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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 (PRV), 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

vii



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 PRV are the forerunners of Volume 5 which will
focus on the molecular biology of herpesviruses. It is on PRV, however,
that I would like to focus my remarks.

The studies on PRV by Albert Kaplan and Tamar Ben-Porat were
initiated three decades ago. Their contributions to the biology of PRV
provided important comparative data on PRV 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
(relinfections from both a clinical and a laboratory standpoint becomes
essential to the epidemiology of these viruses. Clinical, virologic, and

RICHARD J. WHITLEY e Department of Pediatrics and Microbiology, University of Al-
abama School of Medicine, Birmingham, Alabama 45294.
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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
laboratories 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. During 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-1) and type 2 (HSV-2). These latter two in-
vestigators demonstrated that HSV-1 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-1

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-1. 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-1 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-1 and HSV-2 antigens
and, thereby, determine specific antibodies (Plummer, 1973). However,
the presence of common HSV-1 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 al., 1976; Eberle and
Courtney, 1981; Arvin et al., 1983). Furthermore, utilization of imxmune
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 al., 1938; Scott et al., 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 al., 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 al., 1969; Nahmias et al., 1970). By 5 years
of age, approximately one-third of patients had seroconverted; 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, 1973; Wentworth and
Alexander, 1971). Further support for the relationship of socioeconomic
status to acquisition of infection is offered by a variety of other studies
(Smith et al., 1967; McDonald et al., 1974; Glezen et al., 1975).

The influence of age is underscored by two other studies, in particular
(Juretic, 1966; 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 10-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 isolation 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 al., 1959; Lindgren et al., 1968; Cesario et al., 1969; Kloene
et al., 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 al. {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-1 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-1 (Naib et al,,
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FIGURE 1. Ulcerative lesions of primary herpes simplex genitalis.

1973; Smith et al., 1976; Wolontis and Jeansson, 1977; Kalinyak et al.,
1977; Corey et al., 1983a). This distinction in virus type is not insignif-
icant as genital HSV-1 infections are usually less severe clinically and
are less prone to recur (Corey et al., 1983a). Sexual transmission is the
primary route of the spread of HSV-2 (Josey et al., 1966, 1968, 1972,; Parker
and Banatvala, 1967; Deardourff et al., 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 al., 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 al., 1969; Rawls et al., 1971, 1972; Poste et al., 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 al., 1975;
Hinthorn et al., 1976; Hevron, 1977; Caplan et al., 1977). Primary perianal
and anal HSV-2 infections (Jacobs, 1976), as well as associated proctitis
(Goodell et al., 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 al., 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 al., 1968; Josey et al., 1972; Nahmias et
al., 1973). Current estimates of the number of new cases of genital HSV
infections number approximately 200,000-300,000 individuals per year
(Nahmias et al., 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 al., 1973;
Jeansson and Molin, 1974). A recent study by Corey et al. (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 10--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
10% 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



EPIDEMIOLOGY OF HERPES SIMPLEX VIRUSES 11

either HSV-1 or HSV-2 may have an ameliorative effect on the expression
of clinical disease (Nahmias et al., 1970c; Rawls et al., 1971; Kaufman
et al., 1973; Corey et al., 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 al., 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 al., 1983b). Furthermore, complications were elimi-
rated 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 al., 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 al., 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 al., 1972; Baringer and
Swoveland, 1973; Stevens et al., 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 “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-1 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 orolabial lesions 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 al., 1976; Spruance et al., 1977). Vesicles
appear most commonly 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 mm?, and lesions progress to the
ulcerative and crusting stage within 48 hr. 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 al., 1977,
Bader et al., 1978). Healing is rapid, generally being complete in 8—10
days. The frequency of recurrences varies among individuals {Spruance
et al., 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 al., 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 al., 1967, 1977; Friedman et al., 1977). Exceptions to this
33% mean frequency of recurrence are studies by Young et al. {1976} in
Ann Arbor, Michigan, and Embil et al. {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 al. (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 al., 1974; Ship et al., 1977). In addition, fever has been associated
with recurrent lesions. Greenberg et al. {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 al. (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 al., 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
etal., 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-1 Infections

