recently, direct evidence for nosocomial transmission has been doc
umented in several babies receiving care in a single high-risk nursery 
(Hammerberg et al., 1983). Verification of this observation will have an 
obvious impact on care of newborns with HSV infections. 

The risk of neonatal infection following delivery through an infected 
birth canal appears dependent in part, and logically so, upon the duration 
of ruptured membranes (Nahmias et al., 1983). If membranes are ruptured 
for longer than 4 hr, the risk of neonatal infection was found to be 50% 
in one small study. The investigators, recognizing the limited number of 
patients available for the study, suggest this risk may be excessive. Cur
rently, it is recommended that women should undergo cesarean section 
if they are excreting HSV at the onset of labor and the membranes have 
been ruptured for less than 4 hr. Verification of incidence of HSV excre
tion at the time of delivery and the risks to the newborn can only be 
assessed prospectivelYj such studies are in progress. Apparently, infants 
born to mothers with primary HSV infections of the cervix and vagina 
late in gestation are at greater risk for developing severe infection than 
those born to women with recurrent genital excretion. No doubt, this is 
related to the quantity of virus present in the genital tract during primary 
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FIGURE 6. Skin vesicles of neonatal herpes simplex infection. 

infection and its site of replication. Maternal viremia with either HSV-
1 or HSV-2 early in gestation may lead to fetal wastage or birth defects 
(Nahmias et al., 1971; Florman et al., 1973; Komorous et al., 1977). 

Clinical disease of the newborn with HSV results in a broad spectrum 
of involvement ranging from skin vesicles to disseminated organ involve
ment. Importantly, disease can occur in the absence of skin vesicles. Skin 
vesicles, as shown in Fig. 6, are the hallmark of infection and are present 
in 60-86% of all babies with infection. The vesicles themselves may 
precede the appearance of more severe forms of infection (e.g., pneu
monia, hepatitis, disseminated intravascular coagulopathy). The eye is a 
site commonly involved. Clinical manifestations of disease reflect the 
sites of involvement. Skin vesicles, keratoconjunctivitis, seizures, poor 
feeding, lethargy, bleeding diatheses are common findings and are usually 
present in association with hepatosplenomegaly. When the CNS is in
volved, neurologic signs predominate (Nahmias et al., 1970a, 1983; Han
shaw, 1973; Florman et al., 1973; Komorous et al., 1977). If death ensues 
in babies with CNS disease, cortical destruction of brain tissue is invar
iable (Fig. 7). There does not appear to be a distinct difference in clinical 
manifestations of disease with either HSV-1 or HSV-2. 

A true disseminated infection involves target organs of the body and, 
in particular, the liver, adrenals, and lungs with or without CNS involve
ment and with or without skin involvement. This form of disease, in its 
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FIGURE 7. Hydroencephaly caused by neonatal herpes simplex encephalitis. Reprinted with 
permission from Pediatrics in Review 2(9):261, 1981. 

untreated state, is associated with a mortality of over 80% (Whitley et 
al., 1980ai Nahmias et a1., 1983). Mortality with skin, mouth, or eye 
disease alone is low. However, frequently (>60% of babies), disease begins 
locally and progresses to other organs. Regardless of clinical presentation, 
neurologic impairment is common. It has been estimated that only ap
proximately 18% of infected newborns at the most are free of neurologic 
sequelae. 

Vidarabine therapy of neonatal HSV infection leads to statistically 
significant decreased mortality and improved morbidity (Whitley et al., 
1980a, 1983). Mortality in babies with disseminated or eNS infection is 
decreased to 38% overall as shown in Fig. 8, and tte number of babies 
who develop normally increases at least threefold. 

Ongoing epidemiologic evaluations must lead to appropriate meth
ods of prevention and to improved therapy. Even with current awareness 
of HSV infections of the newborn, diagnosis is frequently missed because 
of the absence of vesicles and the lack of apparent symptoms or signs of 
target organ involvement. 

E. Infection of the Nervous System 

Herpes simplex encephalitis is one of the most devastating of all HSV 
infections (Fig. 9). It is considered the most common cause of sporadic, 
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FIGURE 8. Survival following disseminated or eNS neonatal HSV infection treated with 
vidarabine 1 ..... 1 or a placebo I_I p = 0.028. Vidaribine versus placebo; p = 0.014. Re
printed with permission from Pediatrics 1981. 

fatal encephalitis in this country (Olson et al., 1967). The Centers for 
Disease Control estimate the incidence of herpes simplex encephalitis 
to be approximately 40-50 cases per year; however, disease occurrence 
is undoubtedly higher based upon data collected by the National Institute 
of Allergy and Infectious Diseases Antiviral Study Group (Whitley et al., 
1981). Importantly, the actual incidence remains for definition as no na
tional reporting system exists for any HSV infection, even those that are 
life-threatening as herpes simplex encephalitis. The manifestations of 
this infection in the older child and adult include primarily a focal en
cephalitis associated with fever, altered consciousness, bizarre behavior, 
disordered mentation, and localized neurologic findings. These clinical 
findings generally are associated with evidence of localized temporal lobe 
disease by neurodiagnostic procedures (Whitley et al., 1977, 1981). 

A major debate at the present time focuses on the pathogenesis of 
the infection, particularly as it relates to the source of virus responsible 
for brain disease. Recently, HSV isolates obtained from both the brain 
and the lip or mouth of patients with virologically confirmed herpes sim
plex encephalitis were examined by endonuclease restriction enzymes 
for identity (Whitley et al., 1982). These studies demonstrated that only 
approximately 65% of patients excreting virus from two sites had iden
tical isolates. Thus, virus excreted from the mouth of patients with herpes 
simplex encephalitis may be identical to that of the brain or may be 
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FIGURE 9. Necrotizing lesion of herpes simplex encephalitis. Reprinted with permission 
from Pediatrics in Review 2(9):260,1981. 

entirely different. The significance and frequency of the latter finding 
will be pursued. 

The issue of the nature of the brain infection, i.e., primary or recur
rent, has been considered time and again among both infectious diseases 
and neurology specialists. The Collaborative Antiviral Study Group ob
served that approximately half of the patients with herpes simplex en
cephalitis, confirmed by brain biopsy and virus isolation, appear to have 
primary infection and the remaining patients appear to have recurrent 
infection (Whitley et al., 1981). The basis for primary and recurrent in
fections hinges upon the presence of neutralizing antibodies in the serum 
(screened at 1: lO dilutions) obtained at the onset of the CNS disease 
(Nahmias and Whitley, 1982). The relative role of exogenous versus en
dogenous HSV in causing herpes simplex encephalitis in individuals with 
preexisting antibodies also warrants delineation, particularly in light of 
the aforementioned endonuclease restriction enzyme patterns of the 
paired brain and orolabial isolates. 

Through the Collaborative Antiviral Study Group, it has been pos
sible to demonstrate the therapeutic value of vidarabine for biopsy-proven 
herpes simplex encephalitis (Whitley et al., 1977, 1981). Therapy de
creased the mortality from 70% to 38%. Outcome is influenced by age 
and level of consciousness at the outset, as shown in Fig. 10. Furthermore, 
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these same latter two variables influence morbidity (Fig. 11). Thus, al
though therapy is clearly effective, obvious improvement in both diag
nosis and therapy is mandatory. 

One of many areas for further investigation is the elucidation of the 
spectrum of HSV infections of the brain. Current technology allows for 
unequivocal diagnosis only by brain biopsy. Therefore, noninvasive di
agnostic procedures must be developed. Such procedures include HSV
specified thymidine kinase, DNA polymerase, and DNase (Cheng et a1., 
1979) or detection of HSV-excreted glycoprotein (Chen et a1., 1978) in the 
cerebrospinal fluid. The true spectrum of HSV infections of the CNS will 
be defined only with the availability of such tools. The development of 
all these assays is under way and we hope that technologic breakthroughs 
will allow for their application to epidemiologic studies within the next 
several years. 

F. Other Neurologic Syndromes 

In addition to herpes simplex encephalitis, these viruses can involve 
virtually all anatomic areas of the nervous system. Craig and Nahmias 
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(1973) have reviewed the association of HSV with meningitis, myelitis, 
radiculitis, etc. The relationship between HSV infections of the brain and 
chronic degenerative disease, psychiatric disorders, or Bell's palsy re
quires further definition (Constantine et al., 1968; Cleobury et al., 1971; 
McCormick, 1972). 

G. Unusual Outbreaks of Infection 

Clustered outbreaks of human HSV infections have been reported in 
the literature (Scott, 1957; Juretic, 1966); however, there is no indication 
from either clinical or molecular epidemiologic studies that these viruses 
cause epidemic diseases. Most of the studies reported involve families 
where several individuals within the family suffered from HSV infection 
at approximately the same time. No index case could be identified, al-
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though frequently recurrent labial lesions of one family member were 
incriminated. Outbreaks within hospitals have been identifiedj however, 
here also, no clear epidemic nature of the disease could be determined. 
The frequent occurrence of HSV infections among renal transplant re
cipients within the 4-week period immediately after surgery has been 
reported (Pass et ai., 1979). Pugh et ai. (1955) described an outbreak of 
eczema herpeticum in a group of hospitalized patients within an 8-day 
period. In this latter case, hospital conditions, in particular the lack of 
attention to nursing details (e.g., handwashing), were incriminated as 
being responsible for virus transmission. Outbreaks of herpetic stomatitis 
have been reported within orphanages (Hale et ai., 1953 j Juretic, 1966) 
where the attack rate for clinically apparent primary infections was ap
proximately 75% of the susceptible patients. 

Endonuclease restriction enzyme technology has been employed to 
study a limited number of clustered outbreaks of HSV infections. Genetic 
analysis (Buchman et a1., 1978) of the isolates from a Louisville Pediatric 
Intensive Care Unit permitted tracing of the spread of virus. These studies 
demonstrated transmission of an identical strain of HSV-l within the 
unit, a strain distinct from one simultaneously isolated but not trans
mitted. Similarly, presumed nosocomial transmission of virus from one 
baby to another (Linnemann et ai., 1978) has been shown. Although this 
study showed that an identical virus infected the infants, it was impos
sible to define the route or vector of transmission. Presumably, the father 
of one of the two infants had recurrent herpes labialis that was the source 
of infection for his child. Nevertheless, the second child had to become 
infected by vector spread, most likely a nurse or medical person in the 
Intensive Care Unit. These investigations have been further pursued by 
two reports of nongenital acquisition of HSV by the newborn (Yeager et 
ai., 1983 j Douglas et ai., 1983). 

When an outbreak of herpes simplex encephalitis occurred in 14 pa
tients in Boston in the summer of 1977, restriction endonuclease as
sessment failed to show genetic identity among any of the strains isolated 
from 11 patients, all of whom were proven by brain biopsy to have herpes 
simplex encephalitis (Hammer et ai., 1980). This particular outbreak was 
unrelated to a single strain of virus epidemically passed through the com
munity. Restriction endonuclease analyses are powerful tools for com
parison of genetic differences among viral strainsj however, the source 
of virus cannot be identified by such a procedure. The source and routes 
of virus spread remain for identification by the epidemiologists. 

VI. HSV INFECTIONS AND CERVICAL CARCINOMA 

A. General Association 

As early as a century ago, it was noted that cervical carcinoma oc
curred rarely in nuns, and at a much higher incidence in married versus 
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unmarried women (Rigani-Stern, 1842). Nahmias and colleagues asso
ciated HSV infection of the genital tract with cervical carcinoma (Naib 
et ai., 1969). These original observations have been reviewed on several 
occasions (Nahmias et a1., 1970c; Nahmias and Roizman, 1973; Roizman 
and Frenkel, 1973; Rawls et ai., 1977; Nahmias and Sawanabori, 1978), 
and will not be detailed here. The fundamental epidemiologic observation 
upon which this premise is based is that women with genital HSV in
fection had an increased incidence of cervical carcinoma (Adam et a1., 
1972; Kao et ai., 1974). As the cervix is the most common site of infection 
in the female genital tract, even more so than the external genitalia (Yen 
et ai., 1965; Josey et a1., 1966, 1968), a natural association was drawn 
between HSV-2 infection and the appearance of malignancy of the cervix. 
As with many other observations, data demonstrating the causative role 
of HSV-2 for cervical carcinoma remain unavailable; moreover, several 
inconsistencies exist in the hypothesis. Supportive evidence for the as
sociation between HSV-2 and cervical carcinoma was reviewed and the 
issues brought into sharp focus (Roizman and Frenkel, 1973). Proof that 
HSV-2 is the causative agent of cervical carcinoma must not simply rest 
on the correlation of genital infection with an increased incidence of 
malignancy. This is particularly the case with an agent that establishes 
latency within sensory root ganglia of nervous tissue with the propensity 
to recur and when it represents but one of multiple microbial organisms 
of the genital tract. 

From an epidemiologic standpoint, two avenues support the incrim
ination of HSV-2: (1) the descriptive epidemiology and (2) the molecular 
support for the putative role of HSV-2 and cervical carcinoma. 

B. Epidemiology of Cervical Carcinoma 

Following the original observation of Naib et a1. (1969), the hypoth
esis relating HSV-2 with cervical carcinoma was verified in a larger series 
of patients (Naib et a1., 1969, 1973). Most of the conclusions were pred
icated on the evidence of active viral infection at the time of diagnosis 
in patients with cervical carcinoma, presumably the result of reactivated 
infection (Nahmias et ai., 1973). 

Subsequent follow-up seroepidemiologic studies have been the cor
nerstone for the hypothesis that HSV-2 is the cause of cervical carcinoma 
(Catalano and Johnson, 1971; Centifanto et a1., 1971; Smith et ai., 1972b, 
1977; Nahmias et ai., 1973; Janda et ai., 1973; Rawls et ai., 1973; Adam 
et ai., 1974; Adelusi et ai., 1975; Ito et a1., 1976; Figueroa and Zambrana, 
1976; Choi et ai., 1977; Pasca et ai., 1975). Significant discrepancies exist 
in reported series regarding the quantity and frequency of neutralizing 
antibodies present in the serum of women with cervical carcinoma. Stud
ies have demonstrated an incidence of neutralizing antibodies varying 
widely from as low as 2% (Rawls et a1., 1970) to as high as 100% (Royston 
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and Aurelian, 1970a; Christenson and Esmark, 1976, 1977). Interestingly, 
one study demonstrated no difference between the frequency or level of 
neutralizing antibodies in patients with cervical carcinoma and controls 
(Rawls et a1., 1973). All of these studies employed a neutralization pro
cedure to detect antibodies; however, because of the cross-reactivity of 
HSV-1 and HSV-2 strains, type-specific antibody assays were not, nor 
could be, performed. Thus, because HSV -1 antibodies can neutralize small 
quantities of HSV-2 antigens and thereby inhibit the appearance of HSV-
2-specific antibodies, a correlation may well have been missed. Only re
cently have seroepidemiologic studies utilizing determinations reported 
to be type-specific and also highly sensitive been performed (Matson et 
a1., 1981). These studies further support the observations of the Emory 
investigators. 

The fallacies in utilizing patterns of neutralizing antibodies as a 
means of establishing cause and effect in women with cervical carcinoma 
have been addressed in detail (Roizman and Frenkel, 1973). Several de
mographic problems prevent precise data interpretation obtained from 
the clinical milieu. Moreover, suggestions in the literature imply that 
sexual activity in general, rather than acquisition of genital HSV-2 spe
cifically, may be the most important determinant in acquisition of cerv
ical carcinoma. Another difficulty in assessing epidemiologic studies of 
cervical carcinoma is the role of other venereal infections in the expres
sion of malignancy (Freedman et a1., 1974; Kessler, 1976). When attempts 
are made to balance all population variables, it still appears that HSV-2 
is associated with the development of cervical carcinoma (Kessler et a1., 
1974). 

Most of the seroepidemiologic studies performed to date have utilized 
neutralization antibodies as the marker of correlation between infection 
and malignancy as reviewed by Melnick and Adam (1978). Indirect evi
dence suggests an alternative marker, namely, that the tumor cells them
selves may express an antigen with characteristics distinct from those 
resulting in neutralizing antibodies. This particular tumor antigen or an
tigens might represent the expression of a specific portion of the viral 
genome coding for polypeptides identified after release from infected 
cells. A precedent for such findings with other virus-transformed cells 
exists whereby the antigens excreted are nonstructural viral proteins. 

Four antigens have been described by three groups of investigators. 
First, in the early 1970s Royston and Aurelian (1970b) and Aurelian (1976) 
attempted to detect antigens in exfoliated cells with an immunofluores
cence assay from women with preinvasive and invasive cervical carci
noma. However, the work remains unverified. The most extensive studies 
performed were those by Tarro and Sabin (1970), in which they thought 
a labile virion antigen could be detected. Initial work by these investi
gators demonstrated the presence of antibodies to these antigens in pa
tients with nine different kinds of tumors including cervical carcinoma. 
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More extensive studies, however, by the same investigators failed to con
firm the original observations (Sabin and Tarro, 1973). 

Hollinshead et al. (1973) and Notter et ai. (1973) found a complement
fixing antigen in sera of patients with head and neck cancer as well as 
uterine cancer. Aurelian et al. (1974) attempted an alternative approach 
to the seroepidemiology of cervical carcinoma by employing a virion po
lypeptide named AG4 (Aurelian and Strnad, 1976) that was considered 
equivalent to VP4 (Pereira et al., 1976). Antibodies to this antigen were 
present in approximately 85% of cervical cancer cases in Baltimore (Au
relian et al., 1977). However, in Japanese patients with squamous cell 
carcinoma, only 47% of cases had antibodies to this antigen (Kawana et 
ai., 1976). Careful attempts to verify the origin of AG4 as identical to 
VP4 have not been convincing and, in fact, these polypeptides are more 
likely structural glycosylated polypeptides as reported by Kaplan et ai. 
(1975). Thus, these studies can be considered as failing to show evidence 
of a unique tumor antigen present in the serum of patients with cervical 
carcinoma. 

C. Molecular Epidemiology of HSV-2 Antigens in Cervical 
Carcinoma 

Additional attempts to incriminate HSV with cervical carcinoma 
have been predicated upon the demonstration of viral nucleic acids or 
specific antigens within the cancer cells. The finding of such determi
nants is based upon the concept that HSV-2 infections are not invariably 
lethal to the cell, but that infection can be abortive, resulting in cells 
being transformed with persistence of gene products of this abortive in
fection resident within the cell. In the first series of experiments per
formed by Frenkel et ai. (1972) and later reports by Roizman and Frenkel 
(1973), it was possible to demonstrate the presence of both viral DNA 
and RNA, yet only a small fragment of the viral gene. These procedures 
were performed by purification of nucleic acids extracted from the tumor 
and followed by renaturation kinetics with viral DNA labeled by repair 
synthesis. A portion of the viral DNA appeared to be covalently linked 
with intact DNA. Roizman and Frenkel (1973) specifically addressed the 
problems associated with this assay in their review of HSV infection and 
cervical carcinoma. These problems included the inability of the labeled 
probes to reassociate properly, and the finding of a fragment rather than 
the entire genome of HSV-2, creating a problem of sensitivity. 

If HSV-2 mRNA is sought utilizing different techniques, 63% (5 of 
8) of specimens were positive by in situ hybridization (Jones et al., 1978). 
Expanded studies in search of HSV-2-specific glycoproteins in tumor cells 
(Cabral et ai., 1981) or limited regions of the HSV-2 (McDougall et ai., 
1981) are in progress and provide encouraging data. Preliminary data from 
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both laboratories further incriminate HSV-2 as a factor in the develop
ment of cervical carcinoma. 

Current information does not allow for conclusive statements as to 
the relationship between HSV of the genital tract and cervical carcinoma. 
These studies are proceeding as rapidly as technology will permit. The 
association between HSV-2 and cervical carcinoma has further been con
fused by the recent implications of papillomaviruses as causative for this 
malignancy (Durst et a1., 1983). Further technological developments will 
be essential to resolve this problem. 

VII. CONCLUSION 

A wealth of information has been developed in the last decade on 
HSV and the infections they cause. Current developments in molecular 
virology have brought to the forefront technology that can be applied to 
epidemiologic studies of human HSV infections. Such tools include 
among others, the utilization of restriction endonuclease enzymes and 
monoclonal antibodies (Pereira and Baringer, 1981), definition of type
specific polypeptides, and efforts to define the nature and mechanism of 
latency. The development of improved methods, the application of new 
techniques, and the resultant clinical epidemiologic determinations are 
crucial to understanding more clearly the natural history of these diseases 
and generating adequate measures of prevention. As such, the obvious 
solution to the ambiguous relationship of genital HSV-2 infection and 
cervical carcinoma is the eradication of HSV infections, thereby erasing 
a presumed factor or cofactor responsible for this malignancy. 

Other diseases that justify prevention and/or therapeutic interven
tion have been described in this chapter and range from the uncommon, 
but often fatal diseases, e.g., herpes simplex encephalitis and neonatal 
herpes simplex, to the very common, usually benign, but all too fre
quently psychologically debilitating diseases such as herpes labialis and 
genital herpes. Methods of prevention by vaccine remain the dream of 
all biomedical investigators, yet a safe subunit vaccine remains to be 
developed. On the other hand, therapeutic intervention is being suc
cessfully explored and is applied when feasible but must be improved. 
Further improvements in therapy will occur in association with the de
velopment of rapid and specific diagnostic methods, particularly as in the 
case of herpes simplex encephalitis and asymptomatic genital HSV in
fections. 

A few potentially useful antiviral compounds have appeared and are 
being tested in controlled trials. These compounds include adenine ar
abinoside (9j3-D-arabinofuranosyladenine, vidarabine, vira-A). Our under
standing of HSV replication will lead to the targeted development of spe
cific inhibitors of viral replication, one of these being acyclovir (Elion et 
ai., 1977j Shaeffer et ai., 1978). It is hoped that the creative application 
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of laboratory probes and the ever-increasing knowledge of the structure, 
function, and replication in vitro of the study of human herpesvirus dis
eases will help resolve many controversial and empirical problems. 
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CHAPTER 2 

Individual HSV Transcripts 
Characterization of Specific Genes 

EDWARD K. WAGNER 

1. INTRODUCTION 

An increasingly complete picture of the phenomenology of animal virus 
gene expression during productive infection is at hand. In the case of 
herpesviruses [particularly herpes simplex virus type 1 (HSV -1)], this pic
ture is dependent on the revolution in molecular biology resulting from 
restriction enzyme analysis of viral DNA and, more recently, from the 
use of recombinant DNA technology for the construction and analysis 
of fine probes of HSV-l DNA transcription. These powerful techniques, 
along with techniques available from the parallel revolution in immu
nology and assays of biological activities, suggest that a detailed me
chanistic description of the intricacies of HSV replication is technically 
feasible. 

Workers in the U.S. and Great Britain have been able to use fine 
restriction enzyme and polypeptide analysis of HSV-l and HSV-2 inter
typic recombinants to locate many HSV marker proteins on the viral 
genome (Marsden et a1., 1978; Morse et a1., 1978; Ruyechan et a1., 1979; 
reviewed by Spear and Roizman, 1980; reviewed less extensively by Hal
liburton, 1980). Marker rescue has an increasing role in defining specific 
HSV genes (Stow et a1., 1978; Parris et a1., 1980). Hybridization of viral 
RNA present at specific stages of infection to separated restriction frag
ments of HSV DNA has allowed localization of specific viral transcripts 
on the viral genome (reviewed by E. Wagner et a1., 1981; Wagner, 1983). 
The in vitro translation of resolvable viral mRNA species has allowed 
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some correlation of these mRNAs with viral gene products seen in vivo 
(Preston, 1977; Cremer et aI., 1977, 1978; Anderson et aI., 1980b; Frink 
et al., 1983). As discussed below, immunological identification of in vitro 
translation products and the ability to recover measurable enzymatic ac
tivity by translation of purified mRNAs in amphibian oocytes have al
lowed in some cases complete identification of specific mRNA species. 
This, along with the precise mRNA localization techniques, can lead to 
definition of the actual coding frames for individual HSV proteins. Such 
data, when combined with the high-resolution genetic and immunol
ogical studies designed to examine functional domains of specific pro
teins, will provide the ultimate resolution of genetic maps required for 
full characterization of the biology of HSV replication. A moderate res
olution map of HSV-1 mRNAs present at various stages of infection, along 
with some of the biological markers correlated with these regions of the 
genome, is shown in Fig. 1. Specific contributions of many workers are 
acknowledged in the legend to this figure. 

By application of these powerful techniques to studies on the rep
lication of HSV, one can now ask mechanistically meaningful questions 
concerning HSV gene expression. There are already sufficient data avail
able to allow a general description of HSV genes. Further, experiments 
by McKnight (McKnight, 1982; McKnight and Kingsbury, 1982) and oth
ers have allowed the functional definition of HSV promoters. Mackem 
and Roizman (1982a) have shown that some HSV genes, at least, have 
control elements functionally separable from the promoter region. These 
control elements have a role in the modulation of viral gene expression. 
( 

FIGURE 1. Location of HSV-1 mRNA species abundant at the three stages of replication. 
This figure summarizes studies in this laboratory (reviewed in Wagner, 1983; E. Wagner et 
al., 1981) and described briefly here. Also included are results of experiments currently in 
progress. Individual mRNA species are localized to the nearest restriction fragment or junc
tion of two fragments found to have significant homology with them. The size of RNA, 
including the approximately 200-base poly(A) tail, is indicated above the location in kilo
bases. The direction of transcription, where known, is indicated by arrows pointing toward 
the 3' end in the P arrangement of HSV-1. The size of polypeptides encoded by isolated 
mRNA species (where determined) is shown in thousands of daltons below the mRNA 
species in question. Locations of other markers were determined from data described in the 
following references: Betz et al. (1983), D. Bzika and D. Person (unpublished results), Ca
macho and Spear (1978), Chartrand et al. (1979,1980), Clements et al. (1977), Conley et al. 
(1981) R. Costa, K. Draper, L. Banks, K. Powell, R. Eisenberg, G. Cohen, and E. Wagner 
(unpublished results), R. Costa, K. Draper, and E. Wagner (unpublished results), Cremer et 
al. (1977), Crumpacker et al. (1980), DeLuca et al. (1982), Dixon and Schaffer (1980), Dixon 
et al. (1983), Docherty et al. (1981), Fenwick et al. (1979), Frink et al. (1983), Galloway et 
al. (1982b) L. Holland, R. Sandri-Goldin, M. Levine, and J. Glorioso (unpublished results), 
Huszar and Bacchetti (1983), Jariwalla et al. (1980), Jones et al. (1977), Lee et al. (1982a,b), 
Lemaster and Roizman (1980), McKnight (1980), Maitland and McDougall (1977), Marsden 
et al. (1978), Morse et al. (1978), Para et al. (1982, 1983b), Powell et al. (1981), Preston 
(1979b), Preston and Cordingley (1982), Preston et al. (1983), Rafield and Knipe (1984), Reyes 
et al. (1979), Ruyechan et al. (1979), Sharp et al. (1983), Spang et al. (1983), M. J. Wagner et 
ai. (1981), Watsonetal. (1979, 1981a, 1982), Welleretal. (1983), Wigleretal. (1977), Wohlrab 
et al. (1982), Zweig et al. (1983). 
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All these contributions make it evident that a molecular description of 
those factors involved in regulation of HSV gene expression is attainable. 

II. HSV mRNA 

A. General Properties 

Most studies have been carried out using one strain or another of 
HSV-1; however, the very close similarity between HSV-1 and HSV-2 
suggests that generalizations will cover both. But of course, specific 
points may differ in important details. HSV-1 mRNA shares general prop
erties with host cell mRNA (i.e., it is synthesized in the nucleus, is po
lyadenylated on the 3' end and capped on the 5' end, and is internally 
methylated) (Wagner and Roizman, 1968a; Bachenheimer and Roizman, 
1972; Silverstein et al., 1973, 1976; Bartkoski and Roizman, 1976; Moss 
et al., 1977; Stringer et al., 1977). 

It is interesting to note that although HSV-1 mRNA is in many ways 
like its host cell mRNA, it differs in degree of splicing. Although some 
HSV-1 mRNAs are spliced during their biogenesis (Watson et al., 1981a; 
Frink et al., 1981a, 1983), many others do not appear to be. Splices have 
been detected in mRNAs of both Epstein-Barr virus (EBV) and human 
cytomegalovirus (CMV) (Heller et al., 1982; Stinski et al., 1983; van San
ten et al., 1983). Whether the relatively low frequency of splices in HSV 
mRNAs is a reflection of its very rapid replication in host cells or is due 
to other aspects of its biology is unclear at this time. 

B. Nuclear Forms of HSV mRNA 

The relatively low frequency of HSV splicing and the fact that tran
scriptional control sequences map juxtapositioned to structural genes (see 
below) both lead to the prediction that HSV nuclear mRNA precursors 
will generally be close to the size of the mature product. However, it has 
long been observed that HSV RNA species with normal sizes greater than 
10 kilobases (kb) can be isolated from the nucleus (Wagner and Roizman, 
1969b). In the case of very large nuclear RNA detected under conditions 
where only a (immediate-early, see below) mRNA was being synthesized, 
Anderson et al. (1980a) found this RNA hybridized to the same restriction 
fragments as the a mRNAs seen in the cytoplasm. They concluded that 
much of this apparently large RNA was an artifact due to trapping of HSV 
RNA in larger nuclear species. This conclusion was based on the fact 
that mRNA species greater than 10 kb in length would by necessity hy
bridize to neighboring or other restriction fragments than those seen. 

R. Frink and E. Wagner (unpublished results) carried out some ex
periments to examine the properties of high-molecular-weight HSV nu-
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FIGURE 2. Nuclear forms of HSV RNA encoded by HindIII fragment K (0.527-0.592 map 
units) are of the same general size as seen on polyribosomes. General methods for RNA 
transfer (Northern blots) and S1 nuclease mapping are reviewed by Wagnet (1983). 

clear RNA in general. In unpublished experiments, they used guanidine
urea extraction of nuclear RNA (d. Berk et a1., 1979) to examine the size 
distribution of nuclear RNA via Northern blot and Sl nuclease analysis. 
The mRNAs encoded by HindIIIfragment K (0.527-0.592 map units) were 
used as a standard. Both early and late after infection, RNA transfer 
(Northern blots) showed that the poly(A +) nuclear RNA contained 
mRNA species identical to polyribosomal poly(A) mRNA (see Fig. 2, 
tracks 1-4). The picture with total nuclear RNA was complicated by the 
fact that late (but not early) after infection, there was considerable het
erodispersely migrating RNA of large size (not shown). Sl analysis of 
hybrids between 32P-labeled HindIII fragment K DNA and poly(A) and 
total nuclear RNA, however, showed only the four major species iden
tified with polyribosomal (A +) mRNA (6.0, 4.3, 3.7, and 1.7 kb; Fig. 2, 
tracks 6 and 7). Similar conclusions were obtained with mRNA from 
BamHI fragment I (0.60-0.64 map units). Thus, it was concluded that no 
specific RNA species other than those seen on polyribosomes were pres
ent in readily detectable amounts in the nucleus. 

In a second set of experiments, R. Frink and E. Wagner (unpublished 
results) examined whether any members of the overlapping mRNAs of 
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HindIII fragment K were kinetic precursors to others. Very short 32p 

pulses were carried out and nuclear poly(A) mRNA was isolated using 
preparative hybridizations. This material was then subjected to size frac
tionation. At the shortest pulses (ca. 5 min), the proportions of 7-, 5.2-, 
and 1.9-kb mRNAs isolable using a specific HSV-1 DNA fragment were 
the same as for longer pulses. It was concluded that no readily detectable 
precursor-product relationship existed between these mRNAs. 

These results suggest that, in general, there is no large amount of 
processing of nuclear RNA forms of HSV mRNAs prior to their appear
ance as mRNA. One possible origin of some of the very-high-molecular
weight nuclear RNA observed (Wagner and Roizman, 1969a,b; Jacque
mont and Roizman, 1975; Jacquemont et al., 1980; R. Frink and E. Wag
ner, unpublished results) is inefficient termination of transcripts origi
nating at many sites upstream of the transcription unit in question. 

The close correspondence in size between nuclear precursor and ma
ture HSV mRNA does not apply to every HSV mRNA species. At least 
one transcription unit with a sizeable intron has been detected (see 
below). This can be expected to have a nuclear precursor considerably 
larger than the mature mRNA. A. Deatiy, L. Feldman, and T. Ben-Porat 
(unpublished results) found a lack of appreciable amounts of large pseu
dorabies virus nuclear precursors to specific viral mRNA. This suggests 
that the situation with many herpesviruses is similar. However, Heller 
et al. (1982) have clearly identified specific large species of EBV RNA that 
are confined to the nucleus and appear to be precursors to mature EBV 
mRNA. This example reemphasizes the point that specific questions con
cerning the biogenesis of particular HSV or other herpesvirus mRNAs 
really require a precise description of the specific transcription unit. With 
such, one can readily posit the potential range of sizes of nuclear pre
cursors. 

III. RNA EXPRESSED IN THE INFECTED CELL 

A. Temporal Regulation of HSV Gene Expression 

The viral proteins seen in HSV-1-infected cells were differentiated 
into three general groups: (x, 13, and 'V, based on both their kinetics of and 
requirements for synthesis (Honess and Roizman, 1974, 1975). This "cas
cade" pattern of HSV protein expression is generally mirrored in the other 
herpesviruses. This cascade is more complex than a simple threefold one 
and Honess and Roizman differentiated subclasses of the major groupings 
according to whether specific proteins could be readily distinguished at 
early times but became more abundant following viral DNA replication, 
etc. As discussed in Spear and Roizman (1980), such proteins are consid
ered "intermediate" or 13'V. 
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The temporal expression of HSV-1 mRNA generally mirrors the cas
cade of protein synthesis. For this reason, viral mRNAs are classified here 
as 0/., 13, or 'Yl depending upon their kinetics of expression. This classifi
cation is not entirely satisfactory as it ignores the fact that mRNAs for 
certain proteins may be expressed well before the mature protein is rec
ognized. However, mRNAs expressed abundantly only following DNA 
replication (late) can be subclassified according to whether they are de
tectable prior to DNA synthesis (13'Y) or only after it h). Other schemes 
of temporal expression can be used, but the current classification has the 
value that it generally can lead to an inference concerning possible func
tion of proteins encoded by specific kinetic classes of mRNA. It is well 
to remember, however, that in the present review, the kinetic classifi
cations apply only to the mRNA expressed. 

Although HSV-1 is the most extensively studied of the herpesviruses, 
many of the general features of RNA expression during the HSV-1 rep
lication cycle have been described in other herpesviruses. Rakusanova et 
al. (1971) and Ben-Porat et al. (1974) demonstrated requirements for pro
tein synthesis for full early RNA expression and for transition from early 
to late phases of expression in pseudorabies virus. Huang et al. (1971) and 
Cohen et al. (1975, 1977) demonstrated early and late phases of RNA 
expression of equine abortion (herpes) virus. Recent work on CMV 
(DeMarchi et al., 1980 j Wathem et al., 1981) showed that the limited, 
immediate-early transcription patterns seen for HSV-1 were also seen 
with this virus. 

Each transcription state is characterized by an increasing complexity 
of viral mRNA expressed (reviewed by Spear and Roizman, 1980 j Wagner, 
1983). In the first stage, 0/., or immediate-early mRNA species are seen. 
These can be expressed abundantly without de novo protein synthesis 
(Le., in an unmodified host cell nucleus) (Jean et al., 1974 j Kozak and 
Roizman, 1974). Abundant members of this class of mRNA are quite 
limited, map in regions of the HSV -1 genome at or near the long and short 
repeat regions, and encode only a limited number of polypeptides in vivo 
and in vitro (Honess and Roizman, 1975 j Marsden et al., 1976, 1978 j 

Clements et aI., 1977, 1979 j Jones et al., 1977 j Watson and Clements, 
1978 j Holland et al., 1979j Preston, 1979aj Watson et al., 1979j Anderson 
et al., 1980aj Mackem and Roizman, 1980 j Beck and Millette, 1981 j Pres
ton, 1981). 

As discussed below (Section V.B), 0/. proteins appear to have regulatory 
roles in later HSV gene expression. In the case of pseudorabies (herpes) 
virus, an 0/. gene has been shown to be able to replace the immediate
early gene function (E1a) in adenovirus infection (Feldman et al., 1982 j 

Imperiale et al., 1983). S. Bachenheimer (unpublished results) noted sim
ilar finding using the HSV ICP4 function. It would thus appear that such 
regulation may be at a common point in very different nuclear replicating 
DNA viruses. If this is the case, the generality is not complete, as ad-
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enovirus Ela function will not readily substitute for HSV-l a-gene expres
sion (Batterson and Roizman, 1983). 

Two a mRNAs encoding different polypeptides are chimeric in that 
their'5' ends map in the short repeat region, but their 3' ends map in 
different ends of the short unique region (Clements et al., 1979; Watson 
et al., 1979; Anderson et aI., 1980a). The coding sequence for their iden
tical 5' ends contains an intron, which is about 150 bases in length be
ginning approximately 260 bases from the 5' ends of the mRNAs (Watson 
et aI., 1981a,b). 

Following expression of one or several HSV-l a proteins, a more com
plex population of viral mRNA becomes abundant prior to viral DNA 
replication (Wagner, 1972; Wagner et al., 1972; Murray et al., 1974; Swan
strom and Wagner, 1974; Swanstrom et al., 1975). Those mRNAs ex
pressed after the a mRNAs, but prior to viral DNA replication, comprise 
the J3 or early class. These J3 viral mRNAs map throughout the HSV-l 
genome in noncontiguous regions. However, only a limited number of 
readily resolvable species are found (Stringer et al., 1978; Holland et aI., 
1979; Jones and Roizman, 1979). As described in a following section, a 
number of J3 mRNAs were rigorously mapped. 

Many J3 mRNAs encode proteins involved with priming the cell for 
viral DNA replication. Early work from a number of laboratories sug
gested that without viral DNA replication, the J3 viral mRNA and protein 
populations appear to persist (Wagner, 1972; Swanstrom and Wagner, 
1974; Powell et aI., 1975; Swanstrom et al., 1975; Ward and Stevens, 
1975; Stringer et al., 1977). However, Honess and Roizman (1974) found 
reduced but significant late protein synthesis occurring in the absence of 
readily detectable viral DNA replication. They concluded that viral DNA 
replication was not strictly coupled to expression of late genes, although 
abundance of late genes was. 

Such disagreement reflected the difficulty in fully inhibiting HSV 
DNA replication in all cells using reasonable criteria and drug levels, and 
it reflected differences in criteria used to define mRNA and protein pop
ulations. An illustration of the former problem can be found in the fact 
that Wagner et aI. (1972) and Swanstrom and Wagner (1974) used hy
droxyurea and mitomycin C to inhibit viral DNA synthesis in early stud
ies with HeLa cells, yet Cohen et al. (1977) found the drug ineffective in 
studies on equine herpesvirus. With HeLa cells, R. Swanstrom and E. 
Wagner (unpublished results) found cytosine arabinoside (Ara-C) to allow 
significant viral DNA replication under conditions where total DNA rep
lication in cells was reduced by over 99%. 

Because of these discrepancies, Holland et aI. (1979, 1980) and Jones 
and Roizman (1979) carefully reexamined the role of viral DNA repli
cation in late HSV-l mRNA transcription using a number of criteria, 
including quantitative hybridization, specific mRNA species identifiable 
by Southern blot hybridization of size-fractionated RNA, or the size of 
polypeptides resolved by in vitro translation of purified viral mRNA. Both 
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groups concluded that normal late mRNA expression requires viral DNA 
replication in addition to [3 polypeptides. This conclusion is in general 
agreement with data presented by Conley et a1. (1981) and Pedersen et 
a1. (1981). 

As discussed above, late HSV-1 mRNA appears concomitantly with 
viral DNA replication (Frenkel and Roizman, 1972; Wagner, 1972; Wag
ner et a1., 1972). Two subclasses of late mRNA are readily distinguishable. 
There is a group that is detectable in the absence of viral DNA replication, 
the "leaky-late" or [3)' mRNAs; and a group that cannot be seen at all in 
the cytoplasm in the absence of viral DNA replication, the "true-late" 
or )' mRNAs. Both groups of mRNA species encode a large number of 
polypeptides (Holland et a1., 1980L many of which presumably are struc
tural proteins of the virion. As described in the next section, workers in 
this laboratory precisely mapped a number of [3)' and)' mRNAs. Several 
late mRNAs are spliced (R. Costa, K. Draper, and E. Wagner, unpublished 
results) and one family of)' mRNAs contains spliced and unspliced mem
bers (Frink et a1., 1981a, 1983). 

As the HSV-2 genome is generally homologous to HSV-1 (Kieff et a1., 
1972; Kudler et a1., 1983; K. Draper, R. Frink, M. Swain, D. Galloway, 
and E. Wagner, unpublished results), one would expect the temporal reg
ulation to be the same and generally this is the case. Details, however, 
may well differ. In one area, which has been carefully compared between 
HSV-1 and HSV-2 (ca. 0.59-0.62 map unitsL there is evidence that the 
time of expression of some homologous HSV genes may differ between 
the types (Anderson et a1., 1981; Galloway et a1., 1982a,b; Jenkins et a1., 
1982). Further, Pereira et a1. (1977) and Fenwick and Clark (1982) have 
shown that amino acid analogs and cycloheximide reversal result in dif
ferent patterns of post ex genes being expressed in HSV-1- and HSV-2-
infected cells. 

B. Effect of HSV Infection on Host Cell RNA 

Studies on the inhibition of host cell macromolecular synthesis fol
lowing HSV infection go back at least 20 years, well into the "dark ages" 
prior to the availability of more modern biological techniques. Host cell 
polysomes are dispersed, and stable RNA synthesis is rapidly inhibited 
after infection (Sydiskis and Roizman, 1967; Wagner and Roizman, 1969a; 
Sasaki et a1., 1974). Stringer et a1. (1977) showed that viral mRNA on 
polyribosomes becomes a major class early after infection so that, by late 
times, as much as 90% of newly synthesized polyribosomal mRNA in 
infected cells is viral. This disaggregation of host polysomes appears to 
be due to the presence of a virion component (Nishioka and Silverstein, 
1978). Generally, HSV-2 strains shut off host cell function much more 
rapidly than do HSV-1 strains. 
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Studies on specific cellular mRNAs showed a rapid shutoff of syn
thesis and apparent degradation of cellular mRNA (Pizer and Beard, 1976; 
Nishioka and Silverstein, 1977; Stenberg and Pizer, 1982). Recently, Fen
wickland Clark (1982) and Hill et al. (1983) reported that with HSV-2 the 
virion component itself can rapidly inhibit host protein synthesis. This 
virion component also functions in HSV-1 infection, but Read and Frenkel 
(1983) described mutants of HSV-1 that were defective in this virion
associated function. They also found that the function was not strictly 
required for virus replication in cell culture, and that a second more gen
eral shutoff of host function also occurred following HSV infection. 

Although specific mechanisms for host shutoff are not fully known, 
it is clear that a definable viral function is involved (Fenwick et al., 1979). 
Read and Frenkel (1983) suggested that the virion-associated shutoff func
tion is involved at a posttranscriptionallevel. Recently, Bartkoski (1982) 
showed a change in the protein associated with polysomes following HSV 
infection. The role of such proteins in the shutoff of host cell protein 
synthesis is unknown, but could playa role. 

C. Gross Localization of HSV Transcripts 

Even before the general availability of recombinant DNA techniques 
for use with animal virus genomes, it was determined that HSV-1 mRNA 
transcripts map discretely along the genome. The discrete localization of 
the a HSV-1 mRNAs has been discussed above. Location of 13 and "I 
mRNAs was more difficult and with lower resolution, but basic patterns 
were discernible. 

Clements et a1. (1977) could not distinguish discrete locations for 13 
mRNAs using RNA hybridized to Southern blots of large restriction frag
ments; however, Stringer et a1. (1978) were able to use electron micros
copy to locate discrete areas of the HSV-1 genome forming abundant R
loops with early RNA. Later, Holland et al. (1979) located 13 abundant 
13 mRNAs within specific restriction fragments on the HSV-1 genome. 
These data conclusively demonstrated that HSV-1 13 genes are not highly 
clustered. 

Anderson et al. (1979) used hybrid selection and Southern blot anal
ysis to precisely map a large number of HSV-1 mRNAs abundant follow
ing DNA replication. Further, work with a specific portion of the HSV-
1 genome (HindIII fragment K, 0.527-0.592 map units) demonstrated that 
13 and "I mRNAs can share partial colinearity (Anderson et al., 1980a,b, 
1981). The location of 13 mRNAs quite near 13"1 and "I mRNAswas also 
found in several other regions of the genome (Frink et al., 1981a; Hall et 
a1., 1982; Sharp et a1., 1983). The use of specific restriction fragments to 
isolate mRNA also allowed tentative assignment of specific in vitro trans
lation products to specific isolated mRNA species. 
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A moderate-resolution "transcription map" of the HSV-1 genome 
derived from these studies has been presented (E. Wagner et a1., 1981; 
Wagner, 1983), and an updated version of this map is shown in Fig. l. 
The potenti~il correlation of some mRNAs with specific biological func
tions is clear even at this resolution. 

The picture with HSV-2 is, of course, not as fully developed. The 
DNA sequences between the strains are generally homologous. Oakes et 
a1. (1976) showed that there was fairly general RNA homology between 
HSV-l and HSV-2, as would be expected from intertypic recombination 
data (see below). As mentioned above, several groups have shown that 
the mRNA transcription patterns for HSV-l and HSV-2 between 0.51 and 
0.62 map unit are generally homologous and that the polypeptides en
coded are similar in size (Anderson et a1., 1981; Docherty et a1., 1981; 
Draper et a1., 1982; Galloway et a1., 1982b; Jenkins et a1., 1982. Reyes 
et a1. (1982) and M. Swain and D. Galloway (unpublished results) have 
shown the base sequence for the thymidine kinase (TK) gene of HSV-l 
and HSV-2 to be similar and to map similarly. 

K. Draper, R. Frink, M. Swain, D. Galloway, and E. Wagner (unpub
lished results) have carried out some comparative Southern blot and nu
cleotide sequence analyses between 0.59 and 0.70 map units. In this re
gion, the sequence conservation is greatest in the protein-coding 
sequences, and there is considerable divergence outside them. In several 
instances, however, there are abrupt divergences within coding regions 
also. The fact that not all protein-coding regions of the genome are highly 
homologous is in keeping with the original studies of Kieff et a1. (1972). 
More recently, Kudler et a1. (1983) found regions of high homology in
terspersed with nonhomologous regions, especially in the short unique 
region using electron microscopic heteroduplex mapping. The region be
tween 0.61 and 0.71 map units in a mosaic of regions of high homology, 
low homology, and no detectable homology. The size of the probes used 
by K. Draper et a1. (unpublished results) indicated that regions of no ap
preciable homology can be as long as 1 kb or greater. As stated, the non
homologous regions can interrupt specific protein-coding frames. A prime 
example is the case of the translation frame from HSV-l glycoprotein C 
(gC), where about half appears highly homologous to a comapping region 
of HSV-2, and the other half has much lower homology. It is clear, then, 
that generalizations assuming virtual identity of gene functions between 
the two subtypes should be treated cautiously. 

IV. DETAILED ANALYSIS OF SPECIFIC HSV TRANSCRIPTS 

A. Isolation, Localization, and Translation of Specific HSV-l 
mRNA Species 

The data reviewed in the preceding section indicate that the general 
patterns of HSV-l mRNA expression are clear. It also is clear that detailed 
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information concerning HSV-l gene function and mechanisms of control 
of gene expression must come from the analysis of specific viral genes 
and the mRNAs and proteins they encode. The use of hybrid selection, 
size fractionation, and in vitro translation to isolate and characterize viral 
mRNA was pioneered by workers using somewhat more tractable viruses, 
such as adenovirus (Anderson et al., 1974; Lewis et al., 1975). In theory, 
recombinant DNA technology is not a requirement for such studies as 
discussed above. However, the purity and large quantities of recombinant 
DNA available make its use a practical necessity. Enquist et al. (1979) 
cloned HSV-l and made their 'Y clones immediately available to all work
ers. It is appropriate to note that workers in a number of other laboratories 
have reported their cloning of all or essentially all of the HSV genome 
(Galloway and Swain, 1980; Post et al., 1980; Goldin et al., 1981; Matz 
et al., 1983). M. Levine, B. Roizman, and others have been generous with 
HSV-l clones, and D. Galloway and P. Spear, among others, have been 
quite generous with their HSV-2 clones. At present, a number of different 
clones of HSV-l and HSV-2 restriction fragments from various strains are 
readily available. 

Procedures for specific viral mRNA isolation and characterization 
used in this laboratory were previously outlined (E. Wagner et al., 1981; 
Wagner, 1983). Variations on these methods are used in many laborato
ries, but for simplicity's sake, this laboratory's general procedures are 
given as a guide. Hybrid selection of HSV -1 mRNA species is conveniently 
carried out using DNA fragments bound to diazotized cellulose powder 
(Noyes and Stark, 1975; Anderson et al., 1979). Hybridization near the 
Tm of the DNA in high (80%) formamide concentration (Casey and Dav
idson, 1977) minimizes background. Following preparative hybridization 
of fragment-specific mRNA, it can be translated directly or size-fraction
ated using methylmercury-containing agarose gels for electrophoresis 
(Bailey and Davidson, 1976). These gels have the advantage that specific 
viral mRNA species can be eluted and then translated (Anderson et al., 
1980a; Costa et al., 1981; Frink et al., 1981a; Hall et al., 1982). Reselection 
of mRNA after elution from gels by oligo-dT chromatography is valuable. 
Similar procedures using DNA bound to nitrocellulose or diazotized paper 
have been developed (Conley et al., 1981; Preston and McGeoch, 1981). 

RNA or Northern blots are useful for the localization of HSV-l 
mRNA species using radioactive probes made to cloned DNA fragments. 
The method is so convenient that fairly detailed localization of transcripts 
of many refractory herpesviruses, such as EBV, has been reported (Hum
mel and Kieff, 1982; van Santen et al., 1983). Cloned DNA fragments 
ranging from 1- to 3-kb pairs are the most suitable sizes of probes for 
"walking" down a region of the viral genome. Use of limited areas of 
overlap in these probes tends to minimize error. 

Northern blots using early HSV mRNA allows assignment to the 
temporal class of individual species. Some of these mRNAs overlap and 
some translate into the same polypeptides, and thus appear to be "re-
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dundant." Mechanisms for generation of overlapping mRNAs are dis
cussed below. Overlapping mRNAs often are not of the same temporal 
class. Examples of this abound in the HSV-l genome. In the case of HSV-
2, Northern blot surveys of transcript location imply a similar situation, 
but here, more detailed analyses will need to be carried out to confirm 
this conclusion. 

Translation of specific HSV-l mRNA is efficiently carried out using 
either reticulocyte lysates or by microinjecting amphibian oocytes. The 
latter method is laborious, but well suited for assays of biological activity. 
Further, it can be used as a coupled transcription-translation system if 
the proper DNA fragment is injected. Translation of total mRNA from 
a region is feasible and can be used to generally locate viral genes. In 
general, however, such techniques are most readily interpretable when 
biological activity can be measured, such as for thymidine kinase or the 
alkaline exonuclease (Preston, 1977; Preston and Cordingley, 1982), or 
where a specific immunoprecipitation can be carried out (Lee et al., 
1982b; Costa et al., 1983, 1984; Frink et al., 1983). 

Translation of size-fractionated, region-specific mRNAs affords both 
the most unambiguous assignment of polypeptide products to mRNA and 
a good check on possible mRNA redundancy. Denaturing methylmercury 
agarose gel electrophoresis gives excellent resolution of even small 
mRNAs. However, even translation of size-fractionated mRNA does not 
always yield completely unambiguous results, as witnessed by the con
sistent finding from this laboratory that the 3.8-kb mRNA mapping in 
the left half of HindIII fragment K encodes both a 122,OOO-dalton and an 
86,OOO-dalton polypeptide (Anderson et al., 1981). Preston and McGeoch 
(1981) found that purified mRNA from BamHI fragment P, which encodes 
TK, also encodes a 39,OOO-dalton polypeptide, and sequence analysis in
dicates both polypeptides are from the same mRNA. Marsden et al. (1983) 
showed that these polypeptides can arise in vivo via alternative use of 
initiation codons. It is really not clear whether there is a biological func
tion to such degeneracy. It will be seen below, however, that even more 
complex patterns can be detected. 

Despite these ambiguities, the ability to isolate, locate, and translate 
HSV mRNAs generally leads to readily interpretable map locations for 
viral transcripts and the polypeptides they encode. This type of infor
mation was used to construct the moderate-resolution map of Fig. 1 and 
allows the construction of high-resolution maps of individual HSV 
mRNAs described below. 

B. High-Resolution Mapping of HSV-I mRNA 

The use of SI nuclease and exonuclease VII to digest hybrids between 
viral RNA and defined fragments of DNA was developed by Berk and 
Sharp (1977) to provide a reliable and (fairly) rapid means of precisely 
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locating viral transcripts and locating splices in them. Provided the proper 
standards and separation techniques are used, resolution can be taken to 
the nucleotide level (see below). A good basic outline of the method has 
been' described by Flint and Broker (1981). Although the size of the HSV 
genome is so large as to necessitate at best "deliberate" progress, the 
general lack of splicing makes things somewhat easier. The highest level 
resolution of S 1 digests of HSV -1 mRNA hybrid species was used to locate 
the TK gene on its DNA sequence (McKnight, 1980; M. J. Wagner et al., 
1981), to precisely locate splices in the two 1.8-kb (immediate-early) 
genes (Watson et al., 1981b), to analyze the precise sequence of several 
a-gene promoters (Mackem and Roizman, 1982a,b,c), and to locate the 
5' ends of model !3 and -y mRNAs for comparative purposes (Frink et al., 
1981b; Hall et al., 1982; Costa et al., 1983; and see below). Such resolution 
is sufficient to allow one to see detailed overlap and to begin sequence 
studies on mRNAs of interest. Such a map is shown in Fig. 3. For com
pleteness, data from several other laboratories are included. These data, 
with complete transcription maps of the short region of the genome (D. 
McGeoch, A. Dolan, S. Donald, and F. Rixon, unpublished data), provide 
a reasonably complete transcription map for HSV-l. It should be noted 
that the size of the coding regions for specific mRNAs is 200 bases shorter 
than the size of the mRNAs themselves (Fig. 1) due to the lack of poly(A) 
tails. Procedures used in this laboratory are published (d. Frink et al., 
1981a; Hall et al., 1982), and several examples follow. 

This laboratory used 5' and 3' end-labeled HSV-l DNA probes for 
hybridization to define direction of transcription of transcripts and these 
also allow a very precise characterization of overlapping mRNA se
quences. Although many overlapping mRNA "families" were seen, most 
showed no evidence of splices. There were, however, exceptions. These 
included the two 1.8-kb a mRNAs for ICP22 and ICP47 characterized by 
Watson et al. (1981a,b) and subsequently by Rixon and Clements (1982). 
The transcription unit encoding gC (0.63-0.65 map units) has several low
abundance spliced members (Frink et al., 1981a, 1983). Several other 
mRNAs have 5' ends that indicate short noncontinuities near their 5' 
ends. These are indicated by brackets in Fig. 3. To date, however, only 
one mRNA, a 2.8-kb one mapping between 0.185 and 0.225 map units, 
has a large intron. Here, R. Costa, K. Draper, and E. Wagner (unpublished 
data) have tentatively determined it to be on the order of 4 kb. Other 
exceptions will occur, but at this time, no region of the HSV genome 
appears to encode transcripts as extensively spliced as has been seen in 
some other viral systems. 

Most HSV-l mRNAs mapped do not show significant complemen
tary overlaps with others, but there are exceptions. Frink et al. (1981a) 
reported one minor 2.7-kb mRNA mapping in HindIII fragment L (0.592-
0.647 map units) that had a complementary overlap with a major !3 
mRNA, as well as with the mRNA encoding gc. One group of mRNAs 
in BeaRI fragment I (0.633-0.721 map units) was carefully analyzed. The 
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5' ends of this group of mRNAs showed complementary overlap, and it 
was found that potential protein-coding frames did not overlap (Hall et 
ai., 1982). Other individual cases will remain as intriguing enigmas until 
fully 'characterized by sequence analysis, etc. 

V. SPECIFIC HSV GENES 

A. Correlation of HSV Biological Markers with Specific mRNAs 

One use of the data precisely locating HSV transcripts on the viral 
genome is to identify them with biological functions. Some information 
for such correlation can be inferred from intertypic recombination data, 
while other information can be obtained from studies on biological mark
ers. Such markers include the location of drug resistance, assays of en
zymatic activity, immunological methods, etc. Table I lists the present 
state of knowledge concerning the correlation of biological markers with 
specific HSV transcripts. Credit for individual assignments are found in 
the text of following sections. There are several nomenclatures available 
for listing HSV proteins (d. Marsden et ai., 1978; Morse et ai., 1978). 
None is entirely satisfactory. In order to maintain consistency, the ter
minology used here is that described by Spear and Roizman (1980). In 
Table I, the identity of proteins is referred to as infected cell protein 
number (ICP-) where known, or virion-associated protein number (VP-), 
or if applicable, both are used. 

B. a Genes 

It is very clear that the 4.2-kb a mRNA mapping wholly in the short 
repeat region encodes an important regulatory protein of nominal (un
phosphorylated) molecular weight of 160,000 (ICP4). This phosphorylated 
protein concentrates in the nucleus of infected cells (Pereira et ai., 1977; 
Preston, 1979b). A partial nucleotide sequence of the DNA encoding this 
protein has been published (Murchie and McGeoch, 1982). Identification 
of the mRNA encoding this protein comes from direct in vitro translation 
of size-fractionated 4.2-kb a mRNA from cells held at the immediate
early stage of replication by cycloheximide block (Clements et ai., 1979; 
Watson et ai., 1979) and from in vitro translation of such hybrid-selected 
mRNA using DNA from the short repeat region (Anderson et ai., 1980b). 
Several groups (Courtney et ai., 1976; Knipe et ai., 1978; Marsden et ai., 
1978; Preston et a1., 1978; Dixon and Schaffer, 1980; Preston, 1981) de
scribed mutants shown by them, or subsequently by others, to map in 
the region encoding the 4.2-kb mRNA. It is evident that at the nonper
missive temperature (39°C), the immediate-early transcription pattern 
persists in spite of available de novo protein synthesis (Knipe et ai., 1978; 
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Watson and Clements, 1978; Holland et aI., 1979; Preston, 1979a; Dixon 
and Schaffer, 1980). Further, Watson and Clements (1980) found that the 
immediate-early transcription pattern can be reestablished upon tem
perature upshift. Such a result suggests that ICP4 is a protein required 
continuously throughout infection. It has recently been shown that the 
DNA-binding capacity of the cytoplasmic form of ICP4 requires com
bination with a cellular protein (Freeman and Powell, 1982). This suggests 
the possibility that ICP4's regulatory function requires the activity of 
cellular proteins, but the insolubility of nuclear ICP4 will make this dif
ficult to confirm directly. 

Other IX proteins appear to be candidates for regulatory roles. ICPO, 
-22, and -27 are phosphorylated and are transported to the nucleus (Pereira 
et aI., 1977). The 12,OOO-dalton ICP47, on the other hand, is not phos
phorylated and is cytoplasmic (Preston, 1979a; Marsden et aI., 1982). Mu
tants mapping in these genes have not been described and recent work 
of Post and Roizman (1981) indicated that the intact 68,OOO-dalton gene 
product (ICP22) is not required for lytic infection in cultured cells. More 
recently, however, I. Halliburton, L. Post, and B. Roizman (unpublished 
results) reported that truncated forms of this protein retaining an essential 
function could not be excluded. 

Finally, it should be noted that Davison et aI. (1981) used some nice 
techniques to place only one copy of ICPO in the long repeat and showed 
that such a virus is viable. Similarly, adroit genetic techniques were used 
by Poffenberger et aI. (1983) to demonstrate that ICP4 need be present 
only in the terminal repeat for HSV viability. Thus, only one functional 
copy of these genes is necessary for infection. 

C. HSV DNA Replication Machinery 

The fact that HSV encodes so much of its own machinery for DNA 
r~plication, which must be early functions, means that a number of en
zymological and DNA-associating functions involved in DNA replication 
are potentially identifiable. Several specific DNA replication functions 
are carefully mapped, and the transcripts encoding several of these are at 
least partially characterized. 

HSV infection leads to the induction of alkaline exonuclease activity, 
which has been shown to be virally coded (Morrison and Keir, 1968; Hoff
man and Cheng, 1977; Franke et aI., 1978; Moss et al., 1979; Strobel
Fidler and Franke, 1980). Recently, Preston and Cordingley (1982) used 
enzymatic assay and hybrid-arrested translation to locate the coding re
gion for the alkaline exonuclease (ICPI8) encoded by HSV-l in the region 
0.15-0.2 map units. Costa et aI. (1983) used a monoclonal antibody to 
the HSV-2 enzyme characterized by Banks et aI. (1983) to identify the 
HSV-l transcript encoding this enzyme as a 2.5-kb unspliced !3 mRNA 
mapping between 0.16 and 0.175 map units. 
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The TK gene is a favorite subject for study due to its tremendous 
utility as a selectable marker (Kit and Dubbs, 1963; Munyon et al., 1971; 
Bacchetti and Graham, 1977; Maitland and McDougall, 1977; Wigler et 
al., 1977; Graham et al., 1980; Pellicer et al., 1980). Its mRNA was iden
tified by biological assay of size-fractionated infected cell mRNA (Cremer 
et al., 1977, 1978; Preston, 1977), assay of hybrid-selected mRNA trans
lation products (Preston and McGeoch, 1981), and assay of coupled tran
scription-translation products synthesized in amphibian oocytes mi
croinjected with cloned HSV DNA restriction fragments (McKnight and 
Gavis, 1980; Cordingley and Preston, 1981). This enzyme is encoded by 
a 1.2-kb coding sequence mapping between 0.30 and 0.31 map units, and 
as discussed below, the expression of the gene in transfected cells allowed 
some careful analysis of HSV promoters. 

Reyes et al. (1982) compared the control sequences and precise lo
cation of the 5' ends of the HSV-1 and HSV-2 mRNAs encoding the en
zyme and demonstrated exact colinearity. Further, Swain and Galloway 
(1983) sequenced the HSV-2 TK gene and demonstrated its general sim
ilarity to the type 1 enzyme. There are, however, a significant number 
of base changes between strains. The regulatory sequences appeared the 
most conserved, with the least conservation in the 3' end of the genes. 

DNA-binding proteins have been identified in HSV-1- and HSV-2-
infected cells (Bayliss et al., 1975; Purifoy and Powell, 1976). A major 
DNA-binding protein (ICP8 in HSV-1 and ICPll-12 in HSV-2) was shown 
to be involved in viral DNA replication (Powell et al., 1981) and with the 
expression of late HSV genes, either via this function or via another (Con
ley et al., 1981). The gene for this function was mapped in the region 
0.37-0.39 map units by marker rescue (Conley et al., 1981; Dixon et al., 
1983; Spang et al., 1983; Weller et al., 1983). The [3 mRNAs of sufficient 
size to encode such a protein were located in this region (Holland et a1., 
1979). 1. Holland, R. Sandri-Goldin, M. Levine, and J. Glorioso (unpub
lished results) located a 4.2-kb [3 mRNA mapping between 0.38 and 0.41 
map units as a probable candidate. Rafield and Knipe (1984) translated a 
127,OOO-dalton protein in vitro using mRNA purified with DNA mapping 
at 0.386-0.417 and 0.361-0.386 map units. This protein can be immu
noprecipitated with a monoclonal antibody specific for HSV-1 ICP8. 
Taken together, these data strongly suggest the 4.2-kb [3 mRNA encodes 
HSV-1 ICP8. 

In HSV-l, the HSV DNA polymerase marker (Keir et al., 1966; Hay 
et al., 1971; Powell and Purifoy, 1977; Purifoy et al., 1977) was mapped 
by virtue of the association of phosphonoacetic acid sensitivity with it 
to the region around 0.40-0.42 map units (Chartrand et al., 1979, 1980; 
Crumpacker et al., 1980). HSV DNA polymerase is a single polypeptide 
of about 145,000 daltons (Powell and Purifoy, 1977) with at least two 
functional domains (Coen and Schaffer, 1980). The general map location 
of the enzymatic function led E. Wagner et al. (1981) to suggest that a 
4.5-kb [3 mRNA isolable using EeaRI fragment M (0.40-0.45 map units) 
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might encode the HSV-1 DNA polymerase as it could encode a polypep
tide of the expected size. 

Ribonucleotide reductase induced by HSV infection was originally 
described by Cohen and co-workers (Cohen, 1972; Cohen et a1., 1974; 
Ponce de Leon et a1., 1977) and partially purified by Huszar and Bacchetti 
(1981). Dutia (1983) mapped the ribonucleotide reductase of HSV to the 
region 0.57-0.60 map units, which encodes two overlapping early 
mRNAs in both HSV-1 and HSV-2 (Anderson et a1., 1981; Frink et a1., 
1981a; Draper et a1., 1982; Jenkins et a1., 1982). A major early protein 
mapping in this area is ICP6 in HSV-1 and ICPlO in HSV-2. Recently, 
Huszar and Bacchetti (1983) used a monoclonal antibody to the HSV-2 
ribonucleotide reductase and showed that it precipitates both a 38,000-
dalton and a 144,OOO-dalton HSV-2 protein from HSV-2-infected cells. 
The size of this protein suggests that it is HSV-2 ICP10. This also suggests 
that one or both of the 13 mRNAs mapped in this region encode(s) the 
enzyme. 

These results confirm the findings of Galloway et a1. (1982b) showing 
that the monoclonal antibody made against the 38,OOO-dalton polypeptide 
(discussed above) cross-reacts with a 144,OOO-dalton polypeptide in HSV-
2. Nucleotide sequence data from HSV-1 (Clements and McLauchlan, 
1981; Draper et a1., 1982) showed that there is not a shared translation 
reading frame between the two mRNAs. Recently, M. Swain and D. Gal
loway (unpublished data) showed that this is also the case with HSV-2. 
These data can most readily be reconciled by postulating a shared epitope 
between two interactive proteins involved in enzymatic activity. The 
high proline content of many HSV proteins, however, or other nonspecific 
effects, could complicate the picture. Comparative nucleotide sequence 
analysis indicated that the 38,OOO-dalton polypeptides from HSV-1 and 
HSV-2 should share much of their amino acid sequences, although there 
are important differences. Showalter et a1. (1981) isolated monoclonal 
antibodies to large HSV proteins (including ICP6); S. Bacchetti and co
workers (unpublished results) used two of these to precipitate both the 
144,OOO-dalton and the 38,OOO-dalton HSV-1 reductases. Further, one of 
these antibodies (48S) cross-reacted with the enzymes from both viral 
serotypes. Detailed analysis of the protein subunits of this complex en
zyme may lead to further insight concerning any interaction between 
these two polypeptides. 

HSV infection induces high levels of deoxypyrimidine triphospha
tase. The intracellular localization of the HSV-1- and HSV-2-induced en
zymes differ and Wohlrab et a1. (1982) reported the use of intertypic re
combinants to locate the function controlling this localization to around 
0.67-0.68 map units. Although these workers suggested that the gene 
controlling location differs from position of the structural gene, the sim
plest interpretation is the contrary. Interestingly, the area in question is 
near a region that does not contain a large amount of homology between 
HSV-1 and HSV-2 (R. Frink and E. Wagner, unpublished results). This 
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region (0.69-0.71 map units) does contain two prominent 13 transcripts 
in HSV-l (Hall et al., 1982). Identification of the actual transcript en
coding the enzymes will require further work. 

D. HSV Glycoproteins 

Infection with HSV induces a number of glycoproteins that are pres
ent at the surface of the infected cell and in the enveloped virions. HSV 
glycoproteins are subject to a separate chapter in this review and it suf
fices here to state that at least four specific glycoprotein genes are iden
tified as encoded by HSV-l and five by HSV-2. At least four of the gly
coproteins (gA/B, gC, gD, and gEl share some immunological cross
reactivity between serotypes (Eisenberg et al., 1980, 1982; Eberle and 
Courtney, 1982; Para et al., 1982; Zweig et al., 1983; Zezulak and Spear, 
1983). 

The gene for the gA/B complex (Eberle and Courtney, 1980) was 
mapped in the region of 0.30-0.40 map unit by analysis of intertypic 
recombinants (Marsden et al., 1978; Ruyechan et al., 1979). It thus maps 
in a region known to be involved with cell fusion (Ruyechan et a1., 1979). 
Studies by groups including M. Levine and S. Person precisely located the 
gA/B gene to 0.35-0.37 map units using high-resolution marker rescue. 
These data are described in DeLuca et a1. (1982) and Holland et al. (1983). 
Pereira et a1. (1982b) used a series of intertypic recombinants to locate 
the gene near here, but slightly to the left (0.37-0.38 map units). As 
marker rescue and intertypic recombinant maps do not always fully cor
respond, this amount of uncertainty is understandable. 

Rafield and Knipe (1984) used DNA encompassing the region 0.343-
0.361 map unit to isolate mRNA that in vitro translates into polypeptides 
of about 100,000 daltons precipitable with polyclonal antisera to gAlE. 
Holland et al. (1979) located a 3.3-kb mRNA in the general region en
coding the gA/gB polypeptide. More recently, 1. Holland, R. Sandri-Gol
din, M. Levine, and J. Glorioso (unpublished results) localized the tran
script to the specific region of 0.35-0.37 map units. E. Bzik and S. Person 
(unpublished results) obtained similar results. Interestingly, this mRNA 
is a 13 transcript, although it is not clear that full expression of the gA/B 
function is early. It is expected that further data will confirm the iden
tification of this as the transcript for gA/B. 

HSV-l gC appears to be dispensable in tissue culture (Keller et al., 
1970; Heine et al., 1974). The position of HSV-l gC was roughly mapped 
by studies with intertypic recombinants between 0.53 and 0.64 map units. 
Lee et al. (1982b) used in vitro translation of hybrid-selected mRNA fol
lowed by immunoprecipitation to locate the coding region to between 
0.62 and 0.64 map units. Frink et al. (1983) demonstrated that a 2.7-kb 
transcript mapping between 0.63 and 0.65 map units encodes gC, and 
nucleotide sequence analysis demonstrated that the actual coding frame 
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maps between 0.63 and 0.64. The amino acid sequence of gC derived from 
the nucleotide sequence data demonstrates the expected membrane in
sertion and signal sequences, as well as several potential glycosylation 
sites in theNH2 -terminal region. The very high proline content of the 
polypeptide has been suggested as the reason that the predicted residue 
molecular weight for gC (ca. 60,000) is less than its nominal gel value 
(69,000). In addition to the major gC protein, Frink et ai. (1983) were able 
to show that several minor spliced mRNAs processed from the primary 
transcript appeared to encode truncated forms of the polypeptide that 
were weakly reactive with a polyclonal antibody to HSV-2 envelope gly
coprotein. 

In HSV-2, a protein designated as gC was located to the right of HSV-
1 gC (Ruyechan et ai., 1979). This protein appears unrelated to HSV-1 
gc. A fifth glycoprotein of HSV-2 (gF) was described by Balachandran et 
ai. (1981). Zweig et al. (1983) and Zezulak and Spear (1983) recently iso
lated monoclonal antibodies cross-reactive between this glycoprotein and 
type 1 gc. These results suggest why some monoclonal antibodies made 
to HSV-1 gC can cross-react with antigens on HSV-2-infected cells, as 
reported by Pereira et ai. (1982a). Para et ai. (1983) and Zezulak and Spear 
(1983, 1984) mapped this HSV-2 glycoprotein to a region that is colinear 
with HSV-1 gc. This tends to confirm partial homology between HSV-1 
gC and HSV-2 gF. Recently, K. Draper, R. Frink, M. Swain, D. Galloway, 
and E. Wagner (unpublished results) found that there is an HSV-2 mRNA 
species roughly colinear with the HSV-1 gC mRNA, and of about the 
same size. 

Because of the finding that HSV-2 has an added glycoprotein and that 
HSV-2 gF appears related to HSV-1 gC, Para et al. (1983) and Zezulak and 
Spear (1983, 1984) suggested that the HSV-2 gC and gF proteins be re
named to make the nomenclature self-consistent. Members of the 1983 
International Herpesvirus Workshop tentatively agreed that the former 
HSV-2 gC be renamed gG, and that HSV-2 gF be renamed gC to indicate 
C0rrespondence to the HSV-1 glycoproteins. To date, no HSV-1 counter
part of the HSV-2 gG has been reported, although several groups have 
mapped the glycoprotein in the short region of the HSV genome (Marsden 
et al., 1978; B. Roizman, B. Norrild, C. Chan, and L. Pereira, unpublished 
results). 

gD maps in the short unique region of the HSV genome (Marsden et 
al., 1978; Ruyechan et al., 1979) and was located to the region 0.91-0.924 
map units (Ruyechan et ai., 1979; Lee et ai., 1982a). The location of the 
f3'Y gE was mapped into the short unique region (Para et al., 1982; Hope 
et al., 1982), and subsequently, between 0.924 and 0.95 map units (Lee 
et ai., 1982a). Watson et ai. (1982, 1983) have presented a precise location 
for the mRNA encoding HSV-1 gD and a nucleotide sequence for this 
gene. The predicted amino acid sequence shows, as with gC, membrane 
insertion and anchor sequences, as well as potential glycosylation sites. 
Again, a high proline content suggests that the predicted residue molec-
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ular weight is at variance with the value derived from denaturing gel 
electrophoresis. The mRNA for gD has been reported to be a 13 one as its 
synthesis is unaffected by the presence of Ara-C to inhibit HSV DNA 
replitation (Watson et al., 1983). However, as mentioned above, Ara-C 
is not the drug of choice for inhibiting HSV-l DNA synthesis. Watson et 
ai. (1983) confirmed the temporal classification of Cohen et ai. (1980a) 
for gD. However, Gibson and Spear (1983) found very reduced levels of 
synthesis of gD mRNA in the absence of DNA replication. This would 
suggest that the mRNA for gD is of the 131' class. It is worth mentioning 
that Holland et ai. (1980) found an mRNA of a size and location consistent 
with its encoding gD and displaying unusual kinetics of synthesis in the 
presence of DNA synthesis inhibitors. Finally, Ikura et al. (1983) have 
suggested multiple forms of the gD mRNA related by splicing. Although 
this observation requires more detailed analysis for confirmation, it is 
clear that transcription in the region encoding gD is not simple. With 
this gene, the general problem of fully categorizing HSV mRNAs as to a 
specific temporal class is well illustrated. The most convincing data will 
be from a comparison of the kinetic synthesis of gD mRNA with other 
known 13 and 131' ones. Until such is reported, uncertainty will remain. 

The mRNA encoding gE has not been characterized as yet. The ki
netics of appearance of the protein (Balachandran et ai., 1981) may cor
relate with the kinetics of synthesis of specific mRNAs located in the 
short unique region (Holland et ai., 1979). 

E. Structural Proteins 

There are a large number of structural proteins for the HSV virion 
besides the glycoproteins. These generally are described in the review by 
Spear and Roizman (1980). The nonenvelope virion proteins can be op
erationally divided into nucleocapsid-associated and tegument-associated 
(Gibson and Roizman, 1972). The latter are presumably found in the re
gion between the envelope and the nucleocapsid. Cohen et ai. (1980b) 
prepared polyclonal antibodies against seven isolated nucleocapsid pro
teins and showed that some of these could be located at specific sites on 
the nucleocapsid by immune electronmicroscopy (Vernon et ai., 1981). 
R. Costa, G. Bernstein, and E. Wagner (unpublished results) found that 
at least five of these antibodies will precipitate appropriately sized in vitro 
translation products from total infected cell poly(A) mRNA. These an
tibodies have been useful in confirming the identity of the mRNA for 
the major ISS,OOO-dalton capsid protein (I CPS, VPS) (Costa et ai., 1984), 
and to tentatively identify a transcript encoding a capsid protein of ap
proximately SO,OOO-daltons (Costa et ai., 1983). 

The major HSV capsid protein (ICPS, VPS) was located to the region 
between 0.2 and 0.3 map units by studies with intertypic recombinants 
(Marsden et al., 1978; Morse et ai., 1978). Costa et ai. (1981) located a 
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major 6-kb mRNA mapping between 0.25 and 0.29 map units that yielded 
a ISS,OOO-dalton polypeptide when translated in vitro. This, and the fact 
that hybrid-;mested translation indicated that this was the only signifi
cant region of the genome encoding such a polypeptide, led to the sug
gestion that this 6-kb mRNA encodes VPS. Recently, Costa et ai. (1984) 
showed that antibody made against VPS precipitated the ISS,OOO-dalton 
translation product of this 6-kb mRNA. Further, tryptic pep tides corre
sponded between translation product and authentic VPS. Thus, the iden
tification appears confirmed. 

Frink et ai. (1981b) located the 5' end of the 6-kb mRNA encoding 
VPS as being 65 bases to the right of the BamHI site at 0.276. However, 
Costa et ai. (1984) showed this to be the 5' end of a minor colinear species 
and the 5' end of the most abundant 6-kb mRNA actually is 75 bases to 
the left of this site, or about 10 bases to the left of the BamHI site. The 
presence of overlapping mRNAs with 5' ends very near each other is very 
common with HSV-l and possible roles of such mRNAs are discussed in 
a later section. 

Costa et ai. (1983) tentatively concluded that the mRNA encoding 
a capsid protein of about 50,000 daltons was one of two colin ear mRNAs 
of 4.5- and 3.9-kb in size mapping between 0.16 and 0.19 on the HSV-l 
genome. Sequence analysis of the 5' ends of these two mRNAs suggested 
that the smaller encoded the SO,OOO-dalton protein. This identification 
was based on weak immunoprecipitation of the in vitro translation prod
uct of this mRNA with an antibody made against a SO,OOO-dalton capsid 
protein (Cohen et ai., 1980b), which Vernon et ai. (1981) found to be 
located on the vertices of the capsid icosohedra. Lemaster and Roizman 
(1980) reported the mapping of a structural protein of about 50,000 daltons 
in the region encoding the 3.9-kb transcript in question, and Costa et ai. 
(1983) concluded that the capsid protein might be VPI9C. This conclusion 
was apparently in error, however, as D. Braun, W. Batterson, and B. Roiz
man (unpublished results) have located VP19C elsewhere and have re
purted it to be a DNA-binding protein located in the interior of the capsid. 
Taken together, these results suggest that there are several capsid proteins 
of nearly the same size, but with different functions. It should be em
phasized, however, that the small amount of the in vitro translation prod
ucts precipitable by the polyclonal antibody does not allow one to com
pletely rule out the mapped SO,OOO-dalton polypeptide being another 
HSV-l protein of about the same size as VP19C, yet not associated with 
the virion. 

The precise location and size of mRNAs encoding other capsid and 
tegument proteins also have yet to be rigorously established. Lemaster 
and Roizman (1980) mapped several to locations near the right and left 
repeat sequences. Further, Knipe et al. (1981) located a ts mutation (tsB7) 
mapping between 0.46 and 0.52 map unit. This has the phenotype of a 
lesion in a capsid protein. The phenotype was confirmed by Batterson et 
ai. (1983). Examination of the size of polypeptides encoded by this region 
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(ICP2, -6, -10, -32, -43, and -44) suggests that the 26,OOO-dalton capsid 
proteins identified by Cohen et al. (1980b) (VP24l) could map in this 
region. Data has been presented demonstrating that a 37,OOO-dalton cap
sid protein (the p40 of Zweig et al., 1980) maps in the region around TK 
(ca. 0.32 map unit) (Preston et al., 1983). This protein, which appears to 
be VP22, was shown to be a capsid protein by Gibson and Roizman (1972). 
It corresponds to ICP35 located in this region by Conley et al. (1981) and 
more recently confirmed by Braun et al. (1983). 

F. Genes Involved with Morphological Transformation 

Tremendous excitement comes from the finding that HSV-l and 
HSV-2 genes can cause morphological transformation (mtr) (Duff and 
Rapp, 1971, 1973; Rapp and Li, 1974). Such transformation is both a con
venient and a fashionable biological marker, especially in view of early 
and more recently confirmed reports that HSV DNA and RNA could be 
seen in cervical cancer tissue (Frenkel et al., 1972; McDougall et al., 
1980). Such data correlate well with epidemiological surveys linking HSV 
infection with cervical carcinomas (Naib et al., 1966; Nahmias et al., 
1970). Interestingly, it is one of the few functions that does not appear 
to map in the same region in HSV-l and HSV-2. The HSV-l mtr (mtrl) 
region maps between 0.30 and 0.45 map units (Camacho and Spear, 1978; 
Reyes et aI., 1979). No demonstration of a stably maintained cell line 
derived from this region is at hand. Further, attempts to use cloned HSV-
1 DNA fragments for transformation have not been successful. It would 
appear that the mtrl gene product is not sufficient for required mainte
nance of the transformed phenotype. 

A major mtr2 region lies in HSV-2 BglII fragment N (Reyes et al., 
1979; Galloway and McDougall, 1981). This region appears to contain 
mRNAs and proteins homologous to the well-characterized transcripts 
from the corresponding region of HSV-l, although differences in time of 
expression and abundance may exist. Monoclonal antibodies directed to
ward the only early protein encoded by this region (the 38,OOO-dalton one) 
did not detect this protein in transformed cells (Galloway et al., 1982b) 
or in cervical carcinoma tissue (McDougallet al., 1982). However, a pro
tein of 38,000 daltons was seen in cells transformed with UV-inactivated 
HSV-2 (Suh et al., 1980; Suh, 1982), and it has been suggested that a 
35,000- to 38,OOO-dalton polypeptide is involved in some way with trans
formation (Docherty et al., 1981) and cervical carcinomas (Gilman et al., 
1980). The evidence relating the 38,OOO-dalton protein with transfor
mation is not convincing. The region of HSV-2 encoding this .protein is 
able to transform, but the smallest portions of viral DNA with trans
forming activity on 3T3 cells map to the right of this protein. D. Gal
loway, S. Weinheimer, M. Swain, and J. McDougall (unpublished results) 
have identified a 300-nucleotide-Iong segment of DNA in the right-hand 
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portion of BglII fragment N as the transforming fragment. This DNA is 
capable of forming a stem-loop structure, which could act as an inser
tional elemynt in host cell DNA. 

HSV-2 DNA encompassed in BglII fragment C (just to the left of the 
mtr2 discussed above) also has been reported to transform cells (Jariwalla 
et a1., 1980). Some cells transformed by inactivated HSV-2 appear to ex
press HSV-2 ICPlO (Strnad and Aurelian, 1976), as do cervical carcinoma 
cells. This protein corresponds to HSV-1 ICP6, which is encoded by the 
major 5.2-kb ~ mRNA described by Anderson et a1. (1981), and a major 
portion of this protein is encoded by BglII fragment C. However, the 
mRNA coding the HSV-2 polypeptide has yet to be rigorously charac
terized. 

Huszar and Bacchetti (1983) suggested that the mapping of HSV-2 
ribonucleotide reductase through this junction region may be significant 
to HSV-2 transformation. However, as the proteins of this area are similar 
between the strains, the transformation effect may be only incidentally 
involved with the enzymatic activity of the protein. Recent data on re
troviral genes, of course, indicated that even very small changes can be 
significant in cell immortalization. But the left portion of the BglII frag
ment C region seems to be important in cell immortalization, while 
ICPlO would appear to map to the right. However, the right-hand portion 
of this DNA fragment has been reported by Jariwalla et a1. (1980) to be 
important in tumorigenicity. 

At this time, then, although the regions of the HSV-2 DNA inducing 
mtr are readily definable, it is clear that identification of an HSV "trans
forming" protein is not at hand. Indeed, a recent review by Galloway and 
McDougall (1983) provided strong argument against a single "transform
ing" protein being the cause of HSV mtr. These workers favor a "hit-and
run" mechanism, and their data discussed above surely suggest this. 

HSV-1 and HSV-2 infections activate endogenous mouse retrovirus 
synthesis (Duff and Rapp, 1975; Hampar et aI., 1976; Reed and Rapp, 
1976). This activation is presumably a result of the action of specific HSV 
gene products (at least specific regions of the HSV-1 genome mediate this 
activation). To date, the best locations in HSV-1 for this activation func
tion are 0.30-0.32, 0.46-0.49, and 0.90-0.95 map unit (Boyd et a1., 1980). 
Only one of these regions corresponds to the mtrl region, so there may 
be little relation between this activation and mtrl itself. . 

G. HSV Gene Expression during Latency 

Genes controlling the latent phase of HSV infection are extremely 
important biological markers. The whole topic of HSV latency is covered 
in another chapter, but as attempts have been made to correlate specific 
genes with this phase of infection, some points are briefly covered here. 
It is well established that latent HSV is harbored in neurons in the pe-
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ripheral nerve ganglia (Stevens and Cook, 1973; Stevens, 1975, 1980). 
Latency requires the virus to be able to multiply in mice. Further, it is 
clear that herpes genes are required to induce latency (Lofgren et ai., 
1977f. The form of viral DNA in latently infected cells has not been 
established with certainty. Recently, however, Rock and Fraser (1983) 
reported that in CNS neurons of mice, viral DNA is seen in structures 
that lack restriction fragments from the ends of the viral DNA. Such 
could be circles, conca tamers, or both. The relatively large copy number 
of viral genomes seen, however, is consistent with some viral DNA rep
lication taking place. Generalization of these data is further complicated 
by the fact that latent HSV from the CNS does not reactivate. 

Viral RNA and gene products have been detected in latently infected 
neurons. Recently, Galloway et ai. (1979, 1982a) reported that RNA map
ping in the left 30% of the long unique region of HSV-1 could be detected 
in sections of human autopsy neurons that were assumed to contain la
tent virus. Interpretation is complicated by the possibility of reactivation, 
especially in light of the fact that the most abundant mRNA in HSV
infected cells maps in this region (Costa et ai., 1981). 

There is some evidence that the a-protein ICP4 can be detected in 
latently infected trigeminal ganglia of experimental animals (Green et 
a1., 1981). The fact that ICP4 interacts with host cell proteins (Freeman 
and Powell, 1982) and has been reported to induce cellular stress protein 
(Notarianni and Preston, 1982) is suggestive evidence that expression of 
ICP4 could be involved in maintaining latency by induction of a specific 
cellular defense response to the presence of the HSV gene product. Again, 
spontaneous reactivation could lead to artifacts and Galloway et ai. (1979, 
1982a) did not consistently detect mRNA for ICP4 in latently infected 
neurons. 

HSV gene products can be detected in persistently infected cultured 
neural cells (Leung et a1., 1980). Cultured cell models for herpesvirus 
latency (Wigdahl et ai. 1982; Youssoufian et a1., 1982) may have an impact 
in assigning the latency function to a specific gene product. Wigdahl et 
ai. (1983) found the major form of viral DNA in such cells to be linear, 
but they did not exclude the presence of other forms. 

