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Preface

“You damn sadist,’said mr cummings ‘you
try to make people think.’

—Ezra Pound (Canto 89)

What makes herpesviruses unique? It is certainly not the size of their
genomes or the individual features of their reproductive cycle, although
in toto striking features that are exclusive to the herpesviruses abound.
Unquestionably, the pre-eminent feature is the relationship of herpes-
viruses with their natural hosts. As described in preceding volumes,
all herpesviruses seem to be able to colonize and to remain in a latent,
nonproductive form for life of their hosts. Once established in the host,
the relationship is best described as that of an armed truce. What happens
when this truce breaks down or when the host encounters the virus for the
first time is the subject of this volume. We have focused primarily on
the five human herpesviruses [herpes simplex virus 1 (HSV-1), herpes
simplex virus 2 (HSV-2), cytomegalovirus (CMV), varicella zoster virus
(VZV) and Epstein—Barr virus (EBV)] because much more is known about
them than about any other herpesviruses, and because it is of interest to
compare both the diversity of manifestations of infections with human
herpesviruses and the spectrum of human responses to these viruses.
This volume summarizes the current knowledge of the pathogenesis
and immunobiology of herpesvirus infections in man and describes new
and developing approaches to prophylaxis and treatment. It contains con-
tributions from distinguished research scientists presently engaged at the
forefront of these scientific investigations. Reactivated HSV-2 infections
occur in a large number of otherwise normal individuals, resulting in
recrudescent genital disease. The first chapter of this book presents the
natural history of genital HSV infections, and thus, defines one of the
more common disease problems associated with a human herpesvirus.
The next three chapters describe the natural and adaptive host defense

vii



viii PREFACE

mechanisms thought to be required for protection against HSV infections,
while chapter 5 deals with the damage caused by the same immune re-
sponse induced by the virus infection. Chapter 6 defines the cell-mediated
immune responses to CMV and Chapters 7 through 9 are concerned with
the immunobiology of EBV infections in primates and man. Infections
with any of the herpesviruses can be devastating in immunosuppressed
patients and Chapter 10 describes those that are most difficult to deal
with: CMV infections in organ transplant recipients. Chapters 11 and 12
describe patients with inherited host defense deficiencies, which make
them unusually susceptible to severe disease caused by herpesviruses.
Chapters 13 through 16 describe the current status of vaccine develop-
ment for the herpesviruses. Finally, Chapters 17 through 19 focus on,
antiviral chemotherapy, interferon therapy, and immunopotentiators.

It is the understandable wish of editors of volumes such as this that
their compilations serve a useful and lasting reference to the current state
of knowledge. We are not immune to such thoughts, but the best way
we can thank the contributors for their efforts and especially for the
timeliness of their contributions is to wish this volume a precocious
obsolescence through their efforts.

Bernard Roizman
Carlos Lopez

Chicago, Illinois
New York, New York
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CHAPTER 1

The Natural History of

Genital Herpes Simplex Virus
Perspectives on an Increasing Problem

LawreNCE COREY

I. INTRODUCTION

Genital herpes simplex virus (HSV) infection has emerged as a disease of
public health importance. The morbidity of the illness, its frequent re-
currence, its complications such as aseptic meningitis and neonatal trans-
mission, and its epidemiologic association with cervical carcinoma have
made this entity of great concern to patients and health care providers.
In the last three decades major advances in the understanding of the
natural history and epidemiology of this entity have occurred. However,
major gaps in our knowledge of the epidemiology, clinical course, and
immunology of this infection still remain. Much is yet to be learned
before we can expect to develop and test effective methods to control
recurrences and prevent the transmission of disease.

II. HISTORY

Genital herpes was first described by the French physician John As-
truc in 1736, and the first English translation of his Treatice of Venereal
Disease appeared in 1754. In 1893, genital herpes was diagnosed in 9.1%
of 846 prostitutes visiting an infirmary (Hutfield, 1966). In 1886, Diday
and Doyon published the monograph Les Herpes Genitaux in which they
observed that genital herpes often appeared after a venereal infection such

LAWRENCE COREY e Department of Laboratory Medicine and Microbiology and Vi-
rology Division, University of Washington, Seattle, Washington 98195.



2 LAWRENCE COREY

as syphilis, chancroid, or gonorrhea. They also described cases of recur-
rent genital herpes. They proposed that the eruptions were related to
nervous ‘“‘trigger mechanisms” acting by way of the sacral plexus. Men-
struation was felt to be the most important trigger mechanism in women
(Diday and Doyon, 1886).

Fluid from orolabial infection was shown to be infectious to other
humans in the late 19th century. The disease was successfully transferred
to rabbits in 1920, and HSV was grown in vitro in 1925 (Baum, 1920;
Cruter, 1924; Parker and Nye, 1925). In the 1920s Lipschutz inoculated
material from genital herpetic lesions into the skin of humans, eliciting
clinical infection within 48—72 hr in six persons and 24 days in one case.
In other experiments, he observed that protection in rabbits from corneal
infection with specimens from genital herpes occurred only with strains
originating from the genital sites and not from orolabial sites (Lipschutz,
1921). From these and other experiments, he surmised that there were
epidemiologic and clinical differences between oral and genital herpes.
However, most workers felt that the viruses of genital and labial herpes
were identical. In the early 1960s, Dowdle and Nahmias reported that
HSV could be divided by neutralization tests into two antigenic types,
and that there was an association between the antigenic type and the site
of viral recovery (Dowdle et al, 1967; Nahmias and Dowdle, 1968). These
observations led to the benchmark studies on the epidemiology of genital
herpes in the late 1960s and early 1970s.

III. EPIDEMIOLOGY OF GENITAL HERPES
A. Prevalence of Genital HSV Infections

The reported prevalence of genital herpes appears to depend upon the
demographic and clinical characteristics of the patient population studied
and whether clinical and/or laboratory techniques are used for diagnoses.
In the United Kingdom in 1979, genital HSV infections accounted for
approximately 2.2% of all visits to genitourinary medicine clinics (Cat-
terall, 1981). Nationwide reporting of statistics for genital herpes is not
available in the United States. Genital HSV infection was diagnosed in
5.6% of all persons attending the sexually transmitted disease (STD) clin-
ics in King County, Washington in 1982 (Table I).

HSYV has been isolated from 0.3—5.4% of males and 1.6—8% of females
attending STD clinics (Wentworth et al., 1973; Jeansson and Molin, 1970,
1974). In non-VD clinic patient populations, HSV has been isolated from
the genital tract in 0.25—4.0% of patients (Rauh et al., 1977; Taintivanich
and Tharavawij, 1980; Knox et al., 1979; Vesterinen et al., 1977). Many
of these patients are asymptomatic. Asymptomatic shedding of virus at
or near term in women attending OB-GYN clinics has ranged from 0.24%
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TABLE 1. Prevalence of Genital HSV Infections in Sexually Transmitted
Disease Clinics of King County, Washington, 1976-1982

1976 1977 1978 1979 1980 1981 1982

No. cases of HSV 1,014 1011 1,146 1251 1525 1,68 1,922
First episode — — — — — — 942
Recurrent episode —a — — — — — 980
% HSV cases 94% 92% 89% 87% 88% 87% —a

Caucasian

No. cases of N. 4,834 4,501 4,664 4,266 3,789 2,883 2,526

gonorrhoeae

Total No. STD clinic 39,803 38,722 39,440 35,890 35,207 33,313 34,196
visits

% STD visits due to 2.5% 2.6% 2.9% 3.5% 4.3% 5.1% 5.6%
HSV

4 Not available.

to 4% of attendees (Vontver et al., 1982; Bolognese et al., 1976; Harger
et al., 1983; Tejani et al., 1979; Scher et al., 1982).

The prevalence of clinically diagnosed genital herpes is greater in
Caucasian than non-Caucasian populations (Table I). In STD clinics
seeing a high proportion of non-Caucasians, genital herpes is reported
only 1/10th as frequently as Neisseria gonorrhoeae infection (STD Fact
Sheet). However, student health centers seeing middle- and upper-class
young adults, in whom the prevalence of gonococcal infection is very
low, report that genital HSV infections are 7—10 times more common
than gonorrhea (Sumaya et al., 1980). In addition, genital HSV infections
appear to be more frequently diagnosed in heterosexual than homosexual
men (Judson et al., 1980).

B. Evidence for an Increasing Prevalence of Infection

In many populations, genital HSV infections appear to have increased
in prevalence in the last decade. Consultations for genital herpes to pri-
vate practitioners increased in the U.S. from 3.4 per 100,000 patient con-
sultations in 1966 to 29.2 per 100,000 consultations in 1979 (Anonymous,
1982). In Rochester, Minnesota, a population-based epidemiologic study
indicated that the incidence of genital HSV increased from 12.5 cases per
100,000 population in the years 1965 through 1970 to 48.1 in the years
1970 thorugh 1975 and then to 82.3 cases per 100,000 population in the
years 1975 through 1980 (Chuang et al., 1983). During the years 1976
through 1982, the frequency of reported genital herpes in STD clinics in
King County, Washington, increased by 47% (Table I). In this population,
the ratio of genital HSV cases to N. gonorrhoeae cases rose from 1:4.8
in 1976 to 1:1.3 in 1982, a result of both a decrease in N. gonorrhoeae
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and an increase in genital HSV infections. In a middle-class student pop-
ulation in Ann Arbor, Michigan, the prevalence of HSV in cytologic
smears increased 10-fold over the years 1965—-1975 (Britto et al., 1976).
Between 1968 and 1973, the reported incidence of genital HSV infection
nearly doubled each year in Auckland, New Zealand (MacDougall, 1975).
In the years 1970 to 1976, the incidence of HSV infections, as detected
by the routine cytologic screening of Papanicolaou smears obtained from
cervical scraping, from women attending a gynecology clinic in Bangkok,
Thailand, increased from 0.2 case per 1000 patients to 6.9 cases per 1000
patients (Srinannaboon, 1979). Recently, Sullivan-Bolyai et al. {1983) re-
ported that the incidence of neonatal HSV infection in King County,
Washington, increased from 2 cases per 100,000 live births in the years
1966—-1969 to 12.8 cases per 100,000 live births in the years 1978—1981.

Thus, in many populations throughout the world, the prevalence of
genital HSV infections has markedly increased over the last 10 years.
However, in other population groups, no evidence of an increasing prev-
alence of genital HSV infection has been noted. For example, the high
prevalence of cytologically detected genital HSV infections noted in the
predominantly black, lower socioeconomic populations studied in At-
lanta, Georgia, in the 1960s, has remained relatively constant over the
decade of the 1970s {Nahmias et al., 1966, 1969a; Rawls et al., 1971; Josey
et al., 1972; Nahmias, 1983). These data suggest that genital herpes may
be increasing in frequency in some population groups, especially those
with a previously low prevalence of genital herpes, e.g., middle-class Cau-
casions. Whether these apparent increases reflect a true increase in the
prevalence of genital herpes or an increasing recognition and use of di-
agnostic facilities to confirm the diagnosis is uncertain. The increased
incidence of neonatal HSV infection recently demonstrated in King
County, Washington, indicates that at least part of the observed increase
is probably related to a real increase in the incidence of infection.

C. Prevalence of HSV Antibody

The prevalence of antibody to HSV increases with age and varies with
socioeconomic status (Nahmias and Roizman, 1973; Nahmias et al,,
1970; Wentworth and Alexander, 1971; Holzel et al., 1953). Studies of
the seroepidemiology of HSV-2 infections are affected by the difficulty
of distinguishing the human immune response between HSV-1 and HSV-
2 infections. Some serologic tests such as the standard complement fix-
ation antibody assay do not distinguish the antibody response between
the two HSV types (Rawls, 1979). Several serologic tests (neutralization,
indirect immunofluorescence, passive hemagglutination, indirect hem-
agglutination, ELISA, and RIA) have been developed that distinguish an-
tibody to HSV-1 and to HSV-2 (Rawls et al., 1970; Plummer et al., 1970;
Prakash and Seth, 1979; Lerner et al., 1974). Nevertheless, serologic cross-
reactions between the two HSV types are common. For example, in per-
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sons with prior HSV-1 infections, much of the antibody response to a
new HSV-2 infection appears to be directed at common rather than type-
specific antigenic determinants (Yeo et al., 1981). In addition, it may be
difficult to detect the presence of HSV-2 antibody in the presence of high
titers of HSV-1 antibody (McClung et al., 1976). For example, in 78 pa-
tients with confirmed documented HSV-2 infections, we have found HSV-
1 neutralizing antibody specificity in the sera of 9% of these patients.
Because of this, many of the currently available serologic techniques may
underestimate the true prevalence of HSV-2 infection. The development
of new diagnostic reagents using type-specific antigens and/or antibody
systems will hopefully improve the specificity and sensitivity of sero-
epidemiologic surveys of HSV-2 infection (Eberle and Courtney, 1981;
Pereira et al., 1982). .

Serologic studies of Western industrialized populations in the post-
World War II era found that 80-100% of middle-aged adults of lower
socioeconomic status possessed antibodies to HSV, as compared to 30—
50% of adults of higher socioeconomic groups (Nahmias et al., 1970). In
the U.S. in the early 1960s, HSV antibody was detected in 40% of those
aged 8—14 seen in a private pediatric group compared to 80% of those of
a similar age attending outpatient clinics at an urban public hospital
(Porter et al., 1969). The higher prevalence of antibody to HSV in persons
of lower socioeconomic class was due to an increased frequency of both
HSV-1 and HSV-2 infections (Nahmias et al., 1970; Nahmias and Roiz-
man, 1973).

Antibodies to HSV-2 are not routinely detected in sera until puberty,
and antibody prevalence rates correlate with past sexual activity. HSV-
2 antibodies were detected in 80% of female prostitutes, up to 60% of
adults of lower socioeconomic status, 10% of higher socioeconomic
groups, and 3% of nuns (Duenas et al., 1972). In the 1970s, the anti-HSV-
2 prevalence rate was 7—-20% in male and female voluntary blood donors
in England compared to 60% in voluntary blood donors from prison pop-
ulations (Roome et al., 1975). In Ibadan, Nigeria, HSV-2 antibodies were
detected in 20% of voluntary blood donors and in 27% of women at-
tending family planning clinics (Montefiore et al., 1980). A small popu-
lation of young children in tropical areas have HSV-2 antibodies, sug-
gesting that nonsexual transmission may occasionally occur in this
population and climate (Montefiore et al., 1980; Johnson et al., 1981). In
the late 1970s, using an ELISA technique, HSV-2 antibodies were detected
in 50% of men and women reporting to an outpatient medical dispensary
in Scandinavia (Vestergaard and Rune, 1980; Grauballe and Vestergaard,
1977). Recently, a randomized survey of middle-class Caucasian adults
in metropolitan Toronto indicated a prevalence of HSV-2 antibody in
17.8% of women and 12.1% of men; only 20% of men and 13% of women
gave a history of having symptomatic genital lesions (Stavraky et al.,
1983).

Few serosurveys are avilable in similar population groups comparing
antibody prevalence to HSV-1 and HSV-2 over time. However, separate
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studies of the prevalence of HSV antibody in England indicated that in
1953, 85% of Caucasian children between 3 and 15 years of age possessed
CF antibody to HSV-1 as compared to only 41% in 1965. In the 1965
survey, antibody to HSV was detected in 35% of 10-14 year olds and 69%
of 15—19 years olds (Smith and Pleutherer, 1967).

D. Incidence of Genital Herpes

Little data are available regarding the serologic or clinical incidence
of genital HSV infections. In one study of genital HSV infections in college
students in the U.S., the mean average incidence of clinically apparent
first episodes of genital HSV presenting to a student health service was
5.2 cases per 10,000 students per month, or approximately 0.62% of stu-
dents per year developed clinically symptomatic first episodes of disease
(Sumaya et al., 1980). A major problem with these data is that many
students may present to other types of health care facilities especially for
a sexually acquired disease.

Little is known about the incidence of serologic infection or the in-
fection-to-disease ratio. In a recent study we prospectively followed a
cohort of homosexually active men. Antibody prevalence rates to HSV-
1 and HSV-2 were high; 44% had HSV-2-neutralizing specificity, 23%
had HSV-1-neutralizing antibody, and only 13% were seronegative to
HSV. The incidence of seroconversion among the seronegative men was
0.46 cases per person year. Of interest was that of the eight seroconversions
and/or serologic rises to HSV-1 or HSV-2 in this cohort of men, only two
were associated with symptoms that brought the patients to clinical at-
tention (Mann et al., 1984).

E. Comment

Several important epidemiologic questions remain to be answered
before one can adequately assess the prevalence and incidence of genital
HSYV infections. There appears to be a substantial difference between the
prevalence of HSV antibody and the prevalence of disease. Whereas the
prevalence of HSV-2 antibody is greatest in persons of lower socioeco-
nomic status, the prevalence of recognized genital herpes even in STD
clinics is greater in middle-class Caucasians. Recent serologic and epi-
demiologic data suggest that the age-specific prevalence of HSV-1 infec-
tion may be falling in some populations, especially middle-class popu-
lations in Western industrialized nations, whereas the prevalence of
sexually acquired HSV infections may be increasing. In contrast, data
exist that other population groups may have experienced no recent change
in the prevalence and incidence of asymptomatic HSV infection.

Several interesting questions require definition: What is the serologic
prevalence of genital herpes in a variety of social groups and locales? What
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are the most important epidemiologic correlates of disease? Do age of
acquisition, crowding, racial factors affect the proportion of persons who
acquire symptomatic versus asymptomatic infection? What is the effect
of prior HSV-1 infection on the subsequent development of antibody or
disease? Randomized point prevalence serosurveys of several different
socioeconomic groups should be performed to assess the prevalence of
HSV-2 antibody and excretion of HSV-2 from the genital tract. Data col-
lected should allow one to assess what effect cofactors (e.g., socioeco-
nomic status, social crowding, contraceptive practices, age, and past sex-
ual activity) have on the prevalence of antibody and clinical disease. The
frequency of asymptomatic acquisition of disease also requires clarifi-
cation. While retrospective surveys suggest only one-third of patients
with antibody have genital lesions, these surveys, because of the time
lapse between acquisition of disease and questioning of symptoms or
signs, do not assess how many have ignored symptomatic versus truly
asymptomatic infection. Prospective studies defining the frequency of
symptomatic to asymptomatic acquisition of disease are needed. Does
prior HSV-1 antibody influence the frequency of persons with asymp-
tomatic disease?

IV. CLINICAL MANIFESTATIONS OF GENITAL HERPES
A. First Episodes of Genital Herpes

The clinical manifestations and recurrence rate of genital herpes are
influenced both by host factors (past exposure to HSV-1, previous episodes
of genital herpes, gender) and by viral type (Corey et al., 1983a). First
episodes of genital herpes are often associated with systemic symptoms,
involve multiple genital and extragenital sites, and have a prolonged du-
ration of viral shedding and lesions (Adams et al., 1976; Vontver et al.,
1979, Kaufman et al., 1973). Patients with first episodes of genital herpes
who have clinical or serologic evidence of prior HSV infection tend to
have a milder illness than those experiencing true primary infection, i.e.,
experiencing their first infection with either HSV-1 and HSV-2 (Corey et
al., 1981). About 60% of persons who attend our genital HSV clinic with
their first episode of symptomatic genital herpes had primary infection
with either HSV-1 or HSV-2. Most persons with nonprimary first episodes
of genital HSV infection have serologic evidence of past HSV-1 infection.
However, 10-30% of persons with first episodes of disease have serologic
evidence of past HSV-2 in acute-phase sera, indicative of past asympto-
matic acquisition of HSV-2 (Corey et al., 1978a, 1982).

Past orolabial HSV-1 infection may decrease the acquisition of genital
HSV-1 infections (Reeves et al., 1981). Genital HSV-1 infections have
been reported with increasing frequency in some populations, especially
in some persons experiencing first episodes of infection (Kalinyak et al.,
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1977; Kawana et al., 1976; Barton et al., 1982). In Seattle, in the years
1975—1980, HSV-1 was isolated from genital lesions in 21 (7%) of 286
persons with first episodes of genital herpes. Between the years 1980-
1983, 14% of first episodes of genital herpes have been due to HSV-1.
Ninety-five percent of the patients with first-episode HSV-1 infection
have lacked anti-HSV in acute-phase sera, i.e., had true primary infection,
suggesting that prior HSV-1 infection protects against the acquisition of
genital HSV-1 disease.

Prior HSV-1 infection also ameliorates the severity of first episodes
of genital herpes. For example, only 16% of persons with first-episode
nonprimary genital HSV-2 infection demonstrate systemic symptoms
during the course of illness as compared to 62 and 68% of patients with
primary HSV-2 or primary genital HSV-1 infections. The severity of local
pain (8.7 days), duration of viral shedding from lesions (6.8 days), and
duration of lesions (15.5 days) are also less than in patients with primary
HSV-2 disease (11.8, 11.4, and 18.6 days, respectively) (Fig. 1). The du-
ration of symptoms and lesions are similar between patients with primary
HSV-1 and primary HSV-2 infections (Reeves et al., 1981; Corey et al.,
1983a).

B. Primary Genital Herpes

1. Symptoms

Primary genital HSV infection is characterized by a high frequency
and prolonged duration of systemic and local symptoms. Fever, headache,
malaise, and myalgias are reported in nearly 40% of men and 70% of
women with primary HSV-2 disease (p < 0.05) (Table II). Systemic symp-
toms appear early in the course of the disease, usually reaching a peak
within 3—4 days after onset of lesions, and gradually recede over the sub-
sequent 3—4 days.

Pain, itching, dysuria, vaginal or urethral discharge, and tender in-
guinal adenopathy are the predominant local symptoms of disease. Pain-
ful lesions are reported in 95% of men (mean duration 10.9 days) and
99% of women (mean duration 12.2 days) with primary HSV infection.
Dysuria, both external and internal, appears more frequently in women
(83%) than men (44% ). HSV has been isolated from the urethra and urine
of both men and women with primary genital herpes, suggesting that
HSV urethritis and/or cystitis in addition to external dysuria resulting
from urine touching active genital HSV lesions may account for the high
frequency and long duration of dysuria in women (Corey et al., 1983a,b;
Person et al., 1973).

Urethral discharge and dysuria are noted in about one-third of men
with primary HSV-2 infection of the external genitalia. HSV can be iso-
lated from a urethral swab or first voiding urine of these men. The urethral
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FIGURE 1. Clinical course of untreated genital HSV infection. Comparison of the duration
of local pain, viral shedding, time to crusting of genital lesions, and time to healing of genital
lesions in patients with first-episode primary (&), first episode nonprimary (&), and recurrent
genital herpes (N). The mean difference in the duration of each of the listed signs between
each of these three stages of disease is significant (p < 0.01 for each comparison). — =
standard deviation.

discharge is usually clear and mucoid and the severity of dysuria is often
““out of proportion’’ to the amount of urethral discharge elicited on genital
exams. Gram stain of the urethral discharge usually reveals between 5
and 15 polymorphonuclear leukocytes per oil immersion field. Occa-
sionally a mononuclear cell response is seen.

The clinical symptoms of pain and irritation from lesions gradually
increase over the first 6—7 days of illness, reaching their maximum in-
tensity between days 7 and 11, and gradually recede over the second week
of illness. Tender inguinal adenopathy usually appears during the second
and third weeks of disease and often is the last symptom to resolve.

TABLE II. Clinical Symptoms and Signs of Primary Genital HSV-2

Men Women

% with constitutional symptoms® 39% 68%
Mean duration (days) local pain 10.9 11.9
% with dysuria® 44% 83%
Mean duration (days) dysuria® 7.2 11.9
Mean area (mm?) of lesions 427 550

Mean duration (days) viral shedding from lesion 10.5 11.8
Mean duration (days) lesions 16.5 19.7

ap <0.05 by x%
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FIGURE 2. Ulcerative genital lesions in a woman with primary genital HSV-2 infection.

Inguinal and femoral lymph nodes are generally firm, nonfluctuant, and
tender when palpated. Suppurative lymphadenopathy is a very uncom-
mon manifestation of genital herpes.

2. Signs

In both men and women with primary genital HSV infection, widely
spaced bilateral pustular or ulcerative lesions on the external genitalia
are the most frequent presenting sign. Lesions are characteristically de-
scribed as starting as papules or vesicles that rapidly spread over the gen-
ital area. At the time of the first clinic visit, multiple small pustular lesions
that coalesce into large areas of ulcerations are usually present (Fig. 2).
The size and shape of the ulcerative lesions vary greatly between patients.
These ulcerative lesions persist between 4 and 15 days until crusting
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and/or reepithelialization occurs. In general, lesions in the penile and
mons areas crust over before complete reepithelialization ensues. Crust-
ing does not occur on mucosal surfaces. Residual scarring from lesions
is uncommon. New lesion formation (the development of new areas of
vesiculation or ulceration during the course of infection) occurs in over
75% of patients with primary genital herpes. New lesions usually form
between days 4 and 10 of disease.

The median duration of viral shedding as defined from onset of le-
sions to the last positive culture is 12 days. The mean time (about 10.5
days) from the onset of vesicles to the appearance of the crust stage cor-
relates well with the duration of viral shedding (Fig. 1). However, because
there is considerable overlap between the duration of viral shedding and
the duration of crusting and because mucosal lesions do not crust, pa-
tients should be advised not to resume sexual activity until lesions have
completely reepithelialized. The mean time from the onset of lesions to
complete reepithelialization of all lesions appears to be slightly longer in
women (19.5 days) than men (16.5 days).

3. Concomitant Vulvar and Cervical HSV Infection

Ninety percent of women with primary genital HSV-2 infection, 70%
of women with primary genital HSV-1 infection, and 70% of women with
nonprimary genital HSV-2 infection have concomitant HSV cervicitis
(Adams et al., 1976; Corey et al., 1983a; Barton et al., 1981). The high
rate of isolation of HSV from the cervix in first episodes contrasts sharply
with the 12-20% isolation rate in women who present with recurrent
external genital lesions (Adams et al., 1976; Guinan et al., 1981; Corey
et al., 1983a). Primary genital HSV cervicitis may be symptomatic (pu-
rulent vaginal discharge) or asymptomatic (Josey et al., 1966). In most
cases of primary HSV cervicitis, the cervix appears abnormal to inspec-
tion. The appearance may include areas of diffuse or focal friability and
redness, extensive ulcerative lesions of the exocervix, or severe necrotic
cervicitis. HSV infection of the cervix usually involves the squamous
epithelium of the exocervix in contrast to the mucopurulent cervicitis
of C. trachomatis and N. gonorrhoeae infection. However, clinical dif-
ferentiation is difficult. Recent studies of women with mucopurulent
cervicitis without any external genital lesions suggest that HSV may
cause 5-20% of cases (]. Pavonnen and L. Corey, unpublished results).

In women with primary genital herpes, the mean duration of viral
shedding from the cervix (11.4 days) is similar to that from lesions of the
external genitalia, and there is a close correlation between the duration
of cervical viral excretions and the duration of viral shedding from ex-
ternal genital lesions (Fig. 3).

4. Pharyngeal Infection

HSV of the pharynx is commonly seen in association with primary
genital herpes and may be the presenting complaint. Both HSV-1 and
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FIGURE 3. Comparison of the duration of viral shedding from the vulva (x-axis) and the
cervix | y-axis) in women with untreated first episodes of genital herpes (N = 85). Includes
only those women from whom HSV was isolated from both the external genitalia and cervix.

HSV-2 may cause pharyngitis. Both HSV types may be associated with
orogenital exposure to the source contact (Embil et al., 1981; Corey et
al., 1983a). We have isolated HSV from the pharynx of 11% of patients
with primary HSV-2 infection, 20% of patients with primary HSV-1 in-
fection, 1% of patients with nonprimary initial genital herpes, and 1%
of persons with recurrent genital herpes. Among persons with primary
genital herpes who complained of sore throat during the acute episode
of disease, HSV was isolated from the pharynx in 70%. Viral cultures of
the pharynx were obtained on 20 patients with primary HSV-2 disease
who did not complain of sore throat and HSV was not isolated from the
pharynx in any of these patients, indicating that HSV pharyngitis is usu-
ally symptomatic. Clinical signs of HSV pharyngitis may vary from mild
erythema to a diffuse ulcerative pharyngitis (Evans and Dick, 1964; Gle-
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zen et al., 1975). The inflammatory response to these large areas of ul-
ceration may produce a whitish exudate; when wiped away, the extensive
ulceration may be visualized. In rare cases, severe swelling of the posterior
pharynx resulting in obstruction of the airway may occur (Tustin and
Kaiser, 1979). Extension of the ulcerative posterior pharyngeal lesions
into the anterior gingival area may occur. Most patients with HSV phar-
yngitis have tender cervical nodes, and constitutional symptoms, such
as fever, malaise, myalgia, and headache, are common. Many are mis-
diagnosed as having streptococcal pharyngitis.

Previous studies of HSV pharyngitis have shown the entity to be a
common form of infection in college-age students and almost invariably
due to primary infection with HSV-1. The more frequent isolation of HSV-
2 in patients with primary than with nonprimary or recurrent genital
disease suggests that HSV-2 pharyngitis is also a manifestation of primary
rather than recurrent genital herpes.

C. Complications of Genital Herpes

The complications of first episodes of genital herpes are related to
both local extension and spread of virus to extragenital sites. The most
frequent complication is the development of lesions at extragenital sites
(Table I1I). CNS involvement and fungal superinfection are also frequently
encountered. Complications of primary genital herpes occur more fre-
quently in women than in men (Corey et al., 1983a).