Treatment of recurrent herpes labialis infections has not been re-
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 al., 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-1; 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 al., 1979; Chang et al., 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-1
versus HSV-2, appears predictive of the frequency of recurrence (Corey
et al., 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 111 patients was similarly conducted for the therapeutic
effectiveness of acyclovir on the management of recurrent genital herpes
infections (Corey et al., 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
al., 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 al.,
1982]. 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 aslong 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-
cers; 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;
Wheeler and Abele, 1966; Terezhalmy et al., 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 al., 1970). Whi-
tlow lesions are commonly caused by HSV-1; 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 al., 1970). Disseminated HSV infections have also been reported among
wrestlers, being referred to as herpes gladitorium (Selling and Kibrick,
1960; 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; Hazen and Eppes, 1977). As would
be predicted, localized recurrence followed by a second episode of dis-
semination has been observed (Orenstein et al., 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 al., 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 delivery; 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 prospectively; 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., 1980a; Nahmias et al., 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 CNS infection is
decreased to 38% overall as shown in Fig. 8, and the 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 CNS neonatal HSV infection treated with
vidarabine |.....} or a placebo () 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 1:10 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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FIGURE 10. Influence of age and level of consciousness on survival with vidarabine therapy
of herpes simplex encephalitis (@——@) lethargic, <30, N = 23; (l——M) semicomatose,
<30, N = 7; ({A—A] lethargic, =30, N = 26; (0——0) comatose, <30, N = 10; (0——0)
semicomatose, =30, N = 13; {A——A) comatose, =30, N = 14. Reprinted with permission
from N. Engl. J. Med. 1981.

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 al.,
1979} or detection of HSV-excreted glycoprotein (Chen et al., 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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FIGURE 11. Influence of age and level of consciousness at the time of initiation of vidarabine
therapy on outcome in herpes simplex encephalitis. Reprinted with permission from N.
Engl. J. Med. 1981.

(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 identified; 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 al., 1979). Pugh et al. (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. Qutbreaks of herpetic stomatitis
have been reported within orphanages (Hale et al., 1953, 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 al., 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-1 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 al., 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
al., 1983; Douglas et al., 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 al., 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 strains; 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 al., 1969). These original observations have been reviewed on several
occasions (Nahmias et al., 1970c; Nahmias and Roizman, 1973; Roizman
and Frenkel, 1973; Rawls et al., 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 al,,
1972; Kao et al., 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 al., 1965; Josey et al., 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 al. (1969), the hypoth-
esis relating HSV-2 with cervical carcinoma was verified in a larger series
of patients (Naib et al., 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 al., 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 al., 1971; Smith et al., 1972b,
1977, Nahmias et al., 1973, Janda et al., 1973; Rawls et al., 1973; Adam
et al., 1974, Adelusi et al., 1975; Ito et al., 1976; Figueroa and Zambrana,
1976; Choi et al., 1977, Pasca et al., 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 al., 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 al., 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
al., 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 determinarit 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 al., 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 al.,
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 al. (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
al., 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 al.
(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 al. (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 al., 1981) or limited regions of the HSV-2 (McDougall et al.,
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 al., 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 (98-p-arabinofuranosyladenine, vidarabine, vira-A). OQur 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
al., 1977, Shaeffer et al., 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

EpwaArD K. WAGNER

[. 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-1 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-1 and HSV-2 inter-
typic recombinants to locate many HSV marker proteins on the viral
genome (Marsden et al., 1978; Morse et al., 1978; Ruyechan et al., 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 al., 1978; Parris et al., 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 al., 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 al., 1977, 1978; Anderson et al., 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
al. (1981), Watson et al. (1979, 1981a, 1982), Weller et al. {1983), Wigler et al. {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 « 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 HindIll 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 (cf. Berk et al., 1979) to examine the size
distribution of nuclear RNA via Northern blot and S1 nuclease analysis.
The mRNAs encoded by HindlIll fragment 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 polylA+) 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). S1 analysis of
hybrids between 32P-labeled HindIll 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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HindIIl fragment K were kinetic precursors to others. Very short 3P
pulses were carried out and nuclear poly{A] mRNA was isolated using
preparative hybridizations. This material was then subjected to size frac-
tiondtion. 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. Deatly, 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: «, 8, 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 Bv.
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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 a, B, or v, 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 (Bv) or only after it (y]. 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; 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; Wagner,
1983). In the first stage, o, or immediate—early mRNA species are seen.
These can be expressed abundantly without de novo protein synthesis
{i.e., in an unmodified host cell nucleus) (Jean et al., 1974; 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; Marsden et al., 1976, 1978;
Clements et al., 1977, 1979; Jones et al., 1977; Watson and Clements,
1978; Holland et al., 1979; Preston, 1979a; Watson et al., 1979; Anderson
et al., 1980a; Mackem and Roizman, 1980; Beck and Millette, 1981; Pres-
ton, 1981}.