VI. A T;YPICAL HSV -1 TRANSCRIPTION UNIT 

A. Control Regions 

The lack of splices in most HSV-1 mRNAs and the fact that a very 
small segment of viral DNA (BamHI fragment 0) can transduce expres
sible TK activity (Maitland and McDougall, 1977; Wigler et ai., 1977) 
demonstrated that this enzyme can be expressed and function in unin
fected cells. This basal expression of the viral TK is greatly amplified 
following superinfection with HSV (Leiden et a1., 1976). Further, selective 
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removal of sequences immediately upstream of the cap site for the TK 
gene lead to loss of basal expression and virus-induced increased expres
sion IMcKnight and Gavis, 1980; McKnight and Kingsbury, 1982; Minson 
et al., 1982; 'Smiley et al., 1983). Thus, a promoter region involving both 
regulatory sequences and RNA polymerase recognition sequences can be 
identified directly upstream of the HSV TK promoter. As discussed below, 
this is a common feature of HSV structural genes. 

There are functional similarities between the promoter regions of 
HSV transcription units and cellular ones. HSV genes are transcribed with 
cellular RNA polymerase II IAlwine et al., 1974; Ben-Zeev and Becker, 
1977; Costanzo et al., 1977). Both a and 13 gene promoters function in 
transfected cells. McKnight and co-workers' studies on the expression of 
TK IMcKnight and Gavis, 1980; McKnight et al., 1981; McKnight, 1982; 
McKnight and Kingsbury, 1982) are the most exhaustive on the expression 
of 13 promoters in uninfected cells. Several other 13 gene products have 
been at least transiently detected in transformed or transfected cells. 
These include gA/B ICamacho and Spear, 1978; Lewis et al., 1982), gD 
IReed et al., 1976), the ICPlO of HSV-2 IFlannery et al., 1977; Jariwalla 
et al., 1980; Lewis et al., 1982), the DNA-binding protein of HSV-2 
IICPll-12) IDreesman et al., 1980), TK IMacNab and Timbury, 1976; 
Rapp and Westmoreland, 1976), and the 38,000 to 40,OOO-dalton 13 po
lypeptide ISuh et al., 1980; Docherty et al., 1981; Galloway et al., 1982b). 

The uninfected cell can also express a' gene products. Mackem and 
Roizman 11982a,b,c) and Post et al. 11981, 1982) placed several a pro
moters upstream of the TK gene and demonstrated that TK activity was 
present in transfected cells. Post et al. 11982) also showed that an a pro
moter can mediate the expression of chicken ovalbumin in transfected 
cells. Finally, antigens suggested to be a polypeptides have been identified 
in transfected cells IMiddleton et al., 1982). 

Frink et al. 11981b) and Draper et al. 11982) showed that a "Manley" 
IManley et al., 1980) transcription system from uninfected HeLa cells can 
a~curately recognize and initiate transcription at several 13 genes. In ad
dition, Read and Summers 11982) demonstrated accUrate initiation of the 
13 TK gene. These data suggest that the HeLa cell polymerase system 
generally recognized 13 promoters in vitro. 

There are structural sin;tilarities between early and late HSV pro
moters Isee below), but it is not clear whether transfected or transformed 
cells'can readily express late genes 113-y or -y). There is little evidence in 
the literature suggesting that late genes are readily detectable in such 
cells; however, Sandri-Goldin et al. 11983) have reported that several -y 
genes mapping in EeoR! fragment F of HSV-1 are transcribed in cell lines 
carrying integrated copies of these genes. This observation suggests that 
promoters for some, but not all, late genes are recognized by cellular RNA 
polymerase II. 

Variability in recognition of late promoters by uninfected cells is also 
seen in vitro. Frink et al. 11981b) found that the uninfected Manley cell 
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system did not initiate detectable transcripts from two model late pro
moters. One of these is the promoter for VP5; and J. Smiley and D. Dennis 
(unpublished results) showed that stably integrated genes for HSV-l TK 
to which the VP5 promoter was fused do not express the gene from this 
promoter until superinfection by HSV. In contrast, Read and Summers 
(1982) reported initiation of transcription from a late promoter near TK, 
so the ability of the Manley system to recognize late promoters may be 
a function of the specific promoter in question. A recent report by Wright 
et al. (1983) showing that a putative late HSV promoter was expressed 
in murine erythroleukemia cells undergoing chemically induced differ
entiation suggests that the cell's state is also important. The comparative 
sequence analysis of early and late promoters does not suggest an obvious 
basis for discrimination and individual cases may be of value in studies 
on factors involved in control of late gene expression. 

K. Draper and E. Wagner (unpublished results) developed a Manley
type system from HSV-infected HeLa cells and found it to be considerably 
more active than the uninfected system. It also recognizes transcription 
initiation sites not detectably utilized by the uninfected system, and it 
appears to recognize at least one late promoter tested. These data suggest 
that although there may be exceptions, late promoters are generally not 
in complete functional equivalence to early ones in vivo and in vitro. 

HSV genes are controlled during their expression by viral products. 
Mackem and Roizman (1982c) and Post et al. (1981) showed that HSV ex 
promoters are up-regulated by a viral product. This product does not ap
pear to be ICP4, for the up-regulation occurred at nonpermissive tem
peratures using a ts mutant of ICP4 (ts 50211305). These workers suggest 
that a viral structural protein is involved in the amplification of ex genes. 
This was confirmed by Batterson and Roizman (1983) using a ts mutant 
(tsB7), which is a lesion in a viral capsid protein and which does not induce 
ex genes at the nonpermissive temperature. 

Although transcription of ex genes can be increased above a basal level 
by other viral products, the abundance of ex transcripts is low during nor
mal infection. The rate of synthesis of ex mRNAs does not increase during 
the productive infection cycle (Anderson et al., 1980b). Control of the 
rate of synthesis of mRNA encoding ICP4 and other ex genes requires 
functional ICP4, for ts mutants of ICP4 do not shut off ex transcription 
(Holland et al., 1979; Preston, 1979b; Watson and Clements, 1978). Thus, 
ICP4 is an autoregulatory protein analogous to T-antigen of papovavi
ruses. 

Whatever the control factors are for up- and down-regulation, it is 
clear that some feature of the ex promoters must be responsive to them 
(Herz and Roizman, 1983). Mackem and Roizman (1982c) have presented 
comparative sequence analysis of the region spanning ca. - 300 to - 400 
and + 100 to + 150 bases at the 5' ends of three ex mRNAs (ICPO, -4, 
-27). The DNA encoding the 5' ends and control regions of genes for ICP4, 
-22, and -48 have been sequenced by Murchie and McGeoch (1982). All 
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control regions show a "TAT A" box sequence about 28-30 bases up
stream of the 5' end of the mRNAs (Benoist and Chambon, 1981; Benoist 
et al., 1980L and ICPO, -22, and -48 have sequences related to the nominal 
"CAT" box 60-80 bases upstream (Mathis and Chambon, 1981). Mackem 
and Roizman (1982c) pointed out "AT-rich" regions and "GC-rich" re
gions capable of self-pairing in the putative control sequences. Presum
ably, nucleotide sequence substitution experiments will lead to a finer 
definition of the sequences involved in a regulation. It should be noted 
that Cordingley et al. (1983) reported that sequences responsive to su
perinfection can be identified in the region between - 174 and - 331 bases 
upstream of the 5' end of the 4.2-kb a mRNA encoding ICP4, while bases 
between - 38 and - 108 are required for basal levels of expression in 
transfected cells. 

In the normal course of infection, 13 genes require functional ICP4 for 
expression (Kit et al., 1978; Watson and Clements, 1978, 1980; Preston, 
1979b; Leung et al., 1980). In cells biochemically transformed with TK, 
the enzymatic activity is up-regulated by superinfecting virus (Leiden et 
al., 1976). It is clear in this case that functional ICP4 is required for this 
up-regulation. The mechanism of ICP4 control is as yet unclear, but it 
could involve interaction with a regulatory portion of 13 gene promoters. 
Smiley et al. (1983) found regions between - 200 to - 80 and -70 to -12 
bases upstream of the TK transcription start that are involved in the 
positive regulation event. Data by Minson et al. (1982) demonstrated 
important regulatory sequences upstream of the promoter of HSV-2 TK. 
Further work in both systems will lead to better definition of regula
tory/control sequences. 

A comparative sequence analysis of the regions to about 200 bases 
upstream of the 5' transcription start of five 13 mRNAs has been carried 
out by K. Draper, R. Costa, R. Frink, and E. Wagner (unpublished results). 
Methods for such were described in a previous review (Wagner, 1983). 
These data were combined with published data for HSV-l and HSV-2 TK 
(McKnight, 1980; E. Wagner et al., 1981; Reyes et al., 1982; Swain and 
Galloway, 1983), and are summarized in Fig. 4. All regions have identi
fiable "TAT A" box sequences, usually 28-30 bases upstream of the 
mRNA 5' end. Most have recognizable variants of "CAT" at about -60 
and again around - 90 bases, and many are distinguishable by an "AC
rich" string somewhere between - 90 and - 120 bases. It is notable that 
McKnight and co-workers find this region of the TK genome to be vital 
to TK expression in transformed cells. A more detailed discussion of com
parative sequence analysis from this laboratory is presented in the next 
section. 

The factors controlling 13'Y and 'Y gene expression are of great interest. 
Again, functional ICP4 is required for late gene transcription (Watson and 
Clements, 1980). Conley et al. (1981) reported that a mutation in the 
major DNA-binding protein (ICP8) reduces the expression of late genes. 
They noted that the involvement of the ICP8 protein in DNA replication 
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and the requirement for DNA replication in late gene expression mean 
that the effect of the mutation could be either a specific effect of ICP8 
or late expre~sion due to a loss of DNA replication. 

As there are at least two classes of late genes (13)' and )'L comparative 
sequence analysis of late promoters to identify class-specific sequences 
may be complicated. In spite of this caveat, K. Draper et al. (unpublished 
results) compiled enough sequence data upstream from the 5' ends of late 
mRNAs to make some general points (Fig. 5). First, "TATA" box se
quences are usually present about 30 bases 5' of the mRNA start. Second, 
a rather "AT-rich" (for HSV DNA, at least) "CAT" box consensus is 
usually found around - 60 bases. Further, the II AC-rich" string at - 90 
to -120 bases seen with 13 mRNAs is generally missing and a rather "AT
rich" region between ca. - 80 and - 100 bases is often seen. Three of the 
best characterized late promoters were more extensively analyzed, as is 
discussed in the next section. 

There are some notable exceptions to the general position of "TAT A" 
boxes in late promoters. One particular late mRNA, the 3.9-kb one, which 
appears to encode the 50,OOO-dalton capsid polypeptide, has its 5' end 
contiguous with an obvious "TATA" box (Costa et al., 1983). Some 
mRNAs appear to have multiple 5' ends. A 4.6-kb (3)' mRNA mapping 
between 0.64 and 0.67 map units encoding a 70,OOO-dalton polypeptide 
was characterized by Hall et al. (1982). This mRNA's 5' end was precisely 
located on a sequence ladder to be 237 bases to the right of a SalI site at 
0.674 (into Sall fragment J'). This position, which is fully confirmatory 
of that found by Hall et al. (1982), lies at least 180 bases to the 3' side of 
the nearest recognizable "TATA" box (K. Draper and E. Wagner, unpub
lished results). The proximal region upstream of the 5' end does contain 
several long "T" strings. Such a position could reflect either an atypical 
promoter, a short but not readily detectable splice at the 5' end of this 
mRNA, or an artifact of the nuclease digestion due to the high AT content 
of the DNA in this region. 

In view of the large number of HSV promoters, it is certainly not 
surprising that exceptions to general rules will be found as they have in 
other systems. Full characterization of both (3)' and)' promoters will be 
facilitated by the development of some types of assayable marker under 
late control. Such could be a late promoter linked with an assayable en
zyme or protein, as suggested by Post et al. (1981) and used by J. Smiley 
and D. Dennis (unpublished results; see above). Construction of such 
markers is technically feasible. 

B. HSV Control Regions as Eukaryotic Promoters 

The ease of manipulation of the HSV-1 TK gene and assay of the 
enzyme have made it a fashionable model for a eukaryotic promoter. In 
several papers, McKnight and colleagues (McKnight, 1980, 1982; Mc-
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Knight and Gavis, 1980j McKnight et al., 1981j McKnight and Kingsbury, 
1982) defined three regions of this promoter important in its recognition 
by unmodified cellular enzymes. There are the "TAT A" box sequences 
(ca. -16 to -'- 32 bases), a region between - 61 and - 47 bases, and finally, 
a region between -105 and -80 bases. Sweet et al. (1982) showed that 
regions of the HSV TK promoter are hypersensitive to nuclease digestion 
during transcription, as are other putative cellular promoters. 

Obviously, one must treat generalizations with caution, yet there are 
surely some features of HSV promoters that must be recognized by po
lymerase II. Common sequence features between many classes of pro
moters have been interpreted as strongly suggestive evidence of common 
function. Examples for HSV promoters would be "TATA" and "CAT" 
box sequences (such as they are) that have been noted in the preceding 
section. Such do not occur in all HSV promoters, however. Other common 
features may also occur, yet they are not strikingly obvious in casual 
perusals of given promoters. 

Symmetry elements in eukaryotic promoters appear to have an im
portant function in determining promoter "strength." The availability of 
computer programs for comparative analysis of promoters has been of 
value in searching for symmetry in identified HSV promoters. E. Wagner 
(unpublished work) used a matrix comparison program developed by J. 
Coffin of the Tufts University Medical School Cancer Research Center 
as a modification of sequencing programs originally developed by Larson 
and Messing (1982) for the Apple II computer. Matrix analysis allows a 
base-by-base comparison between any two sequences or their comple
ments to look for regions of repeat or inverse repeats. The criteria of 
match can be altered at will so that long stretches of perfect match, or 
of partial match (i.e., IS of 20 bases, etc.), can be scored. 

The DNA sequences 200 bases upstream of the 5' ends of some well
characterized HSV mRNAs were analyzed. These were all the ~ mRNAs 
of Fig. 4 and the mRNAs for the HSV-I 155,000-dalton capsid protein 
(VP5), gC, and the I8,000-dalton protein 3' to the gC translational frame 
(Fig. 5). A search was conducted for the presence of (I) direct repeats, (2) 
common sequences, and (3) inverse repeats. This analysis was illumi
nating as much for the lack of specificity of certain features as for their 
presence. 

No direct repeats longer than 6 or 8 bases are seen. No longer repeats 
are seen if the mismatch frequency is increased to 15% (i.e., 13 matches 
of IS bases, etc.). Such data indicate that the "enhancer" sequences of 
long perfect repeats seen in the SV40 early promoter or the promoters in 
the long terminal repeat (L TR) of retroviruses are not present. 

Short imperfect repeats (10 of IS bases in a stretch) are frequently 
found in HSV promoters. The" AC-rich" region seen in the ~ promoters 
about 100 bases upstream of the mRNA 5' end is often, but not always, 
part of such repeat sequences. Examples of such imperfect repeats in the 
promoters for the mRNAs encoding HSV-I alkaline exonuclease and 
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HSV-l TK are shown in Fig. 6. It should be noted that in the case of TK, 
the prototypical 13 promoter, this symmetry is in the region 50-70 bases 
upstream of the mRNA cap site, not 100-110 bases. 

Although suggestive, this type of symmetry is not confined to pro
moters. It occurs throughout other regions of the HSV-l genome and is 
especially striking in the NH2-terminal portion of the gC translational 
reading frame. Therefore, although imperfect direct repeats have been 
implicated in the expression of l3-globin (Dierks et ai., 1983) and their 
generation can increase TK expression (McKnight, 1982), they are not 
restricted to HSV promoters. Further, the extent of symmetry does not 
readily correlate with mRNA abundance as there is a very extensive re
gion in the 'Y HSV-l gC promoter 110-150 bases upstream of the mRNA 
cap site, as well as 80-110 bases upstream of the cap site for the 13 HSV-
1 mRNA encoding the 38,000-dalton polypeptide, but a less extensive 
one in the promoter for the extremely abundant 6-kb mRNA encoding 
the major capsid protein. It should be further noted that the promoter for 
the low-abundance 1.2-kb (13) HSV-l mRNA, encoding the 38,000-dalton 
protein correlated with ribonucleotide reductase (see above), does not 
show any striking symmetry at this matching criterion. 

The question of whether there are common sequences besides 
"TAT A" and "CA Til boxes in all eukaryotic promoters is an open one. 
Farrell et al. (1983) suggested that the sequence "GGGGTGTGGCC/' its 
reverse, or its complement is common to eukaryotic promoters in general. 
E. Wagner (unpublished work) analyzed the promoter sequences described 
above for the presence of this sequence or its variants using a criterion 
of 8 bases out of 11 fit. As shown in Table II, the sequence or its variants 
do occur in most of the viral promoters analyzed. The most frequently 
occurring variant was the inverse complement. However, this sequence 
family is not confined to promoter regions. The sequence itself occurs 
three times in the region stretching from 500 to 200 bases upstream of 
the cap site of the HSV-l gC mRNA and four times in the first 500 bases 
downstream of the cap site for this mRNA. At the other extreme, no 
variant of the sequence occurs in the promoter region for the mRNA 
encoding HSV-l alkaline exonuclease, but its inverse does occur in the 
structural gene for the protein about 400 bases downstream of the cap 
site. 

Using a match criterion of 8 bases in 10, analysis revealed that the 
IS-nucleotide sequence, "CAAACCCCGCCCAGC/' which occurs 110 
bases upstream of the cap site for the HSV-l TK mRNA, is observed at 
random locations in the 200-base promoter sequences under study. Again, 
such occurrences may be significant, but they are not confined to pro
moter regions. A match at the selected criterion occurs four times in a 
100-base stretch of the translational reading frame of the HSV -1 gC 
mRNA. It should be noted that given the high G + C content of HSV-l 
DNA and the high G + C content of the putative common sequences, 
the observed match frequency is not altogether unexpected. 
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AEPROM* 

70 80 90 100 110 
ACTCGGCCGAGACCAACACCCACGGCCTGGCGTATGACGT 

70 AA 
C C 
T T 
C C 
G G 
G G 
C C C 
C C C 
G G 
A A A 

80 G G 
A A A 
C C C C 
C C C C 
A A 
A A A A 
C C C 

A A A A 
E C C C 
P C C C C 
R C C C 
0 A A A 
H t" C C .. 
* G G 

G G 
C C C 
C C C 
T T 
G G 
G G 

100 C C 
G G 
T T 
A A 
T T 
G G 
A A 
C C 
G G 
T T 

10 HATCHES OUT OF 15 BASES 

FIGURE 6. Partial repeats in the promoter region for the HSV-l alkaline exonuclease 
mRNA. Analysis was carried out using a matrix comparison as described in the text. 
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TKI PR011 

120 130 140 150 160 
CATTGGCGAATTCGAACACGCAGATGCAGTCGGGGCGGCG 

120 CC 
A A 
T T 
T T 
G G 
G G 
C C C 
G G G 
A A A 
A A A 

130 T T 
T T 
C C C C 
G G G G 
A A A 
A A A A 
C C 

T A A A 
K C C C 
1 G G G G 
p C C C 
R A A A A 
0 G G G 
M A A A 

T T 
G G G 
C C C 
A A A 
G G G 
T T 

150 C C 
G B 
G G 
G G 
G G 
C C 
G G 
G G 
C C 
G G 

10 MATCHES OUT OF 15 BASES 

FIGURE 6. Icontinued) 
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If the above variations of direct repeats are frequent enough to suggest 
functional correlation with HSV-l promoters, a search for lengthy inverse 
repeats suggests that these are not common features. Setting a match 
criterion of 9 bases in 10, an inverse repeat sequence occurs in all the 
sequences of HSV-l DNA available for analysis at about once per 150-
200 nucleotides. This frequency is no higher in the promoter sequences 
described than it is in any other region of the DNA. This suggests that 
regulatory interpretations for pallindromes, such as observed by Reyes et 
a1. (1982) for the HSV TK genes, should be viewed with some scepticism. 

As Mackem and Roizman (1982c) pointed out, many possible self
pairing structures with both high- and low-match criteria are present in 
HSV DNA upstream of viral a mRNAs. Even with the use of promoter 
modification analysis, it is not readily apparent that unequivocal assign
ment of function to any or all of these will be possible. Interpretation of 
comparative structural data from promoters would be aided by the char
acterization of highly sequence-specific HSV DNA-binding proteins. It is 
hoped that such will be forthcoming. 

C. Properties of "Typical" HSV Structural Genes 

Sufficient sequence data are available to form a picture of a typical 
HSV gene. The non translated leader sequences range from about 80 bases 
with gD to better than 200 bases for several partial sequences examined 
(K. Draper, R. Frink, G. Devi, and E. Wagner, unpublished results). A good 
average is around 150 bases based on data of TK, gC, and the 38,000- to 
40,OOO-dalton protein mRNA encoded around 0.58-0.60 map units in 
HSV-l. 

HSV translation initiation signals are often, but not always, of the 
canonical form "Pu-base-base-A-U-G-G" identified by Kozak (1981). It is 
interesting that in the 'case of HSV-l TK, which has the sequence 
"CGUAUGG" as its first translation initiation signal, there is good ev
idence that TK translation can begin at anyone of the first three "AUG" 
codons in phase at the 5' end of the mRNA (Marsden et a1., 1983). The 
significance of this finding is unclear, but it does demonstrate that as
signing a single initiation codon may be an oversimplification. 

The high G + C content of HSV DNA is reflected in the high pre
dicted proline content of several HSV proteins. The 38,OOO-dalton HSV-
1 polypeptide encoded by the 1.2-kb 13 mRNA mapping at 0.58-0.60 map 
units has a proline content of 5.6%. The content is 5.3% for the corre
sponding HSV-2 protein. HSV-l and HSV-2 TK have a proline content of 
7.7%. The high proline content may reflect possible function as both 
HSV-l gC and gD have very high proline contents (13 and 10.9%, re
spectively), which suggests that they have a very open configuration. The 
18,OOO-dalton polypeptide encoded by the l-kb mRNA mapping under 
the 3' end of the 2.7-kb gC mRNA has a proline content of 7.8%, which 
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TABLE III. Apparent Codon Use-Frequency Predicted for Several HSV 
Proteinsa 

Thymidine kinase 

HSV-l HSV-2 

T C A G T C A G 

First 4.3 10.6 6.6 11.8 3.8 10.9 5.7 13.0 
Second 8.8 10.3 7.8 6.5 8.8 10.7 7.1 6.7 
Third 4.5 13.9 3.0 11.9 4.1 14.4 1.8 13.1 

HSV-l gC "family" 

gC 18,000-dalton peptide 

T C A G T C A G 

First 5.2 9.5 7.6 ILl 5.9 8.7 5.2 13.5 
Second 7.4 12.4 6.9 6.7 8.9 9.8 5 9.6 
Third 2.7 15.6 2.5 12.5 4.3 15.2 2.6 ILl 

38,000-dalton ribonucleotide reductase 

HSV-l HSV-2 

T C A G T C A G 

First 6.1 9.1 7.4 10.8 6.1 9.0 6.9 11.3 
Second 9.9 8.4 9.7 5.3 10.1 8.6 9.4 5.3 
Third 3.4 17.7 2 10.2 2.3 19.2 1 10.8 

Glycoprotein 0 

T C A G 

First 5.1 10.3 7.4 10.5 
Second 8.8 9.8 8.8 6 
Third 2.8 16.3 2.5 11.7 

a Based on sequence data referred to in the text. 

indicates that the extremely high proline content for gC is confined to 
that gene and does not reflect an extremely high gC content in the DNA 
mapping in this region. 

Table III is a compilation of an average codon use-frequency for sev
eral HSV proteins. This indicates the expected high usage of "GC-con
taining" triplets. Beyond this, however, it is notable that not all "GC
rich" co dons are used at the same frequency. These data may be useful 
in analysis of potential translation reading frames in HSV DNA se
quences. 

The length of sequence following the translation terminator codon 
(trailer) and the actual end of the mRNA can be rather short. It is about 
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80 bases for HSV-1 TK, and 50 bases for the 1.2-kb mRNA at 0.58-0.60 
map units and for the 1-kb J3 mRNA underlying the 3' end of the mRNA 
for gc. In many cases, however, the trailer sequence can be extremely 
long.' Such length arises if an mRNA initiates in the interior of another 
mRNA beyond the translation terminator of the latter. An example is 
the 5.2-kb J3 mRNA that overlies the 1.2-kb one. Sequence analysis shows 
chain terminators in all three reading frames upstream of the 5' end of 
the 1.2-kb mRNA. Therefore, the trailer for the 5.2-kb mRNA is over 
1000 bases. Similar findings have been reported by Clements and Mc
Lauchlan (1981). Of course, if the overlapping mRNA is quite long, very 
long trailers can occur. The 7-kb 'Y mRNA whose 5' end is upstream of 
the 5.2-kb mRNA, would appear to have a trailer of 5-kb in length. 

D. Transcription Termination 

The sequence "AA T AAAA" appears to be a nominal transcription 
terminator signal for eukaryotic mRNAs (Proudfoot and Brownlee, 1976). 
This sequence, or a near variant, ends HSV-1 TK mRNA and is found 
near the 3' end of all the HSV-l mRNAs examined by workers in this 
laboratory. In areas of the HSV genome where there is little or no tran
scriptional read through, the signal is followed by a region of 100-300 
bases where there are several areas of very high "AT-rich" sequences. B. 
Roizman (unpublished results) found that these regions contain short 
inverted repeat sequences, which are important to efficient polyadeny
lation. Both these features would tend to "open" the DNA helix, espe
cially in the high G + C environment of the HSV genome. Other signal 
sequences may also be involved (T. Whitton, F. Rixon, and J. Clements, 
unpublished results). Often, but not always, efficient polyadenylation re
gions serve for transcripts from both strands. 

VII. GENERATION OF HSV TRANSCRIPT "FAMILIES" 

A. Multiple Promoters 

The simple model for a typical HSV -1 gene described above suggests 
that the virus is aptly named in terms of mRNA packaging, if not in 
biology, genome arrangement, or other parameters. In spite of this simple 
picture, it is clear from the high-resolution maps of Fig. 3 that overlapping 
HSV-1 mRNA families encoding the same or different polypeptides are 
common. Results from this laboratory indicate that a number of mech
anisms for the generation of these "families" are operating in HSV tran
scription (Fig. 7). 

One method of generating overlapping mRNAs is by having a second 
promoter nearby upstream or downstream of the principal one. Such a 
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FIGURE 7. Mechanisms for generation of partially overlapping HSV mRNA "families." 
Details are described in Section VII. (I) Cases are seen where the S' ends of overlapping 
mRNAs map very close to each other (ca. 200-300 bases). The larger mRNAs could encode 
a unique, small polypeptide or could be redundant with the smaller one. (II) In several 
instances, mRNAs have coterminal S' ends, but the larger continues past the poly(A) site 
of the shorter and terminates at the next poly(A) site (Anderson et a1., 1981; Hall et al., 
1982). Such mRNAs should be redundant as the S' reading frame would be expected to be 
translated in both. (III) In many cases, a partially overlapping mRNA will be generated by 
transcription from a promoter within the transcribed portion of another mRNA. Such 
mRNAs can encode unique, distinct proteins (Draper et a1., 1982; Frink et al., 1983) or 
proteins utilizing partially overlapping shared reading frames (Costa et a1., 1983). (IV) Splic
ing can generate mRNA families transcribed from the same promoter but varying in the 
extent of usage of a translational reading frame, or possibly using an alternate reading frame 
of different phase than the first (Frink et al., 1982). 

promoter could have the same or different temporal regulation. If the 
promoter affected the length of. the leader sequence, the two mRNAs 
would encode the same polypeptide products and would be redundant. 
Nucleotide sequence data, when analyzed for potential reading frames, 
indicate that such redundancy can occur. For example, the two approx
imately 3.8-kb mRNAs mapping between 0.22 and 0.24 map units differ 
in length by about 150 bases, yet no translation reading frame occurs 
within 200 bases of the 5' end of the longer of the two mRNAs. Any 
biological benefit of such redundancy to HSV is obscure. It should be 
noted that further investigation of such cases is necessary. Nucleotide 
sequencing of cDNA transcripts spanning the 5' end of such mRNAs 
should be done to ensure that one is not related to the other via a process 
of differential splicing. Further, it must be established that two such pro
moters are actually independently functioning and not interactive in 
some way. 

There is no a priori reason why such multiple promoters need gen
erate redundant mRNAs, and situations may be found where an upstream 
promoter leads to an mRNA molecule with additional encoded amino 
acids or an altered reading frame. On the basis of in vitro translation, 
none of the multiple mRNAs above falls into such a category, but in vitro 
translation can lead to artifacts. Nucleotide sequence analysis has shown 
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that several of these colinear mRNAs with juxtaposed 5' ends could po
tentially encode different proteins. The best example is found with the 
colinear "I and 13"1 mRNAs mapping between 0.67 and 0.7 map units on 
the HSV-l genome (Hall et al., 1982). Here, the analysis of reading frames 
suggests that the larger mRNA could encode a unique 100-amino-acid 
protein. Another potential example of this is seen where the minor 6-kb 
mRNA 65 bases to the right of the BamHI site at 0.266 map unit could 
lead to a unique translation frame encoding about 80 amino acids, while 
the major start near the BamHI site does not lead to an open reading 
frame for at least 150 bases. Although nucleotide sequence analysis is 
suggestive evidence, only the demonstration that two specific proteins 
are in fact encoded by two nearly colinear mRNAs will validate a bio
logical function for close juxtaposition of HSV promoters. 

B. Inefficient Termination 

Another mechanism for the generation of multiple mRNAs is found 
when an mRNA species is inefficiently terminated at a given polyaden
ylation site. Then, transcription proceeds downstream to the next po
lyadenylation site. Here, two resolvable mRNA species are found that 
are colinear at their 5' ends, encode the same polypeptide and translation 
termination signals, but the largest mRNA contains nontranslated se
quences beyond the nominal polyadenylation sites. An example is seen 
with 1.9- and 7-kb "I mRNA species mapping between 0.55 and 0.60 map 
units (Anderson et al., 1981). A second example is seen at the 5' end of 
the colinear mRNAs mapping near the BglII site at 0.7 map units (Hall 
et al., 1982). Here, the inefficient polyadenylation signal, along with two 
close promoters, leads to the rather bizarre situation of having four nearly 
colinear mRNAs. 

The reason for an inefficient polyadenylation near the 3' end of cer
tain mRNAs may lie in the sequence of DNA around the termination 
region. As discussed in Section VLD, several sequence features appear to 
be required for efficient polyadenylation. Also, as the polyadenylation 
signal appears to be "AATAAAA" or its complement, a "TATA" box 
resembling this might lead to polyadenylation. Such a speculation re
quires comparative sequence data for confirmation, but the fact that the 
"TATA" box for the 5.2-kb mRNA mapping between 0.56 and 0.6 map 
units is "AAA T AAAAA" and maps near the 3' end of the inefficiently 
terminated 1.9-kb "I mRNA between 0.55 and 0.56 map units is at least 
suggestive evidence. 

C. Interior Promoters 

There are many cases where the promoter for an HSV mRNA lies in 
the interior of another mRNA, but there is no evidence for transcription 



INDIVIDUAL HSV TRANSCRIPTS 89 

termination of the latter. One well-characterized example is the protein 
sharing the COOH-terminal two-thirds of alkaline exonuclease (Costa et 
a1., 1983). This latter peptide could be detected by in vitro translation, 
but the smaller peptide has not been unequivocally identified in infected 
cells. 

D. Splicing 

In the case of the mRNA family expressed from the region of the 
genome encoding HSV-l gC, Frink et a1. (1983) clearly demonstrated that 
splicing can generate overlapping viral mRNAs. The low abundance of 
such spliced mRNAs has made the assignment of a specific biological 
role to them very difficult. At present, the best evidence that they do 
have a function is that there are specific open translation frames, which 
could be utilized by one or another of the mRNAs. The problem of as
signing a function to spliced variants in mRNA families is not confined 
to the HSV system, as a perusal of the papovavirus and adenovirus lit
erature readily demonstrates. It should be noted, however, that in the 
case of HSV-l, there are several other regions of the genome that encode 
ahigh complexity of mRNAs that could well indicate variable splicing 
patterns. Further assessment of the importance of this mechanism in HSV 
mRNA biogenesis awaits detailed investigation of these regions. 

E. Do the Proteins Encoded by Overlapping HSV mRNA 
Families Have Related Functions? 

The most obvious case of clustering of related HSV gene functions 
is the situation of the ex genes where all are located in or near repeat 
sequences. This clustering may reflect features of the mode of expression 
of these genes or coordinated function. There is no obvious clustering of 
13, 13-y, or -y genes. In the case of related function, such as capsid proteins, 
or potentially related functions, such as glycoproteins, the genes can be 
widely dispersed. In the case of the DNA polymerase complex, although 
the DNA-binding protein (ICP8) and DNA polymerase functions map 
near each other, the alkaline exonuclease that partially purifies with this 
complex (Banks et a1., 1983) maps 30 kb away (Preston and Cordingley, 
1982; Costa et a1., 1983). Again, such data suggest that related functions 
need not be encoded on closely linked genes. 

In spite of the demonstrated lack of clustering of many generally 
related functions, proteins encoded by partially overlapping mRNA fam
ilies share an antigenic determinant in at least one instance. These are 
the two overlapping 13 mRNAs mapping around 0.56-0.59 map units. As 
outlined above, these encode proteins with at least one shared epitope 
(Huszar and Bacchetti, 1983; D. Galloway and L. Goldstein, unpublished 
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results). These mRNAs do not, however, appear to share translational 
reading frames, and they appear to be under individual promoter control. 
There are no data available suggesting how the two proteins are related, 
and the large amount of proline present in most HSV proteins (see Section 
VI-C) could result in a "trivial" explanation for the immunological cross
reactivity. 

In one case, it can be seen that polypeptides encoded by overlapping 
mRNAs do not share readily detectable immunological cross-reactivity. 
The 730-base 'Y mRNA underlying the 3' end of the 2.7-kb mRNA for 
HSV-l gC at 0.640-0.647 encodes an 18,000-dalton polypeptide. Poly
clonal antibodies against envelope proteins that efficiently react with gC 
do not interact with this 18,OOO-dalton polypeptide (Frink et a1., 1983). 
Further, no antigenic cross-reactivity was seen by Pereira et a1. (1982a) 
using monoclonal antibodies. This does not, however, preclude the pro
teins having some cooperative function in the infected cell. 

If a functional relationship between proteins encoded by overlapping 
mRNA families is demonstrated to be a common feature of HSV gene 
packaging, then important clues may be available concerning the func
tion of many viral proteins. It will be of interest to determine how mRNAs 
under separate promoter control could be maintained in physical prox
imity. 
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CHAPTER 3 

Molecular Biology of 
Pseudorabies Virus 
TAMAR BEN-PORAT AND ALBERT S. KAPLAN 

1. INTRODUCTION 

Pseudorabies virus (PRV) causes a natural infection in swine similar to 
that of herpes simplex virus (HSV) in man, and B virus in monkeys. Sabin 
(1934) was the first to recognize that these viruses are naturally related. 
As Sabin put it, "Their generic relationship may perhaps be based on the 
following properties, which, taken together, are not possessed by any 
other virus: (a) they are pantropic, i.e., they have affinities for cells derived 
from all embryonic layers; (b) they are neuroinvasive, i.e., they are capable 
of invading the central nervous system from a peripheral focus; (c) they 
give rise to a similar intranuclear body; (d) they have a similar, though 
not identical, range of susceptible hosts; and (e) they appear to have a 
partial immunological relationship." Later studies established that PRY 
is indeed a herpesvirus, as determined by a variety of morphological, 
biological, and biochemical characteristics. To this may be added the fact, 
established by Shope (1935), that PRY is latent in swine, its natural host, 
as HSV is in man. 

The formal taxonomic name given to PR V is Suid herpesvirus 1 (Mat
thews, 1982). It belongs to the subfamily Alphaherpesvirinae. 

This review will emphasize the biochemical and molecular events 
occurring during the interaction of PRY with its host. Some aspects of 
the morphology and growth cycle of the virus, as well as a description 
of the diseases caused by PRY, are briefly described; reviews on these 
aspects of the interactions of PRY with its hosts are available, (Kaplan, 
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1969, 1973; Baskerville et a1., 1973; Gustafson, 1975). For the sake of 
completeness, we have also included in this chapter some unpublished 
information that is available in our laboratory dealing with the enumer
ation and the identification of PRY macromolecules, information that 
has not been published to date because it is of a descriptive nature only. 

II. MORPHOLOGY 

PRY, after being thin-sectioned or stained negatively, has a diameter 
of 150-186 nm as measured by electron microscopy. Negative staining 
with phosphotungstic acid has provided the most reliable estimate of the 
size of PRY, which appears to be approximately 180 nm in diameter (Kap
lan and Vatter, 1959; Reissig and Kaplan, 1962; Felluga, 1963; Darlington 
and Moss, 1968). 

The general appearance of PRY in thin section is similar to that of 
HSV, which has been studied more extensively. The electron-dense cen
tral body in the particle may vary in shape and appears round, oval, or 
sometimes like a short-ended rod, depending most likely on the angle of 
the cut during sectioning. The central body lies within a zone of lower 
density, which, in turn, is surrounded by a double-sometimes triple
membrane. When examined by negative staining with phosphotungstic 
acid, the typical herpesvirus particle, a nucleocapsid composed of 162 
capsomers surrounded by a floppy envelope, is revealed. 

III. STABILITY IN THE PRESENCE OF PHYSICAL AND 
CHEMICAL AGENTS 

Because PRY has a lipid-containing envelope, it is sensitive to in
activation by lipid solvents such as ethyl ether (Kaplan and Vatter, 1959). 
It is inactivated by compounds that react with nucleic acids, such as 
nitrous acid (Ivanicova et a1., 1963); it is also irreversibly photosensitized 
by ethidium chloride (Content and Cogniaux-LeClerc, 1968). A variety 
of other compounds, ranging from metallic ions to a number of organic 
chemicals affecting proteins such as fluorocarbons (Ivanicova, 1961), 
dithioerythritol (Gainer et a1., 1971), urea, and SDS (Golais and SabO, 
1975), have been found, not unexpectedly, to inactivate PRY infectivity. 

PRY is relatively thermostable (Kaplan and Vatter, 1959). Some at
tenuated strains are more heat-resistant than virulent strains of PR V 
(Bodon et a1., 1968; Bartha et ai., 1969) but this does not appear to be the 
case universally (Golais and SabO, 1975). Furthermore, it has been re
ported that different strains of PRY vary in their sensitivity to trypsin 
and that there is a correlation between this characteristic and virulence 
(Platt et ai., 1980). 

As expected, PRY is inactivated exponentially by irradiation with 
UV light (Kaplan, 1962; Pfefferkorn and Coady, 1968; Zavadova and Za-
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vada, 1968 j Dilovski, 1969j Ross et al., 1971J and by ,),-rays (Kaplan and 
Ben-Porat, 1966j Sullivan et al., 1971 j Sun et al., 1978J. UV-irradiated 
virus can be photoreactivated after infection of chick embryo but not 
primary rabbit kidney cells, indicating that the nature of the host cell 
plays a role in this phenomenon (Pfefferkorn et al., 1965, 1966 j Pfeffer
korn and Coady, 1968J. 

To avoid inactivation, PRY is best stored in a medium containing 
protein and kept at -70°C (Kaplan, 1969J. The virus retains infectivity 
after lyophilization (Popescu et al., 1969J. The best media for freeze-drying 
PRY are those containing glutamate, either alone or in combination with 
sucrose and either dextran or phosphates (Scott and Woodside, 1976J. 

IV. VIRUS PROTEINS 

A. Structural Protein Components 

The number of polypeptides that have been identified in preparations 
of purified PRY not surprisingly reflects the resolution of the system used 
to separate them. Originally, the minimal number of major virus poly
peptides present in purified virions was estimated to be 10 (Kaplan and 
Ben-Porat, 1970bj Ben-Porat et al., 1970J. Subsequently, using techniques 
that allowed a better resolution, Stevely (1975J showed that at least 20 
polypeptides can be resolved from preparations of purified virions. 

Using gels of varying concentrations, 27 bands can be detected by 
one-dimensional polyacrylamide gel electrophoresis (PAGEJ and at least 
40 unrelated "spots" (probably generated by unrelated polypeptidesJ can 
be resolved by two-dimensional gel electrophoresis (T. Ben-Porat, un
published resultsJ. Four of the virion proteins are phosphopropteins and 
at least four are glycoproteins (Table IJ. All the glycoproteins of PRY are 
sulfated (Kaplan and Ben-Porat, 1976J. The glycoproteins appear as shad
ows on the autoradiograms of the 3H-Ieucine-Iabeled virion proteins but 
can be clearly resolved when the virions are labeled with glucosamine 
(Fig. IJ. 

Although the structural glycoproteins of PR V migrate as four main 
bands (Ben-Porat and Kaplan, 1970J, several minor bands can also be dis
tinguished. However, because these minor bands are not present in all 
virion preparations, they may represent either breakdown products or 
contaminants. Analysis by two-dimensional gels also reveals that virions 
contain only four major glycoproteins (Hampl et al., 1984J. 

The simplest capsids that can be isolated from infected cells (capsid 
IJ are composed of three major proteins [142K, 35K, and 32K, which were 
previously referred to as proteins 2, 7, and 8, respectively (Ben-Porat et 
al., 1970j Kaplan and Ben-Porat, 1970bJl and one minor protein (62KJ. 
These polypeptides are invariably present in all empty capsids isolated 
from cells infected with all temperature-sensitive (tsJ mutants in which 
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TABLE I. Protein Composition of Virus Particles as Determined by One
Dimensional PAGE" 

Apparent Intact 
MW (x 10- 3 ) virion 

>200 +e 
142 + 
125 (glyco) + 
115 + 
112 (phospho) + 
98 (glyco) + 
85 + 
81 + 
74a + 
74b Iglyco) + 
67 + 
63 (phospho) + 
62 + 
58 Iglyco) + 
57 Iphospho) + 
56 + 
54 + 
41 + 
40 + 
39 + 
.38 + 
.35 
.32 + 
.30 + 
29 (phospho) + 
27 + 
24 + 
10 + 

Nucleocapsids b 

+ 
+ 

+ 
+ 

+ 
+ 
+ 

+ 

+ 
+ 

+ 

+ 
+ 

+ 
+ 
+ 

Type I 
capsidc 

+ 

t 

+ 
+ 

Type II 
capsidd 

+ 

+ 

+ 

+ 

+ 

+ 
+ 
+ 
+ 

+ 

, The molecular weights of the PRY proteins were estimated using commercial standards as well as the 
proteins of HSV-l and adenovirus, type 2. The values obtained with the three different standards 
differed somewhat. The indicated molecular weights therefore represent at best an estimate of the size 
of the PR V proteins. 

b The nucleocapsids were obtained after deenveloping virions with nonionic detergent. 
, Type I capsids can be isolated consistently from mutants in which nucleocapsid formation is blocked. 

Preparations of pure type I capsids (not contaminated with type II capsids) have also occasionally been 
obtained from wild·type infected cells. 

d Type II capsids can be isolated from cells infected with wild-type virus. These preparations probably 
contain a mixture of true capsids and of nucleocapsids that have lost their DNA. The composition of 
these capsids is similar to the composition of the nucleocapsids isolated from infected cells by Stevely 
(1975). 

, +, presence of protein. 

capsids are assembled but which are blocked prior to nucleocapsid as
sembly (Ladin et al., 1982, and T. Ben-Porat, unpublished results). Empty 
capsid preparations obtained from wild-type infected cells (type II capsid) 
usually contain several other proteins as well (see Table I and Fig. 1). In 
general, the ratio of empty caps ids to nucleocapsids that can be isolated 
from wild-type infected cells by sucrose gradients greatly exceeds the ratio 
determined by examination of thin sections in the electron microscope. 
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FIGURE 1. SDS-PAGE analysis of the proteins of PRV. Lane A, Complete virions (3H-leu
cine labeled); lane B, Complete virions (3H-glucosamine labeled); lane C, Capsids I (3H_ 
leucine labeled) ; lane D, Capsids II (3H-leucine labeled); lane E, Nucleocapsids after de
envelopment of complete virions with Triton X-lOO (3H-leucine labeled); lane F, Complete 
virions ("H-labeled); lane G, Crosslinked complex of glycoproteins (membrane, fraction II) 
present in the virus membrane (3H-leucine labeled); lane H, Non-crosslinked proteins (mem
brane, fraction I) present in the virus membrane (3H-leucine labeled). From Ladin et a1. 
(1982) and Hampl et a1. (1984). 

It is likely therefore that the empty capsid II preparations (isolated in 
sucrose gradients) probably consist of a mixture of true empty capsids 
and of nucleocapsids that have lost their DNA during isolation. 

Stevely (1975) examined the protein composition of nucleocapsids 
isolated from infected cells and showed that these nucleocapsid prepa
rations contain eight proteins. The composition of these nucleocapsids 
closely resembles that of class II empty capsids isolated from wild-type 
infected cells (see Table I). 

Nucleocapsids can also be recovered after treatment of virions with 
nonionic detergent (Kaplan and Ben-Porat, 197Gb). This treatment re
moves all the glycoproteins from the virion and the liberated nucleocap-
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sids (which sediment more slowly in sucrose gradients than virions) can 
be isolated. These nucleocapsids contain a full complement of DNA but 
have lost all the glycoproteins (Kaplan and Ben-Porat, 1970b), as well as 
several other proteins (Fig. I, Table I). 

It is of interest that the 35K protein, one of the major components 
of empty capsids, is greatly underrepresented in mature virions (and in 
deenveloped nucleocapsids) compared to the other two major capsid pro
teins (142K, 32K). It can be estimated that empty capsids contain at least 
20-fold more 35K protein relative to the 142K protein than do mature 
virions (Ladin et a1., 1982). Thus, either most of the 35K protein is pro
cessed and acquires a different mobility during some step leading to the 
formation of the mature virions or it is degraded (or released) as would 
be expected if it were a scaffolding protein (Casjens and King, 1975). 

As mentioned above, treatment of virions with nonionic detergent 
removes the membrane proteins from the virions. The solubilized pro
teins can be separated into two fractions, which differ from each other 
in their sedimentation and chromatographic behavior. Fraction I consists 
of one major glycoprotein, 98K, as well as several nonglycosylated virus 
proteins, 67K, 56K, 54K (Fig. 1). The proteins in this fraction do not appear 
to be cross-linked to one another. Fraction II behaves as a complex and 
is composed of three glycoproteins (125K, 74K, 58K). These glycoproteins 
are cross-linked to one another via disulfide bridges (Hampl et a1., 1984). 

Monoclonal antibodies prepared against the virus glycoproteins react 
either with the 98K glycoprotein or coprecipitate, as expected, all three 
glycoproteins in the cross-linked complex. However, even after treatment 
of the complex with DTE (which leads to its dissociation) prior to im
munoprecipitation, two of the glycoproteins (125K, 74K) are coprecipi
tated by several independently isolated monoclonal antibodies indicating 
that these proteins share extensive homologies; furthermore, partial pep
tide digestion analysis confirms the homology between all three glyco
proteins (58K, 74K, 125K) (Hampl et a1., 1984). 

While most structural proteins in different strains of PRY have sim
ilar PAGE migration rates, some differ so that these strains can be dis
tinguished from one another by this procedure. Some differences in the 
giycoproteins of various field isolates have also been observed (T. Ben
Porat, unpublished results). 

It has been reported that like many other enveloped viruses, PR V 
possesses protein kinase activity (Tan, 1975; W. S. Stevely, M. Katam, 
and D. P. Leader, personal communication). The activity associated with 
PRY is, however, relatively low and is only slightly stimulated by the 
addition of detergents to the virion preparations (Tan, 1975). 

B. Virus Neutralization 

Monoclonal antibodies that react with the 98K envelope glycoprotein 
neutralize PRY infectivity. Monoclonal antibodies directed against some 
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of the other membrane glycoproteins have very little neutralizing activity 
(Hampl et al., 1984). 

C. Antigenic Relationship Between PRV and Some Other 
Herpesviruses 

No reciprocal neutralization among antisera against PRY and other 
herpesviruses has been demonstrated (Kaplan and Vatter, 1959; Watson 
et al., 1967; Killington et al., 1977). However, Watson et al. (1967) showed 
that antisera against HSV or B virus produced one precipitin line against 
PR V in agar immunodiffusion tests. This observation was extended by 
Honess et al. (1974) who demonstrated that PRY shares at least two an
tigens with HSV-1 and HSV-2; Killington et al. (1977) showed that PRY 
shares at least one antigen with bovine mammillitis virus, and that PRY 
and equine abortion virus share more antigens than either do with the 
other viruses (Killington et al., 1977). Furthermore, it has been shown 
that antisera to PRY immune-agglutinate naked capsids but not enve
loped particles of HSV, indicating that the common antigens of these 
viruses are located internally (Honess et al., 1974). 

On the basis of cross-reactivity, HSV-1, HSV-2, and bovine mam
millitis virus can be placed in one group and PRY and equine abortion 
virus in another (Yeo et al., 1981). It is of interest that the one antigenic 
determinant common to all five viruses (which may be considered to be 
a group-specific antigen) is the major DNA-binding protein. 

V. VIRUS GENOME 

A. Size and Base Composition 

PRY contains 10-11 j.LgDNAIlOO j.Lg protein (Ben-Porat et al., 1975b). 
The genome of PRY is a linear, duplex DNA molecule; it exhibits hy
perchromicity upon heat denaturation and its density is altered after den
aturation (Kaplan and Ben-Porat, 1964). The molecular weight of the DNA 
is approximately 90 x 106 , as determined by sedimentation velocity anal
ysis (Ben-Porat et al., 1975b), electron microscopy (Rubenstein and Ka
plan, 1975; Stevely, 1977), and restriction enzyme analysis (Ben-Porat and 
Rixon, 1979). The virus genome has a relatively high G + C content (73 
mole% ) (Ben-Porat and Kaplan, 1962; Kaplan and Ben-Porat, 1964; Russell 
and Crawford, 1964; Sydiskis, 1969; Plummer et al., 1969b; Ludwig et 
ai., 1971; Graham et al., 1972; Halliburton, 1972); it is not glycosylated 
(Russell and Crawford, 1964). 
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B. Genome Structure 

1. General Characteristics 

Partial denaturation mapping has shown that the genome of PRY is 
not circularly permuted (Rubenstein and Kaplan, 1975). Analysis of the 
genome of PRY by electron microscopy, as well as by restriction enzymes, 
shows that it contains a sequence of DNA, the short unique (Us) se
quence, with a molecular weight of 6 x 106 , that is bracketed by an 
inverted repeated sequence of a molecular weight of approximately 10 x 
106 . Another unique sequence, the long unique (Ud (molecular weight 
65 x 106 ), comprises the remainder of the molecule (Stevely, 1977; Ben
Porat et a1., 1979). Thus, examination of self-annealed denatured DNA 
molecules reveals the presence of a single-stranded loop representing the 
Us region, a double-stranded region representing the reannealed inverted 
repeats, and a long, single-stranded tail representing the UL region. In 
addition, a short, single-stranded tail appears on about 20% of the mol
ecules at the junction of the single- and double-stranded regions. The 
appearance of this tail indicates that in some molecules the terminal 
sequence of the inverted repeat is not part of the internal inverted repeat 
(Ben-Porat et a1., 1979). 

The genome of PRY has been classified as a class 2 herpesvirus DNA 
molecule (Honess and Watson, 1977) or as a class D molecule (Roizman, 
1982). This class of herpesvirus genomes is composed of two sets of 
unique sequences, UL and Us; the latter is bracketed by inverted repeats. 

2. Lack of Homology between the Ends of the DNA Molecule 

Because the genome of PRY forms circles within the infected cells 
and replicates in the form of circular and concatemeric molecules (see 
below), it is noteworthy that no homology between the ends (which 
would permit circle formation) has been detected. 

That terminally redundant sequences, if present, must be rather 
small was deduced from the fact that the two ends of the virus genome 
vary in their denaturation patterns (Rubenstein and Kaplan, 1975). Also, 
no cohesive ends were exposed by exonuclease digestion of the virus DNA 
(Ben-Porat et a1., 1979). Furthermore, no sequence homology between the 
ends can be detected using probes that should have revealed relatively 
short stretches of homology (1. Harper and T. Ben-Porat, unpublished 
results). Sequencing of cloned restriction fragments originating from the 
ends of the molecules also failed to reveal any sequence homology be
tween the ends (I. Davidson, personal communication). 

Interestingly, the genome of PRY is relatively resistant to enzymes 
that modify the 5' ends of DNA. Extensive attempts to detect the presence 
of proteins bound to the ends of the genome proved fruitless (1. Harper 
and T. Ben-Porat, unpublished results). 
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3. Heterogeneity of Ends of the DNA Molecule 

Some heterogeneity at the end of the UL sequence has been observed 
in the genomes of some strains of PRY. Digestion of plaque-purified virus 
DNA with restriction enzymes generates two main submolar end frag
ments from the left end of the genome (end of UL sequence), which differs 
in length by approximately 150 bp (1. Harper and T. Ben-Porat, unpub
lished results). 

4. The Genome Is Found in Two Isomeric Forms 

The Us sequence of the genome, which is bracketed by the inverted 
repeats, is found in two orientations relative to the UL sequence, and the 
DNA molecules isolated from populations of virions consist of equimolar 
amounts of these two isomeric forms. Thus, digestion of the DNA with 
restriction endonucleases that do not cut within the repeated sequences 
(e.g., BglII, see Figs. 2 and 3) produce, in addition to the molar fragments 
originating entirely from the unique regions of the genome, two half
molar terminal fragments and two half-molar fragments spanning the 
internal repeat. 

5. Minor Repetitions within the Genome 

Analysis by electron microscopy of exonuclease-digested, self-an
nealed PRY DNA reveals different size "lariat" structures, indicating that 
sequences homologous to the end of the molecules are present within 
the genome at various distances from the end. Notably, such a sequence 
is present at approximately 350 nucleotides from the end of the UL (Ben
Porat et al., 1979). 

Fine mapping also reveals the presence of adjacent duplicated se
quences present at several locations on the genome. Indeed, the majority 
of differences in restriction enzyme patterns that can be observed between 
the genomes of different isolates of PRY may be due to reduplications of 
restricted regions of the genome (1. Harper and T. Ben-Porat, unpublished 
results). 

6. Single-Stranded Interruptions 

PRY sediments heterogeneously in alkaline sucrose gradients, indi
cating that the DNA contains nicks, gaps, or alkali-sensitive bonds. The 
size distribution of the fragments generated after denaturation of the 
DNA in alkali or formamide is the same, thereby eliminating alkali
sensitive bonds as the reason for the fragmentation of the DNA upon 
denaturation (Ben-Porat et al., 1979). 

Analyses of the size distribution of the fragments produced after den
aturation of the DNA, as well as of the number and positions on the DNA 
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of the gaps produced by ExoIII digestion, show that the nicks are present 
at random sites on the DNA and that different molecules have varying 
numbers of single-stranded interruptions (between 1 and 10) (Ben-Porat 
et a1., 1979). The function of the nicks (or gaps), as well as the factors 
responsible for their presence, is at present unknown. It is interesting to 
note, however, that concatemeric DNA molecules accumulating in ts 
DNA + mutants defective in encapsidation at the nonpermissive tem
perature, contain fewer nicks per genome size DNA than do mature DNA 
molecules (T. Ben-Porat, unpublished results). This finding suggests that 
the nicks may be introduced into the DNA during the process of ma
turation and encapsidation. 

C:. Restriction Enzyme Cleavage Maps 

The patterns obtained by digestion of PRY DNA with different re
striction enzymes and the available restriction enzyme maps are illus
trated in Figs. 2 and 3, respectively. The approximate sizes of the restric-



116 TAMAR BEN-PORAT AND ALBERT S. KAPLAN 

tion fragments are given in Table II. Only one restriction enzyme (BglII) 
that cleaves the genome of PRY in the unique sequences but not in the 
inverted repeats has been identified. BeaR1 does not cleave the genomes 
of more than 20 different strains of PRY that have been analyzed (T. Ben
Porat, unpublished results). 

D. Functional Identity of the Two Isomeric Forms of PRV DNA 

Since the discovery that the unique sequences of the genomes of 
some of the herpesviruses exist in different orientations with respect to 
one another, a question that has aroused a great deal of interest is whether 
just one of these isomeric forms of the DNA is infectious. That both 
isomeric forms of the DNA of PRY are infectious is indicated by the 
following sets of observations. 

Digestion of PRY DNA with the restriction endonuclease BglII, 
which does not cut in the repeat region, gives rise to two half-molar 
terminal fragments, each of which originates from a different isomeric 
form of the DNA. The presence of one or the other of these half-molar 
fragments is thus diagnostic of the presence of either one of the two 
isomeric forms of PRY DNA. Using this type of analysis, it was found 
that virions containing either isomeric form of the DNA adsorb equally 
well to susceptible cells and that both isomeric forms of the DNA reach 
the nucleus and form circles with equal efficiency (Ben-Porat et a1., 1980). 

There is no exclusion of one of the isomeric forms of the DNA from 
replication because in cells infected at high multiplicities (when the vi
rions may provide each other with "helper" functions), approximately 
70% of the parental virus DNA replicates (Ben-Porat et al., 1976a). Fur
thermore, virions containing either of the isomeric forms of the DNA 
are infectious and will replicate when cells are infected at low multi
plicity (in the absence of possible helper functions provided by one of the 
isomers). Analysis of the DNA replicating in these cells during the first 
round of replication showed that while most of the parental DNA rep
licated in the form of circles, some molecules with free ends that had 
replicated could be detected. These free ends originated from either of 
the isomeric forms, indicating that both isomers of the DNA replicate. 
Because each infected cell that synthesizes early virus antigen (which is 
presumably essential for viral DNA synthesis) proceeds to produce an 
infective center (DeMarchi et al., 1979), one may conclude that viruses 
containing either isomeric form of PRY DNA are infectious. Thus, in
version of the Us region of the PRY genome does not affect its infectivity. 

E. Strain Variability 

The restriction patterns of the DNA of various field isolates (as well 
as of vaccine strains) have been examined in several laboratories (Heppner 
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et a1., 1981; Gielkens and Berns, 1982; Ludwig et aI., 1982; Ben-Porat et 
aI., 1984a; Lomniczi et a1., 1984). The DNA of different PRY strains 
isolated from different, as well as from the same, geographic areas can 
be distinguished from one another (Paul et a1., 1982; Gielkens and Berns, 
1982; Ludwig et a1., 1982; Ben-Porat et a1., 1984a). Not surprisingly, the 
greatest differences in restriction fragment patterns are observed when 
one compares the patterns published by different investigators who have 
analyzed field isolates from different geographic areas. 

Variation in the sizes of restriction fragments generated from most 
regions of the genome can be identified in different isolates. However, 
some regions of the genome appear to be more variable than others. These 
regions include the inverted repeats, as well as regions close to the left 
end of the genome (Gielken and Berns, 1982; Ben-Porat et a1., 1984a). 

A variation in the restriction patterns of the genomes of mutants, 
which behave genetically as being altered in a single gene (Ihara et a1., 
1982), has also been observed (Ben-Porat et a1., 1984a). Interestingly, the 
regions of the genome that had a modified restriction pattern were un
related to the regions of the genome in which the mutations had been 
located by marker rescue. Such variations in the restriction patterns of 
the mutant genomes were observed in TK - mutants that had been ob
tained by exposure of the infected cells to Ara-T (a procedure that is 
probably mutagenic), as well as in ts mutants obtained after mutagenesis 
by either UV light irradiation, treatments with nitrosoguanidine, or sub
stitutions in the DNA of BUdR for thymidine. Despite the low doses of 
mutagen, which had been used to avoid isolation of mutants with mul
tiple lesions, secondary nonlethal mutations nevertheless must have been 
introduced into many of the genomes. Interestingly, the changes in the 
restriction patterns of the genomes of the mutants mimicked those most 
prevalently observed between field isolates. Repeated plaque purification 
of the same isolates, as well as passage of the virus in animals (Ben-Porat 
et a1., 1984a), has not, however, resulted in changes in the restriction 
pattern of the genome to date. 

The changes in the restriction patterns of different field isolates (or 
different mutants) observed are due mainly to the deletion (or acquisition) 
of sequences that do not affect virus viability (Ben-Porat et a1., 1984a, 
and 1. Harper and T. Ben-Porat, unpublished results). 

F. Genomes of Vaccine Strains 

Several attenuated strains of PRY have been isolated by repeated 
passage in culture (Baskersville et a1., 1973); some of these are currently 
used as vaccines. The genomes of these vaccine strains have been ana
lyzed by restriction endonucleases (Geck et a1., 1982; Gielkens and Berns, 
1982; Paul et a1., 1982). Of interest is the fact that two independently 
isolated attenuated strains of PRY (the Bartha and the Norden vaccine 
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strains) both have a deletion in the Us between 0.855 and 0.882 map units 
(MU) (Lomniczi et a1., 1984a). This deletion appears to be a characteristic 
of these attenuated strains and has not been observed in the genomes of 
any other strain of PR V analyzed to date. Therefore, it appears likely that 
one of the functions specified by the region deleted from the two vaccine 
strains is somehow involved in virulence. 

Of special interest is the fact that the Norden vaccine strain contains 
a genome that is a class 3 herpesvirus DNA molecule; i.e., in contrast 
to other strains of PRY, in which only the Us inverts itself relative to 
the U L , in the Norden strain both the Us and U L sequences invert them
selves relative to one another (Lomniczi et a1., 1984). In the genome of 
the Norden strain, a sequence of nucleotides, normally present in all other 
PRY strains at the end of the U L only, has been translocated to a region 
adjacent to the junction of the U L and the internal inverted repeat. As a 
consequence, both the UL and the Us are bracketed by inverted repeats. 
It is probable that this translocation provides the basis for the inversion 
of the UL region of the genome (Lomniczi et a1., 1984). 

VI. VIRUS REPLICATION IN CELL CULTURE 

A. Virus Growth Cycle 

As is the case for all bacterial and animal viruses, adsorption of PR V 
is an electrostatic process. It is not affected by temperature nor is it an 
energy-requiring process (Kaplan, 1962). It does, however, require the 
presence of some electrolytes (Farnham and Newton, 1959). The rate of 
adsorption of PRY to rabbit kidney cells is relatively rapid [50% in 30 
min (Kaplan and Vatter, 1959)] but is much slower to chick embryo cells 
(Beladi, 1962). 

In contrast to adsorption, the penetration of virus into cells is an 
energy-requiring process (Kaplan, 1969). Following penetration, the vi
rions lose their outer envelope rapidly. The first steps leading to the un
coating of the nucleocapsids probably occur in the cytoplasm. Thus, in 
cells infected at the nonpermissive temperature with a ts mutant defec
tive in un coating, the virus loses its outer envelope and nucleocapsids 
accumulate in the cytoplasm (Feldman et a1., 1981), indicating that the 
intact nucleocapsid does not penetrate the nucleus. On the other hand, 
during the normal course of infection, many of the structural proteins of 
the virus become associated with the cell nucleus (1. Feldman and T. 
Ben-Porat, unpublished results). The identity of the proteins that accom
pany the viral genome into the nucleus has not been studied in detail. 

The growth characteristics of the virus depend to some extent on the 
virus strain, as well as upon the type of cells and the type of cultures 
(monolayer, cell suspension, or single cell) being infected. Thus, the 
length of the eclipse period, as well as of the latent period, varies in 
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different cells. For example, the eclipse period for PRY-infected rabbit 
kidney and chick embryo cells is 3 hr (Kaplan and Vatter, 1959; Rada and 
Zemla, 1973; Lomniczi, 1974), while it is 5 hr for BHK21/13 cells (Dar
lington and Moss, 1968). Similarly, the latent phase in PRY-infected rab
bit kidney cells and chick embryo cells is 4 hr (Kaplan and Vatter, 1959; 
Rada and Zemla, 1973; Lomniczi, 1974; 5 hr in BHK21113 cells (Dar
lington and Moss, 1968), and 12 hrin monkey kidney cells (von Kerekjart6 
and Rhode, 1957). Furthermore, during the course of studies in which the 
growth characteristics of various PRY strains were followed, considerable 
differences in the length of time required for different virus strains to 
complete the growth cycle in a particular cell type were found, possibly 
reflecting the degree to which a particular strain is "adapted" to a par
ticular host cell (T. Ben-Porat, unpublished results). The final yield of 
virus produced by infected cells also depends upon a number of factors, 
such as the virus strain, the type of cell infected, and the thermo stability 
of the virus strain. 

The ratio of infectious to noninfectious particles in a population of 
virions has been determined for one laboratory strain to be approximately 
1: 20 (Ben-Porat et a1., 1974). Most of the virions in this population can 
adsorb to and penetrate into the cells, and the large majority of the virus 
genomes reach the nucleus (Ben-Porat et a1., 1980). Furthermore, each 
particle that can initiate infection, i.e., induce the expression of early 
antigens in the cells, will go on to form a plaque (DeMarchi et a1., 1979). 
The low ratio of infectious to noninfectious particles thus probably re
flects the fact that most of the infecting virions do not come in contact 
with the appropriate cell targets; it does not necessarily reflect the pres
ence of "defective" virions. 

B. Cytopathic Effects on Cells in Culture 

Infection with PRY engenders drastic changes in their host cells, 
causing them to undergo degeneration and, eventually, death. A series of 
characteristic cytopathic alterations occurs that may vary, depending on 
the virus strain and the host cell. One of the first, most obvious effects 
of PRY infection is the inhibition of mitosis; this inhibition is a rapid 
event, occurring within a short period of time after virus attachment 
(Stoker and Newton, 1959; Reissig and Kaplan, 1960). Another striking 
cytological feature of infection, probably common to all PR V strains, is 
the formation of intranuclear inclusions; their characteristics have been 
reviewed (Kaplan, 1969). 

Two other types of characteristic changes are induced in monolayers 
of cells by infection with PRY: (1) The infected cells may fuse and form 
syncytia (also known as polykaryocytes), or (2) the infected cells may 
become rounded, frequently ballooned, with the formation of only an 
occasional small polykaryocyte. These two types of degenerative changes 
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Cells 

Mouse fibrobla~ts 
He La 
Rabbit kidney 

Pig kidney 
Lamb kidney 
Dog kidney 
Monkey kidney 
Chick embryo 

fibroblasts 
Baby hamster kidney 

Human fibroblasts 

TABLE III. Host Cell Range 

References 

Scherer 11953) 
Scherer and Syverton 11954) 
Barski et ai. 11955), Kaplan and Vatter 11959), Smith et al. 

11966) 
Singh 11962), McFerran and Dow 11962), Stewart et al. 11974) 
Ceccarelli and Del Mazza 11958) 
Aurelian and Roizman 11965) 
von Kertkjart6 and Rhode (1957). Follett et al. 11975) 
Cserey-Pechany et al. 11951 I, Btladi and Ivanovics 11954), 

Albrecht et al. 11963) 
Sharma et al. (19621, Chantler and Stevely 119731, Dubovi and 

Youngner (1976) 
Plummer et al. (1969a) 

were described many years ago by Lauda and Rezek (1926). Since that 
time there have been many descriptions of these two kinds of cytopath
ologic changes in PRV-infected cells (Kaplan, 1969; Darlington and Gran
off, 1973). 

The kind of effect (rounding or syncytia formation) one observes is 
dependent upon the genetic constitution of the infecting virus. Thus, 
variants that produce one or the other type of cellular degeneration have 
been repeatedly isolated (Tokumaru, 1957; Kaplan and Vatter, 1959; Go
lais and SabO, 1976; Bitsch, 1980). The type of cell infected, however, also 
seems to affect the cytopathology of the virus-cell complex. The same 
virus isolates may produce different kinds of cytopathic effects depending 
on the cell culture they infect (Skoda et a1., 1968; Ludwig et a1., 1974; 
Golais and SabO, 1976). Thus, in addition to the genotype of the infecting 
virus, its phenotypic expression, as modified by the host cells, will also 
influence the type of cytopathic effect produced. 

The formation of mature virus is not essential for the development 
of cytopathic changes; they will occur when the formation of mature 
virions is inhibited by a variety of drugs (reviewed by Ben-Porat and Ka
plan, 1973). Cell fusion is inhibited by Can A and 2-deoxY-D-glucose; the 
factor responsible for fusion is therefore likely a glycoprotein (Ludwig et 
a1., 1974). 

C Host Range 

In vitro: PRV will multiply in a wide variety of cells cultivated in 
vitro, some of which are listed in Table III. The different types of cells 
will, however, vary in the yield of infectious virus they produce and dif
ferent strains of virus will differ in the relative yield of virus produced 
in different cell lines. 
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In vivo: The natural host of PRY is swine. Under natural conditions, 
the virus causes fatal infection of cattle, as well as of sheep, dogs, and 
cats (Gustafson, 1981). Wild animals, such as foxes, skunks, rats, mice, 
cottontail rabbits, muskrats, raccoons, badgers, woodchucks, opossums, 
and deer, are also susceptible to infection with PRY (Trainer and Karstad, 
1963; Kirkpatrick et a1., 1980). 

Experimentally, PRY can be transmitted by the inoculation of the 
following animals: chickens, rabbits, guinea pigs, cats, embryonated eggs, 
pigeons, sheep, hamsters, marmosets, rhesus monkeys, rats, mink, and 
ferrets (Faria and Braga, 1934; Remlinger and Bailly, 1934; Hurst, 1936; 
Galloway, 1938; Bailly, 1938; Glover, 1939; Burnet et a1., 1939; Toneva, 
1961; Tokumaru and Scott, 1964; Goto et a1., 1968; McFerran and Dow, 
1970; Goto et al., 1971). There are some species of animals that appear 
to be refractory to infection: certai.n primates (Barbary apes and chim
panzees) and poikilotherms (Gustafson, 1981). 

VII. RNA SYNTHESIS IN PRV-INFECTED CELLS 

A. Patterns of Transcription of the Virus Genome 

It is generally assumed that the unmodified host cell polymerases 
can transcribe the incoming herpesvirus genome, because naked virus 
DNA is infectious (Sheldrick et a1., 1973). Furthermore, because there is 
no evidence to show that herpes virions possess an RNA polymerase, the 
assumption is made that during the normal course of infection the first 
virus transcripts are also synthesized by an unmodified host RNA po
lymerase. Indeed, studies using inhibitors, as well as cell lines resistant 
to a-amanitin, have implicated RNA polymerase II in the transcription 
of the HSV genome (Alwine et a1., 1974; Ben-Zeev and Becker, 1977). As 
expected, PRY DNA is also infectious (see below) and therefore at least 
part of the virus genome can be transcribed by an unmodified cellular 
polymerase II. 

On the basis of the differential transcription patterns of the virus 
genome at various stages of infection, the transcriptional program of the 
genome of PRY may be subdivided into at least the following three 
classes, which are transcribed successively and which exhibit increasing 
complexity: (1) "immediate-early" (IE) RNA, which is synthesized in the 
absence of protein synthesis; (2) "early" RNA, which is synthesized before 
virus DNA synthesis is initiated; (3) "late" RNA, which is synthesized 
after virus DNA synthesis has taken place in the infected cells. 

The complexity of the transcripts accumulating within the infected 
cells at various stages of infection varies greatly. Only approximately 7% 
of the total virus DNA sequences are transcribed as IE RNA (Rakusanova 
et a1., 1971; Jean et a1., 1974; Feldman et a1., 1979). Early RNA is com
plementary to only half as many sequences as is late RNA which hy-
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FIGURE 4. Relative abundance of transcripts synthesized at various stages of infection 
originating from different regions of the PRV genome. Modified from Feldman et al. (1979). 

bridizes to about 50% of the virus DNA sequences (Rakusanova et a1., 
1971; Jean et a1., 1974; Feldman et a1., 1979). 

The relative abundance of transcripts originating from various re
gions of the virus genome that accumulate under different conditions 
within the infected cells is illustrated in Fig. 4, which summarizes the 
cumulative data obtained with restriction fragments generated by several 
enzymes (Feldman et a1., 1979). The difference in the relative abundance 
of the transcripts is mainly due to differential transcription rates; the 
patterns obtained by labeling the RNA (in nuclear monolayers) during 
short labeling periods were similar to the patterns obtained by labeling 
intact cells for longer periods (Feldman et a1., 1979, 1982).Thus, selective 
degradation of parts of the transcribed sequences is not the main reason 
for the differences in the abundances of different transcripts at different 
stages of infection and it is clear that controls operate at the level of 
transcription of the PRY genome. The factors that modulate the tran
scriptional program of the PrY genome have not been identified to date. 
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FIGURE 5. Sequential accumulation of 
virus transcripts at early stages of infec
tion. Rabbit kidney cells were labeled with 
32P04 from the time of infection. At the 
indicated time periods (min), they were 
harvested and the RNA extracted and hy
bridized to KpnI-digested PRY DNA fixed 
to nitrocellulose filters. Modified from 
Feldman et a1. (1979). 

B. Transition from IE RNA to Early RNA Transcription 

The sequential transcription of different regions of the genome and 
the transition from the synthesis of IE RNA to that of early RNA during 
the earliest stages of the normal infective process are illustrated in Fig. 
5. Scanning of appropriately exposed strips shows that IE RNA (hybrid
izing to KpnI fragments E and H only) is transcribed for the first 40 min
utes of the infective process only (Feldman et al., 1982). With the ces
sation of transcription of IE RNA, there is an increase in the transcription 
of other virus sequences (early RNA). 

The sequences from which IE RNA originates are not detectably tran
scribed during the early phase of infectionj pulse labeling of nuclear mon
olayers obtained from infected cells shows that between 50 and 90 min 
postinfection the IE region of the genome is not transcribed (Feldman et 
al., 1982). However, by 3 hr postinfection, this region is again transcribed, 
but in contrast to the IE transcripts synthesized at the earliest stages of 
infection, the transcripts originating from that region at later times after 
infection are not transported efficiently to the cytoplasm. Furthermore, 
these transcripts have higher sedimentation characteristics than do the 
"true" IE transcripts (Feldman et al., 1982). 

The observation that IE RNA only is transcribed in cycloheximide
treated cells infected with PRY (Rakusanova et al., 1971 j Jean et al., 1974) 
implicates an IE function either directly or indirectly in the transition to 
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the transcription of early RNA. The evidence obtained with ts mutants 
defective in IE functions also shows that the IE proteins are continuously 
required for the orderly transcriptional program of PRY (Ihara et al., 1983). 
Furthermore, in addition to being required for the transition of IE to early 
RNA synthesis, expression of the IE protein also leads to the simultaneous 
loss of recognition of the IE promoter (Tean et al., 1974; Ihara et al., 1983). 

The mechanism by which the IE protein regulates transcription is 
presently unknown. It is possible that it modifies the RNA polymerase, 
or another cellular factor that modulates transcription, or that it modifies 
the DNA template. 

C. Transition from Early to Late RNA Transcription 

By definition, transition from early to late transcription occurs only 
after virus DNA synthesis has been initiated. The situation appears, how
ever, to be much more complex and many different DNA - ts mutants 
have patterns of transcription intermediate between those seen at early 
and late stages of the normal course of infection (1. Feldman and T. Ben
Porat unpublished results). This is observed by analysis of Southern blots 
(Southern, 1975) of RNA accumulating in the mutant infected cells dur
ing relatively long labeling periods, as well as after a short labeling period, 
in nuclear monolayers. 

The factors affecting the switch from early to late RNA synthesis in 
PRY-infected cells are largely unknown. One can postulate, as has been 
done for other systems, that a modification of the DNA template (which 
is achieved when the DNA is in replicative form) is directly involved. 
Alternatively, the switch from early to late RNA synthesis may be me
diated, at least in part, by other factors, the presence of which in the cells 
is dependent on replicating virus DNA. 

D. Characteristics of Virus Transcripts 

1. The IE Transcripts 

The IE transcripts have been mapped to a 4.1 x 1Q6-dalton segment 
of DNA located internally within the inverted repeat (approximate map 
positions 0.95-0.99). The transcript is approximately 6 kb in size; it is 
normally synthesized up to approximately 40-50 min postinfection. 
While this transcript is not synthesized at later stages of infection, larger 
transcripts that include these sequences are synthesized beginning at ap
proximately 3 hr postinfection (Rakusanova et al., 1971; Feldman et al., 
1979, 1982; Ihara et al., 1983). These transcripts are not precursors of 
mRNA (Feldman et al., 1982). 

Analysis of nuclear and cytoplasmic IE RNA by the Northern tech
nique, using nick-translated restriction fragments of PRY DNA as probes, 
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shows that only one IE transcript is synthesized and that the sizes of the 
nuclear and the cytoplasmic transcripts are similar (Ihara et al., 1983). 

IE RNA synthesized at the earliest times in the normal course of 
infection is rapidly transported to the cytoplasm (Feldman et al., 1982). 

2. Early Transcripts 

As mentioned above, early transcripts are complementary to most 
sequences of the genome. Two exceptions have been detected: (1) the 
region from which IE RNA originates and (2) a region within the middle 
of the inverted repeats (about 5 kbp; see Fig. 4). 

Analysis of the size distribution of the early transcripts synthesized 
during a short pulse shows that most are approximately of mRNA size 
and that they are rapidly transported to the cytoplasm (Deatly et al., 1984). 
The majority of these transcripts are relatively stable and decay with a 
half time of several hours. 

3. Late Transcripts 

Late transcripts may be divided into two groups. One group is com
posed of transcripts of approximately mRNA size that make up only a 
fraction of the total "late" virus RNA synthesized by the cells. This RNA 
is transported rapidly to the cytoplasm. The other group of transcripts 
consists of very large molecules that turn over rapidly (50% of the tran
scripts turn over within 30 min) and are not precursors to mRNA (Deatly 
et al., 1984). While some differential turnover of transcripts originating 
from specific regions of the genome can be detected, as a whole, the 
unstable sequences appear to be distributed fairly evenly throughout the 
genome (Feldman, 1980). Whether these large transcripts have a function 
in the biology of the virus or whether they represent aberrant transcripts, 
possibly reflecting weak termination sites, is not known. 

E. Accumulation of Virus mRNAs in the Infected Cells 

As mentioned above, the rate of transcription of different regions of 
the genome differs both at early and at late stages of infection; some 
regions are more actively transcribed than others. Similarly, the degree 
of accumulation of different mRNA species varies greatly. In general, it 
appears that the regions that are most actively transcribed are also those 
from which mRNAs accumulate most abundantly. 

The number of different major mRNA species that accumulate in 
the cells at various stages of infection has been determined by the North
ern technique, using nick-translated, cloned virus DNA restriction frag
ments as probes. 

On the basis of the sequential appearance of the various mRNA spe
cies, as well as on the basis of their level of abundance at various stages 
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of the infective process (as determined by the relative intensity of the 
bands), the virus mRNAs may be divided into four groups. 

f. 

1. IE mRNA 

Only a single mRNA, approximately 6 kb in size, belongs to this 
class. Thus, the IE functions of PR V represent a much more restricted 
set of functions than do those of HSV. Two other major IE transcripts of 
HSV that originate from the junction of the Us and the repeat regions 
appear to have equivalents in two early transcripts of PRY (Feldman et 
al., 1979). Thus, it appears that some of the functions that are included 
in the IE class of HSV are part of the early class of functions in PRY. 

2. Early mRNA 

mRNA species belonging to this class are synthesized at the early 
stage of infection and accumulate up to about 3-4 hr postinfection. There
after, the level of most of these mRNA species remains constant while 
the level of some species declines. In the absence of DNA synthesis, 
continuous accumulation of some of these mRNA molecules is observed. 
Different DNA - ts mutants, however, vary somewhat in this respect (L. 
Feldman and T. Ben-Porat unpublished results). 

3. Early-Late mRNA 

mRNA species belonging to this class start being synthesized at early 
times (1 hr) after infection, but accumulate abundantly between 3 and 9 
hr postinfection (by 9 hr postinfection, transcription of the virus genome 
declines in the system studied). 

4. Late mRNA 

These mRNA species start appearing by 2.5 hr postinfection (after 
virus DNA synthesis has started) and accumulate abundantly thereafter 
up to the end of the infectious cycle. 

The map positions and the sizes of the abundant mRNA species be
longing to these four classes are given in Table IV. 

Analysis of the sizes of the abundant mRNAs originating from some 
regions of the genome showed thai their cumulative sizes exceed the 
coding capacity of those regions. For example, the genomic region in the 
Us that encompasses 84.3-89.1 MU (6.6 kbp) specifies at least seven major 
mRNAs with a cumulative size of 19.2 kb. (The sizes of these mRNAs 
differ from those detected with probes consisting of the sequences ad
jacent to that region of the genome.) Selection of these mRNA species 
followed by translation of the selected RNA in vitro results in the syn
thesis of at least six (Lomniezi et al., 1984b) distinct polypeptides and it 
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appears therefore that the various size mRNAs code for different size 
proteins. Transcription of both strands of the DNA would give rise to 
only 13.2-kb RNA (instead of the 19.2 kb mRNA seen). Thus, as is the 
case for HSV, as well as for most other eukaryotic DNA viruses, there 
appears to be efficient use of the coding capacity of the PRY genome. 
Whether any of the messages share a common 5' initiation site or com
mon 3' termination site has not as yet been determined. 

VIII. PROTEIN SYNTHESIS IN THE INFECTED CELLS 

A. Patterns of Virus Protein Synthesis 

Infection of cells with PRY inhibits cellular protein synthesis (Ha
mada and Kaplan, 1965); during the normal course of infection, this in
hibition occurs gradually. Thus, when infected cells are labeled during 
early stages of infection, the virus protein bands appear on the autora
diograms against a background of cellular protein bands. At later times 
after infection, most of the bands on the autoradiograms of the gels have 
migration characteristics that distinguish them from those of the cellular 
protein bands. 

Approximately 40 new virus protein bands can be identified by 5 hr 
postinfection in one-dimensional gels (using various gel concentrations). 
However, many more new "spots" can be distinguished on two-dimen
sional gels. Typical two-dimensional gels of proteins synthesized by cells 
at early stages of infection and by uninfected cells are illustrated in Fig. 
6. Two points emerge from an analysis of the autoradiograms of such 
gels: (1) Even at early stages of infection, a relatively large number of 
polypeptides (approximately 30 new major "spots") can be identified that 
are not present in the uninfected cell lysate. (2) While by 3 hr postinfec
tion the synthesis of most cellular polypeptides has been inhibited to 
some degree, the synthesis of some has been inhibited to a much greater 
degree. Thus, infection appears to affect the synthesis (or processing) of 
the various cellular polypeptides differentially. 

An analysis of scans of the one-dimensional PAGE autoradiograms 
of the proteins synthesized by infected cells at various stages of infection 
shows that the virus proteins (i.e., protein bands not observed in unin
fected cells) can be subdivided into five classes, depending on the stage 
of infection during which they are synthesized most abundantly (Fig. 7). 

1. Class I Proteins (IE Proteins) 

These include the proteins synthesized at very early stages of infec
tion (up to 2IJ2 hr postinfection only) (Ben-Porat et a1., 1975a). This class 
of virus proteins is overproduced when IE mRNA is allowed to accu
mulate by treatment of the infected cells with inhibitors of protein syn-
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FIGURE 6. Two-dimensional gel electrophoresis of proteins synthesized by infected and 
uninfected cells. The cells were labeled with [3H]leucine between 2.0 and 3.0 hr postinfec
tion. Arrows on the autoradiogram of infected cell lysates indicate virus proteins; arrows 
on the autoradiogram of unifected cell lysates indicate cellular proteins, the synthesis of 
which has been inhibited by infection to a greater extent than that of others. The autora
diogram of infected cell proteins was exposed 20 days; that of uninfected proteins was 
exposed 10 days (T. Ben-Porat, unpublished results). 

thesis and then allowed to be expressed. These proteins are also over
produced in cells infected at the nonpermissive temperature with 
mutants defective in the IE protein (Ihara et a1., 1983). Only one IE protein 
(180K) is specified by the PRY genome (Ihara et a1., 1983). 

Control of abundance of IE proteins in the infected cells operates at 
at least two levels: (1) self-regulation at the level of transcription (see 
above) and (2) regulation of message stability in which an early function 
appears to playa role (Feldman et al., 1982). While the IE protein is not 
synthesized beyond 2.5 hr postinfection (Ben-Porat et al., 1975a), its con
tinued presence in the infected cells is essential to the maintenance of 
the normal transcriptional program (Ihara et al., 1983), as is the 175K IE 
protein of HSV (Watson and Clements, 1980). 

2. Class II Proteins (Early Proteins) 

These include the proteins synthesized most abundantly between 1 
and 4 hr postinfection, i.e., prior to and during the early stages of DNA 
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FIGURE 7. Synthesis of various classes of virus proteins at different times after infection. 
Infected cells were labeled with [3H]leucine for 1-hr intervals at various times after infection. 
The proteins were electrophoresed and autoradiograms prepared. The autoradiograms were 
scanned, the area under the peaks was determined, and the relative abundance of the various 
proteins that had been synthesized at different times after infection was deduced. The 
Roman numerals refer to the protein class. IT. Ben-Porat, unpublished results). 

synthesis. Thereafter, the rate of their synthesis declines. The rate of 
synthesis of these proteins continues to increase with time after infection 
when virus DNA synthesis is inhibited or in cells infected at the non
permissive temperature with some DNA - ts mutants (A. Deatley and 
T. Ben-Porat, unpublished results). The phenomenon may be related to 
the overproduction under similar conditions of early virus enzymes, 
which probably belong to this class of proteins (Kaplan and Ben-Porat, 
1968). 
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3. Class III Proteins (Early-Late Proteins) 

These include proteins whose synthesis is detectable as early as 90 
min plostinfection but which are synthesized at a maximal rate at later 
times after infection (between 4 and 9 hr postinfection). When the syn
thesis of virus DNA is prevented (either in cells infected with ts mutants 
or by treatment of the infected cells with inhibitors), the synthesis of 
class III proteins continues in some cases at approximately the same rel
atively low rate between Ii and 9 hr postinfection. The major capsid 
proteins belong to this class. 

4. Class IV Proteins (Late Proteins) 

The synthesis of these proteins does not start in cells in which virus 
DNA synthesis is inhibited (DNA - ts mutants at the nonpermissive tem
perature or in the presence of inhibitors of DNA synthesis). They also 
are not detectably synthesized before 2.5-3 hr postinfection. Some of the 
virus envelope proteins belong to this class. 

5. Class V Proteins (Unvarying Proteins) 

These are synthesized in relatively large quantities throughout the 
infectious cycle; no significant change in the rate of their synthesis is 
detected between 1 and 9 hr postinfection (Le., between the beginning 
and the end of the growth cycle). These proteins are not detectably syn
thesized by uninfected cells and do not appear to be cellular proteins. 

B. Mapping of Virus Polypeptides 

Selection of mRNA species specified by defined regions of the virus 
genome, followed by in vitro translation of these mRNAs, allows the 
determination of the map position coding for the different virus poly
peptides. These polypeptides can be identified by their apparent molec
ular weight, as determined by PAGE and by immunoprecipitation with 
specific antibodies, thereby mapping on the genome the genes coding for 
these antigenically identified proteins. 