1. CNS Complications

CNS involvement may occur in several forms, including aseptic men-
ingitis, transverse myelitis, or what has been called the sacral radiculo-
pathy syndrome (Ross and Stevenson, 1961; Klastensky et al., 1972; Ca-
plan et al., 1977). In patients with primary genital HSV-2 infection seen
at the University of Washington Genital Herpes Clinic, meningeal irri-
tation (defined as the presence of stiff neck, headache, and photophobia
on two consecutive examinations) was reported in 36% of women and
13% of men (p < 0.001). Hospitalization was required for clinically overt
aseptic meningitis in 6.4% of women and 1.6% of men with primary
HSV-2 infections. All of the hospitalized patients were febrile, had Ker-
nig’s and Brudzinski’s signs on physical examination, and had a CSF pleo-
cytosis. Routine lumbar punctures were not performed on all nonhos-
pitalized patients. However, a study of primary genital herpes in the early
1900s found a high frequency of CSF pleocytosis in patients without overt
clinical evidence of meningeal irritation, suggesting that meningeal in-
volvement may be a frequent occurrence with primary genital herpes
(Ravaut and Darre, 1904).

Both HSV-1 and HSV-2 have been isolated from CSF. HSV has been
isolated from 0.5 to 3.0% of patients presenting to hospital with aseptic
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TABLE III. Complications of Primary Genital HSV-2 Infection

Approximate
frequency
CNS complications
% with stiff neck, headache, and photophobia® 28%
% hospitalized with aseptic meningitis 5%
Sacral autonomic nervous system radiculopathy® 1%
Transverse myelitis rare
HSV pharyngitis 10%
Development of extragenital lesions 21%
Lip 3%
Buttock, groin 9%
Breast 2%
Finger 6%
Eye 1%
Disseminated cutaneous infection rare
Direct extension of disease
Pelvic inflammatory disease syndrome (including endometritis) 1.8%
Pelvic cellulitis . rare
Suppurative lymphadenitis <0.5%
Fungal superinfection
Yeast vaginitis 14%

2 All three symptoms present on two consecutive examinations.
b Constipation, urinary retention, and sacral anesthesia.

meningitis (Skoldenberg et al., 1975; Bayer and Gear, 1955). HSV aseptic
meningitis appears to be more frequently associated with genital than
orolabial infection (Wolontis and Jeansson, 1977; Craig and Nahmias,
1973). Fever, headache, vomiting, photophobia, and nuchal rigidity are
the predominant symptoms of HSV aseptic meningitis. Meningeal symp-
toms usually start from 3 to 12 days after onset of genital lesions. Symp-
toms generally reach a maximum 2-4 days into the illness and gradually
recede over 36—72 hr. The CSF in HSV aseptic meningitis is usually clear
or slightly cloudy, and the opening pressures may be elevated. White
blood cell counts in CSF may range from 10 to over 1000 per mm?3 {mean
550). The pleocytosis is predominantly lymphocytic in adults, although
early in the course of the disease and in neonates a predominantly po-
lymorphonuclear response may be seen. The CSF glucose is usually more
than 50% of the blood glucose, although hypoglycorrhachia has been
reported; the CSF protein is slightly elevated (Brenton, 1980). If cultures
are obtained within 24 hr of onset of headache and photophobia, HSV
may be grown from the CSF. The differential diagnosis of HSV aseptic
meningitis includes diseases that result in neurologic involvement and
genital ulcerations: sacral herpes zoster, Behcet’s syndrome, collagen vas-
cular disease, inflammatory bowel disease, porphyria, and benign recur-
rent aseptic meningitis (Mollaret’s syndrome).
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Craig and Nahmias (1973) reported the isolation of HSV-2 from buffy
coat collected in adults with HSV-2 meningitis. These investigators hy-
pothesized hematogenous spread of virus into the CNS. In animal models,
HSV appears to travel from involved mucocutaneous sites through pe-
ripheral nerves into the CNS (Overall et al.,, 1975; Renis et al., 1976;
Kristensson et al., 1978). This form of neurotropic spread is often asso-
ciated with the development of paralysis and/or death due to encephalitis,
which rarely occur in human cases of aseptic meningitis associated with
genital herpes. The pathogenesis of HSV meningitis is unclear. We have
been unable to isolate HSV from buffy coat in patients with primary
genital herpes (Corey et al., 1983b). Whether hematogenous, neurotropic,
or a combination of both, means by which virus reaches the CNS requires
further study.

Aseptic meningitis associated with genital herpes appears to be a
benign albeit uncomfortable disease in immunocompetent persons. Signs
and symptoms of encephalitis are unusual, and neurologic sequelae are
rare. Risk factors associated with the development of aseptic meningitis
are not well understood. Whether antiviral chemotherapy will shorten
the course or prevent the development of HSV-2 aseptic meningitis is
currently unknown.

Both transverse myelitis and autonomic nervous system dysfunction
have been described in association with genital HSV infection (Klastensky
et al., 1972; Caplan et al., 1977; Craig and Nahmias, 1973). Symptoms
of sacral nervous system dysfunction include hyperesthesia or anesthesia
of the perineal, lower back, and anal regions; difficulty in urinating; and
constipation. Physical examination reveals a large bladder, decreased sac-
ral sensation, and poor rectal and perineal sphincter tone. In men, a his-
tory of impotence and absent bulbocavernous reflexes may be present.
CSF pleocytosis may be present in some cases. Electromyography usually
reveals slowed nerve conduction velocities and fibrillation potentials in
the affected area, and urinary cystometric exam shows a large atonic
bladder. Most cases gradually resolve over 4—8 weeks. In cases of trans-
verse myelitis, decreased deep tendon reflexes and muscle strength in the
lower extremities, as well as the above-described sacral neurologic dys-
function are present. In one reported case, significant residual dysfunction
was present years later (Craig and Nahmias, 1973).

Whether these neurologic abnormalities result from viral invasion
of the CNS or an unusual immunologic response to infection is unknown.
Paresthesias, urinary retention, and/or impotence have been noted in ap-
proximately 50% of men who present with HSV proctitis (Goodell et al.,
1983). We have observed these symptoms in only 2 of 123 heterosexual
women and O of 63 heterosexual men who presented with HSV infection
of the penile or scrotal area. Of interest was the fact that both of the
women who presented with sacral neurologic dysfunction also had anal
HSV lesions. The mechanism for the more frequent association between
HSV proctitis and these symptoms is unclear. Involvement of the dorsal
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nerve root ganglia (ganglionitis) has been postulated as one potential
mechanism. Patients with these neurologic symptoms have been noted
to have CSF pleocytosis. However, pleocytosis is common in primary
genital herpes and is not specific for ganglionitis. To date, our group has
studied 6 women and 2 men with these symptoms. In 4 women, sacral
nerve conduction studies revealed slowed nerve conduction and the pres-
ence of bladder dysfunction: usually motor and/or mixed sensory/motor
involvement. In both men, studies revealed no evidence of sacral nerve
dysfunction, but both had severe perineal pain associated with inability
to fully relax the perineal musculature. Thus, the pathogenesis of these
complications may be varied. Controlled clinical trials of the use of an-
tivirals or anti-inflammatory medications in these sacral neurologic syn-
dromes have not been performed.

2. Extragenital Lesions

Extragenital lesions appearing during the course of infection was
present in 16% of persons with primary first episodes, 8% with nonpri-
mary first episodes, and 4% with recurrent genital herpes. Among pa-
tients with primary genital HSV-2 infection, extragenital lesions devel-
oped in 26% of females compared to 8% of males (p < 0.05). These lesions
were most frequently located in the buttock, groin, or thigh area, although
finger and eye sites were also involved. Characteristically, the extragen-
ital lesions developed after the onset of genital lesions, often during the
second week of disease. The distribution of lesions on the extremities
and/or areas near the genital lesions and their occurrence well into the
course of disease suggest that the majority of extragenital lesions develop
by autoinoculation of virus rather than viremic spread. Anatomic differ-
ences, especially contact with infected cervical-vaginal secretions, are
the most likely explanation for the apparent increased risk of extragenital
lesions in women.

3. Disseminated Infection

Blood-borne dissemination evidenced by the appearance of multiple
vesicles over widespread areas of the thorax and extremities occurs rarely
(< 0.5%) in persons with primary mucocutaneous herpes (Nahmias, 1979;
Ruchman and Dodd, 1950). Cutaneous dissemination usually occurs early
in the disease and is often associated with aseptic meningitis, hepatitis,
pneumonitis, or arthritis. Other complications of primary genital HSV-
2 infection include monoarticular arthritis (Friedman et al., 1980), hep-
atitis (Joseph and Vogt, 1974; Flewett et al., 1969), thrombocytopenia
(Whittaker and Hardson, 1978), and myoglobinuria (Schlesinger et al.,
1978). Pregnancy may predispose to severe visceral dissemination of pri-
mary genital HSV disease (Koberman et al., 1980; Peacock and Sarubb.,
1983; Young et al., 1976). Severe mucocutaneous and occasionally vis-
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ceral dissemination of disease may occur in patients with atopic eczema
(Wheeler and Abele, 1966). In immunosuppressed patients, especially
those with impaired cellular immune responses, reactivation of genital
HSV infection can be associated with viremic spread of virus to multiple
organs (Linnemann et al., 1976; Sutton et al., 1974; Ramsey et al., 1982;
Meyers et al., 1980). These patients may develop interstitial pneumonia,
hepatitis, and pneumonitis, similar to the manifestations of disseminated
infection of the neonate (Nahmias et al., 1969b). Disseminated visceral
infection in the immunosuppressed and pregnant patient is a disease of
potentially high mortality. Systemic antiviral chemotherapy should be
considered.

4. Local Extension of Disease

Extension of HSV infection into the uterine cavity is apparently un-
common. It is uncertain whether genital HSV causes pelvic inflammatory
disease (Abramham, 1978). This author has occasionally seen patients
with primary cervical HSV infection who also have lower abdominal pain
and adnexal uterine tenderness. Whether this represents dual infection
with other sexually transmitted pathogens such as N. gonorrhoeae and
C. trachomatis or extension of HSV infection into the uterine cavity is
unknown. Laparoscopic examination of one woman revealed vesicular
lesions on the fimbrionated end of the fallopian tube. However, although
HSV was isolated from vulvar and cervical lesions, virus was not isolated
from a sample of the fluid taken at laparoscopy.

5. Superinfection

Bacterial superinfection of genital herpes in nonimmunosuppresed
patients is uncommon. In rare cases, pelvic cellulitis presenting as an
advancing erythema and swelling of the perineal area is encountered. In
this instance, systemic antimicrobial therapy should be administered.

Fungal superinfection is frequently encountered during the course of
initial genital herpes. We have noted the development of monilial vagin-
itis in 14% of women with first episodes of genital disease. Character-
istically, monilial infection developed during the second week of disease,
was associated with a change in character of the vaginal discharge and
reemergence of local symptoms such as vulvar itching and irritation.
Typical hyphal yeast forms can be demonstrated on KOH examination
of vaginal secretions.

D. Summary of the Clinical Course of First Episodes of Genital
Herpes

First-episode genital HSV infection is a disease of both systemic and
local manifestations. Over one-half of the patients with primary genital
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herpes suffer from constitutional complaints, and one-third complain of
headache, stiff neck, and mild photophobia during the first week of dis-
ease. Most patients have involvement of multiple anatomic sites. Herpes
progenitalis is clearly a misnomer for first-episode genital HSV infection.

Patients with serologic evidence of prior HSV-1 infection are less apt
to have constitutional symptoms, have a lower rate of complications and
a shorter duration of disease than persons with true primary genital
herpes. Neutralizing antibody to HSV has been shown to inactivate ex-
tracellular virus and interrupt the spread of HSV infection (Notkins,
1974). In addition, a cellular immune response to HSV antigens appears
earlier in persons with nonprimary genital HSV than in persons with true
primary infection (Corey et al., 1978a). It is likely that both of these
immune mechanisms account for the clinical differences between pri-
mary and nonprimary first episodes of genital infection.

Although the duration of viral shedding from external genital lesions
is similar in men and women with primary genital herpes, the duration
of symptoms and the frequency of complications are greater in women.
One potential explanation may be the high frequency of cervical and
urethral involvement in women,; the greater surface area of involvement
may account for the increased severity of clinical disease in women.

E. Future Directions for Research on the Clinical Manifestations
of Genital Herpes

While recent studies of the clinical manifestations of genital herpes
have gone a long way toward defining the severity, diverse manifestation
and complications of infection, little research emphasis has been placed
upon studies that define the epidemiologic, anatomic, and/or host factors
associated with disease acquisition and/or expression. For example: are
there gender, racial, or age-related factors that influence the frequency
of asymptomatic versus symptomatic infection? Is primary infection in
the adolescent different in severity from the older adult? While surface
area of involvement may help explain the higher rate of complications
in women, are there hormonal factors that also affect disease severity?
While HSV-type does not appear to affect the severity of first-episode
disease, are there strain virulence factors between patients with asymp-
tomatic primary versus symptomatic primary infection? Are there neu-
rotropic strains associated with HSV meningitis or sacral neuropathy?

Animal models of HSV suggest that host immunologic factors influ-
ence the severity of disease (Lopez et al., 1980). Are there identifiable
genetic factors associated with the expression of disease; or likelihood of
complications? Kindreds with severe HSV infections have been described
(Kapadia et al., 1979). In humans, several host factors have been shown
to affect some of the clinical manifestations of primary genital herpes.
Merriman et al. (1984) have demonstrated an inverse correlation between



THE NATURAL HISTORY OF GENITAL HSV 19

the development of local IgA antibody to HSV in cervicovaginal secretions
and the duration of cervical viral shedding. Women who developed high
titers of anti-HSV secretory IgA titer in cervicovaginal secretions had a
shorter duration of viral shedding than those whose local immune re-
sponse was slower to develop. The duration of viral shedding of primary
first-episode genital herpes has also been correlated with the in vitro
cellular immune response to HSV antigens (Corey et al., 1978a). These
data indicate that the role local, systemic, and cellular immune responses
play in severity of first-episode disease should be studied in more detail.
Newer techniques to dissect out the functional and morphologic cell
types associated with the cellular immune response to HSV-specific an-
tigens should be pursued. Are the local, systemic and cellular responses
integrated? Studies to determine which one of these factors is correlated
best with lesion or viral shedding, for example, could be approached by
investigating enough patients with each assay to allow more detailed
dissection of what are the determinant factors in disease expression.

F. Recurrent Genital Herpes

In contrast to first episodes of genital infection, the symptoms, signs,
and anatomic sites of infection of recurrent genital herpes are localized
to the genital region (Adams et al., 1976; Guinan et al., 1981; Corey et
al., 1983a). Local symptoms such as pain and itching are mild compared
to first episodes of genital infection and the duration of the episode usu-
ally ranges from 8 to 12 days (Fig. 1). Approximately 50% of persons with
recurrent genital herpes develop symptoms in the prodromal phase of
illness, i.e., prior to the appearance of lesions. Prodromal symptoms vary
from a mild tingling sensation, occurring $ to 48 hr prior to the eruption,
to shooting pains in the buttocks, legs, or hips 1-5 days prior to the
episode. In many patients these symptoms of sacral neuralgia are often
the most bothersome part of the episode.

Symptoms of recurrent genital herpes tend to be more severe in
women. In the 362 patients with untreated recurrent genital herpes fol-
lowed at the Genital Herpes Clinic at the University of Washington, pain
associated with lesions was a complaint of 88% of women (mean duration
5.9 days), as compared to 67% of men (mean duration 3.9 days). In ad-
dition, pain was more severe in women. Dysuria was reported in only
27% of women with recurrent disease. Most reported only external dy-
suria, and isolation of HSV from the urethra was uncommon in both sexes
(3—9%).

Lesions of recurrent genital HSV are usually confined to one side,
with an area of involvement approximately 1/10th that of primary genital
infection (Figs. 4 and 5). The average duration of viral shedding from the
onset of lesions was about 4 days; and the mean time from the onset of
lesions to crusting of lesions averaged between 4 and 5 days for both men
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FIGURE 4. Recurrent buttock lesion.

and women. The mean time from onset of vesicles to complete reepi-
thelialization of lesions was about 10 days. Although symptoms of re-
current genital disease tend to be more severe in females, objective signs
of disease are similar in the two sexes.

Considerable overlap in the severity and duration of disease exists
between patients (Fig. 1—note standard deviation for lesions, pain). In
addition, the severity of any one individual episode of disease in any one
patient may vary greatly during the course of disease. Some recurrences
have only 1-2 lesions lasting 6—7 days, while others may be associated
with 15-20 lesions lasting 12—-16 days. Factors that are related to these
variations in clinical expression have been unexplored. For example, does
the time between recurrences or the severity of the prior recurrence in-
fluence the duration and time to the next recurrence? Data such as this
would be useful in evaluating whether host immune factors are likely to
play an important role in reactivation of infection.

G. Other Clinical Syndromes Associated with Genital HSV
Infection

1. HSV Cervicitis

HSV may involve the cervix alone, without involvement of the ex-
ternal genitalia (Josey et al., 1966). Cervical HSV infection may be asymp-



FIGURE 5. (A) Group of unilat-
eral vesicular lesions in a woman
with recurrent genital herpes. (B)
Same lesions 24 hr later; small
vesicles have formed coalescent
painful ulcer.
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tomatic or may present as a mucopurulent cervicitis. It is currently un-
known what percentage of women who contract primary genital HSV
infection develop cervicitis alone compared with those with both vulvar
and cervical disease.

Asymptomatic viral shedding from the cervix, both during episodes
of vulvar lesions as well as between episodes of recurrent vulvar disease,
has been demonstrated (Rattray et al., 1980; Vontver et al., 1982). The
frequency of detection of HSV infection of the cervix varies depending
on the frequency that patients are sampled. Rattray et al. (1980) followed
six women with recurrent vulvar genital herpes with twice-weekly viral
cultures of the cervical and vulvar area. Twenty-three clinical and vi-
rologic recurrences of HSV were recorded in these women during 190
weeks of follow-up. Three recurrences were associated with asympto-
matic excretion of virus: one with a small vulvar lesion noted only by
the examiner, from which HSV was isolated; one with no external lesions,
although HSV was isolated from a vulvar skin culture; and one in which
HSV was isolated from the cervix. Thus, in this small group of women
with recurrent genital herpes, asymptomatic HSV infection of the cervix
accounted for 1 of 23 clinical and virologic recurrences of genital herpes.
Adam et al. (1979) also demonstrated transient asymptomatic excretion
of HSV from the cervix in three women who were sampled regularly over
3 months. Asymptomatic excretion of virus from the vulva has also been
described and may be even more frequent than cervical viral shedding.
Vontver et al. (1982) described asymptomatic vulvar shedding in 0.75%
and asymptomatic cervical excretion in 0.66% of cultures in a cohort of
pregnant women with known genital herpes.

HSV antigen has been demonstrated in cervicovaginal secretions
when HSV culture was negative (Adam et al., 1979; Moseley et al., 1981;
Goldstein et al., 1983). It is currently unknown whether this is a reflection
of short but frequent periods of viral shedding in which infectious virus
is quickly inactivated by local immune mechanisms, or defective viral
replication. These studies do, however, indicate that the pattern of viral
shedding from the cervix is intermittent, similar to the intermittent ap-
pearance of external genital lesions (August et al., 1979).

2. HSV Urethritis

As discussed earlier, among patients with primary genital herpes who
present with external genital lesions, HSV has been isolated from the
urethra in 28% of men and 82% of women. This urethritis is usually
symptomatic. HSV urethritis may also occur as the sole symptomatic
manifestation of genital herpes. In a recent study of women with the
urethral syndrome (dysuria-frequency syndrome), HSV was isolated from
the urethra or cervix in 5% (Stamm et al., 1980). HSV has been isolated
from urine of both men and women with dysuria or hematuria, and cys-
toscopy has in some of these cases revealed mucosal ulcerations. It is
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likely that HSV cystitis occasionally occurs as a result of ascending in-
fection from the urethra into the bladder.

3. Herpes Simplex Proctitis

HSV has been isolated from rectal mucosal and rectal biopsies in
men and women with symptoms of rectal pain and discharge (Goddell et
al., 1983; Quinn et al., 1983; Waugh, 1976). In a prospective study of 100
consecutive homosexual men who presented to an STD clinic with symp-
toms of rectal discharge and pain, HSV was isolated from rectal swabs
and/or rectal biopsies in 23% and was the most frequent cause of non-
gonococcal proctitis in homosexual men (Goodell et al., 1983). Patients
with HSV proctitis usually present with the acute onset of rectal pain,
discharge, tenesmus, constipation, and blood and/or mucosy rectal dis-
charge. Fever, malaise, and myalgia are common, and urinary retention,
dysesthesia of the perineal region, and impotence may be reported. Ex-
ternal perianal lesions are seen in about one-half the cases. Anoscopy
and/or sigmoidoscopy generally reveal a diffuse, friable rectal mucosa,
although occasionally discrete ulcerations of the rectal mucosa may be
present. In most cases the pathology is limited to the lower 10 cm of the
rectum. Rectal biopsies of involved mucosa generally reveal diffuse ul-
cerations and lymphocytic infiltration. If multiple histologic sections are
performed, intranuclear inclusions may be demonstrated in rectal biop-
sies in about 50% of cases.

Both HSV-1 and HSV-2 have been isolated from patients with HSV
proctitis (Levine and Saeed, 1979; Goodell et al., 1983). Recurrences of
this disease have been described and may be mild and/or asymptomatic.
Controlled clinical evaluation of the use of systemic antivirals on this
entity is currently unavailable.

4. Genital Ulcerations

HSV infection causes 40-60% of genital ulcerations in patients pre-
senting to gynecologic practices or STD clinics in Western industrialized
countries (Chapel et al., 1978; Kinghorn et al., 1982). In underdeveloped
nations, however, genital HSV infection is an infrequent cause of genital
ulcerations (Plummer et al., 1983). The varied size, symptoms, and ap-
pearance of genital HSV lesions may make clinical diagnosis of genital
ulcerations, especially single ulcerations, difficult. HSV may be isolated
from many lesions attributed by patients to “‘trauma’’ or irritation. In
addition, clinical differentiation of genital ulceration due to HSV, Tre-
ponema pallidum, and Hemophilus ducreyi is often uncertain.

V. CHRONICITY OF GENITAL HSV INFECTIONS

There are still large gaps in our knowledge concerning the natural
history and chronicity of genital herpes. Long-term prospective studies
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of the subsequent rate of recurrence of persons who acquire symptomatic
primary infection are unavailable. Many basic questions remain unan-
swered. Does the frequency of disease change over time? What trigger
factors influence recurrences of infection? How frequent is reinfection
by the same subtype of HSV or by another subtype?

To date, prospective studies of patients who present with sympto-
matic primary genital herpes infection have shown that after 1 year of
follow-up, 55% of patients with HSV-1 genital infections will develop
recurrences; compared with 88% of patients with primary HSV-2 infec-
tion (Fig. 6). The median time to first recurrence was 42.5 days in patients
with primary HSV-1 compared to 115 days in patients with primary HSV-
2 infections. The mean rate of recurrences over time was also significantly
less in patients with HSV-1 as compared to patients with primary HSV-
2 infections, 0.10 recurrence per month in patients with primary HSV-1
infections versus 0.32 in patients with genital HSV-2 infection (p <
0.001). Of interest is that the subsequent recurrence rate of disease was
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similar in patients with primary and nonprimary first-episode HSV-2 in-
fections (0.35 and 0.31 recurrence per month, respectively).

Vaginal inoculation of mice with HSV-1 strains, but not HSV-2, has
been shown to result in latent infection of sacral nerve root ganglia (Ri-
chards et al., 1981). This suggests that HSV-1 is much less likely to es-
tablish latency in sacral nerve root ganglia than HSV-2 infection. This
biologic difference between the two viruses may account for their dif-
ference in recurrence rates, and the well-known anatomic predilection
for HSV-2 infections to be ““below the waist.”

The severity of the initial episode as well as the host immune re-
sponse to disease also appear to influence the subsequent recurrence rate
of disease. Patients with primary genital HSV-2 infection who developed
high titers of HSV-2 complement-independent neutralizing antibody in
convalescent sera were more likely to develop recurrences than those
who did not develop anti-HSV neutralizing antibody (Reeves et al., 1981).
More severe disease as measured by prolonged viral shedding and lesions
was also associated with the development of higher titers of neutralizing
antibodies as well as antibodies to HSV-specified glycoproteins (Zweerink
and Corey, 1982). Development of high titers of complement-independent
neutralizing antibody in convalescent phase sera after primary infection
may reflect a high degree of antigenic exposure and/or a large number of
latently infected cells in sacral nerve root ganglia. In a mouse model of
mucocutaneous HSV infections, high levels of neutralizing antibody in
convalescent sera were associated with increased numbers of latently
infected ganglionic cells (Klein et al., 1979a,b).

A past history of symptomatic genital HSV infection also appears to
affect the subsequent time to next recurrence of disease. The median
time to the next recurrence was 120 days after primary genital HSV-2
infection, compared to a median of 42 days between episodes in women
with recurrent genital HSV-2 disease (Reeves et al., 1981). As the duration
of lesions and viral shedding is significantly longer in first versus recur-
rent genital herpes, these data suggest that the greater amount of anti-
genic exposure may affect host factors that influence the time to the
subsequent recurrence of disease.

A large nationwide questionnaire survey of over 6000 persons with
symptomatic recurrent genital herpes indicated that the median number
of yearly clinical recurrences of genital herpes was between five and eight
(Knox et al., 1982). Recurrences of genital herpes do not follow a uniform
pattern. The time of onset of disease and the number of recurrences over
time that an individual experiences may vary greatly between patients
and over time in any individual patient. For example, we have recently
followed a cohort of patients with frequently recurring genital herpes over
an 8-month period. In this population, which averaged 1.17 recurrences
per month, only 28 of 92 patients exhibited little change (< 30%) in their
clinical recurrence rate in the first as compared to the second 4 months
of observation. Twenty-three of the ninety-two patients had at least a
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TABLE IV. Recurrence Rates of Genital Herpes in Male
Patients With Symptomatic Genital Herpes (N = 69)

No. recurrences/month of follow-

Duration of past disease up
3 months-2 years 0.73
2 years—4 years 0.51
>4 years 0.42

50% increase and 25 of 92 a 50% decrease in their recurrence rates in
the first as compared to subsequent 4-month periods. These observations
are of interest in that they indicate that anecdotal observations regarding
recurrence rates are unlikely to have much validity and that studies in-
volving therapy of genital herpes must account for the varying natural
history of untreated infection.

Little is also known regarding the long-term natural history of genital
herpes. Does the disease change in frequency over time? Unfortunately,
no prospective cohort of patients with first-episode disease followed over
time has yet been studied. We have prospectively followed a cohort of
men with recurrent genital herpes over a year’s time interval and analyzed
their recurrence rate of disease as a function of how long they previously
had genital herpes. As shown in Table IV, the mean rate of recurrence of
men with disease of greater than 4 years’ duration was 42% less than
those with disease of 3 months’ to 2 years’ duration. However, frequent
recurrences of disease are often seen in persons who have had genital
herpes for greater than 10 years’ duration. The nationwide survey by Knox
et al. (1982) indicated no significant difference in the reported recurrence
rate over time. However, this latter study was a self-selected population
of persons with severe genital herpes.

One of the major unanswered questions is what factors affect re-
currence rates. “‘Trigger’”” mechanisms associated with recurrent genital
herpes are largely anecdotal and unproven. Guinan et al. (1981) found a
clustering of genital HSV episodes during the menstrual period. Others
have shown no relationship between onset of lesions and menstrual cycle
or frequency of sexual activity (Vontver et al., 1979; Rattray et al., 1978).
Anecdotal observations have suggested that such diverse phenomena as
emotional stress, heat, moisture, climate change, pregnancy, oral con-
traceptive use, anesthesia, and trauma might be ‘“‘trigger’’ factors asso-
ciated with recrudescences of HSV; however, objective data are lacking.
Have patients with frequently recurrent disease for greater than 10 years
had recent reinfections with new strains of HSV-2?

Reinfection versus Recrudescence

Using the technique of restriction enzyme analysis, Buchman et al.
(1979) demonstrated that reinfection with different strains of HSV-2 can
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occur. Fife et al. (1983) have documented dual HSV-1 and HSV-2 infection.
Since we have started to routinely type our clinical HSV isolates with
monoclonal antibodies, we have documented dual HSV-1 and HSV-2 in-
fection in 0.5% of genital HSV infections. The question of how frequently
reinfection with different strains of HSV-2 accounts for recurrent episodes
of clinical disease is largely unanswered. We have recently evaluated
widely spaced genital HSV-2 isolates from 40 patients with genital HSV-
2 infection for the possibility of reinfection with different viral strains.
Patients selected for analysis were those who reported new sexual part-
ners during the follow-up period. The first isolates obtained from the
acute episode of 20 patients with primary herpes and an isolate obtained
a mean of 14.9 months later were subjected to restriction enzyme analysis
using five enzymes (HpAl, BamHI, Kpnl, Sall or Pvul, Bglll). No reinfec-
tions with different strains were noted. Similarly, a cohort of 21 patients
with recurrent genital herpes, also had multiple genital isolates analyzed
in a similar manner. The isolates were obtained a mean of 22.5 months
apart. The mean number of recurrences between isolates was 13.5 and
the mean number of new sexual partners was 2.9 (range 1-9) Again, no
infections with new strains of HSV-2 were noted. Thus, in heterosexual
patients with genital HSV, reinfection with new strains of HSV-2 appears
uncommon (Schmidt 1984). Whether reinfection with multiple strains is
a more common occurrence in more promiscuous populations will re-
quire further study.