As discussed below (Section V.B), a proteins appear to have regulatory
roles in later HSV gene expression. In the case of pseudorabies (herpes)
virus, an a gene has been shown to be able to replace the immediate—
early gene function (Ela} in adenovirus infection (Feldman et al., 1982;
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-1 a-gene expres-
sion {Batterson and Roizman, 1983).

Two o 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 al., 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 al., 1981a,b).

Following expression of one or several HSV-1 « 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 « mRNAs, but prior to viral DNA replication, comprise
the B or early class. These 8 viral mRNAs map throughout the HSV-1
genome in noncontiguous regions. However, only a limited number of
readily resolvable species are found (Stringer et al., 1978; Holland et al.,
1979; Jones and Roizman, 1979]. As described in a following section, a
number of 8 mRNAs were rigorously mapped.

Many B 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 g viral mRNA and protein
populations appear to persist (Wagner, 1972; Swanstrom and Wagner,
1974; Powell et al., 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 al. (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 al. (1979, 1980) and Jones
and Roizman (1979) carefully reexamined the role of viral DNA repli-
cation in late HSV-1 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 B polypeptides. This conclusion is in general
agreement with data presented by Conley et al. {1981) and Pedersen et
al. (1981).

As discussed above, late HSV-1 mRNA appears concomitantly with
viral DNA replication (Frenkel and Roizman, 1972; Wagner, 1972; Wag-
ner et al., 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 By mRNAs; and a group that cannot be seen at all in
the cytoplasm in the absence of viral DNA replication, the “‘true-late”
or y mRNAs. Both groups of mRNA species encode a large number of
polypeptides (Holland et al., 1980), 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 By and y mRNAs. Several
late mRNAs are spliced (R. Costa, K. Draper, and E. Wagner, unpublished
results) and one family of y mRNAs contains spliced and unspliced mem-
bers (Frink et al., 1981a, 1983).

As the HSV-2 genome is generally homologous to HSV-1 (Kieff et al.,
1972; Kudler et al., 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 units), there is evidence that the
time of expression of some homologous HSV genes may differ between
the types (Anderson et al., 1981; Galloway et al., 1982a,b; Jenkins et al.,
1982). Further, Pereira et al. (1977) and Fenwick and Clark (1982) have
shown that amino acid analogs and cycloheximide reversal result in dif-

ferent patterns of post o 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 al., 1974). Stringer et al. (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-
wick‘and 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 posttranscriptional level. 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 play a 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 o« HSV-1 mRNAs has been discussed above. Location of B and v
mRNAs was more difficult and with lower resolution, but basic patterns
were discernible.

Clements et al. (1977) could not distinguish discrete locations for
mRNAs using RNA hybridized to Southern blots of large restriction frag-
ments; however, Stringer et al. (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
B mRNAs within specific restriction fragments on the HSV-1 genome.
These data conclusively demonstrated that HSV-1 § 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 (Hindlll fragment K, 0,527-0.592 map units) demonstrated that
B and vy mRNASs can share partial colinearity (Anderson et al., 1980a,b,
1981). The location of 3 mRNAs quite near By and y mRNAs was also
found in several other regions of the genome (Frink et al., 1981a; Hall et
al., 1982; Sharp et al., 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 al., 1981;
Wagner, 1983}, and an updated version of this map is shown in Fig. 1.
The potentidl 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. Qakes et
al. (1976) showed that there was fairly general RNA homology between
HSV-1 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-1 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 al., 1981; Docherty et al., 1981;
Draper et al., 1982; Galloway et al., 1982b; Jenkins et al., 1982. Reyes
et al. (1982) and M. Swain and D. Galloway (unpublished results) have
shown the base sequence for the thymidine kinase (TK) gene of HSV-1
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 al. (1972).
More recently, Kudler et al. (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 al. junpublished 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-1 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-1
mRNA Species

The data reviewed in the preceding section indicate that the general
patterns of HSV-1 mRNA expression are clear. It also is clear that detailed
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information concerning HSV-1 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-1 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-1 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-1 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
T:m 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; Costaet 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-1
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-1 genome. In the case of HSV-
2, Northern blot surveys of transcript location imply a similar situation,
but here, more detailed analvses will need to be carried out to confirm
this conclusion.