Fewer than 40 polypeptides have been identified to date by selection 
and translation of mRNAs extracted from infected cells (S. Watanabe and 
T. Ben-Porat, unpublished results). This is a considerably smaller number 
than expected on the basis of the number of "unrelated" virus polypep
tides that can be resolved by two-dimensional gel electrophoresis. It is 
likely that only those polypeptides for which abundant mRNA is present 
in the cells were identified and that the polypeptides specified by minor 
species of mRNAs were not detected. 

The salient points to emerge from the available information are as 
follows: (1) The IE 180K protein, as well as the 136K DNA-binding and 
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the 142K major capsid proteins, originate from regions of the genome to 
which they had previously been assigned on the basis of marker rescue 
experiments of ts mutants defective in these proteins (Ladin et a1., 1982 j 

Ihara et a1., '1983 j Ben-Porat et a1., 1983a). (2) The genes specifying for 
three capsid proteins (142K, 62K, 32K) are clustered in the same region 
of the genome (0.445-0.519 MU). 

C. Control of Virus Protein Synthesis 

As mentioned above, inspection and scanning of the PAGE profiles 
of lysates of infected cells show that the types of proteins synthesized, 
as well as their relative abundance, vary at different stages of infection 
(Fig. 7). Evidence has been obtained implicating controls of the expression 
of the virus genome at the levels of transcription and of mRNA stability 
(see above). In addition, it appears that controls are also exerted at the 
level of translation of the mRNAs. This is indicated by the fact that under 
certain conditions of infection, the polysomal mRNA species are only a 
subset of the mRNA species present in the cytoplasm of the infected cells 
(A. Deatly and T. Ben-Porat, unpublished results). 

McCrath and Stevely (1980) have studied the translation of virus 
mRNA in vitro and have found that the conditions for optimum stim
ulation of amino acid uptake in rabbit reticulocyte lysates are similar for 
mRNA obtained from infected and from uninfected cells. At least part 
of the polypeptides that are synthesized under these conditions are viral. 
These findings have been confirmed in our laboratory (A. Deatley and T. 
Ben-Porat unpublished results). Several additional points emerge from an 
analysis of the types of polypeptides that are synthesized when rabbit 
reticulocyte lysates are primed with mRNA obtained from PRY-infected 
cells at various stages of the infective process (A. Deatly and T. Ben-Porat, 
1984). 

(1) Despite the fact that cellular proteins are synthesized at only low 
levels (or not at all). Under some conditions of infection, mRNA 
preparations isolated from the cytoplasm of these cells contain 
relatively large amounts of cellular messages that are transla
tionally competent (Ihara et a1., 1983). [The presence of these 
cellular messages in the RNA preparations can also be detected 
by the Northern or dot-blot hybridization procedures using spe
cific cellular cloned genes as probes (S. Watanabe and T. Ben
Porat, unpublished results)]. 

(2) While IE mRNA, as well as many early-late mRNAs, are effi
ciently translated in reticulocyte lysate systems, some early virus 
mRNAs are translated poorly or not at all. It is probable that some 
factor(s) essential for the translation of these early mRNA species, 
but not of other virus mRNA species, is limiting in the system. 
This factor(s) has not been identified. 
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D. Functions of Some Nonstructural Virus Proteins 

The enumeration of the virus proteins synthesized by the infected 
cells discussed above indicates that, as expected, PR V codes for many 
nonstructural proteins. While the functions of most of these proteins 
remain obscure, some information concerning a few of them is available 
and is discussed below. 

1. The IE Protein 

PRY specifies only one (180K) IE protein (Ihara et al., 1983). This 
protein probably corresponds to the 175K IE protein of HSV (Morse et ai., 
1978 j Preston et ai., 1978 j Dixon and Schaffer, 1980 j Watson et al., 1979). 
Indeed, the regions of the genome coding for these proteins in HSV and 
PRY show a relatively high degree of sequence complementarity (Ben
Porat et ai., 1983b). 

The IE protein of PRY appears to be multifunctional and to regulate 
several processes in the infected cells. 

a. Role of the IE Protein in the Transition from IE to Early Phase of 
Transcription 

The observation that only IE RNA is transcribed in cycloheximide
treated infected cells (see section VIII.D.l.) implicates an IE function 
either directly or indirectly in the transition from transcription of IE RNA 
to transcription of early RNA. Indeed, evidence obtained with ts mutants 
deficient in IE proteins suggests that functional IE protein is continuously 
required for the orderly transcriptional program of PRY (Ihara et al., 1983), 
as it is of HSV-l (Preston, 1979 j Watson and Clements, 1980). 

b. Role of the IE Protein in the Repression of Synthesis of IE mRNA 

During the normal course of infection, PRY transcripts accumulate 
up to 50 min postinfectionj between approximately 50 min and 2.5-3 hr 
postinfection the IE region of the genome is not transcribed (Feldman et 
al., 1982). Similarly, after shiftdown from the nonpermissive to the per
missive temperature of cells infected with a ts IE mutant, transcription 
of the IE region of the genome, which had been continuous at the non
permissive temperature, is arrested (Ihara et al., 1983). Furthermore, in 
cells incubated from the time of infection with cycloheximide, IE tran
scripts accumulate continuouslYj however, after the removal of the in
hibitor the transcription of that region ceases as the result of the synthesis 
of the IE protein (Feldman et ai., 1979). Thus, the expression of IE proteins 
leads to a loss of recognition of the IE promoter and appears to be directly 
involved in the repression of IE mRNA. 
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c. Role of the IE Protein in Inhibition of Cellular Protein Synthesis 

The IE protein is involved in the inhibition of cellular protein syn
thesis, as deduced from the following observations: When cycloheximide
treated infected cells are allowed to synthesize RNA (but not proteins) 
during the first few hours after infection, most of the cell-specific poly
somes within the infected cells remain intact. Furthermore, for the first 
3 min after resumption of protein synthesis is allowed in these cells, 
reformation of cellular polysomes occurs; several minutes thereafter, 
however, cell-specific polysomes disappear and only virus mRNA re
mains polysome-associated. It was concluded from these observations 
that the virus RNA that had accumulated in the infected cells in the 
absence of protein synthesis (IE RNA) was translated after protein syn
thesis was allowed to proceed, and that the IE proteins are probably re
sponsible for the subsequent disaggregation of cellular polysomes (Ben
Porat et al., 1971; Rakusanova et al., 1971). This conclusion was rein
forced by the finding that expression of early function is blocked under 
these conditions (Jean et ai., 1974). The IE protein must therefore be 
responsible for the disappearance of the cellular polysomes. Also, in cells 
infected at the nonpermissive temperature with a ts mutant in which 
only the IE protein is expressed, inhibition of the synthesis of cellular 
proteins occurs. Because the incoming virions do not inhibit cellular pro
tein synthesis, it appears that the IE protein synthesized at the nonper
missive temperature in the mutant infected cells, though unable to in
duce the transition from IE to early transcription, still appears able to 
inhibit (at least partially) the synthesis of cellular proteins (Ihara et ai., 
1983). 

2. DNA-Binding Proteins 

Virus-specified chromatin-associated, arginine-rich, acid-extractable 
proteins have been identified by several investigators in PRY-infected 
cells (Shimono and Kaplan, 1968; Stevens et al., 1969; Chantler and 
Stevely, 1973). Some of these proteins appear to be structural and can be 
isolated from preparations of purified virions (Chantler and Stevely, 1973). 
As expected, a relatively large number of virus proteins (at least 16) (T. 
Ben-Porat, unpublished results) that bind to both single- and double
stranded DNA can be isolated from PRY-infected cells. While the func
tions of most of these proteins remain obscure, a few have been studied 
in some detail. 

a. The 136K DNA-Binding Protein 

This is the major DNA-binding protein synthesized by PRY; it dis
plays the characteristic kinetics of synthesis of a class II (early) protein. 
This protein has been isolated and characterized by Littler et al. (1981) 
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and Yeo et al. (1981) and has been found to be antigenically related to 
the major DNA-binding protein of HSV. 

Some of the functions of this protein have been established using 
cells infected at the nonpermissive temperature with mutants defective 
in this protein. The 136K DNA-binding protein is required for the fol
lowing: (1) the initiation of the first round of virus DNA synthesis; (2) 
later rounds of DNA replication; (3) the stabilization of progeny virus 
DNA (Ben-Porat et al., 1983a). In the absence of a functional 136K protein, 
progeny virus DNA that has accumulated within the infected cells is 
degraded and it appears that the 136K protein plays a role in the protection 
of the progeny DNA from nucleolytic attack. 

b. The 10K and 15K DNA-Binding Proteins 

Two small, nuclear, acid-soluble proteins, 10K and 15K, are closely 
associated with the fast-sedimenting structures of concatemeric DNA 
that are present within the infected cells at late stages of infection. Part 
of these proteins, while associated with concatemers, is protected from 
the action of proteases, probably because the proteins are present at the 
center of the concatemeric tangles of DNA. Removal of the proteins from 
the concatemeric DNA by treatment with high salt concentrations (e.g., 
isopycnic centrifugation in CsCl) results in the introduction of double
stranded breaks in the virus DNA. Whether this reflects physical breakage 
or is the result of an enzymatic action (similar to that, for example, of a 
topoisomerase) is not known. Furthermore, it is also not clear whether 
the effect is due directly to the small DNA-binding proteins or whether 
some other protein(s) present in amounts too small to be detected by the 
methods that have been used may be responsible for the breaks. 

Both the 10K and the 15K DNA-binding proteins are late proteins; 
i.e., they are not detectable in lysates of infected cells during early 
stages of infection, as well as in lysates of cells infected at the non
permissive temperature with most DNA - ts mutants. The 10K is a 
structural virus protein, but the 15K is nonstructural (Ben-Porat et al., 
1984d). 

3. Excreted Glycoproteins 

The envelope of PRY is composed of four major (and possibly several 
minor) glycoproteins. In addition, one nonstructural glycoprotein (90K) 
is produced in relatively large amounts by cells infected with the virus 
(Erickson and Kaplan, 1973); this protein is also efficiently excreted from 
the cells. While all virus glycoproteins are sulfated to varying degrees, 
the 90K glycoprotein is sulfated to a much higher extent than the others 
(Kaplan and Ben-Porat, 1976). 

The sulfated moiety of the 90K excreted glycoprotein is not linked 
to carbohydrates, as is characteristic of mammalian mucopolysaccharides 
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(Erickson, 1976). Indeed, Pennington and McCrae (1977) have shown that 
while this protein is usually first glycosylated and then sulfated, the pro
tein is sulfated even when glycosylation is inhibited. This supports the 
finding of Eiickson (1976) mentioned above. 

The 90K excreted glycoprotein does not react with anyone of 10 
different monoclonal antibodies directed against the virus structural gly
coprotein isolated to date (H. Hampl and T. Ben-Porat, unpublished re
sults). Furthermore, antisera raised against partially purified preparations 
of this protein react poorly with the virus structural glycoproteins. There
fore, while it appears unlikely that this protein is a modified structural 
glycoprotein, this possibility has not, as yet, been completely eliminated. 
The function of this protein is unknown. 

4. Virus Enzymes 

PRY probably specifies many different enzymeSj only a few such 
enzymes have been identified to date. 

In rabbit kidney cells infected with PRY there is an increase in the 
activity of TK, beginning about l.5-2 hr postinfection (Nohara and Ka
plan, 1963 j Kamiya et ai., 1964j Kaplan et ai., 1965). The TKs present in 
infected and uninfected cells are antigenically distinct (Hamada et al., 
1966), indicating that the newly synthesized enzyme is probably specified 
by PRY. That this is indeed the case is clearly shown by the fact that 
TK - mutants of the virus can be isolated (Ben-Porat et al., 1983b). 

The TK activity specified by PR V differs in several aspects from that 
specified by HSV. Buchan and Watson (1969) analyzed the antigenic de
terminants of the TKs produced by BHK21 cells infected with either PRY 
or HSV and found the enzymes to be serologically distinct. Furthermore, 
the TK produced by PRY-infected cells differs also in other properties 
from the HSV-induced enzyme. The HSV-induced enzyme can phospho
rylate deoxyuridine (Kit et al., 1967) whereas the TK induced by PRY 
cannot (Kaplan and Ben-Porat, 1970a). Furthermore, whereas the TKs 
specified by HSV-l and HSV-2 are able to phosphorylate both thymidine 
and deoxycytidine, the enzyme specified by PRY will phosphorylate only 
thymidine (Kaplan et al., 1967j Jamieson et al., 1974). 

PRY also codes for a DNA polymerase. The PRY-induced DNA po
lymerase differs antigenically from cellular DNA polymerase, as well as 
from the DNA polymerase induced by HSV-l and HSV-2 j it also differs 
in its requirement for KCl in in vitro assays (Halliburton and Andrew, 
1976). Temperature-sensitive mutants of PRY deficient in the DNA po
lymerase have been isolated (Ben-Porat et ai., 1982b, 1983b). 

As high concentrations of thymidine in the growth medium will 
inhibit DNA synthesis of uninfected cells as a result of feedback inhi
bition of the synthesis of deoxycytidylic acid (Reichard et al., 1961 j Morris 
et ai., 1963), but will not inhibit DNA synthesis in cells infected with 
PRY (Kaplan, 1964), it was concluded that PRY probably specifies a ri-
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bonucleotide reductase that is resistant to feedback inhibition by dTTP 
(Kaplan and Ben-Porat, 1968). Recent experiments by Lankinen et al. 
(1982) have shown this to be the case. Infection of mouse L cells with 
PRY results in a lO-fold increase in the activity of ribonucleotide reduc
tase. The properties of the induced enzyme differ from those of the en
zyme present in uninfected cellsj it has no requirement for ATP as a 
positive effector and is not feedback-inhibited by dTTP or dATP. 

DNase is another enzyme induced in cells infected with PRY. The 
activity of this enzyme is inhibited by homologous antiserum but not by 
antiserum against HSV. The PRY-induced DNase is an exonuclease that 
catalyzes the release of deoxyribonucleoside-5'-monophosphates sequen-
tially from the 3' terminus of the DNA (Keir, 1968). " 

After infection of rabbit kidney cells with PRY, there is also an in
crease in the level of dTMP kinase activity (Nohara and Kaplan, 1963). 
The dTMP kinase activity present in PRY-infected cells exhibits a greater 
thermo stability than the activity present in uninfected cells and, in con
trast to the latter, does not require substrate for stabilization (Nohara and 
Kaplan, 1963). However, the increased level of dTMP kinase activity in 
the PRY-infected cells, although prevented by inhibitors of protein syn
thesis, is not the result of the synthesis of new enzyme proteinj instead, 
the enzyme in uninfected cells, which is normally unstable in vitro, ap
pears to acquire new properties after infection (Kaplan et a1., 1967). 

IX. DNA SYNTHESIS IN PRV-INFECTED CELLS 

A. Rate of Virus DNA Synthesis 

The rate of PRY DNA replication has been estimated to be approx
imately 1 J.Lm (2 x 106 daltons)/min at 3rC j part of the DNA, however, 
replicates at twice that rate. The time required to replicate a unit size 
genome is thus for the most part approximately 45 min (Ben-Porat et al., 
1977). 

PRY DNA replicates semiconservatively (Kaplan and Ben-Porat, 
1964) and at early stages of DNA synthesis the virus DNA appears to 
replicate in a geometric fashion (Ben-Porat et al., 1976a). However, at 
later times, only part of the newly replicated DNA molecules replicate 
again (Kaplan, 1964), even when encapsidation of the DNA is prevented 
(A. S. Kaplan and T. Ben-Porat unpublished results). W~lether this is due 
to a limiting supply of some factors required for DNA replication or 
whether it reflects the mode of PRY DNA replication remains to be as
certained. 

B. Properties of Intracellular Virus DNA 

On the basis of a combination of results obtained from sedimentation 
studies, analysis of the structure of the DNA by electron microscopy, 
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and analysis of the DNA with restriction endonucleases, the intracellular 
structures of virus DNA may be subdivided into three types: (1) structures 
of parental virus DNA before the initiation of virus DNA synthesis; (2) 
structures of replicating DNA during the first round(s) of replication; (3) 
structures of replicating DNA during late phases of replication. 

l. Structure of Parental Virus DNA before Initiation of Virus DNA 
Synthesis 

Despite the relatively high ratio of physical to infectious particles in 
populations of PRV, a large proportion of the virions will participate in 
the initial phases of the infective process; most of the virions can adsorb 
to the cells and 30 to 90% (depending on the quality of the virus and on 
the host cells) of the DNA in the adsorbed virions becomes associated 
with the nucleus of the cell. A significant proportion of the nicks present 
in the parental virus DNA is ligated and practically all the PRV DNA 
that penetrates the nucleus will replicate (Ben-Porat et al., 1976a). 

Virus DNA molecules with single-stranded ends, as well as a small 
number of circular molecules, have been observed in the electron mi
croscope at very early stages of infection, indicating that the parental 
genomes form circles (Jean and Ben-Porat, 1976). Analysis by means of 
restriction endonuclease cleavage of parental PRV DNA present in the 
infected cells before DNA synthesis has been initiated also indicated that 
most of the parental virus DNA molecules lose their free ends; instead 
of fragments representing the free ends, a new fragment consisting of the 
two end fragments joined together appears, indicating that the parental 
virus DNA forms circles (Ben-Porat et al., 1980). . 

Because many of the parental virus DNA molecules that could be 
isolated from the nuclei of the infected cells had single-stranded ends, it 
was postulated that upon entering the cell nucleus, the virus DNA is 
digested by an exonuclease and that circle formation occurred by an
nealing of cohesive ends. However, because no sequence homology be
tween the two ends of the molecule exists (1. Davidson, personal com
munication; 1. Harper and T. Ben-Porat, in preparation), this is probably 
not correct and parental DNA most likely circularizes by blunt end lig
ation. 

It has been established that expression of virus functions is not re
quired for circularization of the genome; it occurs efficiently in cyclo
heximide-treated cells (Jean and Ben-Porat, 1976; 1. Harper and T. Ben
Porat, in preparation). Although it has been established that eukaryotic 
cells can efficiently blunt end ligate DNA, it is tempting to postulate 
that a structural virus protein may playa role in this process. 

2. Structures of Replicating Virus DNA during the First Round of 
Replication 

Examination by electron microscopy of PRV DNA molecules present 
within the infected cells soon after virus DNA synthesis has begun re-
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vealed the presence of circular or linear unit-size molecules containing 
large replicative loops; branched molecules of varying sizes were also 
observed. Because branched molecules, as well as molecules with "eyes/' 
were not observed when DNA synthesis had been inhibited, it was con
cluded that these structures most likely represent replicative interme
diates (Jean et ai., 1977). The information derived from electron micro
scopic analyses of replicating PRV DNA must be viewed with caution 
because of the inherent fragility of this DNA and the consequent gen
eration of artifactual structures. The interpretation of the results obtaiIled 
from electron microscopic analysis is, however, facilitated by the results 
obtained from restriction enzyme analysis. Analysis by this method of 
PRV DNA synthesized during the first round of replication reveals that 
most of the DNA is "endless." The end fragments normally present in 
mature DNA are underrepresented or missing completely and instead, a 
new fragment composed of the two joined end fragments appears (Ben
Porat and Veach, 1980). As most of the DNA synthesized during the first 
round of replication sediments with a maximum S value approximately 
twice that of mature DNA (Ben-Porat and Tokazewski, 1977L it is un
likely that the DNA is in the form of concatemers of a size compatible 
with the relatively small number of free ends observed. One is thus led 
to conclude on the basis of these results as well as those obtained from 
analysis of the DNA by electron microscopy that replication is initiated 
mainly on circular molecules by a mechanism that gives rise to "Cairns
type" structures. Although most of the PRV DNA is "endless" during the 
first round of replication, some replication of molecules with free ends 
can also be detected (Ben-Porat and Veach, 1980). 

3. Structures of Replicating Virus DNA during the Late Phase of 
Replication 

Only linear unit-size and longer-than-unit-size molecules, as well as 
concatemeric tangles, were observed by electron microscopy at this stage 
of virus DNA synthesis. Molecules with "eyes" and branches observed 
during the first round of replication were not present during later phases 
of DNA replication (Ben-Porat et a1., 1976b; Jean et ai., 1977). 

Analysis of the fragments generated by digestion with restriction 
endonucleases of DNA synthesized during the late phase of replication 
shows that the free ends normally present in mature PRV DNA are un
derrepresented, and a fragment composed of the two joined end fragments 
appears (Ben-Porat and Rixon, 1979). The newly synthesized DNA is com
posed of tandem arrays of virus genomes, as indicated by the following. 
(1) Electron microscopic analysis of the DNA revealed the presence of 
longer-than-unit-size linear molecules. (2) Longer-than-unit-size DNA 
can be delineated within the concatemeric tangles. (3) Circular virus 
DNA molecules are not observed during the late phase of replication. (4) 
Some longer-than-unit-size single strands of virus DNA can be isolated 
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after denaturation of the virus DNA. (5) In cells infected with DNA + 

mutants in which cleavage of the DNA to unit-size linear molecules is 
defective, a large proportion of the DNA that accumulates at the non
permissive temperature sediments in alkaline sucrose gradients with an 
S value indicating that it is at least two unit-sizes in length; electron 
microscopic examination of this DNA confirms the presence of longer
than-unit-size single-strands (T. Ben-Porat and M. Blankenship, unpub
lished results). Taken together, these data indicate that the virus DNA 
is in the form of linear concatemers rather than in the form of interlocked 
circular molecules. 

The concatemeric tangles of PRY DNA resemble those of some bac
teriophages. Thus, the tangles of virus DNA have dense cores similar to 
those observed in the replicating DNA of T4 or T7 bacteriophages (Hub
erman, 1968; Bernstein and Bernstein, 1974). Also, concatemeric PRY 
DNA sediments faster than can be accounted for by its molecular weight 
(i.e., degree of underrepresentation of free ends), indicating that the con
catemers have an unusually compact conformation, a characteristic, for 
example, exhibited by the concatemers of T4 DNA (Frankel, 1968; Alt
man and Lerman, 1970; Curtis and Alberts, 1976). Furthermore, the high 
S value of the concatemeric structures is not affected by treatment with 
detergents, RNase, or proteases (Ben-Porat et a1., 1976b). 

Some of the characteristics of the concatemeric DNA could be due 
to the presence within the center of the tangles of virus proteins that 
are protected from proteolytic digestion by the DNA. Exposure of the 
concatemeric structures to high salt (isopycnic centrifugation in CsC1 
or KI) results in the loss of their high S values with the concomitant 
removal of the proteins that had been associated with the structures (Ben
Porat et a1., 1984d). These results suggest that the rapidly sedimenting 
structure with which the concatemeric DNA is associated represents 
virus concatemeric DNA molecules folded around ana held together by 
proteins. 

X. ORIGINS OF DNA REPLICATION 

Information concerning the origins of replication of PRY DNA is 
available from several different lines of evidence. 

Originally, evidence was obtained by electron microscopy. The po
sitions and the sizes of "eyes," as well as the lengths of the branches, on 
virus DNA extracted from infected cells suggested that replication of the 
DNA molecules may originate at at least two locations, one near or at 
the end of the molecule and one at a site approximately 20 f.Lm from one 
of the ends (Jean et a1., 1977). As it has become increasingly clear that 
replicating DNA is fragile, some of the replicating molecules that have 
been analyzed may have been broken circular molecules. This casts some 
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doubt on the validity of the conclusions drawn from electron microscopic 
data regarding the location of the origins of replication. 

Because the DNA of herpesviruses replicates as concatemers and be
cause replication bears no temporal relationship to DNA maturation, it 
is not possible to locate the origin of replication in a Dintzis-type ex
periment (Dintzis, 1961), as has been done for the DNA of some other 
viruses, such as, for example, SV40 or adenovirus. The origins of repli
cation of PRY DNA have, therefore, been located by labeling the DNA 
at the beginning of the first round of DNA replication. Analysis of this 
DNA by blot hybridization or by direct digestion revealed a gradient of 
radioactivity along the genome, with the highest specific activity being 
in the fragments originating from the inverted repeats (Ben-Porat and 
Veach, 1980). As replication proceeded, the specific activity of the dif
ferent regions of the genome equalized, the gradient of radioactivity mov
ing from the end of the molecule bearing the inverted repeat to the other 
end. The labeling pattern of the DNA indicated that the main origin of 
replication is located in the inverted repeats but that replication is also 
initiated on some molecules at other positions along the genome, in par
ticular at a location around the middle of the UL sequence. Furthermore, 
the results indicated that replication proceeded mainly unidirectionally. 

Some evidence concerning the origins of DNA replication may also 
be obtained from the analyses of defective DNA. By analogy with other 
systems, it appears likely that origins of replication are essential to the 
replication of the defective DNA and that a segment of DNA containing 
the origin must therefore be present in this DNA. Indeed, analysis of 
defective PRY DNA indicates that different populations of defective DNA 
become enriched either in sequences present in the middle of the UL or 
in sequences derived from the inverted repeats (Rixon and Ben-Porat, 
1979). Furthermore, the sequences for which defective DNA is enriched 
replicate first within cells coinfected with standard and defective virions, 
indicating that an origin of replication must be present in the defective 
DNA (e. Wu and T. Ben-Porat, unpublished results). Some cloned re
striction fragments of defective DNA will also, when cotransfected into 
susceptible cells with wild-type PRY DNA, allow replication of the plas
mid sequences (e. Wu and T. Ben-Porat, unpublished results), indicating 
that they bear origins of replication. Results obtained from these types 
of experiments corroborate the conclusion drawn from other types of 
evidence (see above) concerning the locations of origins of replication on 
the PRY genome. 

The fact that at least two origins of replication have been identified 
in the PRY genome, one in the inverted repeat and one at about the middle 
of the UL sequence, is of interest and requires comment. Because DNA 
replication occurs in two phases (i.e., at early stages on circular unit-size 
molecules as Cairns-type structures and at later times presumably via a 
rolling circle mechanism in association with large concatemers), it is 
conceivable that the two origins are used with different efficiencies dur-
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ing each phase. It has been shown that during the first round of replication 
the origin present in the inverted repeat is used preferentially (Ben-Porat 
and Veach, 1980). On the other hand, studies with defective interfering 
particles, which are composed of tandem arrays of sequences comprising 
the origin in the UL , show that in cells coinfected with these defective 
particles, the U L origin is used preferentially at early stages of infectionj 
this defective DNA replicates almost exclusively up to about 6 hr pos
tinfection (e. Wu and T. Ben-Porat, unpublished results). Thus, both 
origins can function at early stages of infection. 

The findings that during the normal course of infection the origin in 
the repeat is used preferentially for the first round(s) of replication, while 
in cells coinfected with defective particles, which are enriched for the 
origin in the UL , the latter is used preferentially at early stages of infec
tion, do not necessarily conflict. Thus, the origin in the repeat could be 
used preferentially at early stages of infection but the origin in the UL 

could also be recognized. Because the origin in the U L is represented in 
cells coinfected with the defective particles in vast excess over that pres
ent in the repeats, it might bind to and exhaust a limited pool of proteins 
essential for the initiation of DNA replicationj initiation at the origins 
present in the DNA of wild type helper virus (including the origin in the 
repeats, which is normally used preferentially during the early stages of 
DNA replication) might thereby be effectively inhibited. At later times 
postinfection, the essential proteins might no longer be limiting and ini
tiation at the origins of replication present in the standard virus DNA 
will also occur. 

XI. MODE OF PRY DNA REPLICATION 

Because no terminal redundancy is found on the genome of PRV, it 
is probable that upon entering the cells the genome termini are ligated 
directly. As circularization of the genome can occur in the absence of 
expression of virus functions, ligation of the ends must be mediated either 
by cellular proteins or by virus proteins that accompany the virus genome 
into the cell nucleus. The fact that purified virus DNA is infectious in
dicates that cellular proteins may be competent to mediate the circular
ization. However, the process of virus DNA replication may be somewhat 
different in cells transfected with virus DNA, and in cells infected with 
intact virions. The possibility that some virion proteins facilitate the 
circularization of the virus genome needs to be explored further. 

After the DNA has circularized [and recombination as well as prob
ably isomerization has occurred (see bdow)]' DNA replication is initiated 
at a preferred origin of replication. The first round of replication occurs 
on a Cairns-type structure, which has been visualized by electron mi
croscopy (Jean and Ben-Porat, 1976). Thereafter, the DNA is in a con
catemeric form in which unit-size DNA molecules are in head-to-tail 
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FIGURE 8. Diagrammatic representations of the stages of PRY DNA replication. 

alignment (Ben-Porat and Rixon, 1979); it is likely that replication occurs 
by a rolling circle mechanism. Figure 8 summarizes the mode of repli
cation of the PRY DNA. 

XII. MAINTENANCE OF SEQUENCE IDENTITY OF THE 
INVER TED REPEATS 

Analysis of the genome of isolates of PRY with restriction enzymes 
and examination of their denatured, self-annealed DNA in the electron 
microscope indicate that they contain genomes in which the homology 
between the repeats bracketing the unique sequences appears to be com
plete. This may be so because processes that ensure the identity of the 
repeats against genetic drift operate as if, for example, one of the repeats 
were to act as a template for the replication (or repair) of the other (Skare 
and Summers, 1977; Roizman, 1979). On the other hand, equalization of 
the sequences within each of the two inverted repeats may occur as a 
result of intermolecular recombination. Thus, the progeny of a mutant 
with unequal repeats may, by intermolecular recombination, give rise to 
virions with genomes with equal repeats that will then segregate. 

Mutant viruses containing genomes in which the two repeat regions 
differ can be used to ascertain the processes leading to the equalization 
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of these repeats. In principle, starting with a virion containing DNA with 
unequal repeats, one would expect, after extensive intermolecular ex
change of the repeat region, 50% of the DNA molecules to have unequal 
repeats and 50% to have equal repeats (25% of each kind). This was found 
to be the case when the DNA in single virions present within one plaque 
produced by a virus containing two different sizes of inverted repeats was 
analyzed (Ben-Porat et a1., 1984b). A similar result was also obtained when 
the virions from this plaque were further passaged several times at high 
multiplicity and individual plaques produced by the progeny virions were 
analyzed. Thus, it appears that propagation of virions containing genomes 
with unequal repeats at high multiplicity results in a population of virions 
in which molecules with equal and unequal repeats are present at the 
frequency predicted on the basis of random reassortment of the repeats 
between the DNA molecules (probably reflecting the high degree of in
termolecular recombination between viral genomes). Equalization of the 
two repeats within a DNA molecule can therefore occur by intermolec
ular exchange of repeat sequences between DNA molecules with unequal 
repeats. Furthermore, intermolecular exchange of repeats is a rapid event; 
it appears to be complete by the time a virion has produced a small plaque. 
Thus, within the limitations of our ability to measure the two types of 
events, intermolecular exchange of repeats appears to be as rapid as is 
isomerization of the Us sequence of the molecule (Ben-Porat et a1., 1980, 
1984b). 

When the population of virions in a plaque formed by a virion con
taining unequal repeats was passaged several times at low multiplicity 
and the individual plaques produced by the progeny were analyzed, the 
frequency of the molecules with unequal repeats was very low (Ben-Porat 
et a1., 1984b). Thus, passage of virions with unequal repeats at low mul
tiplicity results in segregation of virions containing equal repeats that 
have been generated by intermolecular recombination and that are prop
agated as such thereafter. Because passage of the virions at low multi
plicity probably mimics conditions of virus infection in nature, equali
zation of the inverted repeats in the genomes of virions in nature can be 
attributed to intermolecular recombination between the progeny of a vi
rion with a mutation in one of the repeats, resulting in virions with equal 
repeats, and subsequent segregation of the recombinant progeny virions. 
A special mechanism ensuring equalization of the repeats (such as one 
repeat acting as a template for the synthesis or repair of the other) need 
not be invoked. 

Figure 9 illustrates how intermolecular recombination leading to 
equalization of the repeats may occur. For the sake of simplicity, the 
molecules are represented in linear form, even though recombination 
probably occurs mainly between circular molecules (Ben-Porat, 1982). 
According to model I, intermolecular recombination generates molecules 
in which the internal repeat becomes terminal; recombination between 
a molecule in the original orientation with a molecule that has inverted, 
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FIGURE 9. Diagrams illustrating how 
equalization of the inverted repeats 
might be achieved. The blocks with or 
without a black stripe represent the two 
unequal inverted repeats. The crosses 
indicate sites of recombination. The ar
rows above the region of the genome 
bracketed by the inverted repeats in
dicate the orientation of the Us se
quence. 

generates two molecules, each of which has equal repeats. Two recom
binational events, one intramolecular (which also generates an inversion 
of the Us) and one intermolecular, must occur according to this model 
to result in equalization of the repeats within the molecule. 

Model II illustrates how intermolecular recombination between the 
two molecules, which are aligned so that the unique sequences are in 
different orientations, can result in the equalization of the repeats. The 
model postulates that an even number of recombinational events occurs 
because molecules that have experienced an even number of recombi
national events may have an advantage in replication (Ihara et al., 1982). 
According to this model, equalization of the repeats (as well as inversion 
of the Us) occurs via intermolecular recombination. On the basis of the 
available information, we cannot conclude which of the models is correct. 

XIII. ISOMERIZATION OF THE VIRUS GENOME 

When Sheldrick and Berthelot (1974) first reported the presence of 
inverted repeated sequences in the DNA of HSV, they suggested that 
these repeats might promote isomerization of the unique sequences they 
bracket. This prediction has proved to be correct. 

Isomerization of the Us region of the PRY genome (which is bracketed 
by inverted repeats) is a rapid process; not only is it completed by the 
time the progeny of a single plaque has been amplified, but analysis of 
the virus DNA within a single small plaque also revealed the presence 
of equimolar amounts of the two isomeric forms of the PRY DNA (Ben
Porat et al., 1980). 

Evidence indicating that the processes that lead to the inversion of 
the unique sequence in PRY DNA occur prior to DNA replication was 
obtained by analyzing the fate of parental virus DNA strands that are 
transferred to progeny virions in density shift experiments (Ben-Porat et 
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al., 1982a). The most salient finding from these studies was that few 
recombinational events between parental DNA strands and progeny DNA 
strands accumulating in the cells could be detected. Indeed, both genetic 
and biochem'ical evidence indicate that recombination occurs mainly be
tween parental DNA molecules prior to or during the earliest stages of 
DNA replication (Ben-Porat et al., 1982a; Ihara et al., 1982). The fact that 
parental virus DNA strands that have replicated and are transferred to 
progeny virions have not undergone recombination with progeny DNA 
strands shows that isomerization of the molecules does not occur as a 
result of autonomous replication of the Us and the UL regions of the 
genome, followed by their reassociation, nor does it occur by a mecha
nism that is linked to DNA replication. The available evidence indicates 
that both isomerization of the molecules (either by intramolecular or by 
intermolecular recombination) and general recombination (intermolec
ular) are early events that occur prior to DNA replication. 

In several prokaryotic systems the inversion of unique sequences 
bracketed by inverted repeats is sequence specific and mediated by spe
cific proteins. It was thus tempting to postulate that the inversions of 
the unique sequences in the herpesviruses are achieved in a similar fash
ion. An interesting observation, germane to the problem concerning the 
mechanism by which inversion occurs, deserves mention. PRY DNA is 
classified as a class 2 herpesvirus DNA molecule; i.e., although it contains 
both a Us and a UL sequence, only the Us sequence is bracketed by in
verted repeats and only the Us sequence inverts. Thus, only two isomeric 
forms of the DNA exist. The Norden (Bucharest) vaccine strain of PRY, 
derived from a virulent strain that had been attenuated by more than 800 
passages in embryonated eggs and in chick embryo fibroblasts, contains 
a genome that can be classified as a class 3 herpesvirus DNA molecule 
(Lomniczi et al., 1984); both the Us and the UL sequences are bracketed 
by inverted repeats and both invert themselves with respect to one an
other. Thus, four isomeric forms of the genome of the Norden vaccine 
strain are found. In the Norden strain, a sequence of nucleotides (esti
mated to be 0.3 x 106 daltons in size) normally present in all other PRY 
strains at the end of the UL only, has been translocated in inverted form 
to the other end of the UL (adjacent to the internal inverted repeat). It is 
likely that as a result of this translocation and the consequent presence 
of an inverted repeat bracketing the UL sequence of the Norden strain, 
the UL sequence inverts itself. 

As discussed above, the two ends of the genome of wild-type PRY 
do not share any homology; neither has homology between the two ends 
of the Norden strain been detected (1. Harper and T. Ben-Porat, unpub
lished results). If a sequence-specific protein were responsible for the in
version of the Us sequence in PRY, one would not expect it to recognize 
the sequences bracketing the UL of the Norden strain. Because inversion 
of the U L occurs at high frequency in the Norden strain, it seems unlikely 
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that the inversion of unique sequences bracketed by inverted repeats is 
mediated by a sequence-specific protein. 

The finding that genetic markers on the PRY genome behave as 
though they were linked in a circular fashion (see below), even though 
the molecule has unique ends, may also have some bearing on the events 
that may lead to the isomerization of the molecules. This observation is 
best explained by invoking the possibility that molecules that have under
gone an even number of recombinational events have an advantage in 
replication. It is interesting to note that a double crossover between two 
DNA molecules, one in each repeat, would give rise to the inversion of 
the unique segment of DNA bracketed by these repeats. This is shown 
by the model for isomerization depicted in Fig. 10. This model is in es
sence similar to that proposed previously by other investigators (Sheldrick 
and Berthelot, 1974; Skare and Summers, 1977), but is modified to include 
the findings that (1) the DNA molecules are in a circular form during 
recombination and (2) molecules that have experienced an even number 
of crossover events are favored. 

XIV. PROCESS OF VIRION ASSEMBLY 

A. Capsid Assembly 

The capsids of PRY are assembled in the nucleus of the infected cell, 
as are the capsids of HSV (Morgan et al., 1954; Reissig and Melnick, 1955), 
but the virus proteins are synthesized in the cytoplasm (Fujiwara and 
Kaplan, 1967; Ben-Porat et al., 1969). 

The processes leading to the accumulation of the capsid proteins in 
the nucleus, as well as the details of the process of capsid assembly, are 
not well understood. However, some information concerning these pro
cesses is available and indicates that the migration of the capsid proteins 
to the nucleus is linked to capsid assembly and is dependent upon the 
synthesis of several functional proteins and the processing of at least one. 

Under conditions of arginine deprivation, capsid proteins are syn
thesized but do not migrate to the nucleus (Mark and Kaplan, 1971), and 
capsids are not assembled. While most virus proteins are synthesized by 
arginine-starved cells, three arginine-rich acid-soluble proteins are not, 
raising the possibility that these acid-soluble proteins may playa role in 
capsid assembly (Chantler and Stevely, 1974). 

Studies with DNA + ts mutants have yielded some information con
cerning the processes leading to the formation of the empty capsids. In 
DNA + mutant-infected cells, in which capsids are not assembled, es
sentially all the virus-induced polypeptides are synthesized with the fol
lowing two notable exceptions. (1) In cells infected with some ts mutants, 
the major capsid protein (142K) is present in diminished amounts because 
a thermosensitive 142K protein is synthesized. (2) In cells infected with 
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FIGURE 10. Model of isomerization. A double crossover event involving both of the inverted 
repeats between two molecules in the same isomeric form gives rise to two molecules in 
which the Us sequence has been inverted. The blocks indicate the inverted repeats. The 
arrows above the region of the genome bracketed by the repeats indicate the orientation of 
the Us sequence, CES denotes the cleavage-encapsidation site. Modified from Ben-Porat et 
al. (1982) .. 

all DNA + capsid - mutants studied, the 35K capsid protein is not de
tectable. The 35K protein is also not detectable after a relatively short 
labeling period in wild-type infected cells but becomes prominent after 
longer labeling periods because it is processed from a precursor protein. 
In the cells infected with the capsid - mutants, a 35K precursor protein 
(antigenically related to the 35K protein) is detectable but processing to 
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FIGURE ll. Sequence of events leading to virion assembly. 

the 3SK does not take place. Because the lack of processing of the 3SK 
protein occurs in cells infected with mutants belonging to different com
plementation groups, it appears that the processing of the 3SK protein is 
dependent on several gene products and is related to capsid assembly 
(Ladin et ai., 1982). 

Analysis of the distribution of the capsid proteins between nuclear 
and cytoplasmic fractions of infected cells revealed that in the capsid
mutant-infected cells, the major capsid proteins do not become associated 
with the nuclear fraction (Ladin et al., 1982). Thus, the accumulation of 
capsid proteins in the nucleus, the assembly of virus caps ids, and the 
processing of the p3SK capsid proteins appear to be interdependent events. 

It appears likely that the following sequence of events occurs leading 
to the assembly of capsids in the nuclei (Fig. 11). Structural virus proteins 
are transported (or diffuse) into the nucleus of the infected cells. Pro
cessing of the precursor 3SK protein to the 3SK capsid protein and con
comitant capsid assembly occurs. Assembly promotes further transport 
of diffusion of the structural proteins by creating a "sink" favoring c~n
tinued accumulation of capsid proteins (and of capsids) in the nuclei. A 
defect in anyone of the structural capsid proteins or in any other protein 
that may be required for capsid assembly, results in a lack of capsid as
sembly and also leads both to a lack of processing of the 3SK precursor 
protein and to a lack of accumulation of virus capsid proteins in the nuclei 
of the infected cells. 
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Three types of virus particles may be distinguished by examination 
of thin sections of infected cells in the electron microscope, as well as 
by isolation of particles from the cells (see above): empty capsids (devoid 
of DNA), nucleocapsids (containing DNA), and virions (enveloped nu
cleocapsids). The three different types of structure represent different 
stages in the process of virion assembly, and precursor relationships be
tween these structures have been established. Temperature-sensitive mu
tants of PRY able to assemble capsids but not nucleocapsids at the non
permissive temperature have been isolated and have proved useful in 
establishing these precursor relationships (Ladin et a1., 1980). It was es
tablished that after shiftdown of cells infected with these mutants (in the 
presence of an inhibitor of protein synthesis) to the permissive temper
ature, the empty capsids that had accumulated at the nonpermissive tem
perature disappeared and, instead, full capsids appeared, indicating that 
the empty capsids that had assembled in the cells at the nonpermissive 
temperature are precursors of the nucleocapsids. Similarly, the nucleo
capsids eventually disappeared and mature enveloped virions appeared, 
again indicating a precursor relationship between the two. 

C. Cleavage of Concatemeric DNA and Nucleocapsid Formation 

It has been known for some time that virus DNA synthesized at 
various times after infection has an equal chance to be packaged into 
virions and that in the infected cells, there is a pool from which virus 
DNA is withdrawn at random to be encapsidated (Ben-Porat and Kaplan, 
1963). This conclusion has been verified recently (Ben-Porat et a1., 1982a). 

Because replicating DNA of PRY is "endless," cleavage must occur 
at specific sites along the molecules to generate the mature PRY genomes, 
i.e., linear DNA molecules with unique ends. It has been established that 
in wild-type infected cells, "maturation II of virus DNA to unit length 
does not require DNA synthesis but does require concomitant protein 
synthesis, probably because the proteins necessary for virus DNA ma
turation are present in limiting amounts (Ben-Porat et a1., 1976bj Ladin 
et a1., 1980). 

To elucidate the mechanism by which virus DNA matures from the 
concatemeric forms into unit-length genomes, DNA + ts mutants of PRY 
defective in the processes of cleavage of concatemeric DNA to genome 
size were used. Mutants belonging to nine different complementation 
groups behave in this manner, indicating that maturation of the DNA is 
a complex process. In cells infected with the mutants belonging to six 
complementation groups, capsids with electronluscent cores (empty cap-



152 TAMAR BEN-PORAT AND ALBERT S. KAPLAN 

sids) accumulated. However, in cells infected with mutants belonging to 
three complementation groups, empty caps ids failed to accumulate; these 
mutants are defective in both capsid assembly and virus DNA matura
tion,' indicating that a single function can affect both processes. Thus, it 
appears that cleavage of concatemeric PRY DNA to unit size is dependent 
upon capsid assembly. However, in addition, several other factors (not 
directly associated with capsid assembly) are also required (Ladin et a1., 
1980). At present little is known about these factors. 

Available evidence seems to indicate that encapsidation occurs by a 
process that may be related to "headful" encapsidation but that specific 
cleavage sites are also recognized. While the capsids seem to accom
modate DNA molecules that are both larger as well as smaller than the 
standard size (Ben-Porat et a1., 1975b; Rubenstein and Kaplan, 1975; Ben
Porat et a1., 1984), it has been found generally that the DNA molecules 
that are encapsidated are approximately the size of standard DNA. For 
example defective virions contain DNA molecules in which many of the 
virus genes are missing but due to reiterations of restricted regions of the 
genome the overall sizes of the defective genomes are similar to those of 
the standard virus. Thus, something akin to the "headful" mechanism 
of encapsidation may occur in this system. Because the genome of PRY 
has a unique set of end sequences, site-specific cleavage of concatemeric 
DNA must also occur. 

The sequence of events leading to virion assembly thus is as follows. 
(1) The capsid proteins are assembled into empty shells; (2) concatemeric 
virus DNA is cleaved at specific sites and is packaged into these capsids, 
the capsids themselves, as well as other noncapsid virus proteins, being 
responsible for cleavage of virus concatemeric DNA to linear mature
genome-length DNA. The sequence of events leading to assembly of the 
virus particles is outlined in Fig. 11. 

D. Biogenesis of the Virus Membrane 

Relatively little information regarding membrane changes induced 
by infection with PRY is available. 

The nuclear membrane in cells infected with PRY becomes convo
luted as it does in cells infected with other herpesviruses (Darlington and 
Moss, 1968). In all cell types infected with different virus strains ex
amined to date, the virus acquires its envelope by budding from the nu
clear membranes. The proteins normally associated with the cellular 
membranes are not, however, present in the areas of these membranes 
from which the virus buds because purified virion preparations are free 
of cellular proteins (Ben-Porat et a1., 1970). 

Infection of cells with PRY stimulates phospholipid metabolism; 
there is an increase after infection in the incorporation of [32PI_, 
[3Hlcholine, and [3Hlmyoinositol into phospholipids (Ben-Porat and Ka-
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plan, 1971). While the increase in incorporation of these labeled precur
sors into cytoplasmic membranes is significant, it is especially marked 
into the inner nuclear membrane. Infection also changes the relative de
gree of incorPoration of labeled precursors into different phospholipids. 
Approximately three times more of the total label derived from [32P]_ or 
[3H]choline incorporated into phospholipids appears in sphingomyelin in 
infected than in uninfected cells. This relative increase parallels the rel
ative richness of the inner nuclear membrane of the cells in sphingo
myelin (Ben-Porat and Kaplan, 1971, 1972). 

Despite the stimulation in phospholipid metabolism after infection, 
most of the phospholipids that become part of the virus membrane preex
ist in the cell at the time of infection. The virus envelope is, however, 
not derived from random areas of nuclear membrane into which virus
specific proteins have been inserted but from areas that have been met
abolically more active than the remainder of the nuclear membrane (Ben
Porat and Kaplan, 1971, 1972). Thus, areas of the nuclear membrane des
tined to become virus envelopes appear to be assembled de novo mainly 
from phospholipids present in the cells at the time of infection and from 
virus-specific glycoproteins synthesized by the cells. 

The factors controlling recognition by the nucleocapsids of the areas 
of the nuclear membrane that are virus-specific are not known. It is likely 
that the nucleocapsids bear on their surface a "recognition component" 
because only nucleocapsids acquire an outer envelope and envelopment 
of empty capsids is a rare event. Thus, it is likely that empty and full 
capsids differ in their surface structure with respect to the presence of 
this component. 

XV. ORGANIZATION OF THE GENOME OF PRV 

A. Phenotypic Characterization of Mutants 

1. Complementation Analysis 

Mutants of PRY have been isolated in several laboratories, classified 
into functionally different groups by means of complementation tests, 
and partially characterized phenotypically. 

Pringle et ai. (1973) reported the isolation of 10 ts mutants belonging 
to 9 complementation groups. Vo-Doung et al. (1977) have isolated 9 ts 
mutants belonging to four complementation groups. Ben-Porat et al. 
(1982b) have placed 31 ts mutants into 19 complementation groups. Un
fortunately, a collaborative study in which the mutants isolated in dif
ferent laboratories are compared to determine whether they are mutated 
in different genes has not been performed. 

In addition to these mutants, one mutant (tsL) that does not com
plement any of the other ts mutants and that is defective in uncoating 
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at the nonpermissive temperature has also been identified (Feldman et 
al., 1981). Whether this mutant is altered in a gene that is different from 
any of the genes that have been mutated in the other ts mutants is un
known. Mutants defective in the TK gene have also been isolated (Ben
Porat et al., 1983b). 

The genome of PRY is sufficiently large to code for at least 100 pro
teins (with an approximate molecular weight of 50K). It is clear, therefore, 
that further isolation of additional mutants is required if the virus genome 
is to be saturated with mutations. 

The preliminary phenotypic characterization of most of the mutants 
of PRY published to date deals mainly with determining whether cells 
infected with these mutants at the nonpermissive temperature synthesize 
virus DNA, whether they assemble virus particles, whether they specify 
defective enzymes, such as TK, polymerase, or DNase, and whether they 
inhibit cellular DNA synthesis. 

In none of the cells infected with either DNA + or DNA - ts mutants 
of PRY described to date are nucleocapsids or enveloped particles formed 
at the nonpermissive temperature; no mutant of PRY defective in a virus 
glycoprotein or in the process of nucleocapsid envelopment has been de
scribed. The characteristics of some mutants belonging to different com
plementation groups isolated in our laboratory are given in Table V. 

2. The DNA - Mutants 

Two laboratories have reported that the mutants belonging to about 
half of the complementation groups identified were DNA - at the non
permissive temperature. In the study of Pringle et al. (1973), 4 of the 9 
complementation groups were DNA -. Similarly, mutants in 10 of the 
19 complementation groups identified by Ben-Porat et al. (1982b) were 
defective in their ability to synthesize DNA despite the fact that the 
mutants were isolated after mutagenesis of the virus stocks by three dif
ferent methods. Mutants in only two complementation groups did not 
induce the synthesis of a functional DNA polymerase. While one of the 
polymerase - mutants appears to be truly defective in the DNA poly
merase gene [it induces the synthesis of a thermolabile DNA polymerase 
(Ben-Porat et al., 1983b)I, the other mutant is an IE regulatory mutant 
defective in the expression of all early functions (Ihara et al., 1983). The 
function defective in mutants belonging to another DNA - complemen
tation group has also been identified. These mutants are defective in the 
major (136K) DNA-binding protein (Ben-Porat et al., 1983a). The other 
DNA - mutants (which fall into 7 complementation groups) must there
fore be defective in other virus proteins necessary for DNA synthesis. 
Thus, as previously demonstrated for HSV (Schaffer, 1975), a relatively 
large proportion of the functions specified by the PR V genome is nec
essary for the process of virus DNA synthesis. Interestingly, some of the 
DNA - mutants isolated by Pringle et al., (1973) were less effective in 
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inhibiting cellular DNA synthesis than were the wild-type or the DNA + 

mutants. 
The fact that cells infected with most but not all of the DNA - mu

tants'assemble naked capsids (see Table V) deserves comment. It has been 
known for some time that virus particles devoid of electron-dense cores 
(i.e., of DNA) are assembled in cells infected with PRY under conditions 
that do not allow virus DNA synthesis to occur (Reissig and Kaplan, 1962) 
and that therefore all the proteins necessary for capsid assembly can prob
ably be classified as early-late proteins (see above). Of interest is the fact 
that in cells infected with one DNA - mutant (complementation group 
8) empty capsids are not assembled. The major virus proteins are, how
ever, synthesized in cells infected with this virus (T. Ben-Porat, unpub
lished results). If this mutant is indeed defective in a single gene, as is 
suggested by the results of the complementation tests, as well as by the 
fact that this mutant is rescued by a single specific restriction fragment 
(Ben-Porat et al., 1982b; Ihara et al., 1982), one would be led to conclude 
that capsid proteins are somehow involved in DNA synthesis. 

Analysis by PAGE of the proteins synthesized by cells infected at the 
nonpermissive temperature with DNA - ts mutants revealed the presence 
of early and early-late virus proteins (Ben-Porat et al., 1983b, and T. Ben
Porat unpublished results). Late proteins are not detectably synthesized 
in cells infected with DNA - mutants. However, the ratio of different 
early to early-late proteins that are synthesized varies somewhat in the 
different mutant-infected cells. This might reflect a different degree of 
"leakiness" of the mutant but might also be directly affected by the ge
netic lesion in the mutants. 

3. The DNA + Mutants 

All DNA + mutants that have been studied (belonging to nine com
plementation groups) are defective in their ability to cleave concatemeric 
DNA, and nucleocapsids are not assembled in cells infected with these 
mutants at the nonpermissive temperature. The PAGE profile of the pro
teins synthesized by cells infected at the nonpermissive temperature with 
DNA + mutants or with wild type virus are similar with the exception 
that processing of the p35K protein to the 35K protein is not detectable 
in the capsid - mutants (Ladin et al., 1982). 

B. The Genetic Map 

Intermolecular recombination between the genomes of PRY is a 
rather frequent event in cells infected with this virus. The recombina
tional frequency has been estimated to be 3% per kilobase (Ihara et al., 
1982). 

Pringle et al. (1973) isolated 10 ts mutants belonging to nine different 
complementation groups; genetic crosses between these mutants showed 
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that they could be arranged in a linear array on a genetic map. In another 
study, it was found that when relatively closely linked markers were 
analyzed, clear-cut linear linkage maps between the mutants studied 
could be constructed (Ihara et al., 1982)j each group of closely linked 
markers gave internally consistent results but when these partial linear 
linage maps were used to construct a map that included all markers, the 
genetic map appeared to have no termini and the same markers appeared 
at each end. Furthermore, markers that mapped physically at opposite 
ends of the genome (as determined by marker rescue) were found to be 
closely linked on the genetic map (Ihara et al., 1982). Thus, the genetic 
map of PRY is topologically equivalent to a circle. 

The finding that the genetic map of PR V is circular was surprising 
because even though the virus genomes may recombine while in the form 
of circles or head-to-tail concatemers (the intracellular form in which the 
DNA is found), one would not expect the genetic map to be circular 
because the mature form of the virus genome has unique ends and cleav
age of the DNA prior to or during packaging should obscure any circular 
linkage between the genetic markers. One explanation for the apparent 
circularity of the genetic map is that there is a prevalence of even-num
bered crossover events between recombining molecules or alternatively 
that molecules that have experienced an even number of recombinational 
events have a replicative advantage. As mentioned above, recombination 
is an event that occurs during the early stages of infection, a time when 
most of the genomes are in a circular form. In order for these molecules 
to retain the form of unit-size circles after recombination, an even number 
of crossover events must take place. If one postulates that genomes that 
have retained the form of a unit-size circle prior to or during the first 
round of replication have a selective advantage in replication, the genetic 
map would appear to be circular. 

XVI. CELLULAR MACROMOLECULAR SYNTHESIS IN THE 
INFECTED CELLS 

A. Protein Synthesis 

Infection of cells with PRY results in an inhibition of cell-specific 
protein synthesis j this can be deduced from the reduction in the rate of 
incorporation of essential amino acids into the proteins synthesized by 
the infected cells. Interestingly, there is a difference in the magnitude of 
this reduction depending upon which amino acid is used. Thus, while 
the rate of leucine incorporation during the early stages of infection is 
relatively stable, as a result of a smooth switchover from the synthesis 
of cell-specific proteins to the synthesis of virus-specific proteins, the 
rate of lysine incorporation decreases rapidly after infection. Furthermore, 
the rate of arginine incorporation increases during the early stages of 
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infection (Kaplan et al., 1970). These changes in the rate of incorporation 
of amino acids after infection are not due to changes in intracellular pools 
but appear to reflect a decrease in the rate of synthesis of cellular proteins 
and a concomitant increase in the synthesis of virus proteins (Kaplan et 
al., 1970; Ben-Porat et a1., 1971; Saxton and Stevens, 1972). 

The incoming PR V virions do not inhibit cellular protein synthesis. 
Thus, actinomycin-treated, infected and uninfected cells synthesize ap
proximately the same amounts of protein. Furthermore, infection of cells 
with a mutant unable to express any virus functions (an uncoating mu
tant) does not interfere with cellular protein synthesis (Feldman et al., 
1981; Ihara et al., 1983). 

Kennedy et al. (1981) have reported that the ribosomal S6 protein is 
more highly phosphorylated in PRY-infected cells than in uninfected 
cells. Furthermore, while the S16 or S18 ribosomal proteins are not 
phosphorylated in uninfected cells, it becomes phosphorylated after 
infection. On the basis of these findings the authors concluded that the 
increased phosphorylation of the ribosomal proteins in the infected cells 
could possibly be related to the inhibition of translation of cellular 
mRNA. 

The inhibition of cell-specific protein synthesis is due, at least in 
part, to the synthesis within the infected cells of factors that prevent the 
association of cellular messages with ribosomes. The inhibition of the 
synthesis of cellular proteins by the IE proteins occurs at the level of 
translation. Thus, few cellular proteins are synthesized in vivo by 30 
min after the removal of cycloheximide from infected cells which had 
been exposed to the drug from the time of infection because of the expres
sion of the IE proteins (see Section VIILC.1c). However, translationally 
competent cellular mRNA can be isolated from these cells (Ihara et a1., 
1983). 

It is interesting to note that, as mentioned above, at relatively early 
stages of the normal course of infection, the inhibition of synthesis of 
some cellular polypeptides is more pronounced than that of others (Fig. 
6). Furthermore, while the level of most cellular mRNA within the in
fected cells remains constant for several hours, as determined by the 
Northern or dot-blot hybridization procedures using cloned cellular genes 
as probes, as well as by in vitro translation of the mRNA isolated from 
the infected cells, a reduction in the amounts of others is observed (S. 
Watanabe, A. Deady, and T. Ben-Porat, in preparation). The available data 
thus show that the inhibition of cellular protein is achieved at the level 
of cellular mRNA translation as well as at the level of message stability. 
This latter effect is differential, some mRNA species being affected more 
rapidly than others. Thus, the process of inhibition of cellular protein 
synthesis is complex and does not affect all cellular mRNA species in an 
identical fashion. 
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B. RNA Synthesis 

1. Ribosomal RNA 

The inhibition of the synthesis of mature rRNA is relatively rapid j 

it is inhibited by more than 95% by 4 hr postinfection. The synthesis of 
precursor 45S RNA, although reduced, is inhibited less extensively. The 
formation of RNA is thus affected by infection both at the level of the 
transcription of precursor rRNA, as well as at the level of its processing 
(Rakusanova and Kaplan, 1970j Kyriakidis and Stevely, 1982). The 45S 
precursor rRNA synthesized in the infected cells is also undermethylated 
(Furlong et a1., 1982). 

2. Messenger RNA 

Transcription of cellular DNA occurs in the infected cells at a re
duced rate. The turnover of the cellular transcripts normally observed in 
uninfected cells also is less pronounced in the infected cells (Rakusanova 
et a1., 1972). 

The synthesis of cellular mRNA is inhibited more rapidly by infec
tion with PRY than is the overall synthesis of total cellular RNA. This 
can be deduced from the fact that at early stages of infection (when about 
80% as much polysome-associated cellular mRNA is present in the in
fected as in the uninfected cells), few of cellular transcripts that are syn
thesized by the infected cells becomes associated with polysomes (Rak
usanova et a1., 1972). If one assumes that newly synthesized mRNA can 
compete successfully with existing polysomal mRNA for association 
with ribosomes, one is led to conclude that functional cellular mRNA 
synthesis is inhibited more rapidly than transcription, probably reflecting 
an interference by infection with the orderly processing of the cellular 
transcripts. 

C. DNA Synthesis 

Cellular DNA synthesis is inhibited gradually in PRY-infected cells 
(Kaplan and Ben-Porat, 1963). This inhibition is most likely related to the 
inhibition of cellular protein synthesis (see above). 

XVII. SEQUENCE HOMOLOGY BETWEEN THE GENOMES 
OF PRV AND HSV 

The sequence homology between PRY and HSV-1 and HSV-2 has 
been shown by both DNA-DNA hybridization (Ludwig et a1., 1972) and 
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DNA-RNA hybridization (Bronson et a1., 1972) to be a maximum of 8%. 
Analysis of the distribution of related sequences on these genomes by the 
Southern technique using whole heterologous genomes as probes indi
cated that the sequences that are homologous are distributed throughout 
most of the genomes. Homology is most pronounced in sequences in the 
UL regions, as well as in those regions of the inverted repeat that code 
for the IE functions. Some regions in which no homology between PR V 
and HSV-1 or HSV-2 exists were also found. It is noteworthy that these 
regions were more commonly found in the genome of HSV-1 than that 
of HSV-2, suggesting that HSV-2 is more closely related to PRY than is 
HSV-1 (Rand and Ben-Porat, 1980). 

The finding that PRY and HSV share relatively few homologous se
quences but that these are distributed throughout most of their genomes 
is compatible with the accepted view that although there has been con
siderable evolutionary divergence, these viruses have evolved from a com
mon ancestor. Despite this divergence, a degree of colinearity between 
the genomes of PRY and of HSV has been retained. This partial colinearity 
can be detected in cross-hybridization experiments (Ben-Porat et a1., 
1983b; Davison and Wilkie, 1983), as well as by a comparison of the 
positions on the physical map of HSV-1 and PRY of genes coding for 
similar functions (Ben-Porat et al., 1983b). The colinearity between PRY 
and HSV-1 is with the IL configuration of HSV, not the prototype con
figuration in which the genome of HSV is usually displayed. 

A noteworthy exception to co linearity is found in a region of the 
genome that includes the genes coding for the 136K major DNA l;>inding 
protein and for the DNA polymerase. Thus, despite the fact that the DNA
binding proteins of PRY and HSV are closely related antigenically (Littler 
et al., 1981; Ben-Porat et a1., 1983a), it appears that the region of the 
genome containing this gene has been either translocated or inverted on 
the genome of one of these viruses. The available information concerning 
the colinearity between the genomes of HSV-1 and PRY is summarized 
in Fig. 12. 

XVIII. AUJESZKY'S DISEASE 

Aujeszky's disease, a disease caused by PRY, has been recognized for 
a long time. Descriptions of the disease in cattle appeared in the United 
States in the early part of the 19th century (Hanson, 1954). This disease, 
which has been called "Mad Itch" in the United States because of the 
vigorous rubbing of their affected parts by infected cattle, was also prev
alent in other parts of the world; it was first demonstrated by Aujeszky 
(1902) in Hungary to be the result of a virus infection. In 1931, Shope 
showed that the "mad itch" appearing in cattle in Iowa was the same 
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HSVI 
FIGURE 12. Cross-hybridization and position of genes coding for known virus functions 
on the physical maps of the PRY and HSV-l genomes. The genome of HSV-l is in the IL 
arrangement. DBP, DNA-binding proteinj pol, DNA polymerasej TK, thymidine kinasej 
MCP, major capsid proteinj IEP, immediate-early protein. Hatched areas indicate areas of 
cross-homology. 

disease as that described by Aujeszky (Shope, 1931, 1932). The disease is 
prevalent in most European countries. Obel (1965) reported its first ap
pearance in Sweden. Pseudorabies also has been reported to occur in 
China (Lin, 1947). 

Not long after the virus etiology of Aujeszky's disease was discovered, 
Marek (1904) called the disease "infectious bulbar paralysis" because it 
affected the medullary centers in rabbits and under certain conditions of 
infection, only the medulla appeared to be affected. However, it turned 
out that in other animals (monkeys and swine), there is no particular 
susceptibility of the medulla to PRY and the name "infectious bulbar 
paralysis" is therefore not a particularly apt description of this disease. 
Because of certain clinical aspects of the disease in some animals, there 
was at first some confusion about the relation of this virus to rabies, 
whence the name "pseudorabies," but it was soon found that the two 
viruses (and the diseases that they cause) are totally unrelated. 

The clinical features of PRY infection in swine depend on the age of 
the animal. The most acute and fatal form of the disease occurs in new
born pigsj usually 100% of these animals die. Pigs that are 1 month old 
are not as severely affected and the mortality rate is lower. The disease 
is even less severe in 5- to 6-month-old pigs. Adult pigs are rarely fatally 
infectedj usually they suffer a subclinical or very mild infection (Kaplan, 
1969 i McKercher, 1973 i Lee and Wilson, 1979 i Gustafson, 1981). How-
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ever, some strains of virus may cause severe symptoms even in adult 
swine (E. Lomniczi, personal communication). 

Pregnant sows frequently abort after infection. Infection very early 
during pregnancy usually results in the resorption of the embryosj later 
during gestation, infection will result in fetus fatality and expulsion (Gus
tafson, 1981). 

In some cases, skin lesions resembling those of herpes labialis in man 
have been observed on the snouts of young pigs infected with PRV (Gus
tafson and Kanitz, 1975). In most other susceptible species, notably cattle, 
the course of the disease is rapid and usually fatal. Epizootics of pseu
dorabies occur in those countries of the world where pigs are produced. 
The question of transmission of the virus was puzzling for some time. It 
is now generally agreed that the main reservoir is the latently infected 
pig (Gustafson, 1981). 

PRV persists in the latent state in infected pigs that have recovered 
from the diseasej this latency plays an important role in the transmission 
of virus to susceptible animals. Latent virus in pigs can be reactivated 
by the stress of adverse climatic conditions (Howarth, 1969), as well as 
by experimental means (Mock et al., 1981 j Lee and Shiffy, Crandell et 
al., both quoted by Davies and Beran, 1980 j H.-J. Rhiza, personal com
munication). PRV or its genome has been detected in various tissues of 
latently infected swine (Saba and Raje:ini, 1976 j Gutekunst, 1979). After 
virus can no longer be detected or recovered from most organs, it is still 
present in the trigeminal ganglia (Beran et al., 1980 j Ben-Porat et al., 
1984aj H.-J. Rhiza, personal communicationj B. Easterday and S. Mc
Gregor, personal communication) and can be recovered by cocultivation 
with susceptible cells. Proof of shedding from a persistently infected pig 
in isolation that had recovered from the disease has been obtained (Davies 
and Beran, 1980). 

The natural route of infection in swine is via susceptible cells in the 
nasopharyngeal and respiratory tracts. Virus reaches these areas by drop
let infection or by ingestion (Gustafson, 1975). Following multiplication 
in these areas, the virus penetrates the CNS by way of the trigeminal 
and olfactory nerves, resulting in a diffuse, nonsuppurative, meningoen
cephalomyelitis and ganglioneuritis (Saunders and Gustafson, 1964 j 
McFerran and Dow, 1965 j Masic et al., 1965 j Saba et al., 1969 j Blaskovic 
et al., 1970 j Wittmann et al., 1980). Virus may also be isolated from white 
blood cells, indicating that virus may spread to various organs, including 
the CNS via hematogenous and lymphatic pathways (Wittmann et al., 
1980). 
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CHAPTER 4 

Herpes Simplex Virus Latency 
TERENCE J. HILL 

I. INTRODUCTION 

A. Development of the Concept of Latent Infection 

The epidemiology of herpes simplex virus (HSV) infections in man 
has a number of unusual features (see Whitley, this volume). In particular, 
the recurrent lesions (herpes labialis, herpes genitalis, and herpes kera
titis) often appear at the same peripheral site, the recurrences are often 
precipitated by particular stimuli, e.g., fever, excess exposure to sunlight, 
etcetera, and serum antibodies to the virus remain constant throughout 
life irrespective of the frequency of recurrent disease. Moreover, during 
intervals of clinical normality it has proved difficult to isolate virus from 
peripheral tissues such as the skin where lesions are prone to occur (see 
Section II.B). Such observations led to the concept that recurrent herpetic 
disease arises from an endogenous, lifelong, "hidden" or latent infection 
rather than from frequent exogenous reinfection with the virus (Burnet 
and Williams, 1939). This "natural history" of the virus infection poses 
a number of fascinating questions: What tissue or tissues harbor the latent 
infection? How is the latent infection established and maintained? What 
mechanisms underlie the reactivation of latency and the production of 
recurrent disease? Such questions have intrigued virologists since the 
early part of this century but definitive answers only began to appear 
during the last decade. In particular, the experimental confirmation of 
the role of the nervous system in latent infections with HSV has prompted 
a number of recent excellent reviews (Stevens and Cook, 1973a,b; Doch
erty and Chopan, 1974; Baringer, 1975; Stevens, 1975, 1978, 1980; Klein, 
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1976; Longson, 1978; Wildy et ai., 1982). The present review will pay 
particular attention to recent developments in our understanding of those 
functions of the virus and the host that seem to be important in the 
estahlishment, maintenance, and reactivation of the latent infection. 

B. Neurotropism of HSV and Animal Models 

The neurotropism of HSV that is often manifest following injection 
of the virus into a peripheral site, e.g., the eye of a laboratory animal such 
as the rabbit, was among the most striking observations recorded in the 
early days of animal virology (Doer, 1920; Doer and Yachting, 1920; Frie
denwald, 1923). Such observations led to a series of elegant studies, by 
Goodpasture in the 1920s, on the neuropathology of HSV infection in the 
rabbit (Goodpasture and Teague, 1923; Goodpasture 1925a,b, 1929). These 
studies, primarily on the ability of the virus to spread to the eNS and 
cause lesions there, engendered the view that the nervous system might 
also be involved in the pathogenesis of herpetic disease in man. Indeed, 
Goodpasture (1929) made what subsequently proved to be the farsighted 
prediction that HSV may establish a latent infection in the neurons of 
the sensory ganglion of the fifth cranial nerve (the trigeminal or Gasserian 
ganglion). This ganglion supplies sensory nerves to the ophthalmic and 
orofacial areas in which the recurrent herpetic lesions are often seen. 

The ability of HSV to spread to the eNS and there produce severe 
destructive and often fatal infection was subsequently demonstrated in 
other animals beside the rabbit, in particular the guinea pig and mouse 
(reviewed by Baringer, 1975). Thus, virologists interested in HSV are for
tunate in having available a number of laboratory animals that are sus
ceptible to infection with this human pathogen. Indeed, many of the 
advances referred to in this chapter are derived from the use of such 
models. However, although severe eNS disease is a common sequel to 
infection with HSV in laboratory animals, it is a rare event in man (Long
son and Bailey, 1977; Longson et al., 1980). This fact alone suggests im
portant differences between the controls that limit the infection in man 
and experimental animals. Such differences should prompt a degree of 
caution in extrapolating from animal models to the human disease. 

II. THE SITE OF LATENT INFECTION 

A. Neural Sites 

1. Peripheral Nervous System 

Observations made at the beginning of this century on the coinci
dence of pathological lesions in the human trigeminal ganglion with 
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pneumonitis and herpes labialis (Howard, 1903, 1905) and also the de
velopment of cutaneous herpetic lesions after trigeminal nerve surgery 
(Cushing, 1905) gave a hint of the possible involvement of the trigeminal 
nerve in the pathogenesis of herpetic disease in man. These early clues 
and the prediction of Goodpasture mentioned above, were supported by 
more careful documentation of the cutaneous herpetic lesions that fre
quently follow surgery of the trigeminal tract (Carton and Kilbourne, 
1952 j Carton, 1953 j Pazin et aI., 1978). Carton and Kilbourne noted that 
2-4 days after section of the root of the fifth cranial nerve, bral or facial 
herpetic lesions (but not ophthalmic) occurred in about 90% of individ
uals. The lesions developed provided that the ganglion was not destroyed 
and the peripheral nerve remained intact (Carton, 1953). Carton and Kil
bourne (1952) and Ellison et al. (1959) interpreted their observations as 
indicating that changes induced in the ganglion by surgery eaused reac
tivation of latent HSV in the skin. Paine (1964) in a later review gave an 
excellent summary of all the neurosurgical and pathological observations 
linking the trigeminal ganglion with herpetic disease in man. He was led 
to favor the original idea of Goodpasture of latent infection in the ganglion 
and suggested the following outline for the pathogenesis of HSV infection 
in man: (1) during primary infection the virus grows in epithelial cells 
and enters nerve endings, (2) the virus spreads, probably via the nerve, to 
the trigeminal ganglion, (3) in the ganglion a latent infection is established 
in which the virus may be in a noninfectious form [at that time several 
workers had reported failure to isolate infectious HSV from human tri
geminal ganglia: Burnet and Lush (1939), Richter (1944), Carton and Kil
bourne (1952), Ellison et aI. (1959)], and (4) the latent infection is activated 
and infectious virus spreads, again via the nerve, to the skin where the 
clinical lesion is produced. 

Experimental proof that HSV can indeed establish a long-term "si
lent" infection in the nervous system began to appear in the 1970s. Plum
mer et al. (1970) found that 9-11 months after intramuscular injection 
of HSV-2 into rabbits, virus could be recovered from their CNS and sen
sory ganglia by inoculation of trypsinized suspensions of these neural 
tissues onto cell monolayers. Such observations were confirmed and 
much extended by Stevens and his colleagues in the mouse (Stevens and 
Cook, 1971) and rabbit (Stevens et aI., 1972). In their first study in mice, 
Stevens and Cook found that infectious virus was demonstrable in the 
lumbosacral sensory ganglia for only a short time (usually not later than 
day 7) after inoculation of HSV into a rear footpad. Isolation of virus was 
attempted by the conventional procedure of inoculating cell cultures with 
homogenates of the tissue. However, if the sensory ganglia (associated 
with the sciatic nerve of the originally inoculated limb) were cultured in 
vitro as explants, infectious virus could be isolated from the culture me
dium at 7 or 14 days after explantation. Using this method, virus could 
not be grown from the sciatic nerve trunk, spinal cord, or medulla ob
longata. By this explantation method, virus was recovered from the lum-
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bosacral ganglia of the majority of mice even 4 months after they had 
recovered from the primary infection. In subsequent experiments the ap
pearance of virus was usually detected by culturing the ganglion explants, 
sometimes for many weeks, in the presence of a cell monolayer suscep
tible to HSV-the so-called "cocultivation" method (Stevens et al., 1972; 
Knotts et al., 1973). A further modification of the explantation method 
that is now often used involves culture of the ganglion for a short period 
(usually 4-6 days). The presence of virus is then detected by inoculating 
a homogenate of the ganglion onto cell mono layers (Wohlenberg et al., 
1979; Harbour et al., 1981). This technique gives similar results to the 
co cultivation method (T. Hill et al., unpublished results) and has the 
advantage of producing the results in a shorter time. Furthermore the 
titer of virus in the ganglion homogenate may give some crude quanti
fication of latent infection (Klein, 1980). Other attempts to quantify la
tency in the ganglion have involved disaggregation of the tissue and de
tection of the number of cells that give rise to infectious centers (Walz 
et al., 1976), assay of virus produced at different times after culture of 
the ganglia (Klein, 1980), and observation of the time of appearance of 
ePE in the indicator cells when the cocultivation method is used (Klein, 
1980). 

The availability of meaningful and convenient methods for quanti
fying the extent of latent infection in sensory ganglia would be extremely 
valuable in many experimental situations, e.g., more detailed assessment 
of the effects of antiviral drugs or vaccines. 

It has been reported that the sensitivity of the explant method can 
be significantly enhanced by dispersion of the ganglion with tryp
sin/EDT A before co cultivation of the cell suspension (Nesburn et al., 
1980). Lewis et al. (1982) have also described methods for optimizing the 
recovery of HSV from human trigeminal ganglia. Whichever of the ex
plantation methods is used to detect latent infection in ganglia, or any 
other tissue, none of them reveal the state of the virus during latency. 
Virus isolated from ganglia by such methods could arise from either of 
two states: (1) from small foci of normal productive infection yielding 
insufficient virus to be detected by inoculation of ganglion homogenates 
into cell cultures (during the culture of the ganglion in vitro, controls 
active in the host animal would be absent, thus allowing the infection 
in the ganglion tissue to spread and produce detectable levels of infectious 
virus); or (2) from a viral genome that in vivo is completely or partially 
repressed but during culture of the ganglion in vitro is reactivated to 
produce infectious virus. Hence, it should be emphasized that the defi
nition of latent infection according to the results of these explantation 
methods is entirely operational. As discussed later, there may be situa
tions in which the complete viral genome is demonstrable in tissues by 
methods such as nucleic acid hybridization but no reactivation of virus 
can be induced. By the results of explantation methods, such tissues 
would be considered incorrectly to be free from latent infection. 
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Using explant methods similar to those developed by Stevens and 
his colleagues, HSV was isolated from 9 to 86% of human trigeminal 
ganglia taken at postmortem (Bastian et al., 1972 j Baringer and Swove
land, 1973 j Rodda et al., 1973 j Plummer, 1973 j Warren et al., 1977). The 
picture was completed when Baringer (1974) demonstrated latent infec
tion with HSV-2 in human lumbosacral ganglia. Similar results were ob
tained for the analogous ganglia in mice (Walz et al., 1977) and monkeys 
(Reeves et al., 1976) that had recovered from vaginal infection with HSV-
2. 

From subsequent studies it became apparent that, depending on the 
site of primary infection, HSV could establish a latent infection in any 
type of nerve ganglion, including autonomic ganglia in mice (Price et al., 
1975a), rabbits (Martin et al., 1977), and humans (Warren et al., 1978). 

More recently, Tullo et al. (1983b) have shown that within the 
human trigeminal ganglion, latent infection with HSV is most common 
in the maxillary and mandibular parts. 

The predilection of the virus for establishing latency in nervous tis
sue was clearly demonstrated in experiments by Cook and Stevens (1976) 
in which mice were injected intravenously with HSV. Despite widespread 
exposure of different tissues to the virus, latent infection was demon
strated only in central and peripheral nervous tissues (including the ad
renal medulla). 

2. Central Nervous System 

By the culture of tissue explants, latent infection with HSV has been 
demonstrated in the CNS of rabbits (Plummer et al., 1970), mice and 
rabbits (Knotts et al., 1973), mice (Cook and Stevens, 1976 j Cabrera et 
al., 1980), and guinea pigs (Tenser and Hsiung, 1977). However, the in
cidence of detectable latency in such tissues was much lower than in 
sensory ganglia and in two reports no latent infection was demonstrated 
in the brain stem after ocular infection in mice (Knotts et al., 1974 j Tullo 
et al., 1982a). It seems unlikely that this apparent difference between the 
CNS and the PNS is due to the inability of the virus to reach the CNS. 
In spite of the presence of high titers of HSV in many areas of the brains 
of mice that had survived the acute infection, latent infection was not 
demonstrated in their brain stem (Tullo et al., 1982aj Hill et al., 1983a). 

By culture of tissue explants, Openshaw (1983) detected latent HSV 
in the retinas of mice that had recovered from corneal infection (em
bryologically and anatomically the retina forms part of the CNS). 

As yet there have been no reports of the demonstration, by explan
tation methods, of latent infection with HSV in the human CNS. How
ever, the preliminary report of DNA homologous to HSV DNA in human 
brain (Sequiera et al., 1979) has now been confirmed in more detail by 
Fraser et al. (1981) who found such DNA in 7 of 11 human brains (of the 
7 three were from normal individuals and the remainder from patients 
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with multiple sclerosis). In most cases the DNA present appeared to rep
resent the complete viral genome. Moreover, Cabrera et al. (1980) dem
onstrated DNA homologous to viral DNA in the brains of 30% of mice 
in which the incidence of latent infection (demonstrated by an explan
tation method) in the brain was 5% and in the trigeminal ganglia 95%. 
Hence, the apparently low incidence of latency in the CNS may merely 
reflect difficulties in demonstrating its presence by the usual explantation 
techniques. Such difficulties may arise from the fact that the latent in
fection may be less easily reactivated in neurons of the CNS than in those 
of the PNS. This will be discussed further in Section IV. However, the 
possibility of these differences calls for caution in extrapolating from 
experiments on the establishment of latent infection by HSV mutants in 
the mouse brain (Lofgren et al., 1977j Watson et al., 1980) to what might 
happen in sensory ganglia. 

The observations of Cabrera et al. (1980) also raise the issue of 
whether latent infection is best defined on the basis of results of explan
tation methods alone, a problem already referred to. Some tissues like 
the brain may rarely, if ever, yield infectious virus by such methods. 
Nevertheless, these tissues may need to be considered as latently infected 
if they can be shown to contain complete copies of the viral DNA. 

B. Extraneural Sites 

As the recurrent lesions caused by HSV normally occur in peripheral 
sites such as skin, it was natural that these tissues should be suspected 
as sites of latent infection (Carton and Kilbourne, 1952j Carton, 1953j 

Ellison et al., 1959). However, attempts in man to detect virus in ho
mogenates or explant cultures of such tissues, particularly skin from areas 
where lesions were prone to develop, have proved unsuccessful (Findlay 
and MacCallum, 1940j Anderson and Hamilton, 1949j Coriell, 1963 j Rus
tigian et al., 1966j Smith and McLaren, 1977). Moreover, facial skin taken 
from areas prone to show recurrent disease, did not develop lesions when 
transplanted to other sites of the body (Nicolau and Poincloux, 1928j 

Stalder and Zurukzoglu, 1936). However, Hoyt and Billson (1976) reported 
recurrent herpes simplex in patients 7-10 days after "blqwout" fractures 
had severed the nerve supply to the area where the lesions developed. 
This raises the possibility that the lesions arose from virus already present 
in the skin at the time of injury. 

Shedding of virus in body secretions in the absence of clinical disease 
has been described in man and rabbits: in human saliva (Douglas and 
Couch, 1970), secretions of the human genitourinary system (Deardourff 
et al., 1974j Orsi et al., 1978) human tears (Kaufman et al., 1967L and 
rabbit eye secretions (Kaufman et a1., 1967j Nesburn et a1., 1967j Laibson 
and Kibrick, 1969). Such shedding has been interpreted as indicating la-
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tent infection with HSV in salivary or lacrimal glands (Kaufman et al., 
1967, 1968; Brown and Kaufman, 1969). 

However; the presence of infectious virus in peripheral tissues in the 
absence of clInical disease may not indicate a latent infection at that site 
but rather the presence of microfoci of infection resulting from an input 
of virus from the primary site of latency, namely the sensory ganglion. 
This interpretation was favored by Hill et al. (1980) to account for the 
presence of HSV in the skin of about 10% of clinically normal, latently 
infected mice. 

Some internal organs, e.g., parts of the genital tract, have autonomic 
neurons closely associated with them and latent infection has been dem
onstrated in such neurons (Price et al., 1975a). This may explain the latent 
infection found in the vaginouterine tissue of more than 25% of mice 
after vaginal inoculation with HSV-l or HSV-2 (Walz et al., 1977). 

However, the work of Scriba (1977) on HSV infection in the guinea 
pig suggests that the possibility of latency in extraneural tissues cannot 
be entirely excluded. By culture of skin explants, Scriba has shown that 
HSV-2 can be present in the footpad of the majority of latently infected 
guinea pigs in the absence of clinical lesions and in the absence of any 
nerve supply from the lumbosacral ganglia (Scriba, 1981a). In the case of 
HSV -1 it seems that the virus persists almost entirely in the peripheral 
tissues of the guinea pig, at the site of inoculation, with little or no latent 
infection in the lumbosacral ganglia (Scriba, 1977; Scriba and Tatzber, 
1981). Moreover, in mice latently infected with a strain of HSV-2 or var
ious of its ts mutants, virus has been recovered from explant cultures of 
the footpad (site of inoculation) and/or the sensory ganglia (AI-Saadi et 
al., 1983). 

Whether such extraneurallatent infection can occur in man remains 
to be established. In this.respect a situation that would merit further 
investigation is the presence of virus in the stromal tissues of the eye 
during chronic herpetic keratitis (Dawson and Togni, 1976; Meyers-El
liott et al., 1980). Indeed, although in the past it has proved difficult to 
culture virus from such lesions, HSV has recently been isolated from two 
of three corneal discs (from patients with chronic stromal keratitis) that 
had been removed during corneal grafting and cultured as explants in 
vitro (Shimeld et al., 1982). 

The detection of RNA complementary to HSV in mononuclear cells 
from the peripheral blood of patients with Behcet's syndrome and recur
rent oral ulcers also suggests that in some circumstances the virus may 
be latent in extraneural sites (Eglin et al., 1982). 

Despite these possibilities of extraneurallatency, the weight of ev
idence at present favors the nervous system, in particular sensory ganglia, 
as the primary site of latent infection and thereby the source of virus 
responsible for recurrent disease (Paine, 1964). Indeed, the observations 
of Carton (1953) mentioned previously, suggest that in man the integrity 



182 TERENCE r. HILL 

of the trigeminal nerve and ganglion is essential for continued recurrence 
of cutaneous lesions. 

III. ESTABLISHMENT OF LATENT INFECTION IN GANGLIA 

A. Introduction 

The establishment of latency in ganglia does not merely involve the 
interaction of the virus with the "target" cell (which, as will become 
clear, is almost certainly the ganglionic neuron). Before this final phase 
in the process, there are other important and distinct but interrelated 
phases, namely growth of virus in peripheral tissues such as skin, entry 
of virus into nerve endings, and spread of virus (usually via nerves) to the 
ganglion. At all of these phases there may be subtle interaction between 
particular viral and host functions. In what follows an attempt is made 
to dissect these functions, but with regard to the final phase (the inter
action of the virus with the "target" cell in the ganglion) the discussion 
at this stage will be limited to functions of the virus. Because changes 
in certain host functions (particularly those concerning the metabolism 
of neurons) appear to be involved in the reactivation of latent infection, 
the role of such functions in the establishment and maintenance of la
tency in neurons will be discussed in a later section dealing with reac
tivation. 

The main anatomical structures concerned in the different phases of 
the infection are shown diagrammatically in Fig. 1. An excellent account 
of the peripheral nerve and its related structures is given by Landon (1976). 

B. Spread of Virus' from the Periphery 

It is now clear that latent infection with HSV can be established in 
the sensory ganglia of laboratory animals after infection of a peripheral 
site such as the mouse footpad (Stevens and Cook, 1971) or the mouse 
ear (Hill et ai., 1975). This raises the question of how the virus spreads 
from such peripheral sites to the sensory ganglia. Over the years a number 
of workers have shown that although there may be a transient viremia 
following peripheral inoculation of virus (particularly in newborn mice), 
there is no significant spread of virus to the CNS from the bloodstream 
in adult animals (Goodpasture, 1925a; Johnson, 1964; Wildy, 1967; Cook 
and Stevens, 1973; Knotts et a1., 1974; Renis et a1., 1976). Moreover, 
administration of anti-HSV serum to mice did not prevent the spread of 
virus to the CNS (Wildy, 1967; Cook and Stevens, 1973). The accumulated 
work of these same authors shows, from the sequence with which in
fectious virus appears in different tissues and the distribution of the path
ological lesions, that the peripheral nerve is involved in the spread of 
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FIGURE 1. Diagram of the main anatomical features of a sensory ganglion and peripheral 
nerve. Only one neuron is shown in full detail. Ga, ganglion; Sa, satellite cell; Sc, Schwann 
cell; N, neuron; 01, oligodendroglial cell; Ax, axon; arrows, junction of PNS and CNS. The 
diagram is particularly illustrative of the ophthalmic part of the trigeminal lfifth cranial 
nerve) ganglion, which supplies sensory nerves to the eye and some areas of the skin of the 
head. 

virus to the ganglia and CNS. Indeed, Wildy (1967) found that cutting 
the peripheral nerve that supplied the inoculation site could completely 
prevent the spread of virus to the CNS. 