VI. SEXUAL TRANSMISSION OF GENITAL HSV

As in the area of chronicity of infection, little is known about the
sexual transmission of genital herpes. The risk of acquiring disease from
a sex partner with infection is unknown. Does the risk differ between
patients with symptomatic versus asymptomatic infection? What is the
relative risk of acquiring disease from sexual contact with infected part-
ners during the time of lesions? Mertz et al. (1984) evaluated the source
contacts of 63 patients who presented with first episodes of genital herpes.
The median time from first sexual exposure to the source contact and
development of disease in the index patient was 4 months. Two-thirds
of the source contacts had an obvious clinical history of genital HSV
infection. However, only one-third of the source contacts were aware of
the diagnosis at the time of presumed transmission. These data suggest
that educating patients regarding the high transmissibility of infection
during periods when mildly symptomatic lesions are present might de-
crease transmission of HSV disease.

Sexual contact with asymptomatic excreters of virus appears to be
an important route of infection. Asymptomatic excretion of HSV has been
demonstrated in saliva, cervical and seminal secretions. Douglas and
Couch (1970) demonstrated asymptomatic excretion of HSV in saliva in
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2% of adults, and there are reports of transmission of genital HSV-1 in-
fection from orogenital sex during periods of asymptomatic salivary ex-
cretion of virus (Embil et al., 1981). Asymptomatic cervical viral shedding
has been shown to result in transmission to sexual contacts or infants
(Mertz, et al., 1984; Whitely et al., 1980a). In the few studies in which
virus has been titered from cervical secretions during asymptomatic ep-
isodes, the titer of HSV is 2—3 logs less than that recovered from lesions
(Guinan et al., 1980; Merriman et al., 1984; Brown et al., 1979). Whether
the frequency of transmission from asymptomatic shedding is less than
symptomatic vulvar lesions is unknown and a question of great clinical
importance.

The source of asymptomatic shedding of HSV into the male genital
tract is also not well clarified. Centifanto et al. (1982) isolated HSV from
seminal secretions from nearly 20% of men undergoing routine vasec-
tomy, but Corey et al. (1983a) failed to isolate HSV from any of 86 urethral
and 41 prostatic secretion cultures from 47 men with recurrent genital
herpes during intercurrent episodes. HSV has been isolated infrequently
from prostatic secretions or biopsies (Deture et al., 1976). Further studies
are needed of the frequency and site(s) of asymptomatic excretion of HSV
in the male genitourinary tract.

VII. CONCLUSIONS

Genital HSV infection is a disease of major public health importance.
In the last 10 years, genital herpes has increased in prevalence in some
population groups, especially white middle-class Caucasian men and
women between the ages of 15 and 35 years. First episodes of genital HSV
infection involve multiple anatomic sites, last 3—4 weeks, and have a
high rate of complications. In contrast, episodes of recurrent genital dis-
ease are of much milder intensity and duration. The major morbidity of
recurrent genital herpes is its frequency of recurrence, its chronicity, and
its effects on the patients’ personal relationships and sexuality. A pos-
sibility of increased risk of subsequent cervical carcinoma and the po-
tential transmission of the disease to the neonate are major concerns to
women. Studies in the last few years with new antiviral compounds such
as acyclovir suggest that these substances may reduce the severity and
duration of acute episodes of genital herpes. The effects of these sub-
stances on reducing the transmission of disease and subsequent recurr-
ence rate of disease are, however, unknown. The development of effective
forms of immunoprophylaxis of HSV infection offers several new poten-
tial approaches in the management of HSV infections especially in re-
ducing the acquisition of disease. Further investigations on the mecha-
nism of recurrence and risk factors associated with recurrence will
hopefully provide the understanding to design effective forms of im-
munoprophylaxis. As animal models of recurrent genital HSV infection
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are not analogous to human infection, well-controlled clinical evalua-
tions of humans are essential if we are to further our understanding of
the pathogenesis of human HSV infections. Fortunately, genital HSV pa-
tients are some of the most cooperative and rewarding patient populations
in which to conduct long-term studies of the natural history of disease.
These controlled studies of the natural history of disease are critical in
order to direct laboratory research into new diagnostic and therapeutic
uses, as well as to generate the information necessary to design appro-
priate clinical trials evaluating new therapies and/or vaccines. In the
meantime, knowledge of the natural history of the disease is also of direct
vital importance to the physician in providing the patient with the in-
formation necessary to understand this complex entity, and to identify
risk factors that will decrease the transmission of disease to sexual part-
ners and neonates.
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CHAPTER 2

Natural Resistance
Mechanisms in Herpes
Simplex Virus Infections

CarLos Lorez

I. INTRODUCTION

The normal host has a series of defense mechanisms that participate in
sequestering and clearing invading viral pathogens (Allison, 1974). The
defense systems involved fall into two major categories: Natural resist-
ance mechanisms are immediately available to respond to the microor-
ganism and require no prior exposure to foreign antigen in order to be
operative; adaptive immune mechanisms require presensitization and are
not active until several days after primary virus infection. The adaptive
immune response against herpesvirus infections consists of the antibody
response (discussed in Chapter 3 by Norrild) and the cell-mediated im-
mune response (discussed in Chapter 4 by Nash, Leung, and Wildy). This
chapter will focus on the role of natural resistance mechanisms in defense
against herpes simplex virus (HSV) infections. The specific systems to be
discussed include macrophages, natural killer (NK]) cells, and interferon
(IEN).

The pathogenesis of HSV infections is complex and host defense
mechanisms may interact with infection at several different points during
the disease process. Primary infections may be subclinical or may be
associated with significant morbidity (Nahmias and Roizman, 1973;
Corey, this volume). Latent infections appear to develop readily after
primary infections and may be reactivated at some later date to cause
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subclinical infection or recrudescent disease {Douglas and Couch, 1970;
Docherty and Chopan, 1974; Corey et al., 1983). Natural resistance mech-
anisms are thought to be active during the earliest phases of an infection
and to play an important role in sequestering and preventing dissemi-
nation of the infection. These systems may also have a direct or indirect
effect on the development of latent infections. Thus, the same mecha-
nisms that act to control primary infections may act locally to restrict
the development of latently infected neurons. For example, controlling
the primary virus infection may indirectly reduce the number of latently
infected ganglia or the incidence of latently infected animals. In turn,
this might lead to fewer recurrences because fewer latent infections are
available for reactivation. As patients with severe primary herpes geni-
talis demonstrated recurrent disease more often than did patients with
subclinical primary infections (Allen and Rapp, 1982; Corey, this vol-
ume), either the host defense restricts both the primary infection and
reactivated (latent) infections or, by restricting the primary infection,
these mechanisms may reduce the load of latent infection that is available
for reactivation at a later date. The first possibility seems more likely
because antiviral drugs, which significantly reduce primary infection, ap-
pear to have little effect on recurrent disease (Corey, this volume).

Animal models of recurrent herpesvirus infections are poor examples
of human disease and offer little opportunity to study the role of defense
mechanisms required for control of reactivated infections. Therefore, this
chapter will focus on the role of natural resistance mechanisms in defense
against primary infection and will only discuss latent infections when
they are relevant to the mechanism under consideration.

When one thinks of both natural resistance and adaptive immunity,
it is usually with the thought that these systems are required for pro-
tecting the normal host from a plethora of infectious pathogens. However,
it is also possible that these mechanisms can cause great damage to the
infected host. An immunopathological response has been demonstrated
in HSV infections and is discussed in Chapter 5 by Rouse.

Although HSV types 1 and 2 (HSV-1, HSV-2) are similar in many
ways, including 48% homology of viral DNA, colinearity of DNAs, and
exchangeability of genetic materials (Kieff et al., 1972; Nahmias and Roiz-
man, 1973; Cassai et al., 1975; Morse et al., 1977), there are important
differencés in the natural resistance systems involved in host defense. In
mice, for example, HSV-2 causes a focal, necrotic hepatitis whereas HSV-
1 failed to do so in immunologically competent mice {(Mogensen et al.,
1974). Also, when inoculated intraperitoneally (i.p.), HSV-2 is more neu-
rovirulent than HSV-1 in the mouse (Ruchmann, 1954; McKendall, 1980;
Richards et al., 1981), whereas in man, HSV-1, but not HSV-2, causes
encephalitis and thus appears to be more neurovirulent (Leider et al.,
1965; Graig and Nahmias, 1973). These differences may be dependent, at
least in part, on the natural resistance systems and particular attention
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will be given to those differences that highlight a role for these mecha-
nisms.

Three approaches have been used for the study of defense mecha-
nisms in HSV infections: (1) patients with primary or secondary im-
munodeficiencies have been studied to determine whether a specific de-
ficiency is associated with susceptibility to severe infections; (2) animals
have been treated with agents to suppress or augment one or another
aspect of host defense to determine whether that was necessary for pro-
tection against challenge with virus; and (3) more recent studies have
utilized animal models of genetic resistance to virus infections in order
to determine the mechanisms deficient in the genetically susceptible.
The studies of immunodeficient humans and immunosuppressed animals
have, for example, clearly shown that the capacity to generate an antibody
response can be normal in the face of a severe virus infection (Meyers et
al., 1980; Verhoef et al., 1980; Bloomfield and Lopez, 1980; Lopez et al.,
1974). These observations have been taken as an indication that cell-
mediated immunity, which is often found suppressed in these hosts, plays
a major role in defense against infection. Unfortunately, however, the
immunosuppressive regimens used to define the specific systems in-
volved usually affect more than the one mechanism being studied. Con-
sequently, these studies fail to define the specific deficiencies responsible
for susceptibility to severe infections. In fact, some studies can be very
misleading. For example, the studies of Schlabach et al. (1979) determined
that antithymocyte antisera made mice much more susceptible to HSV-
1 infection only if the mice were challenged immediately after treatment
because the antisera used had a relatively short-term suppressive effect
on macrophage function and thus made the mice more susceptible. When
the mice were challenged later and T cells were still deficient but ma-
crophage function had returned to normal, treated mice were no more
susceptible than the controls. Although one would normally have ex-
pected that the effect of this antiserum on T-cell-mediated immunity
was responsible for the increased susceptibility to herpesvirus infections,
in fact it was its effect on macrophages that resulted in the lethal infec-
tions of the mice. Thus, immunosuppression, especially with agents that
have effects on more than one subpopulation of effector cells, has been
less than definitive when used to determine the mechanisms required
for resistance to herpesvirus infections.

In recent years, models of genetic resistance to HSV-1 and HSV-2
have been defined in the mouse (Lopez, 1975; Mogensen et al., 1974;
Kirchner et al., 1978b; Armerding et al., 1981a,b). These models have the
advantage over the other animal models that one can use genetic tools
to define the systems required for resistance. Thus, in vitro or in vivo
correlates of resistance can be evaluated in crosses and backcrosses of
resistant and susceptible mice to determine whether the functions in
question segregate with resistance or independently. Another advantage
is that these models use genetically homogeneous mice, which can be
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used for cell transfer experiments. In contrast to the obvious advantages
of these genetic models, certain possible disadvantages must be consid-
ered. First, HSV-1 and HSV-2 are viruses that are indigenous to man and
not the mouse. As herpesviruses have coevolved with animals and many
species have been shown to have herpesviruses that are found only in
that species (Nahmias, 1972), it is possible that the resistance systems
found to be operative for HSV-1 in the mouse may not be the same as
those that are operative in man. The genetic model may, in fact, be an
artifact. Whether this turns out to be the case will depend on studies in
man using the information generated in the study of the mouse. In fact,
preliminary evidence (to be discussed below) suggests that study of the
mouse model of genetic resistance to HSV-1 has prompted a number of
studies the results of which indicate that similar mechanisms probably
play an important role in resistance to HSV-1 infections in man.

II. GENETIC RESISTANCE TO LETHAL HSV-1 IN THE
MOUSE

The genetic model of resistance to HSV-1 (Lopez, 1975) has been used
by several investigators in attempts to define mechanisms required for
protection of the host. This model and models of genetic resistance to
HSV-2 will be described prior to discussion of the various mechanisms
that might be required for genetic resistance.

Adult, inbred strains of mice have been challenged with 10-fold di-
lutions of HSV-1, strain 2931, a virulent strain of virus (Lopez, 1975).
These mice were found to be either resistant, moderately susceptible, or
very susceptible. C57BL/6 mice are the prototype resistant strain of mice
and survived challenge with 10° PFU of HSV-1. Moderately susceptible
mice (BALB/c is the prototype) had LDsos of 10°~10* PFU, and very sus-
ceptible strains of mice (A/] is the prototype) had LDsos of 10'—10? PFU.
Male and female mice have been inoculated with no indication that re-
sistance is sex-linked. Many of these observations have been confirmed
by Kirchner et al. (1978b).

The studies of Kirchner et al. (1978a) also showed that two closely
related strains of mice differed significantly in their resistance to HSV-
1. In these studies, C3H/HeJ] mice were found to be more resistant to
challenge than C3H/FeJ and to be resistant to all known effects of bac-
terial endotoxin, as well. Because endotoxin was found to convert lymph-
oid cells from nonpermissive to cells capable of replicating HSV-1 in vitro,
these data have been taken to suggest an important role for endotoxin-
stimulated cells in susceptibility to infection.

As noted above, our studies were carried out with HSV-1 strain 2931
while the studies of Kirchner et al. (1978a,b) were conducted with HSV-
1 strain WAL. In addition, we have evaluated 12 other strains of HSV-1,
including strains that had been passaged only two or three times in cul-
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ture and strains that had been maintained as laboratory strains for many
years and had been passaged hundreds of times (Lopez, 1975, and un-
published). The same pattern of resistance was found with all strains of
virus tested: C57BL/6 mice were resistant to 10° PFU of each of the strains
tested, and A/] mice had LDsgs that were lower than those of BALB/c
mice. To date, strain 2931 has been the most virulent strain that we have
tested and has been used for most of the other studies.

Genetic studies indicated that resistance to lethal HSV-1 infections
was a dominant trait, governed by two independently segregating, non-
H-2 loci (Lopez, 1980). A challenge dose of 10° PFU of HSV-1 (strain 2931)
was used because it appeared to clearly distinguish resistant from sus-
ceptible strains of mice. F; crosses between resistant and susceptible and
between resistant and moderately susceptible mice were found to be re-
sistant to challenge with virus, indicating that resistance was a dominant
trait. In backcross experiments, 25% of the progeny of crosses between
F, x susceptible A/J] mice or F; X moderately susceptible BALB/c mice
were found to be resistant to virus challenge, indicating that resistance
was governed by two loci, both of which were required for resistance.
Studies with F, generations also indicated that two independently seg-
regating, genetic loci governed resistance. An indication that resistance
was not H-2 linked was obtained in earlier studies where mice of the H-
2% phenotype were found to be both resistant and susceptible (Lopez,
1975). Also, congenic strains of mice were challenged with HSV-1 and
the results showed that the background (non-H-2) loci were important in
determining resistance and susceptibility whereas the H-2 genes were
not (Lopez, 1980).

The results of several studies suggest that the host’s hemopoietic
defense system is responsible for genetic resistance to HSV-1 (Lopez,
1981). Resistant mice survived challenge with 10° PFU of HSV-1 when
inoculated i.p. or intravenously (i.v.) and yet were found to be as suscep-
tible as the susceptible strains of mice to an intracerebral challenge of
10! PFU of virus. Thus, resistance appeared to depend on the ability of
the host to inhibit virus from reaching the CNS, which is the target organ
for HSV-1. Most significantly, transplantation of bone marrow stem cells
from resistant (F;) mice into lethally irradiated susceptible mice resulted
in chimeras with greatly enhanced resistance (Lopez, 1981). Thus, re-
placement of the hemopoietic system of susceptible mice with one from
resistant mice rectified the deficiency that had been responsible for their
lack of resistance.

An indication of the mechanisms that might be involved in resistance
derived from the striking similarity between genetic resistance to HSV-
1 and genetic resistance to allogeneic bone marrow grafts (Lopez, 1981).
The latter was defined earlier by Cudkowicz and Bennett (1971) as the
ability of lethally irradiated mice to resist engraftment with allogenic
bone marrow cells. As earlier studies by Bennett {1973) showed that 8°Sr
treatment of mice abrogated allogeneic resistance without significantly
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affecting their capacity to reject skin grafts, studies were carried out to
determine whether similar treatment of mice would abrogate genetic
resistance to HSV-1 (Lopez et al., 1980). Challenge of 8°Sr-treated mice
with HSV-1 indicated that this treatment made genetically resistant mice
as susceptible to HSV-1 as the genetically most susceptible strains and
that this treatment reduced resistance more effectively than any other
treatment except for high-dose y-irradiation. The spleen is forced to take
over hemopoiesis and antibody responses and skin graft rejection remain
normal. In 3°Sr-treated mice, virus persisted in the visceral tissues and
spread to the spinal cord whereas untreated mice cleared virus from vis-
cera by 3 days postinoculation and virus could not be detected in the
spinal cord.

In contrast to the marked suppression of genetic resistance resulting
from 8°Sr treatment, a deficiency of T-cell function and cell-mediated
immunity was not associated with increased susceptibility to i.p. infec-
tion with HSV-1 (Lopez, 1978; Zawatzky et al., 1979; Schlabach et al.,
1979). Studies with athymic nude mice and thymectomized and anti-
thymocyte serum-treated mice showed that such mice were as resistant
to an i.p. challenge with HSV-1 as were the normal (euthymic) or un-
treated littermates. When challenged by the subcutaneous or intraocular
routes, athymic nude mice were found to be more susceptible to HSV-1
infection than the normal littermates (Nagafuchi et al., 1979; Metcalf et
al., 1979). These results suggest that route of inoculation is an important
determinant of the defense mechanisms induced during a virus infection
and, therefore, the mechanisms required for resistance.

Most of the studies described above were carried out using i.p. in-
oculation of virus into adult mice. Although not extensive, other studies
of genetic resistance to HSV-1 have used i.v. (Lopez, 1981), intravaginal
(Schneweis and Saftig, 1981), and intraocular (Price and Schmitz, 1978)
infection with results that are, in general, similar to those for i.p. infec-
tion. Price and Schmitz (1978) showed that C57BL/6 mice inoculated
intraocularly required about 100 times more virus inoculum to establish
a latent infection than did BALB/c mice. It is thus possible that the mech-
anisms (or closely related ones) responsible for genetic resistance to i.p.
infection are also responsible for resistance to the development of latent
virus infections. Studies by Schneweis and Saftig (1981) showed that
inbred strains of mice resistant to i.p. challenge were also resistant to
intravaginal infection with HSV-1 and that more virus was found in the
sacral ganglia of susceptible than of resistant mice after infection. In ad-
dition, strain distribution was found to be similar to that found with i.p.
infected mice and resistance to inoculation by both routes was dimin-
ished by X-irradiation, cyclophosphamide, and 8°Sr. Thus, the same or
closely related host defense mechanisms may play roles in resistance to
HSV-1 infections by i.p. and intravaginal routes of inoculation.
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III. GENETIC RESISTANCE TO LETHAL HSV-2 IN THE
MOUSE

In a series of studies similar to those reported for HSV-1, Armerding
et al (1981b) found that inbred strains of mice could be classified as re-
sistant, moderately susceptible, or susceptible to a lethal infection with
HSV-2. The strain distribution for these categories was similar to that
presented for HSV-1 and no significant differences were noted with re-
spect to the other parameters evaluated.

IV. GENETIC RESISTANCE TO HSV-2-INDUCED HEPATITIS

Mogensen et al. (1974) showed that inoculation of mice with various
strains of HSV-2 resulted in a focal, necrotic hepatitis 4 or 5 days pos-
tinoculation. In contrast, infection with strains of HSV-1 caused very few,
if any, necrotic lesions (Mogensen, 1976). The hepatitis caused by HSV-
2 began to resolve spontaneously after 4 days and was not the cause of
death in inoculated mice. If mice died, it was due to an ascending myelitis
or encephalitis at about 6—10 days after infection. The liver lesions caused
by HSV-2 were easily visible to the naked eye whereas those caused by
HSV-1 were not. Histologically, the HSV-2 induced lesions were char-
acterized by areas of degenerating liver cells that were infiltrated with
polymorphonuclear leukocytes causing central necrosis.

Resistance to HSV-2-induced hepatitis was found to be age depen-
dent, 3-week-old mice being more susceptible than 8-week-old mice (Mo-
gensen, 1978). Using mature mice, Mogensen (1977b) showed that re-
sistance to hepatitis varied in the inbred strains of mice tested; GR mice
were resistant whereas BALB/c mice were susceptible to inoculation with
10° PFU of HSV-2. In addition, genetic studies were used to show that
resistance to HSV-2-induced hepatitis was governed by one X-linked,
dominant gene.

V. MACROPHAGES

Because of their very nature, macrophages are prime candidates for
the first line of defense against herpesvirus infections. These cells are
relatively large with abundant cytoplasm and a reniform nucleus (Hirsch
and Fedorko, 1970; von Furth et al., 1972). The precursors for this lineage
of cells are found in the bone marrow and are recognized as monocytes
and promonocytes. Precursors are distributed by the blood to the visceral
organs and other tissues of the body where they mature to macrophages
and become an active part of the reticuloendothelial system. Mature cells
are found in the liver, lungs, pleural and peritoneal cavities, lymph nodes,
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and spleen and are often among the first cells encountered by an invading
virus. Macrophages are highly pinocytotic and phagocytic cells that ad-
here firmly to glass and plastic surfaces. In addition, these cells contain
lysosomal enzymes, which might be used to degrade phagocytosed ma-
terial. The role of macrophages in defense against HSV infections has
been evaluated by several different approaches. In the following para-
graphs, I will summarize the data generated and discuss the strengths
and weaknesses of each approach.

A. Role of Macrophages in Resistance to HSV-1 in the Mouse

Over 50 years ago, Andervont (1927) showed that newborn mice are
much more susceptible to lethal infection with HSV than are adult mice.
Much later, Johnson (1964a,b) showed that the age-dependent suscepti-
bility of newborn mice was due to the inability of peritoneal macrophages
from these animals to restrict replication of the virus in culture. In in-
fectious center assays, macrophages from newborms readily transmitted
virus infection to nearby, susceptible cells whereas adult cells did so to
a much lower degree. More recently, studies of Stevens and Cook (1971)
showed that exposure of adult macrophages to HSV-1 resulted in an abor-
tive infection. Viral antigens were expressed but infectious progeny virus
was not generated by cells from adult mice.

Although these results seem to strongly indicate a dominant role for
macrophages and their inability to sequester virus replication as an im-
portant determinant of susceptibility in the newborn, it is probably not
that simple. Newborn animals have been shown to have a broad array of
cellular deficiencies (Stiehm, 1980), any or all of which could contribute
to their susceptibility. For example, a deficiency of NK cell function
(Ching and Lopez, 1979; Lopez et al., 1983a; Kohl et al., 1981), of the
capacity to generate IFN-y (Bryson et al., 1980), or of neutrophil function
(Miller, 1979) might be equally responsible for susceptibility to HSV-1 in
the newborn.

In other studies aimed at determining whether the macrophage plays
an important role in resistance to HSV-1, experiments were undertaken
to evaluate the effect of treating animals with agents that selectively
inactivate macrophages. This is accomplished by taking advantage of the
fact that macrophages are highly phagocytic and pinocytotic cells. Ma-
crophage ““poisons’’ such as silica particles (Allison et al., 1966) or so-
lutions of k-carrageenan (Schwartz and Leskowitz, 1969) are readily taken
in by macrophages but not by most other cells. These agents eventually
result in the death of macrophages and in the marked diminution of
resistance to i.p.-inoculated HSV-1 (Zisman et al., 1970; du Buy, 1975).
Interpretation of these results depends on the selectivity of the macro-
phage “‘poisons’ being used in the study. Although suspensions of small
(1-10 pm in diameter) silica particles were thought to be relatively se-
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lective for macrophages (as contrasted with T cells), more recent data
indicate that this agent also depresses NK cell function (Herberman and
Holden, 1978) and thus may reduce resistance by this mode, as well.

Several immunopotentiators have been shown to enhance macro-
phage function and to augment resistance to HSV-1 concomitantly (Hal-
pern et al., 1973). Agents such as C. parvum have been shown to enhance
clearance of carbon particles, immunologic response to an antigenic stim-
ulus, and resistance to challenge with bacteria, protozoans, or tumors.
Mice treated with C. parvum have also been shown to be much more
resistant to i.p. infection with HSV-1 than were untreated mice (Kirchner
et al., 1977). Unfortunately, agents that enhance macrophage function
are no more selective than are the macrophage “‘poisons’’ in that other
cells also demonstrate augmented function. NK cells, for example, are
also much more active after treatment of mice with C. parvum than are
the cells from untreated mice (Herberman and Holden, 1978). Thus, this
evidence for the role of macrophages in resistance to HSV-1 infections is
also not conclusive.

Another approach to the study of the role of macrophages in resist-
ance to HSV-1 has been to attempt to transfer resistance with relatively
pure populations of these effectors. Because immature macrophages ap-
peared to cause the susceptibility of the newborn, Hirsch et al. (1970)
transferred adherent cells from adult mice to newborns and showed that
this resulted in increased resistance to an i.p. infection. Although this
appears to be a straightforward approach to determining whether mac-
rophages mediate the resistance found in adult mice as compared to new-
borns, there are difficulties that must be considered. For example, if even
a small percentage of the transferred cells were NK cells, then the con-
taminating cells may be responsible for resistance. Also, separation pro-
cedures and other manipulations might activate cells and lead to the same
observations but, in fact, these results might not reflect the role of res-
ident macrophages. There is also the possible interaction of transferred
and resident cells, which might result in resistance. Thus, even cell trans-
fer experiments may not clearly define a role for macrophages in resist-
ance to HSV-1.

Studies have also been undertaken to investigate the role of mac-
rophages in genetic resistance to HSV-1 in the mouse. In earlier studies,
macrophage poisons were shown to suppress genetic resistance to virus
infection in strains of mice normally resistant to infection (Lopez 1978).
Because susceptible adult mice might be similar to newborn mice and
not be able to sequester virus replication, experiments were carried out
to determine whether macrophages from susceptible mice replicated
HSV-1 better than cells from resistant mice. Adherent peritoneal cells
from all strains of mice tested restricted replication of HSV-1 when in-
fected immediately after formation of the monolayers but replicated the
virus to high titer when inoculated after 3—7 days of culture (Lopez and
Dudas, 1979). Although macrophages from a genetically resistant strain
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of mice restricted virus replication better than cells from a susceptible
strain, this function did not segregate with genetic resistance, for mac-
rophages from resistant F; mice failed to restrict HSV-1 replication. Com-
parable studies have recently been carried out by H. Kirchner (personal
communication) with only slightly different results. They found that uti-
lizing a different medium allowed virus replication without prior cul-
turing of the adherent peritoneal cells. Using cultured cells in order to
enhance the purity of the macrophages, they showed that cells from re-
sistant mice failed to replicate virus to high titers whereas cells from
susceptible mice generated significantly more virus. Further, they found
that macrophage monolayers from resistant mice generated more IFN
than did cells from susceptible mice and that macrophages were exceed-
ingly sensitive to the antiviral activity of IFN.

Other studies suggested that restriction of HSV-1 replication by mac-
rophages that had not been cultured is dependent on the induction of IFN
by high concentrations of virus (Linnavuori and Hovi, 1981). Infection
with a much lower dose of virus resulted in replication of HSV-1. These
investigators also showed that culturing cells for 3—7 days greatly di-
minished their capacity to generate IFN in response to HSV-1.

B. Role of Macrophages in Resistance to HSV-2 in the Mouse

Many of the studies presented above with HSV-1 have also been car-
ried out with HSV-2 with similar results (Starr et al., 1976; Morahan et
al., 1977; McGeorge and Morahan, 1978). The evidence supporting an
important role for macrophages in resistance against HSV-2 inoculated
i.p. is as strong as that presented for HSV-1 and the same reservations
pertain. These studies will not be discussed here as they add little to our
understanding of the role of macrophages in defense against these infec-
tions.

Two observations on HSV-2-infected mice appear to be important.
Most studies of resistance to HSV infections have been carried out with
i.p.-infected mice because of the ease of carrying out such studies. This
is not a natural mode of infection and more recent studies have attempted
to use natural routes of inoculation such as into the lip or intravaginally.
In one such study by McGeorge and Morahan (1978), macrophage poisons
increased susceptibility to an i.v. infection with HSV-2 and yet failed to
augment susceptibility to an intravaginal infection. As the latter is the
more natural route of inoculation for HSV-2, it appears that macrophages
are not required for defense against such an infection. The second obser-
vation was made by Armerding et al. (1981a) using a genetic model of
resistance to HSV-2 infections in the mouse. These investigators noted
that i.p. infection with HSV-2 was an excellent inducer of macrophage
phagocytic activity in mice. Thus, activated macrophages, possibly in-
duced by locally generated IFN (Zawatzky et al., 1981) or by the virus
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infection alone (Casali et al., 1981), might be required for resistance to
an i.p. infection.