Translation of specific HSV-1 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 HindIil fragment K encodes both a 122,000-dalton and an
86,000-dalton polypeptide (Anderson et al., 1981). Preston and McGeoch
(1981) found that purified mRNA from BamHI fragment P, which encodes
TK, also encodes a 39,000-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-1 mRNA

The use of S1 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 S1 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 B 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-1. 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 (cf. Frink et al.,
1981a; Hall et al., 1982), and several examples follow.

This laboratory used 5’ and 3’ end-labeled HSV-1 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 @« 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-1 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 B
mRNA, as well as with the mRNA encoding gC. One group of mRNAs
in EcoRI 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
al., 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 (cf. Marsden et al., 1978; Morse et al., 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 « 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 al., 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 « mRNA from cells held at the immediate—
early stage of replication by cycloheximide block (Clements et al., 1979;
Watson et al., 1979) and from in vitro translation of such hybrid-selected
mRNA using DNA from the short repeat region (Anderson et al., 1980b).
Several groups (Courtney et al., 1976; Knipe et al., 1978; Marsden et al.,
1978; Preston et al., 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 mRINA. 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 al., 1978;
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Watson and Clements, 1978; Holland et al., 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 a proteins appear to be candidates for regulatory roles. ICPQ,
-22, and -27 are phosphorylated and are transported to the nucleus {Pereira
et al., 1977). The 12,000-dalton ICP47, on the other hand, is not phos-
phorylated and is cytoplasmic {Preston, 1979a; Marsden et al., 1982). Mu-
tants mapping in these genes have not been described and recent work
of Post and Roizman (1981} indicated that the intact 68,000-dalton gene
product {ICP22) is not required for lytic infection in cultured cells. More
recently, however, 1. 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 al. (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 al. {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
replication, which must be early functions, means that a number of en-
zymological and DN A-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 al., 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 (ICP18) encoded by HSV-1 in the region
0.15-0.2 map units. Costa et al. (1983) used a monoclonal antibody to
the HSV-2 enzyme characterized by Banks et al. (1983) to identify the
HSV-1 transcript encoding this enzyme as a 2.5-kb unspliced 8 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 ICP11-12 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 B mRNAs of sufficient
size to encode such a protein were located in this region (Holland et al.,
1979]. L. Holland, R. Sandri-Goldin, M. Levine, and J. Glorioso (unpub-
lished results) located a 4.2-kb B mRNA mapping between 0.38 and 0.41
map units as a probable candidate. Rafield and Knipe (1984) translated a
127,000-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 ICPS.
Taken together, these data strongly suggest the 4.2-kb g mRNA encodes
HSV-1 ICPS.

In HSV-1, 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 B mRNA isolable using EcoRI 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 al., 1974;
Ponce de Leon et al., 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 al., 1981; Frink et al.,
1981a; Draper et al., 1982; Jenkins et al., 1982). A major early protein
mapping in this area is ICP6 in HSV-1 and ICP10 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 144,000-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 B mRNAs mapped in this region encode(s) the
enzyme.