Spread of virus to the ganglion in the endoneural fluid of the nerve 
sheath seems unlikely as the net movement of such fluid is away from 
the CNS (Weiss et ai., 1945; Mellick and Cavanagh, 1967). A number of 
workers have suggested that virus may spread along peripheral nerves by 
sequential infection of contiguous Schwann cells (Fig. 1). This proposal 
arose from the observation of virus particles in Schwann cells by electron 
microscopy (Dawson et ai., 1966; Rabin et ai., 1968; Severin and White, 
1968; Rajcani and Con en, 1972) and of viral antigens in Schwann cells 
by immunofluorescence (Johnson, 1964; Yamamoto et ai., 1965; Rajcani 
et al., 1969) or the immunoperoxidase technique (Lascano and Berria, 
1980). However, two points need to be considered in the interpretation 
of such observations: (1) the detection of viral antigens in Schwann cells 
by immunofluorescence or the immunoperoxidase method does not nec
essarily indicate the production of infectious virus; and (2) apart from 
Dawson et ai., who used rabbits, all of the other work quoted above was 
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done with neonatal or suckling mice. In such animals the peripheral 
nerves are largely unmyelinated and therefore the metabolism of their 
Schwann cells will be very different from that in older animals in which 
myelination is complete. Moreover, in the sciatic nerve of the 2-day-old 
mouse, 27% of Schwann cells are still dividing (Asbury, 1967); in the 
adult this figure is less than 0.1 % (Bradley and Asbury, 1970). Such phys
iological differences between the Schwann cells of neonatal and adult 
mice may have marked effects on their susceptibility to HSV. Indeed, 
from all other studies that have made careful electron microscopic ob
servations of HSV infection in Schwann cells of older mice (3 weeks of 
age or more), it is clear that these cells are either infected abortively or 
are totally resistant to infection (Dillard et al., 1972; Cook and Stevens, 
1973; Knotts et al., 1974). These observations suggest that at least in the 
adult mouse, spread of virus via Schwann cells is unlikely to be of sig
nificance. 

In contrast to the PNS, the glial cells of the CNS, in particular the 
oligodendrocytes and astrocytes, are susceptible to infection with HSV 
(Townsend and Baringer, 1976, 1978; Townsend, 1981a; Hill, 1983). 
Hence, in the CNS, cell-to-cell spread of virus might occur although its 
speed would be relatively slow, the limiting factors being the number of 
cells per unit length of nerve fiber and the growth rate of the virus. Ev
idence for such slow spread (about 1 mm/day) comes from the morpho
logical observations of Narang (1977) and Narang and Codd (1978) on the 
movement of infection along the optic nerve of young rabbits. (The optic 
nerve embryologically and structurally is part of the CNS.) This very slow 
cell-to-cell spread of virus in the optic nerve contrasts markedly with the 
rate at which herpesviruses (HSV and pseudorabies) apparently travel 
along peripheral nerves (2-10 mm/hr). Such speeds have been determined 
by observing the time at which infectious virus can first be detected in 
sensory ganglia after peripheral inoculation of virus [for HSV, Kristensson 
et al. (1971), Cook and Stevens (1973); for pseudorabies, McCracken et 
al. (1973), Field and Hill (1974, 1975)J. This relatively rapid spread of 
herpesviruses along peripheral nerves is very similar to that reported for 
normal retrograde (toward the CNS) flow of proteins in axons-2-1O 
mm/hr (Ochs, 1974; Kristensson, 1978). Axonal microtubules are thought 
to be involved in the mechanism of normal retrograde axonal transport 
(Ochs, 1974; Kristensson, 1978). Therefore, the interruption of the spread 
of HSV along a peripheral nerve by local treatment of the nerve with 
colchicine (a drug that disrupts microtubules) adds weight to the idea 
that HSV can travel by intraaxonal transport (Kristensson et al., 1971). 
Further support for this concept comes from two reports concerning ex
periments with neuronal cultures in vitro. In the first, cultures of rat 
dorsal root ganglia were inoculated with HSV onto the tip of the axonal 
outgrowth and virus was shown (by immunofluorescence) to reach the 
neural cell bodies without involvement of Schwann cells (Ziegler and 
Herman, 1980). In the second, Price et al. (1982) used cultures of auto-
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nomic neurons from the superior cervical ganglia of young rats. The cul
tures contained very few glial cells and the neuronal cell bodies were 
connected by a network of axonal fibers. After infection of the cultures 
with HSV, viral antigen was shown by immunoperoxidase staining to 
spread along such fibers. Moreover, the presence of antiviral serum in the 
culture medium slowed down but did not prevent the spread of virus. 

Direct observation of HSV in axons by electron microscopy has 
proved difficult. This probably reflects the large sampling errors inherent 
in the technique. Nevertheless, intraaxonal particles have been observed 
both for HSV (Hill et al., 1972j Cook and Stevens, 1973 j Baringer and 
Swoveland, 1974j Kristensson et al., 1974) and for pseudorabies virus 
(McCracken et al., 1973 j Field and Hill, 1974). However, in all these cases 
the particles observed may represent virus arising from productively in
fected ganglionic neurons or CNS tissue rather than virus traveling to 
the ganglion from the peripheral site of inoculation. 

In summary, it seems most likely that HSV makes use of a normal 
neuronal function (retrograde axonal flow) in order to travel in peripheral 
nerves to the ganglion and CNS. At present there is little information on 
whether particular viral components, e.g., envelope glycoproteins, are of 
importance in the entry of virions into nerve endings in peripheral tissues. 
In this respect two observations may be of relevance: Vahlne et al. (1978, 
1980) have shown that there may be HSV type-specific receptors in mouse 
brain synaptosomes and Ziegler and Pozos (1981) have found that N
acetylneuraminic acid may form part of receptors for HSV on axonal pro
cesses in culture. In this respect, differences between strains of HSV in 
their ability to enter nerve endings might be relevant to differences in 
neurovirulence. 

A further and striking consequence of the intraneural spread of HSV, 
which can occur frequently in experimental animals and occasionally in 
man, is the zosteriform spread of herpes simplex lesions (reviewed by 
Hill, 1983 j Blyth et al., 1984). Such spread indicates that once the virus 
has infected the sensory ganglion and/or the CNS, it may then travel 
centrifugally (again via axonal flow) to reach parts of the dermatome re
mote from the site of inoculation. The possible mechanisms underlying 
zosteriform spread are discussed by Hill (1983) and similar mechanisms 
may be involved in the more widespread establishment of latent infection 
by the "backdoor route" (see below). 

C. Events in the Peripheral Tissue during Primary Infection 

In theory it is possible that after gaining access to tissues such as 
skin, HSV could pass directly into peripheral nerve endings. By using large 
doses of virus this has been demonstrated experimentally with the her
pesvirus of pseudorabies (Field and Hill, 1975) and it is likely that the 
same could be achieved with HSV. However, under circumstances of 
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natural infection where the virus inoculum may be small, it seems more 
probable that some virus growth in peripheral tissues will precede entry 
of particles into the nerve. The extent of such growth would clearly affect 
the ~mount of virus in the tissue and the time for which it was present. 
This in turn may greatly influence the chance of virions entering the 
nervous system and thereby may affect the incidence of latent infection 
in the ganglia. Hence, strains of virus or virus mutants that grow poorly 
in tissues such as skin may be rendered "latency negative" simply be
cause there is little chance of them entering the peripheral nerve endings. 

In the normal course of events the growth of virus in peripheral tis
sues is of limited duration; e.g., after inoculation of the mouse footpad 
(Stevens and Cook, 1971) or mouse ear (Hill et ai., 1975), virus titers reach 
a peak at 3-4 days after inoculation and the virus is cleared from the 
tissues 3-7 days later. However, as mentioned above, zosteriform spread 
of lesions can frequently occur in experimental animals. Hence, an ov
ersimplistic picture of the growth of HSV in the periphery should be 
avoided, for such spread can occur over the whole dermatome (including 
the inoculation site) and can begin as soon as 2-3 days after inoculation 
(T. Hill, W. Blyth, and D. Harbour, unpublished observations). 

Many of the immunological mechanisms known to be involved in 
the control of HSV infections (reviewed by Nahmias and Ashman, 1978; 
Babiuk and Rouse, 1979; Wildy et ai., 1982; Rouse and Lopez, 1984) are 
almost certainly involved in the clearance of virus and the termination 
of the primary infection in the peripheral tissue. Hence, the integrity of 
such mechanisms is likely to be of prime importance in limiting the 
amount of virus available to enter the nervous system and thereby to 
establish latency. 

It follows from these arguments that from the point of view of treat
ing the primary infection, this stage in the pathogenesis of the disease is 
an important" Achilles' heel" with respect to the establishment of la
tency. Hence, chemotherapeutic or immunological treatments may not 
only directly affect the infection in the nervous system but also, and 
perhaps more importantly, may indirectly reduce the incidence of latency 
by decreasing the amount of virus available to enter nerve endings. In
direct evidence for such effects comes from the observation of a decreased 
incidence of latent infection in animals treated with antiviral drugs at or 
very near the time of primary infection (Wohlenberg et a1., 1976; Klein 
et a1., 1977, 1978a,b, 1979). Similar effects are reported in animals vac
cinated before infection or after secondary infection (Price et ai., 1975b; 
McKendall, 1977; Klein et ai., 1978a; Price and Schmitz, 1979; Tullo et 
ai., 1982a, 1983a). Walz et ai. (1976) have also shown that after infection 
of immunized animals the number of latently infected cells in ganglia is 
lower than in controls (infected but nonimmunized). Moreover, treat
ment of mice with immune serum at the time of primary infection may 
reduce the incidence of latent infection (McKendall et ai., 1979) andlor 
reduce the extent of the latent infection in the ganglion (Klein, 1980). 
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Conversely, factors that disable defense mechanisms and thereby 
allow increased virus growth in peripheral tissues might be expected to 
increase the chance of establishing latency. Thus, treatment of adult mice 
with silica [which disables macrophages (Zisman et al., 1970 j Hirsch et 
al., 1970)] before infection with HSV (Blyth et al., 1980a) and treatment 
of guinea pigs with immunosuppressive steroids (Tenser and Hsiung, 
1977) produced a higher incidence of latent infection than in control an
imals. 

While the extent of virus growth in the periphery is probably of im
portance in affecting the chance of establishing latency in ganglia, the 
site of primary infection may to a large extent determine which ganglia 
or parts of ganglia are involved. This is of particular importance in man 
with respect to the trigeminal ganglion. Embryological observations show 
that this large sensory ganglion is formed by fusion of two separate nerves, 
the opthalmic and maxillomandibular branches (Kappers et al., 1960). 
Moreover, in the adult animal the neurons of the three parts of the gan
glion (ophthalmic, maxillary, and mandibular) are within separate regions 
and the nerves from the three parts each supply a different peripheral 
area (Gregg and Dixon, 1973 j Arvidson, 1979). In the majority of cases, 
primary infection with HSV-1 occurs in the oropharynx (Buddingh et al., 
1953), an area suppli~d by the maxillary and mandibular nerves. Hence, 
it might be expected that, at least initially, latent infection would be 
restricted to the maxillary/mandibular part of the ganglion. This is borne 
out by the observation that section of the trigeminal sensory root of man, 
a process that would affect the whole ganglion, was followed by herpetic 
lesions in the maxillary/mandibular and not the ophthalmic region (Car
ton and Kilbourne, 1952). Indeed, in a small series of human trigeminal 
ganglia, Tullo et al. (1983b) found that latent infection was limited to 
maxillary and mandibular parts. However, if recurrent herpetic eye dis
ease is associated with a latent infection in the ophthalmic part of the 
trigeminal ganglion, the question arises as to how such latency is estab
lished. The following possibilities have been considered by Tullo et al. 
(1982a,b). (1) An individual already carrying latent infection in the max
illary/mandibular parts of the ganglion may be reinfected exogenously or 
by autoinoculation in the eye and thereby latent infection may be estab
lished in the ophthalmic part of the ganglion. The difficulty of estab
lishing a latent infection in immune animals (Tullo et al., 1982a) argues 
against such an event. (2) Arguments against hematogenous spread of 
virus have already been mentioned. (3) During primary infection, spread 
of virus from the maxillary/mandibular parts of the ganglion to the 
ophthalmic is unlikely as there are no interneuronal connections in sen
sory ganglia. Moreover, the glial cells that surround the neurons and 
axons are relatively resistant to infection by HSV (Dillard et al., 1972 j 

Cook and Stevens, 1973) and are likely to form a barrier to such spread. 
(4) Latent infection could be established in the ophthalmic part of the 
trigeminal ganglion by centripetal spread of virus to the brain stem (via 
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maxillary/mandibular neurons) and then by centrifugal spread to the 
ophthalmic division [the so-called "backdoor" route (Tullo et al., 1982b)]. 
The sequence with which virus can be isolated from different sites of the 
nervous system of mice after ocular infection (Tullo et al., 1982a; Hill 
et al., 1983a) or lip infection (Tullo et al., 1982b) suggests that this is a 
likely course of events. Hence, by outflow of virus from the CNS during 
the acute disease, the virus may establish latency in neurons that do not 
supply the site of primary infection. The mechanisms underlying this 
outflow may be similar to those involved in zosteriform spread of lesions 
(Hill, 1983). The occurrence of latent infection in contralateral sensory 
ganglia may be further evidence of such spread (Knotts et al., 1973; Tenser 
and Hsiung, 1977; McKendall et al., 1979; Tullo et al., 1982a). The results 
of Lonsdale et al. (1979) and Gerdes et al. (1981) provide indirect evidence 
of similar spread of HSV in man. By analysis of viral DNA with restriction 
enzymes, they showed that in a single individual, isolates from different 
ganglia (Lonsdale et al.) or peripheral sites (Gerdes et al.)were of the same 
strain of HSV. Moreover, the possibility of HSV DNA in different parts 
of the human brain (Fraser et al., 1981) suggests the virus can reach many 
parts of the nervous system. 

Thus, the single exposure to oropharyngeal infection by HSV-1 in 
childhood may, by spread of virus in the nervous system, result in latent 
infection in several neural sites. In a few individuals, such sites may 
include the ophthalmic as well as the maxillary/mandibular parts of the 
trigeminal ganglion (Tullo et al., 1982a,b). 

At least in experimental studies the route of inoculation is a further 
factor that can markedly affect the incidence of subsequent latent infec
tion. Thus, after subcutaneous inoculation of the skin of the pinna of 
mice with 105 PFU HSV-l, the incidence of latent infection was 40%. In 
contrast, scarification of the pinna with this dose gave an incidence of 
latent infection of nearly 100% (Blyth et al., 1984). Presumably, scarifi
cation facilitates access of the virus to the sensory nerve endings in the 
skin. 

D. The Latently Infected Cell 

The release of infectious virus from ganglia of latently infected ani
mals and man implies the presence of the whole genome of HSV in these 
tissues. Which cell type in the ganglion harbors the viral genome? 

Cook et al. (1974) found that ganglia from latently infected mice were 
induced to produce virus not only by explantation in vitro but also by 
transplantation to the peritoneum of syngeneic animals. By immunoflu
orescent and electron microscopy, viral products were identified first in 
the neurons of such transplanted ganglia. This was confirmed by labeling 
of neuronal nuclei in autoradiographs of sections from explanted ganglia 
that had been incubated in the presence of [3H]thymidine. Moreover, by 
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using radiolabeled virus-specific cRNA as the probe, viral DNA was de
tected in the nuclei of neurons in ganglion explants by in situ hybridi
zation. This technique was also used to show viral DNA in neurons of 
ganglia from/latently infected rabbits (zur Hausen and Schulte-Holthau
sen, 1975) and viral mRNA in neurons of human sensory ganglia (Gal
loway et al., 1979). In dissociated cultures of latently infected mouse 
ganglia, HSV antigens were first detected on day 3 after dissociation in 
neurons (Kennedy et al., 1983). The neurons were identified by a specific 
antineuronal monoclonal antibody. 

Unequivocal evidence for the neuron as the site of latent infection 
was provided by McLennan and Darby (1980) in mice latently infected 
with ts mutants of HSV-l. The latent infection with the mutants was 
activated in vitro by the usual explantation method but at the nonper
missive temperature. Reactivation in vivo was by section of the peripheral 
nerve associated with the ganglion. In the latter case the body temper
ature of the mouse was relied upon to provide the nonpermissive con
ditions. At the nonpermissive temperature the spread of infection from 
the primary site of activation to adjacent nonlatently infected cells could 
not occur. Under such conditions, either in vivo or in vitro, viral antigens 
were detected by immunofluorescence only in neurons. 

Further evidence for latent infection in neurons is provided by the 
demonstration, again by immunofluorescence, of the ex polypeptide ICP4 
in the nuclei of ganglionic neurons of latently infected rabbits (Green et 
al., 1981b). 

At present there is little information on the proportion of ganglionic 
neurons that may harbor the latent infection at anyone time. Walz et 
al. (1976) have attempted to investigate this by enzymatically dispersing 
latently infected ganglia from mice. By co cultivating such cell suspen
sions they determined that latent infection was reactivated in 0.1 % of 
ganglionic cells, i.e., about 1% of neurons. Using similar methods, but 
with more positive means of identifying neurons, Kennedy et al. (1983) 
estimated that 0.4% of neurons produced reactivated virus. If, as sug
gested by these experiments, only a proportion of ganglionic neurons may 
be latently infected, the question arises as to whether this proportion can 
be affected once latency is established. An increase in latently infected 
neurons might occur following secondary infection with the same of a 
different strain of virus, or as a consequence of the "round-trip" mech
anism (Klein, 1976). In the "round-trip" hypothesis it is proposed that 
during episodes of recurrent peripheral disease, e.g., in the skin, virus is 
reseeded into the ganglion. This was originally conceived as a possible 
mechanism for maintenance of the latent infection in the ganglion in the 
presence of the neuronal loss that might follow the reactivation of la
tency. If no such loss occurs, the "round trip" of virus might result in 
an increase in the number of latently infected neurons. However, it may 
be that the presence of the viral genome within a latently infected neuron 
renders that cell "immune" to the establishment of latency by a second 
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virus. Moreover, by the production of a diffusible repressorlike molecule 
from latently infected cells, such immunity might also be conferred on 
adjacent uninfected neurons. By the use of viruses with particular mark
ers it should be possible to determine, at the least, whether more than 
one strain of HSV can establish latency in the same ganglion. 

E. Viral Functions Associated with the Establishment and 
Maintenance of Latency in Neurons 

Once the virus has reached the ganglion it seems likely that the 
successful establishment of latency will depend on particular interactions 
between the virus and the "target" cell, i.e., the neuron. 

Particular characteristics of the neuron may play an important part 
in these interactions but these will be considered later in the section 
dealing with reactivation of latency. In the discussion that follows, a 
number of viral functions are considered with respect to whether they 
are necessary for the establishment of latency in neurons. 

1. Productive Infection 

During intraaxonal transport, virus replication would be impossible, 
but once the virus arrives in the ganglion, replication could theoretically 
occur in the nucleated cell bodies of the neurons, the glial cells, and 
fibroblasts. Following the inoculation of a peripheral site, such as the 
mouse footpad, infectious virus can be detected in the relevant sensory 
ganglia from about the 1st to the 8th day after infection; peak titers occur 
at about the 4th day (Stevens and Cook, 1971; Cook and Stevens, 1973). 
Theoretically, this appearance of virus in the ganglion might merely rep
resent virions accumulating there as a result of an input from the pe
riphery. However, there is clearly viral replication in some ganglion cells, 
as productive infection has been observed in ganglionic neurons by elec
tron microscopy (Dillard et ai., 1972; Schwartz and Elizan, 1973; Cook 
and Stevens, 1973; Knotts et ai., 1974). In contrast to the productive 
infection in neurons, electron microscopic observations by these same 
authors suggest that the surrounding satellite cells are abortively in
fected. Confirmation of this differing response of neurons and peripheral 
glia has been obtained in vitro by using explant cultures of sensory ganglia 
(Hill and Field, 1973). 

What is the relevance of these events in the ganglion, particularly 
the productive infection in neurons, to the establishment of latency? 
Certain ts mutants of HSV (both DNA + and DNA -) are able to establish 
latency in the mouse brain (Lofgren et a1., 1977; Watson et a1., 1980) and 
sensory ganglion (McLennan and Darby, 1980) although they are unable 
to replicate at the inner body temperature of the mouse. This suggests 
that neither DNA replication nor productive infection is essential for the 
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establishment of a latent infection in neurons. Further indirect evidence 
for this conclusion is provided by the observation that passive immu
nization, which reduces the amount of productive replication in the gan
glion during primary infection, results in an increased incidence of latent 
infection (Price and Schmitz, 1979). In contrast, neurectomy (Price and 
Schmitz, 1979L treatment with cyclophosphamide (Price and Schmitz, 
1979; Openshaw et a1., 1981), or treatment with 5-hydroxydopamine 
(Price, 1979) all increase productive infection in ganglia at the time of 
primary infection and lead to a decreased incidence of latent infection. 
From such observations, Sekizawa et al. (1980) and Openshaw et al. (1981) 
have postulated that ganglionic neurons may respond to HSV infection 
in either of two ways. Some neurons may be permissive for infection and 
perhaps thereby are killed while others may be nonpermissive and thereby 
latency can be established. They further postulated that the permissivity 
of some neurons may be induced by irritation of their nerve endings. Such 
irritation might result from the inflammation in the peripheral tissues 
at the time of primary infection. 

The administration of HSV antiserum soon after infection apparently 
allows latency to be established more rapidly-2-4 days after infection 
rather than the usual 10-14 days (Sekizawa et al., 1980). An alternative 
interpretation of such observations might be that even during the course 
of a normal primary infection, latency is established in nonpermissive 
neurons as soon as the virus reaches the ganglion (1-2 days after infec
tion). However, this rapid establishment of latency would not normally 
be demonstrable because for several days it would be masked by the pro
ductive infection in other permissive cells. Hence, the administration of 
HSV antiserum might ablate such productive infection and thereby allow 
the demonstration of latency at an early stage. 

In summary, it seems that the productive infection seen in the ganglia 
of laboratory animals during primary infection with HSV is unnecessary 
for the establishment of latency. Indeed, there may be an inverse rela
tionship between productive and latent infection. 

2. Structure of the Viral Genome 

By analogy with certain DNA tumor viruses it might be proposed 
that the establishment of latency involves integration of the viral genome 
into that of the host and/or persistence of the viral genome in an extra
chromosomal plasmidlike state. In this respect, Becker (1978, 1979) has 
postulated that by virtue of its unique structure, HSV DNA could undergo 
intramolecular recombination to form figure-8-shaped molecules. Such 
molecules might then exist in latently infected cells as plasmids or be
come integrated into the host cell DNA. Yanagi et al. (1979) and, more 
extensively, Ritchie and Timbury (1980) have drawn attention to the 
similarities between the arrangement of the HSV genome and that of 
transposons (units of DNA that can readily "move" from one site to 
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another within the DNA of prokaryotic and eukaryotic organisms). In
deed, they suggest that the HSV genome resembles two transposable ele
ments (the long and short unique regions, each bounded by inverted repeat 
sequences) that might integrate independently into the host cell genome. 
While there are superficial similarities between the HSV ~enome and 
transposons, there is at least one notable difference. The terminal repeat 
sequences of transposons are often as small as 40 base pairs and can be 
as large as 1.5 kb (Kopecko, 1980) whereas the repeat regions of HSV are 
much larger (the ab region being 9.6 kb and the ca region 6.9). Indeed, 
the repeat regions of HSV DNA are themselves equivalent in size to some 
bacterial transposons, many of which are 3-10 kb in length (see also 
Kopecko, 1980). Therefore, a modification of the Ritchie and Timbury 
proposals would be that the HSV repeat regions themselves may behave 
like transposons. By so doing [and by analogy with compound transposons 
in bacteria (Kleckner, 1981)J they may be able to mobilize the unique 
regions with which they are linked and insert them into the genome of 
the host cell. 

If during establishment of latency the viral genome is integrated into 
that of the host, it will be important to determine whether the process 
is site specific (as in the case of A. phage and the E. coli chromosome) or 
more random (as in the case of J-l phage) (see also Kopecko, 1980). More
over, it remains to be established whether such integration may be lim
ited to certain host cells, e.g., neurons. Observations on the growth of 
HSV in BSC-1 cells or BHK21 cells (Biegeleisen and Rush, 1976j Yanagi 
et al., 1979) suggest that integration of viral DNA into that of the host 
cell may occur during a normal productive infection. Hence, while such 
integration may occur in many cell types, the establishment of latency 
may require the infection of a nonpermissive cell in which late functions 
of the viral genome are not expressed and thereby cell death is avoided. 
If this is so, then latency and transformation by tumor viruses such as 
SV 40 may indeed have much in common, as transformation also requires 
the infection of a nonpermissive cell (Tooze, 1973). This concept would 
also conform with the conclusion (see above) that the establishment of 
latency does not require virus replication. 

It will be apparent that information on the precise state of the viral 
genome in the latently infected neuron is almost nonexistent. Because, 
in some cases, the viral DNA found in the human brain contained ter
minal fragments, Fraser et al. (1981) suggested that the genome may be 
present in a linear, nonintegrated form. More recent molecular evidence 
is conflicting. Rock and Fraser (1983) demonstrated the presence of the 
HSV genome in the brains of latently infected mice, but the viral DNA 
lacked the terminal fragments, suggesting that the viral genome was in 
a nonlinear, episomelike state. The terminal repeat fragments were de
tected by Fuga et al. (1984) in the viral DNA from the trigeminal ganglia 
of latently infected mice. However, these fragments had structural 
changes that were suggestive of integration into cellular DNA. 



HSV LATENCY 193 

3. Specific Viral Genes 

Studies with ts mutants of HSV suggest that specific viral genes are 
necessary for the establishment of latent infection in the mouse brain 
(Lofgren et al., 1977; Watson et al., 1980). One such latency-negative 
mutant (tsK) is defective in the production of the immediate-early (a) 
polypeptide ICP4 (otherwise known as VMW 175) (Preston, 1979a). The 
significance of this observation has been greatly increased by the report, 
previously mentioned, that this same polypeptide, appears to be contin
uously expressed in the nuclei of'latently infected ganglionic neurons 
(Green et al., 1981b). During the course of normal virus replication the 
polypeptide ICP4 appears to have a regulatory function. In particular, it 
may control the transition from immediate-early to early and late protein 
synthesis (Preston, 1979b). Hence, this immediate early function may also 
be involved in the regulation of the genome that may be necessary for 
both establishment and maintenance of latency. 

Other mutants such as tsA examined by Lofgren et al. (1977) and 
Watson et al. (1980), which are defective in genes beyond the immediate
early region of the genome, were also unable to establish latency in the 
CNS. This suggests that later functions of the genome may also be in
volved. 

It is noteworthy that in all these experiments with ts mutants the 
viruses were assessed for their ability to establish latency in the mouse 
brain. Therefore, in the interpretation of the results it is worth reem
phasizing the note of caution made earlier that there may be differences 
between the PNS and the CNS in the ability of HSV to establish latency 
and/or be reactivated from the latent state. 

As suggested by Marsden (1980) the study of specific deletion mu
tants of HSV should greatly facilitate clarification of which viral genes 
may be important in the establishment of latency. 

Another function of the virus that has been considered of possible 
relevance to latency is the enzyme thymidine kinase (TK). It is clear that 
TK expression is unnecessary for replication of the virus in rapidly grow
ing cells in culture. However, mutants lacking this function (TK - ) grow 
less well in serum-starved (slowly growing) cells (famieson et al., 1974). 
Hence, in vivo the viral TK may be necessary for virus replication in 
nondividing cells (e.g., newons) or cells that are slowly growing (e.g., in 
the epidermis). Certainly, TK - mutants of HSV are usually extremely 
avirulent (Field and Wildy, 1978) and grow poorly in skin and CNS (Field 
and Wildy, 1978; Field and Darby. 1980), in sensory ganglia (Tenser and 
Dunstan, 1979; Tenser et al., 1979), and in autonomic ganglia (Price and 
Kahn, 1981). Moreover, such mutants produce a low incidence of latent 
infection in sensory ganglia (Tenser et al., 1979; Tenser and Dunstan, 
1979) and autonomic ganglia (Price and Kahn, 1981). Such observations 
have led to the view that viral TK may be necessary for the establishment 
of latency (Tenser and Dunstan, 1979). However, the fact that many TK-
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viruses are apparently "latency-negative" may be related to their poor 
growth in tissues such as skin and thereby their reduced chance of entry 
into nerve endings. This suggestion is supported by the observation that 
inoculation of a very large dose of TK - virus (strain B2006) into the skin 
of the mouse pinna, produced latent infection in the cervical ganglia of 
50% of animals (Field and Wildy, 1978). Using the same virus strain for 
ocular infection but at a lower dose, Price and Kahn (1981) were unable 
to demonstrate latency in the superior cervical ganglia of mice. 

In interpreting experiments on the significance of the TK gene in 
pathogenesis and latency it is noteworthy that different strains and mu
tants of HSV produce different amounts of TK (Field and Darby, 1980). 
In this respect a mutant TKl/4 (producing 25% of the level of the parent 
strain) was found to establish latency in mice but was avirulent unless 
inoculated at high doses (Gordon et al., 1983). 

As virus replication in neurons appears to be unnecessary for estab
lishment of latency (see above), it seems unlikely that the inability of 
TK - viruses to replicate in neurons would be the reason for their apparent 
inability to establish latency (Price and Kahn, 1981). Indeed, Price and Kahn 
postulated that TK - viruses may be able to establish latency in neurons 
but because such viruses replicate poorly in these cells the latent infec
tion cannot be reactivated. If this is so, TK - viruses will appear to be 
"latency-negative" because the usual ganglion explantation methods de
pend upon reactivation as the means of showing a virus to be "latency
positive." Confirmation of this hypothesis will require the application of 
other techniques, such as nucleic acid hybridization, to detect the pu
tative TK - genome in neurons. 

In summary, the relevance of the viral TK gene to latency is still far 
from clear. However, it seems that under some circumstances TK - mu
tants can establish a latent infection and therefore this viral function 
does not appear to be an absolute requirement for latency to occur. 

4. Fc Receptors 

Cells productively infected with HSV are known to express receptors 
for the Fc portion of immunoglobulins (Watkins, 1964). Such receptors 
may be part of the viral glycoprotein gCE, which is inserted into both 
the host cell membrane and the viral envelope (Baucke and Spear, 1979; 
Para et al., 1980). On an entirely hypothetical basis it was suggested that 
the binding of IgG to HSV Fc receptors on cell membranes (Costa and 
Rabson, 1975) or the double binding of antiviral IgG to such receptors 
and viral antigens (Lehner et al., 1975) might modulate virus replication 
and thereby might be involved in the establishment and maintenance of 
latency. The possible role of antibody in the establishment and main
tenance of latency will be considered later. The discussion here will be 
limited to the likelihood of Fc receptors being present on the surface of 
latently infected neurons. As yet there have been no reports of Fc recep-
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tors on such cells and although their presence cannot be excluded it seems 
unlikely for a number of theoretical reasons: (1) the production of gCE 
may be a lat!= function of the genome (one of the 'Y polypeptides). Hence, 
unless there were partial transcription of the genome, the expression of 
such a function would be more likely to occur during a productive in
fection, an event that invariably leads to cell death. (2) It has been dem
onstrated that HEp-2 cells in culture can acquire Fc receptors from the 
envelope of the input (infecting) virions (Para et a1., 1980). Therefore, in 
attempting to overcome the difficulties mentioned in (1), it has been 
suggested that neurons might acquire receptors in a similar manner (Spear 
et al., 1981). However, the cell membrane is a highly dynamic structure. 
It is therefore difficult to envisage how such passively acquired molecules 
could be maintained for long periods on the surface of the latently infected 
neuron. 

5. Defective Interfering Particles 

The occurrence of defective interfering (01) particles has been de
scribed for a number of RNA viruses, and the ability of 01 particles to 
interfere with the replication of nondefective (standard) virus led to the 
proposal that they may playa role in the modulation of infections in vivo 
(Huang and Baltimore, 1970). 01 particles have also been described for 
herpesviruses, including HSV, and much is known about their molecular 
biology (reviewed by Frenkel, 1981). It seems that in the mouse the pres
ence of HSV 01 particles can decrease the severity of the infection in the 
skin and CNS (Zenda and Murray, 1981). However, nothing is known at 
present of the possible role of HSV 01 particles in latency. It is conceivable 
that the presence of 01 particles in the inoculum or their production in 
the skin during primary infection, might interfere with standard virus 
and reduce its entry into the nervous system. It is also possible that 01 
particles might interfere more directly in the establishment of latency 
by affecting the interaction between the neuron and the standard virus. 
In this respect it will be of interest to determine whether despite their 
defective genomes, 01 viruses can themselves produce a latent infection. 

F. The State of Latency: Presence and Expression of Viral 
Functions in the Latently Infected Ganglion 

The precise state of the virus in latently infected ganglia has been a 
matter for speculation for some time. Roizman (1965, 1974) proposed two 
possible states of latency. One is the dynamic state in which the presence 
of virus is maintained by a low level of productive infection. Such a state 
would resemble persistent infections described in vivo and in vitro for 
other viruses, e.g., the paramyxoviruses (ter Meulen and Carter, 1982). 
The other is the static state in which the viral genome is totally or par-
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tially repressed. In this state the genome might either be integrated into 
the host cell chromosome (in a manner analogous to a lysogenic bacter
iophage) or be present as an extrachromosomal plasmidlike structure [like 
EBV in some lymphocytes (Adams and Lindahl, 1975)]. The weight of 
evidence in favor of the dynamic or static state of latency is best assessed 
by considering the presence and expression of various viral functions in 
the latently infected ganglion. 

1. Infectious Virus 

Most workers report that after primary infection in experimental 
animals, infectious virus can be isolated from sensory ganglia for only a 
short time, usually not later than 7-10 days after inoculation (Stevens 
and Cook, 1971; Cook and Stevens, 1973). However, in one report 
(Schwartz et a1., 1978) it is claimed that by inoculating homogenates of 
mouse ganglia onto explant cultures of fetal mouse dorsal root ganglia, 
infectious virus could be detected for up to 8 months after infection. The 
incidence of virus isolation from ganglia fell from 80% at 1 month after 
infection to 20% at 6 months. 

By electron microscopy of serial sections of trigeminal ganglia from 
latently infected rabbits, Baringer and Swoveland (1974) found a very 
small number of productively infected cells (probably neurons). However, 
such cells could represent either a low level of persistent infection (dy
namic state) or the spontaneous reactivation of virus from a truly latent 
(i.e., static) state. The latter may be more likely in view of the known 
propensity of the latently infected rabbit to shed virus spontaneously in 
its tears (Nesburn et a1., 1967). 

Treatment of latently infected mice or rabbits with various potent 
antiviral drugs did not affect the incidence of latent infection in their 
ganglia (Field et a1., 1979; Klein et a1., 1979, 1981; Blyth et a1., 1980b; 
Svennerholm et a1., 1981; Field and De Clercq, 1981; Nesburn et a1., 
1983). This provides indirect evidence for the lack of a dynamic state of 
latency, as such drugs only affect replicating virus. 

2. Viral Genome 

As evidenced by the release of infectious virus after explantation in 
vitro, most latently infected ganglia must contain the complete HSV gen
ome. However, Brown et a1. (1979) found that by superinfection with ts 
mutants of HSV, viral genomes could be rescued from human ganglion 
cultures that had failed to yield infectious virus. This suggests that some 
neural tissues that are "latency-negative" by the usual cultural tests may 
contain defective or noninducible viral genomes. 

The presence of viral DNA in latently infected mouse ganglia (0.1 
genome equivalent/cell) was demonstrated by a liquid-phase hybridiza
tion technique (Puga et a1., 1978). 
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3. Viral Antigens 

Stevens and Cook (1971) were unable to detect viral antigens in la
tently infected mouse ganglia by immunofluorescence. Using a general 
antiserum to HSV, Green et al. (1981b) were similarly unsuccessful with 
latently infected ganglia from rabbits. However, by using a monospecific 
antiserum they demonstrated the presence of the a polypeptide ICP4 in 
the nuclei of ganglionic neurons. 

4. Viral Enzymes 

During the normal productive replication of HSV a number of specific 
viral enzymes are produced. In one report (Yamamoto et al., 1977) it was 
claimed that one such enzyme (TK) was present in the ganglia of mice 
up to 60 days after infection, a time normally regarded as being in the 
latent phase. This observation was not confirmed by Fong and Scriba 
(1980) who found in guinea pigs that TK could be detected in skin and 
ganglia during primary infection but not in the ganglia when latency was 
established (at 2 weeks and at 1 year after infection). 

5. Viral mRNA 

Even in the absence of productive infection, viral mRNA should be 
present in ganglia if viral polypeptides such as ICP4 (Green et al., 1981b) 
or viral enzymes such as TK (Yamamoto et al., 1977) are expressed during 
the latent phase. However, no viral transcripts were detected in latently 
infected mouse ganglia (either soon after establishment of latency or at 
later times) by a liquid-phase hybridization method (Puga et al., 1978). It 
was estimated that this method had a lower limit of sensitivity of one 
full complement of viral mRNA per 2000 cells. Hence, a transcript equiv
alent to about 5% of the viral genome would have been undetected. There
fore, more sensitive methods may be required to demonstrate the pres
ence of a putative transcript equivalent to a single viral gene. 

By using in situ hybridization, viral transcripts have been detected 
in human thoracic, lumbar, and sacral ganglia (Galloway et al., 1979, 
1982). However, there is need for caution in interpreting these observa
tions. Unlike the situation with experimental animals some delay is in
evitable between the death of the individual and the removal of tissues 
for processing in the laboratory. Therefore, the degenerative changes that 
occur rapidly after death, particularly in neurons, might initiate reacti
vation of the latent infection in a manner analogous to that caused by 
explantation of the ganglia in vitro. Such complete or partial reactivation 
would lead to the production of viral mRNA and thereby give a false 
impression of the true state of latency in vivo. However, this criticism 
is less readily applicable to experiments involving guinea pigs in which 
HSV mRNA was detected in latently infected trigeminal ganglion neu
rons by in situ hybridization (Tenser et al., 1982). 
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From the information reviewed above and summarized in Table I 
there is clearly little evidence for the presence of normal productive rep
lication of HSV in the latently infected ganglion. Therefore, at present 
the weight of evidence favors the static state of latency in which perhaps 
only some early functions of the viral genome are expressed. The extent 
of such expression and the factors involved in the apparent block in tran
scription of the viral genome remain to be determined. Cultures of in
fected neurons in vitro that mimic latency in vivo (e.g., Wigdahl et al., 
1983) may be helpful in this respect. 

Some observations on latently infected ganglia already referred to 
[the loss of TK (Yamamoto et al., 1977), the gradual decline in incidence 
of infectious virus (Schwartz et al., 1978)] suggest that over a period of 
time there may be gradual changes in the latent state. Confirmation of 
such changes and an investigation of their nature are urgently required. 

IV. REACTIVATION OF THE LATENT INFECTION AND 
THE PRODUCTION OF RECURRENT DISEASE 

A. Introduction 

1. Terminology 

During latency, infectious HSV can rarely be isolated from affected 
tissues such as sensory ganglia but, as already discussed, the appearance 
of virus can be induced by culture of the tissues in vitro. It is now known 
(Table II). and discussed in detail below) that a variety of procedures will 
also induce the appearance of infectious virus in latently infected ganglia 
in vivo. The demonstration of such virus by inoculation of cell cultures 
with homogenates of the latently infected tissue (without intact, viable 
cells) is taken to indicate reactivation of the virus. Hence, as in the case 
of latency, reactivation is also defined in operational terms. Some authors 
have extended the use of reactivation to include the production of re
current clinical disease. However, to aid clarity of thought and discussion 
it would seem desirable to adopt a more precise terminology. 

For such reasons Wildy et al. (1982) proposed the following defini
tions: 

• Reactivation: the "reawakening" of virus from the latent state, 
either spontaneously or as a result of external stimuli, so that in
fectious virus may be isolated 

• Recrudescence: the initiation of a clinical lesion in a peripheral 
tissue as a result of reactivation in the associated sensory ganglion 

• Recurrence: the presence of infectious virus in a peripheral tissue 
(probably resulting from reactivation in the ganglion) in the ab
sence of a clinical lesion 
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While this attempt at a more careful use of terminology is to be 
welcomed, some confusion may still arise between recurrence and re
crudescence .and therefore I shall not adopt these two definitions. Never
theless, the stricter definition of reactivation as proposed by Wildy et al. 
(1982) will be used, particularly as it relates to the appearance of infectious 
virus at the site of latency (Hill, 1981). 

2. The Consequences of Latent Infection and Its Reactivation 

There has been a general assumption that while the virus remains 
in the latent state, in the sensory neuron or elsewhere, the vital functions 
of the host cell are unaffected. This is perhaps more likely to be the case 
if, as previously concluded, latency is of the static type in which few if 
any viral functions are expressed. However, it would be of interest to 
determine whether, even in such a static state, the presence of the virus 
might alter some of the non vital functions of the host cell. For example, 
the presence of the latent HSV genome in a neuron might produce subtle 
changes in the ability of the cell to synthesize neuropeptides. However, 
so far as is known at present the effects of the latent infection on the 
host cell only become manifest when the latent state is disturbed by 
endogenous or exogenous factors and viral infectivity is reactivated. On 
occasions this reactivation may lead to signs of disease in the host and 
the consequences of latent infection then become obvious to the patient 
and clinician. Hence, a consideration of reactivation and the pathogenesis 
of recurrent herpetic disease is essential to complete the picture of la
tency. Moreover, an understanding of how the latent infection is reac
tivated should shed further light on the factors that are involved in its 
maintenance and control. 

B. Mechanisms Underlying the Reactivation from Latency 

1. A Paradox 

The relationship that must exist between HSV and the host cell dur
ing latency presents an intriguing paradox. While latency is maintained 
the neuron behaves as a nonpermissive cell with respect to virus repli
cation. However, when reactivation occurs the host cell-virus relation
ship is altered so that the neuron becomes permissiv~ and virus repli
cation is initiated. Such an alteration might involve the removal or 
modification of controls that operate to maintain latency. In this section 
an attempt is made to unr~vel the extent to which host and viral factors 
may playa role in these control processes. 

2. Host Factors and Reactivation 

The reactivation of the latent infection that follows explantation of 
sensory ganglia in vitro was the means by which latency was first dem-
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onstrated experimentally (see above). Subsequently, reactivation in gan
glia was also demonstrated in vivo in a number of model systems, par
ticularly in mice, after a variety of procedures (Table II). Most of these 
procedures fall into the following categories: (1) nerve damage (trauma 
to the ganglion or nerve section), (2) trauma (physical or chemical) to the 
peripheral site receiving innervation from the latently infected ganglion, 
(3) immunosuppressive treatments. All these in vivo procedures and the 
processes involved in removal and explantation of ganglia in vitro are 
very likely to induce changes in cell and tissue functions. It is therefore 
important to consider which, if any, of these changes might affect the 
virus-host balance so as to induce reactivation. Two possibilities will be 
discussed: (1) that latency is maintained by "inhibitors" of host origin, 
in particular immune factors, and that reactivation is caused by a depres
sion of their effectsi (2) that latency is maintained in the neuron as a 
result of particular features of its physiology and that reactivation follows 
physiological changes in the cell that allow increased expression of the 
viral genome. 

a. Immune Mechanisms 

Mention has already been made of the postulate that latency in the 
neuron may be maintained by the double binding of antiviral IgG to viral 
antigens and Fc receptors on the cell surface (Lehner et a1., 1975). In 
support of this idea, Costa et a1. (1977) found that high concentrations 
of normal rabbit IgG inhibited the growth of HSV in Vero and Y-79 cells. 
However, the unlikely occurrence of Fc receptors on the surface of la
tently infected neurons has already been discussed. 

Whether or not Fc receptors are involved in maintenance of latency, 
Stevens and Cook (1974) produced evidence for the possible role of anti
HSV IgG. Latently infected ganglia were transplanted in chambers cov
ered with Millipore filters (pore size 0.22 J.Lm) into the peritoneal cavity 
of immune and nonimmune mice. After 4 days the ganglia were removed 
and sections examined for foci of viral antigens and DNA. Ganglia from 
the immune mice showed fewer foci of reactivated virus than those from 
nonimmune animals. Further experiments showed this effect was due to 
antiviral IgG. These experiments led Stevens and Cook to suggest that 
antiviral IgG plays a part in the maintenance of latency. However, it 
seems likely that the processes involved in transplantation of the ganglia 
would initiate reactivation. Hence, an alternative interpretation of their 
results would be that the antiviral IgG, perhaps in combination with the 
lymphocytes present in the ganglion, can limit the spread of the reacti
vated virus. Hence, the apparent effects of antiviral IgG may indicate the 
ability of immune mechanisms to limit the spread of reactivated HSV 
infection in ganglia rather than an involvement in the maintenance of 
latency. 
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Further doubt has been cast on the role of immunoglobulins in the 
control of latency by the observation that latency can occur for long 
periods in sensory ganglia of mice in the absence of detectable serum 
neutralizing antibody (Sekizawa et a1., 1980). Moreover, reactivation of 
virus from latently infected neurons in vitro took place in the presence 
of neutralizing antibody (Kennedy et a1., 1983). This does not of course 
rule out the possibility that other kinds of antibody might be involved 
in maintaining the latent state (Nash, 1981). 

The induction of reactivation in the ganglion by various immuno
suppressive treatments (Table II) might be taken to indicate a more ob
vious role for immune mechanisms in the maintenance of latency. How
ever, it is quite clear, particularly from the drastic levels of treatment 
that are necessary, that such procedures could induce reactivation by a 
variety of nonimmunological means (Hill et a1., 1981). For example, an
tithymocyte serum could produce membrane changes in neurons by bind
ing to the theta antigen, which neurons and lymphocytes have in com
mon. Such changes might then lead to reactivation. Similarly, steroids 
might induce nonspecific changes in neuronal membranes. With regard 
to cyclophosphamide, Openshaw et a1. (1979a) have pointed out that its 
ability to induce reactivation may be related to the known ability of the 
drug to damage DNA rather than its immunosuppressive activity. 

In summary, there is at present no strong evidence for the involve
ment of immune functions in the maintenance of latency in neurons and 
therefore in its reactivation. Moreover, it is not clear how some of the 
stimuli that induce reactivation in ganglia, in particular damage or 
trauma to peripheral tissues, might act by affecting immune mechanisms 
in the ganglion. 

However, there are indications that immune functions, in particular 
the production of antibody (Stevens and Cook, 1973; Kino et a1., 1982; 
Cook and Stevens, 1983) and the production of interferon (Sokawa et a1., 
1980), may be involved in clearance of infecti,ous virus from ganglia dur
ing the acute disease. 

b. Physiology of the Neuron 

At least two features of the neuron's physiology may be relevant to 
latency. First, in the adult animal the neuron is a relatively long-lived, 
nondividing cell in which cellular DNA synthesis only occurs as a con
sequence of repair mechanisms (Sanes and Okun, 1972; Ishikawa et a1., 
1978). If during latency the viral and host genomes were closely associ
ated, the quiescent nature of the host's genome might allow the virus to 
remain undisturbed for long periods of time. Second, the neuron is a fully 
differentiated cell with very specialized functions. In such a cell large, 
areas of the genome would remain untranscribed. As HSV uses the host 
cell RNA polymerase B to transcribe its DNA (Constanzo et a1., 1977), 
an association of the viral DNA with such "silent" areas of the neuronal 
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DNA might allow the viral genome to remain unexpressed during la
tency. Under such circumstances full expression of the viral genome (i.e., 
reactivation) might be caused when these "silent" areas of the neuronal 
DNA were transcribed. This might occur when the cell was called on to 
perform "out of the ordinary" functions, e.g., the repair of damage to its 
membrane or cytoplasmic processes. Therefore, it is noteworthy that 
such damage (nerve section or trauma to the ganglion) is a well-recognized 
cause of reactivation of latency in the ganglion in vivo (Table II). More
over, the cutting of nerves involved in removal of ganglia for explantation 
may provide the main stimulus for the reactivation observed during cul
ture in vitro. 

The normal repair processes initiated by nerve section include an 
increase in protein synthesis in the neuronal cell body and an increase 
in transcription of neuronal DNA (reviewed by Grafstein, 1975). It is not 
known whether other inducers of reactivation in the ganglion, in partic
ular physical or chemical trauma to the skin, might induce similar 
changes in neuronal metabolism. However, it seems likely that such 
stimuli would induce minor damage to peripheral nerve endings and that 
this would be followed up by repair. 

Hence, the general concept emerges, as discussed by Price and 
Schmitz (1978), that changes in neuronal metabolism may lead to the 
reactivation of latent infection with HSV, i.e., the neuron becomes per
missive for virus replication. Further support for this concept comes from 
observations on the effect of neuronal metabolic changes on productive 
infection with HSV in the superior cervical ganglion of mice during the 
acute disease. Thus, postganglionic neurectomy (Price and Schmitz, 1979) 
and treatment with 6-hydroxydopamine, a drug that selectively injures 
adrenergic nerve terminals (Price, 1979), both increased the titers of virus 
produced in the ganglion. 

It is well recognized that in comparison with the neurons of the PNS, 
those in the eNS have a lesser capacity to regrow and repair their nerve 
processes (Grafstein, 1975). Recent evidence suggests that PNS and eNS 
neurons may not be intrinsically different in this respect but that the 
ability of peripheral neurons to regrow damaged axons depends on the 
environment provided by peripheral glial cells (Benfey and Aguayo, 1982). 
Nevertheless, the apparent lack of reparative ability of eNS neurons may 
be of relevance to the previously mentioned apparent low incidence of 
latent infection with HSV in the eNS as compared with the PNS. If, as 
argued above, reactivation is in some way related to metabolic changes 
in the neuron associated with repair processes, the relative lack of such 
processes in eNS neurons might render reactivation more difficult in 
these cells. This in turn might lead to a falsely low measure of the true 
incidence of latency in eNS tissues. 

The molecular mechanisms underlying the response of the gangli
onic neuronal cell body to axotomy, in particular the increase in tran
scription (Watson, 1974), are not fully understood. However, in other cells 
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it appears that the extent of methylation of the cytosine bases in DNA 
is of great significance in the control of gene expression (reviewed by 
Doerfler, 1981). In general, it seems that such methylation leads to the 
silencing of 'genes whereas for expression the gene needs to be under
methylated. This same generalization also appears to be true for the few 
viral systems that have been examined. In particular, it has been shown 
with the following viruses that viral sequences integrated into the host 
cell genome are extensively methylated whereas during productive in
fection this is usually not so: herpes saimiri in lymphoid tumor cells 
(Desrosiers et aI., 1979), HSV in human lymphoblastoid cells of T-cell 
origin (Youssoufian et a1., 1982), adenovirus type 12 in transformed ham
ster cells (Sutter and Doerfler, 1980). It remains to be established whether 
methylation of the viral DNA, perhaps via host cell functions, plays any 
part in controlling the expression of the HSV genome during latency. 
However, it is noteworthy that dimethylsulfoxide [a chemical known to 
cause hypomethylation of cellular DNA (Christman et a1., 1977)] is a 
potent inducer of reactivation of HSV in ganglia (Hill et a1., 1983a; Har
bour et a1., 1983b). Moreover, in mouse cells transformed by HSV and 
containing the inactive viral TK gene, the gene can be activated by treat
ment with 5-azacytidine (Clough et aI., 1982), a drug known to cause 
hypomethylation of DNA. It was also shown that the inactive TK gene 
was methylated whereas the active gene was unmethylated. 

In summary, many of the stimuli that cause reactivation in gangli
onic neurons may do so by affecting the transcription of the host cell 
genome and thereby, pari passu, by affecting that of the virus, a possibility 
first mentioned by Roizman (1974). 

Viewed in this light, the establishment and maintenance of latency 
may depend heavily on the peculiar properties of the neuron as a host 
cell. Hence, in many circumstances latency may be the "natural" rela
tionship between HSV and the neuron (Blyth and Hill, 1984) rather than 
a situation in which "external" factors (such as immune mechanisms) 
are necessary to "force" the virus into latency andlor to maintain the 
latent state. 

There may indeed be other cells that possess some of the features of 
neurons discussed above and thereby they too may have the capacity to 
harbor latent HSV. In this respect it is of interest that a model of latent 
infection with HSV can be established in a lymphoblastoid T-cell line of 
human origin (Hammer et a1., 1981). Moreover, the infection was reac
tivated by exposure of the cells to phytohemagglutinin, a mitogen that 
dramatically alters the DNA metabolism of T lymphocytes. 

3. Viral Factors and Reactivation 

Just as particular viral functions may be involved in the establish
ment of latency in neurons, so the same andlor different functions may 
be involved in its maintenance and reactivation. As yet there is little 
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information in this respect but, as already mentioned, Price and Kahn 
(1981) have made the suggestion that because TK- viruses grow poorly 
in neurons they may be unable to undergo reactivation. 

It ,may also be possible that the maintenance of latency depends on 
the production of a virally coded "repressor" in which case reactivation 
might result from negation of its effects. As yet there is no evidence for 
a function of this type although the presence of ICP4 in the nuclei of 
latently infected neurons (Green et al., 1981b) raises the possibility that 
latency is maintained by the continued expression of a particular viral 
gene or genes. If this proves to be so, it may be that reactivation results 
from an interaction between the kind of host factors discussed above, 
particularly those concerned with transcription of the host genome, and 
the expression of those viral genes that maintain the latent state. 

4. Fate of the Neuron after Reactivation 

Whatever the mechanism of reactivation, its consequence is a pro
ductive infection with HSV at the site of latent infection. In the ganglion 
the cell in which infectious virus is produced is probably the neuron, for 
viral antigens appear there after explantation in vitro (Cook et ai., 1974; 
Rajcani et al., 1976; McLennan and Darby, 1980; Kennedy et ai., 1983) 
and after nerve section in vivo (McLennan and Darby, 1980). The con
sequence of reactivation for the neuron may be, as for productive infection 
with HSV in other cells, death of the cell. McLennan and Darby (1980) 
found that 2 weeks after section of the peripheral nerve close to latently 
infected cervical ganglia in mice (a procedure known to cause reactiva
tion, Table II) the incidence of latent infection in the ganglia was 25% 
compared with 100% in control animals. Their interpretation of this re
sult was that reactivation led to neuronal death and thereby a reduction 
in the incidence of latent infection. 

Unfortunately, these observations are also explicable in terms of the 
nonspecific neuronal death that is known to follow section of a peripheral 
nerve adjacent to a ganglion. In this respect, Ranson (1906) showed a 50% 
loss of neurons in the cervical ganglia of rats after a nerve section pro
cedure similar to that used by McLennan and Darby (1980). 

If sensory neurons in man do indeed succumb to reactivation of la
tency, there might eventually be a noticeable loss of sensation in the 
relevant peripheral tissue. So far such loss has not been reported except 
in herpetic keratitis (Duke-Elder, 1965; Tullo et al., 1983c). However, the 
putative deficit in sensation might be masked by reorganization of func
tion within the CNS. 

·Klein (1976) has pointed out that if reactivation is an "end event" 
for the neuron, there should be a gradual depletion of latent infection 
within the ganglion. To overcome this he has proposed the following 
series of events as the "round-trip" hypothesis: (1) reactivation results in 
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death of the neuron and translocation of the virus via the axon to epi
dermal cells; (2) the virus infects epidermal cells from where it passes to 
the terminals of neighboring axons; (3) the virus passes by retrograde 
axonal transport to establish latency in fresh ganglionic neurons. Con
firmation of this interesting idea will require methods for precise quan
tification of latency in ganglia and the demonstration that latency can 
be "reestablished" in ganglia that already carry latently infected cells. 

C. Events That May Result from Reactivation of Latency 

As already discussed, reactivation of latent infection with HSV has 
been shown with human sensory and autonomic ganglia in vitro. How
ever, in terms of the definition outlined above (the appearance of infec
tious virus in the ganglion), reactivation in human ganglia in vivo has 
not been demonstrated; indeed, for obvious technical reasons it may prove 
impossible to do so. Nevertheless, circumstantial evidence, e.g., the oc
currence of herpetic lesions after surgery to the trigeminal ganglion (Car
ton and Kilbourne, 1952), suggests that some kind of reactivation in the 
ganglion does occur in man. In what follows, the possible consequences, 
both actual and hypothetical, of such reactivation are considered. While 
the discussion is directed particularly to events in man, extensive ref
erence is also made to evidence from a variety of animal models. 

1. Shedding of Virus at the Periphery without Associated Clinical 
Disease 

In the earlier discussion on the site of latent infection, it was pointed 
out that infectious virus can occasionally be isolated from peripheral 
tissues or secretions such as tears of latently infected humans and animals 
[a situation termed recurrence by Wildy et al. (1982)]. With the possible 
exception of the guinea pig (Scriba, 1977, 1981), observations in man and 
rabbit suggest that the latently infected sensory ganglion is the source of 
such virus shed at the periphery. Hence, in man, besides producing overt 
clinical lesions, surgical manipulation of the trigeminal ganglion also 
causes asymptomatic shedding of virus in the saliva (Pazin et al., 1978). 
Similarly, dental extraction procedures in man produce either clinical 
herpes labialis or shedding of virus without disease (Openshaw and Ben
nett, 1982). Shedding of virus without clinical disease has also been re
ported in rabbits after electrical or mechanical stimulation of the latently 
infected trigeminal ganglion (Nesburn et al., 1976a,b, 1977; Green et al., 
1981a) and after iontophoresis of epinephrine into the cornea (Kwon et 
aL, 1981). These observations raise the important question, considered 
in detail later, of why the presence of virus in peripheral tissues is not 
necessarily associated with clinical disease? 
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2. Disorders Associated with the Autonomic Nervous System 

The fact that HSV can establish a latent infection in autonomic gan
glia of man and animals led Price and Notkins (1977) to suggest that such 
infection might be associated with disease. They postulated that disease 
might result from dysfunction of the ganglion itself or from the produc
tion of recurrent lesions in organs such as the gut that may receive their 
nerve supply from a latently infected autonomic ganglion. As yet there 
is no direct evidence to support these interesting ideas although Vester
gaard and Rune (1980) and Van der Merwe and Alexander (1982) have 
reported a higher level of HSV -1 type-specific antibodies in patients with 
recurrent duodenal ulcers. 

Wellings (1968) has speculated that dysfunction of the parasympath
etic ciliary ganglion (producing various ocular abnormalities) may be as
sociated with infection with HSV. 

3. Psychiatric Disorders or Chronic Neurological Disease 

There are reports that patients with some psychiatric disorders have 
an increased incidence of antibodies to HSV (Cleobury et al., 1971 j Lycke 
et al., 1974). Similarly, patients with Bell's palsy (facial paralysis) may 
have a higher incidence and titers of antibodies to HSV than controls 
(Vahlne et al., 1981). The observation that HSV DNA may be present in 
many parts of the human brain (Sequiera et al., 1979 j Fraser et al., 1981) 
may be of relevance to these serological findings. Clearly, it is most im
portant to determine to what extent HSV or fragments of its genome can 
be demonstrated in the CNS of the population at large. When information 
from studies of this kind is available, it may be possible to get a clearer 
picture of the relevance of HSV to chronic nervous diseases. 

The concept of a possible relationship between HSV and chronic neu
rological disease in man has received some support from the observation 
that demyelination of CNS axons can occur during acute infection with 
the virus in experimental animals (Townsend and Baringer, 1976, 1978, 
1979 j Kristensson et al., 1978 j Townsend, 1981a,bj Martin, 1982 j Martin 
et al., 1982). A mouse model has recently been described for studying the 
relationship between such demyelination and the function of the seventh 
(facial) cranial nerve (Hill et al., 1983aj Hill, 1983). 

Fujinami et al. (1983) have demonstrated that a monoclonal antibody 
to an HSV-1 phosphoprotein (ICP6) cross-reacts with an intermediate fil
ament protein (probably vimentin) found in many normal cells. This 
raises the possibility of the occurrence of autoimmune reactions during 
the acute and/or chronic phases of HSV infections. 

4. Encephalitis 

Encephalitis is a rare but serious consequence of infection with HSV 
in man (Longson and Bailey, 1977 j Longson et al., 1980). In theory the 
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disease might occur under three possible circumstances: (1) after primary 
infection, perhaps occurring later in life than usual; (2) after centrifugal 
spread of virus to the brain following reactivation of latent infection in 
the trigeminal ganglion (Davis and Johnson, 1979) [the distribution of 
viral antigens in the brain of cases of encephalitis does not support this 
suggestion (Esiri, 1982)]; (3) after reactivation of latent infection in the 
brain itself. As yet there are no clear indications of which of these pos
sibilities is most likely to occur in man although epidemiological obser
vations suggest that many cases may be due to reactivation of a latent 
infection (Leider et al., 1965; Longson and Bailey, 1977; Longson et al., 
1980). More recent studies, using the precision of typing HSV with re
striction endonucleases, suggest that some cases of encephalitis do rep
resent a primary infection whereas others undoubtedly arise from an ex
isting latent infection (Whitley et ai., 1982). 

As already discussed it is known that in mice, rabbits, and guinea 
pigs, HSV can establish latency in the CNS. Moreover, in latently infected 
rabbits, encephalitis can be precipitated by injection of epinephrine 
(Schmidt and Rasmussen, 1960) or by anaphylactic shock (Good and 
Campbell, 1948). In the latently infected mouse there is some evidence 
that drastic immunosuppression (by X-rays and antithymocyte serum) 
may induce signs of encephalitis (Kastrukoff et al., 1981). However, such 
treatment would produce many effects in addition to immunosuppres
sion. Latent infection in the CNS and its reactivation are discussed fur
ther by Hill (1983). 

5. Recurrence of Lesions at the Periphery 

a. Clinical Problem 

The most common and troublesome manifestation of the latent in
fection with HSV is recurrence of lesions at peripheral sites such as the 
orofacial area, eye, and genitalia. Hence, this consequence of latent in
fection will be considered in more detail. In many individuals, recurrence 
of lesions is often precipitated by particular stimuli, which may be ex
ogenous (e.g., sunlight, trauma) or endogenous (e.g., stress, fever, men
struation) (Wheeler, 1975). The appearance of orofacial herpetic lesions 
after trigeminal surgery in man (see above) provided the first clear indi
cation that such recurrences resulted from an endogenous input of virus 
to the periphery from the latent infection in the ganglion. The gathering 
of further observations on the natural history of the latent infection in 
man will continue to be useful (e.g., Spruance et al., 1977). However, it 
seems likely that much information about the pathogenesis of recurrent 
disease and the reactivation of latency will continue to come from ani
mal models. 
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TABLE III. Animal Models Showing Spontaneous Recurrent Disease 

Site of primary 
infection Type Recurrent 
(apimal) of HSV disease Reference 

Cornea (rabbit) Type 1 Keratitis Nesburn et al. 
(1967) 

Skin of ear Type 1 Cutaneous Hill et al. (1975) 
pinna (mouse) lesions 

Footpad (guinea Type 2 Cutaneous Scriba (1975) 
pig) lesions 

Vagina (guinea Type 2 Genital lesions Scriba (1976), 
pig) Stanberry et al. 

(1982) 
Vagina (Cebus Type 2 Genital lesions Reeves et al. (1981) 

monkey) 
Heart (mouse) Type 2 Heart infection Grodums et al. 

(1981) 

b. Recurrent Disease in Animal Models 

Animals models in which recurrent clinical herpetic lesions (spon
taneous and/or induced) have been described are listed in Tables III and 
IV. Because of their unpredictability the occurrence of spontaneous le
sions is of limited value for experimental studies. Such studies require 
models in which the recurrent lesions occur within a well-defined time 
after an inducing stimulus. In the rabbit eye model this has been partially 
achieved in that shedding of virus in the tears of about 80% of animals 
can be induced within 48 hr of direct stimulation of the latently infected 
trigeminal ganglion (Nesburn et al., 1977; Green et al., 1981a) or within 
3 days of iontophoresis of epinephrine into the cornea (Kwon et al., 1981). 
However, in neither case was clinical ocular disease associated with shed
ding of virus. 

At present the only animal model in which recurrent clinical lesions, 
both spontaneous (Hill et al., 1975) and induced (Hill et al., 1978), have 
been described is the "mouse ear model" developed in our laboratory. 
Some of the important features of this model are described in Fig. 2 and 
Table V. 

The mouse ear model has a number of important advantages. (1) The 
ear is a relatively flat, hairless area of skin that is easily injected and in 
which lesions are visible without depilation. (2) In albino mice the de
velopment of erythema is a clearly visible sign of recurrent disease (Hill 
et al., 1975; 1978). Under a dissecting microscope, herpetic vesicles and/or 
pustules can usually be seen in the erythematous area (Hill et al., 1982). 
(3) Recurrent clinical lesions can be induced by stimuli that are also ef
fective in man (e.g., UV light and trauma). (4) It is economical to use large 
groups of animals and, when necessary, inbred strains are available (Har-
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FIGURE 2. Mouse ear model: anatomical and virological aspects (Hill et al., 1975, 1978). 
1.0, lesser occipital nerve; G.A, great auricular nerve; 1-4, cervical ganglia; Tr, trigeminal 
ganglion (fifth cranial); Fa, root of facial nerve (seventh cranial, supplies motor nerves to 

ear muscles). Mice: female, 4-week outbred, Swiss white injected intradermally in right ear 
with 6 x 104 or 3 X 105 PFU. Virus : HSV-1, strain SC16. Incidence of latent infection in 
ganglia: C2 82%, C3 57%, C4 32%; trigeminal 26% vagal 10% superior cervical 6%, facial 
0% . Spontaneous recurrence of clinical disease: approximately 3.5%; induced recurrent 
disease: 30-50% after cellophane tape stripping. 

bour et a1., 1981). The availability of the mouse ear model has already 
been of value not only in studies on latency and recurrent disease but 
also in tests on the efficacy of antiviral drugs for treatment of primary 
(Field et a1., 1979) and recurrent herpetic disease (Blyth et a1., 1980b j Hill 
et a1., 1982). Moreover, the model has been of value in recent studies on 
the immunology of HSV infection (Darville and Blyth, 1982 j reviewed by 
Wildy et a1., 1982). 

c. Where Do Inducers of Recurrent Disease AcU 

With the growing realization of the sensory ganglion as the site of 
latent infection with HSV, the idea developed that stimuli that induce 
recurrent disease act solely in such sites. After reactivation it was en
visaged that virus would spread via the nerve to the peripheral tissue and 
there cause a lesion (Paine, 1964 j Stevens, 1975). In a theoretical consid
eration of the mechanism underlying the production of recurrent disease, 
Hill and Blyth (1976) described this chain of events as the "ganglion trig
ger" theory. However, they felt the theory did not satisfactorily explain 
a number of observations. (1) After some stimuli, recurrent lesions appear 
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so rapidly [e.g., 24-48 hr after fever therapy (Warren et ai., 1940; Keddie 
et ai., 1941)] that is seems difficult to accommodate all the events required 
by the "ganglion trigger" theory (reactivation in the ganglion, spread of 
virus to the periphery, development of lesion). (2) Reactivation in the 
ganglion is not automatically followed by peripheral disease (Stevens et 
ai., 1975). (3) Although some stimuli (e.g., UV light, chemical or physical 
trauma) may by indirect means affect the ganglion, they have more ob
vious effects (often lasting several days) on the peripheral tissue. Such 
effects usually involve the release of mediators of inflammation and repair 
of minor tissue damage. (4) As already discussed, infectious virus can be 
present in peripheral tissues of man and animals in the absence of overt 
clinical disease. This suggests that a supply of virus from the ganglion is 
not the only factor required to produce disease. (5) The "ganglion trigger" 
theory implies that each reactivation in the ganglion is followed by a 
recurrent lesion. Hence, an individual who rarely experiences such le
sions would rarely have the antigenic stimulus provided by the release 
and growth of virus. However, in latently infected humans and mice the 
levels of anti-HSV antibodies in the serum remain constant throughout 
life and are unaffected by recurrence of lesions (Douglas and Couch, 1970; 
Darville and Blyth, 1982). This observation suggests a frequent antigenic 
stimulus that is irrespective of the frequency of recurrent disease. 

In an attempt to accommodate these observations, Hill and Blyth 
(1976, 1977) argued that a supply of virus from the latently infected gan
glion is not the only factor in recurrence of disease. In particular, they 
proposed that some of the changes produced in peripheral tissues by the 
stimuli of recurrent disease may produce conditions favorable for virus 
growth (Harbour et al., 1977). Such changes would thereby facilitate the 
production of a clinical lesion. This idea was central to Hill and Blyth's 
"skin trigger" theory. It was envisaged that without the effect of the "skin 
trigger" the virus would be eliminated by normal defense mechanisms. 
The processes underlying the induction of recurrent disease may differ 
slightly in different peripheral tissues such as the skin and cornea (Blyth 
et ai., 1981). However, in the discussion that follows, it will be assumed 
for the moment, despite the use of the term "skin trigger," that "triggers" 
act in a similar manner in sites other than skin. 

A requirement of the "skin trigger" theory is some degree of co
incidence between the presence of virus in the peripheral tissue and the 
effect of the "trigger." The frequent presence of microfoci of infection in 
the peripheral tissue would increase the likelihood of this coincidence. 
Evidence for the presence of such virus in the absence of clinical disease 
has already been discussed. Moreover, in the mouse ear model it was 
shown that HSV could be isolated from explant cultures of the skin from 
10% of clinically normal, latently infected mice; the skin was taken from 
the original site of primary infection (Hill et ai., 1980). 
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Alternatively, virus might arrive in the skin from the ganglion at a 
time when, due to the recent occurrence of a "skin trigger," the condi
tions were still favorable for virus growth. 

As originally proposed in the "skin trigger" theory it was envisaged 
that the supply of virus to the skin from the ganglion, and thereby the 
presence of microfoci of infection in the skin, would occur frequently. 
Such a supply of virus could arise either from a dynamic state of latency 
in the ganglion or by frequent, spontaneous breakdown of a static state. 
However, since the "skin trigger" idea was proposed, experiments with 
the mouse ear model have shown that stimuli to the skin (at the original 
site of primary infection) that induce recurrent disease, also reactivate 
latency in the ganglion (see previous discussion and Table II). After such 
a stimulus, e.g., stripping the ear with cellophane tape, recurrent lesions 
(vesicles that develop into pustules) appear in the skin by day 3-6 (Hill 
et ai., 1982) and these lesions are associated with the presence ohnfec
tious virus in the skin. However, soon after stripping the skin (1-2 days) 
and usually before virus appears there, infectious virus can be isolated 
from the latently infected cervical ganglia that supply sensory nerves to 
the skin of the stripped ear (Hill et ai., 1983a; Harbour et a1., 1983b). 
Moreover, if these nerves are cut immediately after stripping the skin, 
recurrent cutaneous lesions do not appear (Hill et a1., 1983b). These ob
servations suggest that the reactivated infection in the ganglia (caused 
by the peripheral stimulus) is the source of virus for recurrent disease 
and that such virus reaches the skin via the peripheral nerve. 

However, we have also shown in the mouse ear model that some 
peripheral stimuli, in particular application of DMSO to the skin of the 
ear, are efficient at inducing reactivation in the ganglia but not at pro
ducing significant recurrence of disease (Hill, 1981; Hill et a1., 1983a; 
Harbour et a1., 1983b). This result is the more surprising because the 
ganglionic reactivation induced by DMSO is followed by appearance of 
virus in the skin. Such observations led to the suggestion that stimuli 
that induce recurrent clinical disease may need to act as both ganglion 
and skin triggers (Hill, 1981; Harbour et a1., 1983b) (Fig. 3). Hence, three 
possible "scenarios" emerge from this discussion: 

i. Recurrence of Lesions after a "Skin Trigger." A peripheral stim
ulus produces local changes in the skin (or other peripheral tissue) that 
lead to an increase in susceptibility of the tissue to HSV infection and/or 
a depression of local defense mechanisms. Such changes allow microfoci 
of HSV infection already present (either as a latent infection in the skin 
or derived from latent infection in the ganglion) to grow and produce a 
clinical lesion. This sequence might explain the very rapid development 
of lesions seen after stimuli such as fever therapy. 

ii. "Ganglion and Skin Trigger." The peripheral stimulus first in
duces reactivation of the latent infection in the ganglion. The virus 
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spreads, probably intraaxonally, to the skin where the stimulus has also 
produced the kind of changes described in (i). By virtue of these changes 
the virus produces a clinical lesion. Because the reactivation in the gan
glion results in production of infectious virus, it is possible that this is 
the form in which the virus is carried in the nerve to the skin. However, 
it is conceivable that the virus may travel intraaxonally as a subviral 
particle, even as infectious DNA. In whatever state the virus is trans
ported, it is likely that it will be delivered, via the fine, naked nerve 
endings in the epidermis, close to the plasma membrane of an epidermal 
cell. 

iii. Recurrence of Lesions after a "Ganglion Trigger." Some periph
eral stimuli, e.g., DMSO in the mouse ear model, may act largely as 
IIganglion triggers" and therefore produce virus shedding but no recurrent 
disease [a IIrecurrence" in the terminology of Wildy et al. (1982)]. How
ever, a sufficiently severe stimulus to the ganglion might produce large 
amounts of reactivated virus that when supplied to the skin, might over
whelm the defense mechanisms and thereby produce lesions in the ab
sence of a IIskin trigger." This sequence of events may underlie the means 
by which direct trauma to the human trigeminal ganglion produces cu
taneous herpetic lesions (Carton and Kilbourne, 1952). Alternatively, it 
has been suggested that patients who suffer from recurrent herpes may 
have long-term minor defects in their cell-mediated immunity (an idea 
discussed in detail below). In the presence of such defects a "ganglion 
trigger" alone might be sufficient to produce recurrent disease. 

The evidence accumulating from the mouse ear model suggests that 
of the "scenarios" outlined above, the second (a combined "ganglion and 
skin trigger") may provide the most accurate description of induced re
current disease. Further work will be needed to determine whether in 
some circumstances the other "scenarios" may also occur in experimen
tal animals and man. 

Having discussed the sequence of events that may occur in the path
ogenesis of recurrent disease and the sites at which inducers of the disease 
might act, it remains to consider in more detail the mechanisms under
lying this pathogenesis. As for discussions on other aspects of latency 
these mechanisms will be considered from the point of view of host and 
viral factors. 

d. Host Factors and Recurrent Disease 

The host factors, in particular the changes in neuronal physiology, 
that may be involved in reactivation of latency in ganglia have already 
been considered. This section will deal with other aspects of the host 
that may playa role in the development of recurrent disease. Particular 
attention will be given to the mechanisms by which inducers of gangli
onic reactivation in vivo may also affect other sites, in particular the 
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peripheral tissues in which recurrent lesions develop; i.e., what are the 
mechanisms underlying the action of "skin triggers"? 

The immunological response is one of the most obvious host func
tions, that may be of importance in the pathogenesis of recurrent herpetic 
disease. A number of observations suggest that immune mechanisms 
themselves may contribute to the pathology of the recurrent lesion: virus 
particles in vesicular fluid appear to be complexed with antibody (Daniels 
et a1., 1975); latently infected humans and animals have a cutaneous 
delayed-type hypersensitivity response to HSV (reviewed by Nash et a1., 
1980b); the vesicular lesion rapidly develops into a pustule as a result of 
invasion by polymorphonuclear leukocytes and mononuclear cells; stud
ies in nude mice suggest that the activity of T cells may significantly 
increase the severity of the pathology in herpetic keratitis (Metcalf et a1., 
1979). 

However, herpetic lesions that occur during immunosuppression in 
man are often abnormally severe and long-lasting (Montgomerie et a1., 
1969; Rand et al., 1976; Pass et a1., 1979). Increased duration of recurrent 
lesions after immunosuppression was also observed in the mouse ear 
model (Blyth et al., 1980a) and in another mouse model (Hurd and Ro
binson, 1977). Hence, as might be expected, immune mechanisms [of the 
type reviewed by Nahmias and Ashman (1978), Babiuk and Rouse (1979), 
Wildy et al. (1982), Rouse and Lopez (1984)] appear to be involved in the 
healing of the recurrent lesion. 

After immunosuppression in man some authors have reported no 
increased incidence of recurrent herpes simplex (Spencer and Anderson, 
1970) while many others (reviewed by Ho, 1977) observed more frequent 
recurrent disease. In experiments with latently infected mice, immu
nosuppression either failed to produce recurrent disease (Stevens and 
Cook, 1973a,b; Blyth et a1., 1976; Hurd and Robinson, 1977) or produced 
a low incidence [17% in hairless mice treated with corticosteroids (Un
derwood and Weed, 1974)]. Further studies in the mouse ear model with 
a variety of immunosuppressive agents did not show a significant increase 
in the incidence of recurrent disease above the spontaneous background 
level (Blyth et al., 1980a). These observations on latently infected mice 
are of interest in view of the reports that in such animals immunosup
pressive treatments appear to act as "ganglion triggers" (Table II). 

The apparent difference in the effect of immunosuppression on the 
incidence of recurrent disease in man and experimental mice may arise 
from the much more long-term treatments used in man. However, in the 
mouse ear model (Blyth et a1., 1980a) it was shown that immunosuppres
sion did not increase the incidence of recurrent disease induced by mild 
trauma to the skin (stripping with cellophane tape). 

There has been considerable interest in the possible existence of long
term minor immunological defects in patients suffering from recurrent 
herpes simplex. So far there is no evidence in these patients of such defects 
in their humoral response to HSV. Recurrent disease occurs in the face 
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of high levels of circulating neutralizing antibody (Douglas and Couch, 
1970L an,observation confirmed in the mouse ear model (Darville and 
Blyth, 1982). Moreover, although vaccination or hyperimmunization of 
latently infeeted guinea pigs produced a significant increase in titers of 
serum neutralizing antibodies, there was no effect on the incidence of 
spontaneous recurrent disease in guinea pigs (Scriba, 1981b) and only a 
small reduction in induced recurrence in mice (Darville and Blyth, 1982). 
Furthermore, in patients with frequent recurrence of lesions there appears 
to be no qualitative or quantitative defects in the production of antibodies 
to particular viral antigens (Zweerink and Stanton, 1981). 

Tokumaru (1966) suggested that a depression in serum IgA levels 
might be related to recurrence of herpes labialis. However, using a sen
sitive radioimmunoassay for HSV IgA, comparable titers were found in 
seropositive adults with and without recurrent herpes labialis (Friedman 
and Kimmel, 1982). 

In patients prone to recurrent herpes simplex the evidence for minor 
defects in various cell-mediated immune functions is conflicting. Several 
reports show that such patients have an active virus-specific lympho
proliferative response to HSV (Wilton et al., 1972; Russell, 1973; Ras
mussen et al., 1974; Steele et al., 1975; Russell et al., 1976). Some authors 
have shown these responses are depressed during active recurrent disease 
(Rosenberg et al., 1974; Lopez and O'Reilly, 1977; El Araby et al., 1978). 

Russell et al. (1975L Reichman et al. (1977), and Fujimiya et al. (1978) 
found no defects in natural killer cell-mediated cytotoxicity in patients 
suffering from recurrent disease, whereas Steele et al. (1975) and Thong 
et al. (1975) observed decreased lymphocyte cytotoxicity responses in 
such patients. 

There is one report of a slight decrease in HSV-induced interferon 
from mononuclear cells in vitro from patients with more frequent re
currence of lesions (Rasmussen et al., 1974). More recently, Cunningham 
and Merigan (1983) observed that within 3 weeks of an episode of herpes 
labialis the patients' peripheral blood lymphocytes spontaneously se
creted IFN-"y in vitro. Moreover, there was a strong correlation between 
the peak interferon level and the time to the next recurrence: the lower 
the level, the shorter the time. They suggested that this production of 
IFN-"y is either a direct determinant of the frequency of recurrence or a 
marker of other immune events determining the frequency. 

Some authors have reported minor defects in T-cell-mediated effect 
or responses to HSV. Thus, O'Reilly et al. (1977) found a decreased pro
duction in lymphocyte migration inhibition factor (LIF) immediately be
fore and at the time of recurrent disease. Similar observations were made 
by Sheridan et al. (1982) at the time of recrudescence of HSV-2 lesions. 
Moreover, these authors observed a significant increase in suppressor T 
cells in peripheral blood during recrudescent disease and 24-48 hr before 
its onset. Furthermore, Wilton et al. (1972) and Shillitoe et al. (1977) found 
that T lymphocytes from patients who had frequent recurrent lesions, 
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failed to produce macrophage migration inhibition factor (MIF) in re
sponse to HSV. A similar observation was made by Gange et al. (1975) 
in patients at the time of active recurrent lesions. However, no such 
defeet in MIF production was reported by Russell et al. (1976). 

A deficiency in LIF and lymphocyte proliferative response has also 
been observed in spleen cells of guinea pigs prone to develop recurrent 
HSV-2lesions (Donnenberg et al., 1980). However, unlike humans, there 
is evidence that a large proportion of such animals may be persistently 
infected with the virus in peripheral tissues (Scriba, 1977). It will be of 
interest to determine whether this chronic extraneural infection is the 
cause or the result of the observed immunological defects. 

Hence, in man there is as yet no clear-cut evidence for the involve
ment of "naturally" occurring minor impairments in the immune system 
(particularly in cell-mediated function) in the causation of recurrent 
herpes simplex. Indeed, even if these defects do exist it is unclear how 
they might arise. Could they be the result rather than the cause of re
current disease or could they arise from the specific immunological 
suppression that can occur during primary infection with the virus (Nash 
et al., 1981; Schrier et al., 1983)? Moreover, it should be stressed that all 
of the observations on human patients mentioned above were made on 
cells from peripheral blood. It is not clear to what extent the behavior of 
these cells gives an accurate measure of immune functions in peripheral 
tissues such as skin. In this respect it is noteworthy that in the experi
ments on recurrent HSV-2 in guinea pigs (Donnenberg et al., 1980), spleen 
cells showed impairment of LIF and lymphocyte transformation to HSV, 
whereas in circulating lymphocytes, LIF was impaired but the transfor
mation response was intact. Further, it is clear from experiments in rab
bits (Jacobs et al., 1976) and mice (Nash et al., 1980a) that immune re
sponses to HSV are concentrated heavily in the draining lymph nodes at 
the site of primary infection. Moreover, the experiments already men
tioned with the mouse ear model (Blyth et al., 1980a) indicate that sys
temic treatment with powerful immunosuppressive drugs is much less 
effective than mild trauma to the skin in inducing recurrent lesions. Such 
observations argue strongly for the importance of local factors in the 
pathogenesis of recurrent disease. 

These local factors might include, as first suggested by Hill and Blyth 
(1976), the production of prostaglandins. These are a family of hormone
like substances with a wide variety of activities in vivo. They are derived 
from fatty acids (particularly arachidonic acid, a constituent of membrane 
phospholipids) and according to their structure fall into several main se
ries such as PGE and PGF. Prostaglandins are produced locally in tissues 
in response to many kinds of damage (Goldyne, 1975) including those 
stimuli (e.g., UV light and trauma) that induce recurrent herpes. Pros
taglandins in the skin are among the mediators of the inflammatory re
sponse (Goldyne, 1975) and they may also be concerned with the mitotic 
changes of epidermal cells following stimuli such as UV irradiation (Eagl-
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stein and Weinstein, 1975). Therefore, with respect to the possible action 
of prostaglandins as "skin triggers" it is noteworthy that after stripping 
the skin of mouse ear with cellophane tape (as discussed previously this 
induces both reactivation in the ganglion and an incidence of recurrent 
disease of 30-50%) the levels of PGE2 in the skin are raised for at least 
4 days (Harbour et al., 1983b). In contrast, after application of DMSO to 
the ear (a treatment that reactivates ganglionic latency but produces little 
recurrent disease) there is no such increase in PGE2 • . 

With respect to effects on the immune system there is growing ev
idence that prostaglandins (in particular those of the E series) can have 
a suppressive effect on the activity of lymphocytes (Goodwin et al., 1977; 
Fulton and Levy, 1980; Rogers et al., 1980; see also references in these 
papers). Indeed, it has been shown that prostaglandins can reduce anti
body-dependent cell cytotoxicity against HSV-infected cells (Russell and 
Miller, 1978; Trofatter and Daniels, 1979). 

Another feature of the local immune system that may be affected by 
"skin triggers" is the Langerhans cell (a macrophagelike cell within the 
epidermis). There is now extensive evidence that these cells are in the 
"front line" of the immune response in the skin and are concerned with 
initial presentation of antigens to lymphoid cells (reviewed by Friedman, 
1981). In particular, it has been shown that human Langerhans cells are 
able to present HSV in an immunogenic state to T lymphocytes (Braathen 
et al., 1980). Therefore, it is of interest that at least two inducers of 
recurrent disease in man and mouse (Table IV) cause a transient depletion 
of Langerhans cells in the epidermis, namely UV light (Bergstresser et 
al., 1980) and cellophane tape stripping (Lessard et al., 1968). Indeed, it 
has been postulated that the absence of Langerhans cells from the central 
cornea may be involved in the pathogenesis of chronic herpetic keratitis 
(Streilen et al., 1979). 

Besides depressing local defense mechanisms, "skin triggers" might 
also act, as suggested by Hill and Blyth (1976), by increasing the suscep
tibility of skin cells to infection with HSV. Such changes in susceptibility 
may also be mediated through the production of prostaglandins, as Har
bour et al. (1978) found that prostaglandins enhanced the spread of HSV 
in Vero cell cultures. This enhancement may be related to the fact that 
prostaglandins increase the intercellular adhesion between uninfected 
Vero cells and cells infected with HSV (Harbour et al., 1983a). Of more 
relevance to the skin, we have also found that PGE2 enhances the spread 
of HSV in cultures of mouse keratinocytes (A. Whitby, W. Blyth, and T. 
Hill, unpublished observations). 

Besides causing release of inflammatory mediators, inducers of re
current disease (e.g., UV irradiation and mild trauma) also produce minor 
damage to epithelial cells. This damage is followed by repair processes 
that involve changes in the growth and differentiation of the epithelium. 
It is not clear whether such changes might also be involved in the action 
of "skin triggers." However, as early as 1923, Teague and Goodpasture 
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observed that zosteriform spread of herpetic lesions could be produced in 
rabbits and guinea pigs by painting the skin with coal tar in areas adjacent 
to the point of primary inoculation with HSV, The coal tar induced hy
perplasia of the epidermis with many young, undifferentiated cells (it 
should also be noted that this inflammatory agent would almost certainly 
cause increased prostaglandin production in the skin). They postulated 
that such cells might be highly susceptible to HSV and thereby the zos
teriform spread of the infection would be facilitated. More recently, we 
have shown in vitro that undifferentiated cultures of mouse keratinocytes 
are highly susceptible to HSV infection but with increased differentiation 
this susceptibility is markedly decreased (A. Whitby, W. Blyth, and T. 
Hill, unpublished observations). 