C. Role of Macrophages in Resistance to HSV-2-Induced
Hepatitis

Studies have been carried out to determine the mechanisms respon-
sible for genetic resistance to hepatitis caused by HSV-2. Treatment of
mice to inhibit macrophage function has been found to markedly dimin-
ish genetic resistance as well as the age-dependent resistance of resistant
strains of mice (Mogensen, 1977b, 1978). Silica treatment was also used
to show that the virus-strain-dependent (HSV-1 vs. HSV-2) differences
were also due to macrophage function, as such treatment abrogated those
differences. Finally, Mogensen and Andersen (1978) had earlier noted that
athymic, nude mice were actually more resistant to hepatitis than their
normal littermates. This enhanced resistance to HSV-2-induced hepatitis
in nude mice was due to activated macrophages found in these mice.

Mogensen (1977a,b, 1978) has carried out a number of in vitro studies
to determine the mechanisms involved in resistance to HSV-2-induced
hepatitis. For example, the relative differences between young and mature
mice were reflected in the capacity of macrophages from these mice to
inhibit spread of virus in an infectious center assay. Similarly, the genetic
resistance of mature mice could be ascribed to the capacity of the mac-
rophages from these mice to inhibit replication of HSV-2 in vitro. In these
studies, genetic resistance to HSV-2-induced hepatitis and inhibition of
viral replication segregated together in backcrossed mice. Lastly, the dif-
ferences found between the capacities of HSV-1 and HSV-2 to induce
hepatitis were reflected in the infectious center assay. Thus, HSV-2 but
not HSV-1 readily replicated in peritoneal macrophages, causing viral
plaques to form in the surrounding susceptible cells.

Although these data strongly suggest that resistance to hepatitis
caused by HSV-2 is dependent on the macrophage, there are some im-
portant questions left unanswered. For example, is there a deficiency of
the macrophage itself or could there be a deficit of some humoral factor
(such as IFN or macrophage-activating factor) that might be responsible
for the lack of macrophage function? If the deficiency is in the macro-
phage, is there a defect in its capacity to respond to a humoral factor, as
is seen with the Mx gene and genetic resistance to influenza in the mouse?
And, finally, if there is a defect in a humoral factor-producing cell, is this
a lacunar deficiency with respect to HSV-2 or does it affect other infec-
tious microorganisms, as well? In a more recent study, Mogensen and
Andersen (1981) showed that sensitized splenic cells could adoptively
transfer resistance to HSV-2-induced hepatitis. These cells could be pro-
ducing factors that interact with macrophages and make them sequester
virus infection.
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HSV-2 very rarely causes hepatitis in man so that one must ask
whether this animal model is a laboratory artifact. Wiskott—Aldrich syn-
drome is, however, a primary immunodeficiency disorder of man that,
like genetic susceptibility to HSV-2-induced hepatitis, is a sex-linked re-
cessive disorder (Aldrich et al., 1954). Patients with this disorder are
known to be highly susceptible to herpesvirus infections and one of the
first reports describing this phenomenon noted the finding of focal, ne-
crotic lesions in the liver of a patient at autopsy (St. Geme et al.,1965).

D. Role of Macrophages in Resistance to HSV-1 and HSV-2 in
Man

Very few studies have been carried out to evaluate the role of mac-
rophages in resistance against herpesvirus infections in man. Human
monocyte/macrophage populations may be active in spontaneous cyto-
toxicity of HSV-1-infected fibroblast targets (Stanwick et al., 1980) as well
as in antibody-dependent cell-mediated cytotoxicity (ADCC) (Kohl et al.,
1977). ADCC has been studied extensively and has been found to be
mediated by killer (K) cells (Shore et al., 1976), monocyte/macrophage
cells (Stanwick et al., 1980), and neutrophils (Oleski et al., 1977). A de-
ficiency of monocyte-mediated ADCC has been found in patients with
Wiskott—Aldrich syndrome (Blaese et al., 1975). As these patients often
suffer from severe herpesvirus infections, this monocyte deficiency was
thought to be associated with susceptibility to infection.

Because of the earlier studies showing that the age-dependent re-
sistance of mice to HSV-1 appeared to be reflected in the capacity of
peritoneal macrophages to replicate virus, similar studies were carried
out with adherent mononuclear cells derived from human peripheral
blood (Daniels et al., 1978; Trofatter et al., 1979; Linnavuori and Hovi,
1981; Grogan et al., 1981). As with adherent peritoneal cells from mice,
adherent cells (mostly monocytes) from human mononuclear cell frac-
tions failed to replicate HSV-1 unless they were first cultured for 4-7
days prior to infection. In contrast, similar studies, carried out with ad-
herent cells from cord blood, showed that the latter was capable of rep-
licating HSV-2 (Daniels et al., 1978). As the human newborn, like the
newborn mouse, is prone to develop severe disease as a consequence of
HSV-2 infection, these results suggest that a deficiency of macrophage
function in the human newborn may account, at least in part, for the
severity of the disease in this host. However, the newborn has been found
to have a number of other deficiencies (Stichm, 1980) that might also
account for their susceptibility and further studies are required to deter-
mine whether the human newborn lacks fully developed monocytes and
what role such a deficiency might have in susceptibility to HSV-2 infec-
tions. Future studies should be carried out with cells derived from new-
borns and not cord blood to avoid any possible role of maternal cells and
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with purified cell populations in order to define the abnormality more
specifically.

Although the experience is not extensive, one other approach has
been used that might indicate a role for macrophages in resistance to HSV
in man. Thus, attempts have been made to augment macrophage function
in patients with recurrent herpesvirus infections and determine whether
such treatment diminishes severity of infections or incidence of recurr-
ences. BCG was used to treat patients with recurrent herpes genitalis but
failed to demonstrate efficacy (Bierman, 1976). However, it is important
to remember that macrophage function was found to be critical in mice
inoculated i.p. or i.v. and that diminution of macrophage function with
silica failed to augment susceptibility to intravaginal infection, suggest-
ing that macrophages may not play an important role if the infection is
strictly localized (Armerding et al., 1981a; McGeorge and Morahan, 1978).

VI. NATURAL KILLER CELLS

NK cells were first described as effector cells from normal individuals
that gave the “background” lysis in studies of specific T-cell-mediated
cytotoxicity of tumor targets [see Herberman (1980) for historical per-
spective]. Although NK cells were first thought to be a nuisance, more
recent studies suggest that they may be important effectors in surveil-
lance against malignant adaptation (Herberman and Ortaldo, 1981), as a
first line of defense against virus infections (Welsh, 1978b; Lopez, 1981),
as mediators of bone marrow graft rejection (Kiessling et al., 1977) and
inducers of graft-versus-host reactions in bone marrow transplant recip-
ients (Lopez et al., 1979), and as mediators of hemopoietic homeostasis
(Kiessling and Haller, 1978). NK cells have been described in all mammals
tested to date and in some invertebrates. Many of the early studies of NK
cell function in the mouse utilized Yac-1 lymphoma cells as targets and
most of the human studies have used K562 erythroleukemia tumor cells
as targets.

The studies of Haller et al. (1977) showed that NK cells were derived
from bone marrow stem cell precursors. Thus, transplantation of lethally
irradiated, low-responder mice with bone marrow from high-responder
mice resulted in chimeras with the high-responder phenotype. Con-
versely, chimeras developed by transfer of marrow from low responders
to high responders resulted in low-responder mice. In addition, Haller
and Wigzell (1977) showed that NK cells are marrow dependent in that
ablation of bone marrow by treatment of mice with 8°Sr also markedly
diminished NK cell function. Estradiol also causes a severe aplasia in the
marrow and this is associated with diminished NK cell function (Seaman
et al., 1979). In addition, mice with congenital osteopetrosis similarly
have very low NK responses associated with a lack of normal marrow
cavities (Seaman et al., 1979). In the latter, the marrow cavities are ob-
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literated by bone matrix due to a failure of normal osteoclasts to resorb
bone.

IFN (a, B, and +y) has been shown to augment NK cell function (Gid-
lund et al., 1978; Djeu et al., 1979; Trinchieri and Santoli, 1978; Ortaldo
et al., 1981). IFN functions both by increasing the lytic efficiency of ma-
ture NK cells (Ullberg and Jondal, 1981) and by recruiting immature cells
to functional, mature cells | Saksela et al., 1978; Minato et al., 1980).
Many research groups have shown that virus infections of mice rapidly
augment the NK cell activity of the effector cells from these mice (Welsh,
1978a,b). Most viruses tested, including both HSV-1 (Engler et al., 1981)
and HSV-2 (Armerding et al., 1981a), augment NK activity 1-3 days after
infection with virus. Welsh (1978a) showed that the augmented NK cell
function followed closely the generation of IFN in the virus-infected mice
and was probably dependent on this cytokine.

A number of different laboratories, using both RNA and DNA vi-
ruses, have found that virus-infected cells are much better targets for NK
effectors than are the uninfected cells (Diamond et al., 1977; Anderson,
1978; Santoli et al., 1978a,b; Ching and Lopez, 1979; Minato et al., 1979;
Welsh and Hallenbeck, 1980). As with lysis of the tumor targets, NK lysis
of virus-infected cells did not require previous exposure of the donor to
the virus. In addition, the effector cells responsible for this lytic activity
do not have the cell surface characteristics of mature T cells, B cells, or
macrophages.

As our interest has been in the role of NK cells in resistance to her-
pesvirus infections, we developed an assay using HSV-1-infected fibro-
blasts as targets [NK(HSV-Fs|] (Ching and Lopez, 1979). As with NK cells
that lyse the commonly used K562 erythroleukemia targets [NK(K562)],
the effectors of NK(HSV-Fs) are large granular lymphocytes (Timonen and
Saksela, 1980; Timonen et al., 1981; Fitzgerald et al., 1983} and require
no prior sensitization to be operative. In addition, we have shown that
NK(HSV-Fs) effectors are derived from bone marrow stem cells, as trans-
plantation of patients with low NK activity resulted in chimeras with
normal levels of NK(HSV-Fs) (Lopez et al., 1979). Lastly, we have also
shown that these effectors are marrow dependent, as patients with aplastic
anemia without evidence of marrow precursors and patients with con-
genital osteopetrosis whose marrow has been obliterated by bone matrix,
demonstrated greatly diminished NK(HSV-Fs) responses (Lopez et al.,
1982).

A. Heterogeneity of NK Cells

Studies of murine cells first provided evidence that NK cells are het-
erogeneous. Effector cells can be differentiated by their in vivo suscep-
tibility to 8°Sr (Kumar et al., 1979; Lust et al., 1981), their cell surface
markers (Ault and Springer, 1981), and cold target inhibition studies or
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adsorption studies (Stutman et al., 1978, 1981). The use of different target
cells in NK assays can reflect one or more of the subpopulations of effector
cells.

Heterogeneity of human NK effector cells has also been demon-
strated. Thus, adsorption of peripheral blood cells onto monolayers of one
tumor target cell was found to remove the cytolytic activity against that
target but not against another (Phillips et al., 1980; Tai et al., 1982). In
addition, certain monoclonal antibodies have been shown to recognize a
portion (but not all) of the effector cells that lyse K562 erythroleukemia
targets, suggesting that there is heterogeneity even within the cells ca-
pable of lysing this one target cell (Zarling et al., 1981; Kay and Horowitz,
1980).

In our studies of the characteristics of NK(HSV-Fs) effectors, we com-
pared them to the effector cells that lysed K562 erythroleukemia tumor
targets [NK(K562)] and have developed evidence suggesting that, although
they are both found in Percoll gradient fractions enriched for large gran-
ular lymphocytes and require no presensitization, the effector cells for
these two targets are clearly different (Fitzgerald et al., 1983). We have
shown that NK(HSV-Fs) effectors differ from NK(K562) cells using mon-
oclonal antibodies to cell surface markers of human mononuclear cells.
A portion of the NK(K562) effectors were positive for Leu-1 and Leu-4
(pan T-cell) surface markers while the NK(HSV-Fs) cells were negative.
Most of the NK(K562) cells were positive for Lyt-3 (sheep red blood cell
receptor) while again the NK(HSV-Fs) were negative. In contrast, a portion
of the NK(HSV-Fs) effectors were found to express Ia (framework) while
the NK(K562) effectors were negative for this marker. Monoclonal an-
tibodies have also been used to show that these effectors share other
characteristics. Thus, both NK cells were found to express Leu-11, which
detects an Fc receptor on the surfaces of effector cells.

Cold target inhibition experiments have also been used to support
the concept of heterogeneity (Fitzgerald et al., 1983). In these studies,
unlabeled K562 cells effectively reduced the lysis of labeled K562 targets
but reduced lysis of HSV-Fs to a much lower extent. Similarly, infected
and uninfected fibroblasts reduced lysis of HSV-Fs much better than did
K562 cells. These results have been interpreted to suggest that different
structures are recognized on these different target cells.

Probably the best evidence for heterogeneity of human effector cells
has been the observation that certain patient groups have effector cells
capable of lysing one target cell but not another and vice versa (Fitzgerald
et al., 1983). Thus, a group of five adult patients with aplastic anemia
were found to have effector cells that repeatedly lysed K562 targets nor-
mally while lysis of HSV-1-infected targets was found to be markedly
reduced (greater than 3 S.D. below the normal mean). In contrast, we
have found patients whose effector cells consistently lysed HSV-Fs targets
but not K562 targets. As significant deficiencies have been found in both
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directions, these results provide strong evidence that at least two sub-
populations of NK effector cells mediate lysis of these targets.

B. Cell Lineage of NK(HSV-Fs) Effectors

There is much debate over whether NK cells belong to the T-cell
lineage (Fast et al., 1981; Grossman and Herberman, 1982}, the mono-
cyte/macrophage lineage (Kay and Horowitz, 1980; Ault and Springer,
1981), or an independent lineage. The results of studies of cell surface
markers have been confusing with regard to this issue. Thus, NK(K562)
effectors have been shown to have markers characteristic of T cells and
macrophages. In an attempt to approach this question from another per-
spective, we have carried out studies of “experiments of nature,” i.e., on
patients with defects of the lymphoid or monocyte/macrophage cell li-
neages, which might shed some light on the cell lineage of NK(HSV-Fs)
effectors (Lopez et al., 1982).

Our studies on patients with primary immunodeficiency disorders
indicate that the NK(HSV-Fs) effectors probably do not belong to the
lymphoid lineage. Thus, patients with severe deficiencies of B cells (X-
linked hypogammaglobulinemia) usually had normal responses (Lopez et
al., 1982). In addition, all of the patients tested with the classical form
of severe combined immunodeficiency disease (SCID) (defined as 0% B
cells and no real T cells of their own) had normal NK(HSV-Fs) responses.
Most of these patients were evaluated for the presence of pre-T cells in
their marrow (defined as cells that would differentiate to T-cell markers
or function upon culturing them with thymic humoral factors). There
was no correlation between NK(HSV-Fs) function and the presence of pre-
T cells in the marrows of these patients, indicating that these effector
cells were probably not pre-T cells either. These data suggest that the
NK(HSV-Fs) effectors do not belong to the lymphoid lineage. Studies of
patients with deficiencies of the monocyte/macrophage lineage were less
conclusive. Some patients with abnormalities also demonstrated
NK(HSV-Fs) deficiencies although others did not. In sum, NK(HSV-Fs)
effectors may be related to the precursors of the monocyte/granulocyte
series but may also belong to an independent hemopoietic cell lineage.

‘Recently, Peter et al., (1983) evaluated NK(K562) activity of eight
patients with SCID and found that two patients with no B cells had nor-
mal activity while five of six patients with some B cells expressed low
levels of activity. These results are in agreement with those of Lipinski
et al. (1980) and R. Buckley et al. (personal communication). Although
Peter et al. (1983) obtained results similar to ours using different targets,
these authors concluded that NK(K562) effectors either constitute an in-
dependent lineage of cells or may be closely related to early differentiation
steps of the T-cell lineage.
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C. Role of IFN in the NK(HSV-Fs) Response

As noted earlier, IFN is capable of augmenting NK cell function in
vitro and in vivo. Trinchieri and Santoli (1978) showed that many of the
target cells that were lysed efficiently by human NK cells also induced
the generation of IFN and that the levels were great enough to account
for the lysis observed. Also, these investigators noted that overnight in-
cubation of mononuclear cells resulted in the loss of NK function as well
as the ability of these cells to generate IFN (Trinchieri et al., 1978). Fur-
ther, in kinetic studies, they found that NK lytic activity failed to increase
until after IFN generation was detected in vitro. These results were taken
to indicate that NK cell lysis of virus-infected targets depended on the
generation of IFN (caused by the virus infection) that, in turn, induced
lysis of whatever target cells might be available. Thus, Trinchieri et al.
(1978) proposed that selective lysis of virus-infected versus uninfected
cells was dependent on the IFN generated during the assay.

We have carried out a number of studies indicating that the gener-
ation of IFN is a function independent of the NK(HSV-Fs) lytic function
(Fitzgerald et al., 1982). Although IFN-a was generated during normal
NK(HSV-Fs) assays, there was no indication that the amount of IFN pro-
duced during the assay correlated with the level of >'Cr release. In ad-
dition, anti-IFN antibodies were added to the NK(HSV-Fs) assay and, even
though all detectable IFN was neutralized, this treatment did not sig-
nificantly diminish lysis of the target cells. More recently, we have found
that the effector cells that make IFN in response to HSV-Fs are similar
to the lytic effectors in that they are enriched in Percoll gradient fractions
containing large granular lymphocytes but they can be differentiated from
NK(HSV-Fs) effectors by monoclonal antibodies to cell surface markers
(Fitzgerald et al., in preparation). Most importantly, we have now found
many patients with normal levels of NK(HSV-Fs) activity even though
less than 10 IU of IFN was generated during the assay (Lopez et al., 1983b).
Conversely, other patients were found whose mononuclear cell generated
high levels of IFN whereas the same effector cells were incapable of lysing
these target cells (P. Fitzgerald et al., unpublished results). Taken to-
gether, these results indicate that although IFN is often generated in
response to the HSV-Fs, the production of this cytokine is independent
of the lytic function of NK(HSV-Fs) and IFN is not necessary for normal
target cell lysis in vitro. It is possible, however, that IFN generated in
response to virus infection in vivo might be an important part of the
natural defense of the host (Minato et al., 1979).

D. NK Cells Limit HSV-1 Replication in Vitro

If NK cells are to play an important role in defense against HSV-1
infections, these effectors must reduce the amount of virus progeny pro-
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duced by infected cells. In an attempt to determine whether NK cells
limit HSV-1 replication during the in vitro assay, we measured the
amount of HSV-1 secreted into supernatants of cultures containing ef-
fector cells and HSV-1-infected fibroblasts at the termination of the NK
assay and compared these to HSV-1 produced by the infected fibroblasts
in the absence of effectors (Fitzgerald et al., in preparation). Cytotoxic
cells reduced the virus yield by 90% or more at an effector:target (E: T)
ratio of 200: 1 and lower reductions were found at lower E: T ratios. Pe-
ripheral blood mononuclear cells were fractionated on Percoll gradients
in order to characterize the effector cells responsible. Virus replication
was significantly lower in wells containing effector cells from fractions
enriched for NK(HSV-Fs] effectors (and large granular lymphocytes) as
compared to the other fractions. As IFN-a is also generated during this
assay and might be responsible for the reduced virus titers, experiments
were carried out in the presence of sufficient anti-IFN-a antibody to neu-
tralize all the antiviral activity generated during the assay. Although the
IFN was neutralized, there was no difference in virus production of wells
with the antibody as compared to those without it. Further, most of the
IFN-a-generating cells can be separated from the peak NK(HSV-Fs) ef-
fector cells on Percoll gradients and the reduction of virus titer was as-
sociated with the cytotoxic activity and not the peak IFN production.
These results indicated that the cytotoxic NK effectors themselves were
able to directly inhibit virus replication, most likely by lysing target cells
prior to the production of infectious new progeny. In vivo these effectors
may significantly reduce the virus load that the infected host must deal
with.

E. Role of NK Cells in Resistance to HSV-1 in the Mouse

Studies have shown that many of the treatments that reduce or
abrogate NK cell function in mice also reduce genetic resistance to HSV-
1. Thus, 8Sr treatment of mice completely abrogated NK cell function
as well as genetic resistance to HSV-1 (Lopez et al., 1980). In a less dra-
matic manner, chronic estradiol treatment resulted in reduced NK cell
function and reduced resistance to HSV-1 (C. Lopez et al., unpublished
results). In other studies, mice carrying the bg/bg phenotype were found
to be slightly more susceptible to HSV-1 than were their normal litter-
mates. As they also has lower NK responses, these results again showed
a correlation between low NK and susceptibility to infection. Genetically
resistant mice were found to have good NK responses whereas most sus-
ceptible strains of mice lacked significant lysis of HSV-1-infected target
cells (C. Lopez et al., unpublished results). Of interest was the observation
that, although CBA mice had high NK activity, they were moderately
susceptible to HSV-1 infection. As CBA mice lack only one of the two
resistance genes, NK may be necessary but not sufficient for resistance.
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The studies of Engler et al. (1981) suggest that the production of early
IFN rather than NK cell function plays an important role in resistance
to HSV-1 in the mouse. These investigators cite SJL mice as relatively
resistant mice that have low NK activity against Yac targets but high
production of early IFN, results that they say indicate that the early IFN
is more important than NK in conferring resistance to HSV-1 (H. Kir-
chner, personal communication). However, as noted above, there is het-
erogeneity of NK effector cells and these investigators may not have eval-
uated the correct subpopulation of effectors.

The studies suggesting an important role for NK cells in resistance
to HSV-1 in mouse are interesting but are only preliminary and require
substantiation. In particular, it will be important to determine whether
NK segregates with genetic resistance in backcrossed mice. Additional
studies must also take into account the heterogeneity of NK effector cells.

F. Low NK(HSV-Fs) Function Associated with Susceptibility to
Herpesvirus Infections in Man

Because of the studies suggesting an important role for NK cells in
genetic resistance to HSV-1 in the mouse, studies have been carried out
to determine whether individuals susceptible to severe herpesvirus in-
fections have deficiencies of NK(HSV-Fs) function (Lopez et al., 1983a).
We have evaluated two groups of patients known to be susceptible to
severe herpesvirus infections. Cord blood lymphocytes were studied be-
cause of the newborns’ known susceptibility to disseminated infections.
Only 30% of the cord blood lymphocytes tested demonstrated normal
responses. Similar observations have been made by Kohls et al. (1981).
Peripheral blood cells from nine premature infants were also tested and
all had responses greater than 3 S.D. below the normal mean (Lopez et
al., 1983a, and unpublished). This discrepancy between the results with
newborns and cord blood might be real and reflect the significantly greater
risk of the premature newborn infant to severe herpesvirus infection (Vis-
intine et al., 1981). However, this difference might also reflect differences
found between cord blood and peripheral blood of newborn infants.

Wiskott—Aldrich syndrome is an X-linked, primary immunodefi-
ciency disorder characterized by the triad of eczema, thrombocytopenia,
and recurrent infections (Aldrich et al., 1954). Most patients with this
syndrome have also been shown to be susceptible to severe herpesvirus
infections (St. Geme et al., 1965). We have evaluated the NK(HSV-Fs)
responses of six patients with Wiskott—Aldrich syndrome and found that
only one had a normal capacity (Lopez et al., 1983a, and unpublished).
The one patient with a normal response has survived much longer than
usual and has had little trouble with infections. Low NK(HSV-Fs) re-
sponses in the other individuals with this syndrome correlated with a
history of severe infections including some with herpesviruses. In addi-
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tion to these five patients, we have recently evaluated two other patients
with this disease. As noted with the other patients, these two patients
had low NK(HSV-Fs) responses that correlated with their susceptibility
to herpesvirus infections. We found, however, that these patients had
normal responses when evaluated for NK(K562) activity, indicating that
a deficiency of NK function might have been missed had we only tested
these patients with K562 tumor targets.

Newborns and patients with Wiskott—Aldrich syndrome have been
shown to have deficiencies in other aspects of their defense systems that
might also contribute to their susceptibility to infection (Stiehm, 1980;
Blaese et al., 1975). We therefore evaluated the NK capacities of nine
individuals susceptible to herpesvirus infection as evidenced by the un-
usually severe infection that each had when studied. The mean NK(HSV-
Fs) response of this group was significantly below the normal mean and
below the mean of normal individuals with an occasional virus infection.
Two of these individuals were evaluated between bouts of infection and
each demonstrated equally depressed responses, suggesting that low
NK(HSV-Fs) capacity might predispose such patients to unusually severe
herpesvirus infections. As with the Wiskott—Aldrich patients, four of
these patients were also evaluated for NK(K562) activity; two were found
to have low responses and two had normal responses (C. Lopez et al.,
unpublished results). Again, NK(K562) did not invariably correlate with
susceptibility to herpesvirus infection whereas NK(HSV-Fs) responses
distinguished those patients susceptible to infection, suggesting that NK
cell heterogeneity is an important consideration when attempting to cor-
relate biological function with NK activity. As these patients had also
been evaluated for primary cellular immunodeficiencies and were found
to have normal T-cell numbers and function, the deficiency of NK(HSV-
Fs) function was the best correlate of susceptibility to infection.

Other studies also suggest a role for NK effectors in resistance to
virus infections. Sullivan et al. (1980) demonstrated low NK(K562) ca-
pacity in patients with X-linked lymphoproliferative syndrome. This dis-
order is associated with susceptibility to Epstein—Barr virus-induced lym-
phoproliferative disease as well as to other infections. More recently,
these investigators have determined that suppressed NK(K562) responses
may be a result of infections in these patients and not the cause of the
infections (Sullivan et al., 1983). Studies by Virelizier and his colleagues
(Virelizier, 1981; Virelizier et al., 1979,1981) have also demonstrated low
NK(K562) capacity in a group of patients unusually susceptible to a num-
ber of infectious agents including herpesviruses. More recently, Stein et
al., (1983) described strikingly low NK(K562) activity in badly burned
patients, who are unusually susceptible to virus infections. Further, these
investigators found that other immunological abnormalities found in
these patients resolved during treatment but that NK(K562) function re-
mained low for up to 80 days after the injury. Similar studies by Kohl
and Ericsson (1982) utilizing another target cell for their NK assay, failed
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to demonstrate that low function correlated with susceptibility to virus
infection in burn patients. This, however, may be due to the target cells
selected for the study (see description of heterogeneity of NK above).

VII. INTERFERON

IFN was first described as a substance, made during a virus infection,
that was capable of converting susceptible, uninfected cells into cells
resistant to virus infection (Isaacs and Lindenmann, 1956). These early
studies also showed that the effect of IFN was on the cell and not on the
extracellular virus. Over the years, many biological effects have been
ascribed to IFN and each appears to be induced by the interaction of IFN
with the cell membrane (Gresser, 1977).

The nomenclature for IFN was recently changed by an expert com-
mittee (Stewart et al., 1977). The three major types of IFN, previously
known as leukocyte, fibroblast, and immune, are now referred to as I[FN-
a, IFN-B, and IFN-v. In addition, a new IFN with properties of both IFN-
a and IFN-y has been described and is referred to as acid-labile IFN-«
(Preble et al., 1982). Most studies of IFNs and their actions were con-
ducted with relatively impure preparations. More recently, however, the
modern tools of molecular biology have been applied to the study of IFN
with spectacular results. Many of the 12 or more IFN-a genes have been
cloned from human cells and are being mass-produced in bacterial cul-
tures (Stiechm et al., 1982). The gene products from these various clones
differ by 15-17% in their amino acid sequence and appear to differ in
certain biological activities as well. IFN-B and IFN-vy genes are also being
cloned and pure preparations are now, or will soon be available for study
of their biological properties.

There are at least three mechanisms by which IFNs might play a role
in the natural resistance to herpesvirus infections. IFN has been shown
to inhibit the replication of herpesviruses and could act by limiting the
quantities of infectious virus produced at the focus of infection (Ras-
mussen and Farley, 1975). Also, IFN might act by augmenting the effi-
ciency of cytolytic NK cells or by recruiting pre-NK cells to differentiate
into mature, functional effector cells (Ullberg and Jondal, 1981; Saksela
et al., 1978). In addition, IFN could function by activating macrophages
so that they take up and sequester the replication of HSV-1 (Linnavuori
and Hovi, 1981) or lyse HSV-1-infected target cells (Stanwick et al., 1980).
IFN might also act by ““priming’”’ the production of more IFN (Stewart,
1979). Although evidence will be presented suggesting that the rapid pro-
duction of IFN is required for host defense against herpevirus infections,
the specific mechanism involved has not been determined.

A. Role of IFN in Genetic Resistance to HSV-1 in the Mouse

Studies by Kirchner’s group (Zawatzky et al., 1979; Engler et al.,
1981) have shown that strains of genetically resistant mice made IFN
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rapidly after infection whereas susceptible mice failed to generate this
response. The IFN generated in resistant mice was found to be a/B, and
more recent experiments suggest that this IFN works by activating mac-
rophages that in turn sequester the replication of virus (H. Kirchner, per-
sonal communication). The IFN is generated in athymic, nude mice,
which also demonstrate resistance to i.p. challenge with HSV-1 (Za-
watzky et al., 1979). In preliminary studies, we also have found that most
resistant mice rapidly make IFN in response to HSV-1 infection (C. Lopez
et al., unpublished results). One exception has been the CBA strain
mouse, which makes high levels of IFN but is moderately susceptible to
HSV-1 infection. As noted for NK cell responses, definition of the mech-
anisms responsible for genetic resistance awaits backcross experiments
with genetically susceptible and resistant mice.