These results confirm the findings of Galloway et al. [1982b) showing
that the monoclonal antibody made against the 38,000-dalton polypeptide
(discussed above] cross-reacts with a 144,000-dalton polypeptide in HSV-
2. Nucleotide sequence data from HSV-1 [Clements and McLauchlan,
1981; Draper et al., 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 38,000-dalton polypeptides from HSV-1 and
HSV-2 should share much of their amino acid sequences, although there
are important differences. Showalter et al. [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
144,000-dalton and the 38,000-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 al. (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  transcripts
in HSV-1 (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-1 and five by HSV-2. At least four of the gly-
coproteins (gA/B, gC, gD, and gE) 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 al., 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 al. (1982} and Holland et al. (1983).
Pereira et al. (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 gA/B.
Holland et al. (1979) located a 3.3-kb mRNA in the general region en-
coding the gA/gB polypeptide. More recently, L. 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. B. Bzik and S. Person
(unpublished results) obtained similar results. Interestingly, this mRNA
is a B 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-1 gC appears to be dispensable in tissue culture (Keller et al.,
1970; Heine et al., 1974). The position of HSV-1 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 the NH,-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 al. (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 al., 1979). This protein appears unrelated to HSV-1
gC. A fifth glycoprotein of HSV-2 (gF) was described by Balachandran et
al. [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 al. (1982a). Para et al. (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
correspondence 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 al., 1979; Lee et al., 1982a). The location of the
By 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 al., 1982a). Watson et al. (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 B one as its
synthesis is unaffected by the presence of Ara-C to inhibit HSV DNA
replication (Watson et al., 1983). However, as mentioned above, Ara-C
is not the drug of choice for inhibiting HSV-1 DNA synthesis. Watson et
al. (1983) confirmed the temporal classification of Cohen et al. (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 By class. It is worth mentioning
that Holland et al. (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 B and By 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 al., 1981) may cor-
relate with the kinetics of synthesis of specific mRNAs located in the
short unique region (Holland et al., 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 al. (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 al., 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 155,000-dalton capsid protein {ICP5, VP5) (Costa et al., 1984),
and to tentatively identify a transcript encoding a capsid protein of ap-
proximately 50,000-daltons {Costa et al., 1983).

The major HSV capsid protein [ICP5, VP5] was located to the region
between 0.2 and 0.3 map units by studies with intertypic recombinants
{Marsden et al., 1978; Morse et al., 1978). Costa et al. (1981) located a
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major 6-kb mRNA mapping between 0.25 and 0.29 map units that yielded
a 155,000-dalton polypeptide when translated in vitro. This, and the fact
that hybrid-arrested 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 VP5. Recently, Costa et al. (1984)
showed that antibody made against VP5 precipitated the 155,000-dalton
translation product of this 6-kb mRNA. Further, tryptic peptides corre-
sponded between translation product and authentic VP5. Thus, the iden-
tification appears confirmed.

Frink et al. (1981b) located the 5’ end of the 6-kb mRNA encoding
VP5 as being 65 bases to the right of the BamHI site at 0.276. However,
Costa et al. (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-1 and possible roles of such mRNAs are discussed in
a later section.

Costa et al. (1983) tentatively concluded that the mRNA encoding
a capsid protein of about 50,000 daltons was one of two colinear mRNAs
of 4.5- and 3.9-kb in size mapping between 0.16 and 0.19 on the HSV-1
genome. Sequence analysis of the 5’ ends of these two mRNAs suggested
that the smaller encoded the 50,000-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 50,000-dalton capsid
protein (Cohen et al., 1980b), which Vernon et al. (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 al.
{1983) concluded that the capsid protein might be VP19C. 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-
ported 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 50,000-dalton polypeptide being another
HSV-1 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
al. {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 26,000-dalton capsid
proteins identified by Cohen et al. {1980b) {(VP24?) could map in this
region. Data has been presented demonstrating that a 37,000-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-1 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-1 and HSV-2. The HSV-1 mtr (mtr1)
region maps between 0.30 and 0.45 map units (Camacho and Spear, 1978;
Reyes et al., 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 BgIIl 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-1, although differences in time of
expression and abundance may exist. Monoclonal antibodies directed to-
ward the only early protein encoded by this region (the 38,000-dalton one)
did not detect this protein in transformed cells {Galloway et al., 1982b)
or in cervical carcinoma tissue (McDougall et 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 38,000-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 38,000-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-long 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 element in host cell DNA.

HSV-2 DNA encompassed in BgIII fragment C (just to the left of the
mtr2 discussed above) also has been reported to transform cells (Jariwalla
et al., 1980). Some cells transformed by inactivated HSV-2 appear to ex-
press HSV-2 ICP10 (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 B mRNA described by Anderson et al. {1981), and a major
portion of this protein is encoded by BglIl 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 BgIII frag-
ment C region seems to be important in cell immortalization, while
ICP10 would appear to map to the right. However, the right-hand portion
of this DNA fragment has been reported by Jariwalla et al. (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 al., 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 al., 1980).
Only one of these regions corresponds to the mtrl region, so there may
be little relation between this activation and mtr1 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 al.,
1977]. 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, concatamers, 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 al. (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 al., 1981).