Hence, by entirely local effects, in part perhaps mediated through 
prostaglandins, "skin triggers" may produce transient immunosuppres
sion and/or increased susceptibility of epidermal cells to infection with 
HSV. Clearly, such effects might be even more likely to result in a clinical 
lesion if they were to occur against a background of existing immunol
ogical defects of the kind discussed previously. 

The genotype of the host is a further factor of possible importance 
in herpetic disease. There is clear evidence that in the mouse, resistance 
to primary infection with HSV is genetically controlled (reviewed by 
Lopez, 1981); this resistance may be mediated by NK cells. With respect 
to recurrent disease, we have shown in the mouse ear model a much 
lower incidence of recurrent disease (induced by stripping with cello
phane tape) in BALB/c mice than in any of the other four albino inbred 
strains tested (Harbour et a1., 1981). Further work is needed to determine 
whether there is any relationship between resistance to primary infection 
with HSV and resistance to development of recurrent disease. 

In humans there is one report of a higher incidence of the HLA an
tigen Al in patients with recurrent herpes labialis (Russell and Schlaut, 
1975). There are also a number of conflicting reports of a positive asso
ciation of different HLA antigens and recurrent herpetic keratitis (see 
several papers in the symposium edited by Sundmacher, 1981). However, 
as pointed out by Volker-Dieben et a1. (1981L some of these associations, 
in particular that between keratitis and HLA-B5 (Zimmerman et a1., 
1977), may prove to be insignificant after careful correction in the sta
tistical analysis for the number of antigens studied. Even when such as
sociations are clarified, they are unlikely to reveal much of the mecha
nisms underlying the pathogenesis of recurrent disease. 

Spruance and Chow (1980) have explored the possibility that genet
ically controlled variations in the susceptibility of epidermal cells may 
playa role in recurrent herpes labialis. However, they found no significant 
difference in the growth of HSV in cultures of epidermal cells from pa
tients with frequent episodes of herpes labialis and similar cultures from 
control patients (seropositive but with no history of recurrent disease). 
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A further observation, as yet unexplained, that indicates a role for 
host factors in herpetic disease is the twofold higher incidence of herpetic 
keratitis in ,males as compared with females (Wilhelmus et al., 1981 j 
Volker-Dieben et al., 1981). 

Thus, there are hints that genetic and/or hormonal host factors may 
also play some part in the development of recurrent herpetic disease but 
more detailed investigations are needed. 

A final point for consideration is the possible influence of one episode 
of recurrent disease on the likely occurrence of subsequent episodes. With 
respect to induced recurrent disease there are indications that repeated 
treatment with an inducer may be associated with a fall in the incidence 
of disease at a later as compared with the initial time of induction. Thus, 
in humans a high incidence (46-70%) of herpes simplex occurred after 
the first occasion of fever therapy but after further occasions this inci
dence fell to 5-20% (Warren et al., 1940 j Keddie et al., 1941). In the mouse 
ear model, Harbour et al. (1981) found that recurrent disease could be 
induced repeatedly by stripping the ears of mice with cellophane tape at 
monthly intervalsj in two groups of mice the stripping was started at 6 
or 22 weeks after infection. However, the incidence of such disease fell 
from 30-40% on the first three occasions of stripping to 0-5% on the 
ninth occasion (for mice first stripped 6 weeks after infection) or on the 
fourth occasion (for mice first stripped 22 weeks after infection). The 
reasons for such decreased incidence of disease are unknown. Frequent 
attempts to induce recurrent disease may repeatedly "trigger" virus in 
the ganglion and/or skin. This might lead to an increase in virus available 
to stimulate the immune system and thereby to the low incidence of 
recurrent disease. Alternatively, because stimuli such as cellophane strip
ping are known to act as "ganglion triggers" (Hill et al., 1983aj Harbour 
et al., 1983b), there may be a loss of latently infected neurons (McLennan 
and Darby, 1980). Hence, repeated attempts to induce recurrent disease 
might produce a depletion of the reservoir of latent infection in the gan
glion and thereby a decreased likelihood of recurrent disease. 

e. Viral Factors and Recurrent Disease 

There are clear indications that the viral genotype can affect the 
pattern of disease after primary infection in laboratory animals. Thus, 
isolates and strains of HSV differ markedly in their neurovirulence (Hill 
et al., 1975 j Lopez, 1975). Wander et al. (1980) have shown that HSV 
strains differ in their ability to produce stromal and epithelial disease 
after inoculation into the rabbit eye. Moreover, this ability is related to 
specific regions of the viral genome (Centifanto-Fitzgerald et al., 1982). 
With respect to recurrent herpetic infection in man there is considerable 
variability in its expression, e.g., in the frequency and severity of re
currences in different individuals. Although, as previously discussed, host 
factors may play an important part in the expression of recurrent disease, 
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it is also important to consider whether the viral genotype may be in
volved. Differences between viruses in this respect could arise at the level 
of reactivation in the ganglion and/or at the level of the recurrent infec
tion in the peripheral tissues. 

V. EVOLUTIONARY ASPECTS OF LATENCY 

It seems likely that the host's immune response has been one of the 
major selection pressures operating on HSV during its evolution. In re
sponse to this immunological pressure the virus appears to have devel
oped at least two major strategies. First, in the latently infected neuron 
the expression of viral antigens is severely restricted. Second, even when 
infectious virus is produced it is protected by remaining, for much of the 
time, within the neuron and its processes. Thus, during the early phases 
of the establishment of latency the virus is transported intra axon ally, i.e., 
within a cytoplasmic process of a neuron, to the ganglion. When the virus 
reaches the neuronal cell bodies in the ganglion, productive virus repli
cation does not appear to be necessary for the virus-cell interaction that 
leads to latency. Therefore, few, if any, viral antigens may be produced 
in the neuron at this stage. Even at a later time when reactivation in the 
ganglion occurs and infectious virus is formed, the virus that will result 
in recurrent disease probably remains within the neuron and is delivered, 
again by axonal flow, to arrive close to the surface of the "target" cell in 
the epithelium. Moreover, during both primary and recurrent infection 
in peripheral tissues, HSV can, to some degree, avoid both the extracel
lular environment and immune attack by the formation of polykaryocytes 
and direct cell-to-cell spread (Wheeler, 1960; Roizman, 1965). The virus 
may also have evolved methods for moderating the immune system [e.g., 
by the induction of specific suppressor lymphocytes (reviewed by Wildy 
et ai., 1982; Schrier et al., 1983)] that enable the virus to persist in the 
host. 

It also appears that during the course of evolution the virus has shown 
considerable opportunism in "using" a number of normal host functions 
for different phases of the host-virus interaction. Examples of such func
tions that have been mentioned include various aspects of neuronal phys
iology, namely axonal flow (involved in transport of virus to and from 
the ganglion), the highly differentiated, nondividing state of the neuron 
(possibly important in the establishment and maintenance of latency), 
changes in neuronal metabolism associated with damage and repair (prob
ably concerned with reactivation of latency). Moreover, it is possible that 
the production of host cell factors such as prostaglandins may be involved 
in the development of recurrent disease. 

By the development of such subtle interactions between virus and 
host functions, the latent state has evolved and thereby the viral genome 
is preserved for the lifetime of the host. Maintenance of the genome 
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within the host population requires the infection of new susceptible in
dividuals; this appears to be the role of reactivation, virus shedding, and 
recurrent disease. 

I 

The success of these viral strategies is evidenced by the widespread 
incidence of infection with HSV. Thus, depending on socioeconomic con
ditions, the genome of HSV-l can be present in up to 90% of humans 
(see Whitley, this volume). Hence, it seems likely that man will be trou
bled by the virus for many years to come. However, within the next 
decade the evolution of human knowledge should lead to a greater un
derstanding of this successful parasite, and thereby more effective meth
ods of chemotherapy and immunological protection should become avail
able. Indeed, when we know more of the biology, both of the virus and 
host, we may learn eventually how to eliminate HSV from its "hiding 
place" in the nervous system. 
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CHAPTERS 

Herpes Simplex Viruses and 
Their Role in Human Cancer 
WILLIAM E. RAWLS 

I. INTRODUCTION 

Herpes simplex viruses have been associated with human cancers of sev
eral sites. The great majority of studies concerned with this topic have 
dealt with the role of herpes simplex virus type 2 (HSV-2) in the genesis 
of squamous cell carcinoma of the cervix. Thus, examination of the data 
relating HSV-2 to cervical cancer provides the best example of the issues 
arising when evaluating the role of HSV in human cancers, in general. 

Despite the large number of studies conducted, the role of HSV-2 in 
the genesis of cervical neoplasia has not been clearly defined. Much of 
the data from earlier studies have been reviewed (Adam et al., 1974; 
Aurelian, 1976; Rawls et al., 1977; Melnick and Adam, 1978; Nahmias 
and Sawanabori, 1978). A number of observations favor an etiologic role 
of the virus. Risk factors associated with developing cervical cancer are 
similar to those for becoming infected with HSV-2. A greater frequency 
of serologic evidence of past infection with HSV-2 has been repeatedly 
found among women with cervical cancer when compared to control 
women. In a prospective study, intraepithelial neoplasia of the cervix was 
found to occur more frequently in women infected with HSV-2 than con
trol women. Antibodies to viral antigens expressed early in the replicative 
cycle have been detected more commonly among cancer patients than 
control women and in some instances these antibodies have correlated 
with tumor burden. Antibodies raised against viral antigens react with 
cancer cells, and viral mRNA as well as viral DNA sequences have been 
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detected in cervical cancers. In addition, HSV-2 has been shown to trans
form rodent cells in vitro and repeated intravaginal inoculation of inac
tivated virus induced cervical neoplasia in mice (Wentz et ai., 1981). 
Despite these suggestive findings, a definite conclusion about the role of 
the virus in the genesis of the cancer is hampered by inconsistencies in 
the data. 

Two basic questions need to be answered when attempting to eval
uate the role of viruses in human cancers. First, can the risk of cancer 
associated with virus infection be defined? Second, can viral DNA se
quences coding for proteins with putative transforming functions be 
found in cancer cells? Affirmative answers to these two questions 
strongly suggest an oncogenic role for the virus. However, for HSV-2 and 
cervical cancer these questions are still not answered. 

II. DEFINITION OF RISK 

A. Theoretical Considerations 

The definition of risk requires examination of the distribution of 
virus infections as related to cancer cases in populations. The ease with 
which risk estimates can be derived from such epidemiologic studies will 
depend upon the possible models of causation involving the virus. This 
can be illustrated with the use of Table I. The risk of cervical cancer 
associated with HSV-2 infections would be represented by A/(A + B). 
The virus could be necessary and sufficient, necessary but not sufficient, 
neither necessary nor sufficient, or not oncogenic. In the first instance, 
infection by the virus alone would lead to cervical cancer and no other 
factor would be needed. All cases of cancer and infections with HSV-2 
should be represented in A of Table I. This possibility is clearly unlikely 
as only a small fraction of women infected with HSV-2 develop the cancer. 
If the virus is oncogenic, it is apparent that additional factors are needed 
for expression of clinical cancer. 

TABLE 1. Theoretical Distribution of HSV-2 Infections 
and Cancer Cases in a Population 

Infection with 
HSV-2 

Yes 
No 

Cervical 
Cancer 

Yes 

A 
C 

No 

B 
D 

A+CB+D 

A+B 
C+D 
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The second possibility is that infection with HSV-2 is necessary but 
other factors must be present to promote neoplasia. In this case, A should 
equal A + C1 in Table I although A will be less than A + B; in other 
words, all women with cervical cancer should have been infected with 
the virus but only a fraction of infected women will develop cancer. De
spite the association of HSV-2 with cervical cancer by a number of tech
niques, evidence of viral involvement has generally been found only in 
a portion of the cases. It is possible that the assay techniques were not 
sufficiently sensitive to detect viral involvement in all cases or that a 
proportion of the cases were caused by genital infections with HSV-l and 
thus not detected by the probes for HSV-2. However, this is an unlikely 
explanation, for cases of cervical cancer lacking markers for either virus 
have been identified. Thus, the data available suggest that HSV-2 is not 
a necessary factor in the causation of all cases of cervical cancer. 

The third possibility is that the virus may induce some cases of cerv
ical cancer but is not needed in all cases. The virus could represent one 
of several causes of cervical cancer or it could function as one of several 
promoting factors. In this instance, A would be less than A + C in Table 
I and A would be less than A + B. The data available are compatible with 
this model of causation. However, a fourth possibility is that infection 
with HSV-2 and cervical cancer could be covariables of a yet unidentified 
factor(s) in which case the virus would not be directly associated with 
the oncogenic process. 

B. Risk Estimates from Epidemiologic Studies 

The genomes of HSV-l and HSV-2 code for a number of proteins that 
stimulate the production of antibodies. In addition, antigenic sites on 
some of the proteins stimulate cell-mediated immune responses. Assays 
for immune reactivity to the viral antigens have been interpreted as in
dicating past infections with the viruses or as expression of viral antigens 
by transformed cells. A number of seroepidemiologic studies have been 
conducted in which the frequency of antibodies to HSV-2 antigens were 
determined among women with cervical cancer and among control 
women. Generally, women with cervical cancer have a greater frequency 
andlor higher titers of antibodies to HSV-2 than control women. Similar 
findings have been reported for women with severe dysplasia and carci
noma in situ (Thomas and Rawls, 1979; Najem et al., 1982). The results 
of these studies suggest a greater frequency of past HSV-2 infections 
among cases than controls within each population studied; however, con
siderable variation has been found in the proportion of cases and controls 
with HSV-2 antibodies: 15-100% of cases were found to be seropositive 
while 7-71 % of controls had HSV-2 antibodies. It is unlikely that dif
ferences in study design and antibody assays account for the variations 
in seropositivity. Rather the data suggest that the association between 
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HSV-2 and cervical cancer varies in different social settings. A correlation 
appears to exist between the proportion of cases and controls with an
tibodies to HSV-2 and the incidence of cervical cancer. The apparent 
correlation of HSV-2 antibodies with cervical cancer incidence may in
dicate that the virus represents one of more than one causative factors 
in the genesis of the cancer. A model constructed from the retrospective 
data and assuming multiple causation has yielded an estimated annual 
risk of about 50 cases of invasive cervical cancer per 100,000 infected 
women (Rawls and Campione-Piccardo, 1981). 

The risk of cervical neoplasia associated with HSV-2 infections can 
be more accurately obtained by prospective studies. In such studies, the 
patients are usually treated when preinvasive lesions are detected. As all 
preinvasive lesions do not progress to invasive cancer, the results gen
erally provide estimates of less severe neoplastic disease. A community 
based survey for trends in genital herpes seen by physicians revealed a 
secular increase in genital herpes; however, among the infected women 
identified, the occurrence of cervical neoplasia was no greater than that 
found in the general population (Chuang et al., 1983). These results con
trast with those obtained in a prospective study of women with cytologic 
evidence of genital herpes (Naib et al., 1969; Adelusi et al., 1981). In this 
study, the rates of severe dysplasia, carcinoma in situ, and invasive cancer 
were 4-fold greater among women with evidence of HSV infections than 
among control women who lacked historic, cytologic, or serologic evi
dence of HSV-2 infections. A 12-fold greater risk was associated with 
primary infections occurring in women who lacked evidence of prior 
HSV-1 infections. Overall, about 11 % of women with evidence of HSV-
2 infections and followed for 1 or more years were found to develop cerv
ical neoplasia (Adelusi et al., 1981). This rate is substantially greater than 
the one estimated for invasive disease from retrospective case-control 
studies. These observations indicate that risks of various cervical neo
plastic diseases attributable to HSV-2 infections are not yet accurately 
defined. 

Regardless of the risk of cervical neoplasia found for HSV-2 infec
tions, data from epidemiologic investigations cannot easily distinguish 
between the virus being etiologic and the virus infection being a covar
iable of another factor involved in the genesis of the neoplasms. Repeated 
studies have demonstrated early age at first coitus and multiple sexual 
partners as risk factors for cervical cancer. A number of studies have been 
conducted to exclude covariability as an explanation for the association 
between HSV-2 and cervical cancer. These studies have included assaying 
for evidence of other venereally transmitted diseases (Royston and Au
relian, 1970a), selecting controls who have another venereal disease 
(Schneweis et al., 1975), and matching for indicators of sexual behavior 
such as age at first coitus and numbers of sex partners in analyzing data 
from case-control studies (Adam et al., 1974; Graham et al., 1982). In 
these studies an excess of antibodies to HSV-2 remained after controlling 
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TABLE II. HSV Tumor-Associated Antigens 

Molecular 
Name weight Propertya 

HSV-TAA 40,000 NS; membrane-associated 
60,000 

AG-4 161,000 S; membrane-associated 
AG-e 140,000 S; cytoplasmic and 

130,000 nuclear 
VP143 143,000 NS; cytoplasmic 

a NS, nonstructural protein; S, structural protein of the virion. 

Reference 

Hollinshead et al. (1976) 

Aurelian et al. (1981) 
Gupta et al. (1981) 

Melnick et al. (1976) 

for sexual behavior. However, the argument can be made that HSV-2 
infections are a more sensitive indicator of the putative oncogenic factor 
than the other variables used in these studies for matching. While this 
appears unlikely, the recent observation that preference for owning vs. 
renting a home as a greater risk factor for seropositivity to HSV-2 than 
age at first coitus or number of sex partners (Stavraky et a1., 1983) illus
trates the problem of securely selecting the appropriate variables upon 
which to match. 

III. VIRAL GENETIC INFORMATION IN CANCER CELLS 

A. HSV Antigens Expressed in Cancer Cells 

Several antigens have been described as possible tumor-associated 
viral proteins. The antigens that are produced in virus-infected cells have 
been defined by their preferential reactivity with sera from cervical cancer 
patients. Some of these antigens have been partially characterized, pur
ified, and used to raise antisera in laboratory animals. These antisera have 
been found to react in immunoassays with cells obtained from cervical 
cancers. Table II lists the best characterized tumor-associated antigens. 

One effort to identify an antigen associated with squamous carci
nomas of the genital tract led to the identification of a membrane-as
sociated antigen that reacted with sera from cervical cancer patients in 
a complement-fixation test (Hollinshead et a1., 1972). An antigen with 
similar characteristics was isolated from sonicated membrane prepara
tions of cells infected with HSV-l or HSV-2 and the antigen has been 
called HSV-TAA. The antigen was partially purified by electrophoresis 
on polyacrylamide gels and the antigenic activity was found in the region 
of the gel containing two proteins with molecular weights of about 40,000 
and 60,000 (Hollinshead et a1., 1976). Antibodies to HSV-TAA were de
tected in 90% of patients with squamous cell carcinoma of various sites 
including the cervix. By comparison, antibodies to HSV-TAA were found 
in 4 % of normal subjects and 11 % of patients with nonsquamous cancers. 
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TABLE III. Occurrence of Antibodies to ICPlO/AG-4 Antigen among Cervical 
Cancer Patients and Controls 

Location 

Maryland 
Pennsylvania 
North Carolina 
Japan 
Australia 
Argentina 

Percentage with 
antibodies 

Cancer Controls 

85 12 
78 29 
44 0 
52 17 
75 10-20 
84 0 

Reference 

Aurelian et a1. (1973) 
Notter and Docherty (1976) 
Heise et a1. (1979) 
Kawana et a1. (1979) 
Arsenakis et a1. (1980) 
Teyssie et a1. (1980) 

Among cervical cancer patients, antibodies to HSV-TAA were found with 
equal frequency in sera from those with active disease and those suc
cessfully treated. Antibodies to HSV-T AA prepared in rabbits stained can
cer cells in two of four specimens from patients with squamous cell car
cinoma (Notter et al., 1978). 

AG-4 is the designation given to an antigen produced early after in
fection of cells with HSV-2. Studies have revealed the antigen to be a 
structural protein with a molecular weight of about 161,000. The antigen 
is expressed as an "immediate-early" protein that is made in the cyto
plasm and becomes membrane associated (see Table II). Antibodies to the 
antigen have been detected by a quantitative complement-fixation test. 
In humans the antibodies are of the IgM· class and have been detected 
transiently following primary HSV-2 infections. Antibodies to AG-4 have 
been found in 44 to 85% of patients with cervical cancer and in 0 to 29% 
of control women (Table III). Unlike HSV-TAA, antibodies have been 
found associated only with cervical cancer and not with squamous cell 
carcinomas of other sites. The antibodies have been detected in patients 
with tumors but are undetectable following successful therapy. Evidence 
has also been presented suggesting that this antigen is expressed in cerv
ical cancer cells (Aurelian et al., 1981). 

AG-e is an antigen preparation described by Bell et al. (1978). Two 
viral proteins of molecular weight 140,000 and 130,000 were identified 
in antigen preparations that were reactive in an assay of in vitro cell 
mediated immunity. In a leukocyte migration-inhibition assay, lymphoid 
cells from 75% of patients with cervical neoplasia reacted with AG-e 
while cells from 13% of matched control women and from 16% of pa
tients with other neoplasms were reactive. Similar observations have 
been reported using antigens prepared from HSV-2-infected or uninfected 
ME-180 cells, a cell line established from a cervical cancer (Rivera et al., 
1979). Antisera raised in rabbits to purified components of AG-e were 
found to stain cells exfoliated from cervical neoplastic lesions (Gupta et 
al., 1981). 
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A major nonstructural protein induced early in the replicative cycle 
of HSV-2 has been found to be preferentially precipitated by sera from 
patients with cervical cancer (Melnick et al., 1976). The protein has a 
molecular weight of 143,000 and was shown to be a DNA-binding protein 
(Powell et al., 1981). Antibodies to VP143 were quantitated by reacting 
radiolabeled antigen with human sera, precipitating the antigen-antibody 
complexes with goat anti-human IgG, and analyzing the precipitate by 
polyacrylamide gel electrophoresis. Quantitative differences were found 
in antibodies to this antigen between women with cervical cancer and 
control women (Melnick et al., 1976). Antisera to purified VP143 have 
been shown to react with cells from cervical and vulvar neoplasms (Drees
man et al., 1980; Kaufman et al., 1981; Cabral et al., 1983). 

Additional antigens have been described but are less well character
ized. Antibodies to an unstable antigen induced by HSV-l and HSV-2 
were found in patients with a variety of malignancies including cancer 
of the cervix (Sabin and Tarro, 1973). Evidence has been presented sug
gesting that this or a related antigen may be a 70,000-dalton glycoprotein 
(Cocchiara et al., 1980). Gilman et al., (1980) precipitated radiolabeled 
viral proteins with sera from cervical cancer patients and control women. 
The precipitates were analyzed by polyacrylamide gel electrophoresis and 
the frequency with which the individual proteins were precipitated was 
determined. Two proteins with molecular weight 118,000 and 38,000 
were precipitated more commonly from cancer patients than from con
trols. The smaller protein has been of particular interest as a molecule of 
similar size was shown to be encoded in a fragment of HSV-2 DNA that is 
capable of transforming rodent cells in vitro (Docherty et ai., 1981). The 
protein encoded in this DNA fragment appears to be related to the virus 
ribonucleotide reductase, which could enhance mutagenesis (Huszar 
and Bacchetti, 1983; Galloway and McDougall, 1983). However, there is 
no direct evidence that the protein precipitated by the human sera and 
the protein encoded by the DNA fragment are the same, nor has evidence 
for the expression of this antigen in cancer cells been reported. 

A number of investigators have presented evidence suggesting that 
HSV-2 antigens are expressed in cervical cancer cells. The studies have 
included examining cancer cells exfoliated from the cervical lesions as 
well as biopsy specimens. In the initial report by Royston and Aurelian 
(1970b), rabbit antisera to HSV-2 antigens prepared in HEP-2 cells reacted 
with more cells exfoliated from neoplastic lesions than from nonneo
plastic lesions. A similar study revealed positive cells in 94% of patients 
with invasive cancer, in 65% of patients with dysplasia, in 41 % of pa
tients with nonneoplastic cervical lesions, and in 9% of normal women 
(Pasca et al., 1976). Among women in Ibadan, Nigeria, cells from all 22 
patients with cervical cancer reacted with antiserum to HSV-2 as com
pared to 0 of 24 control women (Adelusi et al., 1976). Nahmias et al. 
(1975) detected antigen in 25 of 40 biopsy samples of cervical cancers 
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TABLE IV. Detection of Viral Antigens in Cervical Neoplastic Cells 

Percent of specimens with positive 
cells 

Invasive 
Viral antigen Dysplasia CIS cancer Reference 

ICSPll-12a 20 40 40 Dreesman et al. 11980) 
ICSPll-12 32 12 20 McDougall et al. 11982) 
ICSPll-12 31 29 41 Cabral et al. 11983) 
ICP12,14 lAG-e) 68 77 94 Gupta et al. 11981) 

a Similar reaction patterns observed for antiserum to ICSP 34-35. 

using anti-HSV-2 antiserum in an anticomplement immunofluorescence 
test. 

More recently, antisera to purified proteins induced by HSV-2 have 
been used to probe for viral antigens in cancer cells (Table IV). Antiserum 
to purified HSV-TAA was found to react with cancer cells in two of four 
specimens examined (Notter et a1., 1978). Antisera to a DNA-binding 
protein (VP143 or ICSPll-12) and to protein ICSP34-35 stained cells in 
about 40% of specimens of invasive cancer or carcinoma in situ (Drees
man et a1., 1980). Similar results were obtained in another study using 
antiserum to ICSPll-12j staining was observed in 30, 12, and 20% of 
biopsies from patients with dysplasia, carcinoma in situ, and invasive 
carcinoma, respectively (McDougall et a1., 1982). In another study, anti
serum to this protein reacted with 31, 29, and 40% of biopsies from pa
tients with severe dysplasia, carcinoma in situ, and invasive carcinoma, 
respectively. These specimens did not react with antiserum to a purified 
major capsid protein of the virus (Cabral et a1., 1983). In addition, anti
serum to purified AG-e was found to react with exfoliated cells from 62, 
75, 77, and 94% of patients with mild, moderate, and marked atypia and 
invasive cancer, respectively (Gupta et a1., 1981). 

B. HSV DNA Sequences in Cancer Cells 

The data from the above-described studies of clinical material suggest 
that a number of viral proteins are expressed in cervical cancer cells. 
Assuming the immunospecific antisera were indeed detecting virus-spe
cific proteins, genes encoding HSV-TAA, AG-4, the two components of 
AG-e, and two DNA-binding proteins should be present in the tumor 
cells of a portion of the cervical cancer cases. An experimental approach 
has also been explored to define viral proteins that should be expressed 
in cervical cancer cells. HSV-1 and HSV-2 are capable of transforming 
cells in vitro (Hayward and Reyes, 1983). Two regions of the HSV-2 gen
ome have been implicated in such transformation studies. These regions 
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TABLE V. HSV-2 DNA Sequences in Cervical Cancer DNA 

No. No. Percent 
tested' positive positive Reference 

9 3 33 Galloway and McDougall (1983) 
8 1 12 Park et 01. (1983) 
8 2 25 Bacchetti et 01. (unpublished data) 

25 "6 24 

map at 0.41-0.58 genome map units (MU) (Jariwalla et a1., 1980) and at 
0.58-0.62 MU (Reyes et a1., 1979; Galloway and McDougall, 1981). For 
HSV-l, only a single DNA region located at 0.31-0.41 MU has been as
sociated with transformation (Camacho and Spear, 1978; Reyes et a1., 
1979). Segment 0.31-0.41 MU can be considered transforming region 1 
(TR1); segment 0.58-0.62 MU, transforming region 2 (TR2); and segment 
0.41-0.58 MU, transforming region 3 (TR3). Theoretically, one or more 
of these segments of the viral genome should be present in cervical cancer 
cells transformed by HSV if the mechanism of transformation by these 
viruses is similar to that defined for other DNA viruses. Proteins encoded 
in these segments of the genomes should be expressed in the cancer cells. 

Several groups have reported detecting HSV-specific RNA in cervical 
cancer cells by in situ hybridization (Eglin et a1., 1981; Maitland et a1., 
1981; McDougall et a1., 1982). From 35 to 67% of tumors examined were 
positive for HSV-specific RNA. The RNA transcripts expressed in the 
tumor cells were mapped primarily to three regions of the genome: 0.07-
0.40, 0.58-0.63, and 0.82-0.85 MU. Cellular sequences homologous to 
the regions of the HSV genome, especially the short repeat regions, have 
been demonstrated (Peden et a1., 1982; Puga et a1., 1982); thus, the tran
scripts, especially those mapped at 0.82-0.85 MU, may not be virus-spe
cific. In these studies, no set of sequences were invariably expressed in 
all positive specimens. 

Frenkel et a1. (1972) first reported finding HSV-2 DNA in a cervical 
cancer specimen. This specimen contained 39% of the viral genome and 
an estimated 3.5 copies of viral DNA were present per diploid cell. Studies 
of hybridization kinetics suggested the mRNA complementary to 5% of 
the viral genome was expressed in the cells. More recently, DNA from 
cervical cancer tissue has been examined for viral DNA by Southern blot 
hybridization using fragments of the HSV-2 genome as probes. The results 
of these studies are summarized in Table V. Three of nine invasive cancer 
tumors were found to contain sequences hybridizing with viral DNA 
probes (Galloway and McDougall, 1983). One sample was positive for 
sequences represented in the viral fragment 0.58-0.63 MU (TR2), a second 
for a viral probe representing 0.32-0.40 MU (TR1), and a third with se
quences represented by both of these regions. In a second study, one of 
eight specimens was positive and the reaction was obtained with probes 
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representing 0.58-0.61 MU (TR2) (Park et a1., 1983). Two of eight samples 
were found to contain viral DNA sequences in our laboratory (S. Bac
chetti, unpublished observations). In one, the viral DNA fragments rep
resenting 0.31-0.42 MU (TR1) hybridized to the DNA obtained from a 
cervical cancer biopsy. However, in the second specimen, hybridization 
with fragments outside of the putative transforming regions was ob
served. Thus, 6 of 25 (24%) specimens of invasive cervical cancer were 
found to contain HSV-2 sequences in these three preliminary studies. 
Again, sequences representing any single region of the genome were not 
consistently observed in the positive specimens. 

Appraisal of the evidence indicating that viral DNA sequences are 
present in neoplastic cells of the cervix is limited by the sensitivity and 
specificity of the assays used. The probles for HSV-2 DNA sequences are 
sufficiently sensitive to detect fragments equivalent to 1.5% of the viral 
genome at a level of 0.5 copy/cell. Thus, biopsies containing a low ratio 
of neoplastic to normal stromal cells may be scored as false-negatives 
(Park et al., 1983). This problem is less likely when in situ hybridization 
is used to detect viral RNA; however, the specificity of this assay is harder 
to assess (Maitland et a1., 1981). Studies conducted with antisera to pur
ified virus-specified proteins also permit evaluation of individual cells, 
but the mono specificity of the antiserum is difficult to guarantee. Host 
cell proteins preferentially expressed in transformed cells and in cells 
infected by the virus may copurify with the viral protein or may share 
antigenic determinants with the viral proteins. It is of interest that the 
percentages of specimens positive for viral RNA by in situ hybridization 
assays, the percentages of specimens with antigens detected by antiserum 
to ICSPll-12 (McDougall et a1., 1982), and the percentages of biopsies 
with viral DNA sequences are similar. However, the sequences of DNA 
found in the biopsies have not necessarily correlated with the region of 
the genome coding for the DNA-binding protein (Galloway and Mc
Dougall, 1983). 

IV. COMMENTS 

There is clearly an association between HSV-2 and cervical cancer, 
but the Significance of this association remains unclear. Data from the 
epidemiologic studies suggest an increased risk of cervical cancer among 
women infected with HSV-2 but this risk has not been clearly defined. 
Evidence suggesting HSV-2 DNA sequences, RNA, and antigens in cerv
ical cancer cells has also been presented. However, the regions of the 
genome supposedly detected by assays for these three types of molecules 
do not necessarily correspond. Studies in which viral DNA, RNA, and 
antigens are sought in the same specimens will be required to clarify 
these apparent discrepancies. These findings do suggest that it is unlikely 
that a single set of HSV-2 genes must be continuously expressed for cerv-
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ical epithelial cells to become malignant. If the virus is involved in on
cogenesis, the transformation would have to be mediated through a "hit 
and run" mechanism (Galloway and McDougall, 1983) or the virus could 
act synergistically with other factors as an initiator or promoter of cancer 
development (zur Hausen, 1982). In these instances, virus-induced pro
teins might enhance mutation rates (Huszar and Bacchetti, 1983) during 
abortive infections of epithelial cells. Part or all of the HSV-2 genome 
could be lost upon subsequent replication cycles of the cells. 

Several conclusions can be drawn from the available data, assuming 
that the assays for viral involvement in cervical cancer are reasonably 
sensitive and specific. First, oncogenic HSV-2 appears to be involved in 
the genesis of some but not all cases of cervical cancer, for substantial 
proportions of cases studied do not possess viral markers. Second, the 
proportion of cases related to HSV-2 appears to vary in different popu
lations. Conservative estimates based on seroepidemiologic studies and 
investigatif'ns searching for viral antigens, RNA, and DNA in cancer cells 
suggest 20-40% of cases may be related to HSV-2. Recently, papillo
mavirus DNA has been found in DNA extracted from cervical cancer 
biopsies (Durst et al., 1983). A number of types of human papillomavi
ruses have been delineated and DNA sequences of types 6, II, or 16 have 
been found in 72% of samples of genital tumors obtained from patients 
living in Germany while 44% of samples obtained from patients living 
in Kenya and Brazil reacted with viral probes. These observations im
plicate papillomaviruses as etiologic agents in at least a portion of cervical 
cancer cases. It has been postulated that infections with HSV-2 and pap
illomavirus may act synergistically in the genesis of the cancer (zur Hau
sen, 1982). It is also possible that the viruses may act independently with 
HSV-2 contributing to the genesis of some cases of cancer while papil
lomaviruses contribute to the genesis of other cases. Thus, if both HSV-
2 and papillomaviruses are oncogenic, cervical cancers may be hetero
geneous with respect to etiology. 

The heterogeneity of cervical cancers has been argued from epide
miologic evidence; however, markers clearly differentiating different 
forms of cancer have not been defined. There are data suggesting that 
evidence of HSV-2 infections may have prognostic significance. In one 
study, the progression of cervical intra epithelial neoplasia was found to 
correlate with the presence of HSV-2 antibodies (Coleman et al., 1983). 
This suggests that intraepithelial neoplasia associated with an HSV-2 
infection is more likely to progress to invasive cancer than disease in 
women not infected with HSV-2. It has also been observed that pretreat
ment antibody activity to HSV-2 antigens was greater among women with 
invasive cervical cancer who survived than among women who did not 
survive (Christenson, 1982). This could indicate that antibody activity 
correlated with the general competence of the host defense systems, or 
that the antibodies had a role in controlling tumor progression. Another 
possibility is that tumors associated with HSV-2 infections are less in-
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vasive than tumors induced by other agents and, therefore, are associated 
with a better prognosis. Clearly, additional studies using defined markers 
of HSV -2 and papillomavirus will be needed to determine the significance 
of these viruses in the genesis of cervical cancer. It is likely that an un
derstanding of the role of these viruses in cervical cancer will provide 
insight into the etiologic factors of squamous carcinomas of other ana
tomic sites. 
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CHAPTER 6 

Transforming Potential of 
Herpes Simplex Viruses and 
Human Cytomegalovirus 
MARY J. TEVETHIA 

1. INTRODUCTION 

The herpesviruses comprise one of the most diverse groups of DNA-con
taining viruses. Although the details of their replication cycles signifi
cantly differ, viruses within this family share not only physical charac
teristics but also the same range of host cell-virus interactions. Infection 
of cells in culture with any of the human herpesviruses leads to one of 
three biological consequences: lytic growth, latency or persistence, or, 
less frequently, acquisition of a transformed phenotype. At the level of 
the infected host these interactions are manifested as pathogenesis, a 
reservoir for recurrent infection and potential for malignancy. At least 
four human herpesviruses, herpes simplex virus types 1 (HSV-l) and 2 
(HSV-2J, human cytomegalovirus (HCMV), and Epstein-Barr virus (EBV), 
have been implicated in the etiology of human neoplasia. 

The relationship of the herpesviruses to human malignancies has 
been reviewed in depth (Rawls et al., 1977; Rapp, 1980a,b; Aurelian et 
al., 1981; Rapp and Jenkins, 1981; Rapp and Howett, 1983, 1984; Rapp 
and Robbins, 1984). This relationship and the repeatedly documented 
ability of each of the five human herpesviruses to promote growth trans
formation of cells in culture provide the foundation for classifying the 
herpesviruses among oncogenic viruses. 
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Three features of the transforming interactions of herpesviruses dis
tinguish them from other oncogenic DNA-containing viruses. First, with 
the exception of EBV, injection of human herpesviruses into experimental 
anim~ls has not led to the appearance of malignant, invasive cancer cells. 
Second, no new antigenically identifiable polypeptide(s) (tumor antigens) 
has as yet been detected universally in cells transformed in culture or in 
tumors derived from transformed cells. Third, transformation of cells in 
culture by herpesviruses occurs at very low frequency. 

The failure of the herpesviruses to fit within the conceptual frame
work of an oncogenic DNA virus established by the polyomaviruses, sim
ian virus 40 (SV40) and mouse polyomavirus, and adenoviruses has re
tarded progress in understanding the oncogenic properties of these human 
pathogens for a number of years. 

Recent advances in molecular technology as well as the ability to 
introduce exogenous DNA into cells efficiently (Graham and van der Eb, 
1973) have permitted identification of specific transforming sequences in 
a variety of tumor viruses (reviewed in Weinberg, 1981; Tooze, 1981, 
1983; Cooper, 1982). Such studies reveal the diversity of mechanisms by 
which viruses transform cells and in addition have both more clearly 
defined the functions of the well-known transforming proteins of poly
omavirus and also demonstrated cooperation among virus-coded proteins 
in expression of transformed cell phenotypes. These technical and con
ceptual advances as well as the current epidemic proportions of HSV 
infections and association of HCMV with new or previously rare aggres
sive and fatal diseases (Boldogh et a1., 1981; Fenoglio et a1., 1982; Johnson 
et a1., 1982; Lawrence, 1982, Morbidity and Mortality Weekly Reports, 
1982a,b) have stimulated expanded investigation into oncogenesis by 
these viruses. 

This chapter discusses recently published evidence of the transform
ing properties of the three human herpesviruses HSV-1, HSV-2, and 
HCMV in relation to previous findings and to transformation by other 
extensively studied oncogenic viruses. For additional detail, the reader is 
referred to a number of excellent recent reviews on transformation by 
herpesviruses (Rapp, 1980c; Tooze,1981; Hampar, 1981; Knipe, 1982). 

II. TRANSFORMING POTENTIAL OF HSV 

A. Morphological Transformation of Cells in Culture by HSV-I 
and HSV-2 Virions 

The ability of HSV to transform cells in culture morphologically has 
been documented extensively. Both the experimental procedures used 
and the frequencies of transformation obtained are relevant to discussions 
of possible mechanisms by which herpesviruses transform cells and jus
tify a brief review. 
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The oncogenic potential of HSV-2 was first demonstrated by Duff 
and Rapp (1971a). These investigators identified foci of cells that appeared 
morphologically transformed after infection of hamster embryo fibro
blasts (HEF)lwith HSV-2 strain 333 virions. The highly lytic nature of 
the virus required that the infectivity of the virions be reduced drastically, 
in this case by UV irradiation, in order to ensure survival of the cell. 
Morphologically distinguishable foci appeared at a frequency of approx
imately 0.25 focus/l06 cells. One colony was expanded into a cell line. 
This line, 333-8-9, remains the most extensively studied HSV-2 trans
formant and has served as a positive control cell line for numerous other 
studies. 

Subsequently, HSV-1 virions after similar treatment also were shown 
to transform HEF morphologically (Duff and Rapp, 1973a). In these ex
periments infected cells were passaged after infection so that quantitation 
is not precise. Nonetheless, a minimal value of 1 transformed focus per 
106 infected cells can be estimated based on the experimental protocol. 
Cell lines established from transformation assays with HSV-2 and HSV-
1 were examined for expression of virus-specific proteins and for onco
genicity in syngeneic animals. Predominately two assays for viral anti
gens were utilized. These included immunofluorescence assays on fixed 
transformed cells using antisera raised against HSV-1 and HSV-2, and the 
ability of sera from animals bearing tumors after injection of HSV-1- or 
HSV-2-transformed cells to neutralize the infectivity of the virus. Both 
in the case of HSV-2-transformed (Duff and Rapp, 1971a) and HSV-1-
transformed (Duff and Rapp, 1973a) cell lines, diffuse cytoplasmic fluo
rescence in 1-10% of the cells was observed. Injection of newborn ham
sters with HSV-2 333-8-9 cells and with HSV-1 14-0l2-transformed cells 
led to the formation of tumors in 11/30 and 18/38 animals, respectively. 
Sera from hamsters bearing these tumors neutralized the infectivity of 
HSV and reacted with HSV-1 as well as HSV-2-infected or transformed 
cells in immunofluorescence assays (Duff and Rapp, 1973a,b). 

Since these initial reports a variety of cell types including primary 
embryonic cells of rat, hamster, and human origin, as well as continuous 
hamster and mouse cell lines and numerous methods of inactivation of 
infectivity have been used in transformation assays with HSV. Colonies 
picked from HEF infected with virions of HSV-1 and HSV-2 photodyn
amically inactivated with heterocyclic dyes and light (Rapp et al., 1973) 
or UV irradiation (Duff and Rapp, 1971a,b, 1973a; Rapp and Duff, 1973) 
or with HSV-1 or HSV-2 temperature-sensitive (ts) mutants at elevated 
temperature (Takahashi and Yamanishi, 1974; Kimura et al., 1975) have 
yielded transformed cell lines. Similarly, a continuous hamster cell line 
persistently infected with UV-irradiated HSV-2 generated transformed 
cell lines after treatment with anti-HSV-2 sera, incubation at elevated 
temperature (40°C), or both (Kutinova et al., 1973). An independent clon
ally derived continuous hamster cell line also yielded transformed foci 
after exposure to UV-irradiated HSV-2 (Hampar et al., 1980). Rat embryo 
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cells infected with photoinactivated HSV-1 (Macnab, 1974L HSV-2 (Mac
nab, 1974; Kucera et al., 1977L or with untreated HSV-2 and five HSV-
2 ts mutants (Macnab, 1974) at 38SC also produced transformed foci. 
In addition, UV-inactivated HSV-2 transformed continuous lines of 
BALB/c (Boyd and Orme, 1975) and Swiss 3T3 mouse cells (Duff and Rapp, 
1975). 

Human cells of embryonic origin were also shown to display trans
formed characteristics following infection with HSV-2 and extended 
maintenance at 42°C (Darai and Munk, 1973; Munk and Darai, 1973) and 
one transformed cell line was established after infection of human em
bryonic lung cells with the HSV-2 mutant ts9 at elevated temperature 
(Takahashi and Yamanishi, 1974). In each of the cases mentioned, evi
dence for the persistence of viral information in transformants was doc
umented serologically by demonstrating the presence of cytoplasmic 
(Duff and Rapp, 1971a,b; Darai and Munk, 1973; Munk and Darai, 1973; 
Duff and Rapp, 1973a; Rapp et al., 1973; Kutinova et al., 1973; Macnab, 
1974, 1979; Takahashi and Yamanishi, 1974) or membrane-associated 
HSV-specific antigens (Duff and Rapp, 1971a, 1973a; Kutinova et al., 
1973; Macnab, 1974; Takahashi and Yamanishi, 1974; Kimura et al., 
1975; Kucera et al., 1977) with hyperimmune antisera to HSV. In the 
majority of instances the transformed cells were oncogenic in syngeneic 
hosts (Duff and Rapp, 1971a,b, 1973a,b; Duff et al., 1974; Takahashi and 
Yamanishi, 1974; Boyd and Orme, 1975; Kimura et al., 1975; Li et al., 
1975; Macnab, 1979; Hampar et al., 1980) or showed increased oncogen
icity over the parental cell line (Kutinova et al., 1973). In some instances 
multiple passages in culture were required before the cells became tu
morigenic (Kimura et al., 1975). In another instance tumorigenicity was 
dependent on the immune status of the host and in immunocompetent 
syngeneic animals was observed only after a latent period of 2.5 years 
(Macnab, 1979). Nonetheless, the cells derived from those tumors re
tained antigenically identifiable virus-specific proteins. Sera of animals 
bearing tumors produced by HSV-transformed cells often contained HSV
neutralizing antibodies (Duff and Rapp, 1971a,b, 1973b; Rapp and Duff, 
1973; Kutinova et al., 1973; Boyd and Orme, 1975; Kimura et al., 1975) 
or reacted in immunofluorescence assays with HSV-infected or other 
HSV-transformed and tumor cells (Li et al., 1975). 

At least five strains of HSV-1 and seven strains of HSV-2 have been 
shown to transform cells in culture to a malignant phenotype. Three 
observations taken together-( 1) the consistent outgrowth of clones with 
infinite life span from a variety of primary cells and appearance of mor
phologically altered colonies in continuous cell lines after infection with 
a number of strains of HSV-1 and HSV-2, (2) the expression of virus
specific proteins in morphologically transformed cell lines, and (3) the 
formation of tumors in syngeneic animals following inoculation of mor
phologically transformed cells-strongly implicate HSV information in 
the initiation of transformation events that lead to malignancy. 
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Because of the low frequencies of transformation observed, the 
strength of the conclusion that HSV transform cells in culture lies in the 
large number of times the transforming potential has been demonstrated 
with numerous virus strains and a variety of cell types. 

B. Frequency of Transformation 

Although quantitative comparisons are made difficult by the variety 
of virus strains, cell types, and conditions used to limit infectivity of a 
virus preparation, a range of transformation frequencies from 0.25 to 20 
stably transformed colonies per 106 infected cells has been observed. The 
number of morphologically distinguishable colonies that developed into 
stable cell lines is taken as the number of stable transformants in this 
estimation. The wide range of frequencies of transformation is not sur
prising considering the variation in virus strain, cell type, and transfor
mation protocols employed. 

The morphological transformation frequency can be examined from 
two vantage points. In comparison to the frequency obtained by other 
DNA-containing transforming viruses, such as polyomavirus or SV40, the 
herpesviruses appear to have very low transforming capacity. Depending 
upon the cell type and assay used for transformation, polyomavirus and 
SV40 demonstrate transformation efficiencies of approximately 1 stable 
transform ant in 103 cells following infection of primary or continuous 
nonpermissive cells with 100 plaque-forming units (PFU)/cell (Stoker and 
MacPherson, 1961; MacPherson and Montagnier, 1964; Todaro and 
Green, 1964). Two objections to this comparison can be raised justifiably. 
First, the cells used for transformation assays by HSV are permissive for 
virus replication. For this reason virus infectivity must be inhibited by 
one or more of the methods described above in order for potential trans
formants to survive. It is not unreasonable to predict that putative virus 
functions that initiate or enhance transformation are rendered inactive 
in some proportion of the virus particles also, thereby reducing the trans
forming activity below its maximal level. It should be pointed out that 
transformation of permissive cells by SV40 is considerably more difficult 
to achieve than transformation of nonpermissive cells. Although few ex
amples are available for examination, in one carefully executed and quan
titated study (Gluzman et al., 1977) exposure of highly permissive mon
key cells to UV-irradiated SV40 virions resulted in 10 transformed 
colonies/106 infected cells in anchorage independence assays, a frequency 
well below that observed in nonpermissive cells. 

The structure, length, and proportion of the genome involved in 
transformation are likely to influence the frequency of transformation 
also. In the case of SV40 and polyomaviruses, only the early transcribing 
region, which constitutes approximately half of the 5.2-kb genome, is 
required for transformation by virions (reviewed in Tooze, 1981). As these 
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viruses contain covalently closed circular DNA, a single crossover event 
is sufficient to integrate the entire genome. Any crossover that occurs in 
the late transcribing half of the genome, thereby leaving the early region 
intad, has the potential to transform cells. If crossover occurs randomly 
and with equal probability throughout the genome, then approximately 
half of the crossovers that take place between cellular and SV40 DNA 
will maintain integrity of the early region. 

Integration of a linear DNA, such as that of HSV, requires two re
combinational events. One of each of these events must take place on 
either side of the DNA segment responsible for transformation in order 
to accomplish its integration. If the viral genome is large compared to 
the transforming region, only a small proportion of the recombinational 
events that occur will result in integration of the relevant DNA seg
ment(s). Therefore, the likelihood of integrating the transforming seg
ments of HSV can be expected to be significantly lower than that observed 
for SV40. 

Perhaps a more meaningful vantage point from which to assess the 
transforming potential of HSV is by comparison to biochemical trans
formation. Both in biochemical and in morphological transformation by 
HSV the recipient cells are permissive for virus growth. In both assays 
UV irradiation of virions or incorporation of photodynamic dyes has been 
used to inactivate virus infectivity. Clearly, in the case of thymidine 
kinase (TK) transformation, as reviewed below, a single contiguous seg
ment of the viral genome must be integrated in order for stable trans
formation to occur. Routinely, frequencies of between 20 and 200 trans
formants/l06 cells are observed for TK transformation of murine cells by 
UV-inactivated virions (Munyon et a1., 1971; Rapp and Turner, 1978; 
Rapp et a1., 1980). Given the qualifications noted above regarding quan
titation, it is clear that the frequencies of morphological transformation 
by HSV are reasonably similar to those for TK transformation. Impor
tantly, in one report (Hampar et a1., 1981) the frequencies of TK and 
morphological transformation by UV-irradiated HSV-l virions were de
termined simultaneously in the same TK- BALB/c mouse cell line (B2). 
In this experiment, morphological transformants that were tumorigenic 
in nude mice occurred at one-tenth the frequency of TK + transformants, 
in agreement with the general pattern evident from previous data. 

For these reasons, although the frequency of morphological trans
formation achieved by HSV is orders of magnitude below that observed 
with polyomavirus or SV40, this frequency alone does not suggest that 
the herpesviruses transform cells by a mechanism(s) that is distinct from 
that of other oncogenic DNA viruses. 

Both the low frequency of transformation and the complexity of the 
viral genomes have, however, made the role of specific viral sequences 
and gene products in the initiation and maintenance of the transformed 
phenotype difficult to assess. 
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C. Association of Viral DNA Sequences with Transformation 

Primarily two approaches have associated viral ONA sequences with 
transformation. One approach involves determining the capacity of pur
ified segments of the viral genome to stably alter the growth properties 
of cells in culture. The second relies on identifying sequences retained 
by transformed or tumor cells. These complementary and equally im
portant approaches address closely related but distinct aspects of the 
transformation process. Transformation with defined segments of the 
viral genome should directly identify the minimal sequences that initiate 
and· also may be required to maintain the transformed state. This ap
proach assumes that all of the information required is present within a 
contiguous sequence of nucleotides and that no sequences in the same 
DNA segment hinder either expression of the essential information or 
cell survival. Detection of sequences within transformed cells can be 
expected to identify regions of the genome involved in the maintenance 
of transformation as well as those that augment the transformed phen
otype but will not directly implicate sequences in its initiation. One 
advantage of this second approach is that if noncontiguous segments of 
the genome participate in the maintenance of transformation, the cell 
will select those sequences from the viral genome, retain and possibly 
amplify them. 

The value of these combined approaches has been demonstrated 
amply in the mapping of the HSV-1 and HSV-2 TK genes. Cells that lack 
a functional TK gene (TK -) can convert to a TK + phenotype by incor
porating and expressing HSV-1 or HSV-2 genetic information (Munyon 
et al., 1971 j Davis et al., 1974). Extensive studies have shown that the 
TK-transforming activity resides in a virally coded TK (Dubbs and Kit, 
1964) that is readily distinguished from the cellular counterpart (Klem
perer et al., 1967 j Munyon et al., 1972). While it is clear that expression 
of the HSV TK gene is not directly related to morphological transfor
mation (Camacho and Spear, 1978 j Reyes et al., 1979 j Hampar et al., 
1981L the biochemical transformation of TK- cells has been pivotal to 
understanding events that occur when selective pressure is applied to 
cells exposed to HSV or its DNA for a phenotype determined by a single 
viral gene. One of the more important assessments of specific viral seg
ments retained in cells biochemically transformed following infection 
with HSV was provided by Leiden et al. (1980). These investigators ex
amined the sequences of HSV-2 DNA retained in each of four cell lines 
generated from infection of TK- cells with UV-irradiated virus and main
tained continuously under selective pressure for TK expression for 50-
100 passages. By using a modified DNA blot hybridization procedure, 
abundant HSV-2 sequences in transformed cell DNA were located at 
0.14-0.57, 0.14-0.42, 0.21-0.32, and 0.28-0.42 map units (MU). The 
HSV-2 sequences identified constitute overlapping segments of the viral 
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genome. The region of the HSV-2 genome located between 0.28 and 0.32 
MU was retained in all four cell lines and, thereby, identified the physical 
location of the HSV-2 TK-coding sequences. By similar analysis of two 
HSV -1 TK transformants, the TK gene of this virus was localized to 0.28-
0.32 MU also. These localizations were consistent with the map location 
for TK- mutants of HSV established by both marker rescue (Stow et al., 
1978) and analysis of intertypic recombinants (Halliburton et a1., 1980). 
All four HSV-2-transformed cell lines retained viral sequences in excess 
of the TK-coding region. Importantly, however, the sequences that were 
stably retained in each cell line apparently formed a single contiguous 
sequence of viral DNA adjacent to the selected marker. These findings 
indicate (1) that when a single viral gene is sufficient to confer a new 
phenotype on a cell, the viral sequences that become integrated and are 
retained under continuous selective pressure are contiguous with the 
selected gene sequence; and (2) that analysis of several transformed cell 
lines will identify overlapping segments of viral DNA that roughly define 
the limits of the transforming gene. Leiden et a1., (1980) noted also that 
sequences between 0 and 0.06 and between 0.57 and 0.82 MU are uni
formly absent from the biochemical transformants examined. They sug
gested that at least a portion of the region beyond 0.57 MU may be ob
ligatorily lost due to the presence of functions that are detrimental to 
cell survival. Consistent with this possibility is the localization of host 
shutoff factors between 0.52 and 0.59 MU on the HSV-2 genome (Morse 
et a1., 1978). There is no reason in the absence of data directly addressing 
the issue to exclude this possibility. Because the region from 0.52 to 0.59 
MU overlaps segments of HSV-2 DNA that transform cells in culture 
morphologically (see below), it is reasonable to consider alternative ex
planations for the absence of particular viral sequences in stably trans
formed cells. The presence of DNA sequences beyond 0.57 MU, which 
severely limit expression of the TK gene but do not alter cell survival, 
also would be expected to result in their obligatory loss. It is equally 
possible that the exclusion of segments of the viral genome distal to 0.57 
simply reflects the nature of recombinational events involved in inte
gration of HSV DNA into cellular chromosomes. 

It is likely that transformants most frequently arise as the result of 
the minimal number of crossover events (2) needed to integrate a linear 
DNA segment. Integration of the TK gene from linear viral DNA requires 
that one of the crossover events occur to the left of 0.28 MU. If crossovers 
occur with equal probability throughout the HSV genome, then the like
lihood of the second crossover occurring before integrating nonessential 
DNA from a position on the genome distal to the TK gene increases 
proportionally with the distance from the selected marker. Stated simply, 
sequences beyond 0.57 MU may not be retained frequently in TK + trans
formants because of their distance from the gene responsible for the phen
otype selected. 
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In separate experiments, restriction endonuclease-generated frag
ments of HSV-l (Wigler et al., 1977) and HSV-2 (Reyes et al., 1979; 
McDougall et al., 1980) DNA were used to transform TK- cells to a TK+ 
phenotype and to determine the limits of the coding sequence. The fea
sibility of using viral DNA to transform TK - cells biochemically was 
demonstrated for HSV-2 (Bacchetti and Graham, 1977) by transfection of 
the cells with viral DNA that had been sheared to eliminate its infec
tivity. TK + transformants arose at a frequency of 3 colonies/ f.Lg per 106 

cells for HSV-2 in human 143 TK- cells. Wigler et al. (1977) using mouse 
TK-cells as recipients demonstrated that cleavage of HSV-l DNA with 
the restriction endonuclease BeaRI eliminated the transforming capabil
ity of the DNA, whereas cleavage with BamHI resulted in the appearance 
of 0.5 TK + colonY/f.Lg per 106 cells. The transforming activity was con
fined to a single 3.4-kb BamHI fragment. This fragment when purified 
from agarose gels transformed at a frequency of 10 colonies/f.Lg equivalent 
per 106 cells. Subsequently this same DNA fragment was cloned (Colbere
Garapin et al., 1979; Wilkie et al., 1979) and shown to be sufficient for 
biochemical transformation. Sequencing of the cloned fragment (Mc
Knight, 1980; Wagner et al., 1981) indicated the presence of a single open 
reading frame sufficient to encode the TK and consensus control se
quences 5' to the coding sequence. The BamHI fragment maps between 
0.29 and 0.31 MU on the HSV-l genome. In addition, Colbere-Garapin 
et al. (1979) reported that a 2-kb subfragment of the BamHI fragment 
generated by PvuII cleavage also transformed cells. Using cloned DNA 
fragments containing the TK gene, frequencies of 100-2800 colonies/f.Lg 
per 106 cells are achieved easily (Graham et al., 1980; Linsley and Sim
inovitch, 1982). 

Five observations from these and other experiments form a basis for 
discussion of morphological transformation by herpesviruses. First, trans
fection with sheared DNA appears to occur at a frequency lower than 
that observed after infection with inactivated virions. Although com
parisons of data from different laboratories must be qualified by recog
nizing that neither the same recipient cell nor virus strain was used uni
formly, approximately 20-200 biochemical transformants are commonly 
observed among 106 TK-cells infected with UV-inactivated virus prep
arations. Only 0.5-18 transformants/f.Lg per 106 cells were generated by 
cleaved (Wigler et al. 1977) or sheared viral DNA (Bacchetti and Graham, 
1977; Graham et al., 1980). Second, by using an agarose gel-purified 
BamHI restriction nuclease-generated fragment containing the TK gene, 
the number of TK + colonies was 20-fold higher per gene equivalent than 
that obtained with an unfractionated total BamHI digest. This increase 
may reflect removal of the TK-coding segment from other segments that 
are detrimental either to cell survival (Leiden et al., 1976) or to efficient 
expression of the TK gene and that are cotransferred during transfection 
of total digests. Third, by using appropriately cloned DNA and optimal 
transfection conditions, frequencies in excess of 2800 colonies/f.Lg per 106 
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cells are observed. Fourth, a single copy of the TK gene integrated into 
cellular DNA was sufficient to generate stable TK + transformants by 
transfection with the 3.4-kb BamHI fragment (Pellicer et al., 1978). Fifth, 
HSV I gene products other than TK are unlikely to be required for stable 
transformation to the TK + phenotype. 

These last two observations were not entirely expected. TK belongs 
to the J3 or early class of viral proteins (Garfinkle and McAuslan, 1974 j 

Honess and Roizman, 1974). Active transcription of the TK gene during 
the lytic cycle requires prior synthesis of a or immediate-early proteins 
(Honess and Roizman, 1974, 1975 j Preston, 1979). The minimal TK trans
forming region, as defined by Colbere-Garapin et al. (1979), contains only 
the coding region for the TK gene and essential transcription signals in 
the 5' untranslated region (McKnight, 1980 j Wagner et al., 1981). Al
though the resident TK sequences still respond to HSV regulatory genes 
on superinfection of transformants with HSV (Lin and Munyon, 1974 j 

Leiden et al., 1976 j Kit and Dubbs, 1977), these genes are not required 
for expression of the integrated TK gene. The level of transcription 
achieved when a single copy of TK gene is removed from the context of 
the HSV genome by incorporation into the cellular genome is sufficient 
to convert cells to a TK + phenotype. 

Clearly these combined approaches of identifying viral sequences 
retained in transformed cells and determining the capacity of purified 
segments of the genome to transform have defined the viral sequences 
that were both necessary and sufficient to accomplish biochemical trans
formation. This same rationale has been applied to identify viral infor
mation that is essential to morphological transformation. Recently, Ro
binson and O'Callaghan (1983) examined the arrangement of viral 
sequences retained in three hamster cell lines transformed morphologi
cally by UV-irradiated virions of equine herpesvirus type 1 (EHV-1). In 
this study, overlapping segments of the viral genome were detected. The 
sequences retained in cell lines at high passage (> passage 124) were 
contiguous with the consistently retained segment spanning 0.32-0.38 
MU implicating this region in the maintenance of the transformed 
phenotype. At lower passage some cell lines retained additional viral 
information which was lost progressively during continued propagation. 

1. HSV Proteins Expressed in Morphologically Transformed Cells 

Considerable effort has been directed toward detecting HSV infor
mation retained and expressed in morphologically transformed cells. 
These effons have focused on determining the extent of the genome re
tained, the proportion of the genome transcribed into stable message, and 
the identity of virus-coded proteins within and on the surface of HSV
transformed cells. 

The immunological identification of virus-specific polypeptides in 
HSV-transformed and tumor cells has served two purposes. The first was 
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to establish that morphological transform ants which arise after exposure 
to HSV express viral information. The second was to identify specific 
viral sequences expressed within these cells. A large number of genes for 
virus-specifit polypeptides have been mapped genetically and biochem
ically on the HSV-1 and HSV-2 genomes (Roizman, 1979). Identification 
of those proteins expressed in transformed cells provides one means of 
confirming the presence of specific viral sequences. Whereas polyclonal 
antisera and immunofluorescence assays are sufficient in the first in
stance, resolution of individual polypeptides requires immunoprecipi
tation with defined antisera or immunofluorescence assays using mon
ospecific or monoclonal antibodies. 

By using hyperimmune antisera to HSV, virus-specific antigens have 
been detected on the surface membranes of a large number of indepen
dently derived HSV transformed and tumor cell lines (see section IIA). 
The observation that sera of animals bearing tumors produced by HSV
transformed cells contain HSV-neutralizing antibodies indicated that at 
least one of these surface antigens represented a virus-coded glycoprotein. 
Recently, Lewis et al. (1982) examined the expression of specific glyco
proteins by using monospecific antisera against gAgB (gB) and gC (gG) in 
immunofluorescence assay of HSV-2-transformed rat cells at high passage 
in cell culture or after passage in syngeneic hosts. Recently the nomen
clature for the HSV glycoproteins has been modified (see P. Spear, this 
volume). For clarity both designations are given. The current names for 
the glycoproteins appear in parenthesis. The use of cells at high passage 
was important in this study as expression of immunologically identifiable 
proteins and the amount of the viral DNA retained often decreases pro
gn!ssively in cells transformed by herpesviruses (Minson et al., 1976; 
Geder et al., 1979; Robinson and a'Callaghan, 1983) (discussed below). 
It is assumed that at high cell passages polypeptides that continue to be 
expressed are either involved in the maintenance of transformation, or 
are encoded within or closely linked to a DNA segment responsible for 
transformed phenotype. Cells from two HSV-2-transformed lines and a 
tumor-derived cell line were stained with gAgB (gB) but not gC (gG) an
tisera. These same cell lines reacted with antisera raised against the early 
(B) polypeptide alternatively designated VP143 (Flannery et al., 1977), 
ICP8 (Honess and Roizman, 1973), VP130 (Bayliss et al., 1975; Wilcox et 
al., 1980), and ICP11110 (Purifoy and Powell, 1976). This polypeptide also 
has been identified in all of four tumor cell lines derived from HSV-2-
transformed hamster cells (Flannery et al., 1977) and on the original ham
ster cell transform ant 333-8-9. This polypeptide VP143 corresponds to 
the major DNA-binding protein (DBP) of HSV-2 and has been mapped 
recently by intertypic recombination (Morse et al., 1978; Conley et al., 
1981), marker rescue (Spang et al., 1983), two-factor genetic crosses 
(Dixon et al., 1983), hybrid selection and in vitro translation of mRNA 
(Conley et al., 1981), and analysis of defective viruses (Frenkel et al., 1980) 
to 0.38-0.41 MU on the prototype arrangement of the HSV-2 genome. In 
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comparison, the gAgB(gB)-coding sequences are localized within 0.348-
0.369 MU (Ruyechan et al., 1979; DeLuca et al., 1982). Monospecific 
antibody against gC(gG) [currently mapped in the short component (Roiz
man,et al., 1984)] did not react with the rat-transformed and tumor cell 
lines. While this finding does not necessarily indicate that sequences from 
the short component are absent, it does demonstrate that expression of 
gC (gG) is not required for maintenance of a transformed phenotype. 

These results suggest that DNA sequences from 0.30 to 0.41 are ex
pressed in HSV-2-transformed rat cells and a tumor-derived cell line at 
high passage number. They both illustrate the value of monospecific an
tibody in analyses of this type and also suggest that this region (which 
is consistently maintained through passage in animals) may playa role 
in the transformation of cells in culture by HSV-2 virions. 

Additional specific antisera have identified HSV-type common an
tigen, associated with gD (Reed et al., 1975; Cohen et al., 1978), on some 
but not all of HSV-1- and HSV-2-transformed hamster cells. HSV-specific 
polypeptides have been immunoprecipitated from cells transformed by 
HSV also (Gupta and Rapp, 1977; Gupta et a1., 1980; Shu et al., 1980). 
However, as the relationship between the immunoprecipitated polypep
tides and specific virus-coded proteins of known map location has not 
been determined, it is difficult to relate expression of these polypeptides 
to specific DNA sequences. Receptor for IgG has also been identified on 
HSV-2-transformed cells (Westmoreland et a1., 1974) and may represent 
the virus-specified Fc receptor (gE) reported by Baucke and Spear (1979) 
and by Lee et al. (1982). This glycoprotein is encoded between 0.924 and 
0.95 on the HSV genome (Para et al., 1982). 

Monospecific antisera serve as valuable indicators of the presence or 
absence of expression of specific viral proteins in transformed cells. Such 
information is central to uncovering the mechanisms by which HSV ac
complishes transformation. However, although the identification of 
virus-specific proteins within transformed and tumor cells has revealed 
segments of the genome often retained, no polypeptide common to the 
majority of the transformed cells has been detected. 

The absence of a consistent antigenic marker for transformation by 
HSV indicates either that transformation is accomplished without adding 
a specific protein-coding region of the virus to the cell or that antibodies 
against protein(s) responsible for the transformed cell phenotype are not 
abundant in anti-HSV-1, anti-HSV-2, or antitumor sera. It is possible that 
the putative transforming protein does not elicit a strong antigenic re
sponse in an infected or tumor-bearing host or that the antibodies formed 
in response to this protein are not reactive in immunofluorescence assays. 
Precedents for each possibility exist in other transforming systems. The 
avian leukosis virus (ALV), unlike the majority of the tumor viruses, 
transforms cells in vivo not by contributing a protein-coding sequence 
but by inserting its strong promoter sequence adjacent to the cellular 
homolog of a retrovirus transforming gene, Among viruses whose trans-
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forming capacity does depend upon continual expression of one or more 
virus-coded polypeptides, the transforming proteins are not uniformly 
detected imm,unologically. It is believed, for instance, that the Eta po
lypeptides that are expressed in adenovirus 2 (Ad2)-transformed cells are 
unable to elicit a strong immune response in tumor-bearing hosts (Ber
nards et al., 1982; Feldman and Nevins, 1983) as neither immunofluo
rescence nor immunoprecipitation reactivity to this polypeptide is readily 
detected with antitumor sera. In contrast, the small tumor (t) antigen of 
SV40 elicits an active immune response in tumor-bearing animals, as the 
protein is readily detected in immunoprecipitates of extracts from SV 40-
infected, tumor, or transformed cells. Yet the protein cannot be detected 
by immunofluorescence assays. Thus, without additional evidence, it is 
not possible to determine whether the inability to detect a viral poly
peptide universally in cells transformed by virions more clearly reflects 
the paucity of specific probes for polypeptides in the form of monospecific 
and monoclonal antibodies or alternatively indicates that HSV transforms 
cells without the persistence of protein-coding sequences. 

Genetic analysis has provided an alternative method of identifying 
portions of the viral genome retained and expressed in HSV-transformed 
cells. Kimura et al. (1974) demonstrated the feasibility of detecting func
tional HSV DNA sequences in transformed cells by complementation 
analyses. They showed that growth of two (tsG4 and tsD6) of eight HSV-
2 ts mutants representing distinct functions during lytic growth of the 
virus was enhanced in both of two independently derived HSV-2-trans
formed cell lines at temperatures that were nonpermissive for replication 
of the mutants. The two mutants carry defects in late viral functions. 
One of these mutations, tsG4, has been localized to 0.42-0.50 MU (Knipe, 
1982). Similarly, Park et al. (1980) reported complementation of four HSV-
1 strain 17 ts mutants (tsG, I, A, D) and complementation of the HSV-2 
strain HG52 mutant ts1 in a transformed cell line generated by treatment 
with sheared HSV-1 DNA (Wilkie et al., 1974). In addition, they showed 
intertypic complementation of four ts mutants (tsT, I, F, A) in an HSV-2-
transformed cell line (Macnab, 1974). Mutants within the HSV-1 cistrons 
represented have been mapped to locations between 0.35 and 0.448 MU 
with the exception of tsD. This mutant maps within the inverted repeat 
sequences of the short arm of the chromosome (Weller et al., 1983b). The 
HSV-2 mutant ts1 maps at approximately 0.71-0.72 MU (Chartrand et 
al., 1981). These results indicate that widely separated portions of the 
HSV-2 genome were present and produced specific functional proteins in 
at least one of the cell lines tested. Because cell lines used in that study 
expressed HSV TK activity (Macnab et al., 1980) the genomic region from 
0.28 to 0.32 also had been retained. As complementation analysis is based 
on a single cycle of virus growth, it is likely that the transacting poly
peptides were expressed in a major portion of the cells infected. 

An analysis of the restriction nuclease sites in DNA from ts+ virus 
obtained from plaques of HSV-2 strain HG52ts1 or HSV-1 strain 17tsG 
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that had been grown in the HSV -I-transformed cell line revealed the pres
ence of sequences extending from 0.54 to 1.0 MU. In addition, one ts + 

recombinant had a restriction endonuclease profile indistinguishable 
from/that of the original transforming virus. These observations indicate 
that superinfecting virus replicating within the uncloned cell population 
acquired sequences representative of the majority if not all of the trans
forming viral DNA. Recombinational analysis of this type identifies viral 
sequences present within a population of transformed cells. These se
quences need not be expressed. They also need not be present in the 
majority of the transformed cells. The presence of ts + virus in a lysate 
indicates that during replication in a transformed cell culture, ts 1 located 
and exchanged the appropriate information to correct its genetic lesion 
in at least one cell. The identification of one ts + recombinant that re
gained the restriction endonuclease profile of the transforming virus is 
more suggestive of heterogeneity in the viral sequences retained within 
the cell population than of the maintenance of the entire genome in 
transformed cells. 

2. HSV DNA Sequences Retained by Morphologically Transformed 
Cells 

The direct search for HSV DNA sequences in cells transformed by 
virions also has been performed and has resulted in several important 
observations. Frenkel et al. (1976) examined the viral DNA sequence 
complexity in five HSV-2-transformed hamster cell lines, including 
highly, weakly, and nononcogenic lines, and one tumor line. Among these 
were cell lines transformed by three different HSV-2 isolates. Included 
in this study also were parallel passages of one cell line (333-2-29). Each 
cell line had been shown to express viral antigens in a small percentage 
of the cells. Results of hybridization kinetic analyses using the entire 
HSV-2 genome as probe indicated that all of the cell lines contained viral 
DNA sequences, although the amount of information retained varied con
siderably. From 8 to 37% of the viral genome was detected in 0.7-3.1 
copies/cell in cell lines tested. This variation in viral DNA retained 
among the cell lines indicated that transformed cells contain HSV se
quences in excess of those needed to maintain the transformed pheno
type. Not only did independently transformed lines contain variable frac
tions of the viral genome but also the amount of DNA retained by parallel 
passages of the same cell line differed. In one case, the line contained 
three copies of 37% of the HSV-2 genome, whereas cells in a parallel 
passage contained 1.5 copies of 10% of the viral DNA. 

Variability was also seen in a comparison of 333-8-9 cells at passage 
80 with cells of a tumor induced by 333-8-9 cells. The tumor cells con
tained an increased number of copies of a smaller fraction of viral DNA 
than did the parental cell line. A similar variation in sequence complexity 
was reported by Minson et al. (1976). In that study HSV-2 sequences 
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representing 42% of the genome were detected at early passage of 333-
8-9 cells. However, the sequences decreased in complexity with passage 
of the line and were not present within their limits of detection (4-8% 
of the viral genome per diploid cell) using whole viral DNA as probe in 
clones established from that line. The influence of the complexity of 
DNA used as probe on the ability to detect viral sequences in cellular 
DNA by hybridization kinetics (Frenkel et al., 1976) and by DNA blot 
hybridization (Robinson and O'Callaghan, 1983) has been reviewed pre
viously and may have prevented detection of small regions of the HSV 
genome. 

As a means of identifying specific viral sequences present in HSV-2-
transformed cells, Galloway et al. (1980) examined the kinetics of re
naturation of each of eight restriction nuclease-generated and gel-purified 
HSV-2 DNA fragments in the presence of DNA from 333-8-9 cells, as 
well as from clonal derivatives and tumor lines of these cells. Although 
not all regions of the genome were represented by the fragments used as 
probes, the results indicate that some segments were retained in all the 
cell lines, whereas the parental population was heterogeneous with re
spect to other sequences. Sequences homologous to each of the probes 
representing segments of the long component of the viral chromosome 
were present in the 333-8-9 cells. Sequences from the short component 
of the genome, however, were absent from the parental cell population, 
all of the five clonal and two tumor-derived cell lines examined. In con
trast, sequences homologous to BglII-N fragment (0.58-0.62 MU) and 
BglII-G fragment (0.21-0.33 MU) were consistently present. Sequences 
from the BglII-O and -E fragments were present in only three of the clonal 
or tumor lines. Because the additional probes for sequences within the 
long component of the viral chromosome overlap either the BglII-N or 
G fragment, it was not possible to determine whether additional HSV-2 
sequences were retained in these cell lines. 

The variability in complexity of viral DNA sequences indicates that 
cells within HSV-transformed lines rapidly become heterogeneous with 
respect to the amount of viral genome they retain. The data are consistent 
with the hypothesis that sequences that are not essential to maintaining 
a transformed phenotype are gradually lost with continued propagation. 
The lower sequence complexity in a tumor cell line than in the cell line 
from which it was derived suggests two possibilities. It is reasonable to 
expect, as has been suggested previously (Frenkel et al., 1976), that some 
sequences retained within transformed cells passaged in culture might 
be detrimental to tumor development. Injection of cells into an animal 
host would provide strong selective pressure against growth of cells con
taining such sequences. In contrast, growth of cells in the heterogeneous 
population that had spontaneously lost those sequences would be selected 
for strongly. Considering the variability in retention of viral information, 
however, it is not necessary to hypothesize the existence of sequences 
that limit tumor growth. Alternatively, cells that have accumulated ge-
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netic alterations within cellular sequences that favor tumorigenesis also 
would be selected for strongly. In this last case, the decreased complexity 
of viral information could be coincidental. 

The heterogeneity in viral sequences retained in transformed cells 
indicates that not only viral sequences that may be necessary to maintain 
the morphologically transformed state but also extraneous functions may 
be retained and expressed in cells transformed by inactivated virions. This 
factor makes it difficult to assess the role of viral sequences in the main
tenance of transformation. 

One method of decreasing the complexity of viral sequences in trans
formed cells and thereby simplifying the interpretation of functions and 
sequences required for transformation is to transform cells in culture with 
defined segments of the genome. This approach makes the fundamental 
assumption that, as in the case of the TK gene, a single contiguous set 
of nucleotides is sufficient to initiate and maintain stable transformation 
of cells in culture. 

D. Transformation of Cells in Culture by Genomic Fragments 
of HSV-l 

A single region of the HSV-l genome extending from 0.30 to 0.45 
MU in the prototype arrangement has been implicated in morphological 
transformation by fragments of the viral DNA. Camacho and Spear (1978) 
compared the ability of gel-purified XbaI restriction endonuclease frag
ments of HSV-l DNA to promote outgrowth of transformed colonies in 
low serum from secondary HEF. Their results indicated that of the seven 
fragments generated by XbaI cleavage, only one, XbaI-F (0.30-0.45 MU), 
consistently yielded transformants efficiently. Colonies appeared at an 
approximate frequency of 10 colonies/fLg equivalent per 106 cells. This 
frequency represents a substantial increase over the 1.5 coionies/106 cells 
per fLg of total XbaI digest observed. Possible explanations for such an 
increase have been described above. Among the several parameters of a 
transformed cell phenotype, the transformed cell lines displayed the abil
ity to grow in low serum to high cell density in 10% serum, and in a 
semisolid matrix. At least a portion of the transfected HSV information 
was expressed in these cell lines as the glycoprotein gAgB (gB) was de
tected by immunofluorescence, immunoprecipitation, and adsorption of 
neutralizing antibodies from sera monospecific for gAgB (gB). The per
centage of cells showing immunofluorescence varied from experiment to 
experiment, suggesting instability in retention of the DNA sequences or, 
alternatively, accumulation of alterations in the cellular genome that 
limited expression of the viral gene. The observation that at later passage 
cells transformed by the XbaI-F fragment did not contain detectable viral 
DNA (cited by Knipe, 1982) suggests that either only a small portion of 
the fragment need be retained to maintain a transformed phenotype or, 
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alternatively, as suggested by the immunofluorescence data, only a small 
proportion of the cells retain the Xbal-F segment. The occurrence of 
unstable cell lines is frequently observed among biochemical transform
ants generated by transfection and is commented on below. Interestingly, 
the TK gene, which also lies within the Xbal-F fragment, was not ex
pressed by morphological transformants. 

Independent experiments have localized morphological transforma
tion activity to the same segment of the HSV-l genome using the same 
assay for transformation. Reyes et ai. (1979) detected five foci in one dish 
of HEF transfected with a BglII-1 fragment extending from 0.311 to 0.415 
MU. The same segment of the genome also generated 11 dense foci grow
ing on a monolayer of BALB/3T3 mouse cells in a single dish. 

Cells of one line established from a dense focus of BALB/3T3 cells 
were serum independent, cloned efficiently in semisolid media, and grew 
to higher saturation densities than the parental cell line. That the cell 
line was stably transformed was indicated by the observation that its 
anchorage-independent growth was maintained through 48 in vitro pas
sages. Viral DNA sequences could not be detected in this cell line, al
though the blot hybridization used should have permitted detection of 
0.1 copy of the transforming fragment (Reyes et ai., 1979). Among these 
experiments the same single transforming region was identified in three 
strains of HSV-l, strain F (Camacho and Spear, 1978), MP, and the St. 
Thomas Hospital substrain of HFEM (Reyes et al., 1979). This region has 
been called the morphological transforming region I (mtr-I). Its identi
fication indicates that at least one single contiguous stretch of nucleo
tides is sufficient to establish a transformed phenotype following DNA 
transfection. 

It is important that the ability of this region to transform cells be 
confirmed with cloned DNA segments in order to exclude the possibility 
that additional fragments cooperate in transforming events. In the case 
of low-frequency events for which strong selective pressure can be ap
plied, this possibility cannot be excluded. It has been shown repeatedly 
that DNA fragments purified by one or two successive electrophoretic 
separations retain contaminating fragments. Although the contaminants 
often cannot be visualized by conventional staining of the gels, their 
presence is apparent in sensitive physical and biological assays. Addi
tional sequences are readily observed when gel-purified DNA fragments 
are used as probes in blot hybridization assays (Galloway et al., 1980). 
More relevant to the experiments under consideration here are the ob
servations of Parris et al. (1980) and Lai and Nathans (1974) that multiple 
gel-purified fragments will rescue ts mutants of HSV and SV40, respec
tively. As in the case of selection for wild-type virus in marker rescue, 
assays for transformation, especially transformation of primary cells, 
probably involve sufficiently strong selective pressure to permit low-prob
ability events such as cooperation of a contaminating fragment to be 
observed. 
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The availability of large quantities of cloned DNA fragments, in ad
dition, should permit estimation of the maximal frequency of transform
ants in individual assays of transformation. Such estimates are valuable 
in suggesting mechanisms by which transformation occurs and are dis
cussed later. 

1. Functions Encoded within mtr-J 

A number of virus-specific polypeptides IMorse et ai., 1978; Ruye
chan et al., 1979) and viral transcripts Isee Wagner, this volume) have 
been localized to the region between 0.30 and 0.45 MU. The functions of 
several of these proteins have been identified by analysis of ts and drug
resistant mutants. This region contains coding sequences for gAgB 19B), 
a late gene of unknown function, the major DNA-binding protein ICP8, 
and the viral DNA polymerase in that order from left to right IWeller et 
ai., 1983a; Pancake et ai., 1983) as well as being a putative origin of viral 
DNA replication IKaerner et ai., 1979; Frenkel et al., 1980; Locker et ai., 
1982). The presence of these functions makes this segment of the HSV-
1 genome particularly attractive as a transforming region. Cells trans
formed by EBV, SV40, or polyomavirus all express a DNA-binding protein 
that is essential to or closely associated with transformation ITooze, 1981; 
Levin, 1982). In addition, the HSV-l DNA polymerase appears to have 
mutator activity IHall and Almy, 1982). If continuously or transiently 
expressed in transformed cells, this activity could promote alterations in 
the cellular genome that augment or stabilize the transformed phenotype. 
Finally, as expression of gAgB 19B) is common among cells transformed 
by virions ILewis et al., 1982) and thereby is unlikely to be detrimental 
to the initiation of transformation, this glycoprotein might serve as useful 
marker for stable incorporation of the transforming segment. 

At least two additional polypeptides, ICP35 and a protein involved 
in DNA packaging, ICP37 IPreston et al., 1983), are encoded within mtr
J IMorse et ai., 1978; Conley et al., 1981). Whether any of these poly
peptides or additional as yet unidentified proteins contribute to the trans
formed cell phenotype remains to be determined. 

E. Transformation of Cells in Culture by Genomic Fragments of 
HSV-2 

Transfection with restnctIOn endonuclease-generated fragments 
IReyes et al., 1979; Jariwalla et al., 1980) or cloned viral DNA fragments 
IGalloway and McDougall, 1981) have implicated two segments of the 
HSV-2 genome as transforming regions. These segments are contiguous 
on the physical map and may act independently in two types of trans
formation assays. 



TRANSFORMING POTENTIAL OF HSV AND HCMV 275 

Among the variety of assays for the transformed phenotype, escape 
from senescence is generally considered the minimal modification of cel
lular growth that can be associated with transformation. This assay has 
retained importance by virtue of the likelihood that it represents a very 
early measurable response in the progression of events resulting in con
version of normal to malignant cells. The major limitation of the im
mortalization assay is that the results obtained cannot be quantitated 
precisely. Jariwalla et al. (1980) investigated the ability of fragments of 
the HSV-2 (strains Sl and 333) genome to immortalize Syrian hamster 
embryo cells. They reported that sequences within the BglII-C fragment 
(0.43-0.58 MU) are sufficient to transform hamster embryo cells. 

Using an alternative assay of transformation, Reyes et al. (1979) have 
reported that sequences within the BglII-N fragment (0.58-0.62 MU) re
covered from agarose gels are sufficient to produce foci of transformed 
cells on monolayers of continuous BALB!3T3 mouse cell lines. In these 
experiments, transformants appeared after transfection with each of four 
overlapping DNA fragments spanning 0.419-0.628 MU. The minimal 
transforming region among the fragments tested was contained within 
the BglII-N fragment. 

In these assays transformation occurred at low frequency. A maximal 
efficiency of 0.3 focus!f,Lg was reported. It is important for comparative 
purposes to recall that definition of this transforming segment is based 
on 27 foci arising in eleven 25-cm dishes of confluent cells. Blot hybrid
ization analysis of cellular DNA from two clonally derived lines trans
formed by either a 0.582 to 0.628-MU or a 0.575 to 0.702-MU fragment 
indicated that sequences homologous to the BglII-N fragment were re
tained in low copy number in both lines. The appearance of transformed 
foci in monolayers of BALB!3T3 cells after transfection with the BglII
N fragment and retention of at least some sequences homologous to this 
fragment in populations of cells derived from transformed clones impli
cated the region of the HSV-2 genome encompassed by 0.582-0.628 MU 
as mtr-II. 

Using as an assay for transformation the ability of HEF to form foci 
in medium containing 1 % fetal calf serum, these same authors reported 
the occurrence of six foci in one dish of cells that had received an 
BeaRIIHindIII gel-purified genomic fragment representing 0.520-0.634 
MU. At first inspection, this finding appears to conflict with data of Jar
iwalla et al. (1980) who demonstrated immortalization of primary HEF 
cells with the BglII-C (0.43-0.58 MU) but not with a pool of gel-purified 
fragments that contained the BglII-N fragment. Three possible resolu
tions of this apparent conflict can be proposed. Escape of primary hamster 
cells from senescence may occur by a mechanism distinct from focus 
formation in low serum. Alternatively, the foci that arose after treatment 
of primary hamster cells with an BeaRIIHindIII fragment from 0.520 to 
0.634 MU may have resulted from a contaminating fragment in the DNA 
preparation. Cleavage of HSV-2 (333) with BeaRI and HindIII generates a 
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fragment that comigrates with the 0.52 to 0.634-MU fragment. These 
two comigrating fragments together contained nearly all of the BglII-C 
plus BglII-N sequences and as stated by Reyes et ai. (1979) were not 
resolved in the gel system and conditions employed to purify the frag
ments used in transformation assays. 

The incorporation of multiple physically separated DNA fragments 
by cells following transfection using the calcium phosphate precipitation 
technique has been documented repeatedly (reviewed in Scangos and Rud
dle, 1981) and forms the basis for cotransfection of selectable and non
selectable markers. Because another cell line in the same study that also 
received co migrating fragments retained sequences homologous to both 
fragments, it is not possible to conclude whether the foci of HEF cells 
that arose after exposure to this mixture of fragments originated as a result 
of sequences contained within the BgiII-C or -N fragment or both. Last, 
it is possible that the sequences encompassing 0.520-0.58 MU, which 
are present in both the BglII-C and the EcoRI/HindIII fragment repre
senting 0.520-0.634 MU, constitute the transforming sequences. 

Both the low frequency of transformation by DNA fragments and the 
possibility that contaminating fragments cooperate in transformation 
events point to the necessity of using cloned DNA segments as donors 
of transforming sequences. 