The studies of Gresser et al. (1976) have provided some of the strong-
est evidence suggesting a role for IFN in resistance to HSV-1. These in-
vestigators produced a potent, heterologous anti-mouse IFN serum and
then used it to make IFN-deficient mice to determine the effect on the
pathogenesis of a number of virus infections including HSV-1. This IFN
deficiency markedly increased the susceptibility of the mice to HSV-1.
These investigators used outbred mice for these studies so that it is dif-
ficult to determine whether genetic resistance was being abolished. In
preliminary studies, we have found that a heterologous anti-mouse IFN
serum dramatically reduced resistance of C57BL/6 mice to challenge with
HSV-1, suggesting that IFN generation is probably an integral part of
genetic resistance against this virus (C. Colmenares et al., unpublished
results).

B. IFN-a-Generating Cells in Man

The effector cells that produce IFN-a in man are similar to NK cy-
tolytic cells in that they are null cells (Peter et al., 1980; Kirchner et al.,
1979) found in Percoll gradient fractions enriched for large granular lym-
phocytes (Djeu et al., 1982; Fitzgerald et al., in preparation) and require
no presensitization in order to be operative. More recently, however, we
have found that the IFN-a-generating cells can be distinguished from the
lytic effectors by cell surface markers as well as by studies of certain
patient populations. Thus, the cells that make IFN-a lack Lyt-3, OKM1,
and Leu-11, markers found on all or most NK lytic effector cells (Fitz-
gerald et al., in preparation). Conversely, the IFN-a-generating cells ex-
press Ia on their cell surface, a marker also expressed on some NK(HSV-
Fs) but not on NK(K562) effectors. Furthermore, patient studies indicate
that NK IFN-a generation are independently regulated functions. Thus,
we have found patients with normal NK(HSV-Fs) lytic capacity but with
a marked deficiency of IFN-generating capacity and vice versa. These
studies indicate that the IFN-a-generating cells are probably a subpop-
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ulation of large granular lymphocytes different from NK lytic effectors
and are independently regulated.

C. Role of IFN in Resistance to Herpesvirus Infections in Man

A number of studies have associated a deficiency of IFN generation
with increased susceptibility to herpesvirus infections. Cord blood cells
have been shown to make normal levels of IFN-a and IFN-B in response
to virus infections in vitro but to be deficient in IFN-y production in
response to mitogens (Cantell et al., 1968; Carter et al., 1971). The latter
appeared to be due to immature macrophage function required, in general,
for lymphokine production (Taylor and Bryson, 1981). Patients with de-
ficiencies of IFN-y generation in response to stimulus with a B-cell line
have been described to be susceptible to severe infection with a number
of pathogens including herpesviruses (Virelizier, 1981; Virelizier et al.,
1978, 1979). Some of these patients only had deficiencies of IFN gener-
ation while other had other deficits as well.

Patients with AIDS are susceptible to a variety of intracellular path-
ogens, such as P. carinii pneumonia, which usually cause disease only
in patients with primary or secondary immunodeficiency disorders or
AIDS patients develop infections that are much more severe than infec-
tions in nonimmunocompromised individuals, such as ulcerative HSV
infections rather than the self-limited infections usually found in oth-
erwise normal individuals (Siegal et al., 1981; Gottlieb et al., 1981; Masur
et al., 1981; Curran, 1983). Patients at risk of developing AIDS include
male homosexuals (71% of all current patients), men and women who
are i.v. drug abusers (17%), Haitians (5.2%), heterosexual sexual partners
of AIDS patients {1%), hemophiliacs (1%), blood transfusion recipients
(1%), and patients where risk factors were not documented (Curran,
1983). Patients with AIDS and opportunistic infections have been found
to have deficiencies of T-cell numbers and function as well as of B-cell
function. However, many of these deficiencies are also found in homo-
sexual controls who do not develop AIDS and in non-AIDS patients with
acute virus infections. Analysis of data generated in the study of over 200
patients indicates that the best correlate with susceptibility to oppor-
tunistic infections was the deficiency of IFN-a generation by mononu-
clear cells challenged with HSV-1-infected fibroblasts. This deficiency
appeared to be selective in that it was rarely found repeatedly in indi-
viduals who did not develop an infection and was found in 99 of 101 AIDS
patients who developed opportunistic infections. When compared to the
other immunological functions evaluated, the deficiency in ability to pro-
duce IFN-a was the best correlate of susceptibility to infection (Lopez et
al., 1983b).

Patients undergoing surgical procedures that result in manipulation
of the trigeminal root often demonstrate reactivated HSV-1 infections
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following surgery. Pazin et al. (1979) showed that IFN treatment of such
patients resulted in a significantly reduced reactivation rate. Thus, ex-
ogenous IFN was sufficient to inhibit recurrent HSV-1 infections. Al-
though low levels of IFN were sufficient, the mechanisms involved re-
main undetermined.

VIII. CONCLUDING REMARKS

Natural resistance mechanisms probably play a decisive role during
early stages of primary herpesvirus infections. Unlike antibody and cell-
mediated immunity, these mechanisms do not require prior exposure to
viral antigens to be operative and a significant response can be detected
as early as 2—4 hr after infection. Failure of the natural defense systems
theoretically would result in widely disseminated infection long before
an adaptive immune response might be induced and, therefore, capable
of clearing the infection. The fact that natural resistance mechanisms
probably play a decisive role in primary infection does not rule out a role
for these mechanisms in defense against recrudescent HSV disease. An-
imal models for the study of recurrent disease are poor models of human
disease and may not offer the experimental capabilities needed to deter-
mine whether natural resistance systems play a role in maintaining latent
infections or controlling reactivated disease. These questions may, in the
future, be addressed by models of genetic resistance to the development
of latent infections.

Deficiencies of natural resistance mechanisms have been associated
with unusual susceptibility to herpesvirus infections. An understanding
of the basic biology of the effector cells and the interactions needed for
a normal response is the necessary first step toward developing new mo-
dalities of treatment that either augment these defense mechanisms or
replace necessary humoral factors in order to circumvent a deficiency.
The heterogeneity of effector cells of natural resistance must be defined
in order to develop an understanding of the biological roles played by
these cells. Furthermore, humoral factors that act to differentiate, sup-
press, or augment effectors of natural resistance must be defined in order
to develop the means for controlling these cells.

Natural resistance mechanisms constitute a formidable barrier to a
herpesvirus infection. The proper functioning of these newly described
mechanisms is required by the host in order to survive our numerous
encounters with these pathogens. With a thorough understanding of the
effector cells involved and their interactions, it should be possible to
develop ways of manipulating them to the advantage of the host.
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CHAPTER 3

Humoral Response to Herpes
Simplex Virus Infections

Bobpir NORRILD

I. INTRODUCTION

Herpes simplex virus types 1 and 2 (HSV-1, HSV-2) give rise to a variety
of human diseases of different severity and morbidity. It is well known
that herpes virus remains latent in the human body after the first exposure
to the virus (the primary infection) and colonizes either the trigeminal
or the sacral ganglia, from where the virus is occasionally reactivated (for
review see Wildy et al., 1982). The result of reactivation is either a clinical
or a subclinical recurrent infection, and viral cellular proteins synthesized
during a primary as well as during a recurrent infection interact with the
immune system of the infected host organisms and give rise to the for-
mation of both circulating HSV-specific antibodies and activated lym-
phocytes that have the potential to eliminate infectious virus from the
infected host.

The interaction between virus and antibodies was studied by use of
both human convalescent serum and rabbit hyperimmune serum, and it
was recognized early that various virus isolates reacted most strongly
with antibodies raised to the homologous virus (Roizman et al., 1973;
Schneweis, 1962), a finding that allowed the identification of the two
HSV strains HSV-1 and HSV-2. The serclogical differentiation was later
extended with biochemical and genetic analyses of HSV-1 and HSV-2
DNA (Kieff et al., 1971, 1972; Ludwig et al., 1972) and proteins (Cassai
et al., 1975; Heine et al., 1974; Morse et al., 1978, Pereira et al., 1976;
Powell et al., 1977; Spear and Roizman, 1972).
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The present review will focus on the ability of HSV to induce spe-
cifically circulating antibodies in the human host, and the following as-
pects will be discussed:

1. The categories of antibodies detected in various immunological
tests

2. The immunogenicity of individual viral proteins

3. The significance of the induction of antibodies belonging to dif-
ferent immunoglobulin classes during HSV infection

4. The possible protective effect of specific HSV antibodies, with
special emphasis on the monitoring of a human vaccine by meas-
urement of the induction of specific HSV antibodies

II. HSV-SPECIFIC ANTIBODIES IN HUMAN
CONVALESCENT SERA

The identification of the two strains of HSV and the observation that
especially HSV-2 might be of significance for the development of cervical
cancer (Nahmias and Norrild, 1980; Nahmias et al., 1974; Rawls et al,,
1977) made it desirable to develop serological tests that allowed both
qualitative and quantitative measurements of HSV-1 and HSV-2 anti-
bodies in human convalescent sera. In early studies the neutralization
tests and the complement-binding test were most commonly used (Pauls
and Dowdle, 1967; Schneweis, 1962) but these methods were both time-
consuming and tedious and for seroepidemiological purposes methods
allowing a rapid screening of large numbers of sera were needed. Many
tests have been developed over the years for the analysis of antibodies
reactive to both HSV type-common and HSV type-specific antigens.
Among the tests to be mentioned, the inhibition—passive hemagglutin-
ation test (Schneweis and Nahmias, 1971), the immunofluorescence tests
(Geder and Skinner, 1971; Nahmias et al., 1971a,b), the immunocytolytic
test (Rager-Zisman and Bloom, 1974; Rawls and Tompkins, 1975; Shore
et al., 1976; Subramanian and Rawls, 1977), and the immunoprecipitation
tests (Tokumaru, 1965; Vestergaard, 1980) were all useful mainly for
measurement of HSV-specific antibodies of the IgG class. The recent de-
velopment of the ELISA and RIA tests has been a great improvement for
both seroepidemiological and diagnostic work, and these methods also
allow the measurement of antibodies belonging to the IgM and IgA im-
munoglobulin subclasses more easily than by the immunofluorescence
test used in previous studies (Nahmias et al., 1971b). (For review see
Plummer, 1973.) The methods to be discussed in this review are listed
in Table L

Only the major findings obtained by the seroepidemiological studies
and of relevance for the understanding of the humoral immune response
to HSV will be discussed in the following.
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TABLE 1. Methods in Use for the Analysis of Human Sera for HSV-Specific

Antibodies
Immunoglobulin class
Method Reactive proteins detectable
Virus neutralization Membrane glycoproteins IgG, IgM
Fluorescence microscopy Intracellular proteins and/or IgG, IgM, IgA

membrane glycoproteins
Antibody-dependent
immunocytolytic tests

Complement-mediated Membrane glycoproteins IgG, IgM
K-cell-mediated Membrane glycoproteins IgG
Immunoprecipitation Soluble infected cell IgG
proteins
ELISA/RIA Total or purified proteins IgG, IgM, IgA
Immunoblotting Soluble and insoluble IgG

infected cell proteins

III. MEASUREMENT OF HSV-SPECIFIC NEUTRALIZING
ANTIBODIES

Neutralizing antibodies that are produced in response to HSV anti-
gens present on the surface of the virus envelope appear after primary
HSV infections 2 weeks after onset of clinical lesions, and the titer in-
creases until 3—4 weeks after clinical symptoms (Kohl et al., 1982; Mann
and Hilty, 1982; Rawls, 1973; Zweerink and Corey, 1982).

The IgG antibody titers to HSV usually remain fairly stable and even
after clinical recurrent infections fluctuations in neutralizing antibody
titers occur only occasionally (Cesario et al., 1969; Douglas and Couch,
1970; reviewed by Doerr et al., 1976). Measurement of neutralizing an-
tibodies is a very sensitive test but it has been reported that a certain
subset of the antibodies is dependent on the presence of complement,
according to studies first made in a rabbit model system. The comple-
ment-dependent fraction of antibodies was found especially in early hy-
perimmune sera (Wallis and Melnick, 1971; Yoshino and Taniguchi,
1965; Yoshino et al., 1977) but also late sera contained a fraction of com-
plement-requiring antibodies (Hamper et al., 1968; Yoshino et al., 1979).
Complement was shown to influence mainly antibodies of the IgM class
but also a subfraction of the IgG antibodies (Ohashi and Ozaki, 1981).
Complement also enhanced the neutralizing capacity of human sera, an
effect that was found in both early and late convalescent sera (Zweerink
and Corey, 1982).

The percentage of seropositive adults as measured by the presence
of neutralizing antibodies is dependent on the population tested and is
related to a variety of factors, including socioeconomic parameters, num-
ber of sex partners, age, etc. (Nahmias and Roizman, 1973a—c; Wentworth
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and Alexander, 1971). The percentage of HSV-1-seropositive women in
Scandinavia was as high as 87% and for HSV-2 47% (Vestergaard et al.,
1972) whereas figures as low as 7-9% were found in Israel and Hungary
(for review see Rawls et al., 1980).

IV. MEASUREMENT OF HSV ANTIBODIES BY
IMMUNOFLUORESCENCE

The immunofluorescence test made it possible to measure both an-
tibody binding to the surface of infected cells and binding to internal HSV
proteins (Nahmias et al., 1971a,b). However, the major contributions ob-
tained by immunofluorescence studies are the measurements of HSV-
specific antibodies belonging to the different immunoglobulin classes (de-
scribed in detail later in this review).

V. MEASUREMENT OF HSV-CYTOLYTIC ANTIBODIES

Complement-dependent immunocytolysis of HSV-infected cells in
the presence of specific antibodies was recognized in early studies where
HSV-1-infected cells were injured in the presence of hyperimmune rabbit
sera and complement (Notkins, 1971; Oldstone, 1977; Rawls and Tomp-
kins, 1975; Roizman and Roane, 1961; Smith et al., 1972). The application
of the test to the analysis of human sera showed that convalescent sera
added even in high dilutions were able to lyse both HSV-1- and HSV-2-
infected cells. The sensitivity of the immunocytolysis was increased in
the antibody-dependent cell-mediated cytotoxicity (ADCC) tests, but the
method allowed only the measurement of antibodies belonging to the
IgG class reactive with the HSV surface antigens (Rager-Zisman and
Bloom, 1974; Shore et al., 1977). (For review see Norrild et al., 1984). Sera
that were originally scored as negative for HSV antibodies by use of the
complement-dependent immunocytolytic test were positive in the
ADCC test, and out of 100 sera of which 60 were negative in the com-
plement-dependent test, only 27 were negative in the ADCC test (Sub-
ramanian and Rawls, 1977). The ADCC technique also made it possible
to follow some fluctuations in the antibody titer during various stages
of malignant disease, and it was found that low antibody titer correlated
with severe disease (Christenson, 1978). The antibody population meas-
ured in the immunocytolytic test is likely to be the same subset of an-
tibodies as measured in neutralization reactions.

VI. MEASUREMENT OF HSV-PRECIPITATING ANTIBODIES

Immunoprecipitation of HSV proteins with human sera was first
done in gels (Tokumaru, 1965). Five to seven precipitin lines were found,
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most in convalescent sera. Vestergaard (1979) applied the crossed im-
munoelectrophoresis for the analysis of precipitating antibodies present
in human sera. The human sera were applied in an intermediate gel and
their interaction with the HSV immunoprecipitates found by precipita-
tion of HSV-infected cell extracts into antibody-containing gel was meas-
ured. Antibodies to the glycoproteins gB and gD were found to be dom-
inant in the 100 human sera tested.

Analysis of HSV-specific precipitating antibodies present in human
sera was also done in suspensions by the binding of the sera to radiolabeled
HSV proteins extracted from infected cells. The immune complexes
formed were bound to protein A and the specificity of the reactive an-
tibodies was visualized as the autoradiographic image of the bound HSV
proteins after their electrophoretic separation on SDS-polyacrylamide
gels (Eberle and Courtney, 1981; Gilman et al., 1981; Mann and Hilty,
1982). The method is especially valuable because antibodies to both mem-
brane and intracellular—but soluble—viral proteins are measured and at
the same time this kind of study identifies the subset of viral proteins
that are immunogenic during an infection, a topic that will be dealt with
in detail in a later section of this review. Immunoprecipitation studies
are possible only if the antibody titer is reasonably high, and although
the population of antibodies measured is different from the one measured
by neutralization, there seems to be a correlation between the titer of
the serum as measured by neutralization and its ability to immunopre-
cipitate (Eberle and Courtney, 1981; Mann and Hilty, 1982). It should be
noted that in sequential sera from a patient with a primary infection,
antibodies to the known glycoproteins of HSV-1, gB, gC, gD, and gE, were
present from day 14 after onset of the illness, and the antibody profile
remained constant over a period of 2 years. Sequential sera from a patient
with recurrent HSV-1 showed a similar antibody pattern and no major
changes up to or during a recurrence (Mann and Hilty, 1982).

Another approach where immunoprecipitation was shown to be use-
ful was for typing of human sera for their content of antibodies to either
HSV-1 or HSV-2 (Eberle and Courtney, 1981). The investigators took ad-
vantage of the existence of an HSV-1-specific glycoprotein designated gC,
and sera that precipitated gC of HSV-1 contained HSV-1-specific anti-
bodies whereas sera that did not precipitate gC of HSV-1 apparently pre-
cipitated an HSV-2 glycoprotein with an apparent molecular weight sim-
ilar to that of gC of HSV-1. This approach for typing human sera might
not be specific enough as it is well known that strains of HSV-1 lacking
gC may occur (Hoggan and Roizman, 1959).

VII. MEASUREMENT OF HSV ANTIBODIES WITH ELISA
AND RIA

Development of the ELISA and RIA tests allowed a quick screening
of a large number of human sera for the content of antibodies to HSV
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proteins. The methods may be used for quantitative analysis of both HSV-
specific IgG antibodies and for the analysis of the IgA and IgM subclasses
as described in a later section (Jordan and Rytel, 1981; Kalimo et al., 1977;
Vestergaard and Grauballe, 1979).

VIII. MEASUREMENT OF HSV ANTIBODIES BY
IMMUNOBLOTTING

The immunoblotting test has been used by several investigators for
the analysis of the immunological specificity of hybridoma antibodies
made to HSV proteins. Protein extracts made from infected cells were
separated electrophoretically in SDS-polyacrylamide gels and then trans-
ferred to nitrocellulose paper. The immobilized proteins were incubated
with antibodies followed by a horseradish peroxidase-coupled conjugate
that by reaction with a substrate for the enzyme stained the bound an-
tibodies (Braun et al., 1983; Fujinami et al., 1983).

Application of the technique for the analysis of the HSV-specific an-
tibody repertoire present in hyperimmune human sera made it possible
to detect antibodies reactive with both soluble and insoluble HSV pro-
teins (Stubbe Teglbjaerg and Norrid, in press; Vass-Serensen et al., 1984).
As many as 23 HSV-1 proteins bound specific antibodies when reacted
with hyperimmune human sera, whereas 10-15 HSV-2 proteins at the
most bound antibodies from the same sera.

In order to understand the humoral immune response induced by
HSV, it is necessary to sum up the information obtained by the various
tests. The antibodies made to the antigen exposed on the surface of in-
fected cells and on the virion envelope have been considered the ones
most important for the limitation of the spread of virus and for the elim-
ination of infected virus from the infected host. Our present knowledge
about the spectrum of antibodies induced by both structural and intra-
cellular proteins leaves us with speculations about the biological signif-
icance of these antibodies. The most likely hypothesis is that various
antibodies form immune complexes with the corresponding proteins,
complexes that are then eliminated from the host by uptake into mac-
rophages.

IX. IMMUNOGENICITY OF THE HSV-1 AND HSV-2
PROTEINS

During an infectious cycle, HSV-1 and HSV-2 specify the synthesis
of more than 50 proteins. These have been identified in infected cell
extracts (Heine et al., 1974; Morse et al., 1978), and among the cellular
HSV-1 and HSV-2 proteins, five glycoproteins, designated gB, gC, gD, gE,
and gG, are inserted in both the plasma membrane of infected cells and
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the virus envelope. It should be noted that gC of HSV-2 in the old no-
menclature was named gF and that gG is a newly discovered glycoprotein
specific for HSV-2 (Balachandran et al., 1981; Bauke and Spear, 1979;
Cohen et al., 1978; Heine et al., 1972; Norrild et al., 1980; Powell et al.,
1974; Roizman et al., 1984; Spear, 1976; Vestergaard and Norrild, 1978).
Among the virus-specified proteins identified in infected cells, approxi-
mately half are structural proteins that comprise the virus particle (Cassai
et al., 1975; Heine et al., 1972).

Several of the HSV proteins are strong immunogens, and especially
the glycoproteins that are exposed on the surface of infected cells and
virions have been studied extensively with respect to their ability to in-
duce the production of both specific antibodies and activated cytolytic
lymphocytes (Eberle and Courtney, 1981; Kapoor et al., 1982a; Mann and
Hilty, 1982; Norrild, 1980; Rouse and Lawman, 1980; Zweerink and
Corey, 1982). As the immunogenicity of the glycoproteins is reviewed
elsewhere (Norrild, 1980), only the following features shall be mentioned:
each of the glycoproteins carries a specific set of antigen-determinant
sites, which are not present on any of the other glycoproteins from the
homologous virus. All HSV-1 glycoproteins have immunologically cross-
reactive counterparts in HSV-2 virus, and only gG of HSV-2 has no coun-
terpart in HSV-1 (Roizman et al., 1984b).

Among the nonglycosylated proteins, several structural and non-
structural proteins are strong immunogens in the human host. By im-
munoprecipitation studies it has been reported that the HSV-1 proteins
with apparent molecular weights of 159, 152, 132, 125, 96, 67, and 63K
could be precipitated by antibodies produced 2 weeks after a primary
encephalitis. The proteins represented both the major capsid protein
(159K in this study) and the glycoproteins gB (125K) and gC (132K). The
subset of proteins precipitated with sera from patients with a recurrent
herpes labialis was very much the same, but instead of the 67 and 63K,
a protein of 48K was demonstrated (Mann and Hilty, 1982). In another
study where 231 sera were tested by immunoprecipitation as controls for
a cancer study, 31 HSV-1 and 27 HSV-2 proteins were immunoprecipit-
able. However, the individual sera reacted with 12—14 proteins each, and
the patterns obtained with the various sera differed. The protein that was
precipitated most frequently from HSV-1 was a glycoprotein of 133K,
most likely gC, and from HSV-2 a glycoprotein of 131K (Gilman et al.,
1981).

Studies done in my laboratory confirm the data obtained by Gilman
et al. (1981). Twelve to fourteen proteins from either HSV-1 or HSV-2 are
precipitated by human sera, but the profiles obtained are very consistent
from serum to serum in the series of 50 sera analyzed (Fig. 1). In primary
infections the precipitating antibodies were weak in acute serum but the
protein profile obtained with convalescent sera was similar to the one
obtained with hyperimmune sera from persons without clinical recurr-
ence (Figs. 1 and 2). The HSV-1 and HSV-2 proteins precipitated by the
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FIGURE 1. SDS-polyacrylamide gel elec-
trophoresis of HSV-1 and HSV-2 proteins
immunoprecipitated with human hyper-
immune serum. HSV-1 and HSV-2 in-
fected Vero cells were labeled with 2 pCi/
ml medium of [!Clisoleucine,
[**CJleucine, ['*C]valine (ILV) (NEN,
Germany). Labeling was done from 6 to
18 hr postinfection, and the infected cell
proteins were extracted for immunopre-
cipitationin a 1% (v/v) Triton X-100-con-
taining glycine—Tris buffer (pH 8.6) with
1075 M TLCK and TPCK. The soluble
proteins were prepared by centrifugation
at 100,000g for 1 hr. Immunoprecipita-
tion was done by incubation of 25 ul of
protein extract with 50 pl of human
serum. The immune complexes were iso-
lated after binding to formalin-fixed
Staphylococcus (Roizman et al., 1982).
The immunoprecipitate was solubilized
and electrophoresed on SDS-polyacryl-
amide gels as described by Morse et al.
(1978). Sera A and B are from two patients
with in situ cervical carcinoma. *C-glu-
cosamine-labeled HSV-1 proteins ex-
tracted from infected Vero cells are in-
cluded as a marker in lane 3. The arrows
indicate from the top the glycoproteins
gC, gB', gB* and gD.

hyperimmune human sera tested in that study are listed in Table II, and
it should be noted that only a few of the known nonglycosylated infected
cell proteins are precipitated by the human sera.

In order to get a better measure of the number of HSV proteins that
are immunogenic, we applied the immunoblotting technique for the anal-
ysis of the HSV antibodies present in human hyperimmune sera. The
number of immunoreactive HSV-1 proteins demonstrated by this method
was as high as 23, whereas 10-15 HSV-2 proteins at the most were re-
active, as illustrated for five human sera in Fig. 3. It is clear that there
are differences in the set of antibodies present in the different sera, and
also that the demonstration of immunoreactivity is very dependent on
the method used. The HSV-1 proteins that reacted most frequently with
human sera from persons without recurrences are listed in Table III. Both
the ICPs 32/33 and the two glycoproteins gB1 (ICP11) and gD (ICP29)
reacted with 50% of the sera tested. Our data do not agree with the
immunoprecipitation data of Gilman et al. (1981), who found that the
HSV-1 proteins with molecular weights of 133, 99, 82, and 104K were
detected most frequently after reaction with human antibodies.
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FIGURE 2. SDS-polyacrylamide gel
electrophoresis of HSV-1 and HSV-2
proteins immunoprecipitated with
human serum from a primary infec-
tion. The HSV-1 and HSV-2 protein
extracts were labeled and prepared as
described in Fig. 1. The HSV-1 or
HSV-2 proteins were precipitated
with serum collected on day 3 and on
day 14 postlesion. Sera were kindly
provided by Dr. J. Blomberg, Lund,
Sweden.

In conclusion, the different studies done in order to demonstrate the
immunogenicity of the individual HSV proteins have shown that most
of the proteins are able to induce the production of specific antibodies
during a productive infection.

X. MEASUREMENT OF HSV-SPECIFIC ANTIBODIES
BELONGING TO THE IgM AND IgA CLASSES

HSV induces specific antibodies of the IgM, IgA, and IgG classes
during a productive infection. The kinetics of appearance of the different
immunoglobulins has been studied extensively for diagnostic purposes.
As IgM was considered a specific marker for primary infections, human
sera were screened for the appearance of specific IgM either by indirect
immunofluorescence or by ELISA or RIA tests. Although it was reported
in most studies that IgM is present in serum only in primary cases, some
investigators found IgM to persist in serum (Kimmel et al., 1982; Nahmias
and Roizman, 1973c). In primary infections IgM was demonstrated in sera
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TABLE II. HSV-1 and HSV-2 Proteins Immunoprecipitated with Human
Hyperimmune Serum

HSV-1 HSV-2
Molecular weight Molecular weight
x 1073 ICp? x 1073 ICP
151 5 153 5
146 6 146 6
138 7
128 8 127 8
119 (gB?) 102
114 11 (gBY) 99
110 96
103 92.5
77
90
64 25 63 25
55 29 (gD) 54.5 29 (gD)
42.5 36 42.5 36
41.5 41.5
40 35
33.2 31.3
22 21

2 According to Morse et al. (1978).

from five infants with neonatal herpes (Nahmias et al., 1971a), and Doerr
et al. (1976) found IgM in serum for many weeks after onset of primary
CNS disease but not after localized recurrent diseases. Kalimo et al.,
(1977) reported that IgM was induced in primary as well as in severe
recurrent cases, and an elevated level of IgM was found in sera from
patients with recent genital infections (El Falaky and Vestergaard, 1977).
Antibodies of the IgA class were proposed to play a role in the reactivation
of HSV (Tokumaru, 1966), but later studies showed that the IgA was
induced during a primary infection where an increase in titer could be
demonstrated but IgA persisted in human sera and therefore was neither
of diagnostic value nor of significance in the development of recurrences
(Friedman and Kimmel, 1982). HSV-specific IgA was also present in se-
cretions and was found in vaginal secretions from women with genital
herpes (Kalimo et al., 1981; Nahmias et al., 1971a) and from pregnant
women, where an elevated IgA titer to HSV was related to risk of abortion
(Gronroos et al., 1983). The significance of IgA in secretions is not known,
but it might be related to local immunity as suggested for secretory IgA
in tears (Centifanto and Kaufman, 1970; Norrild et al., 1982). Induction
of locally produced antibodies in CSF in patients with encephalitis has
also been followed, and HSV-specific antibodies of the IgG and IgA classes
(although in small amounts) were demonstrated from 8 days after onset
of the disease (Vaheri et al., 1982; Vandvik et al., 1982).
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FIGURE 3. Analysis of human sera by immunoblotting. HSV-1 and HSV-2 proteins were
35S-methionine-labeled from 6 to 8 hr postinfection, extracted, electrophoretically separated,
and transferred to nitrocellulose paper as described by Braun et al. (1983). The strips were
incubated with human sera diluted to an ELISA titer of 40, followed by binding of peroxidase-
coupled rabbit anti-human IgG (DAKO, Copenhagen) used at a dilution of 1:300. The sub-
strate used was ortho-dianisidine. The left panel shows the reactivity of five sera, 1-5, with
HSV-1 proteins, and the right panel shows the reactivity of the same five sera with HSV-2
proteins. The strips labeled Ag show the autoradiographic picture of the HSV-1 and HSV-
2 proteins, respectively, bound to the nitrocellulose paper. The ICPs are numbered to the
left of each of the Ag strips and the leading edge of some of the proteins is marked with
arrows for clarification. The position of the glycoproteins gB and gD is marked to the right
of each panel. Serum No. 1 is from a patient with no clinical manifestation of herpes simplex;
Nos. 2-5 are sera from patients with cervical cancer in stages I or I

XI. FUNCTION OF HSV-SPECIFIC ANTIBODIES IN VIVO

It is well appreciated that recurrent HSV infections occur in the pres-
ence of circulating, specific antibodies, a finding that raises questions
regarding the role of the humoral immune response in vivo. Inasmuch
as circulating antibodies have both neutralizing and cytolytic potentials,
and both complement and K cells are present in the peripheral blood, it
could be expected that infectious virus and infected cells would be elim-
inated as soon as they were recognized, which was for infected cells pos-
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TABLE III. Rank Order of HSV-1 Proteins
Reactive with Human Sera in

Immunoblotting
Molecular weight
ICP? (x 1073) Sera positive?