There is some evidence that the a-protein ICP4 can be detected in
latently infected trigeminal ganglia of experimental animals {Green et
al., 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 al. (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 al., 1980). Cultured cell models for herpesvirus
latency (Wigdahl et al. 1982; Youssoufian et al., 1982) may have an impact
in assigning the latency function to a specific gene product. Wigdahl et
al. (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 TYPICAL 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 Q) can transduce expres-
sible TK activity (Maitland and McDougall, 1977; Wigler et al., 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 al., 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 (McKnight 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 (Alwine et al., 1974; Ben-Zeev and Becker,
1977; Costanzo et al., 1977). Both a and B gene promoters function in
transfected cells. McKnight and co-workers’ studies on the expression of
TK (McKnight and Gavis, 1980; McKnight et al., 1981; McKnight, 1982;
McKnight and Kingsbury, 1982) are the most exhaustive on the expression
of B promoters in uninfected cells. Several other B gene products have
been at least transiently detected in transformed or transfected cells.
These include gA/B (Camacho and Spear, 1978; Lewis et al., 1982), gD
(Reed et al., 1976}, the ICP10 of HSV-2 (Flannery et al., 1977; Jariwalla
et al., 1980; Lewis et al., 1982), the DNA-binding protein of HSV-2
(ICP11-12) (Dreesman et al., 1980), TK (MacNab and Timbury, 1976;
Rapp and Westmoreland, 1976), and the 38,000 to 40,000-dalton B po-
lypeptide (Suh et al., 1980; Docherty et al., 1981; Galloway et al., 1982b).

The uninfected cell can also express o gene products. Mackem and
Roizman (1982a,b,c} and Post et al. (1981, 1982} placed several o pro-
moters upstream of the TK gene and demonstrated that TK activity was
present in transfected cells. Post et al. {1982) also showed that an « pro-
moter can mediate the expression of chicken ovalbumin in transfected
cells. Finally, antigens suggested to be o polypeptides have been identified
in transfected cells (Middleton et al., 1982).

Frink et al. (1981b) and Draper et al. (1982) showed that a “Manley”’
{Manley et al., 1980) transcription system from uninfected HeLa cells can
accurately recognize and initiate transcription at several B genes. In ad-
dition, Read and Summers {1982) demonstrated accurate initiation of the
B TK gene. These data suggest that the HeLa cell polymerase system
generally recognized B promoters in vitro.

There are structural similarities between early and late HSV pro-
moters (see below), but it is not clear whether transfected or transformed
cells can readily express late genes (By or v). There is little evidence in
the literature suggesting that late genes are readily detectable in such
cells; however, Sandri-Goldin et al. {1983) have reported that several vy
genes mapping in EcoRI 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 celtlular RNA
polymerase II

Variability in recognition of late promoters by uninfected cells is also
seen in vitro. Frink et al. (1981b) 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 §. Smiley and D. Dennis
{unpublished results) showed that stably integrated genes for HSV-1 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 «
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 502A305). These workers suggest
that a viral structural protein is involved in the amplification of « 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
o genes at the nonpermissive temperature.

Although transcription of a genes can be increased above a basal level
by other viral products, the abundance of « transcripts is low during nor-
mal infection. The rate of synthesis of « 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 o genes requires
functional ICP4, for ts mutants of ICP4 do not shut off « 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 o 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 « 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 “TATA’ box sequence about 28—30 bases up-
stream of the 5’ end of the mRNAs (Benoist and Chambon, 1981; Benoist
et al., 1980), 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 « 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, B 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). 1t 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 B gene promoters.
Smiley et al. (1983) found regions between —~200 to —80 and —70to —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  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-1 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 “TATA” 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 By and vy 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 expression due to a loss of DNA replication.

As there are at least two classes of late genes (B and v), 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 “AC-rich” string at —90
to — 120 bases seen with § mRINAs 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 “TATA"
boxesin late promoters. One particular late mRNA, the 3.9-kb one, which
appears to encode the 50,000-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 8y mRNA mapping
between 0.64 and 0.67 map units encoding a 70,000-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 Sall 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 By and y 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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INDIVIDUAL HSV TRANSCRIPTS 79

Knight and Gavis, 1980; McKnight et al., 1981; McKnight and Kingsbury,
1982) defined three regions of this promoter important in its recognition
by unmodified cellular enzymes. There are the “TATA’ 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 