Two reports of transformation by cloned fragments of HSV-2 DNA 
have appeared recently. Using a cloned fragment of HSV-2 (333) that con
tained all of the sequences of the BglII-N fragment except 300 nucleotides 
at the far left end between the BglII site at 0.582 and the BamHI site at 
0.584 MU, Galloway and McDougall (1981) reported transformation of 
rat embryo fibroblasts and NIH 3T3 cells. Foci able to grow on a mon
olayer of cells in low-serum medium as well as anchorage-independent 
foci were obtained. The cloned BGiII-C fragment was not investigated 
in this study. Two foci derived from rat embryo cells and the two from 
NIH 3T3 cells exhibited multiple parameters of a transformed cell phen
otype, including tumorigenicity in nude mice. The observation that the 
BgiII-N fragment stably transformed both rat embryo and NIH 3T3 cells 
indicates that sequences within this segment of the genome are sufficient 
to transform both primary and continuous cell lines. When two rat em
bryo fibroblast transformants, two NIH 3T3 transformants, and two 
tumor cell lines derived in nude mice after inoculation of an NIH 3T3 
BglII-N transformant were analyzed by DNA blot hybridization for DNA 
sequences homologous to the BglII-N clone, all six contained approxi
mately 0.1 copy/diploid genome. Additional analysis revealed that only 
the right half of the BglII-N fragment could be detected and that this 
segment was attached to pBR322 sequences. These data confirmed the 
assignment of sequences within 0.58 and 0.62 as a transforming region 
of HSV-2 in the context of the assays employed. 

The retention of sequences from only the right end of the BglII-N 
fragment in six transformed cell lines suggested that the left end se-
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quences were rapidly or obligatorily lost. However, in a recent review 
article, Galloway and McDougall (1983) reported that transformation 
could be obtained by transfecting NIH 3T3 cells with a 2.1-kb fragment 
from the left-hand one-third of the BglII-N fragment. 

The finding that sequences confined to the left end of the BglII-N 
fragment transform is in apparent conflict with previous data from the 
same laboratory, which indicated that only portions of the sequences from 
the right end of the BglII-N fragment are retained in morphologically 
transformed cells. This apparent conflict may simply reflect the com
bined effects of complexity of the probe used to detect viral sequences, 
the structure of the plasmid used for transformation, and the propensity 
of cells to incorporate and integrate multiple DNA molecules during 
transfection. 

In those experiments involving the BglII-N fragment cloned into the 
BamHI site of pBR322, the plasmid was converted to linear form by cleav
age with HindIII prior to transfection. As the HindIII site lies within 346 
base pairs from the left end of the viral BglII-N fragment within the 
recombinant plasmid, the pBR sequences were located almost entirely 
adjacent to the right (0.62 MU) of the BglII segment. This positioning of 
left end sequences near the end of the transfected fragment would be 
expected to lower the probability that they would be included among the 
double crossover events leading to integration. If these sequences are 
essential to transformation, the transformed clones that develop will con
tain them, nonetheless. Because cells incorporate multiple DNA mole
cules during transfection, it is likely that these same clones will contain, 
in either unstable or stable form, sequences from the right end as well, 
as these sequences, by virtue of their linkage to a long stretch of plasmid 
DNA, have a higher probability of being integrated in double crossover 
events than do sequences close to the molecular end. If sequences from 
the right end of mtr-II are not required for transformation, then they 
may be lost without compromising the transformed phenotype. The 
BglII-N probe may have detected the frequent, although possibly nones
sential integration of right end sequences. Whether only a portion of the 
sequences were present in all cells or the majority of the sequences were 
present in a few cells could not be determined from the experiments 
performed. 

However, the observation that three cell lines transformed by the 
2.1-kb left end segment also appeared to be free of sequences from this 
fragment led the authors to suggest the alternative explanation that the 
sequence of HSV-2 that initiates transformation need not be retained in 
the transformed cell. 

The suggestion that HSV transforms cells by a hit-and-run mecha
nism has been made (Hampar, 1981; Schlehofer and zur Hausen, 1982). 
Available data are insufficient to either support or contradict unequi
vocally such a process in the transformations reported thus far. If future 
studies confirm efficient transforming activity in the 2.1-kb fragment 
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representing the left-hand end of the BglII-N fragment, and show that 
these same sequences are lost from transformed cell lines when main
tained under selective pressure for a transformed phenotype, then the hit
and-run hypothesis will gain increased credence. 

It is informative to recall the four minimal requirements that must 
be met in order to confirm a hit-and-run mechanism. First, loss of the 
transforming sequences must be demonstrated in cultures kept under 
strong selective pressure for expression of a transformed phenotype from 
the time of the initial assay until they are examined for viral information. 
Alternatively, cell lines that apparently have lost the donor segment must 
be shown to retain all characteristics of a transformed phenotype. This 
characterization is of increased importance when continuous cell lines 
(in contrast to primary cells) are used as DNA recipients. It is clear that 
DNA introduced by transfection may result in both transient expression 
(Linsley and Siminovitch, 1982) and unstable transforming (Scangos et 
al., 1981) events. As established cell lines already express the genetic 
capacity to continue to proliferate indefinitely, loss of sequences required 
to maintain a transformed state is not easily recognized during routine 
sub cui turing. 

Second, all sequences of viral origin, in particular transcriptional pro
moter sequences if they occur within the transforming segment, must 
be absent from or clearly shown to be nonfunctional in transformed cells 
in order to exclude the promoter insertion mode of transformation, as by 
avian leukosis virus (Hayward et al., 1981). Third, the hit must be iden
tified. The minimal transforming fragment can be expected to contain 
one or more protein-coding regions or unique structural features that 
could alter the genetic information of the cell either by altering the nu
cleotide sequence or by stimulating rearrangement of existing sequences. 
Last, definitive identification of the initiating sequences will require dem
onstration that they can be mutationally altered with a corresponding 
loss of transforming capacity. Clearly, sequencing of the minimal trans
forming fragment is an essential prerequisite to documenting a hit-and
run mechanism of transformation as well as to suggesting alternative 
mechanisms. 

One unusual observation that comes from transformation assays of 
HSV-2 BglII DNA fragments is that two adjacent fragments, BglII-C and 
BglII-N, transform cells in culture. It has been suggested (Lewis et al., 
1982; Galloway and McDougall, 1983) that the transformation assay dic
tates which region of the genome displays transforming capacity. Al
though this suggestion remains to be confirmed by quantitative assays 
of transformation with cloned BglII-C and BglII-N fragments in each 
selection system, such a suggestion is not without precedent. Even in the 
simplest oncogenic DNA viruses, the polyomaviruses, alternative regions 
of the genome appear to be involved in converting cells to one of several 
transformed phenotypes. Introduction of polyoma virus or its DNA into 
primary cells in culture results in the outgrowth of cells with a fully 
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transformed phenotype. Full transformants possess indefinite life span in 
culture, ability to grow in reduced concentrations of serum, growth as 
anchorage-independent colonies, and oncogenicity in syngeneic hosts. 
The region 'Of the polyomavirus genome that mediates transformation 
encodes three proteins, the large, middle, and small tumor (T) antigens, 
in alternate translational reading frames. The overlapping organization 
of these coding sequences has complicated genetic analysis of oncogenic 
transformation by classical methods. Recently, however, individual cod
ing regions of each of these proteins have been cloned into bacterial plas
mids (Triesman et al., 1981; Rassoulzadegan et al., 1982), permitting 
analysis of the individual roles of each of these polypeptides in transfor
mation. The results emphasize two important features of morphological 
transformation that may be relevant to other viral systems as well. 

First, various assays for a transformed phenotype identify different 
transforming proteins, and second, individual early proteins have com
plementary roles in expression of a fully transfortned phenotype. When 
plasmids containing coding sequences for middle T antigen were trans
ferred to a continuous rat cell line (FR3T3), dense foci of transformed 
cells appeared at a frequency nearly identical to that observed when using 
the entire polyoma genome cloned into a plasmid vector. Cell lines de
rived from these foci grew to high density on plastic and in agar. Yet, in 
contrast to cells transformed by the entire polyoma genome, they were 
unable to grow in medium containing reduced levels of serum. Corre
spondingly, transformation of FR3T3 cells by the middle T plasmid alone 
could not be accomplished with medium containing 0.5% serum. Neither 
the small nor the large T antigen clone was able to transform the con
tinuous rat cell line in a dense focus assay. However, the serum depen
dence of middle T-transformed cells was alleviated by introduction of a 
plasmid encoding large T antigen. In further experiments using a plasmid 
containing sequences coding for a ts large T antigen, the authors showed 
that continued expression of both middle and large T antigens is required 
to maintain a fully transformed phenotype. 

The cooperative role of small t antigen of both polyoma virus and 
SV40 in transforming cells to grow as foci on dense monolayers or in
dependent of anchorage has been demonstrated (reviewed in Tooze, 1981). 
In contrast to transformation of a continuous cell line, none of the in
dividual genes alone was capable of transforming primary cells in culture, 
although the entire cloned polyoma genome accomplished this transfor
mation readily. These alternative and complementary roles of middle and 
large T antigens have escaped detection previously because of the overlap 
in their coding sequences. In adenoviruses, identification of at least one 
transforming function appears to depend upon the type of cell used for 
its assay. The adenovirus transforming functions reside in two contig
uous, nonoverlapping segments of the AdS genome, Ela (1.5-4.5 MU) and 
Elb (4.5-11.0 MU). Polypeptides coded within the Ela transcriptional 
unit are necessary and sufficient to convert primary cells to continuous 
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cell lines (Jones and Shenk, 1979 j Land et al., 1983 j Ruley, 1983 j van der 
Elser et al., 1982) while products of the E1 b transcriptional unit are re
sponsible for complete transformation of cells immortalized by E1A se
quen,ces (Ruley, 1983 j van der Elser et al., 1982). Thus, both transcrip
tional units (E1a and E1b) are required to transform primary embryonic 
cells fully. The possibility that HSV also employs more than one, perhaps 
complementary mechanisms in altering the growth properties of cells 
awaits the results of rigorous testing of the hypothesis. 

l. Polypeptides Encoded by mtr-II 

The major virus-specific polypeptide associated with the BglII-N 
fragment of HSV-2DNA is a 38K protein (Docherty et ai., 1981 j Galloway 
et al., 1982) with HSV-2 immunological specificity (Docherty et al., 1981). 
This polypeptide is encoded entirely within the BglII-N sequences and 
is translated from the most abundant stable mRNA species that hybrid
izes to this region (Docherty et al., 1981). Based on studies with metabolic 
inhibitors, the 38K polypeptide appears to be among the 13 class of proteins 
(Galloway et al., 1982). Two additional polypeptides characterized by 
molecular weights of 140Kand 61K appear to be partially encoded within 
the BglII-N sequence also (Galloway et al., 1982 j Galloway and Mc
Dougall, 1983). Whether the 38K polypeptide is involved in the trans
formation process remains to be determined. The body of the message 
for this polypeptide lies within the viral sequences of the transforming 
2.1-kb left end subclone of the BglII-N region. However, both consensus 
transcriptional control signals and the first two nucleotides of the trans
lational start codon are apparently excluded from the sub clone (personal 
communication cited in Galloway and McDougall, 1983) which contains 
a 300 base pair deletion of sequences from the left end of the BglII-N 
fragment (Galloway and McDougall, 1981 j 1983). It is likely, then, that 
this polypeptide does not playa central role in transformation of NIH-
3T3 clones to anchorage independent growth, although its role in other 
transformation assays cannot be excluded. It remains possible that ad
ditionalless abundant or less stable messages will be mapped to the trans
forming region of the BglII-N region of the HSV-2 genome. The possibility 
that polypeptides encoded only partially within the transforming segment 
are responsible for altering the phenotype of the cells cannot be excluded 
from consideration. Precedence for activity of truncated transforming pro
teins exists. Recent evidence clearly shows that only the NH2 -terminal 
40% of the polyoma large T antigen is required for transformation to 
serum independence following DNA transfection (Rassoulzadegan et al., 
1982). Additionally, DNA segments coding for truncated SV40 large T 
antigens transform cells in culture fully, although at greatly reduced fre
quencies relative to segments that synthesize full length T antigen (Clay
ton et al., 1982 j Colby and Shenk, 1982 j Sompayrac and Danna, 1983). 
More recently, however, Galloway and coworkers (1984) have indicated 
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FIGURE 1. Location of transforming and selected lytic tunctions on the HSV-1 and HSV-
2 physical maps. Recently, a new nomenclature for the glycoproteins (see P. Spear, this 
volume) has been adopted. For clarity both designations are given. 

that a 227 base pair segment within the BglII-N region that does not 
appear to encode a viral polypeptide transforms primary rat embryo fi
broblasts and NIH-3T3 cells. The nucleotide sequence of this segment 
reveals structural similarity to an insertion sequence (IS)-like element. 
These observations raise the possibility that HSV-2 may be capable of 
transforming cells in culture by an as yet unidentified and atypical mech
anism for DNA containing viruses. 

F. Homologies among mtr-I and mtr-II of the HSV-l and 
HSV-2 Genomes 

The identification of individual widely separated transforming re
gions in HSV-1 and HSV-2 DNA was largely unexpected. The location of 
mtr-I, mtr-II, and selected lytic functions is shown in Fig. 1. Analysis 
of intertypic recombinants has shown extensive co linearity of polypep
tide-coding sequences (Halliburton et a1., 1977; Morse et a1., 1977, 1978; 
Marsden et a1., 1978) between the two serotypes. The striking similarity 
in organization of the HSV-1 and HSV-2 genome raises the possibility 
that mtr-II represents a translocation of mtr-I sequences. This possi
bility was initially eliminated by the results of DNA blot hybridizations 
(Reyes et a1., 1979). In these experiments gel-purified BglII-I fragment of 
HSV-1 DNA (mtr-I probe) hybridized only to HSV-2 BglII-F and -K frag
ments (0.314-0.416 MU). Similarly, BglII-N fragment of HSV-2 (mtr-II) 
hybridized only to BamHI-N and -0 fragments (0.578-0.634 MU) in 
HSV-1 DNA. These data indicate that a colinear counterpart for each 
transforming region exists in the DNA of both serotypes. 
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Not only is there sufficient base sequence homology between mtr
I and the corresponding segment of HSV-2 to permit cross-hybridization 
with immobilized DNA, but the segments are also functionally colin ear. 
Comparisons of the functional defects in mutants of HSV-1 and HSV-2 
by intertypic complementation coupled with fine-structure physical and 
recombinational mapping using cloned DNA fragments show that the 
order of genes within mtr-I sequences on both genomes is glycoprotein 
gAgB(gB), a late gene of unknown function, the major DNA-binding pro
tein (alternatively named ICP8, VP143, or ICSP11112), and DNA poly
merase (Dixon et al., 1983; Spang et al., 1983; Weller et al., 1983a; Pan
cake et al., 1983). Thus, the genes identified within this region are 
functionally homologous and colin ear on the HSV-1 and HSV-2 genome. 

The analysis of the morphological transforming regions and their 
counterparts has recently been extended to distribution of base sequence 
homology by heteroduplex analysis of cloned viral DNA fragments. Ku
dler et al. (1983) have examined heteroduplexes of cloned fragments of 
HSV-1 and HSV-2 for regions of homology by electron microscopy. The 
regions investigated extended from 0.2 to 0.3, 0.3 to 0.4, 0.58 to 0.62, and 
0.6 to 0.7 MU, and the short unique sequence region. Among these seg
ments, the most extensive homology occurred between DNA occupying 
0.2-0.3, 0.3-0.4, and 0.58-0.62 MU. A large number of regions of non
homology (> 100 bases) were asymmetrically distributed throughout the 
0.6- to 0.7 -MU region except for the 5 kb adjacent to 0.6 MU and 0.7 kb 
adjacent to 0.7 MU. Similarly, partial nonhomology was observed 
throughout the short unique region. In contrast, the region 0.2-0.3 MU 
was completely homologous. Only three small (0.6-0.7 kb) loops were 
located within the 15.9-kb segment from 0.3-0.4 MU. 

The region from 0.58-0.62 MU showed good or complete homology 
throughout with the exception of 0.37 kb of partial homology. Clearly, 
both the mtr-I region (0.3-0.4 MU) and corresponding HSV-2 segment 
and the mtr-II (0.58-0.62) and corresponding HSV-1 segment show 
closely parallel distribution of base sequence homology. Considering the 
functional and sequence colinearities observed, the inability to demon
strate transforming activity in the region of HSV-2 corresponding to mtr
lor in the region of HSV-1 corresponding to mtr-II remains puzzling. 

This failure may reflect differences in transformation assays and pro
tocols used to define mtr-I and mtr-II or functional differences that 
will not become obvious until the nucleotide sequences of each region 
in both genomes become available. Alternatively, the discrepancy may 
simply result from the fact that no HSV-2 DNA fragment used for trans
formation contained mtr-I in its entirety. Similarly, none of the HSV-1 
fragments used encompassed mtr-II completely. Quantitative compar
isons of cloned uninterrupted mtr-I and mtr-II from both genomes in 
a variety of transformation assays are essential in distinguishing among 
these alternatives. 
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C. Mechanisms of Transformation by HSV 

The transformation of cells from a normal to a malignant phenotype 
is a spontaneously occurring multistep process (Nordling, 1953; Foulds, 
1954; Armitage and Doll, 1954; Whittemore, 1978). A variety of physical, 
chemical, and biological agents interface with this pathway to escalate 
the appearance of transformed cells. Members of the retrovirus family as 
well as some members of almost all of the families of DNA-containing 
viruses are capable of stably altering the growth properties of cells in 
culture. Recent evidence has emphasized the variety of mechanisms em
ployed by DNA and RNA tumor viruses to initiate, maintain, and amplify 
the transformed phenotype. 

The majority of both DNA and RNA tumor viruses transform cells 
by stably adding segments of their genomes to the genetic information 
of the cell. By and large, the sequences added code for one or more proteins 
that directly or indirectly orchestrate the transition from a normal to a 
malignant phenotype. The relevant sequences, in the case of many RNA 
tumor viruses, appear to have been confiscated from the genome of nor
mal cells in the evolutionary past as normal cells contain highly con
served homologs of these sequences (Cooper, 1982). Fifteen distinct re
trovirus transforming genes have been identified (Coffin et ai., 1981, 
Bishop, 1982; Cooper, 1982). Their cellular homologs constitute the min
imal group of normal cellular genes with potential oncogenic activity. 
Central to the transforming activity of these genes is their juxtaposition 
to strong viral transcriptional promoters in retrovirus genomes (Blair et 
ai., 1981). Apparently the increased expression of these sequences is re
sponsible for the transformed phenotype, although qualitative changes 
within the expropriated sequences cannot be ruled out as a contributing 
factor. 

Among the oncogenic DNA viruses, the adenoviruses and the pa
povaviruses also transform cells in culture by inserting protein-coding 
sequences into cellular DNA. Continued expression of the transforming 
sequences is required for maintenance of a transformed phenotype by 
each of these viruses (Tooze, 1981; Babiss et ai., 1983). In contrast to 
retroviruses, most of the transforming proteins of adenoviruses and pa
povaviruses play essential and central roles early in the virus lytic cycles. 
Although the precise mechanisms by which these proteins act during 
transformation remain elusive, current evidence indicates that multiple, 
independently acting transforming proteins cooperate in establishing the 
fully transformed phenotype. The identification of each activity depends 
upon the transformation assay employed. In the case of polyomavirus 
(Rassoulzadegan et ai., 1982), transformation of continuous cell lines to 
dense foci in high serum concentration by polyomavirus identifies the 
transforming activity of middle T antigen. Transformation of continuous 
cell lines in low-serum medium requires the cooperative activity of mid-
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dIe and large T antigens. Transformation of cells to anchorage independ
ence requires an active small t antigen as well as middle T antigen. In 
the case of polyoma virus, these cooperating proteins are encoded in ov
erlapping genes within a single defined segment of the viral genome. In 
adenoviruses, contiguous but independent regions of the genome con
tribute proteins that cooperate to produce a fully transformed phenotype 
(Graham et a1., 1974; van der Eb et a1., 1977; Shiroki et a1., 1979; 
Houweling et a1., 1980). 

This cooperative action of virus-coded proteins in transformation is 
not limited to the DNA oncogenic viruses. The transforming capacity of 
the avian erythroblastosis virus (AEV) resides in two oncogenes one of 
which encodes the major transforming activity of AEV and a second 
whose product enhances transformation (Frykberg et a1., 1983). 

These results indicate that the combined effect of cell types and as
says for transformation exert strong selective pressure for subsets of trans
forming events. In contrast to the acute-transforming retroviruses, the 
weakly oncogenic retroviruses do not contain a specific viral transforming 
gene. Significantly, these viruses do not transform cells in culture. After 
long latent periods, neoplasms develop in vivo following injection of 
virus. Within tumors induced by one such virus, avian lymphoid leukosis 
virus (LLV), viral promoter sequences are frequently integrated in the 
vicinity of the cellular gene homologous to the transforming gene of the 
acute-transforming virus MC-29 (mye) (Cooper and Neiman, 1981; Hay
ward et a1., 1981), resulting in its increased expression. 

Potential transforming genes of normal cells can apparently be ac
tivated without intervention of a virus by (1) linkage of noncontiguous 
cellular DNA segments during transfection assays in vitro (Cooper et a1., 
1980); (2) specific chromosomal translocations causing rearrangements 
of cellular oncogenes and flanking sequences in vivo (Klein, 1983); or (3) 
point mutation (Reddy et a1., 1982; Tabin et a1., 1982; Capon et a1., 1983). 
Investigations of retroviral and cellular oncogenes also suggest that the 
recipient cell type imposes limitations on our ability to detect trans
forming genes. 

The majority of the investigations have employed NIH-3T3 mouse 
fibroblasts as recipients of gene transfer. The choice of this cell line rests 
on its ability to undergo DNA-mediated transformation at a high rate, 
compared with other cell lines (Weinberg, 1981). It is important to realize 
that continuous cell lines often undergo spontaneous and chemically in
duced transformation at rates indicative of a single-step process (Kak
unaga, 1973). The NIH-3T3 cell line may, therefore, have already accu
mulated all but the final alteration necessary to become fully transformed 
and tumorigenic. The importance of this cell line in detecting cellular 
oncogenes expropriated by retroviruses (Coffin et a1., 1981) and in trans
forming sequences from a variety of animal and human tumors and leu
kemias (Weinberg, 1982) cannot be overstated. However, potential lim
itations of this assay system also most be recognized. The DNA of most 
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human and animal tumors does not transform NIH-3T3 cells upon trans
fection (Krontiris and Cooper, 1981; Shih et a1., 1981). It is possible that 
the NIH-3T3 assays identify a limited and distinct subset of events in
volved in transformation of cells from a normal to a malignant phenotype. 
This likelihood is supported by the transformation of NIH-3T3 cells by 
DNA from LLV tumors. As mentioned above, most LLV-induced lym
phomas contain viral sequences integrated adjacent to the cellular myc 
gene. Yet, when tumor cell DNA was transfected into NIH-3T3 cells, the 
resulting transform ants did not contain myc sequences from the donor 
DNA (Cooper and Neiman, 1981). Apparently a cellular gene unrelated 
to myc and not linked to viral DNA efficiently induced transformation 
of the NIH-3T3 cells. 

A minimum of four independent mechanisms by which viruses trans
form cells has been identified. These include: (1) transduction of cellular 
genes with oncogenic potential by incorporation into viral genomes and 
their resulting liberation from normal control mechanisms; (2) insertion 
of strong promoter sequences adjacent to cellular oncogenes; (3) intro
duction of virus genes coding for proteins with essential functions in virus 
replication and concomitant transforming capacity; and (4) genetic al
terations of cellular sequences to activate cellular oncogenes. 

The observation that cells exposed to inactivated HSV virions con
sistently give rise to morphologically transformed colonies at a low fre
quency, while unexposed cells do not, strongly implicates viral DNA 
sequences and/or gene products in the initiation of transformation. In
sufficient evidence exists to suggest a single mechanism by which HSV 
transform cells in culture. The data available do not rule out the possi
bility that transformation of primary cells is accomplished by the intro
duction and continued expression of virus-coded sequences in a manner 
analogous to transformation by adenoviruses and papovaviruses. Consis
tent with this possibility is the observation (reviewed above) that cells 
transformed in culture by HSV virions both retain and express viral in
formation. Although a general reduction in complexity is observed during 
prolonged propagation, the majority of cell lines investigated (even at high 
passage number) contained detectable viral sequences, viral RNA, or 
virus-specific polypeptides, where appropriate probes were used for their 
detection. In contrast, Galloway and McDougall (1983) have indicated 
that HSV-2 DNA sequences that are sufficient to permit NIH-3T3 cells 
to develop as anchorage-independent clones are not detectable when 
those clones are expanded into cell lines. The conflict that primary cells 
transformed by HSV virions retain specific regions of the HSV genome 
during prolonged propagation whereas NIH-3T3 cells transformed by the 
left-hand end of the BglII-N fragment lose these sequences rapidly re
mains to be resolved. A determination of whether these findings reflect 
different independent mechanisms of transformation, coincidental but 
stable retention of viral sequences in primary cells, or a separation of 
transformation initiation and maintenance events awaits additional data. 
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It is possible that HSV virions and DNA accomplish transformation by 
independent mechanisms. In the case of both polyomavirus and adeno
virus, the initiation of transformation of cells in culture by virions re
quires viral gene products that are not necessary when transformation is 
assayed with purified DNA. As discussed above, a polyoma DNA segment 
encoding only middle T antigen is sufficient for transformation of a con
tinuous cell line. However, efficient transformation of a continuous cell 
line by virions requires a functional large T antigen as well (Della Valle 
et al., 1981). Similarly, the 58K T antigen of adenovirus is required for 
transformation of primary cells by virions (Graham et al., 1978). This 
requirement disappears when DNA purified from virions is used in trans
formation assays (Rowe and Graham, 1983). Although it is not required 
for the maintenance of transformation (Rowe and Graham, 1983), the 
58K T antigen continues to be expressed in cells transformed by virions 
and is the predominant antigen to which animals bearing adenovirus
induced tumors respond immunologically (Levine, 1982). The possibility 
that transformation by HSV DNA bypasses some initiation functions and 
detects only a subset of the events that participate in transformation by 
virions cannot be excluded. The difficult task of identifying and char
acterizing nontransforming mutants of HSV is a prerequisite to confirm-
ing this hypothesis. . 

It is equally possible that cells transformed by HSV can retain and 
express any viral sequences that are not detrimental to growth of cells 
in culture. A distinction between DNA that is simply a passenger in 
transformed cells and sequences that are essential to maintaining a trans
formed phenotype is essential to understanding the transformation pro
cess. At least one means of accomplishing this separation is available. 
Serial passaging of transformed cell DNA in transformation assays has 
been used to identify viral and cellular DNA sequences responsible for 
transformation by viruses or chemical carcinogens and in cells derived 
from human tumors (for review see Cooper, 1982; Weinberg, 1981, 1982). 
By using DNA from HSV-transformed cells as donor DNA in subsequent 
cycles of transformation, it should be possible to determine which viral 
DNA sequences, if any, that are retained in virion-transformed cells are 
essential to maintaining a transformed phenotype. The establishment of 
secondary and tertiary transformants should eliminate DNA that is not 
essential for transformation and should ultimately permit identification 
of transforming sequences regardless of their origin. 

The rapid loss of viral DNA sequences by NIH-3T3 cells after ex
posure to a 2.1-kb fragment containing sequences from the left end of 
the BglII-N fragment of HSV-2 DNA is unexpected in light of the ability 
of cells transformed by virions to retain viral DNA and remains to be 
explained. A direct test of whether retention of sequences from the left 
end of the BglII-N fragment is detrimental to cell survival or limits the 
development of transformed clones is important to understanding this 
observation. 
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Features of the structural and functional organization of the HSV 
genome are consistent with several mechanisms that may initiate or en
hance the transformed phenotype as well. Specifically, virus-coded pro
teins that enhance mutation, and virus-coded factors and sequences that 
mediate rearrangements of nucleotides could contribute to the transfor
mation process. 

Consistent with a hit-and-run mechanism is the observation that the 
HSV-1 DNA polymerase possesses mutator activity. Hall and Almy (1982) 
have demonstrated that the frequency with which TK mutants of HSV-
1 accumulate is controlled by the viral DNA polymerase. The proposed 
mutator activity is consistent with the genetic variability of HSV, as 
compared to other herpesviruses (Buchman et ai., 1980; Lonsdale et ai., 
1980). If the viral polymerase can contribute to synthesis of cellular DNA, 
either during normal semiconservative replication or during repair of 
virus-induced DNA damage (Lorentz et ai., 1977), the possibility that this 
protein induces cellular mutations that lead to transformation must be 
considered. Recently, Schlehofer and zur Hausen (1982) have demon
strated a 2- to lO-fold increase in the frequency of mutations in the cel
lular hypoxanthine-guanine phosphonoribosyltransferase (HGPRT) gene 
following infection with inactivated HSV-1 virions. These results suggest 
that one or more HSV gene products enhance the mutation rate for cel
lular genes. Whether this activity on cellular genes resides in the viral 
DNA polymerase or not remains to be determined. 

Clearly, chemically transformed cells contain altered DNA se
quences that are directly responsible for the transformed properties of 
the cell (reviewed in Weinberg, 1982). Additionally, a single point mu
tation in a human bladder carcinoma oncogene (Reddy et ai., 1982; Tabin 
et ai., 1982; Capon et ai., 1983) appears to confer its transforming prop
erties to NIH-3T3 cells. There is no reason at present to reject the hy
pothesis that the same potentially oncogenic cellular sequences are tar
gets for the mutagenic activity of HSV. 

It is of interest to recall in this context that SV40 also induces mu
tations in the cells it invades. Zannis-Hadjopoulos and Martin (1983) have 
shown that infection of nonpermissive cells with SV40 leads to a 2- to 
8-fold increased frequency of 8-azaguanine-resistant cells over the spon
taneous frequency. In the case of SV40, this mutagenesis probably does 
not represent the primary mechanism by which the virus accomplishes 
transformation, as the frequency of transformants in parallel experiments 
increased 170-fold over the level of spontaneous transformants. Whether 
or not the mutator activity of HSV is primarily responsible for transfor
mation, expression of this activity during propagation of cells could con
tribute to genetic alterations in the cellular genome that enhance survival 
or growth rate of transformed cells under restrictive growth conditions. 
Therefore, this activity may represent, if not the perpetuator, then a sig
nificant adjunct to the transformation process. 
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The observation that certain cellular genes, when removed from their 
normal context of nucleotides by mechanical shearing (Cooper et al., 
1980) or by incorporation into a retroviral genome, display transforming 
capacity suggests that equivalent oncogene activation could be achieved 
by rearrangement of blocks of normal cellular genes within cells. The 
activation of a cellular oncogene by DNA rearrangement has been dem
onstrated recently (Rechavi et al., 1982). Chromosomal rearrangements 
have been observed frequently following infection of cells with HSV 
(Hampar and Ellison, 1961, 1963; Stich et a1., 1964; Rapp and Hsu, 1965; 
Waubke et a1., 1968; O'Neill and Rapp, 1971) and provide a potential for 
such activation. A second mechanism of cellular DNA rearrangement is 
suggested by the recent identification of trans-acting viral gene functions 
that promote inversion of DNA flanked by specific viral sequences. Mo
carski and Roizman (1982) have shown that HSV gene products mediate 
inversion of cellular DNA sequences bounded by inverted copies of the 
a sequences of the terminal and inverted repeat sequences from the viral 
genome. A logical prediction, based on these observations, is that a se
quences integrated in inverted orientation with cellular DNA between 
them will permit inversion of the bounded cellular DNA, thereby moving 
the sequences to a new genetic context. In this connection, Mushinski 
et a1. (1983) have recently provided evidence that is consistent with re
tention of a transformed phenotype after loss of the Abelson murine leu
kemia virus (A-MuLV) genome from plasmacytoid lymphosarcomas. In 
their study, most lymphoid tumors arising after inoculation of mice with 
A-MuLV contained the viral genome in integrated form and abundantly 
produced v-abl message. In addition, most of the tumors produced ele
vated amounts of RNA from the cellular myb homolog and exhibited 
DNA rearrangements in the myb gene region of the chromosome. The 
authors showed that plasmacytoid lymphosarcomas lack the proviral 
gene and yet have undergone rearrangements in the c-myb locus resulting 
in its increased transcriptional activity. They conclude that A-MuLV oc
casionally may act during in vivo tumorigenesis through a hit-and-run 
mechanism involving transient expression of the viral genome followed 
by rearrangement of cellular sequences and loss of viral sequences. 

The examples cited above suggest that HSV possess the potential to 
transform cells by a variety of mechanisms operational in other carefully 
investigated tumor virus systems. The prolonged retention and expres
sion of HSV information in cells transformed by virions provide ample 
opportunity for multiple mechanisms to contribute to the transformed 
phenotype. Which, if any, of these mechanisms contribute to transfor
mation of cells in culture and to the tumorigenesis by HSV and which 
one constitutes the predominant mechanism remain to be determined. 
It does not necessarily follow that mechanisms of transformation iden
tified in cell culture will accurately reflect events that may occur in vivo. 
Of necessity, transformation of cells in culture by HSV has involved lim
iting expression of the genome by photodynamic or UV inactivation or 
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incubation at nonphysiological temperature. The highly lytic nature of 
HSV suggests that transformation, if it occurs in vivo, may be accom
plished by virions with a reduced capacity to kill the cells they invade. 
The class II defective virions (Locker et ai., 1982) are attractive candidates 
for two reasons. (1) These defective genomes interfere with the growth 
of standard virus, thereby enhancing the likelihood that the infected cell 
will survive. (2) They contain repeated units to DNA sequences from 
0.356 to 0.423 MU in head-to-tail tandem array linked to sequences from 
the S component (Locker et ai., 1982). These sequences from the long 
component lie within mtr-I and contain at least the genes for the DNA
binding protein and viral DNA polymerase. Although virions containing 
class II defective genomes cannot be separated readily from standard virus, 
the DNA's are separable (Locker et ai., 1982). An assessment of the trans
forming capacity of class II defective virus DNA will be of considerable 
importance in relating transformation as it occurs in vitro to the potential 
for oncogenesis in vivo. 

It is likely (based on our current knowledge of the complexity of the 
transformation process) that a clear understanding of the roles and in
terrelationships of viral gene products and sequences during transfor
mation will require a coordinated investigation in at least three areas: 
(1) determination of genome segments that, acting together or individ
ually, transform primary, continuous, and ultimately differentiated cells 
in a variety of assays for parameters of the transformed phenotype, (2) 
the genomic location and arrangement of viral sequences retained and 
expressed by transformed cells, and (3) the nature of sequences in trans
formed cells that transmit the transformed phenotype to cells in culture. 
Ultimately, a causal relationship between viral sequences or gene prod
ucts and the transformed phenotype will rest on their genetic alteration 
and coordinate loss of transforming potential. 

III. TRANSFORMING POTENTIAL OF HCMV 

HCMV contains the largest genome of the herpesviruses. The struc
tural organization of this 155 x 1Q6-dalton linear duplex is similar to 
that of HSV DNA. The genome of HCMV consists of a large and a short 
unique segment each bounded by inverted repeats. Consequently, as in 
the case of HSV, four isomeric forms of the DNA accumulate during 
replication (DeMarchi et ai., 1978; Geelan et ai., 1978; Lakeman and 
Osborn, 1979; LaFemina and Hayward, 1980; Stinski and Thomsen, 1981; 
Spector et ai., 1982). Both the biology (Rapp, 1983) and the molecular 
biology (Stinski, 1983) of HCMV have been discussed in detail recently. 
Therefore, only aspects of the replication of this virus that may be rel
evant to its transforming capacity are reviewed here. 

Three biological properties of HCMV contrast sharply with HSV 
host-virus interactions. Rather than inhibiting most macromolecular 
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synthesis, HCMV stimulates cellular DNA (St. Jeor et a1., 1974; Furukawa 
et a1., 1975), RNA (Tanaka et a1., 1975), and protein synthesis (Stinski, 
1977). In addition, the lytic cycle of HCMV is prolonged, requiring 5-6 
days. for completion versus 18 h for HSV replication (Smith and De
Harven, 1973). In contrast to the broad host range of HSV, HCMV lytic ally 
infects only human diploid fibroblasts in culture efficiently. Infection of 
human fibroblasts results in an ordered and sequential expression of the 
viral genome (Stinski, 1977, 1978; Michelson et a1., 1979; Tanaka et a1., 
1979; DeMarchi et a1., 1980; Wathen et a1., 1981; Gibson, 1981; Blanton 
and Tevethia, 1981; Wathen and Stinski, 1982). Infected cell-specific po
lypeptides (ICSP) synthesized early during virus infection exert a central 
role in controlling expression of the HCMV genome in lytically infected 
cells. 

Infection of nonpermissive rodent cells with HCMV results in a more 
limited expression of viral information. Immediate-early (IE) and most 
early (E) polypeptides are produced; however, virus-specific DNA poly
merase (Hirai et a1., 1976), viral DNA, and late (L) polypeptides are not 
synthesized (Stinski, 1978; Michelson et a1., 1979). 

A. Morphological Transformation of Cells in Culture by HCMV 

The capacity of HCMV to transform normal cells in culture to cells 
capable of producing malignant tumors was first demonstrated by Al
brecht and Rapp (1973). After exposure of HEF to UV-inactivated HCMV 
(strain C-87), dense foci of cells appeared. One of sixteen foci developed 
into a stable cell line, CX-90-3B. Although hamster cells are nonpermis
sive for replication of HCMV, infection with the virus at high multiplicity 
is cytotoxic to these cells. For this reason, inactivation of virion infec
tivity was required to generate transformed foci. The CX-90-3B cells pro
duced tumors in both newborn and weanling hamsters. 

Both the parental and the tumor-derived cell lines retained and ex
pressed HCMV DNA, as evidence by the detection of virus-specific mem
brane antigens with human covalescent serum. This serum also produced 
diffuse cytoplasmic fluorescence in a small percentage of the parental 
cells but not in the tumor-derived cell line. Sera from hamsters bearing 
CX-90-3B tumors did, however, produce cytoplasmic fluorescence in 
HCMV-infected cells at late times postinfection (Albrecht and Rapp, 
1973). This last result suggests that the tumor cells contained HCMV
specific antigens in addition to those detected by human convalescent 
sera. 

Subsequently, a second independent hamster cell line transformed 
by UV-irradiated HCMV (C-87) was shown to be oncogenic (Boldogh et 
a1., 1978) and to express HCMV cytoplasmic and membrane antigens. 
The transformation of rodent cells implicates IE or E gene products in 
this process. 
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Malignant transformation by HCMV in vitro has not been confined 
to nonpermissive hamster cells, to the C-87 strain, or to UV-inactivated 
virus. Ceder et al. (1976) reported that human embryonic lung cells per
sistently infected with HCMV also give rise to transformed foci. 

A strain (Mil of HCMV isolated from human prostate tissue (Rapp 
et al., 1975) when inoculated into human embryonic lung (HEL) cells at 
a low multiplicity « 0.001 PFU/cell) resulted in persistent infection. 
After a crisis period, during which the majority of the cell population 
died, foci of transformed cells appeared and dominated the culture. In 
each of two resulting cell lines, CMV-specific membrane, paranuclear, 
and perinuclear antigens were detected by immunofluorescence assays 
using human convalescent sera, and adsorption of the CMV-immune sera 
with CMV-infected cells removed reactivity of the sera for the trans
formed cell membrane. The same pattern of immunofluorescence was 
observed on cells derived from tumors established in athymic nude mice 
after injection of the HCMV-transformed cell lines. The retention of 
virus-specific antigens in the immortalized HEL cells following persistent 
infection with HCMV and in tumors derived from these cells implicated 
HCMV in malignant transformation of cells from the natural host by 
active virus. The percentage of HCMV-transformed (CMV-Mj-HEL-2) and 
tumor cells (CMV-Mj-HEL-2,T-1) expressing HCMV-specific antigens de
creased with increasing passage level (Ceder et al., 1979). Although the 
kinetics of decrease differed between the transformed and the tumor
derived cell lines, at passages of 60 and 146, respectively, HCMVantigens 
detectable by immunofluorescence assays with human convalescent sera 
were no longer present. After observing the antigenic expression and tu
morigenicity of the parental CMV-Mj-HEL-2 cell line and CMV-Mj-HEL-
2,T-l tumor cell line over 228 and 180 in vitro passages, respectively, 
Ceder et al. (1979) concluded that a decrease in virus-specific antigens 
correlated with high passage number and increased tumorigenicity in 
nude mice. 

Little information regarding viral DNA sequences retained by 
HCMV-transformed cells is available. The loss of antigens from cells at 
high passage number indicates an alteration in expression or retention 
of sequences in HCMV transformants. Without additional data it is not 
possible to distinguish between two explanations for the apparent absence 
of viral products. It is possible that HCMV immortalizes primary cells 
and provides time for spontaneous events required for progression to tu
morigenicity to occur after which HCMV information is expendable. As 
in the case of HSV transformants, cells transformed by HCMV may be
come heterogeneous with respect to viral sequences that are not neces
sary for maintenance of transformation. It is equally possible that se
quences that are required or that neighbor essential sequences may 
encode polypeptides that are not sufficiently abundant or stable during 
infection in the natural host to stimulate a strong immune response. 
Alternatively, one or more polypeptides expressed in HCMV-transformed 
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cells may not be detectable by immunofluorescence assays as discussed 
previously. 

B. Transformation by HCMV DNA and DNA Fragments 

Both HCMV DNA cleaved with restriction endonucleases and cloned 
DNA segments of the viral genome transform NIH-3T3 cells to an an
chorage-independent phenotype. Nelson et al. (1982) determined that 
HCMV (AD169) cleaved with either HindIII or XbaI retained its ability 
to transform NIH-3T3 cells. In both instances, using 20 f.Lg of DNA, they 
observed clones growing in methylcellulose at a frequency of 0.8 col
onY/f.Lg per 106 cells. In contrast, DNA cleaved with EeaRI generated no 
transformants. These results indicated that at least one EeaRI cleavage 
site resides within the sequence of nucleotides required to establish trans
formants. By using overlapping HindIII fragments of HCMV DNA cloned 
into cosmid vectors (Fleckenstein et al., 1982) and liberated prior to trans
fection by cleavage with HindIII or XbaI, the transforming segment was 
localized to the left end of the unique sequences of the long component 
between 0.055 and 0.2 MU. The position of the transforming sequences 
was mapped more precisely with EeaRI subclones of this region to 0.123-
0.14 MU within the HindIII-E fragment on the prototype molecule of 
AD169 as defined by Fleckenstein et al. (1982). Importantly, a 2.9-kb 
segment of DNA containing precisely these sequences cloned into plas
mid vector transformed cells with equal efficiency. Eleven of twelve clon
ally derived independent cell lines transformed with HCMV DNA or re
combinant cosmid-containing sequences from 0.055 to 0.2 MU were 
highly tumorigenic in athymic nude mice. In preliminary experiments, 
Nelson et al. (1982) were unable to detect viral DNA in transformants 
or tumor cells using a recombinant plasmid housing a 15.2-kb insert con
taining the transforming sequences. This probe is in excess of the trans
forming region and its complexity may have prevented detection of viral 
sequences within the transformed cell DNA (Frenkel et al., 1976; Ro
binson and O'Callaghan, 1983). These results indicate that a single con
tiguous set of nucleotides among the unique sequences of the long com
ponent of HCMV DNA extending from 0.123 to 0.14 MU is sufficient to 
transform NIH-3T3 cells to anchorage independence. 

One observation of Nelson et al. (1982) bears mentioning. The fre
quency of transformed clones observed when using an equal quantity of 
restriction nuclease digests of HCMV DNA, a cosmid containing a 34.3-
kb insert, or a plasmid containing either a 6.3-kb or a 2.9-kb insert of 
HCMV DNA (each containing the essential transforming sequences) did 
not vary by more than a factor of 2, even though these DNA sources 
represent a 33-fold difference in size. This result contrasts with the dra
matic increase in the frequency of TK + transformation achieved by trans
fecting TK - cells with cloned TK gene sequences rather than total re-
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striction nuclease digests of HSV DNA and suggests strongly that only 
a limited number of cells in the NIH-3T3 population can be transformed 
by the mechanism represented within 0.123-0.14 MU on the HCMV 
genome. The role of these transforming sequences, as identified by trans
fection of NIH 3T3 cells, in the possibly more complex process of con
version of normal primary to malignant cells remains to be determined. 
More recently, Nelson et al. (1984) have shown that a 490 bp sub clone 
of this segment permits primary rat embryo fibroblasts to grow as foci 
in low serum and as anchorage-independent colonies. The longest open 
reading frame in this segment could encode a polypeptide of only 41 
amino acids. It is important to point out that stable cell lines could not 
be established from these colonies. 

Clearly, definition of transforming sequences and genes is provi
sional. The nature of the selective pressure applied to the transformed 
phenotype, the stage of cell differentiation, the cellular physiology, and 
the extent to which alterations required for transformation of normal 
cells have already accumulated dictate which viral gene products are re
quired for stable transformation. It is of considerable importance then to 
develop methods for transfecting not only continuous cell lines but also 
primary and ultimately differentiated cells in culture. 

It is reasonable to believe that outgrowth of foci from primary cells 
in culture and development of anchorage-independent clones from con
tinuous cell lines after exposure to virus reflect different points of entry 
into a transformation pathway. In establishing an alternative transfor
mation assay for HCMV, we investigated the ability of primary C57BLl6 
mouse embryo fibroblasts (MEF) to form foci in medium containing 10% 
fetal bovine serum after transfection with viral DNA. Primary cultures 
were chosen as these cells contain the intracellular environment most 
likely to be encountered by viruses in vivo. 

In this assay, C57BLl6 mouse cells were used as recipients of viral 
information for three reasons. First, the spontaneous transformation fre
quency is extremely low in these cells. Second, the immune reactivity 
of the C57BLl6 mouse has been characterized extensively and the im
mune response to virus-transformed cells has been and can be investi
gated effectively in this system (Tevethia et al., 1980b). Third, virus
transformed mouse cells, unlike hamster transformants, are not always 
tumorigenic immediately after acquisition of a transformed cell pheno
type (Tevethia and McMillan, 1974). Thus, dissection of events that con
fer transformed cell characteristics from those that enhance or limit tu
morigenicity may be possible. 

We have previously demonstrated that C57BLl6 MEF are readily 
transformed by SV40 in a focus assay (Tevethia et al., 1980a). Conditions 
for the transformation of C57BLl6 MEF with DNA were standardized by 
comparing the number of transformants obtained when cells were trans
fected with SV40 virions, SV40 DNA, or a plasmid containing SV40 trans
forming sequences (0.72-0.16 MU). The results (Tevethia, 1984) indicate 
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that MEF cells can be reproducibly transformed with equal efficiency (263 
colonies/l06 cells) by 100 PFU of virus per cell or 1 J.Lg of either SV40 
DNA or plasmid containing early region sequences. This frequency cor
responds to 0.025% of the infected or transfected cells. Cell lines ex
panded from individual clones universally expressed the three antigenic 
markers of SV40 transformation-the large T, small t, and cellular p53 
polypeptide [nonviral T (NVT)] antigens. 

HCMV DNA extracted from virions and purified according to the 
method of Geelen et al. (1978) was also tested for its ability to transform 
C57BLl6 cells. For this purpose, a DNA preparation that had been stored 
for a prolonged period at 4°C was used. This type of preparation was 
selected for the initial experiment because evidence was already available 
(M. Tevethia, unpublished observation) that virion infection of nonper
missive C57BLl6 mouse cells resulted in loss of cell viability. To limit 
possible cytotoxicity, a DNA preparation that had accumulated random 
damage was used. 

Transformed foci developed in three out of four flasks of C57BLl6 
MEF transfected with DNA purified from HCMV virions. As expected 
based on the size of the genome, the number of transformed foci in cul
tures transfected with HCMV DNA was lower than that obtained with 
SV40 DNA. Transformation with the DNA preparation used occurred 
with a frequency of 0.5 clone/J.Lg per 106 cells transfected. Although this 
frequency is relatively low, it should be pointed out that no spontaneous 
transform ants have appeared in any of over 30 control flasks of C57BLl6 
cells that received carrier DNA alone. 

The two independent cell lines transformed by HCMV DNA 
(B6/HCMV) were examined for oncogenicity in nude mice. For this pur
pose, five mice in each group were each injected with cells at early passage 
number « 10) and observed for the development of tumors. In addition, 
an SV40-transformed C57BLl6 cell line and a rare spontaneously trans
formed C57BLl6 cell line were injected into nude mice as positive and 
negative controls. All of the mice in each group receiving B6/HCMV cells 
as well as four of the mice receiving SV40-transformed C57BLl6 cells 
developed tumors within 4 weeks. Cells derived from tumors in nude 
mice receiving B6/HCMV-transformed cells were highly oncogenic in 
adult C57BLl6 mice. All of the mice in groups of four to six receiving 
cells from either of two tumor lines derived from each transformed cell 
line developed tumors within 2 weeks after inoculation. Nude mice in
oculated with a similar number of cells of a spontaneously transformed 
C57BLl6 cell line did not develop tumors even after 9 weeks. The ease 
with which a transplantable tumor cell line could be established in adult 
C57BLl6 mice is significant because this strain of mouse is refractory to 
development of tumors by SV40- and polyomavirus-transformed synge
neic cells. Recently, an SV 40-transplantable tumor has been established 
in C57BLl6 mice, but only after multiple selections through highly im
munocompromised animals (Flyer et al., 1983). The oncogenicity of pri-
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mary C57BLl6 cells at early passage following transformation by HCMV 
DNA strongly supports the suggestion that transformation of cells by 
this virus is ~ot accompanied by acquisition of antigenicities at the cell 
surface that participate in tumor rejection. The absence of transplantation 
rejection antigens on HSV-transformed cells has been reported by Rapp 
and Duff (1973) and by Hay and Lausch (1979). 

The low background of spontaneous transformation in C57BLl6 MEF 
cultures under the transfection conditions employed makes these cells 
attractive recipients for transformation by herpesviruses. Recently, M. K. 
Howett and co-workers (personal communication) accomplished onco
genic transformation of C57BLl6 cells with UV-irradiated HSV-2 virions 
as well as with a cloned HSV-2 BglII-N DNA fragment. The observations 
that HCMV DNA can transform primary mouse cells in culture under 
conditions that do not promote the outgrowth of spontaneous transform
ants and that the resulting cell lines often are highly tumorigenic at low 
passage number indicate that this virus can transform primary cells to 
tumorigenic cell lines without prolonged propagation. 

The generation of stable oncogenic cell lines following infection of 
primary hamster, mouse, and human embryo fibroblasts and the contin
uous NIH-3T3 cell line with HCMV or its DNA strongly implicates viral 
sequences or gene products in the initiation of malignant transformation. 
The minimal HCMV sequences essential to this process in primary cells 
and those required for maintaining a transformed phenotype remain to 
be determined. Transfection of C57BL/6 primary cells with cloned seg
ments of HCMV DNA is in progress and should permit identification of 
those regions of the genome that transform primary cells in a focus assay. 

This same assay system should permit the separation of sequences 
essential to maintaining a transformed phenotype from coincidentally 
retained viral DNA sequences. This separation is often accomplished by 
transforming cells in culture sequentially with DNA from transformed 
or tumor cells (reviewed in Weinberg, 1981). We have demonstrated the 
ability of primary C57BLl6 cells to be transformed by DNA extracted 
from three SV 40-transformed or tumor cell lines and from the human 
cell line, 293 (Graham et al., 1977), which contains the transforming 
region of adenovirus type 5. This secondary transformation occurs at a 
frequency of 0.2-0.4 focus/,...,g DNA per 106 cells and closely parallels the 
frequency observed in other systems (Cooper et al., 1980; Payne et al., 
1982; Smith et al., 1982). In all cases the secondary transformants ex
pressed the polypeptide markers of SV40 transformation (S. Tevethia and 
M. Tevethia, unpublished observation) or the same species of adenovirus 
Ela and Elb RNA and polypeptide products expressed in 293 cells (D. 
Spector et al., unpublished data). 

Resolution of the sequences and viral functions required to maintain 
a transformed phenotype rests on the ability to detect viral DNA, RNA, 
and polypeptides in transformed cells. The complexity of the viral genome 
and our scant knowledge of its functional organization make this detec-
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tion complicated. The magnitude of the task is easily realized by recalling 
that the HCMV genome is half again as large as HSV DNA. 

Functional analysis of the HCMV genome has been initiated recently 
by mapping virus-specific abundant RNA species extracted from infected 
cells under conditions permitting accumulation of IE, E, or L RNA. In 
three strains of HCMV the major abundant IE species of RNA mapped 
primarily to three segments of the genome, whereas E and L transcripts 
were detected from more extensive regions of the genome (DeMarchi et 
ai., 1980; Wathen et ai., 1981; McDonough and Spector, 1983). The most 
abundant IE RNA of HCMV maps at 0.061-0.110 MU in AD169 and 
0.739-0.751 MU in Towne strain. It is important to realize that the long 
unique segments of the Davis and Towne strains are inverted in the pro
totype arrangement relative to the map of AD169 so that these regions 
are analogous (McDonough and Spector, 1983). This 1.95-kb species when 
translated in vitro (Stinski et al., 1983) produced a 75K protein that was 
immunoprecipitated by monoclonal antibody E3 (Goldstein et al., 1982) 
against the major IE polypeptide in HCMV-infected cells. This polypep
tide represents the sole gene product unequivocally mapped on the 
HCMV genome. At least one of the IE transcription sites at 0.117-0.142 
MU on the prototype arrangement of AD169 (McDonough and Spector, 
1983) or the equivalent region (0.709-0.728 MU) on the prototype ar
rangement of the Towne strain genome (Wathen and Stinski, 1982) ov
erlaps the transforming region as defined by loss of anchorage dependence 
in NIH-3T3 cells. Whe.n translated in vitro, hybrip-selected RNA from 
this region produced a 68K polypeptide abundantly (Stinski et al., 1983). 
The transforming segment is transcribed also at early and late times dur
ing lytic growth. The locations of a transforming region, abundant IE 
transcripts, and the 68K and 72K polypeptide-coding sequences are shown 
in Fig. 2. Additional IE as well as E and L transcripts have been localized 
(DeMarchi, 1981; Wathen and Stinski, 1982; McDonough and Spector, 
1983; Stinski et ai., 1983); however, their relation to specific ICSP de
tected by human convalescent sera is difficult to assess. This difficulty 
reflects a significant difference between HSV and HCMV in the detection 
of ICSPs. 

I Unlike HSV, HCMV stimulates rather than inhibits protein synthe
sis. in host cells. Even during late stages of the infectious cycle, host cell 
protein synthesis remains at approximately 40% of the total synthesis in 
spite of the fact that large quantities of virus are produced (Stinski, 1977). 
The continued production of cellular proteins compromises the identi
fication of HCMV-specific polypeptides in infected cell extracts. Pri
marily three methods have been employed to enhance detection of ICSPs. 
This enhancement has been accomplished by treating cells with cyclo
heximide before and during infection to permit accumulation of viral 
mRNA and then radiolabeling in hypertonic medium after removal of 
the inhibitor to stimulate preferential translation of viral mRNAs (Stin
ski, 1978). Alternatively, HCMV-specific polypeptides have been im-
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FIGURE 2. Location of a transforming region of HCMV, abundant IE transcripts, and 68K 
and 72K polypeptides. The XbaI map of the Towne strain (Thomsen and Stinski, 1981) and 
HindIII map of AD169 (Fleckenstein et al., 1982) are drawn in their prototype arrangements. 
The L component of the AD169 map in this arrangement is inverted relative to the Towne 
strain map (McDonough and Spector, 1983). 

munoprecipitated from infected cell extracts with human convalescent 
sera (Michelson et al., 1979; Blanton and Tevethia, 1981). In addition, 
polypeptides have been synthesized in vitro with mRNA isolated from 
infected cells and selected by hybridization to HCMV DNA (Wathen et 
al., 1981). Each of these methods has unique limitations and potentials 
for generating artifacts. As both different strains of HCMV and variations 
in SDS-polyacrylamide gel electrophoresis systems have been employed 
by several groups, comparisons of studies of ICSPs are difficult. None
theless, at least 4 IE and 18E ICSPs have been detected in extracts of 
permissive cells (Stinski, 1978; Michelson et al., 1979; Blanton and Tev
ethia, 1981) during the first 24 hr of infection. In comparison, in vitro 
translation of IE mRNA yielded 9 proteins. An additional 10 polypeptides 
were translated from mRNA isolated from infected cells after 6 or 14hr 
of protein synthesis (Wathen et al., 1981). Late in the infectious cycle (36 
hr after infection) virion structural proteins and glycoproteins accumulate 
and E proteins are no longer detectable (Stinski, 1977, 1978). Many of 
these L proteins have the electrophoretic mobilities of proteins associated 
with purified virions (Stinski, 1977, 1978). None are detected in infected 
human fibroblasts treated with the viral DNA synthesis inhibitor phos
phonoacetic acid or in nonpermissive guinea pig cells (Stinski, 1978). 

Although notable differences exist in results of studies of ICSPs from 
various laboratories, two consistent observations emerge. First, IE pro
teins of HCMV playa central, although often transient role in productive 
infection, as the further sequential expression of the viral genome re
quires their synthesis (Stinski, 1978; Michelson et al., 1979; Blanton and 
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Tevethia, 1981). Second, virus-specified E proteins, in contrast to IE pro
teins, are expressed for prolonged periods of time. Little change in the 
profile of ICSPs is detected between 6 and 24 hr postinfection (Stinski, 
1978 j Wathen et al., 1981 j M. Tevethia and 1. Brogan, unpublished data). 
We have examined the hamster cell line CX-90-3B, a tumor derived from 
these cells (CX-90-3B-T1), the human cell line CMV-Mj-HEL, and three 
B6/HCMV cell lines for the presence of IE and E polypeptides by im
munoprecipitation of radiolabeled cell extracts with human convalescent 
serum. The serum used was capable of distinguishing 22 IE and E poly
peptides in HCMV-infected cultures (Blanton and Tevethia, 1981)j how
ever, no virus-specific polypeptides were observed in extracts of any of 
the transformed cells. The apparent absence of ICSP is not surprising. It 
is likely that the ICSPs identified are a minimal representation of the 
virus-coded polypeptides. ICSPs detected by immunoprecipitation during 
early stages of infection must be considered a minimal estimate of the 
actual number produced for several reasons. First, sera differ both qual
itatively and quantitatively in their ability to immunoprecipitate poly
peptides from infected cells. It is likely that some polypeptides that are 
present in low abundance or expressed transiently, may not elicit a strong 
antibody response in a naturally infected host. Second, ICSPs bound 
tightly to DNA (Tanaka et al., 1979) or to nuclear structures may not be 
extracted efficiently from infected cells under the conditions used. 

The variability in antibody level for specific ICSPs in human con
valescent sera from different individuals (Michelson et al., 1979j Blanton 
and Tevethia, 1981) and from a single individual at different times as well 
as the indications that some ICSP bands in polyacrylamide gels represent 
more than one polypeptide emphasize the need for monoclonal antibodies 
agaihst IE and E polypeptides to detect viral gene products in infected 
and transformed cells. 

The factors that have assisted in probing functions within the mor
phological transforming regions of HSV, i.e., the large number of mutants 
identifying specific viral functions, the capability of localizing protein
coding sequences by intertypic recombinational analysis, and the ability 
to map mutations on the viral chromosome by marker rescue are not 
available at this point for HCMV. Several HCMV-transformed cell lines 
derived from primary cells infected with virions of HCMV DNA and 
tumor-derived lines are available. Analysis of the viral sequences retained 
in these cells can be expected to indicate regions of the genome poten
tially involved in maintaining a transformed state. The very nature of 
the methods used to generate these cell lines suggests that the arrange
ment of viral information may be more complex than has been observed 
in cells transformed by UV-irradiated HSV and EHV. Three of these cell 
lines arose after transfecting C57BLl6 MEF with randomly damaged viral 
DNA. 

Perucho et al. (1980) have shown clearly that during transfection by 
the calcium phosphate coprecipitation method, viral DNA molecules be-
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come linked to carrier DNA as well as to each other prior to integration 
(reviewed in Scangos and Ruddle, 1981). In a population of DNA mole
cules represe~ting more than one segment of the genome, atypical ar
rangements ot fragments can be anticipated. Similarly, the CMV-Hel-Mj 
cell lines may retain viral DNA segments that, although separated on the 
normal viral genome, are adjacent in the genome that actually accom
plished the transformation. This expectation arises from the observations 
of Mocarski and Stinski (1979) that persistently infected human cells 
contain as many as 120 genome equivalents of viral DNA per cell and 
that persistently infected cultures produce defective viral genomes. The 
presence of multiple viral genomes in individual cells during long periods 
of subculturing should permit multiple independent exchanges between 
viral and cellular DNAs. In addition, structural DNA rearrangements 
occur among the defective genomes (Mocarski and Stinski, 1979). Any 
rearrangement that juxtaposes sequences that can initiate and sequences 
that augment or amplify expression of the transformed phenotype are 
likely to be selected for during transformation of primary cells. The stable 
retention of viral DNA sequences from distant regions of the genome in 
transformants generated by transfection of sheared DNA and by defective 
interfering particles has been demonstrated previously (Leiden et a1., 
1980 j G'Callaghan et a1., 1983). 

The combined data of Leiden et a1. (1980) and G'Callaghan et a1. 
(1983) suggest that cell lines transformed by UV-irradiated virus in con
trast to lines generated by transfection with sheared DNA or defective 
particles present the most readily interpretable arrangement of viral DNA 
sequences. For this reason we have also established HCMV-transformed 
lines following infection of C57BLl6 MEF with UV-irradiated HCMV vi
rions. 

The assumption that the C57BLl6 cell lines developed after infection 
with DNA or UV-irradiated virions are virally transformed rests heavily 
on the observation that spontaneous transformation of these primary cells 
occurs extremely rarely. To accumulate evidence for the role of HCMV 
in the outgrowth of these clonal lines, we examined them for the expres
sion of the Fc receptor (Keller et a1., 1976 j Rahman et a1., 1976 j West
moreland et a1., 1976 j Sakuma et a1., 1977). Preliminary results indicate 
that both of two C57BLl6 HCMV-transformed lines at early passage as 
well as the human cell line of Ceder et a1. (1976) transformed by the 
Major strain bind human IgC to the cell surface. Normal mouse sera did 
not bind in immunofluorescence assays. This attachment to the Fc re
ceptor was blocked by normal rabbit but not by normal mouse sera as 
expected (Keller et a1., 1976). Cells of a C57BLl6 SV40-transformed cell 
line, in contrast, did not bind human IgG. That HCMV Fc receptors appear 
on the cell lines tested indicates that these cells incorporated HCMV 
DNA and have expressed at least a portion of that DNA. 

While these preliminary studies do not at present extend our un
derstanding of the process of transformation by HCMV, they do present 
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an additional assay that is responsive to transformation by transfected 
viral, recombinant plasmid, and transformed cellular DNAs. This system 
may aid in elucidating the mechanisms by which HCMV transforms pri
mary cells in culture. 

It is premature to suggest a mechanism(s) by which HCMV trans
forms cells in culture. As in the case of HSV, infection of cells with 
HCMV results in chromosomal aberrations (Luleci et al., 1980). The close 
structural similarity between HCMV and HSV DNA suggests that HCMV 
DNA will contain sequences and express virus-coded products that en
hance DNA rearrangements also. 

HCMV, like HSV, encodes a unique polymerase (Huang, 1975; Hirai 
and Watanabe, 1976; Nishiyama et al., 1983). It is possible that this en
zyme has mutator activity, although direct evidence favoring this as
sumption is not available. An understanding of the mechanisms by which 
these HCMV sequences transform cells in culture will require expansion 
of both functional and genetic analysis of the viral genome as well as 
additional analyses of the transforming potential of this virus. 

IV. CONCLUSION 

The introduction of genetic material from HSV or HCMV into cells 
in culture either by means of virion infection or DNA transfection con
sistently leads to the outgrowth of oncogenically transformed cells. While 
our understanding of this process is fragmentary, five observations can 
be made. 

Cells transformed by herpes viruses retain and often express infor
mation from widely separated regions of the viral genome. During con
tinuous propagation, transformed cells become heterogeneous with re
spect to the viral sequences they retain, although the population as a 
whole may still contain genetic information from multiple segments of 
the viral DNA. Analysis of the sequences retained by virion-mediated, 
biochemical, or EHV morphological transform ants at high passage num
ber using DNA enriched for viral sequences (Leiden et al., 1980) or care
fully selected probes (Robinson and a'Callaghan, 1983) reveals an over
lapping set of viral sequences from which a minimal retained segment 
can be deduced. Additionally, at least some transforming functions of 
HSV and HCMV are contained within single segments of the genome, as 
transformation can be accomplished with individual cloned fragments. 
Finally, transformation of cells by inactivated virions or genomic DNA 
occurs at a low frequency. This frequency is not unexpected considering 
the size of the viral genome nor does it lessen the potential significance 
of transformation by these viruses. The ability of herpesviruses to estab
lish latency and thereby to maintain a reservoir for recurrent infection 
provides multiple opportunities for low-frequency events to occur in vivo. 
Clearly, the efficiency of transformation in cell culture does not uni-
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formly predict oncogenicity in vivo. For instance, avian leukosis virus, 
which will not transform cells in culture effectively, produces tumors in 
its permissive-host. The consistent observation that cells transformed by 
HSV or HcMv are oncogenic even in immunocompetent animals and 
that the tumor cells metastasize readily indicates that, if it occurs in 
vivo, the consequence of transformation (whatever the frequency) would 
be significant to the host. 

The mechanism(s) by which herpesviruses accomplish transforma
tion of normal cells to malignant cells rerrtains elusive. The basis for 
speculation on this mechanism is a patchwork of evidence in which no 
consistent pattern can yet be discerned. Based on knowledge accumulated 
with other tumor viruses, herpesviruses appear to possess the potential 
to transform cells by several processes. The virus codes for proteins with 
mutagenic activity, as well as proteins that stimulate rearrangements and 
amplification of DNA sequences bounded by and containing appropriate 
viral sequences. 

In addition, both HSV and HCMV viral genomes contain sequences 
that are homologous to cellular sequences (Peden et al., 1982j Puga et 
al., 1982). The extent to which the sequences represent good base pair or 
functional homology with proto-oncogenes or alternatively regions of pre
ferred interaction with the cellular chromosome remains to be estab
lished. The processes of mutation, gene amplification, and translocation 
have each been correlated with development of neoplasia and may act 
during herpesvirus infection to either initiate or augment the transformed 
phenotype. Preliminary evidence is accumulating to suggest that HSV 
may transform NIH-3T3 cells to an anchorage-independent phenotype by 
a hit-and-run mechanism. Documentation of such a process would pro
vide a significant addition to the list of mechanisms by which DNA tumor 
viruses transform cells in culture. 

There is no reason to believe at present, however, that herpesviruses 
use a single mechanism to transform cells in culture. Nor is evidence 
available to exclude the possibility that herpesviruses can alter the 
growth properties of cells by adding a protein-coding sequence whose 
presence is essential to maintenance of the transformed phenotype, as 
suggested by the retention and expression of specific segments by her
pesvirus genomes during prolonged propagation and passage in animals. 

Specific segments of HSV and HCMV DNA transform cells in cul
ture. The reports that different regions of the HSV-2 genome transform 
cells in assays of two parameters of the transformed phenotype and in
dications from the papovavirus and adenovirus systems that the selective 
pressure applied by various transformation assays identifies different 
transforming genes suggest that quantitative comparisons of transfor
mation by herpesviruses or viral DNA fragments for a number of trans
formation parameters in more than one cell type are essential to eluci
dating the mechanisms of the transformation processes. It is now 
apparent that transformation in NIH-3T3 cells assays a subset of trans-
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forming events. While it may be true that the same sequences or gene 
products that transform these preneoplastic cells are sufficient to trans
form primary cells, this correlation can no longer be assumed, but must 
be demonstrated. Clearly, coordinated efforts to determine those DNA 
sequences that initiate, maintain, and enhance tumorigenesis in a variety 
of cell types should increase our understanding of the complex biological 
phenomenon of cell transformation and malignancy by these significant 
human pathogens. 
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CHAPTER 7 

Glycoproteins Specified by 
Herpes Simplex Viruses 
PATRICIA G. SPEAR 

I. INTRODUCTION 

Membrane glycoproteins specified by enveloped viruses are important 
determinants of viral pathogenicity. They are exposed on the surfaces of 
virions and on the surfaces of infected cells. They mediate entry of the 
virus into cells and cell-to-cell spread of infection and also influence tis
sue tropism and host range. As a consequence of the foregoing, viral mem
brane glycoproteins are also probably the most important elicitors of pro
tective immune responses. 

The purpose of this review is to summarize available information (as 
of year end, 1983) about the number, structures, synthesis, and functions 
of glycoproteins specified by herpes simplex viruses types 1 and 2 (HSV-
1 and HSV-2). Other topics not covered here, including immunogenicity 
and antigenic structure of the HSV glycoproteins, have been reviewed 
elsewhere (Watson and Honess, 1977; Spear, 1980, 1984; Norrild, 1980; 
Glorioso and Levine, 1984). 

II. THE HSV GL YCOPROTEINS AND THEIR STRUCTURAL 
GENES 

A. Genetic Loci Encoding Glycoproteins 

Numerous virus-induced glycosylated polypeptides can be detected 
in cells infected with HSV-1 Dr HSV-2 and resolved by electrophoresis 

PATRICIA G. SPEAR • Department of Molecular Genetics and Cell Biology, The Uni
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(Heine et al., 1972; Honess and Roizman, 1975) or by isoelectric focusing 
(Cohen et a1., 1980; Haarr and Marsden, 1981, Palfreyman et al., 1983). 
Because the primary translation product of a single HSV glycoprotein gene 
is Plfocessed to yield multiple electrophoretically differentiable glycosy
lated forms (see belowL enumeration of the genetically distinct glyco
protein products requires mapping and enumeration of the genes encoding 
them. Although there has been considerable progress along these lines, 
all of the HSV-1 and HSV-2 glycoprotein genes have probably not yet been 
identified and mapped. Consequently, the final count is not yet in. 

At least five different genetic loci encoding membrane glycoproteins 
have been mapped to the HSV-2 genome and four to the HSV-1 genome, 
as summarized in Fig. 1 (see figure legend and Appendix for a discussion 
of HSV glycoprotein nomenclature and of recent changes in terminology). 
Approximate map locations for most of the glycoprotein genes shown in 
Fig. 1 were inferred originally from analyses of intertypic recombinant 
viruses (Marsden et al., 1978; Ruyechan et al., 1979; Para et al., 1982b, 
1983; Hope et a1., 1982). More precise information about locations re
sulted from use of cloned viral DNA fragments for marker transfer or 
rescue of mutations affecting antigenic determinants of gB-1 (Holland et 
a1., 1983b; Kousoulas et a1., 1984); for marker rescue of temperature
sensitive (ts) mutations affecting gB-1 structure and processing (Ruyechan 
et a1., 1979; Little et a1., 1981; DeLuca et al., 1982; Holland et al., 1983b; 
Kousoulas et al., 1984); for selection of gC-1, gD-1, and gE-1 mRNAs 
identified by antigenic analyses of their in vitro translation products (Lee 
et a1., 1982a,b; Frink et al., 1983); and for insertion into the thymidine 
kinase (TK) gene of appropriate HSV strains to monitor expression of gC
I, gC-2, or gD-1 from the inserts (Lee et al., 1982b; Gibson and Spear, 
1983; Zezulak and Spear, 1984b). Finally, the most precise map locations 
come from nucleotide sequence analyses, which have been reported for 
the genes encoding gB-1 (Bzik et a1., 1984L gC-1 (Frink et a1., 1983), and 
gD-1 (Watson et a1., 1982L as will be discussed more fully below. 

The gene for gC-2 encodes a glycoprotein whose immature and ma
ture forms are all significantly smaller in size than those of gC-1. When 
first described, the product of the gC-2 gene appeared, on the basis of size 
and antigenic structure, to be distinct from all known HSV-1 and HSV-
2 glycoproteins and was originally designated gF (Balachandran et al., 
1981, 1982). It has been shown, however, that gC-2 (or gF) is antigenically 
related to gC-1 (Zweig et a1., 1983; Zezulak and Spear, 1983). Moreover, 
the genes for gC-2 (Para et al., 1983; Zezulak and Spear, 1984b) and gC-
1 (Lee ·et a1., 1982b; Frink et al., 1983) have been independently mapped 
to colinear partially homologous regions of the HSV-2 and HSV-1 ge
nomes, respectively, as shown in Fig. 1. Although gC-2 and gC-1 are 
clearly related products of the two serotypes, it appears that their genes 
have diverged more than the genes encoding other related glycoproteins 
(see below). 
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The genes for gB-2, gD-2, and gE-2 have not yet been independently 
mapped as precisely as those encoding their HSV-l counterparts. These 
HSV-2 genes are assumed to be located at positions on the HSV-2 genome 
colin ear with the positions of the gB-l, gD-l, and gE-l genes on the HSV-
1 genome. This assumption is based on the demonstrated antigenic and 
structural relatedness of HSV-l and HSV-2 glycoproteins assigned the 
same alphabetic designation (see below) and on evidence obtained from 
analyses of HSV-l x HSV-2 recombinant viruses that the genomes are 
for the most part, if not entirely, colinear (Morse et al., 1977; Preston et 
al., 1978). 

There is at least one, and possibly two, HSV-2 glycoproteins for which 
no HSV-l counterpart has yet been identified. Marsden et al. (1978, 1984) 
mapped an HSV-2 glycoprotein with a molecular weight of about 92,000 
(92K) to the S component of the genome, as depicted in Fig. I, and showed 
by several criteria that this glycoprotein is distinct from the various forms 
of gD-2 and gE-2. Ruyechan et al. (1979) originally mapped a 124K HSV-
2 glycoprotein (called gC at that time) to the region of the genome from 
about 0.65 to 0.70 map units. New results from the same laboratory in
dicate that this previously reported location is not the correct one; the 
124K HSV-2 glycoprotein has now been remapped to the region indicated 
in Fig. 1 and was assigned the new name gG-2 (Roizman et al., 1984). 
Mapping results and other observations raise the possibility that the 92K 
and 124K glycoproteins are actually the same species, despite the large 
difference in their reported molecular weights. Marsden et al. (1984) state 
that the glycoprotein they mapped has an apparent molecular weight of 
92K on gradient polyacrylamide gels cross-linked with bis-acrylamide 
whereas its apparent molecular weight is higher (about 120K) on poly
acrylamide gels cross-linked with N,N' -diallyltartardiamide. The molec
ular weight of 124K reported by Roizman et al. (1984) for the glycoprotein 
they mapped was based on use of gels cross-linked with N,N'-diallyltar
tardiamide. 

The possibility remains that glycoprotein genes other than those 
shown on the map in Fig. 1 will ultimately be identified. First, it seems 
unlikely that an HSV-l counterpart for gG-2 does not exist. Second, Show
alter et al. (1981) described HSV-l and HSV-2 glycoproteins of about 1 10K 
molecular weight that are antigenically related to each other but appear 
to be distinct from all other known HSV glycoproteins, based on im
munoprecipitation experiments done with monoclonal antibodies. Third, 
Palfreyman et al. (1983) described an HSV-l glycoprotein (designated gY) 
that has an electrophoretic mobility similar to gC-l, is resolvable from 
gC-l by isoelectric focusing, and appears to be antigenically unrelated to 
gB, gC, gD, and gE. The genes for these glycoproteins, should they be 
distinct from previously identified genes, have not yet been mapped. Most 
of the glycosylated polypeptides detected by electrophoretic analyses of 
extracts from infected cells can be identified as products of known gly
coprotein genes. Consequently, any glycosylated products encoded by 
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other genes must be relatively minor species (in terms of radiolabel in
corporation) that perhaps cornigrate with other species in the kinds of 
electrophoretic analyses usually performed. 

B. Structures of the Glycoproteins 

1. Polypeptide Moieties 

Partial amino acid sequences have been reported for gD-l and gD-2 
(Eisenberg et a1., 1984). The only other information available about amino 
acid sequence has been inferred from nucleotide sequences published for 
gB-l (Bzik et al., 1984), gC-l (Frink et al., 1983), and gD-l (Watson et al., 
1982). In each case, the open reading frame identified as encoding the 
glycoprotein is without introns. Evidence that the correct reading frame 
has been identified is based on construction of a hybrid gene and expres
sion of a fusion protein antigenically related to the HSV glycoprotein, for 
gD-l (Watson et al., 1982), or on inability to find any other open reading 
frame of appropriate characteristics consistent with mapping results sum
marized above, for the other glycoproteins. Figure 2 summarizes in dia
grammatic form some of the pertinent characteristics of the polypeptides 
believed to be translated from the gB-l, gC-l, and gD-l genes. What fol
lows is a description of some of the more interesting features pointed out 
originally by the authors cited in the legend to Fig. 2 and below. 

a. Signal Sequences 

Signal sequences are found at the NH2 -termini of translation prod
ucts for many membrane proteins and secreted proteins and are believed 
to mediate attachment of the nascent peptide on polysomes to mem
branes of the rough endoplasmic reticulum (RER) and vectorial transport 
of the growing polypeptide chain across the membrane; often the signal 
sequence is cleaved off during processing of the translation product (re
viewed by Blobel et a1., 1979; Kreil, 1981). As summarized by Kreil (1981), 
NH2-terrninal domains shown to serve as signal sequences vary in length 
from about 15 to 30 residues; have a core of hydrophobic residues no less 
than 9 in length; usually have a charged residue such as Arg near the 
NH2 -terminus, in addition to the a-amino group; and usually increase in 
hydrophilicity toward the COOH-terminal end. 

Based on this analogy with well characterized secreted and mem
brane proteins, it seems likely that the hydrophobic NH2 -terminal do
mains of the translation products for gB-l, gC-l, and gD-l (stippled do
mains in Fig. 2) constitute part of a signal sequence for each product. The 
features characteristic of signal sequences are found in each case (except 
that the NH2 -terminal hydrophobic domain for gB-l seems longer than 
usual). Also, for gD-l at least, the first 25 amino acids of the translation 
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FIGURE 2. Diagram illustrating some of the important features of translation products 
encoded by the genes for gD-l, gC-l, and gB-l, based on nucleotide sequences published by 
Watson et a1. (1982), Frink et a1. (1983), and Bzik et a1. (1984), respectively. The stippled 
bars represent hydrophobic domains that could be part of signal sequences and the daggers 
point to the positions of Arg residues (characteristically found near the NHrtermini of signal 
sequences). The arrow shows where proteolytic cleavage occurs during the cotranslational 
or posttranslational processing of gD-I. The triangles indicate the positions of Asn residues 
that are part of the sequence Asn-X-Thr or Asn-X-Ser and could be modified by the addition 
of N-linked oligosaccharides. The hatched bars represent the positions of hydrophobic do
mains that could span the lipid bilayer. 

product (including the entire NHrterminal hydrophobic domain) are 
cleaved off during posttranslational processing steps that yield the mature 
glycoprotein (Eisenberg et al., 1984). Posttranslational cleavage also oc
curs at the equivalent site in gD-2 (Eisenberg et al., 1984). It has not yet 
been determined whether similar cleavages occur during processing of 
the gB-l and gC-l translation products. Experiments to test the hypoth
esis that the putative signal sequences are actually necessary for attach
ment of the translation products to membranes and vectorial transport 
have not yet been reported. 

b. Potential Sites for the Addition of N-Linked Oligosaccharides 

N-linked oligosaccharides are added to Asn residues that are part of 
the sequence Asn-X-Ser or Asn-X-Thr (Eylar, 1965; Marshall, 1974). There 
are three such potential glycosylation sites in the translation product for 
gD-l and nine each for gB-l and gC-l (Fig. 2). It must be empirically 
determined which potential sites are actually glycosylated. In the case 
of gD-l (and gD-2), evidence has been presented for the existence of three 
N-linked oligosaccharide chains, indicating that all three potential sites 
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can be used (Cohen et al., 1983 j Matthews et al., 1983). The sites that 
are recognized for the addition of N-linked oligo saccharides in gB-1 and 
gC-1 have not yet been identified. Most or all of the HSV glycoproteins 
also contain O-linked oligosaccharides (see Section II.B.2.b.). General 
rules have not been established to permit predictions as to which Ser or 
Thr residues might be used for the addition of O-linked carbohydrates. 

c. Membrane-Spanning Domains and Orientation in the Membrane 

Certain integral membrane glycoproteins, such as the G protein of 
vesicular stomatitis virus (VSV), have been shown to have a hydrophobic 
domain near the COOH-terminus and to be oriented in the membrane 
so that a small hydrophilic sequence at the COOH terminus is in contact 
with the cytoplasm. The hydrophobic domain spans the lipid bilayer and 
the larger NH2 -terminal domain, containing all oligosaccharide chains, 
is exposed to the exterior of the cell (Rose et al., 1980 j Rose and Gallione, 
1981). 

Based on locations of hydrophobic domains and positions of potential 
glycosylation sites in the HSV -1 glycoproteins depicted in Fig. 2, it seems 
likely that gB-1, gC-1, and gD-1 will each be found to assume an orien
tation within membranes similar to that of the VSV G protein. Evidence 
that this is the case has been presented for gD-1 and gD-2. Matthews et 
al. (1983) found that synthesis of either the gD-l or the gD-2 translation 
product in vitro, in the presence of dog pancreas microsomes, resulted in 
N-glycosylation at all three potential sites and association of the glyco
sylated product with the microsomes such that the domain containing 
carbohydrate was protected from proteolysis by added trypsin whereas a 
nonglycosylated fragment of 3K molecular weight was cleaved off by tryp
sin. This is the result to be expected if the gD-l or gD-2 product spans 
the microsome membrane at the hydrophobic region indicated in Fig. 2, 
with the NH2 -terminus located inside the microsome (equivalent topol
ogically to cisternae of the RER) and the COOH-terminus exposed to the 
outside of the microsome (equivalent to the cytosol). Matthews et al. 
(1983) also showed that a type-specific antigenic determinant destroyed 
by cleavage of the 3K fragment from gD-l is .inaccessible to antibody on 
intact infected cells expressing gD-l on their surfaces, whereas another 
antigenic determinant unaffected by proteolysis of the fragment is ac
cessible to antibody on intact infected cells. Taken together, these find
ings provide strong evidence for the transmembrane orientation of gD-l 
suggested by the information summarized in Fig. 2. 

Exploitation of the available nucleotide sequences and amino acid 
sequences, to obtain information about three-dimensional structure and 
the locations of various functional domains on the glycoproteins, has only 
just begun. For example, conditional lethal ts mutations and mutations 
affecting epitopes recognized by neutralizing antibodies have been 
mapped to the NH2 -terminal portion of the gB-l gene and a Syn mutation 
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to very near the COOH-terminus (DeLuca et a1., 1982 j Holland et a1., . 
1983b j Kousoulas et a1., 1984 j Bzik et a1., 1984). Between these two re
gions, a domain affecting rate of entry of virus has also been mapped 
(DeLuca et a1., 1982). In addition, epitopes recognized by monoclonal 
antibodies have been mapped to proteolytic fragments of gD-1 and gD-2 
(Eisenberg et a1., 1982aj Matthews et a1., 1983). It seems safe to predict 
an explosion of new findings along these lines in the near future. 

2. Prosthetic Groups 

There has been progress in identifying the kinds of prosthetic groups 
that are attached to the polypeptide chains of HSV glycoproteins and also 
in defining, so far by indirect tests rather than by direct sequence analysis, 
some aspects of their structures. The kinds of prosthetic groups that have 
been detected on one or another of the HSV glycoproteins include N
linked oligosaccharides, O-linked oligosaccharides, and fatty acid. [Cam
padelli-Fiume and Serafini-Cessi (Chapter 8, this volume) provide addi
tional information on this topic.] 

a. N-Linked Oligosaccharides 

For all HSV glycoproteins examined to date (including gB, gC, gD, 
gE, and gG-2), evidence of N-linked glycosylation has been obtained. Al
though most of the studies reported have been done with HSV-1, it seems 
likely that similar results would be obtained with HSV-2. It has been 
shown that tunicamycin, which specifically blocks production of the dol
ichol phosphate intermediate essential for transfer of oligosaccharide to 
Asn residues of polypeptides (Takatsuki et al., 1975 j Tkacz and Lampen, 
1975 j Struck and Lennarz, 1980), blocks partially or completely glyco
sylation of the HSV glycoproteins mentioned above (Pizer et a1., 1980 j 
Olofsson and Lycke, 1980 j Peake et a1., 1982 j Norrild and Pedersen, 1982 j 
Kousoulas et al., 1983 j Hope and Marsden, 1983 j Roizman et al., 1984). 
In addition, it has been shown that endo-I3-N-acetylglucosaminidase H 
(Endo H) releases oligosaccharides from immature forms of the HSV gly
coproteins, with a concomitant increase in electrophoretic mobility of 
the polypeptides indicative of decreased molecular weight, whereas all 
mature forms of the glycoproteins (except gB) are resistant to the action 
of Endo H (Serafini-Cessi and Campadelli-Fiume, 1981 j Wenske et al., 
1982 j Cohen et a1., 1983 j Johnson and Spear, 1983 j Zezulak and Spear, 
1983 j Matthews et al., 1983). Because Endo H cleaves selectively N-linked 
oligosaccharides of the high-mannose type, but not of the complex type 
(Tarentino and Maley, 1974), these results suggest that the high-mannose
type oligosaccharides detected on immature forms of HSV glycoproteins 
are processed to yield complex-type oligosaccharides in the mature forms, 
as has been shown to occur for many glycoproteins (Kornfeld and Korn
feld, 1980). In the case of gB, however, at least some of the high-mannose-
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type N-linked oligosaccharides remain in a form that can be cleaved by 
Endo H (Wenske et ai., 1982; Johnson and Spear, 1983). 

As mentioned above, the number of N-linked oligosaccharide chains 
added is three for gD-1 and gD-2 (Cohen et a1., 1983; Matthews et ai., 
1983) and not known for the other glycoproteins. It is assumed for most 
of the HSV glycoproteins that the same number of N-linked oligosac
charide chains is added cotranslationally to each and every translation 
product of a single gene. Although this assumption will probably prove 
to be true for most of the glycoproteins, evidence to the contrary has been 
reported for gC-2. It was found that approximately equal amounts of two 
electrophoretically differentiable forms of gC-2 were detectable immedi
ately after a short pulse-label and that these two discrete forms appeared 
to differ only in the number of N-linked oligosaccharide chains (Zezulak 
and Spear, 1983). Although the significance of this finding is not known, 
further exploration of this phenomenon in relation to multiple pathways 
of processing of HSV glycoproteins (see below) is warranted. 

b. O-Linked Oligosaccharides 

Evidence has been presented that HSV glycoproteins also contain 0-
linked oligosaccharides although, for at least one glycoprotein (gC-1), con
tradictory conclusions have been published. Results reported from three 
laboratories (Olofsson et ai., 1981b, 1983a; Johnson and Spear, 1983; 
Wenske and Courtney, 1983) indicate that oligosaccharides can be re
leased from mature forms of gC-1 by [3-elimination [treatment with al
kaline borohydride under conditions selective for release of O-linked oli
gosaccharides (Spiro, 1966; Marshall and Neuberger, 1977)] whereas 
negative results were obtained for such experiments done in a fourth 
laboratory (Kumarasamy and Blough, 1983). There is no obvious expla
nation for the contradictory findings and more work must be done to 
resolve the inconsistency. Other observations support the presence of 0-
linked 'oligosaccharides on gC-1, however, including (1) the affinity of a 
fraction of gC-1 for Helix pomatia lectin or soybean lectin (Olofsson et 
ai., 1981a, 1983a), both of which bind to GalNAc residues (Hammarstr6m 
et ai., 1977), moieties found in O-linked but not in N-linked oligo sac
charides (Kornfeld and Kornfeld, 1976); (2) the reduced but detectable 
incorporation of glucosamine into oligo saccharides of gC-1 in the pres
ence of amounts of tunicamycin sufficient to block N-glycosylation 
(Wenske and Courtney, 1983; Olofsson et a1., 1983b); and (3) release of 
oligo saccharides from gC-1 by GalNAc oligosaccharidase (Johnson and 
Spear, 1983), an enzyme that cleaves O-linked oligosaccharides (Huang 
and Aminoff, 1972; Pomato and Aminoff, 1978; Johnson and Spear, 1983). 