32/33 51.5/50 16
11 114 15
29 55 15
20 77 14
18b 88 13
35a 45 12
36 42.5 12
18a 45 11
19 78 11
8 128 10
9 122 8
23 71 8

9 Morse et al. (1978).
b Total number: 30.

sibly as early as 4 hr postinfection (Norrild et al., 1980). It has been pos-
sible only in model systems to illustrate the possible function of
antibodies in limiting the spread of virus and in protecting against a
lethal dosage of HSV, experiments that were most often done in mice.
Passive transfer of hyperimmune serum and leukocytes given intraperi-
toneally (i.p.) to newborn mice protected the animals against 10° PFU of
virus also injected i.p. 1 day later (Kohl et al., 1981). Monoclonal anti-
bodies reactive with gC and gD of HSV-1 and injected i.p., protected mice
against 10 PFU of HSV-1 and HSV-1/HSV-2, respectively, when chal-
lenged into the footpad (Dix et al., 1981). Passive transfer of neutralizing
polyclonal or monoclonal antibodies (made to gD) apparently interfered
with the transport of HSV to the CNS, and when antibodies were injected
intravenously before day 3 postinfection, virus was not transmitted to
the ganglia or to the spinal cord of mice injected with virus in the ear
pinna (Kapoor et al., 1982b). In a similar study, monoclonal antibodies
made to the HSV-2 glycoproteins also conferred protection when injected
i.p. 3 hr before challenge with 10 times the lethal doses of HSV-2 given
by the footpad route (Balachandran et al., 1982). The authors conclude
that an ADCC mechanism is responsible for the elimination of virus.
Based on these studies there seems to be a specific effect of antibodies
on the outcome of an HSV infection, but other reports do not support the
findings obtained in the in vivo model system. In humans there is ap-
parently no correlation between the presence of maternal HSV antibodies
and the development of neonatal herpes (Whitley et al., 1980). In an an-
imal model, however, specifically designed to study the effect of maternal
antibodies for the outcome of HSV infections in newborn mice, both
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immunization of the female mice and oral feeding of the newborn mice
with human hyperimmune IgG given 24 and 4 hr before i.p. infection
gave protection. Infection was done with 10> PFU on day 2 after birth
(Hayashi et al., 1983).

XII. CONCLUSION

One of the major trends in herpesvirus research is toward the de-
velopment of a human vaccine that can prevent primary genital infections
with HSV (Cappel et al., 1982; Hilfenhaus et al., 1982; Roizman et al.,
1982, 1984a; Skinner et al., 1982). It was an early hypothesis that even
though HSV-1 did not prevent later infections with HSV-2, it did prevent
the development of cervical carcinoma etiologically related to HSV-2, and
therefore a certain level of protection was obtained by the first HSV in-
fection (Nahmias and Norrild, 1980). Although early studies found genital
infections to be caused mainly by HSV-2, more recent studies have shown
that a large number of primary genital infections are caused by HSV-1,
especially in younger persons, infections that are less likely to give re-
currence than HSV-2 infections (Kawana et al., 1982; Ozaki et al., 1980;
Peutherer et al., 1982). In one report recurrent HSV-2 infections were
demonstrated more frequently in persons with high titers of neutralizing
antibodies than in patients with low neutralizing titers, an observation
that might reflect possible frequent, even silent recurrences giving rise
to a stimulation of the antibody response (Reeves et al., 1981).

The success of a vaccine will depend on its ability to confer immunity
to HSV-1 and HSV-2 or to prevent recurrence of HSV already present in
the CNS. Although a vaccine consisting of either a variant strain of HSV
or purified protein may induce the production of specific antibodies, these
are not alone likely to confer protection on the host organism. From
animal studies the cell-mediated immune response is known also to be
important for the elimination of infectious HSV (Kapoor et al., 1982a,b;
Sethi et al., 1983), and cooperation between the humoral and the cellular
immune systems seems necessary.

How, then, can we monitor the take of a vaccine? It will be optimal
if both antibody and cellular parameters are followed, but preliminary
studies in monkeys have shown that the level of precipitating antibodies
induced by an HSV variant strain reflects the protection obtained against
both HSV-1 and HSV-2 challenge (Roizman et al., 1984).

Much has still to be learned about the status of HSV in an infected
host before we will be able to understand how the antibodies and the
stimulated lymphocytes can gain access to the infectious virus and to
the infected cells in an organism.
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CHAPTER 4

The T-Cell-Mediated Immune
Response of Mice to Herpes
Simplex Virus

A. A. NasH, K.-N. Leung, anD P. WiLDY

I. INTRODUCTION

The host response to infection with herpes simplex virus (HSV) in which
both natural resistance and specific immunological responses become
marshaled is clearly very complex. Natural resistance mechanisms, me-
diated for example by macrophages, NK cells, and interferon, represent
a formidable early barrier to the virus (Lopez, Chapter 2, this volume),
although the eventual resolution of the infectious process and the estab-
lishment of long-lasting antiviral defense is the property of the immune
system. Whereas both humoral and cell-mediated responses are readily
induced by the virus, it is clear that the action of T cells is central for
recovery from the primary infection and in the control of recrudescent
lesions. Much of this evidence comes from studies carried out in the
mouse in which the precise nature of the T-cell response to herpes can
readily be studied. In this respect the variety of inbred and congenic
mouse strains has been invaluable in studying MHC restriction of T-cell
responses; and the availability of monoclonal antibodies to specific T-
cell subsets has enabled a detailed analysis of the antiviral T-cell response
to be carried out.

The purpose of this review is to consider the available evidence on
the role of T cells in experimental HSV infections. Included in the survey
will be the nature of the T-cell subsets induced, their role in antiviral
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immunity, and the regulation of immune responses by suppressor cells.
(See the Appendix for notes on the immunological terms used herein.)

II. EVIDENCE FOR THYMUS-DEPENDENT RESISTANCE TO
HERPES INFECTIONS

A. Use of Athymic Mice and Immunosuppression

In studying resistance mechanisms of animals to virus infections,
the relevance of T-cell immunity has often been assessed by studying
infections in athymic mice. Neonatally thymectomized mice were shown
to be considerably more susceptible to HSV-1, whether previously im-
munized against the virus or not (Mori et al., 1967). On the other hand,
adult thymectomy does not appear to predispose the animal to a more
severe herpetic infection (A. Nash and P. Gell, unpublished observations).
This is perhaps not too surprising as one assumes that a sufficient number
of herpes-specific T cells have been seeded to the peripheral lymphoid
tissues shortly after birth.

In mice with a congenital defect of the thymus (athymic nude mice),
infection with HSV-1 or HSV-2 intradermally (i.d.), subcutaneously (s.c.),
or intraocularly leads to a progressive infection of the peripheral and cen-
tral nervous system, resulting in death some 2—3 weeks later (Kapoor et
al., 1982b; Nagafuchi et al., 1979; Metcalf et al., 1979). Kapoor and col-
leagues made a detailed study of the progression of virus to the nervous
system and showed that the passive transfer of neutralizing monoclonal
antibodies to nude mice, 3 days after an i.d. injection of HSV-1, markedly
reduced the infective virus titer in sensory ganglia and the spinal cord
when assayed 11 days later. However, it was only following the transfer
of immune T cells (taken from syngeneic donors 7 days after infection)
that the infection was sufficiently controlled, resulting in the long-term
survival of the mice.

Experiments akin to this have been described in mice immunosup-
pressed by either X-irradiation (Oakes, 1975) or cyclophosphamide (Rager-
Zisman and Allison, 1976). Such treated animals are highly susceptible
to herpes infection, but could be protected from death by the transfer of
immune spleen cells. In the system described by Rager-Zisman and Al-
lison, protection was abolished if the cell suspension was treated with
anti-Thy-1 serum plus complement. Furthermore, treatment of mice with
antilymphocyte or antithymocyte globulin predisposed the animals to
severe herpes infections, resulting in a high mortality (Oakes, 1975). The
experiments described above on athymic mice and the protection of im-
munocompromised mice by immune T cells clearly indicate the impor-
tance of thymus-derived lymphocytes in protection against HSV infec-
tions.
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B. Use of B-Cell-Suppressed Mice

The B-cell response of mice can be inhibited by the regular admin-
istration of anti-IgM antibody, starting within the first 12 hr of birth
(Gordon, 1979). Treated mice develop no detectable serum IgM, and have
depleted B-cell-dependent areas in the spleen and lymph node. Splenic
lymphocyte preparations fail to respond to B-cell mitogens, such as LPS;
whereas the response to Con A (a T-cell mitogen) is unaffected. At 4
weeks of age, antibody-treated and untreated BALB/c mice were injected
in the ear flap with 10* PFU HSV-1 (strain SC16). The virus titer in the
ear was assayed at various times and found to be similar in both the anti-
IgM-treated and untreated groups. The B-cell-suppressed mice failed to
produce anti-HSV-1-specific antibodies, which implies that the control
of the primary infection was not dependent upon antibody-mediated
mechanisms (Kapoor et al., 1982a). Observations similar to those de-
scribed above were reported by Burns (1977).

Although B-cell-suppressed mice recovered from the primary infec-
tion, they were predisposed to a higher incidence of latent infection and
appeared to have a more florid primary infection of the peripheral and
central nervous system (Kapoor et al., 1982a). Such evidence might accord
with the view that a major role for T cells exists in controlling the cu-
taneous infection and a role for B cells and antibody in restricting access
of virus to and from the nervous system.

III. T-CELL SUBSETS INDUCED IN HERPES INFECTIONS
A. Cytotoxic T Lymphocytes

Cytotoxic T lymphocytes (Tc) are observed in mice following injec-
tions of HSV-1 or HSV-2 via intravenous (i.v.), intraperitoneal (i.p.), or
s.c. routes. Herpes-specific Tc cells are first detected in draining lymph
nodes 4 days after s.c. injection of virus (Pfizenmaier et al., 1977; Nash
et al., 1980b); peak activity is reached by day 6—7 beyond which the killer
response declines, being undetectable after day 14 (Fig. 1). Following in-
fection with HSV-1, the Tc precursor frequency increases from 1/250,000
up to 1/3500 to 1/15,000 (Rouse et al., 1983). A feature of the Tc cells
taken from herpes-infected mice is a requirement for 2—3 days’ in vitro
culture before becoming functional killer cells. The reason for this re-
quirement is unclear. It has been suggested that suppressor cells inhibit
the expression of Tc cells in vivo, for pretreatment of mice with cyclo-
phosphamide abolishes the requirement for in vitro culture (Pfizenmaier
et al., 1977). This assumes that such suppressor activity is lost in vitro
and Tc cells can develop following a stimulus from the culture medium
or factors derived from other cells present. Herpes-specific Tc cells with
direct killer activity (i.e., in vitro culture unnecessary) have been observed
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FIGURE 1. The properties of functional T-cell subsets obtained at various time intervals
from the lymph node draining the ear pinna of mice injected with 10° PFU HSV-1. The Tc
response shows the percentage specific killing of syngeneic targets by effector cells cultured
for 3 days in vitro. T-DH cell response shows the percentage increase in ear thickness
measured 2 days after transfer of 2 x 107 lymph node cells into syngeneic mice injected in
the ear with 10* PFU HSV-1. The “protective” T-cell response shows the reduction in virus
titer, compared to controls (no cell transfer), measured 4 days after transfer of 2 x 10’ lymph
node cells to mice injected in the ear with 10* PFU HSV-1. Lyt phenotyping of the DH and
protective T-cell response is described in Nash and Gell {1983) and the MHC matching in
Nash et al. (1981c).
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in mice injected with monoclonal antibodies against gC or gD just after
infection with HSV-1 (Sethi, 1983); the mechanism behind this effect is,
however, difficult to explain.

Herpes-specific Tc cells are restricted to class I MHC gene products;
for example, C57BL/10 (H-2°) mice have a preference for recognizing KP
gene products in association with virus antigen (Jennings, et al., 1984).
The precursor Tc cells are Lyt-1"23" and the effector Tc cells can be
destroyed with anti-Lyt-2 antibodies and complement (Rouse et al., 1983;
A. K. Jayasuriya, personal communication). The induction of the Tc re-
sponse is dependent upon injection of infective virus but not of inacti-
vated (killed) virus (Rouse et al., 1983). Furthermore, the maintenance of
Tc cell lines in vitro for long periods also requires the presence of infective
virus and suitable presenting or stimulator cells and T-cell growth factor
(Leung,personal communication).

Following induction in vivo, Tc cells will recognize both HSV-1- and
HSV-2-infected syngeneic target cells (Nash and Ashford, 1982; Eberle et
al., 1981; Carter et al., 1982). However, it has been shown that the total
Tc cell response to virus is composed of lymphocyte clones that recognize
either common or type-specific determinants. The type-specific Tc re-
sponse is largely against gC (Eberle et al., 1981; J. Glorioso, personal
communication). Indeed, recent work by Glorioso (personal communi-
cation) suggests that the bulk of the cytotoxic T-cell response is against
gC on infected cells.

B. T Cells Mediating Delayed Hypersensitivity

The nature of the delayed hypersensitivity T-cell (T-DH) response to
viruses has recently been reviewed (Nash and Gell, 1981). Herpes-specific
T-DH cells are induced following injection of either infective or UV-
inactivated virus s.c. or i.d. Other routes, by and large, fail to sensitize
for these cells when measured by a subsequent skin test. In lymph nodes
draining a site of infection, T-DH cells are first detected by day 4, as
determined by adoptive transfer of cells to virus-infected recipients and
measuring the increase in ear swelling 48 hr later. (This represents a
classical tuberculin-type response, in which the infiltrate is composed
almost entirely of mononuclear cells.) Maximum transferable activity is
found after 6—7 days, followed by a decline until day 12 when the response
is no longer transferable (Nash et al., 1980a) (Fig. 1) (but see Section VI
on T-cell memory).

The adoptive transfer of DH is restricted by class II antigens (H-21A),
with no involvement of cells restricted by class I MHC genes (Nash et
al., 1981c). The cell type transferring the response is Thy-1*, Lyt-1 23~
and does not appear to involve a Lyt-1~23 " subpopulation. Mice injected
with HSV-1 produce T-DH cells that are cross-reactive for type 2 virus
(Nash et al.,, 1981a; Schrier et al., 1983a), although type-specific T-cell
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responses have been demonstrated using isolated gC from HSV-1 (Schrier
et al., 1983a). In these studies gC could both sensitize for and elicit a
type-specific DH response. So, as with the Tc response, both type-specific
and type-common T-DH clones exist in the infected animal.

C. T-Helper Lymphocyte Response

The induction of an antiherpes antibody response is thymus depen-
dent (Burns et al., 1975), as demonstrated by the failure of athymic nude
mice to produce herpes-specific antibodies. Little information has been
forthcoming on T—B-cell cooperation and in particular on the nature of
the T-helper cell. Recently, however, Leung et al. (1984) have developed
a number of T-cell clones specific for HSV some of which have helper
activities. These clones are Lyt-1723~ and I region restricted and are
maintained in the presence of UV-inactivated-virus-infected stimulator
cells and T-cell growth factor. The cloned line designated D7.1 produces
a helper response for herpes-primed B cells when injected with virus into
irradiated mice. The antibody response produced appears to be polyclonal,
i.e., antibodies to a number of glycoproteins are produced, implying that
the help in this case is nonspecific. The clone is, however, specific for
herpes, although it does not distinguish between the two herpes types.
Clone D7.1 also helps in the induction of DH in vitro. In this instance,
normal spleen cells, clone D7.1, and appropriate X-irradiated feeders and
growth factors are incubated for 5 days and viable cells are injected into
the footpad of mice together with virus antigen. The DH produced is
considerably increased when compared to the response produced in the
absence of D7.1 (D7.1 by itself does not produce local footpad swelling).
Clearly this particular clone is capable of helping in a variety of herpes-
specific immunological responses.

T-cell help has also been reported for the induction of herpes-specific
Tc responses. In this instance, helper cells are induced in vivo with in-
fective virus, but not UV or heat-inactivated virus, and cultured with
virus-infected stimulator cells and normal spleen cells in vitro (Schmid
and Rouse, 1983). Tc cells are induced by this procedure after 4—5 days.

The T-helper cell therefore represents a key function in the rapid
induction of specific antiviral defenses. Such a function is likely to be
particularly relevant in secondary immune responses to recurrent infec-
tions.

D. T-Suppressor Cells

The i.v. injection of infective or UV-inactivated HSV leads to the
induction of T-suppressor (Ts) cells specific for herpes-induced DH re-
sponses. At least two distinct Ts cell populations can be induced, one
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following injection of virus-infected cell sonicates, which produce Ts act-
ing on the induction of DH responses (T-afferent suppression), and an-
other Ts cell, which acts on an established DH response (T-efferent
suppression) is induced following the injection of virus-infected, synge-
neic spleen cell preparations (Nash et al., 1981b; Schrier et al., 1983b).
T cells transferring suppressor activity to naive recipients appear in the
spleens of donor animals 7 days after injection of virus. At this stage the
cells suppressing the induction of DH to herpes are characterized as Thy-
1.2%, Lyt-1723~, IJ*, whereas at 28 days postinfection there appear to
be two populations capable of transferring suppression: one, Lyt-1723 ",
IJ™ and another Lyt-1-23", IJ* (Nash and Gell, 1983). The early Ts cell
population once induced appears to be sensitive to cyclophosphamide
treatment, whereas by day 28 the suppressor cells are resistant to the
drug. Once induced, suppression appears to last for the life of the animal,
an unusual feature as suppressor cells induced to other antigens are usu-
ally short-lived. However, this long-lived response might result from a
constant or periodical stimulation by recurrent virus.

In contrast to other herpes-specific T-cell responses, Ts cells appear
to be herpes type-specific. That is to say, following injection of type 1
herpes the Ts cells induced will suppress a type 1 DH response but not
type 2 DH (Nash et al., 1981b). At present the epitope(s) involved is not
known, although suppression can still be induced by gC-deficient virus
mutants (A. Nash, unpublished observations).

Another intriguing feature of this model system is that suppression
appears to be specific for DH responses; Tc cells and antiherpes antibodies
are coinduced and the animals are resistant to infection. Consequently,
a form of split-tolerance or suppression exists (Nash and Ashford, 1982).
It would therefore seem that the route of infection influences the type
of immunological response that is induced, and that this might reflect
different modes of antigen presentation.

A summary of the properties of T lymphocyte subpopulations in-
duced by HSV is presented in Table I.

IV. T CELLS INVOLVED IN ANTIHERPES RESPONSES IN
VIvO

Before discussing the nature of the T-cell subsets involved in herpes
infections of mice, it is important to define the model system used, for
as already discussed the route of infection greatly influences the type of
T-cell response induced. Where possible, animal models that have some
relevance to the natural infection in man will be considered.

Of the various models illustrating the cutaneous HSV-1 infection,
perhaps the best characterized is the mouse ear model (Hill et al., 1975).
Briefly, the main features of this model are as follows: virus is inoculated
s.c. into the ear flap, cells in the epidermis become infected, and the virus
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spreads via the sensory nerves to the cervical dorsal root ganglia and into
the CNS. Axonal trafficking of virus back to the epidermis occurs during
the primary infection and probably represents the major route of virus
spread. Infective virus is usually absent from the ear by day 8, although
a latent infection can be established in the neurons of the sensory ganglia.
Reactivation of virus can occur either spontaneously or upon traumatiz-
ing the ear, which in turn may result in a recurrent or recrudescent in-
fection (reviewed by Wildy et al., 1982). In all, this model displays the
main pathogenic features associated with the natural infection in man.

In this mouse model, lymph nodes draining the site of infection con-
tain T cells capable of adoptively transferring protection to naive recip-
ients. The protective T cells are detected 4 days after infection, display
maximum antiviral activity by day 6—8, and become undetectable beyond
day 12 (Fig. 1). In the context of these studies, protection correlates with
the rapid elimination of infective virus from the ear pinna. Protection
can also be achieved by transferring immune cells taken from the draining
lymph node 1 month after infection, but the kinetics of virus elimination
is different, i.e., the clearance of virus is delayed (Nash et al., 1980a). At
7 days postinfection, lymph node cell suspensions contain mixtures of
T-DH and Tc cells, and their kinetics of induction and disappearance
correlate with those of the protective T cell. The protection can be ab-
rogated by treating the transferred cells with either anti-Thy-1.2 or anti-
Lyt-1 plus complement (Nash and Gell, 1983). Similar findings have
shown that Lyt-1*23~ cells protect mice against ‘‘zosteriform’’ reactions
(Nagafuchi et al., 1982; A. Simmons, personal communication).

In order to investigate the significance of Lyt-1-23% cells in im-
munity to herpes, adult-thymectomized CBA mice were injected with a
rat anti-Lyt-2, Ig2b monoclonal antibody preparation (A. K. Jayasuriya,
personal communication). This treatment markedly depletes Lyt-23*
cells in vivo as determined by flow cytofluoroimetry, leaving only about
1% very weakly staining Lyt-2* cells. The depletion lasts for at least
7 months and is probably lifelong (Jayasuriya, personal communication).
This treatment reduces the Tc cell response to background levels, but
does not affect quantitatively the DH or antibody response to herpes.
Furthermore, lymphocytes taken from untreated day 7 infected mice
transfer antiviral activity to Lyt-2-depleted mice, despite the elimination
of Lyt-23" cells from the transferred suspension. These findings favor a
direct antiviral role for Lyt-1*23~ cells which function in the absence
of cells expressing Lyt-23 " antigens. Indeed, anti-Lyt-2-treated mice sur-
vive an ear injection of 10* PFU HSV-1 (SC16), whereas anti-Lyt-1- or
anti-Thy-1-treated mice show a 100% mortality by day 12 (A. Nash, un-
published observations). However, when Lyt-23*-depleted mice were in-
jected with 10° PFU HSV-1 (SC16) they were unable to control the in-
fection and died by day 14 (A. K. Jayasuriya, personal communication).
This observation implies that Lyt-23* cells become an important mech-
anism when the growth of virus reaches a high infectivity titer. More
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direct evidence supporting this latter observation is found in mouse
models where protection from an otherwise lethal infection is used as a
measure of antiviral activity. Larsen et al. (1983) demonstrated that
herpes-primed Lyt-23* cells, upon restimulation with virus in vitro to
produce specific cytotoxicity, could transfer protection to naive recipients
coinjected with a lethal dose of HSV-1. Similarly, Sethi et al. (1983) pro-
tected cyclophosphamide-treated mice from a lethal herpes infection by
transferring a herpes-specific T-cell clone that was Lyt-1723* and re-
stricted to class I MHC antigens.

Further evidence suggesting that class I-restricted T-cell responses
are involved in immunity to herpes comes from MHC matching exper-
iments. In these experiments, herpes-immune T cells from one strain of
mice are injected into another strain, which may share all, some, or none
of the MHC antigens with the donor T cells. In this way, Howes et al.
(1979) showed that either H-2K or D region-compatible T cells conferred
protection to otherwise lethally infected recipients for up to 14 days; long-
term protection was only achieved when cells and recipient were com-
patible at the H2-I region. However, in the mouse ear model the T cells
involved in the rapid elimination of infective virus were restricted by
both H-2IA and H-2K(D) antigens (Nash et al., 1981c). Compatibility at
H-2K or D alone was nonprotective and H-2I alone only partially pro-
tective. Similar observations to these were made using an HSV-2 hepatitis
model, in which compatibility at H-2K, I, and D was required for pro-
tection, whereas compatibility at H-2I alone allowed partial protection
(S. Mogensen, personal communication). It would therefore seem that in
the ear and hepatitis models, maximum antiherpes activity requires the
action of more than one class of effector T cell; the precise nature of these
cells remain to be determined.

The elimination of infective virus in primary cutaneous infections
appears to correlate with cell-mediated inflammation (Kapoor et al,,
1982b). Indeed, a strong correlation was found for the presence of T-DH
cells and the rapid elimination of virus (Nash and Ashford, 1982). In man,
a histological examination of a recrudescent lesion showed that the pre-
dominant T-cell subset infiltrating was Leu-3* (equivalent to Lyt-
1*237); in addition, the local production of interferon was detected (A.
L. Cunningham and T. C. Merigan, personal communication). Interferon
was also produced in large amounts following the injection of a Lyt-23*
T-cell clone to herpes-infected mice (Sethi et al., 1983). As already dis-
cussed (see Section III.C) Lyt-1*23 ~, I region-restricted T-cell clones can
mediate various helper activities and in addition produce factors that act
on macrophages in vitro rendering them cytotoxic to a number of tumor
cell lines (Leung et al., 1984). Clone D7.1 can also protect mice from a
lethal infection, when given locally with the virus, and protection here
does not correlate with the appearance of antiherpes antibodies. It would
therefore seem likely that this clone functions in vivo by activating and
arming macrophages.
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In summary, we favor a central role for Lyt-1723~ cells in recovery
from cutaneous HSV infections. It is likely that they mediate this pro-
tective effect by releasing lymphokines, which could have a direct an-
tiviral action or more likely are involved in recruiting and arming non-
specific effector cells. It would appear that for initial infectivity doses of
virus less than 10* PFU (strain SC16), Lyt-23* cells play only a minimal
protective role, whereas at doses greater than 10* PFU, the involvement
of Lyt-23" cells in protection increases. In recurrent disease it is proposed
that the same T-cell mechanisms are central in controlling infection of
epidermal cells, although by this time antibody also contributes to the
neutralization of virus.

V. REGULATION OF IMMUNE RESPONSES TO HERPES—A
ROLE IN PREVENTION OF IMMUNOPATHOLOGY!?

In Fig. 1 the effector phases of the Tc and T-DH response in the
draining lymph node are shown to be transient, i.e., both are absent 2
weeks after infection. A transient DH response is at variance with the
active elicitation of DH, which can occur throughout the lifetime of the
mouse. This paradoxical situation is partially resolved when one studies
the function of lymphoid cells in the draining lymph node beyond the
second week. During this period a population of Ig + ve, Thy-1,2 —ve
lymphocytes appears that can suppress an established DH response, i.e.,
when these cells are injected into herpes-sensitized recipients a depres-
sion in the intensity of the DH response occurs (Nash and Gell, 1980).
These B-"’Suppressor”’ cells appear to be localized to the lymph node
draining the infection site; however, following adult thymectomy, an
apparent redistribution occurs, for the cells are detected equally in the
contralateral nodes and spleen. Indeed, if the suppressive cells from spleen
are mixed with lymph node cells (day 7 immune cells) capable of adop-
tively transferring DH, the transfer of DH is markedly inhibited (A. Nash
and P. Wildy, unpublished observations). Furthermore, the suppression
is specific for herpes, i.e., the elicitation of vaccinia-specific DH is not
inhibited. Interestingly, vaccinia-infected mice do not appear to induce
a detectable B-suppressor cell response. As to how the suppressor cells
mediate their inhibitory activity remains a puzzle. Hyperimmune anti-
herpes globulin failed to inhibit the expression of DH and attempts to find
suppressive antibodies or factors in the serum of mice containing active
suppressor cells have proved unsuccessful (A. Nash, unpublished obser-
vation).

What is the functional significance of these cells in the immune
response to the virus? It is possible that they represent an important
homeostatic mechanism for regulating the intensity of DH reactions.
Such reactions could be potentially damaging in organs such as the CNS.
For example, demyelination appears to be a frequent event on the CNS
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side of the root entry zone of dorsal root ganglia following a primary
infection of mice or rats (Hill, 1983; Kristensson et al., 1979; Townsend,
1981). That T cells appear to be involved in this response is demonstrated
by the work of Townsend (1981) who showed that demyelination in
athymic nude mice was much less pronounced than that observed in
immunocompetent littermates. Essentially, this kind of immunopath-
ology is characteristic of a DH-type response. Although the damage is
not prolonged and remyelination of nerves does occur, a potential envi-
ronment is created for precipitating autoimmune reactions, e.g., T-cell
responses to myelin basic protein. Other examples of cell-mediated im-
munopathology, particularly those involved in herpetic keratitis, have
been reviewed by Rouse (this volume).