Tunicamycin-resistant oligosaccharides obtained by protease diges
tion of gC-1 could be differentiated on the basis of their affinities for H. 
pomatia lectin and wheat germ agglutinin (specific for GlcNAc or sialic 
acid), indicating heterogeneity in structures of the oligo saccharides 
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(Olofsson et a1., 1983b). Moreover, among stable forms of gC-1 that ac
cumulate in infected cells in the absence of tunicamycin, two populations 
containing O-linked oligosaccharides could be discerned-one that 
bOUIid to H. pomatia lectin and one that did not (Olofsson et a1., 1983a). 
As these authors suggested, the two populations may be products of dif
ferent pathways in the processing of gC-1 although the possibility that 
one is a precursor to the other cannot yet be ruled out. 

Presence of O-linked oligosaccharides on mature forms of other HSV 
glycoproteins is indicated by the release of oligosaccharides from gD-1 
due to treatment with alkaline borohydride (Johnson and Spear, 1983); 
by shifts (increases) in the electrophoretic mobilities of mature forms of 
gB-1, gC-1, gC-2, gD-1, and gE-1 after treatment with GalNAc oligosac
charidase (Johnson and Spear 1983; Zezulak and Spear, 1983); and by 
acceptor activity of immature forms, but not mature forms, of gB-1, gC
I, and gD-1 for the enzymatic transfer in vitro of GalNAc from UDP
GalNAc (Serafini-Cessi et a1., 1983a). It should be noted that, although 
O-glycosylation of gC-1 can apparently occur in the presence of tunica
mycin, no one has yet reported glycosylation of other HSV glycoproteins 
in the presence of this drug. O-glycosylation of other HSV glycoproteins 
(in the absence of drug) is not ruled out by these negative results, however, 
on the basis of the following considerations. (1) The effects of inhibiting 
N-glycosylation are different for different membrane proteins; in some 
cases the translation product remains trapped in the RER, whereas in 
others the translation product can be transported to other compartments 
of the cells and to the cell surface (Gibson et a1., 1980). (2) The addition 
or elongation of O-linked oligo saccharides, at least for HSV glycoproteins, 
appears to occur in the Golgi apparatus (Johnson and Spear, 1983). (3) As 
a consequence of (1) and (2), an HSV glycoprotein could be O-glycosylated 
in the presence of tunicamycin only if it is transported from the RER. 
Consistent with the notion that selective O-glycosylation of gC-1 in the 
presence of tunicamycin might be due simply to selective transport of 
gC-1 under these conditions is the finding that antigenic determinants 
of gC-1, but not of other HSV-1 glycoproteins, could be detected on the 
surfaces of infected cells incubated in the presence of tunicamycin (Nor
rild and Pedersen, 1982). 

Notwithstanding the above, the evidence for O-linked glycosylation 
of HSV glycoproteins other than gC-1 (and gD-1) is indirect and should 
be confirmed by other tests. Investigations of composition and structure 
are also needed, both for the N-linked and O-linked oligosaccharides, in 
part because the information obtained may define markers for different 
pathways of glycoprotein processing. 

c. Su1fation 

Inorganic sulfate is incorporated into all the major HSV-1 and HSV-
2 glycoproteins, particularly into gE-1 and gE-2 (Hope et a1., 1982; Hope 
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and Marsden, 1983). The nature of the linkage between sulfate and the 
glycoproteins is not known and, as pointed out by these authors, several 
possibilities exist. Sulfations of N-linked oligo saccharides (Prehm et al., 
1979), of O-linked oligosaccharides (reviewed by Kornfeld and Kornfeld, 
1980), and of Tyr residues in proteins (Huttner, 1982) have all been de
scribed. Tunicamycin was shown to inhibit the incorporation of radio
active sulfate into HSV-1 glycoproteins, although reduced amounts of 
sulfate could be detected in an abnormal form of gE-1 (Hope and Marsden, 
1983). As noted by these authors, this result indicates that at least some 
of the sulfate on gE-1 is incorporated into O-linked oligo saccharides or 
into the polypeptide backbone. They favor the idea that, for the other 
glycoproteins, sulfate is incorporated into the N-linked oligosaccharides, 
but recognized the possibility that attachment of O-linked oligosacchar
ides (and sulfation of these oligosaccharides if it occurs) may be dependent 
on N-glycosylation. 

d. Fatty Acylation 

It has been shown that 3H from palmitate becomes incorporated into 
gE-1 (Johnson and Spear, 1983), indicating that fatty acid may become 
covalently attached to this protein as has been documented for other 
membrane glycoproteins (Schmidt and Schlesinger, 1979; Schmidt et a1., 
1979) and for other proteins such as membrane-bound forms of SV40 T 
antigen (Henning and Lange-Mutschler, 1983). The physiological signif
icance of fatty acylation of membrane proteins is not yet understood. 
Schmidt (1983) has recently reviewed this subject. 

C. Intermolecular Interactions 

It has been shown that gB-1 and gB-2 can be isolated from virions 
and infected cells in the form of SDS-stable heat-dissociable homodimers 
and higher oligomers (Sarmiento and Spear, 1979; Haffey and Spear, 1980; 
Eberle and Courtney, 1982). At least two electrophoretically differenti
able forms of the gB polypeptide (one previously called gAl accumulate 
in infected cells and both appear to form dimers and other oligomers. 
The mutant HSV-1(HFEM)tsBS fails to produce gB dimers characteristic 
of wild-type viruses at permissive temperature and instead produces gB 
oligomers of slower electrophoretic mobility (Sarmiento et a1., 1979; Haf
fey and Spear, 1980). It is not known whether this mutant phenotype 
results from the Syn mutation in the gB gene, from the ts mutation in 
this gene, or from some other mutation. It is also not known how the 
oligomeric conformation of gB relates to gB function. 

Oligomers, probably dimers, of a high-molecular-weight HSV-2 gly
coprotein have also been described (Eberle and Courtney, 1982). Disso
ciation of the oligomers required heat and a reducing agent. The glyco-
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protein in question was designated gC at the time but is probably the 
species recently renamed gG-2 by Roizman et al. (1984). 

Under certain conditions a small fraction of extracted gD-1 (but not 
gD-21 has an apparent molecular weight of 120-130K, instead of the usual 
60K, and is not dissociated by boiling in SDS and j3-mercaptoethanol. 
Eisenberg et al. (1982b) detected this high-molecular-weight form after 
immunoaffinity chromatography of gD-l and showed that its tryptic pep
tides were indistinguishable from those of 60K gD-l. Gibson and Spear 
(1983) detected a similar high-molecular-weight form after radioiodina
tion of infected cell surfaces and immunoprecipitation of cell extracts by 
an anti-gD-l monoclonal antibody. It is not yet clear whether this form 
of gD-l actually exists in infected cells or whether its appearance in cell 
extracts results from some artifact of preparative procedures used. 

Much remains to be learned about the intermolecular interactions 
of the HSV glycoproteins and the functional significance of these inter
actions. 

III. SYNTHESIS AND PROCESSING OF THE 
GL YCOPROTEINS 

A. Kinetics of Polypeptide Synthesis 

Very limited information has been published about the kinetics of 
HSV glycoprotein synthesis, despite the availability of methods and ma
terials to permit quantitation of rates of synthesis. Balachandran et al. 
(1982) performed immunoprecipitation experiments with monoclonal an
tibodies to determine the kinetics of synthesis of several HSV-2 glyco
proteins. They found that (1) synthesis of gB-2, gD-2, and gE-2 could be 
detected earliest, at 1-3 hr after infection; (2) rates of synthesis of gD-2 
and gE-2 sharply declined after 5-7 hours of infection whereas the rate 
of synthesis of gB-2 steadily increased until at least 11 hr after infection; 
and (3) gF-2 and gC-2 (designated here gC-2 and gG-2, respectively) were 
barely detectable at 1-3 hr of infection, after which their rates of synthesis 
steadily increased until at least 11 hr after infection. Therefore, the HSV-
2 glycoproteins can be divided into at least three groups based on kinetics 
of synthesis. 

For HSV -1 glycoproteins, it has been shown that gD-l can be detected 
earlier in the replicative cycle than gC-1 (Cohen et al., 1980) and that 
the rate of gD-l synthesis sharply declines after 4-6 hr of infection, 
whereas the rate of gC-1 synthesis increases steadily (Johnson and Spear, 
1984), analogous to the results described above for the homologous gly
coproteins of HSV-2. The rate of gB-1 synthesis may also decline late in 
the infectious cycle (Spear, 1976). 
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B. Regulation of Polypeptide Synthesis 

Regulatif)n of the several HSV glycoproteins can be differentiated on 
the basis of whether any synthesis at all can be detected in the absence 
of viral DNA replication. Use of drugs or mutations to block viral DNA 
replication permits synthesis of gB-1 and gO-I, but at reduced levels com
pared to control values, whereas gC-1 synthesis is not detectable (Peake 
et al., 1982; Gibson and Spear, 1983). According to the classification 
scheme published by Honess and Roizman (1974), gC-1 belongs to the "I 
regulatory class of HSV polypeptides whereas gB-1 and gD-1 do not fit 
neatly into the original classification. Wagner and co-workers (see review 
in this volume) have assigned polypeptides resembling gB-1 and gD-1 to 
a class designated 13"1 because, like 13 polypeptides, they are synthesized 
at maximal rates during intermediate stages of the replicative cycle and 
can be expressed in the absence of viral DNA replication but, like "I po
lypeptides, maximal rates of synthesis depend on viral DNA replication. 

More detailed information about regulation of expression of the gly
coprotein genes should begin to accumulate at a rapid pace now that 
structures of the genes and of the mRNAs transcribed from the genes are 
being defined. Frink et al. (1983) have described the 2.7-kb unspliced 
mRNA from which gC-1 is translated and have also identified several 
different spliced mRNAs that are transcribed from the same region and 
appear to have the same 5' and 3' termini as the gC-1 mRNA. There are 
several open reading frames (at least three overlapping the gC-1 reading 
frame) that could be translated from these spliced mRNAs. It seems likely 
that some of the putative gene products encoded in these open reading 
frames are coordinately expressed with gC-1 and the possibility exists 
that their functions may relate in some way to the function of gC-1. 

Different sizes have been reported for the gD-1 mRNA, ranging from 
2.3 kb (Ikura et al., 1983) to 3.0 kb (Watson et al., 1983). The mRNA 
analyzed in the former study was shown to be spliced, downstream of 
the coding region for gO-I, whereas the mRNA analyzed in the latter 
study was reported to be unspliced. It was suggested that the splicing 
pattern of the gD-1 mRNA may change with time after infection (Ikura 
et al., 1983), which could in part explain the discrepancy in conclusions 
presented in the two studies. In addition, different cell types were used 
by the two groups of researchers. 

Only limited information is available on the relationship between 
mRNA synthesis and polypeptide synthesis. It has been shown that in
hibition of gC-1 and gO-I synthesis resulting from a block in viral DNA 
replication is paralleled by a significant decrease in accumulation of gC-
1 and gD-1 mRNAs (Peake et al., 1982; Ikura et al., 1983; Johnson and 
Spear, 1984). On the other hand, the decline in rate of gD-1 synthesis 
during a normal replicative cycle occurs in spite of continued accumu
lation of gD-1 mRNA that is functional for translation in vitro (Johnson 
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and Spear, 1984). This suggests the existence of a mechanism for trans
lational control of gD expression in the infected cell. 

C. Sequence of Events and Intracellular Locations for 
Polypeptide Synthesis and Processing 

It is assumed, in part from analogies with other membrane proteins 
(Blobel et a1., 1979, Kreil, 1981), that the polypeptide chains of the HSV 
glycoproteins are made on membrane-bound polysomes in the RER, that 
the nascent chains are vectorially transported during translation into the 
lumen of the RER (until transport ceases with anchoring of the polypep
tide in the membrane), and that addition of N-linked high-mannose-type 
oligosaccharides occurs cotranslationally. 

Consistent with this assumption are the following observations. For 
gD-1 and gD-2, at least, the translation products made in vitro associate 
with dog pancreas microsomes, but only if the microsomes are present 
during translation; moreover, the products made in the presence of mi
crosomes contain N-linked high-mannose-type oligosaccharides and are 
partially sequestered inside the microsomes (Matthews et a1., 1983). In 
general, newly synthesized forms of the HSV glycoproteins made in vivo 
cannot be extracted from infected cells without the use of detergents. In 
addition, under most conditions, newly synthesized polypeptides already 
contain N-linked oligo saccharides as soon as they can be detected in in
fected cells (Pizer et ai., 1980; Wenske et ai., 1982; Johnson and Spear, 
1983; Zezulak and Spear, 1983). An exception to this statement has been 
noted, however. Late after infection of cells maintained at 34°C, but not 
at 37 or 39°C, polypeptides characteristic of nonglycosylated precursors 
of gB-1 and gC-1 could be detected in nuclear fractions, suggesting that 
N-glycosylation had been uncoupled from translation under these con
ditions (Compton and Courtney, 1983). Additional studies are required 
to understand the significance of this observation. 

By following the fate of pulse-labeled polypeptides, it can be shown 
that posttranslational processing of the glycoprotein precursors is accom
panied by a large shift (decrease) in electrophoretic mobility and that this 
shift occurs within 15-120 min of synthesis of the polypeptide (Spear, 
1976; Baucke and Spear, 1979; Eisenberg et ai., 1979; Cohen et a1., 1980; 
Eberle and Courtney, 1980b; Haarr and Marsden, 1981; Wenske et a1., 
1982; Zezulak and Spear, 1983). The decrease in electrophoretic mobility 
is probably due in part to an increase in molecular weight and change in 
charge resulting from addition and extension of oligosaccharide chains, 
as discussed below. The actual increase in molecular weight cannot be 
estimated from the change in mobility, however, because of anomalies 
in the behavior of glycoproteins in SDS-polyacrylamide gels. 

Although signal sequences may be cleaved from the nascent poly
peptides, as discussed above, such cleavages would probably occur prior 
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to completion of translation and consequently would not contribute to 
changes in electrophoretic mobilities observed during maturation of the 
glycoproteins. Processing of the HSV glycoproteins does not appear to 
involve other kinds of proteolytic cleavage. Differences in the sizes of 
HSV glycoproteins produced by different cell types have been noted (Bal
achandran et ai., 1982 j Pereira et a1., 1981, 1982aj Showalter et a1., 1981 j 
Zweig et ai., 1983) and it has been shown that proteases active in some 
cell types but not others can account for some of the differences (Pereira 
et a1., 1982a). Use of appropriate protease inhibitors in extraction buffers, 
however, can eliminate most of the differences in apparent size observedj 
(Zezulak and Spear, 1984a). 

Several posttranslational processing events have been correlated with 
the shift in electrophoretic mobility observed during maturation of the 
HSV glycoproteins. Because [3HJpalmitate can be incorporated into the 
more rapidly migrating immature form of gE-1 during a short labeling 
period, but is found predominantly in the more slowly migrating mature 
forms, it appears that fatty acylation occurs just prior to the shift in 
electrophoretic mobility (Johnson and Spear, 1983). It has also been found 
that sensitivity to Endo H is lost, while sensitivity to GalNAc oligosac
charidase is gained concomitant with processing events that cause the 
shift in mobility (Wenske et a1., 1982 j Johnson and Spear, 1983 j Zezulak 
and Spear, 1983). Apparently, therefore, these events include conversion 
of N-linked oligosaccharides from the high-mannose type to the complex 
type and acquisition of O-linked oligosaccharides. Because treatment 
with GalNAc oligosaccharidase increases the electrophoretic mobility of 
the more slowly migrating mature forms to that of immature forms, it 
appears that the large posttranslational shift in electrophoretic mobility 
is due largely to acquisition of O-linked oligosaccharides. It should be 
noted that removal of sialic acid residues by neuraminidase also increases 
the electrophoretic mobility of mature forms, to a lesser extent than does 
treatment with GalNAc oligosaccharidase (Johnson and Spear, 1983), and 
reduces the charge heterogeneity of mature forms resolvable by isoelectric 
focusing (Cohen et a1., 1980 j Haarr and Marsden, 1981). 

Because fatty acylation of glycoproteins (Schmidt and Schlesinger, 
1980 j Dunphy et ai., 1981) and conversion of high-mannose-type to com
plex-type N-linked oligosaccharides (Schachter and Roseman, 1980) have 
been shown to occur in the Golgi apparatus, it could be concluded that 
O-glycosylation of the HSV glycoproteins, or most if not all of the en
zymatic reactions involved in chain extension, also occurs in the Golgi 
apparatus (Johnson and Spear, 1983). Studies done with monensin, which 
interferes with Golgi function and blocks transport of material from the 
Golgi apparatus to the cell surface (Tartakoff and Vassalli, 1977 j Uchida 
et a1., 1979), support this conclusionj monensin was shown to inhibit 0-
glycosylation of HSV glycoproteins (Johnson and Spear, 1982, 1983) as 
well as processing of the N-linked oligosaccharides (Wenske et a1., 1982). 
Moreover, in the presence of monensin, HSV glycoproteins were not 
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FIGURE 3. Diagram illustrating the two pathways by which HSV glycoproteins are trans
ported to the cell surface and indicating the intracellular sites at which specific events in 
posttranslational processing of the glycoproteins occur (Johnson and Spear, 1983). Adapted 
from a drawing made by D. Johnson. 

transported to the cell surface (Johnson and Spear, 1982), indicating that, 
as for other glycoproteins, transport to the cell surface is obligatorily via 
the Golgi apparatus. 

There is reason to believe that a fraction of the HSV glycoproteins 
being transported through the Golgi apparatus is present in virions 
whereas the remainder are in cellular organelle membranes and will ul
timately become incorporated into the cell surface (Fig. 3). Studies with 
monensin suggest that egress of virions from infected cells is via the Golgi 
apparatus. In the presence of this inhibitor, transport of virus to the cell 
surface was blocked; although infectious virus was produced, this virus 
contained immature forms of the envelope glycoproteins and accumu
lated in large abnormal intracytoplasmic vacuoles probably derived from 
Golgi membranes (Johnson and Spear, 1982). 

At least two lines of argument suggest that glycoproteins incorpo
rated into virions at the time of envelopment may be immature forms 
that are processed to the mature forms in situ as the virions are trans
ported from the perinuclear space to the cell surface (Fig. 3). First, en
velopment occurs at the inner nuclear membrane (see reviews by Roiz
man and Furlong, 1974; Spear, 1980), and nuclear fractions of infected 
cells are enriched for immature forms of the glycoproteins (Compton and 
Courtney, 1984). Second, infectious virions containing immature forms 
of glycoproteins can accumulate under conditions designed to block ma
turation of the glycoproteins, including treatment with monensin (John
son and Spear, 1982), treatment with ammonium ions (Kousoulas et ai., 
1983), and replication of virus in a mutant cell line deficient in a glycosyl 
transferase (Campadelli-Fiume et ai., 1982). 
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Because there are apparently two modes of transport of HSV glyco
proteins tothe surfaces of infected cells (in virions and in organelle mem
branes), there could very well be subtle, but as yet undetected, differences 
in the nature of posttranslational modifications occurring in each mode. 
It is difficult to assess how much of each glycoprotein is transported via 
each pathway because virions tend to remain attached to the surfaces of 
infected cells following egress (Morgan et al., 1968 j Katsumoto et al., 
1981 j Johnson and Spear, 1982). Most procedures designed to quantitate 
viral glycoproteins on the cell surface would not distinguish between 
molecules present in adherent virions and those present in the plasma 
membrane. That at least some of the HSV glycoproteins are actually pres
ent in the infected cell plasma membrane is evident from analyses of 
isolated membranes (Heine et al., 1972) or from the binding to cell sur
faces of specific antibodies (Nii et ai., 1968) arid probes for Fc receptors 
(Nakamura et ai., 1978 j Para et ai., 1980) as detected by electron mi
croscopy. 

Given the genetic complexity of HSV, it is possible that some of the 
enzymes required for cotranslational and posttranslational modification 
of the glycoproteins are viral in origin. It is presumed, however, in the 
absence of evidence to the contrary, that most or all of the enzymes 
required are specified by the host cell. Studies described above (Johnson 
and Spear, 1983) have helped to establish the intracellular location of 
enzymes involved in the addition and/or extension of O-linked oligo sac
charides. 

IV. ACTIVITIES AND ROLES OF THE GL YCOPROTEINS 

A list can be drawn up of various activities and functions that will 
probably prove to be mediated by one or another of the HSV glycoproteins, 
based on analogy with other enveloped viruses, direct observations made 
in the HSV system, and various a priori considerations. This list includes 
adsorption and penetration of virusj expression of Fc receptors, comple
ment receptors, and perhaps other receptors on infected cell surfacesj 
envelopment and egress of progeny virusj cell fusion and other means of 
direct cell-to-cell transmission of virus infection (Fig. 4). There are un
doubtedly also other activities and functions of the viral glycoproteins 
that have yet to be recognized. The remainder of this section will focus 
on progress made in assigning functions to individual HSV-l and HSV-2 
glycoproteins and in assessing the role of carbohydrate in glycoprotein 
function. 

A. Virion Infectivity 

1. Neutralizing Antibodies 

There is the expectation that information about virion components 
necessary for infectivity may emerge from investigation of the specific-
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FIGURE 4. Diagram illustrating the various activities and processes associated with HSV 
gl ycoproteins. 

ities and activities of neutralizing antibodies. This expectation has not 
yet been satisfactorily fulfilled, in the case of HSV, in part because effi
cient means of producing purified immunogens have just recently become 
available and also because neutralization is still a poorly understood pro
cess particularly for enveloped viruses. 

Preparations of gB-1, gC-1, gC-2, and gE-1, purified after denaturation 
by SOS, have all been shown to induce the production of neutralizing 
antibodies (Powell et ai., 1974; Eberle and Courtney, 1980a; Para et ai., 
1982a; Zezulak and Spear, 1983). In the absence of complement, this 
neutralizing activity was poor, however, for all except anti-gB-1 antibod
ies. Isolated gO-l and gO-2, prepared by a variety of methods, also induce 
the production of neutralizing antibodies (Watson and Wildy, 1969; Ho
ness and Watson, 1974; Cohen et ai., 1978; Eisenberg et al., 1982). Com
parison of three different HSV-1 glycoproteins as immunogens (gB-1, gC-
1 and gO-l) revealed that gO-l induced the highest titer of neutralizing 
antibodies (Norrild and Vestergaard, 1977; Vestergaard and Norrild, 1978). 
Because in this study the glycoproteins were isolated as immune precip
itates in agar and amounts of immunogen used were difficult to quan
titate, it is important that such studies be repeated with controlled doses 
of HSV glycoproteins purified in other ways .. 

Monoclonal antibodies specific for gB, gC, and gO have been reported 
to have neutralizing activity (Pereira et ai., 1980; Showalter et ai., 1981; 
Rector et al., 1982; Balachandran et al., 1982; Holland et ai., 1983a). 
Where quantitative comparisons of neutralizing activity have been pre
sented, the highest activities in the absence of complement have gen
erally been associated with the anti-gO monoclonal antibodies. 
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For HSV, it can be questioned whether identification of the target of 
a neutralizing antibody also identifies a component necessary for infec
tivity. Although anti-gC-1 and anti-gC-2 antibodies can neutralize wild
type virus, mutant virions apparently devoid of gC-1 and gC-2 can be 
infectious, in cell culture (Heine et a1., 1974; Cassai et al., 1975176; Hol
land et a1., 1983a, 1984; Zezulak and Spear, 1984b) and in animals (Cen
tifanto-Fitzgerald et al., 1982). 

2. Role of Oligosaccharides 

Use of appropriate inhibitors or other means to block glycosylation 
of the viral glycoproteins has permitted some assessment of the role of 
the oligo saccharides in infectivity. 

Both tunicamycin and deoxyglucose inhibit the production of infec
tious virus to a much greater extent than they inhibit the production of 
virions, i.e., virions with greatly reduced specific infectivity are made in 
the presence of the drugs (Courtney et al., 1973; Pizer et al., 1980; Katz 
et a1., 1980; Peake et a1., 1982; Svennerholm et a1., 1982; Spivack et a1., 
1982; Kousoulas et al., 1983). Studies done with tunicamycin-modified 
and deoxyglucose-modified virions indicate that their capacity to adsorb 
to cells is much less affected than is their capacity to penetrate into cells 
(Svennerholm et a1., 1982; Spivack et a1., 1982). All these results indicate 
that addition of normal high-mannose N-linked oligo saccharides is a min
imal requirement for infectivity. Tunicamycin blocks the addition of the 
N-linked oligosaccharides whereas deoxyglucose not only blocks the ad
dition of, but also alters the structure of, the core N-linked chains. 

In contrast, conditions that block later stages in processing of the 
HSV glycoproteins have very little adverse effect on the infectivity of the 
virions produced. Specifically, monensin inhibits the processing of high
mannose N-linked oligosaccharides to the complex type (Wenske et a1., 
1982) and the addition of O-linked oligo saccharides (Johnson and Spear, 
1983) without significantly reducing the specific infectivity of the virions 
produced (Johnson and Spear, 1982). Similarly, in mutant cell lines de
ficient for specific glycosyltransferases, infectious virus containing im
mature forms of the glycoproteins is produced (Campadelli-Fiume et al., 
1982; Serafini-Cessi et a1., 1983b). Finally, infectious virus produced in 
the presence of ammonium ions contains glycoproteins that, on the basis 
of electrophoretic mobilities, appear to be immature (Kousoulas et al., 
1983). 

In the studies done with monensin, it was shown that the block in 
maturation of virion glycoproteins was associated with a block in trans
port of virus to the cell surface (Johnson and Spear, 1982). Egress of virus 
appeared to be impaired also in the mutant cell lines mentioned above 
(Serafini-Cessi et a1., 1983b). It would be interesting to know whether 
the same applies to virus produced in the presence of ammonium ions. 
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3. Adsorption 

The viral structure (antireceptor) responsible for the adsorption of 
virions to receptors on cell surfaces has not yet been identified or char
acterized with respect to composition. Findings that gC-1 - (Heine et al., 
1974; Manservigi et al., 1977) and gC-2 - (Zezulak and Spear, 1984b) mu
tants are viable suggest, however, that this glycoprotein is not an essential 
component of the antireceptor. 

Results of recent studies suggest an approach to identifying viral gene 
products that influence the specificity of the antireceptor. It seems that 
HSV-1 and HSV-2 bind to different receptors on cell surfaces, based on 
findings that the ratio of receptors for HSV-1 and HSV-2 differs for dif
ferent cell types (Vahlne et al., 1978, 1979,.1980) and that virions or viral 
products of one serotype can block the binding of homologous, but not 
of heterologous, virus (Vahlne et al., 1979, 1980). This offers the possi
bility of mapping viral genes responsible for the intertypic difference in 
binding properties. 

Additional approaches that could and should be exploited for char
acterization of the HSV-1 and HSV-2 antireceptors for cell surfaces in
clude production and characterization of monoclonal antibodies that can 
block viral adsorption, isolation and characterization of viral mutants 
defective in adsorption, and purification and characterization of isolated 
viral products with the appropriate binding characteristics. 

4. Penetration 

a. Mode and Site of Penetration 

It is generally accepted that penetration of enveloped viruses (or, 
more precisely, their nucleocapsids) into eukaryotic cells results from 
fusion between the virion envelope and a cell membrane. It seems that 
enveloped viruses fall into two classes depending upon whether this fu
sion can occur at the cell surface or only after endocytosis of the virion 
(reviewed by Lenard and Miller, 1983). Evidence has been presented for 
several viruses (including vesicular stomatitis virus, Semliki Forest virus, 
and influenza virus) that fusion occurs after endocytosis; activation of 
fusogenic activity to enable penetration apparently requires the low pH 
characteristic of endosomes and lysosomes and this activation can be 
blocked by agents (such as chloroquine and ammonium ions) that raise 
lysosomal pH (Helenius et al., 1980; White et al., 1980; Matlin et al., 
1981, 1982; Yoshimura et al., 1982). Specific proteolytic cleavage of par
ticular viral envelope glycoproteins may also be a requirement for acti
vation of fusogenic activity (Homma and Ohuchi, 1973; Scheid and Chop
pin, 1974; Lazarowitz and Chopp in, 1975; Klenk et al., 1975). 

For HSV, although there are no indications that activation of fuso
genic activity requires cleavage of any viral glycoprotein, this possibility 
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has not been rigorously ruled out. The requirement of endocytosis and 
low pH for penetration appears not to apply to HSV, just as it apparently 
does not apply to paramyxoviruses (Nagai et al., 1983), because ammo
nium ions do not block the infectivity of HSV (Holland and Person, 1977). 

Although electron microscopy (Morgan et al., 1968) and biochemical 
experiments (Sarmiento et al., 1979; DeLuca et al., 1981) suggest that 
infectious penetration of HSV may occur by fusion at the cell surface, 
this has yet to be definitively established. Evidence that HSV virion en
velope components (Fc receptors) can be detected in the cell surface mem
brane immediately after viral penetration, and in the absence of viral gene 
expression, has been presented (Para et al., 1980). The possibility exists, 
however, that these viral envelope components came to be in the cell 
surface because of recycling of membrane from endocytotic vesicles 
(Goldstein et al., 1979). Additional experiments of the kind described 
previously (Para et al., 1980), using inhibitors of membrane recycling 
(Basu et al., 1981), may help to resolve the issue. 

b. Envelope Components Required for Penetration 

Evidence that gB plays a role in penetration has come from the study 
of ts HSV-1 mutants (tsBS and tsJl2) that are blocked in the processing 
of gB-1 precursors to mature forms at nonpermissive temperature (Sar
miento et al., 1979; Little et al., 1981). These two mutants belong to the 
same complementation group (Schaffer et al., 1978) and early mapping 
studies suggested that their ts lesions might be in the structural gene for 
gB-1 (Ruyechan et al., 1979; Little et al., 1981), a suspicion recently con
firmed by precise mapping of the mutations and the gB-1 gene (DeLuca 
et al., 1982; Holland et al., 1983b; Kousoulas et al., 1984) and by direct 
nucleotide sequence comparisons of the wild-type and mutant genes (Bzik 
et al., 1984). 

The block in replication of these mutants is late in the infectious 
cycle because viral DNA, most or all viral proteins except mature gB-1, 
and even virions are produced at nonpermissive temperature. The virions 
produced are noninfectious, however. Because these noninfectious vi
rions can bind to cells and the block to their infectivity can be overcome 
by treating the virus-cell complexes with polyethylene glycol (a mem
brane-fusing agent), it has been suggested that the defect in these mutants 
is in membrane-fusing activity required for viral penetration (Sarmiento 
et al., 1979; Little et al., 1981). Hence, gB-1 is implicated in this mem
brane-fusing activity and in penetration. An additional observation in 
support of this proposed role for gB-1 is association of the tsBS ts lesion 
with temperature-sensitivity of HSV-induced cell fusion (see below). 
Whether penetration also requires the presence and activity of other en
velope proteins remains to be determined. 
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5. A Cell Line Resistant to Penetration by Some HSV Strains 

The Rous sarcoma virus-transformed cell line XC is one of the few 
cell lines known to be nonpermissive for HSV replication. Contradictory 
reports have appeared in the literature as to the nature of the block to 
replication. In some studies, evidence was presented that penetration did 
not occur (Docherty et al., 1973; Campbell et al., 1974), whereas in others 
it was shown that viral genes were transcribed and expressed (Garfinkle 
and McAuslan, 1973, 1974; Padgett et al., 1978). Becker et aI. (1974) re
lated the expression of HSV genes (e.g., penetration) to the cell line used 
to produce the infecting virus. 

Recently, Epstein and Jacquemont (1983) have presented evidence 
that the stage at which replication is blocked in XC cells depends on the 
strain of HSV used. Virions of some HSV-1 strains can initiate infection 
and induce the expression of viral proteins whereas, for other HSV-1 
strains, entry of virus appears to be blocked at the stage of penetration 
and the block can be bypassed by use of polyethylene glycol (Epstein et 
al., 1983). This finding could account for the discrepancies in results 
reported earlier and, in addition, offers the possibility of identifying the 
HSV gene or genes responsible for determining whether penetration of 
XC cells can occur. These authors have concluded, on the basis of pre
liminary mapping data, that a locus affecting penetration may map be
tween coordinates 0.70 and 0.83 on the HSV-1 genome and that reduced 
levels of gC-1, relative to gB-1, may be associated with enhanced ability 
to penetrate XC cells (Epstein et al., 1984). 

B. Envelopment of Virions and Their Egress from Infected Cells 

It seems reasonable to propose that at least some domains of some 
of the HSV glycoproteins are essential to the envelopment process, as
suming that budding and envelopment are mediated at least in part by 
interactions between domains of the glycoproteins that extend into the 
nucleoplasm and domains of tegument or nucleocapsid proteins. Al
though no evidence has been obtained that any particular glycoprotein 
is essential to the envelopment process, the kinds of mutants required 
to test this possibility are not yet available for most of the glycoproteins. 
For example, although tsB5 virions produced at nonpermissive temper
ature are deficient in mature forms of gB, they appear to contain immature 
or aberrant forms of gB-1 (Sarmiento et al., 1979). Therefore, a role for at 
least some form of gB-1 in envelopment cannot be ruled out. 

There are viral mutants that may perhaps rule out a requirement for 
gC-1 in the envelopment process. Syncytial strains such as HSV-1(MP) 
are viable despite the apparent inability to produce gC-1 (Manservigi et 
al., 1977) and absence of gC-1 from virions (Heine et aI., 1974); it remains 
to be determined, however, precisely what genetic defect accounts for 
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the gC - phenotype and whether any heretofore unrecognizable form of 
gC-1 is actually produced. Other viable mutants altered in gC-l expres
sion have recently been isolated by selection with neutralizing anti-gC 
monoclonal antibodies (Holland et al., 1983a, 1984). Some of these mu
tants secrete truncated forms of gC-1 suggesting that the mutant proteins 
may lack membrane anchor sequences (and thus would not be stably 
incorporated into membranes or virions) while retaining a signal sequence 
to permit secretion; alternatively, the mutant proteins could have a mem
brane anchoring domain but be abnormally sensitive to proteolytic cleav
age that results in secretion of a gC-1 fragment (Holland et al., 1984). 
Additional characterization of the mutants is necessary to clarify the 
issue and to determine whether they can rule out a requirement for gC-
1 in envelopment. 

Once envelopment occurs at the inner nuclear membrane, the virion 
must be transported from the perinuclear space to the outside of the cell. 
It has been proposed on the basis of electron microscopic studies that 
egress of virus is via a process of "reverse phagocytosis" (Morgan et al., 
1959) or via a network of tubules thought to be formed in infected cells, 
but not in uninfected cells, to connect the perinuclear region with the 
extracellular space (Schwartz and Roizman, 1969). Alternatively, on the 
basis of electron microscopic studies with another herpesvirus, it has been 
proposed that egress is a process involving fusion of perinuclear virus 
with the outer lamella of the nuclear envelope and reenvelopment of the 
resulting cytoplasmic nucleocapsid at a cytoplasmic membrane (Stack
pole, 1969). Electron micrographs have been presented as evidence that 
envelopment of HSV nucleocapsids can occur at cytoplasmic membranes 
(Epstein, 1962; Siminoff and Menefee, 1966). 

I favor a specific version of the "reverse phagocytosis" hypothesis 
mentioned above, namely that envelopment occurs once at the inner 
nuclear membrane and egress of virions is via cisternae of the RER, the 
Golgi apparatus, and transport vesicles operating between RER and Golgi 
and Golgi "and cell surface. In the first place, the sequential double en
velopment scheme seems clumsy and requires that cytoplasmic nucleo
capsids of progeny virus be treated and processed differently from cyto
plasmic nucleocapsids of parental virus (which must be disassembled to 
enable gene expression). Moreover, the electron micrographs that were 
interpreted as showing envelopment at cytoplasmic membranes could 
instead be showing deenvelopment concomitant with superinfection. 
Second, experiments have shown that monensin, which is known to 
block the transport of material from the Golgi apparatus to the cell surface 
(Tartakoff and Vassalli, 1977, 1978; Uchida et al., 1979), also blocks the 
transport of HSV virions to the cell surface and causes the accumulation 
of infectious virions in abnormally large cytoplasmic vacuoles (Johnson 
and Spear, 1982). Unless there are transport pathways that bypass the 
Golgi apparatus and are also blocked by monensin (which are conceivable, 
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but not known to exist), these results suggest that egress of HSV is ob
ligatorily via the Golgi apparatus. 

Whatever the actual details of the transport mechanism governing 
egress of virions, it seems possible that specific interactions of virion 
envelope constituents with other structures are important to this process. 
For example, directionality of egress may be influenced by interactions 
between molecules in the virion surface and in membranes (cisternal face) 
of the RER, Golgi apparatus, or transport vesicles. Perhaps unidirection
ality of transport is in part ensured by changes, occurring during transport, 
in the structures of the viral glycoproteins resulting from addition, trim
ming, and extension of oligosaccharides as described above. 

Finally, it seems likely that some sort of mechanism exists to reduce 
the probability that progeny virions will fuse with membranes of the 
infected cell during or after egress. Such a mechanism is postulated to 
account for the fact that infectious HSV does accumulate in infected cells 
and on the surfaces of infected cells, despite intimate contact with cell 
membranes, instead of being eclipsed by penetration into the cytoplasm. 
One could postulate that infectivity of the virion is latent or blocked 
until the virion is released from the cell or, alternatively, that membranes 
of the infected cell are modified to reduce the probability of penetration 
by infectious virus. It is also possible that, even in the uninfected cell, 
membranes bounding different compartments of the cell may differ in 
their capacity to fuse with virus. 

One HSV-1 mutant has been isolated that may exhibit a defect either 
in egress from infected cells or in the mechanism postulated to block 
eclipse of progeny virus. This mutant, designated HSV-1(mP)50B, was 
recognized by its decreased rate of plaque development at low tempera
ture (31°C) when compared with the parental strain; accumulation of 
intracellular infectious virus seems normal although abnormally high 
numbers of empty coreless capsids were detected at nuclear pores late in 
infection (Tognon et a1., 1981). Mapping studies indicate that the mu
tation is in the S component of the genome (Tognon et a1., 1981), possibly 
in the gene for gE (Para et a1., 1982b). More work is required to define 
the nature of this mutation and its consequences. 

C. Expression of Receptors for the Fc Region of IgG and for the 
C3b Component of Complement 

Cells infected with HSV express new receptors, one kind of which 
has affinity for the Fc region of IgG and another for the activated third 
component of complement. Evidence summarized below indicates that 
these receptors are viral glycoproteins or, more precisely, that specific 
viral glycoproteins form at least part of each receptor. The physiological 
significance of these receptors for HSV replication and for HSV patho
genesis is not understood nor is it known whether the ligands used to 
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detect the receptors (IgG, C3b) are actually the physiologically important 
ligands. 

It is particularly intriguing, of course, that receptor activities often 
found together on certain cells of the lymphoreticular system can be 
detected on the surfaces of many cell types infected by HSV [Fc receptors 
are also induced by infections with cytomegalovirus (Keller et al., 1976; 
Rahman et al., 1976; Westmoreland et al., 1976) and with varicella-zoster 
virus (Ogata and Shigeta, 1979)1. It has been speculated that such receptors 
may interfere with or modulate immune responses to HSV-infected cells 
(Costa and Rabson, 1976; Lehner et al., 1975; Adler et al., 1978) or that 
binding of appropriate ligands to the receptors might influence what hap
pens inside the infected cell (Westmoreland and Watkins 1974; Lehner 
et al., 1975; Costa et al., 1977). Although experiments have shown that 
aggregated nonimmune IgG can interfere with immune cytolysis in vitro 
(Adler et al., 1978), it remains to be seen whether such phenomena are 
demonstrable or important in vivo. And although it was reported that 
high concentrations of nonimmune IgG can reduce the yields of infec
tious HSV produced in cell culture (Costa et al., 1977), the effect was not 
large and it remains to be determined that this effect was actually due 
to binding of IgG to the Fc receptors. 

1. Fc Receptor 

The first indication of HSV-induced expression of Fc receptors came 
from findings that antibody-sensitized erythrocytes, but not uncoated 
erythrocytes, could bind to HSV-infected cells (Watkins, 1964). Subse
quently, it was shown that many cell types infected with either HSV-l 
or HSV-2 bound to IgG from a variety of species and that the binding was 
to Fc regions of IgG (Yasuda and Milgrom, 1968; Westmoreland and Wat
kins, 1974; Feorino et al., 1977; Costa et al., 1978; McTaggart et al., 1978; 
Nakamura et al., 1978; Bourkas and Menezes, 1979; Cines et al., 1982). 
It can be inferred that the receptor recognizes some feature shared in 
common by IgGs from different mammalian species but little else can 
be said about the nature of the chemical group bound, nor is it known 
whether the receptor discriminates among subclasses of IgG. Fc receptors 
are expressed on the surfaces of virions (Para et al., 1980) as well as on 
the surfaces of infected cells. 

Evidence implicating gE as the Fc receptor came from the demon
stration by affinity chromatography that solubilized gE-l and gE-2 have 
Fc-binding activity (Baucke and Spear, 1979; Para et al., 1982b) and from 
finding that F(ab'h fragments of an anti-gE-l serum could at least partially 
block Fc-binding activity (Para et al., 1982a). As anticipated, gE has been 
shown to be present and exposed on the surfaces both of virions (Para et 
al., 1982a) and of infected cells (Baucke and Spear, 1979). It is not yet 
known whether the Fc-binding activity or any other activity of gE is 
essential for HSV replication. 
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2. C3b Receptor 

It was recently shown that endothelial cells infected with HSV-l 
develop receptors for the C3b component of complement as well as Fc 
receptors (Cines et a1., 1982; Friedman et a1., 1984). The presence of the 
C3b receptors was demonstrated by the binding of complement-coated 
bacteria or by quantitating the binding of IgM-sensitized erythrocytes to 
which purified components of complement had been added. Evidence that 
gC-l forms part of, or is, the C3b receptor comes from findings that a 
gC- viral mutant is also C3b receptor-negative and that monoclonal an
tibodies specific for gC-l, but not for other viral glycoproteins, block C3b
binding activity (Friedman et a1., 1984). Viability of the gC -, C3b recep
tor-negative mutant indicates that this receptor activity is not essential 
for HSV -1 replication in cell culture. 

In light of differences observed between gC-l and gC-2, as described 
above, it is of interest that C3b receptors could not be detected on en
dothelial cells infected with HSV-2 (Friedman et a1., 1984). Although the 
study of HSV -1 C3 b receptors has so far been restricted to infected en
dothelial cells, it seems likely that these receptors will also be detected 
on other infected cell types. 

An observation made several years ago should be mentioned in con
nection with the results described above. It was found that Raji lym
phoblastoid cells coated with purified human C3 could bind to HSV-l
infected cells, but not to uninfected cells, and that this binding was in
hibited by the protease inhibitor TLCK (Dierich et a1., 1979). The authors 
proposed that a protease activity on the surfaces of HSV-l-infected cells 
converted the Raji cell-bound C3 to a form that in turn could bind also 
to the infected cell. The question arises as to whether C3 activation 
(cleavage) as well as the binding of activated C3 can be attributed spe
cifically to HSV-l-infected cells. 

D. Cell Fusion 

Most, if not all, enveloped viruses can induce the fusion of infected 
cells under appropriate conditions. Probably this is a consequence of the 
following circumstances-namely that (1) capacity of an enveloped virus 
to induce membrane fusion is essential for infectivity; (2) fusogenic ac
tivity is associated with the presence of specific glycoproteins in the vi
rion envelope; and (3) these glycoproteins may also be found in the in
fected cell surface. 

Presence of the appropriate viral glycoproteins in the cell surface may 
not be sufficient to induce cell fusion, however, for a variety of reasons. 
For example, fusogenic activity of some viruses is apparently activated 
only at low pH so that fusion of infected cells requires exposure to low 
pH (White et a1., 1981). In addition, density, conformation, and activities 
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of viral glycoproteins in the cell surface and in virions are unlikely to be 
identical; the possibility exists, as has been suggested previously (Man
servigi et al., 1977; Ruyechan et al., 1979), that interactions of viral gly
coproteins with other virion constituents or virion products may govern 
the induction of fusogenic activity. 

Clinical isolates of HSV usually do not exhibit the capacity to fuse 
cultured cells although isolation of fusion-inducing strains from patients 
has occasionally been reported (Terni and Roizman, 1970). Fusion-in
ducing variants of HSV can readily be identified and isolated during prop
agation of virus in vitro (reviewed by Roizman, 1962; Spear, 1980). Studies 
to be described below document the occurrence of nonlethal mutations 
in HSV that result in capacity of the mutant to induce cell fusion. The 
phenotype resulting from such mutations is designated Syn whereas Syn + 
denotes the wild-type nonfusing phenotype. Expression of the mutant 
phenotype can be cell-dependent, i.e., some mutants are Syn on one cell 
type and Syn + on another. Syn mutations are termed nonlethal because 
they permit replication and propagation of virus in cell culture and in 
experimental animals; such mutations could very well be "lethal" for 
survival of virus in the human population, however. 

Evidence that mutations in one or more of several different HSV 
genes can result in expression of the Syn phenotype emerged from map
ping studies to be described below and from the results of complemen
tation tests (Little and Schaffer, 1981). Syn+ revertants or pseudorever
tants can also be isolated from Syn mutants. It has been shown that 16 
Syn + variants isolated from one Syn mutant could be classified into four 
complementation groups (Yamamoto and Kabuta, 1977). 

For HSV, definition of the factors that govern fusogenic activity, both 
in the virion and in the infected cell surface, requires study of the products 
altered by the mutations described above as well as other kinds of ex
periments designed to assess activities of the viral glycoproteins. 

1. Syn Mutations 

Table I summarizes available information about the genomic loca
tions of selected HSV-1 Syn mutations that have been mapped. In only 
one instance has the mutated gene product been identified. The Syn mu
tation and ts mutation of HSV-1(HFEM)tsBS are distinct and segregable 
from each other (Honess et al., 1980; DeLuca et ai., 1982; Kousoulas et 
al., 1984) but both are in the gene for gB. Specifically, the Syn mutation 
appears to be very near the COOH-terminus, possibly in the domain of 
the polypeptide that may extend into the cytoplasm (compare the map
ping data oflDeLuca et al. (1982) and Kousoulas et al. (1984) with the 
nucleotide sequence analysis presented by Bzik et ai. (1984), Fig. 2). Con
sequently, the mutation could be expected to affect the interactions of 
gB with components on the inner aspect of the plasma membrane (and 
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TABLE 1. Map Coordinates of Selected Syn Mutations in HSV-l 

Mutant 
name 

HFEM-tsB5 

MP 

KOS-78R 

KOS-804 

17-TK1301} 
17-TK1302 
17-TK1303 

Locus 
namea 

syn3 

synl 

syn2 

Q See Ruyechan et al. (1979). 

Map coordinates 
of Syn mutation 

0.30-0.40 
0.345-0.355 
0.345-0.350 

0.68-0.82 
0.735-0.740 

0.68-0.82 

0.724-0.747 

0.040-0.064 

Deletions at 
=0.30 in the 
TK gene 

Reference 

Ruyechan et a1. (1979) 
DeLuca et a1. (1982) 
Kousoulas et a1. (1984) 

Ruyechan et a1. (1979) 
Pogue-Geile et a1. (1984), 

Bond and Person (1984) 
Ruyechan et a1. (1979) 

Little and Schaffer (1981) 

Little and Schaffer (1981) 

Sanders et a1. (1982) 

virion envelope). As discussed above and below, gB appears to playa role 
both in viral penetration and in cell fusion. 

Mutations in at least three other regions of the genome can result 
in the Syn phenotype (Table I). Although the relevant mutated gene prod
ucts have not yet been identified, a comparison of Table I and Fig. 1 reveals 
that none of these other Syn mutations are in genes encoding known 
glycoproteins. 

Ruyechan et a1. (1979) showed that the Syn phenotype of strain HSV-
1(MP) results from at least two segregable mutations. Recombinants ob
tained after the transfer of DNA fragments from HSV-1 (MP) to a Syn + 

strain fell into two classes: members of one class could fuse Vero cells, 
but not HEp-2 cells, whereas members of the other class resembled HSV-
1(MP) in ability to fuse many cell types. The mutated locus responsible 
for the Syn phenotype on Vero cells was designated synl and the second 
mutated locus that, alone or in combination with mutated synl, was 
responsible for the Syn phenotype on HEp-2 cells was designated syn2. 
Both the synl and syn2loci were originally mapped on the HSV-1 genome 
to the region from 0.68 to 0.82 MU (Ruyechan et a1., 1979). Recently, the 
mutation defining the synl locus was more precisely mapped to the re
gion from 0.735 to 0.740 MU (Bond and Person, 1984; Pogue-Geile et a1., 
1984). Evidence was presented that a second mutation, which lies outside 
the region between 0.702 and 0.752 MU, does not, by itself, cause the 
Syn phenotype, but that when present with the synl mutation, causes 
the Syn2 phenotype (Pogue-Geile et a1., 1984). 

Genetic evidence that the Syn phenotype of another mutant also 
results from the presence of at least two segregable mutations has been 
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published (Yamamoto et al., 1972, 1975 j Yamamoto and Kabuta, 1976). 
These mutations have apparently not been mapped. 

Strain HSV-1 (MP) is gC- (Heine et al., 1974 j Manservigi et al., 1977) 
as well as Syn (Hoggan and Roizman, 1959). Other Syn mutants are also 
gC- (Cassai et al., 1975176). These observations led to the suggestion 
that absence of gC-1 expression might be at least in part responsible for 
the Syn phenotype (Manservigi et al., 1977). This turns out not to be 
correct for HSV-1(MP). Insertion of a functional gC-1 gene into the TK 
gene of HSV-1(MP) resulted in expression of gC-1 without change in the 
Syn phenotype (Lee et al., 1982b). There does seem to be some as yet 
unexplained relationship between expression of the gC - and Syn pheno
types, however. In addition to the gC- Syn mutants of HSV-1, a Syn 
mutant of HSV-2 was recently shown to be gC (Zezulak and Spear, 
1984b). Moreover, the syn2 locus of HSV-l(MP) and a mutation respon
sible for the gC - phenotype segregated together in recombinants obtained 
by marker transfer (Ruyechan et al., 1979) and by mixed infection (Man
servigi et al., 1977). A mutation responsible for the gC- phenotype of 
HSV-1(MP) has been mapped to the vicinity of the gC-1 structural gene 
(Pogue-Geile et al., 1984) whereas the syn2 locus has not yet been pre
cisely mapped. 

Puzzling results have been obtained in characterization of the mutant 
HSV-1(KOS)78R (Little and Schaffer, 1981). The Syn mutation in this 
strain maps to the same region of the genome as does the synl locus 
mutated in HSV-1(MP) (Table I). Moreover, HSV-1(KOS)78R fuses Vero 
cells, but not HEp-2 cells, as do recombinant viruses carrying only the 
mutated synllocus of HSV-1(MP). The results of complementation stud
ies, however, suggest that HSV-1(KOS) 78R arid HSV-1(MP) are mutated 
in different Syn loci. It will be of interest to define the precise relationship 
among the Syn mutations in these two strains. Another interesting fea
ture of HSV-1(KOS)78R is the temperature-sensitivity of its Syn pheno
type (Syn at 39°C, Syn + at 34°C). No other Syn mutant described is of 
this kind. 

Another mutant, also isolated and characterized by Little and Schaf
fer (1981), fuses Vero cells (and other cell types), but not HEp-2 cells. The 
Syn mutation in this strain has been mapped to the region of the genome 
from 0.040 to 0.064 MU. 

Finally, it has been shown that deletions in the TK gene can result 
in expression of the Syn phenotype. Some of these mutants fail to produce 
polypeptides of 43K and 19K but it is not known whether one of these 
deficiencies or some other undetected defect is responsible for the Syn 
phenotype (Sanders et al., 1982). 

2. Roles of the Viral Glycoproteins 

The first indications that glycoproteins play some role in HSV-in
duced cell fusion emerged from studies done with inhibitors of glyco
sylation (Gallaher et al., 1973 j Keller, 1976 j Knowles and Person, 1976 j 
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Holland and Person, 1977j Kousoulas et al., 1978 j Campadelli-Fiume et 
al., 1980). Any inhibitor that blocks the synthesis or processing of gly
coproteins after infection also blocks fusion induced by the appropriate 
Syn mutants of HSV. Fusion is also not observed when Syn mutants are 
used! to infect mutant cell lines defective in glycosyltransferases (Cam
padelli-Fiume et al., 1982j Serafini-Cessi et al., 1983b) or when the in
fected cells (mutant or wild-type cells) are repeatedly exposed to neura
minidase after infection (Serafini-Cessi et al., 1983b). All these 
observations indicate that normal glycosylation, and perhaps sialylation, 
of either cellular or viral products are required after infection in order for 
virus-induced cell fusion to occur. 

On the assumption that viral glycoproteins in the cell surface are at 
least in part responsible for the induction of cell fusion, the absence of 
fusion under the conditions mentioned above could result from failure 
of the appropriate glycoproteins to reach the cell surface, from alterations 
in the structure and function of glycoproteins present in the cell surface, 
or from direct inhibitory effects of the drugs used on the process of cell 
fusion itself. In most instances, experiments that could differentiate 
among these alternatives have apparently not been done. In the case of 
ammonium chloride-mediated inhibition of cell fusion (Holland and Per
son, 1977), however, it was reported that immature forms of the HSV 
glycoproteins were made and transported to the cell surface and that these 
forms of the glycoproteins could induce cell fusion once the ammonium 
chloride was removed (Kousoulas et al., 1982). 

Two specific HSV-l glycoproteins, gB-l and gD-l, have been impli
cated in the process of cell fusion, on the basis of studies done with 
mutants and with monoclonal antibodies. It has been shown for the mu
tant HSV-l(HFEM)tsBS, and for recombinants carrying the ts lesion of 
this mutant, that temperature-sensitivity of gB-l processing and accu
mulation correlates with temperature-sensitivity of cell fusion (Manser
vigi et al., 1977j Haffey and Spear, 1980). This correlation also holds for 
partial phenotypic revertants of HSV-l(HFEM)tsBS (Haffey and Spear, 
1980). For all these strains of virus that are ts for cell fusion, the gB-l 
gene probably has a Syn mutation as well as the ts lesion, as discussed 
above. Although it is important to determine whether temperature-sen
sitivity of cell fusion would be observed when the ts lesion is in gB-l and 
the Syn mutation is in a gene other than gB-l, the results obtained to 
date suggest that gB-l is essential for cell fusion as well as for viral pen
etration. 

Findings implicating gD-l in cell fusion have come from the use of 
monoclonal antibodies (Noble et al., 1983). All 7 anti-gD antibodies tested 
inhibited the fusion of Vero cells induced by a Syn mutant of HSV-l 
(HFEM) whereas negative results (inability to block cell fusion) were ob
tained with 12 anti-gB, 8 anti-gC, and 2 anti-gE antibodies. The negative 
results obtained with anti-gB antibodies are of interest in light of the 
studies mentioned above. It was demonstrated that failure of the anti-gB 
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antibodies to block cell fusion was not due to their failure to bind to the 
surfaces of infected cells. Any hypothesis as to the role of gB in cell fusion 
must take into account the fact that at least some anti-gB monoclonal 
antibodies do not interfere with fusion-inducing activity at the cell sur
face whereas all anti-gD antibodies so far tested do. The precise roles of 
gB-1 and gD-1 is HSV-induced cell fusion cannot be deduced from the 
results of studies done to date. 

E. Functional Relatedness of the HSV-I and HSV-2 
Gl ycoproteins 

The HSV-1 and HSV-2 glycoproteins assigned the same alphabetic 
designations are antigenically related (reviewed by Spear, 1984) and are 
generally assumed to be functionally related, also. This assumption is 
supported by evidence in only a few instances. 

For example, gE-1 and gE-2 are both highly sulfated (Hope et al., 1982; 
Hope and Marsden, 1983) and have independently been shown to exhibit 
Fc-binding activity (Baucke and Spear, 1979; Para et ai., 1982b). As dis
cussed above, gC-1 and gC-2 appear to differ from each other in size and 
antigenic structure more than do most of the other related HSV-1 and 
HSV-2 glycoproteins. There may also be some functional differences be
tween gC-1 and gC-2 although this has not yet been established. C3b 
receptor activity has been associated with gC-1 (Friedman et al., 1984) 
whereas no such receptor activity has yet been detected on cells infected 
with HSV-2. A point of similarity between gC-1 and gC-2 is nonlethality 
in cell culture of gC-1 - and gC-2 - mutations (Heine et al., 1974; Man
servigi et al., 1977; Cassai et al., 1975176; Zezulak and Spear, 1984b). 

Although evidence has been obtained that gB-1 plays some role both 
in viral penetration and in HSV-1-induced cell fusion (Manservigi et al., 
1977; Sarmiento et al., 1979; Haffey and Spear, 1980; Little et ai., 1981) 
and that gD-1 is involved in cell fusion (Noble et al., 1983L no such 
evidence has been obtained independently for gB-2 and gD-2, respectively. 
No activities or functions have yet been assigned to gG-2 nor has an HSV-
1 counterpart yet been identified. 

It is evident that much remains to be learned about the functions of 
the HSV glycoproteins and perhaps equally evident that the methods and 
materials are available to permit significant progress in the near future. 

V. APPENDIX 

Over the past several years a consensus has emerged among workers 
in the field about development and use of a nomenclature for HSV-1 and 
HSV-2 glycoproteins. The principles governing this nomenclature were 
previously summarized in a published report of workshop discussions 
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TABLE ll. Nomenclature for Glycoproteins of Herpes Simplex Viruses 

l. All forms of a single translation product should be assigned the same alphabetic desig
nation, preceded by the small letter "g," and will be collectively known as gB, or gC, 
etc: 

2. It may be necessary to identify and name each of the multiple forms of a single translation 
product, as follows: 
a. Unstable precursor forms should be assigned the prefix "p" Ie. g., pgC), and multiple 

unstable forms can be differentiated by adding the apparent molecular weight I x 10- 3 ) 

in parentheses [e.g., pgCl1201l. 
b. Multiple stable forms of a glycoprotein can also be differentiated by adding the ap-

parent molecular weight I x 10- 3 ) in parentheses [e.g., gCl12511. 
The apparent molecular weight designations are not intended to be permanent and in
variant features of the name because the values assigned will vary from system to system 
and from lab to lab. 

3. Alphabetic designations assigned to HSV-1 glycoproteins prior to March 1980 19B, gC, 
gD, gEl should be retained lexcept gA, which is a form of gB). 

4. Any newly discovered HSV-1 or HSV-2 glycoproteins should be assigned the next al
phabetic designation in sequence lexcluding gA and gFJ, provided the new glycoprotein 
is shown to be encoded by a genetic locus different from those encoding all previously 
named HSV-1 and HSV-2 glycoproteins. 

5. The suffix 1 or 2 can be used to distinguish between the HSV-1 and HSV-2 glycoproteins, 
as follows: gC-1 and gC-2. 

(Cohen et a1., 1981). Recent findings have made it clear, however, that, 
in two instances, names in current usage do not conform to two of the 
principles of the adopted nomenclature-namely that all forms of a single 
glycoprotein translation product have the same alphabetic designation 
and that the same alphabetic designation be used for functionally or an
tigenically related glycoproteins specified by HSV-1 and HSV-2. Specif
ically, the HSV-1 glycoprotein originally designated gA (Spear, 1976) is 
now known to be one of the multiple electrophoretically differentiable 
forms of gB (Eberle and Courtney, 1980bj Pereira et a1., 1981 j Balachan
dran et a1., 1982). Also, the HSV-2 glycoprotein designated gF (Balachan
dran et a1., 1981) is now known to be the antigenic ally and genetically 
related counterpart of HSV-1 gC (Para et a1., 1983 j Zweig et a1., 1983 j 

Zezulak and Spear, 1983, 1984b). 
At a recent International Herpesvirus Workshop (held from July 31 

to August 5, 1983, in Oxford, England), a group of interested participants 
discussed these matters relating to nomenclature of HSV glycoproteins. 
There was general agreement that the principles previously agreed upon 
for nomenclature continue to have utility and value and that it would 
be worthwhile to modify current usage of names in order to achieve con
formance to the original scheme. 

Table II presents a reiteration of the agreed-upon scheme for no
menclature of HSV glycoproteins, modified slightly in form, but not in 
intent, from the original version (Cohen et a1., 1981) in accordance with 
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recent developments. What follows are the specific recommendations 
made for changes in current usage of names: 

• Use of the designation gA for any form of gB should be discontin
ued. 

• The HSV-2 glycoprotein designated gF should be renamed gC (gC-
2). 

• The HSV-2 glycoprotein previously designated gC (Ruyechan et al., 
1979), but now thought to be unrelated to HSV-l gC, should be 
renamed. 

• The designations gA and gF should not be used again for naming 
HSV glycoproteins, in order to minimize confusion with earlier 
usage. 
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CHAPTER 8 

Processing of the 
Oligosaccharide Chains of 
Herpes Simplex Virus Type 1 
GI ycoproteins 
GABRIELLA CAMPADELLI-FlUME 
AND FRANCA SERAFINI-CESSI 

I. INTRODUCTION 

The presence of oligosaccharide chains (glycans) with specific structures 
appears to be required for the expression of several functions associated 
with herpes simplex virus type 1 (HSV-l) glycoproteins. Among these 
functions are infectious virus yield, virion infectivity, virion egress, and 
virus-induced cell fusion. This chapter focuses on the processing of gly
cans of the glycoproteins specified by HSV-l, on the correlations that 
have been established between glycan structure and expression of viral 
functions, and on the available evidence that HSV-l proteins are glyco
sylated mainly by enzymes of cellular origin. A detailed description of 
the HSV genes specifying HSV glycoproteins and characterization of the 
structure and function of HSV glycoproteins are given by Spear (Chapter 
7, this volume). 

Unlike most viruses, which encode one or two glycoproteins (e.g., 
vesicular stomatitis virus, Sindbis virus, influenza virus, and retrovi
rusesL HSV-l codes for four major and an as yet undetermined number 
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of minor glycoprotein species. Most of the studies reported to date on 
oligosaccharide chains of herpesvirus glycoproteins have dealt mainly 
with infected cell lysates containing all of the species of HSV glycopro
teins.,Detailed characterizations of the glycan structure of each species 
of herpesvirus glycoprotein and, for each species, of precursors and mature 
forms have not been reported. As this field is relatively new, our knowl
edge is far from being extensive and this report is, in a sense, a review 
of the state of the science in this area. Availability of monoclonal anti
bodies to HSV glycoproteins and the ease of obtaining highly purified 
glycoproteins by affinity chromatography to immobilized antibodies will 
undoubtedly stimulate such studies. 

The focus of much of the research on HSV glycoproteins centers on 
their use as subunit vaccines to prevent HSV-1 and HSV-2 infections. At 
present there is no clear indication as to the extent to which glycans 
contribute to antigenicity of HSV glycoproteins. It has been reported that 
some monoclonal antibodies raised against glycoproteins do not interact 
with the unglycosylated peptides obtained by in vitro mRNA translation 
or with underglycosylated proteins produced in the presence of tunica
mycin. Studies on the carbohydrate moiety of glycoproteins will con
tribute to our understanding of the antigenic specificities of HSV gly
coproteins. 

II. HSV-l GL YCOPROTEINS 

HSV-1 specifies several glycoproteins; these were initially differen
tiated on the basis of apparent molecular weight in SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE) (Spear et a1., 1970; Spear and Roizman, 
1972; Heine et al., 1972, 1974). The current designations of the four major 
species of antigenic ally distinct glycoproteins are gB (or gA/gB), gC, gD, 
and gE (Spear, 1976; Baucke and Spear, 1979). Recently the application 
of two-dimensional gel electrophoresis has revealed another species, 
which has the same apparent molecular weight as gC but does not appear 
to be antigenically related to other known glycoproteins. This species 
has been tentatively designated as gY (Hope and Marsden, 1983). HSV-1-
infected cells and virions contain minor species of glycoproteins, as yet 
not extensively characterized (Spear and Roizman, 1972; Heine et a1., 
1972, 1974; Hope and Marsden, 1983). 

Spear (1976) and Baucke and Spear (1979) showed that each glyco
protein species exhibits at least two forms-the precursors pgC, pgD, and 
pgE, which appear after a short pulse, and the mature forms gC, gD, and 
gE, which appear after a chase and have a higher apparent molecular 
weight than immature forms. A case in point is gA, considered at one 
time to be an independent major species of HSV-1 glycoproteins. Later 
studies showed that gA is a precursor to gB (Eberle and Courtney, 1980) 
and that gA and gB could not be differentiated by a bank of independently 
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derived monoclonal antibodies made in response to infection with HSV-
1 or HSV-2 (Pereira et al., 1981). Consistent with these observations, it 
was reported that gA and gB polypeptides comap within the same re
stricted region of HSV-l DNA (Ruyechan et al., 1979; Pereira et al., 1982). 
At the International Herpesvirus Workshop in Oxford, England, August 
1983, it was agreed that gA would be designated as pgB. 

Table I summarizes some biochemical and biophysical properties of 
HSV-l glycoproteins. It reports the apparent molecular weight in SDS
PAGE of fully mature glycoproteins and of their partially glycosylated 
precursors. Different values for the apparent molecular weights of pre
cursor and mature gC were reported by various authors, which may be 
due to different virus-cell systems used and/or to different conditions 
employed in the electrophoretic analysis. The molecular weight of non
glycosylated forms is also shown (1) as obtained from precursors after 
treatment with endo-J3-N-acetylglucosaminidase H (Endo-H) (see Section 
III.B) (Wenske et al., 1982, (2) as products of in vitro mRNA translation 
(Inglis and Newton, 1982, Lee et al., 1982a,b; Watson et al., 1982; Frink 
et al., 1983), and (3) as predicted from DNA sequence analysis (Watson 
et al., 1982; Frink et al., 1983, Bzik et al., 1984). The latter analysis 
allowed an estimation of the number of potential N-glycosylation sites 
(Table I). Altogether, the data provide strong evidence that differences in 
apparent molecular weight among nonglycosylated forms, immature 
forms, and mature glycoproteins are due mainly to stepwise addition of 
oligosaccharide chains. Table I includes the isoelectric points of precur
sors and mature glycoproteins as determined by isoelectric focusing. The 
lower values displayed by mature forms depend on the addition of sialic 
acid residues (Cohen et al., 1980). HSV-l glycoproteins become labeled 
when the following precursors are used: glucosamine [which is incor
porated as GlcNAc*, as sialic acid (SA) (Honess and Roizman, 1975), and 
as GalNAc (Olofsson et al., 1981aIJ, mannose, galactose (Brennan et al., 
1976), and fucose (Honess and Roizman, 1975; Campadelli-Fiume et al., 
1980). Honess and Roizman (1975) studied the fucose/glucosamine ratio 
in glycopeptides of various size-classes and found it to be higher in higher
molecular-weight glycopeptides, consistent with more recent findings 
that fucose addition is a rather late event in glycan processing. Presence 
of fucose in gC was recently reported by Kumarasamy and Blough (1982). 

Glycoproteins gB, gC, gD, gE, and gY are sulfated. Evidence sug
gesting that inorganic sulfate is attached to N-linked oligosaccharides 
was provided by the observation that sulfate incorporation is decreased 
in the presence of tunicamycin. Sulfation appears to occur late in the 
maturation process (Hope and Marsden, 1983) . 

• Abbreviations: Gal, galactose; GalNAc, N-acetylgalactosamine; Gle, glucose; GleN, gIu
cosamine; GleNAc, N-acetylglucosamine; Fuc, fucose; Man, mannose; SA, sialic acid; 
Asn, aparagine; Ser, serine; Thr, threonine. 
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gE was shown to be the only HSV-1 glycoprotein to incorporate sig
nificant quantities of label from [3H]palmitate and therefore to carry fatty 
acid molecules, whose attachment appears to occur in the Golgi apparatus 
(Johnson and Spear, 1983). 

As would be predicted for components of virion envelopes and of 
plasma membranes, HSV-1 glycoproteins have the characteristics of in
tegral membrane glycoproteins. Nucleotide sequence analyses of gB, gC 
and gO genes indicate the following (Bzick et a1., 1984; Watson et a1., 
1982; Frink et a1., 1983): 

1. The COOH-terminal region is hydrophobic and is followed by a 
strongly basic region; thus, it constitutes a transmembrane se
quence that serves to anchor the glycoprotein in the membrane. 

2. The NHrterminal portion contains hydrophobic or nonpolar 
amino acids and acts as a signal sequence that assists in the co
translational translocation of the polypeptide across the micro
somal membranes; as such, it should be removed during trans
lation (see Sabatini et a1., 1982). 

III. BIOSYNTHESIS AND CHARACTERIZATION OF THE 
OLIGOSACCHARIDE CHAINS OF HSV-l 
GL YCOPROTEINS 

A. General Pathway of Viral Glycoprotein Synthesis 

Pertinent to this chapter is the general pathway of oligosaccharide 
chain addition to proteins, as was inferred from studies on well-known 
viral glycoproteins, such as gG of vesicular stomatitis virus (VSV), gEl 
and gE2 of Sindbis virus, and hemagglutinin and neuraminidase of influ
enza virus (for reviews, see Hubbard and Ivatt, 1981; Berger et a1., 1982). 
Nonglycosylated glycoprotein precursors are synthesized by membrane
bound polyribosomes of the rough endoplasmic reticulum (RER). During 
synthesis they are translocated into the lumen of the RER by the signal 
sequence. Glycosylation includes cotranslational and posttranslational 
events. Asparagine-linked (N-linked) oligosaccharide chains are the most 
frequent glycomoieties in viral glycoproteins. N-linked glycosylation in
itiates by en bloc transfer of glycans with composition Glc3-Man9-
GlcNAc2 from a dolichol phosphate lipid carrier to asparagine residues 
of the nascent polypeptide chains (Li et a1., 1978; Tabas et a1., 1978). The 
recognized sequence in the peptide is Asn-X-ThrISer, where X can be 
almost any other amino acid (Marshall, 1972). After transfer, the oligo
saccharide chains are trimmed by a number of glycosidases (both glu
cosidases and mannosidases) to yield polymannosyl chains referred to as 
high-mannose glycans (Hunt et a1., 1978; Spiro and Spiro, 1982). Trim
ming starts in the RER and is terminated after transport of the glycopro-
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FIGURE L Structure of two N-linked and one O-linked oligosaccharide_Ill High-mannose 
chain and IIII triantennary complex-type chain from VSV gG; IIllI O-linked chain from 
porcine submaxillary mucine_ 

tein to the Golgi apparatus. In some cases, assembly of N-linked glycans 
does not proceed beyond this stage, and glycans with varying numbers 
of mannose residues have been reported to occur in different viral gly
coproteins (Kornfeld and Wold, 1981 j Klenk et al., 1983 j Hsieh et al., 
1983b). More often, high-mannose glycans are processed by glycosyltrans
ferases of the Goigi system to complex-type glycans, which consist of a 
pentasaccharide core (Man3-GlcNAc2) and of a number of side chains 
(antennae) whose most frequent composition is SA-Gal-GlcNAc. In VSV, 
glycoprotein G, triantennary complex-type glycans accumulate (Reading 
et ai., 1978), whereas in Sindbis virus glycoproteins, diantennary species 
are present (Burke and Keegestra, 1979). Fucose, when present, is added 
after the assembly of side chains, generally to the innermost GlcNAc 
(see Hubbard and Ivatt, 1981). Figure 1 illustrates the structure of a high
mannose (I) and of a triantennary complex-type glycan (II). 

O-glycosylation of viral proteins has been reported to occur less fre
quently than N-glycosylation (Olofsson et al., 1981aj Nieman and Klenk, 
1981 j Shida and Dalesi 1981 j Johnson and Spear, 1983 j Edson and Thorley
Lawson, 1983). Therefore, no detailed information is available on the 
structure of O-linked chains in viral glycoproteins. In mammalian gly
coproteins such as mucins, the first step in the assembly of O-linked 
glycans consists of the transfer of GalNAc to the hydroxyl group of 
threonine or serine by the enzyme N-acetylgalactosaminyltransferase. 
This step is followed by the sequential addition of sugars (e.g., Gal, 
GlcNAc, Fuc, and SA) by glycosyl transferases located in the Goigi ap
paratus (see Beyer et al., 1981)_ Figure 1 shows the structure of an 0-
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linked glycan from porcine submaxillary mucine (III) (Baig and Aminoff, 
1972). 

B. Assembly of N-Linked Oligosaccharides in Precursors and in 
Mature Forms 

Honess and Roizman (1975) were the first to study the oligosac
charide chains of HSV-1 glycoproteins by analyzing the glycopeptides 
obtained after Pronase digestion of infected cell lysates. They showed 
that glycoprotein precursors acquire oligosaccharides (molecular weight 
about 2000) that contain glucosamine but little or no fucose or sialic acid, 
whereas mature glycoproteins carry sialylated oligosaccharides of higher 
molecular weight, originated by a stepwise addition of sugars. 

Eisenberg et al. (1979) subsequently showed that processing of pgD 
to gD does not involve any major alteration in polypeptide structure, but 
involves modifications in the carbohydrate portion. pgD was shown to 
contain an 1800-molecular-weight oligomannosyl moiety that is con
verted to higher molecular weight and more heterogeneous carbohydrate 
components carrying terminal sialic acid. This same group reported fur
ther studies on gD and gC species (Cohen et al., 1980). For both glyco
protein species, the precursors were found to be basic glycoproteins, 
whereas mature glycoproteins exhibited heterogeneity, detected in two
dimensional electrophoresis as a series of spots (6 for gD and 15-20 for 
gC) of increasing negative charge and molecular weight. Because neur
aminidase treatment decreased the size, number, and acidic charge of the 
spots, it was suggested that processing was due in part, but not entirely, 
to addition of sialic acid. Essentially similar results were obtained for gC, 
gD as well as for gB by Haarr and Marsden (1981) and by Palfreyman et 
al. (1983) in studies in which the glycoproteins were identified with mon
oclonal antibodies. 

Working on gB and gC, Eberle and Courtney (1980) examined the 
[3H]glucosamine/[ 14C]amino acid ratio in precursors and in mature gly
coproteins. The ratio was found to be higher in the mature forms, sug
gesting that mature glycoproteins differ from precursors in the number 
and/or the complexity of the oligosaccharide chains present in a common 
polypeptide moiety. 

On the whole, these reports constituted the first indications that 
biosynthesis of HSV-1 glycoproteins followed a stepwise process analo
gous to that reported for N-linked oligosaccharides of VSV and Sindbis 
virus glycoproteins. Of particular relevance was the observation by Pizer 
et al. (1980), subsequently confirmed by several groups (Olofsson and 
Lycke, 1980; Serafini-Cessi and Campadelli-Fiume, 1981; Peake et al., 
1982; Norrild and Pedersen,1982; Kousoulas et al., 1983a; Wenske and 
Courtney, 1983), that glycosylation of HSV-1 glycoproteins was inhibited 
by tunicamycin, an antibiotic that inhibits the production of N-
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FIGURE 2. Effect of Endo-H treatment on electro
phoretic mobility of precursors of HSV-1IF) glyco
proteins. 14C-glucosamine-labeled HSV -lIF)-infected 
HEp-2 cells were either Ie) untreated or IE) treated 
for 20 hr with Endo-H. Open symbols indicate the 
positions of bands that disappeared. Closed symbols 
indicate the new bands that originated from gA, pgC, 
and pgD. 

acetylglucosaminepyrophosphoryldolichol and consequently blocks the 
transfer of high-mannose oligosaccharides to proteins (Heifetz et al., 
1979). This observation suggested that glycans of HSV-1 glycoproteins 
are of the N-linked type. 

Subsequently, Serafini-Cessi and Campadelli-Fiume (1981) reported 
that the partially glycosylated precursors (pgC, pgB, and pgO) are sus
ceptible to Endo-H, which cleaves N-linked oligo saccharides of the high 
mannose type between the two proximal GlcNAc residues (Tarentino 
and Maley, 1974). This was inferred from the increase in electrophoretic 
mobility of precursors (Fig. 2) and from a concomitant release of radiol
abeled acid-soluble carbohydrates following treatment with the enzyme 
and indicated that precursors contain glycans rich in mannose. This result 
was confirmed and extended in experiments involving Endo-H digestion 
of immunoprecipitated glycoproteins (Wenske et al., 1982; Johnson and 
Spear, 1983). Unlike the immature forms, the mature forms of glycopro
teins were found not to be Endo-H-sensitive, implying that they carry 
complex-type glycans resulting from the processing of high-mannose oli
gosaccharides present in the immature forms (Serafini-Cessi and Cam
padelli-Fiume, 1981; Wenske et al., 1982; Person et al., 1982; Johnson 
and Spear, 1983). gB seems to undergo a different processing in that even 
the fully processed form carries Endo-H-sensitive glycans, indicating that 
not all of its high-mannose glycans undergo conversion (Wenske et al., 
1982; Johnson and Spear, 1983). 

Except for analysis on glycopeptides of gC (Kumarasamy and Blough, 
1982; Serafini-Cessi et al., 1984b) (see Section lILO), there have been no 
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FIGURE 3. DEAE-Sephacel chromatography of complex-type Pronase-digested glycopep
tides previously fractionated by Bio-Gel filtration from HSV-l(MP)-infected BHK cells la
beled with [14C]glucosamine from 5 to 18 hr after infection. AI, Ail, and AlII correspond to 
the elution position of mono-, di-, and highly sialylated glycopeptides, respectively. The 
arrow indicates the elution position of sialic acid (SA). Reproduced from Campadelli-Fiume 
et 01. (1982). 

reports of detailed analyses of the glycans of each of the HSV-1 glyco
protein species. 

Structural studies have dealt mainly with complex-type glycans of 
all HSV-1 glycoproteins present in infected celllysates. Analyses of the 
size distribution on Bio-Gel PolO of Pronase-digested glycopeptides ob
tained from cells labeled for a long time interval (6-18 hr postinfectionJ 
showed the accumulation of complex-type glycans whereas neutral high
mannose glycans predominated after a short (14-17 hr postinfectionJ la
beling interval (Serafini-~essi and Campadelli-Fiume, 1981J. By using a 
combination of ion-exch~nge chromatography and neuraminidase treat
ment, complex-type glycopeptides were resolved into three species (Fig. 
3 J designated AI, All, and AlII and which display increasing degrees of 
sialylation (Campadelli-Fiume et a1., 1982J. It has been shown that N
linked glycans bind to Con A-Sepharose according to the degree of sub
stitution of the mannosyl core. Thus, high-mannose glycans are strongly 
bound by the lectin-gel whereas diantennary glycans are weakly retained 
and tri- and tetraantennary structures do not bind at all (Krusius et a1., 
1976J. The results of analyses of the binding of glycopeptides AI, AIl, and 
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FIGURE 4. Characterization of complex-type glycopeptides of HSV-1(MP) glycoproteins. 
(A) DEAE-Sephacel chromatography of complex-type glycopeptides AI, AIl, and AIII of Fig. 
3 after neuraminidase digestion. The horizontal bars indicate the elution position of each 
glycopeptide prior to neuraminidase digestion; the arrow indicates the elution position of 
sialic acid (SA). Elution conditions were as shown in Fig. 3. Modified from Campadelli
Fiume et al. (1 982). (B) Con A-Sepharose fractionation of AI, All, and AlII. Most of Al and 
All species were eluted with 5 mM a-methylmannose, indicating that they were weakly 
bound to the gel; the vast majority of AIII was not retained by the column. 

AlII to Con A-Sepharose suggested that Al and All have a diantennary 
structure whereas AlII has a triantennary or a more highly branched struc
ture (Fig. 4B). Because the amount of sialic acid released by neuraminidase 
from Al is about one-half of that released from All (Fig. 4A), we suggested 
that only one of the branches of the Al glycopeptides is sialylated; the 
other branch lacks terminal sialic acid (incomplete form) (Dall'Olio et 
al., 1982). Recently it has been shown (Cummings and Kornfeld, 1982; 
Hammarstrom et al., 1982) that leu co agglutinin, a lectin from Phaseolus 
vulgaris, interacts specifically with complex-type glycans in which one 
of the a-mannose of the trimannosyl core is substituted at position C-2 
and C-6 with f3-GlcNAc, as in tetraantennary species. We found that AlII 
glycopeptides were not at all retained by leucoagglutinin linked to aga
rose. Thus, it can be inferred that tetraantennary glycans are absent in 
HSV-1 glycoproteins (Serafini-Cessi et al., 1984b). 



PROCESSING OF GLYCANS OF HSV-l GLYCOPROTEINS 367 

C. Relationship between N- and O-Glycosylation 

N-linkt;d glycans are the predominant chains in HSV-1 glycoproteins. 
It has been reported that HSV-1 glycoproteins also carry O-linked glycans. 
The main evidence in favor of the presence of glycans linked to serine 
or threonine was the release of low-molecular-weight radioactive com
pounds following mild alkaline borohydride treatment of 14C-glucosa
mine-labeled HSV glycoproteins. This treatment releases O-linked chains 
by j3-elimination. However, while this procedure has little effect on the 
N-linkage of glycans to asparagine residues, it also splits some residues 
of sialic acid from complex-type glycans (Pesonen et al, 1982). Labeled 
carbohydrates were also released by treatment of HSV-1 glycoproteins 
with Ga1NAc oligosaccharidase (Johnson and Spear, 1983). Although the 
structure of O-linked HSV-1 chains was not characterized in detail, it 
was reported that both sialylated and neutral glycans are j3-eliminated 
from gC and gD (Johnson and Spear, 1983). Olofsson et al. (1981a) iden
tified labeled galactosamine after acid hydrolysis of 14C-glucosamine-Ia
beled HSV-1 glycoproteins; Ga1NAc preferentially occurs in O-linked 
glycans (Montreuil, 1980). The same group also demonstrated that gC 
binds to Helix pomatia linked to Sepharose (Olofsson et al., 1981b). This 
lectin interacts with high affinity with terminal nonreducing Ga1NAc, 
although it displays a broad carbohydrate-binding specificity (Hammar
strom et al., 1977). 

Serafini-Cessi et al. (1983a) reported on the presence in HSV-1-in
fected celllysates of an N-acetylgalactosarninyltransferase activity able 
to add this sugar in vitro to HSV-1 glycoproteins, as identified by im
munoprecipitation. Ga1NAc was found to be selectively incorporated 
into immature forms of HSV glycoproteins, pgC, pgD, and pgB. It appeared 
to be O-linked to the peptide because it was completely released as mon
osaccharide by mild alkaline borohydride treatment. The inability of ma
ture glycoproteins to accept the sugar in vitro was related to the presence 
in mature glycoproteins of complex-type glycans. It was suggested that 
full processing of N-linked glycans, which takes place during maturation 
of glycoproteins, may hinder the accessibility of serine/threonine sites 
to the transferase. 

In order to ascertain whether the relationship observed in vitro be
tween O-glycosylation and processing of N-linked glycans also occurred 
during the biosynthesis of HSV glycoproteins in cultured cells, Serafini
Cessi et al. (1984a) investigated the occurrence of O-linked glycans in 
HSV glycoproteins produced in a system that accumulates immature gly
coproteins. As reported in Section III.E, HSV-1-infected RicR 14 cells ac
cumulate viral glycoproteins carrying high-mannose glycans. Of partic
ular interest was the finding in gC purified from HSV-infected RicR 14 
cells of an unusual glycopeptide that carried one high-mannose glycan 
susceptible to Endo-H and one sialylated oligosaccharide chain cleaved 
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by mild alkaline borohydride treatment. A glycopeptide with this struc
ture did not appear to be present in mature gC from parental, wild type, 
cells. It was suggested that because full processing of high-mannose gly
cans is blocked in RicR 14 cells, O-glycosylation may occur in a substi
tutive fashion in a serine/threonine site very close to the asparagine res
idue that carries a high-mannose glycan. 

D. Glycans of pgC and gC 

Kumarasamy and Blough (1982) reported the results of a preliminary 
characterization of complex-type glycans of gC purified from HSV-1 vi
rions. Affinity chromatography to Con A-Sepharose was used to distin
guish diantennary glycopeptides from glycopeptides with a higher num
ber of side chains. By labeling with [3H]glucosamine, [3H]mannose, and 
[3H]fucose, it was shown that fucosylated diantennary and fucosylated 
tri/tetraantennary glycans are present in gC. Failure to detect glycopep
tides strongly bound to Con A-Sepharose was indicative of absence of 
high-mannose glycans in gC extracted from herpes virions. 

In order to obtain more detailed information on the biosynthetic 
pathway and on the structure of oligo saccharides of gC, Serafini-Cessi et 
a1. (1984b) undertook the characterization of glycans present both in im
mature and in mature forms of gc. The immature form (pgC) was obtained 
from lysates of HSV-1(F)-infected BHK cells labeled for 20 min with [3H] 
mannose, whereas mature gC was obtained after a long label (7-18 hr 
postinfection) followed by a 3-hr chase. The two labeling intervals were 
chosen so that only pgC was labeled in the first case, and only mature 
gC in the long label-chase protocol. Purification of pgC and gC was 
achieved in one step by affinity chromatography on immobilized mon
oclonal antibody HCI (Pereira et a1., 1980; Eisenberg et al., 1982). The 
characterization of glycans was done according to the procedure sche
matically described in Fig. 5. 

Pronase-digested glycopeptides of pgC were eluted from a Bio-Gel P-
10 column as a symmetric narrow peak in the region of high-mannose 
glycopeptides (Fig. 6). They were all strongly bound to Con A-Sepharose. 
Treatment with Endo-H shifted all radioactivity to a region of lower mo
lecular weight. These results indicated that only high-mannose glycans 
were present in pf,L. The compostion and size of the oligomannosyl 
chains of these glycans were determined in some detail by thin-layer 
chromatography, according to Godelaine et a1. (1981). The glycans ex
hibited a marked heterogeneity (Fig. 7) in that five high-mannose glycan 
species differing in the number of mannose residues (from Man9 to Mans) 
were separated. The predominant species were Man8-GlcNAc and Many
GlcNAc, whereas the amount of Man9-GlcNAc was negligible. This re
sult is consistent with previous findings that one of the terminal non
reducing a( 1-2)-mannose residues of polymannosyl units is cleaved by an 
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FIGURE S. Schematic representation of the procedure for the separation and characteri
zation of the oligosaccharide chains of immature and mature gC. 

early mannosidase probably located in the RER (Spiro and Spiro, 1982). 
It seems likely that pgC detected after a short pulse represents a form of 
gC already routed from the RER to the Golgi apparatus. 