The role of Ts cells in herpes infections is less clear. The i.v. route
of infection is not common in natural herpes infections. However, using
the mouse ear model, recent evidence suggests that suppression of DH
responses leads to a lower incidence of ear paralysis—a phenomenon as-
sociated with demyelination within the CNS (D. Altmann and W. A.
Blyth, personal communication). This observation indicates a major role
for Ts in regulating potentially harmful DH reactions. Analogous to this
finding is the role of influenza-specific Ts cells in inhibiting lung con-
solidation induced by H-2I region-restricted T cells (Liew and Russell,
1983).

VI. T-CELL MEMORY

It is a feature of HSV infections in mice that both antibody- and cell-
mediated immune responses to the virus are long-lived. Long-lived re-
sponses of this type may well reflect a constant or periodic exposure of
the immune system to the virus (i.e., recurrent virus).

Memory T-cell responses as determined by proliferative assays are
detectable in the lymph node draining the infection site by day 7-10;
other lymphoid tissues such as spleen and contralateral lymph nodes
become progressively populated between the second and third weeks after
virus injection (A. Nash, unpublished observations). DH responses can
be elicited throughout the lifetime of the animal and reinfection with
the virus induces a brisk T-DH response that is once again transferable
to naive recipients 2 days after infection. Similarly, following a secondary
infection, Tc responses are detected within 2 days and are maximal by
day 4-5. The secondary Tc responses also require a period of culture in
vitro, before effectors are induced but in comparison with the primary
response, maximal killing is achieved at lower effector to target cell ratios
(Nash and Ashford, 1982). In keeping with the helper/cytotoxic T-cell
responses, Ts cells once induced persist for long periods. However, in-
terference with long-lived suppressor responses can be achieved following
the injection of anti-Lyt-2 or anti-Thy-1.2 antibodies at the time of sup-
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pressor cell induction. Although early Ts responses are induced, in the
absence of Lyt-23* cells, long-lived suppressor responses are not main-
tained. The significance of this observation for memory T cells in general,
awaits future investigation.

Clearly, memory T-cell responses play an important role in surveil-
lance against the reappearance of virus in vivo. The failure of the system,
as seen in patients undergoing immunosuppression, leads to herpesvirus
reactivations/recurrences, which may have serious consequences for the
host.

VII. CONCLUSIONS

What can we learn from studies in animals that have relevance to
herpes infection in man? It is true that at best animal models are second
place to studying events in the natural host. However, it is likely that
fundamental interactions between virus and host are similar across spe-
cies. For example, neurotropism of herpes, herpes latency, and general
immunological mechanisms are probably similar for mouse and man.
Therefore, provided the animal model reflects the events in the natural
infection, then it is reasonable to suppose the type of cell-mediated im-
mune response will be comparable. In the mouse, recovery from a primary
cutaneous herpes infection is mediated by Lyt-1+23~ cells, possibly via
augmenting natural resistance mechanisms. We would argue for a similar
role for OKT4™* cells in controlling cutaneous herpes in man. What are
the prospectives for vaccinating against herpesvirus infections? The first
objective is to decide whether to prevent primary infection or in some
way modify recurrent disease. Ideally, the former represents the logical
goal although in reality we doubt very much that vaccination would com-
pletely inhibit a latent infection from subsequently becoming estab-
lished. Consequently, the threat of recrudescent disease still remains.
Better models of recurrent and of recrudescent herpes infections are ur-
gently needed to investigate immunological control. Only then will it be
possible to investigate whether defective immune responses are present,
and consequently whether such deficiencies can be remedied prophy-
lactically. The potential for corrective immunotherapy in patients with
severe recrudescent disease remains the ultimate goal for herpes im-
munovirologists.

VIII. APPENDIX: IMMUNOLOGICAL TERMS USED

Lyt antigens: Lyt-1, 2, 3 are glycoproteins found on the membrane
of mouse T cells. Lyt-1 appears on all T cells as determined by flow
cytofluorimetry, but in high density on T-helper/inducer and T-DH cells
(Lyt-1723 ) and low density on cytotoxic/suppressor cells (Lyt-1-23*).
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Cell populations can be enriched for Lyt-1"23~ cells by treatment with
anti-Lyt-2 plus complement and for Lyt-1-23* cells with anti-Lyt-1 plus
complement. this treatment also removes Lyt-1*23* cells which func-
tion as precursors for other T-cell subsets.

OKT and Leu antigens: membrane glycoproteins found on human T
cells (equivalent to Lyt antigens). OKT4/Leu-3 are found on helper/in-
ducer T cells and OKT8/Leu-2 on cytotoxic/suppressor T cells.

Class I MHC products: membrane glycoproteins encoded by genes
in the K, D, and L subregion of the H-2 complex of the mouse (equivalent
to the HLA complex).

Class I MHC products: membrane glycoproteins encoded by genes
in the I (I-A and I-E) region of the H-2 complex.

I-J determinants: antigens probably derived from the I region of the
H-2 complex and found in association with antigen-specific factors de-
rived from suppressor T cells.
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CHAPTER 5

Immunopathology of
Herpesvirus Infections

Barry T. ROUSE

I. INTRODUCTION

In the absence of normal immune responsiveness, herpesvirus infections
may be both more severe and more frequent (Shore and Nahmias, 1982).
From numerous clinical observations in humans with primary or sec-
ondary immune deficiencies or from immunological manipulations of
experimental infections in animal models, it has become evident that
many aspects of immunity, both natural and adaptive, serve to protect
the host at varous stages of the virus—host interaction (Rouse, 1984). The
principal emphasis of studies on herpesvirus immunobiology has been to
stress the protective aspects of various defense mechanisms. The logic
behind many investigations was to set the stage for the design and rational
use of antiherpetic vaccines. Nevertheless, with some exceptions in the
veterinary field (Plowright, 1980), vaccines suitable for use against her-
pesvirus infections have not been widely acclaimed.

It is now abundantly clear that the adaptive immune response is finely
regulated and that many cell types must interact to generate a response.
This interaction proceeds by way of direct cell contact as well as by means
of chemical mediators and involves both specific and nonspecific mech-
anisms. Regulation of responsiveness occurs at all levels from the antigen-
presenting cells (APC) until the effector phase of the response (Fig. 1).
Evidently, the APC are heterogeneous and their function is subject to
regulation by factors released by other cell types such as interferon-y (IFN-
v) from T cells. Interaction with this molecule, for example, causes APC
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to preferentially express class I MHC antigens (Steeg et al., 1982) whose
presence is necessary to effectively trigger antigen-specific helper T-cell
subsets (Schmid and Rouse, 1983). Other subsets of T cells, such as cy-
totoxic T-cell precursors, and B cells are probably triggered by different
APC. Regulating the type of response that results as well as its magnitude
depends upon interaction between several cell types, which include dif-
ferent subtypes of suppressor cells, with helper cells, B cells, and APC
(Germain and Benacerraf, 1981). The antigen-specific effectors of the im-
mune response, antibodies and certain subsets of T cells, usually mediate
their protective function by the recruitment of nonspecific activities such
as phagocytosis, cellular destruction by macrophages and their products
as well as NK cells. Perhaps under most circumstances the outcome of
the adaptive immune response is protection, but in some instances sig-
nificant tissue damage occurs. Such immunopathological reactions may
be the price to pay for ultimate protection in most instances although
examples exist where in the absence of an immune response disease fails
to occur (Oldstone and Dixon, 1976). The best example with viruses is
lymphocytic choriomeningitis virus (LCMV) infection of mice. In this
instance, only mice that generate immune responsiveness against the
virus suffer untoward effects (Oldstone, 1979).

The mechanisms of immunopathology are manyfold and include a
chronic response to a persistent antigen, inappropriate regulation of the
immune response such as a failure of suppression or the triggering of the
types of helper cells that permit the generation of antibodies such as IgE.
Included among the effectors that damage tissues in immunopathological
reactions are polymorphonuclear (PMN) leukocytes, activated macro-
phages, and NK cells.

II. Ige-MEDIATED IMMUNOPATHOLOGY

The tissue damage in this form of hypersensitivity results from the
release of a range of mainly low-molecular-weight vasoactive molecules
from mast cells, platelets, or basophils and is initiated by the reaction of
antigen with cell-bound IgE antibodies. These reactions are common in
parasitic infections but their role against viruses has been inadequately
explored. Reports of IgE antibody production in animals infected with
herpes simplex virus (HSV) have appeared but the biological role of such
antibodies in immunity or pathology was not defined (Day et al., 1976;
Ida et al., 1983). Efforts have been made to establish the role of anti-HSV
IgE in human herpetic infections but so far without success. It is quite
possible that IgE-mediated immunopathology could account for the er-
ythema at the base of reactivated herpetic lesions particularly in those
circumstances where recurrences are more aggressive than usual. How-
ever, attempts to demonstrate specific antiherpes IgE or to favorably in-
fluence reactions with antihistamines have not been undertaken. It will
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FIGURE 2. Diagram depicting some interrelated sequences of events in immune complex-
mediated inflammatory responses. PAF, platelet-activating factor; PMN, polymorphonu-
clear leukocyte. From Rouse and Babiuk (1979) with permission.

be of interest to evaluate the IgE-mediated response in a suitable animal
model of recrudescent disease.

The suggestion has been made that viruses could be associated with
asthmatic attacks in children (Berkovich et al., 1970; Minor et al., 1974).
Work with model systems has indicated that virus-induced interferon
can increase the level of histamine released from IgE-sensitized cells (Ida
et al., 1977). It is also possible that IFN-y induced from virus-specific T
cells could react with mast cells bearing antiviral IgE to result in enhanced
levels of histamine release and consequent immunopathology. Such a
mechanism could be occurring in a local herpetic lesion where high levels
of IFN may be present, and cells sensitized with anti-HSV IgE could occur.

1II. IMMUNE COMPLEX IMMUNOPATHOLOGY

Immune complex-mediated immunopathology results from the de-
position in tissues, usually in vessel walls or the glomerulus, of complexes
of antigen and antibody. At certain size and ratios of reactants such as
slight antigen or antibody excess, the complexes activate a range of ef-
fector enzyme systems of which the complement and blood-clotting cas-
cades are the most prominent (Fig. 2). The result is an inflammatory
tissue-damaging reaction, acute or chronic according to the duration of
complex formation and persistence. In acute reactions it is the PMN
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neutrophils, attracted to the area by chemotactic factors such as those
elaborated during the complement cascade, that appear to be directly
responsible for the pathology. Thus, in the Arthus reaction, the role model
for immune complex immunopathology, PMN neutrophil depletion is
accompanied by marked suppression of the immunopathology (Cochrane
et al., 1959). Immune complex lesions are especially likely to occur in
situations of antigen excess. A prime example is afforded by LCMV in-
fection, which if it occurs in the newborn is accompanied by a diminished
immune response. However, low levels of antibody are formed and the
antibody complexes with LCMV to give rise to immune complex-me-
diated lesions in the glomerulus {Oldstone and Dixon, 1976). Chronically
infected mice ultimately succumb to kidney disease.

In persistent herpesvirus infections, the scenario is usually one of
gross antibody excess so that the likelihood of immune complex im-
munopathology is low. However, situations have been reported where
tissue destruction is seemingly immune complex mediated and the in-
jection of antigen (vaccine) into an immune individual is expected on
occasion to result in a local inflammatory lesion.

One good example of immune complex pathology involving herpes-
viruses is in recipients of renal transplants given large doses of immu-
nosuppressive drugs and who suffer recurrent infections with cytome-
galovirus (CMV] infection (Richardson et al., 1981). In such patients,
immune complexes are frequently found in the glomerulus and although
this probably fails to lead directly to transplant rejection, the complexes
do render the transplant useless, as glomerulopathy is a frequent out-
come. Thus far there is no definitive evidence that any CMV antigen
forms part of the toxic complex although CMV can be found in many
parts of the affected kidney. There is some evidence that CMV may cause
glomerulonephritis in occasional cases of CMV infection in the adult
(Ozawa and Stewart, 1979), and circulating immune complexes were also
reported in congenital and natal CMV infection (Stagno et al., 1977).
Finally, Epstein—Barr virus (EBV), which like CMV can cause infectious
mononucleosis, may also be an infrequent cause of glomerulonephritis
presumably associated with immune complex depostion (Wallace et al,,
1974).

A second clinical situation involving herpesviruses where toxic im-
mune complexes have been implicated is in erythema multiforme (EM).
This dramatic self-limiting inflammatory disorder of the skin that tends
to recur, is of unknown etiology but is likely a hypersensitivity reaction.
In about 15% of cases, EM is proceeded by HSV recrudescence and in one
instance the disease was triggered by the injection of inactivated HSV
vaccine into the skin (Sheeley, 1967). Recently, circulating immune com-
plexes were reported and deposits of immunoglobulin and complement
components were observed by direct immunofluorescence in superficial
dermal vessels or at the dermal—epidermal junction (Kazmierowski et al.,
1982).In 8 of 12 patients with EM occurring after recurrent HSV infection,
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HSV antigens were constituents of the circulating complexes. However,
it is not known if HSV also forms part of complexes directly involved in
the presumed immunopathological reaction of EM. It is also unclear why
EM patients with circulating complexes failed to develop renal disease.
Although evidence for the involvement of HSV—antibody complexes in
the pathogenesis of EM is not solid, the possibility that such a reaction
could occur should be considered in the design and use of vaccines.
Perhaps the best candidate syndrome involving herpesviruses in
which the mechanism of pathogenesis is essentially immunopathological
is that of disciform keratitis. This inflammatory reaction of the corneal
stroma occurs following HSV recrudescence in the eye (Kaufman, 1978).
Frequently the reaction can become more marked with each recrudesc-
ence and corneal blindness can result. In fact, HSV infection is a common
cause of corneal blindness in the United States. Epithelial keratitis ap-
pears to be the direct result of virus replication in epithelial cells and
responds very well to treatment with antivirals. Indeed, it was in the
treatment of epithelial keratitis that antiviral drug treatment was first
found to be clinically useful (Kaufman et al., 1962). However, keratitis
affecting the stroma responds less well to antiviral drugs and needs ju-
dicious treatment with corticosteroids for successful management. It is
usually not possible to demonstrate infectious virus in the stroma, but
from work done on clinical material and in animal models, viral antigens
can often be detected in keratocytes (Metcalf and Kaufman, 1976). Per-
haps the best model for herpetic keratitis is the rabbit model where after
infection with certain strains both epithelial and stromal keratitis are
induced. In herpetic stromal keratitis, some have observed, by means of
electron microscopy, lymphocytes in association with HSV-containing
keratocytes (Metcalf and Reichert, 1979). However, others have not ob-
served this phenomenon (Meyers-Elliot et al., 1980) but point out that
stromal keratitis in the rabbit, particularly the acute form, is a reaction
in which the principal inflammatory cell type is the PMN neutrophil
(Meyers-Elliot and Chitjian, 1976). In fact, lesions were markedly dimin-
ished in rabbits treated either todeplete PMN neutrophils orcomplement
(Meyers-Elliot and Chitjian, 1981) (Table I). The prominence of PMN
neutrophils in the stromal lesion and evidence that their depletion ame-
liorates the condition suggest a resemblance to the Arthus reaction and
that a principal mechanism of the immunopathology is immune complex
mediated. Direct support for this was provided by Meyers and Pettit (1973)
who could demonstrate by direct immunofluorescence HSV antigen,
complement, and immunoglobulin in the corneal stromal tissues. Never-
theless, immune complex-mediated immunopathology seems not to be
the only mechanism because immune lymphocytes, presumably T lym-
phocytes, can also be demonstrated in local lymph nodes and in inflam-
matory ocular exudates and such cells were assumed to play an additional
role in immunopathogenesis (Meyers-Elliot and Chitjian, 1976). Fur-
thermore, viral antigens persist after PMN neutrophils are no longer vis-
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TABLE I. Clinical Course of Herpes Virus Keratitis®

Epithelial disease Stromal disease
Group No. involved  Clinical No. involved  Clinical
(treatment) (eyes/total) severity? (eyes/total) severity°
I (untreated control) 20/20 4+ 12/20 3+
II (anti-PMN globulin) 12/12 3+ 4/12 1+
III (anti-PMN globulin) 6/6 44 6/6 3-4+
IV (normal globulin) 6/6 4+ 6/6 3+
V (nitrogen mustard) 20/20 3+ 4/20 1+

9 Modified from Meyers-Elliot and Chitjian (1981).

b Score for clinical severity of epithelial disease: 0 = none; 1+ = lesion of any type (punctate, dendritic,
or geographic) affecting one-quarter or less of total cornea surface; 2+ = lesions affecting more than
one-quarter but less than one-half of cornea; 3+ = lesions affecting one-half or more but less than
three-quarters of cornea; 4+ = lesions affecting three-quarters or more of cornea.

¢ Score for clinical severity of stromal disease (edema and opacity): 0 = none; 1+ = slight edema or
surface irregularity with or without slight infiltrate; 2+ = hazy with edema; 3+ = translucent gross
clouding with edema and infiltration; pupillary border seen indistinctly; 4+ = opaque cornea with
edema and infiltration.

ible in the stroma. It has been suggested that antigen-expressing cells
could be lysed by cytotoxic antibody (Sheppard and Smith, 1981), cyto-
toxic T lymphocytes (CTL), or perhaps nonimmune phagocytes by the
antibody-dependent cell cytotoxicity phenomenon (Meyers-Elliot and
Chitjian, 1976). All such reactions, although possibly protective to the
host, could also be considered as immunopathological.

IV. IMMUNOPATHOLOGY MEDIATED BY T
LYMPHOCYTES

It is firmly established that reactions of effector T cells with target
cell antigens can be accompanied by tissue damage. These in vivo re-
actions are called delayed-type hypersensitivities (DTH). Such immu-
nopathological reactions may be severe and extremely prolonged in sit-
uations where antigens persist, but probably under most circumstances
antigens are removed rapidly and the tissue damage is a small investment
for ultimate removal of the antigen. Although recognition by the effector
T cells is antigen specific, a range of activities are triggered that are non-
specific in action. The cell types involved in DTH and the activities re-
sponsible for tissue damage vary according to tissue location and nature
of the target. As shown by the elegant studies of MacKaness (1970), ac-
tivated macrophages are prominent cells in DTH reactions and these cells
release a range of tissue-damaging activities (Nathan et al., 1980). Other
immunopathological effects include direct target destruction by CTL and
inflammatory mediators released from damaged tissue cells. It is also
likely that NK cells become activated by lymphokines produced such as
interleukin-2 and IFN-y (Yamamoto et al., 1982). Some have shown that
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NK cells can act immunopathologically under some circumstances (C.
Lopez, personal communication).

Both the generation and the expression of DTH reactions are regu-
lated by the T-suppresor cell (Ts) system. Thus, suppressor cells that act
on both the afferent and the efferent phase of DTH to HSV have been
reported (Schrier et al., 1983; Nash and Gell, 1981). More than likely, if
Ts regulation is impaired, then the immunopathology may become more
marked. In such circumstances, any immune intervention that restores
Ts function becomes advantageous.

The mechanism of DTH reactions has been carefully examined, as
well as its role in defense against viruses including HSV. Only certain
subsets of T cells participate in the effector phase of DTH (Nash and Gell,
1981). In the case of inert antigens, these are often exclusively of the Lyt-
172~ subset in the mouse. Such cells are restricted during their activation
and effector function by class II antigens of the MHC. Consequently, it
is only possible to adoptively transfer the DTH response when donor and
recipient share class Il MHC genotypes. Against infectious agents, more
than one subset of antigen-specific T cells may be involved in the DTH
response. For example, after infection with infectious influenza virus,
two subsets of T cells are induced that can mediate DTH (Ada et al,
1981). These are Lyt-1"2* and Lyt-1*2~ subsets, which are restricted
by class I and class I MHC antigens, respectively. By way of contrast,
following immunization with noninfectious influenza virus, only the
class II-restricted Lyt-1* cell type is induced. More of interest for present
discussion were the effects observed following the transfer of different
cell types to mice 24 hr after infection. Whereas mice receiving the Lyt-
27" cell subset were protected and virus titers in lungs were markedly
reduced, mice given the Lyt-1* subset died more rapidly than controls
(Leung and Ada, 1982). Using the uptake of ['?>°IJiododeoxyuridine into
rapidly dividing cells as a method of measuring monocyte infiltration
into the infected lung, a greater cell influx was noted in mice receiving
the Lyt-1* population, this response contributing substantially to the
immunopathology. Very recently, Liew and Russell {1983) demonstrated
the induction of a suppressor cell from animals given live virus that could
reverse the pathological effects of Lyt-1* population. The implication of
the work with influenza, and similar observations with Sendai virus (Ertl,
1981), is that certain forms of vaccines, such as those that are inactivated,
could give rise to immunopathology rather than protection. For the latter
effect, attenuated vaccines are preferable.

Nash et al. (1981a,b) have investigated the DTH response to HSV
and its relevance in immunity. In contrast to influenza, only Lyt-1* MHC
class II-restricted cells are generated against infectious HSV (Nash et al,,
1981a). Furthermore, Nash and colleagues have assembled considerable
evidence that these cells play essentially a protective rather than an im-
munopathological role (see Nash et al., this volume). This is because, as
discussed above, HSV infection rapidly kills cells and so further destruc-
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tion by some immune cell type may not add to the problem. However,
there are situations where HSV antigens persist for long periods without
replication and cell destruction. The best example is with herpesvirus
latency but the role of DTH in sustaining or disrupting latency remains
ill-defined. The second example is in stromal keratitis where viral an-
tigens can persist for at least a month in keratocytes (Meyers-Elliot and
Chitjian, 1976). In the murine model of herpetic stromal keratitis, ac-
cumlating evidence indicates an immunopathologic reaction mediated
by T lymphocytes. For instance, Metcalf et al. (1979) showed that whereas
infection of BALB/c mice with the RE strain of HSV produced an epithelial
keratitis followed by a deep stromal reaction that often resulted in per-
manent scarring, when BALB/c athymic nude mice were infected the
results were different. In this instance, mice developed a similar degree
of epithelial keratitis, but this cleared up after a few days and was not
followed by the stromal reaction. However, attesting to the importance
of T-cell immunity, at least following certain routes of infection, athymic
mice usually die from encephalitis whereas normal BALB/c mice do not.
We have also compared infections of the scarified corneas of athymic
and normal mice. In confirmation of the findings of Metcalf et al. (1979),
epithelial reactions were observed in both groups but whereas the corneas
healed uneventfully in athymic mice, in immunocompetent mice a
stromal necrotic reaction occurred that resulted in scarring (Table II).
To gain further evidence that the stromal reaction was immuno-
pathological, the course of events was followed in HSV-infected athymic
mice subsequently given adoptive cell transfers. One cell population used
for transfer was spleen cells from HSV-immune mice that were stimu-
lated in vitro with HSV antigen. This cell population, which we have
extensively characterized in previous publications, consists predomi-
nantly of T cells, expresses high levels of HSV-specific H-2-restricted
cytotoxicity (Lawman et al., 1980), contains helper cell activity (Schmid
and Rouse, 1983), and can mediate DTH reactions (Larsen et al., 1983).
If T cells were involved in the immunopathological reaction, the HSV-
immune cell source was expected to elicit a prompt response in the
athymic recipients providing some cells could find access to the site of
infection. Indeed, athymic mice adoptively given such cells developed a
necrotizing stromal reaction and scarring similar to those observed in
euthymic BALB/c mice. Moreover, peak responses were evident from 6
days after transfer compared with a similar response in BALB/c mice at
12 days after infection (Table II). The adoptive transfer of the stromal
response was abrogated upon removal of the T cells by negative selection
with specific antisera and complement, further implicating the role of T
cells in mediating the stromal response. Consequently, our results sup-
port and extend previous observations that herpetic stromal keratitis rep-
resents an immunopathological reaction. However, further experiments
are required to delineate the actual mechanism of the immunopathology
in vivo. For instance, the tissue damage could be mediated directly by
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CTL as we demonstrated against HSV-infected cells in vitro (Lawman et
al., 1980). Secondly, HSV-specific T cells could be mediating an inflam-
matory DTH response. A third possibility is that T lymphocytes were
acting as helper cells in reconstituting the ability of recipient mice to
produce antibody, such antibody mediating pathology by an immune
complex mechanism or antibody and complement lysis as was discussed
above.

The adoptive cell transfers we employed contained helper cells and
did reconstitute antibody-producing responsiveness (data not shown) and
so it is not possible to fully discount antibody as playing a role in me-
diating the stromal reaction. One way of further resolving the putative
mechanism of immunopathology operative in vivo would be to perform
adoptive cell transfers with defined subsets of T lymphocytes such as Lyt-
27" cytotoxic/suppressor cells and Lyt-1* helper/DTH-mediating T lym-
phocytes. In a preliminary experiment involving limited numbers of an-
imals infected with HSV and adoptively given Lyt-1* or Lyt-2* HSV-
immune lymphocytes, our results have indicated that both cell popula-
tions can confer the stromal reaction as judged histologically 15 days
posttransfer. As the Lyt-2* population lacked helper activity for antibody
production, this indicates that one mechanism of immunopathology is
mediated directly by T cells, presumably the type also capable of specific
cytotoxicity in vitro. However, the observation that the Lyt-1*+ popula-
tion also conferred the stromal reaction means that multiple mechanisms
are presumably operative. In fact, we have further evidence for this in
preliminary studies using the DTH tolerance model described by Nash
et al. (1981b). In this model, mice exposed to HSV via the intravenous
route develop a state of immune deviation in that they become selectively
incapable of generating a DTH response yet retain normal antibody re-
sponsiveness and other aspects of T-cell immunity. Such DTH-tolerized
mice showed diminished stromal reactions in comparison with mice in-
fected by the subcutaneous route or mice not previously infected. Such
data implicate the Lyt-1* DTH-mediating cells as perhaps the principal
participants in the immunopathological reaction. Metcalf (1983) has
made similar observations.

Immunopathological reactions mediated by T lymphocytes could be
involved in other aspects of the pathogenesis of herpetic infections. A
good example is infectious mononucleosis (IM) resulting from EBV in-
fection (Fig. 3). In this disease the splenomegaly and hepatitis that occur
resemble graft-versus-host reactions (Purtilo, 1980). It has been hypoth-
esized that these reactions represent T-cell proliferations and abnormal
maturation. They occur in response to recognition of specific viral an-
tigens and polyclonal activating antigens on EBV-transformed B cells
{Evans and Niederman, 1982). Part of the T-cell response to such antigens
results in development of CTL, which in turn are lytic to B cells and so
accounting for the disappearance of transformed B cells after the early
stage of the disease (Hutt et al., 1975; Svedmyr and Jondal, 1975). Other
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FIGURE 3. Possible immunopathological events occurring in infectious mononucleosis.
CTL, cytotoxic T lymphocyte; STC, suppressor T cell. Modified from Evans and Niederman
(1982).

activated T cells express anomalous nonspecific non-MHC-restricted cy-
totoxicity (Royston et al., 1975). Included among the targets of such cells
are EBV-infected cells and autologous infected cells such as hepatocytes
(Sullivan et al., 1983). It has been proposed that the anomalous cytotoxic
response may proceed uncontrolled in some cases of fatal IM as occurs
in the X-linked immunoproliferative disorder (XLP) (Sullivan et al., 1983).

Another aspect of T-cell activity in IM is that of suppression (Tosato
et al., 1979; Haynes et al., 1979). Such cells serve to ultimately restrict
both B-cell and T-cell responses, and can perhaps be overactive in some
circumstances, so accounting for anergy. Perhaps in other situations the
anomalous and overreactive T-cell response resulting in immunopath-
ology is the outcome of a failure of control by the Ts system. However,
details of these processes are in need of elucidation.

The example of XLP illustrates a form of immunopathology where
disease apparently results from uncontrolled regulation between lym-
phocytes. Such inappropriate lymphocyte interactions could be a feature
in many disease syndromes and could account for instances of atypically
severe patterns. Another example of topical interest is the acquired im-
mune deficiency syndrome (AIDS), where changes in ratios between lym-
phocyte subsets with an increase in the suppressor cell population have
been noted (Mildran et al., 1982). There is also a suspicion that herpetic
recrudescent disease results from some change in regulation in the Ts
system and that Ts activity affects the severity of HSV lesions (Dannen-
berg et al., 1980; Sheridan et al., 1982; Rouse, 1984). However, these
notions require further experimental verification.

V. MANAGEMENT OF IMMUNOPATHOLOGICAL
REACTIONS

Study of the immune responses against herpesvirus infections has as
its ultimate goal the development of new modalities of treatment that
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TABLE III. Some Ways of Modulating Immune Responses

Immunization with selected oligopeptide

Substitution of certain groups into antigen

Coupling to selected carrier molecules

Use of adjuvants and liposomes

Selection of appropriate route of immunization

Construction of hybrid viruses containing genes for selected oligopeptide
Anti-idiotype immunization

will result in reduction of the severity of primary infection and/or the
control of recrudescent disease. Determining the defense mechanisms
responsible for the control of herpesvirus infection and then developing
ways of augmenting the appropriate responses may yield the desired re-
sult. It is, however, important to remember that some of the immune
responses that are triggered during virus infections can do almost as much
damage to the host as does the virus itself. Consequently, attempts at
immunotherapy or immunoprophylaxis must keep in mind the potential
pathology that may be induced inappropriately by such treatments. The
goal of vaccination is to mimic as far as possible those features that confer
long-lasting protective immunity and induce preferentially, memory of
those responses that are protective and cause least immunopathology.
Such ideals beg the question of what is possible in terms of modulating
immune responses in the desired direction. Alas, this topic is to date one
that is very poorly understood. However, there are promising leads (sum-
marized in Table III).