Analysis of the glycan structure of mature gC (Fig. 6) showed that 
complex-type glycopeptides also exhibit a high degree of heterogeneity. 
Thus, fractionation of Pronase-digested glycopeptides by DEAE-Sephacel 
chromatography separated three different glycopeptide species according 
to their degree of sialylation. In particular, triantennary (AlII), dianten
nary (All), and monosialylated diantennary (AI) glycopeptides were found 
to be present in gC, as was the case for Pronase digests of HSV-l-infected 
celllysates. The structure of AI glycopeptides was proposed on the basis 
of the following results: 

1. The glycopeptides were weakly bound to Con A-Sepharose, sug
gesting that the structure of the oligomannosyl core is the same 
as that of diantennary glycans. 

2. The amount of ~:<ljjc acid released by neuraminidase treatment 
was half of that released from diantennary All glycopeptides. 

3. N-acetylglucosaminidase treatment released a small amount of 
GlcNAc, which increased significantly when the treatment was 
done simultaneously with l3-galactosidase. 

The results are consistent with the hypothesis that AI glycopeptides 
carry one branch capped with sialic acid whereas the incomplete branch 
terminates in part with Gal (F. Dall'Olio, F. Serafini-Cessi, and G. Cam
padelli-Fiume, unpublished results). The presence of tetraantennary gly-
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FIGURE 6. Bio-Gel PolO gel filtration of Pronase digests from pgC and gc. (0) pgC was 
purified from HSV-1(F)-infected BHK cells pulse-labeled for 20 min with [3H]mannose at 
5.5 hr after infection. (e) gC was purified from cells labeled with [3H]mannose from 7 to 
18 hr after infection and chased for 3 hr. Vo, void volume, as determined with blue dextran. 
The two bars indicate the elution regions of complex-type glycopeptide (from fetuin) and 
of high-mannose glycopeptide (from ovalbumine). The column (1 x 80 em) was eluted with 
0.1 M NH4HC03. 

cans in gC was ruled out as glycopeptides were not at all retained by 
leucoagglutinin-agarose (see Section IILB). Only traces of glycopeptides 
were bound with strong affinity to Con A-Sepharose, implying that high
mannose glycans were almost completely processed to complex-type gly
cans during the long label-chase interval. 

The heterogen.:lty of complex-type glycans may be related to the 
presence of several N-glycosylation sites in the peptide backbone. For 
example, eight potential N-glycosylation sites were predicted for gC on 
the basis of DNA sequencing data (Frink et a1., 1983). It has been shown 
for other viral glycoproteins that different oligosaccharides are not ran
domly distributed and that each individual glycosylation site carries pre
dominantly one type of glycan; this suggests that the polypeptide struc
ture and conformation around the glycosylation site affect the processing 
of the glycan species and that the final structure of the glycan depends 
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FIGURE 7. Thin-layer chromatography of high-mannose glycans from pgc. 3H-mannose
labeled oligo saccharides were released from Pronase-digested glycopeptides by Endo-H treat
ment and were separated by thin-layer chromatography on silica gel plates. The oligo sac
charides were revealed by fluorography. Oligosaccharides from A unit of thyroglobulin after 
Endo-H treatment and reduction with NaB3H4 were used as markers. 

primarily on its accessibility to the enzymes involved in processing 
(Klenk et a1., 1983; Hsieh et a1., 1983a,b). At present it seems likely that 
the same regulation mechanism operates for HSV-1 gC as well and may 
account for the observed heterogeneity of complex type glycans. 

E. Host-Cell Dependence of Glycosylation 

A central question in the studies of HSV glycoproteins is the origin 
of the enzymes involved in their glycosylation. In an attempt to resolve 
this question, extensive analyses were done on oligosaccharide processing 
and glycosylation of HSV-1 glycoproteins made in mutant cells defective 
in specific glycosyltransferases. It was expected that if the virus were to 
use host-cell glycosyltransferases, the defects in cellular enzymes would 
be reflected in the altered structure of glycans linked to viral proteins 
made in these cells. 

Two lines of ricin-re~lstant (RicR ) mutant cells, RicR 14 and RicR 21, 
were used in these studies (Vischer and Hughes, 1981). RicR 14 cells lack 
almost completely active N-acetylglucosaminyltransferase I, the enzyme 
that adds the first GlcNAc to high-mannose glycans and in this way 
initiates the conversion to complex-type glycans. The electrophoretic 
profile of glycoproteins made in RicR 14 cells indicated that mature gly
coproteins were absent and that only the corresponding underglycosy
lated forms accumulated (Fig. 8). In comparison with glycopeptides from 
infected parent BHK cells, glycopeptides from infected RicR 14 cells 
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HSV- MP HSVF HSV-MP HSV- f 

FIGURE 8. Autoradiogram of electrophoretically separated HSV-1 glycoproteins synthe
sized in BHK and RicR14 cells (left panel) and in BHK and RicR21 cells (right panel). Cells 
were infected with HSV-1(MP) or (F) and labeled with [14C]glucosamine. Left and right panels 
reproduced from Campadelli-Fiume et al. (1982) and Serafini-Cessi et al. (1983b), respec
tively. 

showed a dramatic increase in neutral high-mannose glycans and in in
completely processed glycans, concomitant with a strong decrease in 
highly sialylated oligosaccharides (Campadelli-Fiume et a1., 1982). 

Experiments with RicR 21 cells yielded results consistent with these 
observations. RicR 21 cells are partially defective in enzymes of the Golgi 
system that perform late sugar addition, namely N-acetylglucosaminyl
transferase I and II and galactosyltransferase (Vischer and Hughes, 1981), 
but are able to pro~llce small quantities of mature HSV glycoproteins 
(Fig. 8). Accordingly, in infected cells the accumulation of di- and trian
tennary complex-type glycans was reduced in amount, whereas the ac
cumulation of imcomplete species was increased (Serafini-Cessi et a1., 
1983b). 

Further evidence for host-dependent variations in HSV-l glycan bio
synthesis was obtained by comparing the content of the various glyco
peptide species between infected and the corresponding uninfected cells. 
This approach was based on the observation that different cell lines vary 
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FIGURE 9. Relative distribution of radioactivity in the four glycopeptide species [neutral 
IN), AI, AII, AlIIl obtained from HSV -IIMP)-infected and uninfected RicR 14, RicR21, HEp-
2, and BHK cells. Infected or mock-infected cells were labeled with [14C]glucosamine from 
7 to 18 hr after infection. The various glycopeptide species were obtained by Bio-Gel fil
tration and subsequently fractionated by DEAE-Sephacel chromatography Isee Fig. 3). 

in their capacity to process oligosaccharides of viral glycoproteins and 
consequently one glycan species prevails in each cell line. Figure 9 shows 
that the relative distribution in the four glycan species [neutral (N), AI, 
All, AlII] from BHK, HEp-2, RicR 21, and RicR 14 cells was strikingly sim
ilar before and after infection. 

In sum, these findings suggest that HSV utilizes the glycosylation 
machinery of the host. However, in comparison with the small viruses, 
such as VSV, Sindbis virus, and influenza virus, the coding capacity of 
HSV DNA is huge. Furthermore, the functions of many of the proteins 
specified by the HSV genome are largely unknown. In consequence, it is 
not possible to rule out the possibility that one or more steps in the 
complex process of glycosylation and of glycoprotein transport are reg
ulated by viral gene products. 

Recently, Berman et a1. (1983) constructed an expression vector con
t~ining the gene for gD and established stable cell lines that constitutively 
synthesize the glycoprotein. The authors concluded from pulse-chase 
experiments with labeled glucosamine and from estimates of the apparent 
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molecular weight of the gene products in SDS-PAGE that the gD made 
in these cultures is glycosylated in a fashion similar to that of the au
thentic gD made in lytic ally infected cells. Of particular interest was the 
report that when the DNA sequence coding for the COOH-terminal an
choring region was removed, glycosylated gD was secreted in the cell 
medium. The results of these studies are consistent with the hypothesis 
that host cells are able to carry out the glycosylation of HSV-1 proteins, 
although they do not prove that in lytic ally infected cells viral glycosy
lation is carried out entirely under the control of host proteins. 

F. Benzhydrazone, an Inhibitor of HSV-l Glycosylation 

Tunicamycin and 2-deoxy-D-glucose have been widely used as in
hibitors of HSV-1 glycoprotein synthesis. Both compounds block glyco
sylation of mammalian as well as viral proteins. Cavrini et al. (1979) 
observed that a bis-amidinohydrazone derivative (lH-benz[F]indene 
1.3(2H)dione-bis-amidinohydrazone) designated benzhydrazone (BH) re
duces replication of HSV-1 and hinders the appearance of HSV-1(MP)
induced cell fusion. Later, Campadelli-Fiume et al. (1980) reported that 
BH acts by inhibiting incorporation of labeled glucosamine, mannose, 
and fucose into HSV-1 glycoproteins. The compound appeared to be a 
selective inhibitor of herpesvirus glycosylation in that it does not reduce 
HSV protein synthesis or the glycosylation of uninfected cells, of Sindbis 
virus, and of paramyxovirus proteins. In order to ascertain what step of 
the glycosylation process was affected by BH, Serafini-Cessi and Cam
padelli-Fiume (1981) compared Endo-H sensitivity and size-class distri
bution of Pronase glycopeptides of HSV-1 glycoproteins made in the pres
ence or absence of BH. The results suggested that the drug prevents high
mannose oligosaccharide addition to proteins and thus causes an early 
block in N-glycosylation process similar to that induced by tunicamycin. 
Subsequently, Tognon et al. (1984) isolated an HSV mutant, designated 
HSV1(13)Sll, which appeared to be resistant to BH inasmuch as incor
poration of [ 14C]glucosamine was not inhibited in infected HEp-2 cells 
exposed to the drug. BH resistance was shown to be encoded in the DNA 
of the mutant virus and could be transferred into the genome of wild
type BH-sensitive P~'/-2(G), giving rise to intertypic recombinants. The 
available data do not discriminate among the mutually exclusive hy
potheses that (1) BH specifically inhibits a viral gene product required for 
glycosylation of HSV proteins in HEp-2 cells, (2) BH is an active inhibitor 
of glycosylation only when activated by an HSV gene product(s) or that 
(3) BH does not readily penetrate into uninfected cells or cells infected 
with other viruses but does penetrate into HSV-infected cells as a con
sequence of modifications introduced into plasma membranes by virus
specific membrane proteins. 
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IV. RELATIONSHIP BETWEEN GLYCAN STRUCTURE AND 
EXPRESSION OF HSV-l FUNCTIONS 

HSV glycoproteins have long been known to be essential for expres
sion of some HSV functions (Spear and Roizman, 1980). The function of 
HSV glycoproteins is dealt with extensively in Chapter 7, and will not 
be considered further here. The focus of this section centers on whether 
glycans with specific structures are required for glycoprotein-associated 
activities. 

A. Yield of Infectious Virus 

Studies on the effect of tunicamycin on yield of infectious viruses 
provided evidence that glycosylation is a requirement for infectivity of 
several viruses (see Gibson et al., 1978). In contrast, VSV produced in the 
presence of the antibiotic was found to have a specific infectivity com
parable to that of virus containing fully processed gG (Gibson et al., 1978). 
Pizer et al. (1980) observed that yield of infectious HSV-1 is abolished in 
cells treated with tunicamycin, where only nonglycosylated analogs of 
the viral glycoproteins were synthesized. Subsequent studies pointed out 
that the step defective in tunicamycin-treated cells is virion envelop
ment. By electron microscopy, nucleocapsids were observed in both the 
nucleus and the cytoplasm, whereas only a small number of enveloped 
particles were detected on the cell surface (Peake et al., 1982). Svenner
holm et al. (1982) and Kousoulas et al. (1983a) succeeded in purifying 
noninfectious viral particles from tunicamycin-treated cells. De novo 
synthesis of glycosylated proteins was blocked and glycoproteins were 
not detected on cell surfaces either by radio iodination (Peake et al., 1982) 
or as targets in antibody-dependent cell-mediated cytoxicity tests (Norrild 
and Pedersen, 1982). 

It was of interest to investigate whether infectious HSV-1 was pro
duced under conditions in which glycan processing was arrested at the 
high-mannose level. Courtney et al. (1973) had reported that 2-deoxy-o
glucose hinders HSV-1 replication. We found, however, that yields of 
infectious HSV -1 as well as specific infectivity of herpes virions produced 
in infected RicR 14 and RicR21 cells were not significantly affected by the 
dramatic changes in glycan composition of the glycoproteins. This led to 
the conclusion that fully processed oligo saccharides are not an absolute 
requirement for these functions (Campadelli-Fiume et al., 1982; Serafini
Cessi et al., 1983b). Studies on the effects of monensin (Johnson and Spear, 
1982; Kousoulas et al., 1983b) and ammonium chloride (Kousoulas et al., 
1983a) led to similar conclusions. Monensin is an ionophore that disrupts 
the Na + gradient across the membranes. Its effect on glycoprotein pro
cessing varies to some extent depending on the glycoprotein type. Johnson 
and Spear (1982) showed that it blocks processing of immature forms of 
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HSV-1 glycoproteins, as well as transport of the viral glycoproteins 
through the Golgi apparatus. Infectivity of herpes virions and production 
of infectious progeny were not significantly altered even by treatment of 
cells with ammonium chloride, a compound that hinders full processing 
of HSV-1 glycoproteins (Kousoulas et a1., 1983a). 

It appears that (1) absence of N-linked glycans precludes the envel
opment and hence the yield of infectious HSV-1 j (2) presence of complex
type glycans is not an obligatory requirement for herpes virion infectivitYj 
and (3) high-mannose oligo saccharides suffice for this function. 

B. Virion Egress 

Considerable evidence has accumulated in several viral systems that 
the processing of glycans and the intracellular transport of glycoproteins 
to the plasma membrane through the Golgi are interrelated and that cur
tailment of processing affects transport. That this applies to HSV -1 gly
coproteins may be inferred from experiments with infected cells treated 
with tunicamycin (Peake et a1., 1982j Norrild and Pedersen, 1982) or with 
monensin (Johnson and Spear, 1982). Electron microscopic studies have 
shown that herpes virions first acquire their envelope by budding through 
the inner membrane, which is an extension of the RER. As mentioned 
above, intracytoplasmic HSV particles accumulate in tunicamycin
treated cells (Peake et a1., 1982) and herpes virions accumulate in large 
intracytoplasmic vacuoles, probably derived from the Golgi cisternae, in 
cells treated with monensin (Johnson and Spear, 1982). Therefore, herpes 
viron egress appears to be hampered under conditions of defective gly
coprotein transport. Serafini-Cessi et a1. (1983b) found that egress of 
herpes virions was reduced in both RicR 21 and RicR 14 cells (Table II). 
This reduction correlated well with defective glycan processing (see Sec
tion III, E). Subsequently, Compton and Courtney (1984) reported that in 
purified nuclei from HSV-1-infected cells, the major HSV-1 glycoproteins 
are present predominantly as precursors carrying high mannose glycans. 
The data suggest that proteins with fully processed oligosaccharides are 
required for the egress of herpes virions (Serafini-Cessi et a1., 1983b) and 
that during the transit through the cytoplasm, glycans of the HSV en
velope are processed from the high mannose to the complex type by in
teraction with the'":;,lgi system (Johnson and Spear, 1982). 

C. Virus-Induced Cell Fusion 

Expression of HSV-1-induced cell-fusion activity is inhibited by ex
posing infected cells to various compounds, most of which act by inhib
iting glycosylation. This is the case, for example, for 2-deoxy-o-glucose, 
whose inhibitory effect on fusion was reported first (Gallaher et a1., 1973 j 
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TABLE II. Yield of Cell-Associated and Extracellular Infectious HSV-l(F) from 
BHK, RicR 14, and RicR21 Cellsa •b 

Time after 
Yield (PFUIcell) 

Extracellular 
Cell infection Cell Extracellular medium/cell 
type (hr) associated medium associated 

BHKC 16 90.0 150.0 1.67 
24 94.0 600.0 6.38 

RicR 14c 16 30.0 4.4 0.15 
24 40.0 32.0 0.80 

BHKd 16 57.0 63.0 1.11 
24 59.0 211.0 3.58 

RicR21d 16 13.0 0.5 0.04 
24 50.0 6.0 0.12 

a Reproduced in part from Serafini-Cessi et a1. 11983b). 
b Infected cells were incubated at 37°C for the indicated times. At the end of the incubation the medium 

over the cells was collected and extracellular virus titers were determined. Cell-associated virus was 
assayed after freezing and thawing three times. 

C Monolayers were infected at a multiplicity of 10 PFU/cell. 
d Monolayers were infected at a multiplicity of 3 PFU/cell. 

Knowles and Person, 1976), tunicamycin (Pizer et a1., 1980), BH (Cam
padelli-Fiume et a1., 1980), ammonium chloride (Holland and Person, 
1977), and, as reported more recently, monensin (Kousoulas et a1., 1983b). 
Whereas tunicamycin and BH block the earlier steps of N-glycosylation 
(Heifetz et a1., 1979; Serafini-Cessi and Campadelli-Fiume, 1981), the 
other compounds primarily prevent processing of precursors to mature 
HSV-1 glycoproteins. Studies by Manservigi et a1. (1977) and by Haffey 
and Spear (1980) with the temperature-sensitive mutant HSV-1 tsBS and 
with some of its recombinants and revertants showed that the presence 
of mature gB at permissive temperature correlated with expression of cell
fusion activity, whereas the presence of immature pgB correlated with 
the absence of cell fusion. Our experiments (Campadelli-Fiume et a1., 
1982) with ricin-resistant cells showed the following. Fusion was not 
induced in RicR 14 cells and this correlated with the absence of mature 
glycoproteins (Fig. 8). RicR21 cells, however, displayed a low but signif
icant ability to undergo HSV-1(MP)-induced cell fusion (Serafini-Cessi et 
a1., 1983b); in these cells there was a reduction but not a total absence 
of fully processed glycoproteins (see Fig. 8) and of polybranched glycans. 
In sum, the studies on the infected cells treated with glycosylation in
hibitors and on ricin-resistant cells indicate that interference with pro
cessing of glycans to a fully glycosylated state is associated with inability 
of the cells to express herpesvirus-induced cell-fusion activity. This con
clusion is further supported by the observation that exposure of HSV-1 
(MP)-infected BHK and RicR21 cells to neuraminidase reduced the ap
pearance of cell fusion. Addition of the enzyme to cell culture media 
released sialic acid from cell surface membranes, suggesting that this 
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sugar is crucial for the type of cell-cell interaction that permits the cells 
to fuse (Serafini-Cessi et ai., 1983b). Herpesvirus-induced fusion results 
from the interaction of infected recruiter cells with neighboring cells 
(either infected or uninfectedL which become recruited in the polykar
yocyte (Roizman, 1962). In all experimental conditions described above 
(i.e., with glycosylation inhibitors, in ricin-resistant cells and following 
neuraminidase treatment) glycoproteins were present in underglycosy
lated form on both the recruiter-infected cell and on the cells to be re
cruited. This raises the possibility that the presence of sialylated glycans 
is crucial not only on HSV glycoproteins but also on the membrane re
ceptors of the cells that are to be recruited. 
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CHAPTER 9 

Glycoproteins Specified by 
Human Cytomegalovirus 
LENORE PEREIRA 

I. INTRODUCTION 

Human cytomegalovirus (CMVJ belongs to the herpesviruses, a group of 
large DNA viruses. CMV virions contain a DNA core, an icosahedral 
capsid, a poorly defined tegument or matrix, and an outer membrane 
designated as the envelope. This review focuses on the viral glycoproteins 
at the surface of the envelope and the infected cell. Inasmuch as the 
envelope is the outermost structure of the virion and contains the viral 
glycoproteins, it seems reasonable to attribute to them the function of 
adsorption and penetration of virions into the host cell. Studies with 
monoclonal antibodies to CMV have shown that infected cells contain 
at least four antigenically distinct glycoproteins (Pereira et ai., 1982b; 
Pereira and Hoffman, 1984aJ. At the present time, there is little infor
mation on their structure and function, their synthesis and processing, 
or the location of the glycoprotein gene templates on the DNA. I will 
summarize the data currently available and will describe in depth re
cently completed studies from my laboratory using monoclonal antibod
ies for characterizing the immunological and electrophoretic properties 
of CMV glycoproteins. 
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II. CMV GL YCOPROTEINS 

A. Glycoprotein Synthesis in Infected Cells 

Due to slow posttranslational processing events, CMV glycoproteins 
appear to be highly heterogeneous in molecular weight. Estimates of the 
actual number of viral glycoproteins made in infected cells vary. Stinski 
(1977) reported that seven viral glycoproteins were virus specific by im
mune precipitation. Two glycoproteins were preferentially made in the 
early phase. Their synthesis was not inhibited by phosphonoacetic acid, 
an inhibitor of viral DNA synthesis. CMV structural glycoproteins, iden
tified by immune precipitation with antisera to purified virions and dense 
bodies, were made at late times after infection. Pereira et al. (1982a) re
ported that eight electrophoretically distinct glycoproteins are made in 
CMV-infected cells. Those with apparent molecular weights of 130,000, 
110,000, 96,000, 66,000, 50,000 and 25,000 were immune precipitated by 
sera from patients with CMV infections (Pereira et al., 1982a, 1983). 

Electrophoretic profiles illustrating the time course of CMV glyco
protein synthesis in infected cells are shown in Fig. 1. Glycoproteins made 
late in infection were judged to be the products of viral genes based on 
the following observations. (1) The electrophoretic properties of late gly
coproteins differ from those made early in infection. (2) The peak rate of 
glycoprotein synthesis, 72-96 hr postinfection, coincides with the decline 
of host cell protein synthesis. (3) Precipitates formed by convalescent sera 
and by monoclonal antibodies to CMV in immune reactions with extracts 
of CMV-infected cells contain viral glycoproteins (Pereira et al., 1982a, 
1983). 

B. Glycoproteins in the Plasma Membrane, Dense Bodies, and 
Virions 

CMV glycoproteins carry the immunological determinants of the vi
rion envelope and these are shared with the membranes of infected cells. 
Antisera prepared against purified virions and dense bodies neutralize 
virus and react by immunofluorescence with antigens in infected cells 
(Forghani et al., 1976 j Stinski, 1976). Iodination of the surfaces of virions 
and dense bodies showed that the viral glycoproteins are in the surface 
membrane. Based on studies with antisera produced against the mem
branes of CMV-infected cells, Stinski et al. (1979) showed that the plasma 
membrane contains virus-specific antigen as early as 24-48 hr postin
fection. At later times, these antigens accumulate in the plasma mem
brane, endoplasmic reticulum, and nuclear membrane. Ultrastructural 
studies showed also that extracellular virions and dense bodies stain with 
antisera to CMV-infected cell membranes. 
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FIGURE 1. Autoradiographic profiles of 14C-glucosamine-Iabeled polypeptides synthesized 
at different times after infection in cells infected with CMV strain AD169 and electro
phoretically separated in SDS-polyacrylamide gels. 

Studies with monoclonal antibodies showed that the targets for neu
tralizing antibodies are antigenic determinants present at the surface of 
intact CMV-infected cells and infectious virions (Pereira et al., 1982b). 
This conclusion is based on several lines of evidence. (1) Monoclonal 
antibodies react by immunofluorescence with the intact surface mem
brane of CMV-infected cells. (2) Monoclonal antibodies capable of abol
ishing viral infectivity immune precipitate two glycoproteins from ex
tracts of CMV-infected cells. (3) Viral glycoproteins have been localized 
to the surface membrane of infected cells by precipitation with mono
clonal antibodies. 

Analysis of purified CMV virions and dense bodies showed that the 
glycoproteins have similar electrophoretic properties. Fiala et al. (1976) 
identified four glycoproteins (210,000, 100,000, 62,000 and 57,000 appar
ent molecular weight) shared between virions and dense bodies of CMV 
strain AD169. Kim et al. (1976) found that virions and dense bodies of 
CMV strain C87 contained glycoproteins with apparent molecular weight 
of 165,000, 135,000, 100,000, 66,000, 50,000, and 22,000. Stinski (1977) 
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reported that virions and dense bodies of CMV strain Towne contained 
nine glycoproteins of apparent molecular weight 145,000, 132,000, 
120,000, 115,000,90,000, 70,000, 64,000, 55,000, and 16,000. Recent stud
ies by/Gibson (1983) comparing protein counterparts of human and simian 
CMV virions, identified three electrophoretically distinct glycoproteins 
with apparent molecular weight of 145,000, 62,000, and 57,000 that are 
produced in cells infected with CMV strain 751. An interesting obser
vation emerging from this study was that incorporation of glucosamine 
into the virion proteins of human CMV strains was consistently lower 
than for simian strain Colburn. In addition, the glycoproteins of human 
CMV exhibited more apparent heterogeneity in size and charge than their 
simian counterparts. 

Various laboratories have reported that CMV dense bodies contain a 
glycoprotein with an apparent molecular weight of 62,000-68,000. Clark 
et al. (1984) reported the isolation of a glycoprotein of molecular weight 
64,000 by high-pressure liquid chromatography. Amino acid analysis 
showed that the glycoprotein contained glycine and proline in relatively 
high amounts whereas galactosamine represented about 2.3% (w/w) of 
the protein. Very low levels of glucosamine were detected. The tryptic 
peptide map contained about 40 distinct peaks. 

Like other herpesviruses, CMV-infected cells have been shown to 
bind the Fc receptor of immunoglobulin (Keller et al., 1976 j Westmore
land et al., 1976). Although it is likely that the receptor activity can be 
attributed to a viral glycoprotein, none has been identified to date. 

III. CHARACTERIZATION OF CMV GL YCOPROTEINS WITH 
MONOCLONAL ANTIBODIES 

A. Monoclonal Antibodies to CMV 

Studies on the properties of CMV glycoproteins have been hindered 
by the complexity of protein synthesis in infected cells. CMV fails to shut 
off host cell protein synthesis until late in infection, and this continued 
synthesis of host proteins makes it difficult to identify virus-specific gly
coproteins. CMV glycoproteins are not made in large quantities and the 
electrophoretic properties of glycoprotein gene products are modified by 
both rapid and slow posttranslational processing. 

In order to characterize CMV glycoproteins, it has been both nec
essary and desirable to use monoclonal antibodies as immunological 
markers for viral glycoproteins. Monoclonal antibodies to CMV glyco
proteins have been produced by a number of workers in the field. The 
observation that three glycoproteins were immune precipitated by mon
oclonal antibodies to CMV was first reported by this laboratory (Pereira 
et ai., 1982b). Furthermore, select monoclonal antibodies from the panel 
had neutralizing activity and reacted with the surface membrane of intact 
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CMV-infected cells. Recently, monoclonal antibodies to a 66,OOO-dalton 
glycoprotein (Kim et al., 1983J and those with neutralizing activity were 
also reported (Amadei et al., 1983J. 

Work done in this laboratory exploited the site-specific nature of 
monoclonal antibodies to CMV for the purpose of (1 J grouping antigen
ically related glycoproteins with different electrophoretic properties (Per
eira et al., 1982bJ, (2J characterizing the synthesis and processing of CMV 
glycoproteins (Pereira et al., 1985a,bJ, (3J purifying the viral glycoproteins 
from extracts of CMV-infected cell by immunoaffinity chromatography 
(Pereira et al., 1985cJ, and (4J diagnosis of CMV infections (Volpi et al., 
1983i Pereira, 1984J. The following sections will briefly describe studies 
on the properties of CMV glycoproteins. 

B. Characterization of Antigenically Distinct Glycoproteins 

Monoclonal antibodies to CMV were produced by fusing mouse mye
loma cells with the spleen cells of mice immunized with CMV strain 
AD169 (Pereira et al., 1982bJ. Hybridomas synthesizing monoclonal an
tibodies to CMV were selected by immunofluorescence tests on infected 
cells. Initially, seven antigenically and electrophoretically distinct groups 
of polypeptides were precipitated by reacting hybridoma culture fluids 
with extracts of infected cells. Subsequent fusions yielded hybridomas 
reactive with five additional polypeptides (Pereira and Hoffman, 1984bJ. 

At this point, it is convenient to introduce the nomenclature for 
CMV glycoproteins to be used in describing studies on their properties. 
Antigenically distinct glycoproteins were given alphabetical letter des
ignations according to guidelines established for naming the glycopro
teins of herpes simplex viruses. Using monoclonal antibodies as im
munological markers, we identified four CMV glycoproteins, which we 
designated as gA, gB, gC, and gD (Pereira and Hoffman, 1984aJ. Antigen
ically related, electrophoretically distinct forms were assigned numbers 
in order of decreasing apparent molecular weight, e.g., gA-1, gA-2, etc. 
Figure 2 shows the autoradiographic profile of CMV glycoproteins in lys
ates of infected cells denatured in SDS and electrophoresed in a 9% pol
yacrylamide slab gel cross-linked with diallyltartardiamide. It is inter
esting to note that the number of CMV glycoproteins and their 
electrophoretic properties are similar to those of herpes simplex viruses. 
CMV glycoproteins range in apparent molecular weight from approxi
mately 160,000 to 25,000. 

1. Properties of Glycoproteins Immunoprecipitated by Monoclonal 
Antibodies 

To characterize the electrophoretic properties of antigenically dis
tinct CMV glycoproteins, immune precipitates of radiolabeled infected 
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FIGURE 2. Autoradiographic image of electro
phoretically separated glycoproteins in lysates of 
CMV-infected cells. (Right) Glycoproteins A, B, 
C, and D; (left) molecular weights x 10- 3 . 

cells were analyzed in SDS-polyacrylamide gels. Figure 3 shows the pre
cipitates obtained with representative monoclonal antibodies to gAl gC, 
and gD. We found that multiple forms with shared antigenic determi
nants were precipitated for each of these glycoproteins. Although gB la
beled poorly with methionine, it incorporated glucosamine. The glucos
amine-labeled form of gB migrated as a broad band (Fig. 4). To show that 
the polypeptides were glycosylated, infected celllysates radiolabeled with 
mannose or glucosamine were precipitated with monoclonal antibodies 
and electrophoretically separated (Fig. 4). The profiles revealed differences 
in the degree of glycosylation. (1) Various forms of each glycoprotein 
contained glucosamine gA was more heavily labeled than gC or gD. Anal
ysis of the gA family showed that gA-l, gA-2, gA-3, and gA-4 incorporated 
more glucosamine than gA-6 whereas gA-5 failed to label with glucosa
mine. (2) One or more forms of each group of related glycoproteins con
tained mannose. 

Table I summarizes the properties of CMV glycoproteins as far as we 
know them. 

2. Reactivity of Monoclonal Antibodies with Denatured, 
Electrophoretically Separated, Immobilized Glycoproteins 

To show that the multiple forms of CMV glycoproteins share anti
genic determinants and were not merely coprecipitating mixtures of un-
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FIGURE 3. Autoradiographic images of antigenically distinct glycoproteins immune pre
cipitated by monoclonal antibodies from extracts of 35S-methionine-Iabeled, CMV-infected 
cells. Lanes are marked with hybridoma clone numbers. 

related proteins, we reacted monoclonal antibodies with electrophoret
ically separated, immobilized polypeptides. For these experiments, CMV
infected celllysates were subjected to electrophoresis in SDS-polyacryl
amide gels, transferred to nitrocellulose paper, and reacted with panels 
of monoclonal antibodies to gA, gE, gC, and gD. Immune reactions with 
representative monoclonal antibodies to each glycoprotein are shown in 
(Fig. 5). The features of the results deserve comment. 

1. Monoclonal antibody to each glycoprotein reacted with multiple, 
electrophoretically distinct forms of immobilized polypeptides. The data 
supported results obtained by immune precipitation. 

2. Monoclonal antibody CH28-2 reacted strongly with gA-2/gA-3, 
gA-6, and weakly with gA-l and gA-7. Additional members in the panel 
of antibodies to gA were differentiated on the basis of reactivity with the 
SDS-denatured glycoproteins. The antibodies to gA were divided into 
groups representing three antigenic domains as summarized in Table II. 
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FIGURE 4. Autoradiographic images of electrophoretically separated glycoproteins in im
mune precipitates formed by monoclonal antibodies and extracts of 14C-mannose- or glu
cosamine-Iabeled, CMV-infected cells. Lanes are marked with glycoproteins or antigen lAg). 
Antigenically related, electrophoretic ally distinct forms are shown by numbers to the right 
of the lanes. 

3. We detected strong immune reactions of monoclonal antibody 
CH65-1 with gC-1, gC-3, and gC-4 and of monoclonal antibody CH16-1 
with gD-1, gD-2, gD-3, and gD-4. CH33-1, the sole monoclonal antibody 
thus far precipitating gB, failed to react with the SDS-denatured glyco
protein, suggesting that it is directed to a conformational site on the 
glycoprotein. 

C. Purification of Glycoproteins on Monoclonal Antibody 
Affinity Columns 

Studies on herpes simplex viruses have demonstrated the feasibility 
of purifying the viral glycoproteins using immunoaffinity columns con
structed from monoclonal antibodies to gD (Eisenberg et a1., 1982) and 
gC (Arvin et a1., 1983; Coleman et a1., 1983; Olofsson et a1., 1983). The 
purified glycoproteins were suitable for biochemical analysis of the po
lypeptide and carbohydrate moiety, elicited neutralizing antibody in im
munized animals, and reacted with convalescent sera in diagnostic tests. 
We recently showed that CMV glycoproteins were efficiently purified 
from CMV-infected cell extracts on immunoaffinity columns constructed 
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Form 

gAl 

gA2 
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TABLE I. Characteristics of CMV Glycoproteins 

Apparent Mr 
,(x 10-3 ) 

160-148 

142 

138 

123-107 

95 

58.5 

56.5 
123-116 

80 
66 
55 
50 
46 
49 
48 
34 
25 

Comments 

Contains mannose and glucosamine, appears after a 
chase 

Contains mannose and glucosamine, made during a 
pulse 

Contains mannose and glucosamine, made during a 
pulse, denatured in the presence of ~-mercaptoethanol 

Appears after a chase, accumulates in the presence of 
deoxyglucose, contains glucosamine and mannose 

Unglycosylated precursor, accumulates in the presence 
of tunicamycin 

Present after chase, contains mannose and glucosamine, 
accumulates in the presence of deoxyglucose 

Accumulates in the presence of deoxyglucose 
Contains glucosarnine and trace amounts of mannose 
Made during a pulse 
Contains glucosamine and mannose 

Contains mannose and glucosamine 
Contains mannose 
Contains mannose 
Contains mannose and glucosamine 

from monoclonal antibodies (Pereira et al., 1985a). Purified CMV gly
coproteins retained their immunological and electrophoretic properties 
and were excellent antigens in serological tests measuring antibody in 
patient sera and with monoclonal antibodies (Pereira, et al., 1985c). Elec
trophoretic profiles of radiolabeled CMV glycoproteins purified using im
munoaffinity columns are shown in Fig. 6. Immune reactions of mono
clonal antibodies with electrophoretically separated, immobilized 
glycoproteins showed that multiple forms with shared antigenic deter
minants were efficiently recovered from immunoaffinity columns and 
retained their immunological and electrophoretic properties. We also 
found that sera from patients with CMV infections reacted with the pur
ified glycoproteins and that the glycoproteins were immunogenic in mice 
insofar as they elicited immunoprecipitating antibody. Biochemical anal
ysis of purified CMV glycoproteins should yield valuable information on 
their structural and functional domains. 

IV. MAPPING CMV GENES 

At this time, only a few CMV genes have been localized on the viral 
DNA (Nowak et al., 1984; Stinski, et al., 1983). Major obstacles to map-
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FIGURE 5. Autoradiographic images of electrophoretically separated, CMV-infected cell 
polypeptides and images of monoclonal antibodies reactive with gA, gC, and gD. Procedures 
were according to Braun et al. (1983). lnfected cells were labeled 72 hr postinfection with 
[35S]methionine, solubilized in disruption buffer containing SDS and (3-mercaptoethanol, 
subjected to electrophoresis, and transferred to nitrocellulose. Each monoclonal antibody 
was reacted with the immobilized polypeptides, followed by binding of horseradish per
oxidase-coupled rabbit anti-mouse immunoglobulin. The filters were then exposed to 4-
chloro-I-naphthol and hydrogen peroxide. The left lane shows the autoradiographic images 
of labeled transferred polypeptides. Lanes marked with hybridoma clone numbers show 
images of immune-reactive monoclonal antibodies. 

ping CMV genes have been the large size of the viral genome, slow growth 
of the virus in cell culture, continued synthesis of host proteins during 
infection and a lack of mutants. A novel system for mapping CMV genes 
has recently been developed by Mocarski et a1. (1985) based on the pro
karyotic expression vector lambda phage, X,gtll and monoclonal anti
bodies to CMV proteins. In this study, monoclonal antibodies to glyco
protein D were used to map the group of antigenically related bands, 
designated as the ICP36 family, identified by immune reactions with 
electrophorectically separated polypeptides immobilized on nitrocellu-
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TABLE II. Panel of Monoclonal Antibodies to gA 

Transferb Neutralization Cell" 
Monoclonal surface 

Group antib6dies RIpa gA2/gA3 gA6 -C' +C' reactive Ig 

CH45-1 + + + + + Gl 
CH86-3 + + + + + Gl 

II CH87-1 + + + G2a 
CH92-1 + + + G2a 
CH105-7 + + G2a 
CHl30-9 + + + G2a 
CH51-4 + + G2b 
CHl77-3 + + G2a 
CHI 12-1 + + Gl 
CH 11 4-5 + + G2b 
CHl43-13 + + Gl 
CH253-1 + + G2a 

III CH28-2 + + + Gl 
CHl58-5 + + + M 
CH216-2 + + + Gl 
CH244-4 + + Gl 

a Radioimmune precipitation. 
b Reactive with denatured, immobilized glycoproteins. 
C Reactive by immunofluorescence. 
d Complement, -C' Iwithout), +C' Iwith). 

lose filters (Pereira et al., 1958b). The system utilizes monoclonal anti
bodies to identify Agt11(CMV) clones carrying 400-500 base pair CMV 
DNA fragments that code for small portions of viral genes. In phase, open 
reading frames that are found in the CMV DNA inserts are expressed 
as ~-galatosidase fusion proteins in phage-infected E. coli. Immunore
active phage clones carrying inserts are used in hybridization analyses 
of genomic DNA digests to precisely localize the viral genes on the 
genome. 

The Agt11(CMV) library was screened with monoclonal antibodies 
CH13-2 and CH16-1 and reactive phage plaques were detected by an im
mune assay using biotinylated anti-mouse antibody and an avidin-bio
tin-horseradish peroxidase conjugate. DNA extracted from plaque pur
ified phage was used to probe Southern blots of CMV (Towne and AD169) 
DNA fragments (Fig. 7). All phage clones hybridized to BAMHI F, HindIII 
L XbaI Land EeaRI a of CMV strain Towne and to an identical region 
of strain AD169 (map coordinates 0.228 to 0.340). The phage inserts and 
the 2800 base pair EeaR! a fragment were subclones into plasmid vectors. 
The authenticity of the viral genes mapped using this technique was 
demonstrated by showing that the inserts hybridize to a single 5000 base 
polyadenylated transcript detected during the early and late phases of 
CMV growth. In vitro translation of this transcript directed the synthesis 
of a polypeptide with the molecular weight and antigenic specificity of 
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FIGURE 7. Structure of the CMV genome and localization of the ICP36 gene. A.!top) Sche
matic representation of the CMV genome, the thickened areas represent the inverted repeats 
of the Land S invertible genome components; !middle) restriction maps of CMV!Towne) 
DNA for XbaI, HindIII, BamHI, and EeoRI !LaFemina and Hayward, unpublished); !bottom) 
expansion of the EeoRi a fragment showing the position of the internal BamHI and HindIII 
sites. The stipled area on each restriction map delineates the fragment with homology to 
the immunoreactive phage DNA probes. B. Restriction maps of CMV!AD169) DNA for 
HindIII and EeaR! !Spector et aL, 1982; Fleckenstein et aL 1982) showing fragments with 
homology to immunoreactive phage DNA probes. The isomeric arrangement shown is iden· 
tical to the CMV!Towne) prototype which corresponds to the IS +L of the original published 
maps. 

the predominant member of the ICP36 family which confirmed the map 
location of the gene. 

V. SYNTHESIS AND PROCESSING OF CMV gA 

A. Polymorphism of gA 

As noted above, all monoclonal antibodies to gA immune precipi· 
tated a family of electrophoretically distinct glycoproteins with shared 
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antigenic determinants. This section describes experiments designed to 
analyze the synthesis and processing of gAo 

1. AIitigenic Domains on gA 

Reactivity of a panel of monoclonal antibodies to gA has allowed the 
conclusion that gA contains at least three major antigenic domains (Per
eira and Hoffman, 1985a). The data are summarized in Table II. The first 
antigenic domain (group I) was exposed on the surface membrane of intact 
infected cells. In the presence of SDS, antibodies to this domain reacted 
with gA-2/gA-3 but not with gA-6. The second antigenic domain (group 
II) contained a neutralizing site denatured in the presence of SDS. The 
third domain (group III) was defined by antibodies that reacted with den
atured gA, but failed to neutralize infectious virus. It is probable that 
monoclonal antibodies losing reactivity with antigenic domains in a den
aturing environment are directed to conformational epitopes. Studies in 
progress indicate the antibodies react with different antigenic sites with
in domains (1. Pereira and M. Hoffman, unpublished results). 

2. Electrophoretic Properties of gA Forms 

Figure 8 shows profiles of electrophoretically separated glycoproteins 
precipitated by representative monoclonal antibodies delineating three 
antigenic domains (groups I-III, Table II). Trace amounts of a band with 
an apparent molecular weight of 160,000 to 148,000 (gAl) and a doublet 
comprised of polypeptides with apparent molecular weight of approxi
mately 142,000 and 138,000 (gA2 and gA3) were detected. In addition, 
trace amounts of a broad band with an apparent molecular weight of 
123,000 to 107,000 (gA4), a sharply migrating form with an apparent mo
lecular weight of 95,000 (gAS), and a faster-migrating band with an ap
parent molecular weight of approximately 58,500 (gA6) were precipitated. 

Although all monoclonal antibodies in the panel precipitated the 
family of glycoproteins, differences were noted. For example, CH86-3 (I) 
and CHl77-6 (II) reacted strongly with gA2 and gA3 whereas CH92-1 (II) 
and CH28-2 (III) precipitated gA3 more strongly. In addition, CH28-2 (III) 
reacted strongly with gA6 in contrast to antibodies in other groups. We 
also noted differences in the reactivity of antibodies within groups ex
emplified by CH92-1 and CH87-1 (group II). Both antibodies precipitated 
an additional band with an apparent molecular weight of approximately 
20,000, which we designated as gAr. 

3. Characterization of Faster-Migrating gA Forms 

Multiple protein bands with similar electrophoretic properties could 
be identified as antigenically related forms of gA on the basis of shared 
reactivity with monoclonal antibodies. To determine whether some were 



GL YCOPROTEINS SPECIFIED BY HCMV 
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gAr 

II 

CH86·3 CH92·1 
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CH28-2 CH177-6 con! rol 
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Ag 

397 

FIGURE 8. Autoradiographic images of electrophoretic ally separated glycoproteins precip
itated by monoclonal antibodies to gA from extracts of 35S-methionine-Iabeled, CMV-in
fee ted cells. Representative hybridomas and their groups are shown above the lanes. Elec
trophoretically distinct forms of gA are designated at the left. 

partially glycosylated precursors, CMV-infected cells were treated with 
inhibitors of glycosylation, deoxyglucose and tunicamycin, and immune 
precipitated (Fig. 9). The results obtained merit discussion. 

1. Precipitates of cells treated with deoxyglucose contained large 
amounts of gA4, trace amounts of gA6, and a faster-migrating band with 
an apparent molecular weight of approximately 56,500 (gA7). It is notable 
that gAl, gA2, and gA3 were not made in deoxyglucose-treated cells. 
Deoxyglucose acts as an analog of mannose, thereby terminating further 
elongation of the oligosaccharide chain. The results indicated that gA4 
and gA7, detected weakly or not at all in untreated cells, may be partially 
glycosylated transient forms of gA that accumulate in cells treated with 
the inhibitor. 

2. All immune precipitates of tunicamycin-treated infected cells 
contained only one weak band, gAS. Because tunicamycin inhibits core 
glycosylation, this polypeptide is probably the unglycosylated precursor 
to other forms of gAo gAS was weakly precipitated by antibodies in dif-
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FIGURE 10. Autoradiographic images of electrophoretic ally separated CMV glycoproteins 
in precipitates formed by monoclonal antibodies to gAt gBt gCt and gD. Extracts were pre· 
pared from CMV-infected cells labeled with [35S]methionine for a is-min pulse (p) or chased 
(c) for 3 hr without radiolabel and immune precipitated. Hybridomas and controls are shown 
above the lanes. 

ferent groups, suggesting that their reactivity depends on the confor
mation of the molecule modified by the carbohydrate side chains added 
to the nascent polypeptide or that gAS is degraded in tunicamycin-treated 
cells. 

4. Electrophoretic Mobility of Glycoproteins Precipitated by 
Monoclonal Antibodies after a Pulse and after a Chase 

One unresolved question was to determine whether antigenic ally 
related glycoproteins with low-molecular-weight shifts and those differ
ing significantly in electrophoretic mobility were generated by posttran
slational processing. For this purpose, CMV-infected cells were radiola
beled, extracted after a IS-min pulse or after a 3-hr chase, and immune 
precipitated (Fig. 10). The results are of interest and deserve comment. 

1. Two closely migrating glycoproteins gA2 and gA3 were precipi
tated from extracts of infected cells labeled for a IS-min pulse. Analysis 
of precipitates obtained after a chase revealed that gA4 and gA6 were 
precipitated but gA3 was not. Additional experiments pulse-labeling in
fected cells in the presence of tunicamycin showed that gAS was the only 
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polypeptide immune precipitated and is probably the unglycosylated gene 
product. The data also indicated that gA2 and gA3 are formed by rapid 
posttranslational glycosylation whereas gA4 and gA6 are products of slow 
processing. 

2. The electrophoretic profile of gC immune precipitated from pulse
labeled cells was not significantly different from the profile obtained after 
a chase. Precipitates of gD showed that gDl and gD4 migrated slightly 
more slowly after a chase than after a pulse. It should be mentioned that 
profiles of gB labeled with methionine during a short pulse were too weak 
to analyze. 

5. Electrophoretic Analysis of gA Precipitated from Cell Extracts with 
and without j3-Mercaptoethanol Treatment 

Based on results of pulse-chase experiments, the possibility existed 
that either gA2 or gA3 was a precursor of the faster-migrating gA6. To 
determine whether j3-mercaptoethanol might preferentially affect the sta
bility of either high-molecular-weight form we designed the following 
experiments. Nonionic detergent-treated extracts of radiolabeled infected 
cells were treated with 0.5% j3-mercaptoethanol and reacted with mon
oclonal antibodies. Immune precipitates were denatured in buffer con
taining SDS and j3-mercaptoethanol and electrophoresed in SDS-poly
acrylamide gels (Fig. H). Analysis of precipitates of antigens extracted as 
usual (- ME) contained gAl, gA2, gA3, gA4, and gA6 (lanes 2 and 4). In 
contrast, precipitates of extracts treated with j3-mercaptoethanol (+ ME) 
lacked gA3 and appeared to contain a more intense gA6 band (lanes 3 and 
5). The results of these experiments are of interest and deserve comment. 

1. As gA3 was lost from j3-mercaptoethanol-treated cell extracts, it 
may be bound by a disulfide bond and coprecipitated. However, analysis 
of immune precipitates electrophoresed in nondenaturing gels failed to 
demonstrate molecular weight complexes larger than gAl. 

2. The observation that gA3 but not gA2 was lost by treating infected 
cell extracts with j3-mercaptoethanol suggests that this form may be des
tabilized and subsequently degraded, perhaps by proteolytic cleavage to 
yield gA6. Data from pulse-chase experiments reinforced this hypothesis 
insofar as gA6 may be generated by an as yet undefined posttranslational 
processing event from gA3. 

6. Hypothesis for Processing gA 

Analysis of the data described above led to the formulation of hy
pothesis for processing gA (Fig. 12). The slowest-migrating form, gAl, is 
the fully glycosylated, mature form derived from gA2-gA3 (supported by 
pulse-chase experiments and inhibitors of glycosylation). Faster-migrat
ing gA4 is a partially glycosylated precursor of gA2-gA3 (supported by 
deoxyglucose experiments) whereas gAS is the unglycosylated precursor 
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FIGURE 11. Autoradiographic images of electrophoretically separated CMV glycoproteins 
in immune precipitates formed by monoclonal antibodies to gA and extracts of 35S-methi
onine-Iabeled, CMV-infected cells treated with J3-mercaptoethanol (+ ME) or without (
ME). Hybridoma clone numbers are shown above the lanes. Untreated (- ME) and treated 
(+ ME) antigens are shown in left and right lanes. 

gAl Fully glycosylated mature form (P-C) 

t 
[gA71 gA6 -- gA3-gA2 . Rapid glycosylation products (P-C) 

(P-C, ME, DG) t 
gA4 Partially glycosylated (DG) 

t 
gAS Unglycosylated precursor (TN) 

FIGURE 12. Diagram of hypothesis describing the processing of CMV glycoprotein A (gA). 
P-C, pulse-chase; DG, deoxyglucose; TM, tunicamycin; ME, J3-mercaptoethanol. 
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(supported by tunicamycin experiments). Pulse-chase experiments in
dicated that gA6-gA7 are dervied by slow posttranslational processing of 
gA2-gA3. As gA3 was the only form destabilized by treating extracts with 
l3-metcaptoethanol and was lost during pulse-chase experiments, it is 
most likely the high-molecular-weight precursor of gA6 (gA7). Deoxy
glucose experiments also indicated that gA7 is a partially glycosylated 
form of the glycoprotein. 

B. Concluding Remarks 

It is generally agreed that glycoproteins in the virion envelope func
tion in infection of host cells by facilitating adsorption and penetration. 
At the present time, however, the functions of CMV glycoproteins are 
unknown. One could easily predict that the novel immunological and 
genetic techniques currently available will rapidly expand our knowledge 
of the antigenic and functional domains on CMV glycoproteins and the 
physical location of the glycoprotein structural genes on the viral DNA. 
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Abelson murine leukemia virus, 288 
N-Acetylgalactosaminyltransferase, 362, 

367,371,372 
N -Acety 19lucosaminepyrophos-

phoryldolichol, 364 
Acyclovir, II, 16, 17, 18 
Adenine arabinoside, 33 
Adenovirus 

transcription of, 51 
transforming potential of, 258, 269, 279-

280, 283-284, 286 
Alkaline exonuclease activity, in HSV 

infections, 61 
Alphaherpesvirinae, 105 
Amino acid analogs, transcription and, 53 
Amino acid sequences, of HSV 

glycoprotelns, 319 
Ammonium chloride, glycosylation 

inhibition by, 375, 376, 377 
Antibody(iesl 

HSV 
in cervical cancer, 30-31, 32, 245-247, 

251 
neutralizing, 3, 5-6,331-333 
in sexual transmission, 10-11 

monoclonal: see Monoclonal antibodies 
Antibody assay type-specific, 5 
Antigens 

in latent HSV infections, 197 
tumor-associated, 31-32, 245-248, 250, 

251 
Arginine, in capsid assembly, 148 
Aujeszky's disease, 161-163 
Autonomic nervous system, HSV 

infections of, 208 

Avian erythroblastosis virus, 284 
Avian leukosis virus, 268 
Avian lymphoid leukosis virus, 284, 285 

Bell's palsy, 28, 208 
Benzhydrazone, glycosylation inhibition 

by,374-375 
Biological markers 

cotransfection of, 276 
of HSV transcripts, 45-47, 60, 62-63 

Blot hybridization 
of HSV DNA sequences, 263-264, 273 
of HSV RNA transcripts, 49, 52, 54-55, 

56-57 
of PRY, 159 

Bovine mammillitis virus, III 
Brain, HSV infection of, 3, 7, 24-28; see 

also Central nervous system 

Calcium phosphate precipitation 
technique, 276, 298-299 

Cancer 
CMV and, 257 
Epstein-Barr virus and, 257 
HSV and, 241, 257 
See also Oncogenic transforming 

potential; names of specific cancers 
Capsids 

ofHSV 
assembly of, 148 
proteins of, 68-70 

of PRY, 107-109 
assembly of, 148-151 

Cats, PRY infection in, 122 
Cattle, PRY infection in, 161, 162 
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Cell culture, oncogenic transformation in, 
259-261 

Cellular stress protein, 72 
Central nervous system, HSV infections 

df,24-27 
latency of, 176, 179-180 

Cervical cancer 
epidemiology of, 30-32, 243-245 
HSV and, 29-33, 241 
HSV-l and, 70-71 
HSV-2 and, 30, 241-255 

antigens of, 32-33, 245-248, 250, 251 
DNA sequences of, 248-250, 251 
risk estimation for, 242-245 
risk factors of, 241, 244-245 
seroepidemiologic surveys of, 243-245 

papillomaviruses and, 251, 252 
Chemotherapy, antiviral, 4 
Children 

HSV excretion by, 16 
HSV infections in, 4, 5-7 

CMV: see Cytomegalovirus!es) 
Cocultivation method, of HSV, 178 
C3b receptors, 340 
Cyclohexamide 

HSV RNA transcripts and, 53 
PRY protein synthesis and, 159 

Cyclophosphamide 
HSV reactivation by, 203 
latent HSV infections and, 191 

Cytomegalovirus! es) 
cancer and, 257 
DNA, 292-293 
genome size, 289 
glycoproteins specified by, 383-402 

antigenically distinct, 387 
characteristics of, 391, 393-394 
in dense bodies, 384-386 
electrophoretic mobility of, 396-398 
electrophoretic properties of, 385-386, 

387-388 
gA forms, 390-400 
monoclonal antibody characterization 

of,386-392 
in plasma membrane, 384-386 
polymorphism of, 392-400 
purification of, 390-392 
synthesis and processing of, 384, 392-

400 
in virions, 3M4-J86 

host-virus interactions of, 289-290 
lytic cycle of, 290 
protein synthesis and, 296-298 
mRNA spliCing in, 48 

INDEX 

Cytomegalovirus!es) !cont.) 
transforming potential of, 257-258, 289-

302 
DNA sequences and, 292-300 

virion content, 383 
Cytosine arabinoside, 52 
Cytotoxicity, cell-mediated, 219 

Darier's disease, 20 
Defective genomes, 142 
Defective-interfering particles, 195 
Defective virions, 289 
Degenerative disease, 28 
Dense bodies, 384-386 
Deoxycytidylic acid, 137 
2-DeoxY-D-glucose, as glycosylation 

inhibitor, 333, 374, 377 
Deoxypyrimidine triphosphatase, 65-66 
DNA 

CMV, 292-293 
HSV 

coding capacity of, 373 
fragment patterns of, 13-14 
latency and, 191-192 
in oncogenic transformation, 262, 

263-266, 267, 268, 269-279, 280-
282, 284-288, 289 

HSV-2 
in cervical cancer cells, 248-250, 251 
restriction endonuclease analysis of, 

13-14, 265, 269-270 
PRY 

cleavage of concatemeric forms, 151-
153 

defective genomes of, 142 
functional identity of, 116 
heterogeneity of, 113 
homology of, 112 
mutants, 156-157 
properties of, 111-112, 138-141 
replication origins in, 141-143 
restriction endonuclease analysis of, 

111,113-118 
strain variability of, 116, 118 

DNA polymerase 
in HSV infection diagnosis, 27 
mapping of, 64-65 
PRY-induced, 137 
mutator activity of, 287 

DNA synthesis 
in HSV-infected cells, 61, 64-66 
inhibition of, 52, 160 
protein synthesis and, 130-131, 132 
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DNA synthesis Icont.) 
in PRY-infected cells, 122-123, 125, 

138-141 
inhibition of, 160 
mode of, 1~3-144 

See also Transcription 
DNase, 28, 138 

Early and late PRY proteins, 132 
Early and late PRY RNA, 122-123, 125, 

127-129 
Eczema herpeticum, 29 
EHV -1: see Equine abortion virus 
Embryonated eggs, PRY infections in, 122 
Embryonic cells, transformation assays of, 

259-260 
Encephalitis, HSV-associated, 3, 7, 24-27 

latencyand,208-209 
pathogenesis of, 25-26 
restriction endonuclease analysis of, 29 

Endo-~-N-acetylglucosaminidase H, 322, 
359,364 

Endocytosis, 334-335 
Endonuclease restriction analysis: see 

Restriction endonuclease analysis 
Enzymels) 

of HSV, 197 
of PRY, 137-138 
See also names of specific enzymes 

Enzyme-linked immunosorbent assay,S 
Epidemics, of HSV infections, 28-29 
Epidemiologic surveys 

of cervical cancer, 242-245 
of HSV infections,S, 6 

Epstein-Barr virus 
cancer and, 257 
mRNA of, 48, 50 

Equine abortion virus 
cross-reactivity of, III 
transcription in, 51 

Equine herpesvirus, 52 
Eye, herpes infections of, 2, 18-20 

Fatty acylation, 325, 329 
Fc receptors, 194-195, 202, 335, 339 
Ferret, PRY infe~tions in, 122 
Fucose/glucosamine ratio, of HSV-1 

glycoproteins, 359 
Fusion, virus-induced, 120-121,340-345, 

376-378 
See also polycaryocytes 

Galactosyltransferase, 372 
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Ganglia, latent HSV infections in, 12-13, 
176-180 

antigens in, 197 
defective-interfering particles in, 195 
dynamic state of, 195, 196 
enzymes of, 197 
establishment of, 182-198 
Fc receptors of, 194-195 
genome in, 191-192, 196 
in latently infected cells, 188-190 
in neurons, 189-195 
peripheral viral growth and, 185-188 
reactivation of, 198-224 
mRNA in, 197-198 
spread of, 182-185 
static state of HSV in, 195, 198 
thymidine kinase gene expression in, 

193-194 
viral function and, 195-198, 199 

Genetic complementation analysis 
of HSV, 269 
of PRY, 154-155 

Genetic drift, 144 
Genital herpetic infections 

complications of, 8-9 
cytopathologic screening for, 10 
disease expression and, 10-11 
incidence of, 9-10 
in pregnant women, 16,22-23 
recurrent, 14-16 

treatment of, 16-18 
symptoms of, 8 
treatment of, 11-12, 16-18 

Genome 
CMV, 289 
HSV 

latency and, 191-192, 196, 203-204 
plasmidlike state of, 191-192 
sequence homology of, 160-161, 281-

282 
PRY, 111-119 

functional identity of, 116 
isomerization of, 146-148, 149 
mapping of, 115-116, 117, 157-158 
organization of, 154-158 
restriction endonuclease analysiS of, 

115-116,117 
RNA transcription patterns of, 122-

124 
sequence homology of, 147, 160-161 
sequence identity maintenance of, 

144-146 
size and base composition of, III 
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Genome (cant.) 
PRY (cant.) 

strain variability of, 116, 118 
structure of, 112-115 
vaocine strains of, 118-119 

See also DNA 
Genomic fragment transformation 

by HSV-1, 272-274 
by HSV-2, 274-281 

Gingivostomatitis, 3, 6, 11 
Glycans 

addition sites of, 320-321 
assembly of, 362-366 
high-mannose, 361-363, 367-368 
infectivity and, 333, 375-376 
N-linked, 320-321, 322-323, 359, 361-

368 
O-linked, 323-324, 362-363 
of pgC and gC, 368-371 
sialylated, 363, 366, 369 
structure of, 362-363 
sulfation of, 359 
synthesis pathway of, 361-363 
virion egress and, 376 

Glycoproteins 
of CMV, 383-402 

antigenically distinct, 387 
characteristics of, 391, 393-394 
in dense bodies, 384-386 
electrophoretic mobility of, 396-398 
electrophoretic properties of, 385-386, 

387-388 
gA forms, 390-400 
monoclonal antibody characterization 

of,386-392 
in plasma membrane, 384-386 
polymorphism of, 392-400 
purification of, 390-392 
synthesiS and processing of, 392-400 
in virion, 384-386 

excreted, 136-137 
of HSV, 315-356 

fatty acylation of, 325 
functional relatedness of, 345 
genetic loci of, 315-319 
host cell fusion and, 340-345 
in host cell penetration, 334-336 
intermolecular interactions of, 325-

326 
intracellular locations for, 328-'331 
mapping of, 316-318 
N-linked glycans of, 320-321, 322-323 
nomenclature of, 267, 345-347 
O-linked glycans of, 323-324, 362-

363 

INDEX 

Glycoproteins (cant.) 
of HSV (cant.) 

orientation within, 321-322 
polypeptide moieties of, 319-322 
prosthetic groups of, 322-325 
receptor expression and, 338-340 
regulation of synthesis of, 327-328 
signal sequences of, 319-320 
structural genes of, 315-326 
structure of, 319-325 
sulfation of, 324-325 
synthesis and processing of, 326-331 
transcription of, 66-68 
virion adsorption and, 334 
virion envelopment and egress and, 

336-338 
virion infectivity and, 331-336 

of HSV-1, 357-382 
forms, 358-359 
fucose/glucosamine ratio of, 359 
properties of, 359, 360 
synthesis pathway of, 361-363 

of PRY, 136-137 
monoclonal antibody neutralization 

of, 110-111 
of Sindbis virus, 357, 361, 362 

Glycosylation 
cell fusion and, 376-378 
general pathway of, 361-363 
Golgi apparatus in, 361-363, 369 
host-cell dependence of, 371-374 
infectivity and, 375-376 
inhibiton of, 323, 329-330 

by ammonium chloride, 375, 376 
by benzhydrazone, 374-375 
by 2-deoxY-D-glucose, 374, 377 
by monensin, 375-376 
by tunicamycin, 374, 377 

N-linked glycans in, 361-368 
relationship between N- and O-forms of, 

367-368 
sialic acid in, 363, 366, 367, 369 
site specificity of, 370-371 

Glycosyltransferases, 371-372 
Golgi apparatus, in glycosylation, 361-362, 

369 
Gonorrhea, 9 
Guinea pigs 

latent HSV infection in, 176, 179, 181, 
209 

PRY infection in, 122 

Hamster, PRY infection in, 122 
Hamster embryo fibroblasts, oncogenic 

transformation in, 259 
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Herpes gladitorium, 20 
Herpes keratitis, 2 
Herpes labialis, 2 

recurrent, 141-16,219 
treatment of, 16 

Herpes genitalis, 7-11 
recurrent, 14-16 

Herpes simplex virus 
antibodies 

in cervical cancer, 30-31, 32, 245-247, 
251 

sexual transmission and, 10-11 
symptomatic infection and, 7 

antigenic strain differences of, 3 
antigens 

in latent infection, 197 
tumor-associated, 31-32, 245-248, 

250,251 
capsids 

assembly of, 148 
proteins of, 68-70 

cervical cancer and, 29-33, 241 
complementation analysis of, 269 
control of, 4 
cross-reactivity of, 4-5 
DNA 

coding capacity of, 373 
fragment patterns of, 13-14 
latency and, 191-192 
in oncogenic transformation, 262, 

263-266, 267, 268, 269-279, 280-
282, 284-288, 289. 

epidemic disease and, 28-29 
epidemiology of, 1-44 

demographic factors in, 5-7 
descriptive, 3-12 
historical background of, 2-3 
serologic surveys, 5-6 
of specific diseases, 18-29 
techniques, 5, 10 

eye infections caused by, 2, 18-20 
genital infections caused by 

complications of, 8-9 
cytopathologic screening for, 10 
disease expression of, 10-11 
epidemiology of, 7-11 
incidence of, 9-10 
in pregnant women, 16,22-23 
recurrent, 16-18 
symptoms of, 8 
treatment of, 11-12, 16-18 

genome 
latency and, 191-192, 196,203-204 
plasmidlike state of, 191-192 
sequence homology of, 160-161 

Herpes simplex virus (cant.) 
glycoproteins, 315-356 

fatty acylation of, 325 
functional relatedness of, 345 
genetic loci of, 315-319 
host cell fusion by, 340-345 
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in host cell penetration, 334-336 
intermolecular interactions of, 325-

326 
intracellular locations for, 328-331 
mapping of, 316-318 
N-linked glycans of, 320-321, 322-323 
nomenclature of, 267, 345-347 
O-linked glycans of, 323-324, 362-

363 
orientation within, 321-322 
polypeptide moieties of, 319-322 
prosthetic groups of, 322-325 
receptor expression and, 338-340 
regulation of, 327-328 
signal sequences of, 319-320 
structural genes of, 315-326 
structures of, 319-325 
sulfation of, 324-325 
synthesis and processing of, 326-331 
transcription of, 66-68 
virion adsorption and, 334 
virion envelopment and egress and, 

336-338 
virion infectivity and, 331-336 

glycosyltransferase-defective, 371-372 
host cell interactions, 257 
in immunocompromised host, 20-21 
latent infections of, 12-14, 175-240 

animal models of, 176 
antigens in, 197 
cell models of, 72 
in central nervous system, 176, 179-

180 
defective-interfering particles in, 195 
dynamic state of, 195, 196 
enzymes in, 197 
establishment in ganglia of, 182-198 
evolutionary aspects of, 224-225 
extraneural, 180-182 
Fc receptors and, 194-195 
genome in, 191-192, 196,203-204 
in latently infected cell, 188-190 
in neurons, 189-195,203-205 
in peripheral nervous system, 176-179 
recurrence and, 175 
mRNA in, 197-198 
shedding and, 207 
sites of, 176-182 
static state of, 195, 198 
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Herpes simplex virus (cant.) 
latent infections of (cant.) 

thymidine kinase gene expression and, 
193-194 

vir~l function, expression in, 195-198, 
199 

mutator activity of, 287 
neonatal infections, 21-24 

incidence of, 21-22 
symptoms of, 23-24 
transmission of, 16, 22-23, 29 

nervous system infections, 3, 7, 24-28, 
176-180 

neutralizing antibodies, 3, 5-6, 331-333 
oncogenic transforming potential of, 

257-289,300-302 
antigenic markers for, 268 
in cell culture, 258-261 
DNA sequences in, 263-266, 267, 268, 

269-279, 280-282, 284-288, 289 
genome homology in, 281-282 
genomic fragment transformation, 

272-281 
"hit-and-run" mechanism of, 277-278, 

287 
protein expression and, 266-270 
thymidine kinase in, 262, 263-266 
transformation frequency, 261-262 
transformation mechanisms, 283-289 
of virions, 258-261 

oral infections, 6-7 
peripheral lesion recurrence, 209-224 

animal models of, 210-212, 213 
clinical problem of, 209 
host factors in, 217-223 
sites of, 212, 214-217 
viral factors in" 223-224 

reactivation of, 198-224 
autonomic nervous system disorders, 

208 
encephalitis, 208-209 
host factors in, 201-205 
immune mechanisms of, 202-203 
neuron in, 206-207 
psychiatric disorders, 208 
results of, 207-224 
viral factors in, 205-206 

recurrent infections 
incidence of, 4 
reinfection vs., 12-18 
therapy and, 11-12 

replication sites of, 7 
mRNA 

general properties of, 48-50 

Herpes simplex virus (cont.) 
mRNA (cant.) 

host cell response, 53-54 
in latency, 197-198 
mapping of, 46 

shedding of, 6-7, 180-181, 207 

INDEX 

skin infections, 3, 20, 180, 181, 214-217 
transcripts of, 45-104 

analysis of, 55-60 
biological markers for, 45-47, 60, 62-

63 
blot surveys of, 49, 52, 54-55, 56-57 
for DNA replication functions, 61, 64-

66 
of agenes, 60-61 
of glycoproteins, 66-68 
interior promoters of, 88-89 
latency and, 71-72 
localization of, 54-55, 274 
of morphological transformation 

genes, 70-71 
multiple promoters of, 86-88 
of related protein functions, 89-90 
of specific genes, 60-72 
splicing and, 89 
of structural proteins, 68-70 
termination of, 86, 88 
of "typical" genes, 84-86 

transmission of, 3-4, 7 
neonatal, 16, 22-23, 29 
nosocomial, 22, 29 
sexual, 8, 10 

treatment of, 11-12, 16-18 
resistant strains and, 18 

in trigeminal ganglion, 72,176-177,178, 
180, 182, 196, 197 

virions of 
adsorption. by, 334 
defective, 289 
egress of, 337-338 
endocytosis of, 334-335 
envelopment of, 336-337 
infectivity of, 331-336 
oncogenic transforming potential of, 

258-261, 289 
in protein synthesis inhibition, 53-54 

Herpes simplex virus-2 
cancer and, 257 

cervical, 70-71 
characteristics of, 3 
cross-reactivity of, III 
epidemiology of, 4-7 
genital infections, 7-11 
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Herpes simplex virus-2 (cont.) 
glycans of, 375-376 

addition sites of, 320-321 
assembly 9f, 363-366 
high-mannose, 361-362 
infectivity and, 333, 375-376 
N-linked, 320-321, 322-323, 359, 

363-366 
O-linked, 323-324, 362-363 
of pgC and gC, 368-371 
sialylated, 363, 366, 369 
structure of, 361-363 
sulfation of, 359 
synthesis pathway of, 361-363 
virion egress and, 376 

glycoproteins of, 357-382 
forms, 358-359 
fucose/glucosamine ratio, 359 
properties of, 359, 360 
synthesis pathway of, 361-363 

glycosylation in 
benzhydrazone inhibition of, 374-375 
cell fusion and, 376-378 
general pathway of, 361-363 
host cell dependence of, 373-374 
relationship between N- and 0- forms 

of,367-368 
site specificity of, 370-371 

infection site of, 4 
lytic function of, 281 
oncogenic transforming potential of, 

272-274 
recurrent infections, 14-16 

treatment of, 16 
mRNA,48 

analysis of, 55-57 
high-resolution mapping of, 57-60 

Syn mutations of, 341-345 
transcription units of, 72-86 

Herpes simplex virus-2 
cervical cancer and, 30-33, 241-255 

antigens, 245-248, 250, 251 
DNA sequences, 248-250, 251 
epidemiologic surveys of, 243-245 
risk estimation for, 242-245 
risk factors for, 241, 244-245 

cross-reactivity of, III 
DNA restriction analysis, 265, 269-270 
genital infections, 7-11 

recurrent, 17-18 
hybridization kinetic analysis of, 270, 

271 
infection site of, 4 
lytic function of, 281 

Herpes simplex virus-2 (cont.) 
oncogenic transforming potential of, 

259-261 
genomic fragment transformation, 

274-281 
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Herpes zoster, see Varicella zoster virus 
Herpesviruses, as oncogenic viruses, 257-

258 
Hospitals, HSV infections in, 22, 29 
HSV -1: see Herpes simplex virus-1 
HSV-2: see Herpes simplex virus-2 
Human cells, transformation assays of, 260 
Human cytomegalovirus: see 

Cytomegalovirus( es) 
Hybridization kinetic analysis, of HSV-2, 

270,271 
Hydroxanthine-guanine 

phosphonoribosyltransferase gene, 
287 

5-Hydroxydopamine, 191 
Hydroxyurea, as DNA inhibitor, 52 

Idoxuridine, 20 
Immediate early PRY proteins, 129-131, 

134-135 
Immediate early PRY RNA, 122-123, 124-

126, 127-129 
Immortalization assay, 275 
Immune adherence, 5 
Immune mechanisms, of reactivation, 

202-203 
Immunoaffinity columns, 390-392 
Immunoglobulins, latency and, 194-195, 

202-203 
Immunosuppression, HSV infections and, 

20-21 
recurrent disease and, 218-219, 220-221 

Infection, symptomatic disease and, 7 
Infectious bulbar paralysis: see Aujeszky's 

disease 
Infectivity 

glycoslyation and, 333, 375-376 
of virions, 331-336 

Influenza virus, 334, 357, 361 
Interferon, 203 
Intranuclear inclusions, PRY-induced, 

120-121 
intron,52 
Isomerization, of genome, 146-148, 149 

Kaposi's varicella, 3, 20 
Keratitis, herpetic 

sex differences in, 223 
T cell activity in, 218 

Keratoconjunctivitis, 3, 18-20 
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Lacrimal glands, HSV infection of, 181 
Langerhans cells, HSV recurrent infection 

and,221 
Latency, of HSV, 12-14, 175-240 

animal models of, 176 
antigens in, 197 
cell models of, 72 
in central nervous system, 179-180 
defective-interfering particles in, 195 
dynamic state of, 195, 196 
enzymes in, 197 
evolutionary aspects of, 224-225 
extraneural, 180-182 
Fc receptors and, 194-195 
ganglia, establishment in, 182-198 
genome in, 191-192, 196,203-204 
immunoglobulins and, 194-195, 202-

203 
in latently infected cells, 188-190 
in neurons, 176-180, 189-195,203-205 
peripheral lesions and, 176-179, 209-

224 
reactivation from, 176-179, 198-224 
recurrence and, 175 
mRNA in, 197-198 
shedding and, 207 
sites of, 176-182 
specific genes in, 193-194 
static state of, 195, 198 
thymidine kinase and, 193-194 
transcription during, 71-72 
viral functions in, 195-198, 199 

Leucoagglutinin, 366 
Lumbosacral ganglia, latent HSV infection 

in, 177-178, 179, 181 
Lytic function, of HSV, 281 

Macrophage migration inhibition factor, 
220 

Mapping 
of DNA polymerase, 64-65 
of HSV 

glycoprotein genes, 316-318 
polypeptides, 267-268 
mRNA,46 

of HSV-l, 57-60 
of PRY 

genome, 157-158 
polypeptides, 132-133 

ribonucleotide reductase, 65 
Marker proteins, 45-47, 60, 62-63 
Marmoset, PRY infection in, 122 
Meningitis, 28 
[3-Mercaptoethanol, 398-400 

INDEX 

Microneutralization, kinetic, 5 
Mink, PR V infection in, 122 
Mitomycin C, as DNA inhibitor, 52 
Monensin, glycosylation inhibition by, 

329-330,33,375-376,377 
Monoclonal antibodies 

ofCMV 
glycoprotein characterization by, 386-

392 
immunoaffinity column analysis of, 

390-392 
of HSV, 110-111,332 

Mouse 
HSV infection in 

latent, 179, 209 
neurotropism of, 1 76 
recurrent lesions of, 210-212, 213, 218 

Mouse fibroblasts, oncogenic 
transformation in, 284-285 

Mouse retrovirus, 71 
Mutation 

HSV-l Syn, 341-343 
in oncogenic transformation, 287 
of PRY, 154-157 

Myelitis, 28 

Nervous system, HSV infections in, 3, 7, 
24-28, 176-180,208 

Neurological disease, HSV-associated, 208 
Neurons, latent HSV infection in, 189-195 

defective-interfering particles in, 195 
Fc receptors in, 194-195 
gene expression during, 72 
genome structure and, 191-192 
immune mechanisms of, 194-195, 202-

203 
physiological factors of, 203-205 
productive infection, 190-191 
reactivation of, 201-207 
specific viral genes in, 193-194 

Newborn, HSV infections in, 21-24 
incidence of, 21-22 
symptoms of, 23-24 
transmission of, 16, 22-23, 29 

Nuclear membrane biogenesis, in PRY, 
153-154 

Nucleocapsids 
of HSV, 68 
of PRv, 108-110 

capsid relationship, 151 
formation, 151-153 
membrane recognition by, 153-154 

Nucleoside analogs, 11, 16, 17 
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Oligosaccharide chains: see Glycans 
Oncogenic transformation potential 

of adenovirus, 269, 279-280, 283-284, 
286 

assay of, 259, 273-274, 275-276; see 
also names of specific assays 

of avian erythroblastosis virus, 284, 285 
of avian leukosis virus, 268 
of avian lymphoid leukosis virus, 284 
of CMV, 257-258, 289-302 

in cell culture, 290-292 
DNA sequences of, 292-300 

of HSV, 257-289, 300-302 
antigenic markers of, 268 
in cell culture, 259-261 
defective virions in, 289 
DNA sequences of, 263-266, 267, 268, 

269-279, 280-282, 284-288, 289 
genome fragment transformation, 

272-281 
genome homology of, 281-282 
"hit-and-run" mechanism of, 277-278, 

287 
mutation and, 287 
of polypeptides, 280-281 
protein expression in, 266-270 
thymidine kinase in, 262, 263-266 
transformation frequency, 261-262 
transformation mechanisms, 283-289 

of papoviruses, 283 
of polyomaviruses, 261-262, 278-279 
of SV 40 virus, 261-262, 269, 287 

Oral herpetic infections, 3, 6-7, 11 
Oral therapy, 12 

Papillomaviruses, cervical cancer and, 33, 
251,252 

Papoviruses, oncogenic transformation 
potential of, 283 

Penetration, of host cell, 334-336 
Peripheral nervous system, latent HSV 

infections in, 176-179 
Phospholipid metabolism, in PRY-infected 

cells, 153 
Phosphonoacetic acid, DNA inhibition by, 

384 
Phosphonoformate, as topical therapy, 18 
Pigeon, PRY infection in, 122 
Plasma membrane, glycoproteins in, 384-

386 
Polyacrylamide gel electrophoresis of PRY 

proteins, 107, 108, 109, 110 
Pol y karyocytes 

PRY-induced, 120-121 
HSV-induced, 340-345, 376-378 

41.3 

Polyomaviruses, oncogenic transformation 
potential of, 258, 278-279 

transformation frequency, 261-262 
Polypeptides 

of HSV -infected cells 
in oncogenic transformation, 266-270, 

280-281 
synthesis of, 326-331 

of PRY-infected cells, 107-111 
mapping of, 132-133 
structural, 107-110 

synthesis of 
kinetics of, 326 
regulation of, 327-328 
mRNA synthesis and, 327-328 
sequence of events in, 328-331 

Polysomes, disaggregation of, 53 
Pregnant women, genital herpetic 

infections in, 16, 22 
Pronase-digestion, of glycoproteins, 365, 

368, 369, 370 
Prostaglandins, HSV infection recurrence 

and, 220-221, 222 
Protein(s) 

capsid, 68-70 
cellular stress, 72 
DNA-binding, 1.35-136 
nucleocapsid, 68 
of PRY, 107-111 

early and late, 132 
immediate early, 129-131, 134-135 
polyacrylamide gel electrophoresis of, 

107, 108, 109, 110 
structural components of, 107-110 
virus neutralization by, 110-111 

Protein kinase, PRY-associated, 110 
Protein markers: see Biological markers 
Protein synthesis 

in CMV-infected cells, 296-298 
in HSV-infected cells, 53-54 
in PRY-infected cells, 129-138 

control of, 133, 158-159 
DNA synthesis and, 130-131, 132 
mapping of, 132-133 
patterns of, 129-132 

virion-associated inhibition of, 53-54 
PRY: see Pseudorabies virus 
Pseudorabies virus 

antigenic relationships of, 111 
capsids of, 107-109 

assembly of, 148-151 
characteristics of, 105 
DNA 

cleavage of concatemeric form, 151-
153 

defective, 142 
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Pseudorabies virus Icont.) 
DNA synthesis, 122-123, 125, 138-141 

inhibition of, 160 
mode of, 143-144 
origins of, 141-143 

freeze-drying of, 107 
genetic map of, 157-158 
genome of, 111-ll9 

functional identity of, 116 
homology of, 147, 160-161 
isomerization of, 146-148, 149 
mapping of, 115-ll6, 117, 157-158 
organization of, 154-158 
restriction endonuclease cleavage of, 

ll5-116,117 
sequence identity maintenance in, 

144-146 
size and base composition of, III 
strain variability of, ll6, ll8 
structure of, 112-115 
of vaccine strains, ll8-ll9 

glycoproteins of, 136-137 
irradiation effects, 106-107 
macromolecular synthesis and, 158-160 
morphology of, 106 
mutant phenotypes of, 154-157 
nuclear membrane biogenesis of, 153-

154 
nucleocapsids of, 108-ll0 

formation of, 151-153 
membrane recognition by, 153-154 

phospholipid metabolism and, 153 
protein kinase acti vi ty of, II 0 
protein synthesis and, 129-138 

control of, 133, 158-159 
mapping of, 132-133 
patterns of, 129-132 

proteins, 107 -lll 
early and late, 132 
immediate early, 129-131, 134-135 
polyacrylamide gel electrophoresis of, 

107, 108, 109, 110 
structural components of, 107-ll0 
virus neutralization by, 110-ll1 

replication of, 119-122 
cytopathic cellular effects of, 120-121 
growth cycle in, 119-120 
host range for, 121-122 

RNA synthesis of, 122-129 
early and late, 122-123, 125, 127-129 
immediate early, 122-123, 124-126, 

127-129 
mRNA accumulation in, 126-129 
rRNA in, 159 
transcript characteristics in, 125-126 

Pseudorabies virus I cont.) 
RNA synthesis of Icont.) 

INDEX 

transcription of patterns in, 122-124 
transitions in, 124-125 

stability of, 106-107 
transmission of, experimental, 122 
virion 

adsorbtion, 139 
assembly of, 148-154 
defective, 120 
inverted repeats in genomes of, 145-

146 
membrane protein removal and, 109-

110 
polypeptides, 107 -lll 

See also AUjeszky's disease 
Psychiatric disorders, HSV-associated, 208 

Rabbit 
latent HSV infections in, 179, 209 

neurotropism of, 176 
PRY infections in, 122 

Radiation, of PRY, 106-107 
Rat, PRY infection in, 122 
Reactivation 

definition of, 198 
of HVS infections, 198-224 

autonomic nervous system diseases, 
208 

encephalitis, 208-209 
host factors in, 201-205 
immune mechanisms of, 202-203 
neuron in, 206-207 
psychiatric disorders, 208 
results of, 207-224 
viral factors in, 205-206 

Receptors, of HSV-infected cells 
C3b,340 
Fc, 194-195,202,335,339 

Recrudescence, 198 
Recurrence 

definition of, 198 
latency and, 175 
reinfection vs., 12-18 
See also under specific viruses 

Reinfection, recurrence vs., 12-18 
Restriction endonuclease analysis 

of CMV DNA, 292-293 
of HSV marker proteins, 45-47 
of HSV-2 DNA, 265, 269-270 
of PRY DNA, Ill, ll3-ll8 

Retrovirus, 71 
Rhesus monkey, PRY infection in, 122 
Ribonucleotide reductase 

HSV-induced,65 
PRY-induced, 137-138 



INDEX 

RNA 
CMV, 48 
Epstein-Barr virus, 48, 50 
HSV 

general properties of, 48 
in latency, 197-198 
mapping of, 46 
nuclear forms of, 48-50 
polypeptide synthesis and, 327-328 

HSV-l 
analysis of, 55-57 
high-resolution mapping of, 57-60 

PRY, 132, 133, 159-160 
early and late, 122-123, 125, 127-129 
immediate early, 122-123, 124-126, 

127-129 
transcript characteristics, 125-126 
transcription patterns, 122-124 
transitions in, 124-125 

See also Transcription 
RNA polymerase, 122, 125, 203 
Rough endoplasmic reticulum, 

glycoprotein precursors and, 361-
363 

Saliva, viral shedding in, 180-181 
Salivary glands, HSV infections in, 181 
Screening, virologic, 6-7 
Secretions, viral shedding in, 6-7, 180-181 
Semliki Forest virus, 334 
Seroepidemiologic surveys 

of cervical cancer, 243-245 
of HSV infections, 5-6 

Sezary's syndrome, 20 
Shedding 

in body secretions, 6-7, 180-181 
latency and, 207 
in oral HSV infections, 6-7 

Sheep, PRY infections in, 122 
Sialic acid, in glycosylation, 363, 366, 367, 

369 
Simian virus 40, oncogenic transformation 

potential of, 258, 269, 287 
transformation frequency, 261-262 

Sindbis virus, 357, 361, 362 
Skin, HSV infections of, 3, 20 

latent, 180, 181 
recurrent, 214-217 

Squamous cell carcinoma, 245 
Stomatitis, herpetic, 3, 29 
Structural proteins, transcription of, 68-70 
Suid herpesvirus, 105 
Sulfation, of glycoproteins, 324-325, 359 

Swine 
latent HSV infections in, 209 
PRY infections in, 105, 162-163 

Symptomatic disease, infection and, 7 
Syncytia: see Polykariocytes 

T cell, 218, 219-220 
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Tears, viral shedding in, 180-181 
Thymidine kinase, in HSV-infected cells, 

27, 197 
latency and, 193-194 
as transcript marker, 64 
transformational activity of, 262, 263-

266 
Topical therapy, 17-18 
Transcription 

of adenovirus, 51 
of equine abortion virus, 51 
of HSV 

analysis of, 55-60 
biological markers for, 45-47, 60, 62-

63 
blot surveys of, 54-55, 56-57 
DNA replication functions, 61, 64-66 
ex genes, 60-61 
glycoproteins, 66-68 
interior promoters of, 88-89 
latency and, 71-72 
localization of, 54-55, 274 
morphological transformation genes, 

70-71 
multiple promoters of, 86-88 
related protein functions, 89-90 
specific genes in, 60-72 
splicing and, 89 
structural proteins, 68-70 
termination of, 86, 88 
of "typical" gene, 84-86 
units of, 72-86 

of PRY, 51 
Transposons, 191-192 
Trifluorothymidine, 20 
Trigeminal ganglion, latent HSV infection 

in, 72,176-177,178,180,182,196, 
197 

Trypsin, viral sensitivity to, 106 
Tumor-associated antigens, 31-32, 245-

248,250, 251 
Tunicamycin, glycosylation blockage by, 

323,333,374,377 

Ultraviolet light, effect on recurrent 
infection, 221 

Vagina, latent HSV infection ill, 181 
Varicella zoster virus, 2 
Varicella, Kaposi's, 3, 20 
Vero cells, HSV in, 221 
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Vesicular stomatitis virus, 321, 334, 357, 
361 

Vidarabine, 20, 24, 26-27 
Viron(s) 

ofCMV 
contents of, 383 
glycoproteins in, 384-386 

ofHSV 
adsorption by, 334 
defective, 289 
egress of, 337-338 
endocytosis of, 334-335 
envelopment of, 336-337 
infectivity of, 331-336 
oncogenic transformation potential of, 

258-261, 289 
in protein synthesis inhibition, 53-54 

Viron(s) (cont.) 
ofPRV 

adsorption by, 139 
, assembly process of, 148-154 

defective, 120 

INDEX 

inverted repeats in, 145-146 
membrane protein removal by, 109-

110 
Virion polypeptides, 107 -Ill 
Virion proteins, 143 
Virulence, trypsin sensitivity and, 106 

Whitlow ulcer, 20 

Zoster virus: see Herpes zoster 
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