First, there is increasing evidence that certain oligopeptide sequences
in antigens may be preferentially involved in certain activities. Thus, as
shown by the elegant work of Sercatz’s group with the simple protein
egg white lysozyme, certain regions of the antigen are involved in the
induction of suppression and different regions in the induction of helper
T cells (Adorini et al., 1979). Manipulating the level of suppressors could
hold the key to avoiding immunopathology. Along similar lines to the
Sercatz work have been observations that modifying antigens with certain
groups may influence the nature of the immune response induced. For
instance, Parish (1972) showed that acetoacetylation converted flagellin
from an antigen that induced antibody formation to a product that ex-
clusively stimulated DTH. Similarly, Coon and Hunter (1973) showed
that the addition of lipid groups to protein antigens both increased their
immunogenicity and made them better able to stimulate DTH rather
than antibody production.

Probably the types of results obtained by Coon and Hunter can be
explained by changes made in the type of cells that handled the antigen
and presented it to the appropriate T-cell type. Thus, it is now evident
that there is marked diversity in APC and that T-cell subsets can only
be triggered by the appropriate APC. It is well known that helper cells
are only triggered by Ia-positive APC (Steinman and Nussenzweig, 1980;
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Schmid et al., 1982) and suppressor cell induction involves cells express-
ing IJ determinants (Nakamura et al., 1982). Various APC types may show
differential representation at different sites. This may explain why the
route of antigen injection may influence the nature of the immune re-
sponse induced. For example, as mentioned previously, exposure to HSV
via the intravenous route fails to stimulate a DTH response and activates
suppression (Nash and Gell, 1981). With reovirus, oral exposure to virus
activates suppressor cells that modulate subsequent DTH responses to
infectious virus (Rubin et al., 1981).

The use of adjuvants has long been known to modulate the type and
magnitude of the immune response but the mechanistic explanations for
the action of adjuvant are still to be made. Choosing an appropriate ad-
juvant is still an inexact science. In the same vein, other formulations
such as antigens presented in the form of liposomes or coupled to anti-
body, or some appropriate carrier protein may also change the nature of
the response but the reasons for this are not clear.

Constructing hybrid viruses containing genes that code for the ap-
propriate oligopeptide may be the method of choice in the future. Such
viruses may lack pathogenicity but provide the adjuvanticity for the de-
sired response. An example is the high antibody responses induced to
hepatitis B virus surface antigen using vaccinia virus containing the hep-
atitis B gene (Smith et al., 1983). Vaccinia viruses have been constructed
containing the gene for thymidine kinase from HSV but not as yet with
a glycoprotein gene (Nakano et al., 1982).

The final topic arousing considerable excitement is the prospect of
modulating immune responses by the use of anti-idiotype immunization
(Fields and Greene, 1982). Thus, in the reovirus system, monoclonal an-
tibodies have been developed that react with different determinants on
the virus such as those responsible for neutralizing antibody production
and those responsible for suppression. Furthermore, a second series of
monoclonals could be developed that react with the binding region (idi-
otype) of the first series of monoclonals (for example with the suppressor-
inducing determinant). The binding region of such anti-idiotype antibody
mimics the determinant on the virus and, when injected into an animal,
mimics this determinant. This powerful approach using anti-idiotype im-
munization could be used to select for the responses to different func-
tional domains of the virus and to tailor the induction of desired re-
sponses. To date only reovirus has been studied but others including HSV
need investigation.
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CHAPTER 6

Cell-Mediated Immunity in
Cytomegalovirus Infections

GEerRALD V. QUINNAN, JRr.

I. INTRODUCTION

The many interactions between cytomegalovirus (CMV) and host cellular
immunity include some of the most clinically significant, complex, and
fascinating problems in viral immunology. Most clinically important dis-
eases caused by CMV occur in individuals with deficient cellular im-
munity (Meyers, this volume). Because of increasing numbers of indi-
viduals with deficiences of this type and the imminent potential for
effective modulation of immune responses, there is a rather pressing need
to understand the specific roles of the various components of the immune
system in CMYV infections. In addition, CMYV itself can induce both pro-
found immunosuppressive effects and significant immunopathology. As
a result of recent progress in immunology, exciting opportunities have
emerged to develop an understanding of these phenomena.

The traditional conceptualization of the immune system as consist-
ing of two compartments, cellular and humoral, has become progressively
difficult to apply, as increasing numbers of examples of combined and
interdependent effects of cellular and humoral immunity have been dem-
onstrated. Among the myriad actions of the cellular and soluble factors
involved in immune responses, there are a number of functions that have
direct effects on the extent of virus replication in vivo. The components
of the immune response that mediate these effects include antibodies and
certain types of leukocytes. The effector cells of cell-mediated immunity
develop from precursor cells, a process that is dependent on precursor
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interactions with accessory cells and soluble factors derived from them,
and modulated by immunoregulatory cells and their soluble factors. To
understand how the immune system mediates recovery from CMYV in-
fection, we must understand what roles the various effector functions
play. When they are deficient, it can be determined whether the defi-
ciency relates to an abnormality of effector cell precursors, accessory
cells, or immunoregulation. The immunosuppressive and immunopath-
ological effects of CMV infection can potentially be understood using this
same approach.

II. CHARACTERISTICS OF EFFECTOR CELL FUNCTIONS
RELEVANT IN CMV INFECTIONS

The responses that have been most studied in CMYV infections in-
clude antibodies, cytotoxic T cells, delayed-type hypersensitivity (DTH),
natural killer (NK) cells, and antibody-dependent cell-mediated cytotox-
icity {ADCC). Other possible effector responses have not been studied in
detail. With the exception of antibodies functioning alone, each of these
mechanisms is cell mediated in the sense that it involves the direct in-
teraction between cells of the immune system and virus-infected cells.

The emphasis in this chapter on cellular, rather than antibody, effects
is not meant to discount a significant role for antibodies in CMYV infec-
tions. There is much evidence suggesting that antibodies are important.
For example, premature infants with neonatal CMV infections are much
more likely to die from their infections if they were born to nonimmune
rather than to immune mothers (Yeager et al., 1981). Nevertheless, even
very high antibody levels are inadequate to mediate recovery from CMV
infection in the absence of cellular immunity. For this reason, the cellular
effector responses will be discussed in detail.

A. NK Cells and Other Large Granular Lymphocytes

The NK cell is a lymphocyte of the type referred to previously as
null cells (Herberman and Holden, 1978; Herberman, 1980). It lacks sur-
face immunoglobulin, differentiating it from B cells. NK cells do not
adhere to nylon wool columns, differentiating them from both B cells
and macrophages. They are distinguished from T cells in that they do
not form rosettes with sheep erythrocytes at 29°C (they do form rosettes
at 4°C), and they lack, or have very low density of, T-cell surface antigens
(see also Lopez, this volume).

During the past few years, significant advances have been made in
understanding this class of cells. Morphologically, NK cells are inter-
mediate in size between typical T and B lymphocytes on the one hand,
and monocytes on the other (Timonen and Saksela, 1980). They have
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indented or lobulated nuclei, a high cytoplasmic/nuclear ratio, and azur-
ophilic cytoplasmic granules. As a consequence, they are referred to as
large granular lymphocytes (LGL). NK cells have characteristic cell sur-
face markers, including receptors for the Fc portion of IgG. There are at
least two types of spontaneously cytotoxic cells in mice: NK cells and
the cell type referred to as natural cytotoxic (NC) cells (Lattime et al.,
1981). NC cells have not yet been identified in humans. In mice, NK cells
are distinguished from NC cells by the presence of a high density of the
sphingolipid, asialo-GM,, on the surface of NK but not NC cells and by
a difference in the target cells killed by each of the effectors. There are
also monoclonal antibodies that appear to be specific for human NK cells,
e.g., NK-8 (Nieminen et al., 1982) and HNK-1 (Abo and Baldi, 1981). In
addition to their cytotoxic functions, LGL produce important lymphok-
ines including interferon-a (IFN-a), interleukin-2 (IL-2), B-cell growth fac-
tor, and IL-1 (Trinchieri et al., 1978; Djeu et al., 1982; Kasahara et al.,
1983). By virtue of these lymphokine-producing activities, LGL are re-
quired accessory cells for T-cell responses (Burlington et al., 1984) and
they also self-regulate their own cytotoxic activity (Djeu et al., 1982).
Thus, there are at least two effector functions and multiple accessory cell
functions mediated by LGL.

The procedures used for measuring NK cell or NC cell activity in-
volve testing the ability of these cells to kill different types of target cells.
NK cells generally are highly active in killing of anchorage-independent
tumor cell lines. The K562 erythroleukemia cell line is often used for
measuring human NK cells because of its high sensitivity (West et al.,
1977). NC cells are more active against anchorage-dependent cells, such
as fibroblasts, and kill more slowly than NK cells. A variety of assay
procedures are used, the most common of which is the chromium-release
assay. Target cell proteins are radiolabeled with Na, °!Cr O, and the
amount of >'Cr released from the target cells in the presence of effector
cells is a measure of lytic activity. NK cell activity is enhanced by ex-
posure to IFN (a, B, or y) or IL-2 and is depressed by steroids, cyclophos-
phamide, or cyclosporin A (Gidlund et al., 1978; Djeu et al., 1979; Rook
et al., 1983). NC cell activity in the mouse is enhanced by IL-3 (Djeu et
al., 1983). The NK cells responding with increased cytotoxicity during
CMV infection are not specific for CMV antigens, even though CMV-
infected cells may be more susceptible to lysis by the NK cells than
uninfected target cells (Quinnan and Manischewitz, 1979). NK cell-me-
diated killing ordinarily requires direct contact between effector cell and
the target cell and is independent of antibodies and complement.

B. Antibody-Dependent Cell-Mediated Cytotoxicity

The effector cells that mediate ADCC probably include all leuko-
cytes that possess receptors for the Fc portion of IgG. In human and mu-
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rine CMYV infections, the effector cells that have been found to mediate
this effect are similar or identical to NK cells (Quinnan and Manischew-
itz, 1979; Kirmani et al., 1981). Monocytes or neutrophils can also me-
diate ADCC in certain situations (Kohl et al., 1977; Oleski et al., 1977).
Certain classes of antibodies are more active than others in ADCC, prob-
ably because they are more “cytophilic’’ and bind to Fc receptors more
avidly (Okafor et al., 1974). Like NK cell killing, ADCC requires direct
contact between effector and target cell. ADCC is antigen specific by
virtue of the fact that the effector cells are armed with specific antibodies.
The addition of complement may sometimes enhance the killing that
occurs in an ADCC assay (Rouse et al., 1977).

The individual antigens recognized by CMV-specific ADCC are un-
known. In the case of herpes simplex-specific ADCC, early antigens are
recognized (Shore et al., 1976). This specificity is probably important. It
would allow for recognition of infected cells by the effector cells before
infectious virus particles are formed, so that ADCC could be an efficient
method of reducing the amount of virus replication and cell-to-cell spread
of virus.

Assays for ADCC effector function may be designed to quantitate
antibody-dependent killer cell activity, specific antibodies in sera that
can participate in ADCC, or both (Kirmani et al., 1981). Target cells
sensitized with specific antibodies can be used as a measure of killer cell
activity. Conversely, unknown sera can be tested for their ability to arm
killer cells or sensitize target cells and participate in ADCC. In some
cases, lymphocytes already armed with specific antibodies from the donor
can be tested for cytotoxic activity. Thus, the results of a cytotoxicity
assay using virus-infected target cells may reflect ADCC activity with
or without the addition of virus-specific antisera.

C. Cytotoxic T Cells

Cytotoxic T cells for CMV-infected fibroblasts possess receptors for
sheep erythrocytes (Quinnan et al., 1981). They are also nonadherent cells
that lack receptors for Fc of IgG and possess T-cell surface antigens (Quin-
nan et al., 1982b; Rook and Quinnan, 1983). In mice they are Thy-1.2
and Lyt-23 positive (Quinnan et al., 1978; Varho et al., 1981). In humans
they are usually OKT3 and OKT8 positive (Reinherz et al., 1979). Cy-
totoxic T cells are typically antigen-specific: they kill target cells that
possess the antigens that they were originally induced by. In most cases,
cytotoxic T cells are also restricted in activity by antigens of the MHC
(Zinkernagel and Welsh, 1976; McMichael, 1978). As a result, the target
cells they kill must not only express the specific antigens against which
the effector cell is directed, but must also have MHC antigens in common
with the effector cells. The usual MHC antigens involved in this restric-
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FIGURE 1. Proposed scheme for maturation of precursor T cells (T} into cytotoxic cells
(T.), through intermediate stages (T of activation and proliferation. Ty and Ts indicate T-
helper and T-suppressor cells, respectively. From Quinnan and Rook (1984).

tion are the class I antigens, HLA-A and B in humans and the analogous
H-2K and D antigens in mice.

Lymphokines, such as IFN and IL-2, affect CTL activity, but in a
somewhat different way than they enhance NK cell activity. NK cells
are normally present in peripheral blood, and their activity is enhanced
by these lymphokines. CTL, on the other hand, are not normally present
in peripheral blood, but appear for a brief period of time several days after
an appropriate antigenic exposure. During the course of such a response,
CTL precursors, which circulate in peripheral blood, must undergo ma-
turation into effector cells. The process by which this maturation prob-
ably occurs is summarized schematically in Fig. 1. Precursors appear to
undergo a stepwise process of maturation into effector cells. The stages
include precursor activation, proliferation, and differentiation. Each is
dependent on lymphokines, including IL-1 in the activation stage (Op-
penheim et al., 1982), IL-2 in the proliferation stage (Farrar et al., 1982),
and IFN-y [and possibly one or more additional T-cell differentiation fac-
tors (TCDF)] in the differentiation stage (Reddehase et al., 1982). The
lymphokines are produced by cells that are required as accessory cells for
the process to occur. Each stage is dependent on the prior stage in the
sense that the lymphokines involved at one stage induce production of
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or responsiveness to the lymphokines produced at the next stage, or both.
For example, IL-1 is required to induce production of IL-2 as well as for
activation of T precursors (Oppenheim et al., 1982) and IL-2 induces IFN-
v production as well as T-cell proliferation (Farrar et al., 1981). The known
accessory cells that produce the necessary lymphokines are monocytes,
LGL, and T cells (Farrar et al., 1981; Durum and Gershon, 1982; Bur-
lington et al., 1984). In addition to the interactions of accessory cells with
CTL precursors, the maturation process is modulated by immunoregu-
latory cells. The effects of helper cells and suppressor cells on this process
involve a number of complex pathways that are not shown in Fig. 1. All
of these cell functions and interactions must be intact for CTL responses
to occur, and deficiencies in CTL responses can potentially be understood
in terms of the abnormalities that occur in this pathway.

II. VIRUS-SPECIFIC CYTOTOXIC LYMPHOCYTE
RESPONSES DURING CMV INFECTIONS

CMV-specific cytotoxic lymphocyte responses during active infec-
tion have been measured in >*Cr-release assays using target cells prepared
from human diploid skin fibroblast cultures of known HLA types. Several
features of the cytotoxic response are shown in Fig. 2, which summarizes
cytotoxic lymphocyte responses observed in a group of 88 bone marrow
transplant recipients. The lower half of Fig. 2 indicates the times after
transplantation at which viruses were isolated from specimens of blood,
urine, throat washings, or biopsy specimens. Those marked with asterisks
were the first isolates obtained from each patient. As is typical of CMV
infections in bone marrow transplant recipients, the onset was usually
between 4 and 12 weeks after transplantation. In the upper panel, the
results of CMV-specific cytotoxicity assays on these same patients are
shown. Lymphocytes tested early after transplantation, and before onset
of CMYV infection, have low levels of cytotoxicity against CMV-infected
target cells, both HLA-matched and mismatched. The cells are generally
more active in killing of infected than uninfected target cells. As will be
discussed below, this nonrestricted killing is mediated by NK cells and/or
ADCC. During the posttransplant period, when virus cultures are posi-
tive, there is an increase in cytotoxicity of lymphocytes from infected
patients. In contrast to the cytotoxicity seen before onset of infection,
however, this response to active infection is usually HLA-restricted
(Quinnan et al., 1981, 1982b). There is increased killing of HLA-matched
target cells, but little or no increase in CMV-specific lysis of HLA-mis-
matched target cells. This HLA-restricted response generally persists
throughout the period of time when virus cultures are positive, the cy-
totoxicity then returns to the baseline level of nonrestricted activity.
Thus, the HLA-restricted, CMV-specific cytotoxic lymphocyte response
is a manifestation of acute infection.
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FIGURE 2. CMV-specific cytotoxic lymphocyte and antibody responses in relation to virus
shedding in bone marrow transplant recipients. In the upper panel, results shown are CMV-
specific cytotoxicity of lymphocytes from infected patients against HLA-matched (@——@)
and mismatched (@————@) target cells and CMV-specific cytotoxicity of lymphocytes from
uninfected patients against HLA-matched (O——O) and mismatched (O— ———0O) target cells.
In the lower panel are shown complement-fixing (CF) antibody responses (®) and, in the
histogram, virus isolates. The total number of isolates each week is divided into the number
from each site including (B) blood, (U) urine, (T) throat, (L) lung or liver, and (O) other sites.
Asterisks indicate isolates that were the first ones obtained from individual patients. From
Quinnan et al. (1984a).
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TABLE I. CMV-Specific T- and Non-T-Cell-Mediated Cytotoxicity Early and
Late during CMYV Infection in a Bone Marrow Transplant Recipient?

% CMV-specific lysis

HLA-mismatched target

Day posttransplant Effector HLA-matched target cell cell
39 PBL 7.3 0.0
E-Ros(+) 22.3 0.0

E-Ros(—) 0.0 0.0

46 PBL 253 0.0

Fc(—) 27.1 0.0

69 PBL 15.7 11.5
E-Ros(+) 0.2 0.0

E-Ros( ) 5.3 7.0

Fc(—) 0.0 0.0

9 From Quinnan and Rook (1981). The effector cells were either unfractionated peripheral blood lym-
phocytes (PBL), cells that did or did not form rosettes with sheep erythrocytes [E-Ros( + ) or E-Ros( -],
or PBL depleted of cells with receptors for Fc of IgG [Fc(— ).

The HLA-restricted and nonrestricted cytotoxic cells can be shown
to be T cells and non-T cells, respectively, by lymphocyte fractionation
procedures. Examples of such procedures are shown in Table I. An acutely
infected patient will typically have both T-cell-mediated and non-T-cell-
mediated cytotoxicity detected in these assays. Cytotoxic effectors in T-
cell-enriched cell populations prepared by erythrocyte rosetting or by de-
pleting cells with receptors for Fc of IgG are characteristically HLA-re-
stricted (Quinnan et al., 1981). Effectors in non-T-cell fractions, prepared
by removing cells with receptors for sheep erythrocytes or lysing T cells
with OKT3 and complement, are nonrestricted (Rook and Quinnan,
1983). Using these fractionation procedures, we have studied more than
50 bone marrow transplant recipients and have found that CMV-specific
killing of HLA-mismatched target cells is always mediated by cells with
characteristics of NK cells whereas significantly greater CMV-specific
killing of HLA-matched than mismatched target cells indicates the pres-
ence of cytotoxic T cells (Quinnan et al., 1984a).

The majority of bone marrow or renal transplant recipients develop
CMV-specific cytotoxic lymphocyte responses during CMV infection
(Quinnan et al., 1984; Rook et al., 1984). Based on the results of lym-
phocyte fractionation studies, it can be assumed that HLA-restricted cy-
totoxicity is an indication of cytotoxic T-cell activity. In most but not
all cases, the responses that develop during infection are T cell mediated.
The types of responses found in 46 infected patients are summarized in
Table II. Among patients whose lymphocytes were adequately tested to
define the types of effector cells involved, 89% had CTL responses, but
a few had significant increases in cytotoxicity during infection that did
not include a T-cell component.
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TABLE II. Effector Cells Mediating CMV-Specific Cytotoxic Lymphocyte
Activity in Peripheral Blood of Bone Marrow Transplant Patients?

Type of CMV-specific cytotoxicity

Patient group Number HLA-restricted Not HLA-restricted
CMV-infected 28 25 3
Uninfected 18 0 18

9 From Quinnan et al. (1984a). Cytotoxicity was considered HLA-restricted if there was significantly
greater CMV-specific lysis of all HLA-matched target cells tested than there was of the HLA-mis-
matched target cells.

The results of studies in healthy volunteers with and without CMV
infections have confirmed that the responses observed in bone marrow
transplant recipients are representative of the ‘“normal”’ immune re-
sponse. Peripheral blood lymphocytes from healthy, uninfected volun-
teers have CMV-specific cytotoxicity that is not HLA-restricted, and is
mediated by cells with characteristics of NK cells, as shown in Table III.
The activity measured is similar in magnitude in seropositive and ser-
onegative volunteers (Kirmani et al., 1981). Repeated washing of lym-
phocytes from seropositive volunteers inconsistently reduces their cy-
totoxicity, indicating that it may sometimes be antibody independent. It
was possible to demonstrate that addition of immune serum to lympho-
cytes from nonimmune volunteers enhanced their CMV-specific cyto-
toxicity, as shown in Table IV, demonstrating that ADCC might con-
tribute to the CMV-specific cytotoxic response. During active CMV

TABLE III. Non-HLA-Restricted CMV-Specific Cytotoxicity of Peripheral
Blood Lymphocytes from Normal, Uninfected Volunteers®

CMV-specific lysis of target cells

(% = S.D.)
Serum CMV HLA-matched target HLA-mismatched
Volunteer number antibody titer cells target cells
1 1:160 11.7 £ 1.2 129 = 2.0
2 1:160 106 = 2.1 102 = 14
3 1:1280 11.6 = 1.7 169 = 1.5
4 1:160 14.7 = 2.0 151 £ 9.2
5 1:320 6.1 =28 145 = 4.1
6 1:160 11.5 = 3.7 164 = 2.0
7 1:640 125 = 1.1 139 = 2.8
8 <1:40 11.6 = 3.3 7.1 £ 1.6
9 <1:40 95 + 52 140 = 7.5
10 <1:40 19.9 = 8.0 10.8 = 1.3

9 From Kirmani et al. (1981). CMV antibodies were measured by ELISA. Results shown for cytotoxicity
tests are means = S.D. for four replicates.
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TABLE IV. Enhancement of CMV-Specific Cytotoxicity of Peripheral Blood
Lymphocytes from Normal Volunteers after Sensitization of Target Cells with
Immune Sera“®

Percent lysis of CMV-infected target cells?

CMYV antibody
Volunteer number status Unsensitized Antibody sensitized
1 1:160 62 * 15 175 = 4.9
2 1:160 -8.1 22 314 = 124
3 1:1280 1.0 £ 0.7 84 =29
4 <1:40 11.6 + 3.3 52.8 =+ 1.9
5 <1:40 69 =20 18.2 = 4.7

2 From Kirmani et al. (1981). Sera from volunteers were tested for antibodies by ELISA. The serum used
to sensitize target cells had an anti-CMV titer of 1:1280.

b Mean percent lysis = S.D. of four replicates. There was no significant lysis of uninfected target cells
tested in parallel.

infection in experimentally infected healthy volunteers, an increase in
CMV-specific cytotoxicity occurs above the baseline NK cell/ADCC-me-
diated activity seen in uninfected volunteers. As shown in Fig. 3, this
response to acute infection is HLA-restricted (Quinnan et al., 1984b). In
both transplant recipients and healthy volunteers, the CMV-specific cy-
totoxic response occurs early in infection, either prior to or coincident
with clinical manifestation of infection or virus shedding, and persists
until clinical manifestations have resolved (Quinnan et al., 1984a,b).

% CMV-SPECIFIC LYSIS

FIGURE 3. CMV-specific cytotoxic lympho-
0 % cyte responses in healthy volunteers experi-

0123456782926 mentally infected with a low-passage strain of
WEEKS AFTER INOCULATION CMYV (Toledo-1). From Quinnan et al. (1984b).
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TABLE V. Correlation of Severity of CMV Infection in Bone Marrow
Transplant Recipients with Failure to Develop a CMV-Specific Cytotoxic
Lymphocyte Response?

Cause of death

CMV-specific cytotoxic Interstitial
responses N pneumonitis CMYV infection Other
Responders 34 9 0 7
p < 0.01 p < 0.001
Nonresponders 14 10 7 7

¢ From Quinnan et al. (1984a).

IV. EVIDENCE THAT VIRUS-SPECIFIC CYTOTOXIC
LYMPHOCYTES DETERMINE THE OUTCOME OF CMV
INFECTIONS

Studies in humans have consistently demonstrated a correlation be-
tween cytotoxic lymphocyte responses and a favorable outcome of CMV
infection. In bone marrow transplant recipients with CMV infection, the
occurrence of a CMV-specific cytotoxic response correlates with a de-
creased likelihood of interstitial pneumonitis and death, as shown in
Table V (Quinnan et al., 1982b). In these same individuals, pretransplant
antibody status did not correlate with outcome. There was a tendency
for patients who survived infection to develop higher antibody responses
during infection, but the difference was not statistically significant. Sim-
ilar results have been obtained in renal transplant recipients as sum-
marized in Table VI. Both the severity of manifestations directly attrib-
utable to CMV infection, and the incidence of complications are greater
in patients who fail to develop these responses (Rook et al., 1984). In
addition, renal transplant recipients with CMV infections who failed to
develop virus-specific cytotoxic responses had clinical courses charac-
terized by persistent viremia eventuating in death or loss of graft. Re-
covery from infection with conversion of cultures to negative did not
occur in these nonresponders until after loss of the graft and discontin-
uation of immunosuppressive drug therapy.

Recently, we have found that patients with AIDS also fail to develop
CMV-specific cytotoxic responses (Quinnan et al., 1984c), and progress
to fatal infection (Macher et al., 1983) despite very high titers of antibodies
to CMV in their serum. These results suggest that the cell-mediated im-
mune responses are important in determining the outcome of infection.

Studies in mice also suggest that CMV-specific CTL are the most
important effector cells in CMV infection. Mice develop CTL responses
that are similar to those seen in humans, and are restricted by the MHC
class I antigens, H-2D and K (Quinnan and Manischewitz, 1979). Nude
mice, deficient in T-cell responses, are extremely susceptible to CMV
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TABLE VI. Signs of Clinical Illness and Complications of CMV Infection in
Relation to Responder and Nonresponder Status®

Patient group

Responders Nonresponders
(N = 14) (N =6)
Clinical findings
Fever 4 5
Leukopenia 2 5
Thrombocytopenia 0 4
Elevated serum transaminases 4 5
Total with any 3 findings 0 5b
Complications
Superinfection 0 3
Interstitial pneumonitis 0 1
Pancreatitis 0 1
Death 0 1
Total with any complication 0 5b
Viremia = 3 weeks 0 5
Acute allograft dysfunction 1 4¢

9 From Rook et al. (1984).

b Findings and complications were more frequent in nonresponders than responders (x> = 11.4, p <
0.001).

¢ Allograft dysfunction was more common in nonresponders (x> = 5.1, p = 0.02).

infection (Starr and Allison, 1977). Ho (1980) has shown that adoptive
transfer of CTL confers protection to mice of the same but not of a different
H-2 type. Although the immune cells transferred undoubtedly included
other types of effector cells, the finding that the protective effect was H-
2-restricted suggests that the CTL determined recovery from infection.

V. EVIDENCE THAT NK CELLS AND OTHER LARGE
GRANULAR LYMPHOCYTES ARE IMPORTANT IN CMV
INFECTIONS

Increased NK cell activity during CMV infection was first demon-
strated in mice (Quinnan and Manischewitz, 1979). This response is prob-
ably induced by IFN produced during the first few days of infection (Gid-
lund et al., 1978; Grundy et al., 1982; Quinnan et al., 1982a). Suppression
of NK cell activity by hydrocortisone treatment of mice is accompanied
by a decrease in the mononuclear cell infiltrate in lungs of mice with
interstitial pneumonitis, and an increase in pulmonary virus replication
(Quinnan et al., 1982a). These effects occur earlier in the course of in-
fection than CTL or antibody responses, thus indicating that the suppres-
sion of NK cells may be the specific mechanism by which drug treatment
is responsible for the increase in virus replication. Studies in mice ge-
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FIGURE 4. Natural killer cell and
serum interferon response in
healthy volunteers experimen-
tally infected with a low-passage
strain of CMV (Toledo-1). From
Quinnan et al. (1984b).

netically susceptible or resistant to CMV (Grundy et al., 1981) have pro-
vided further support for the hypothesis that NK cells are important de-
terminants of the outcome of infection (Bancroft et al., 1981). The
mechanism by which NK cells might mediate such an effect is not cer-
tain. They lack viral antigen-specificity but are frequently more cytotoxic
for infected than uninfected target cells (Diamond et al., 1977; J. F. Man-
ischewitz and G. V. Quinnan, unpublished observations). The most con-
vincing evidence that NK cells mediate an antiviral effect in mice was
demonstrated by Bukowski et al. (1983). They found that susceptibility
of mice to infection was increased by administration of antibody to asialo-
GM;,, a treatment that reduced NK cell activity without affecting CTL
responses. The magnitude of the role of NK cells in murine CMV infec-
tion appears to be relatively small, however. When comparing mice that
are susceptible or resistant based either on genetic background or on NK
cell suppressive therapy, the differences in lethal dose of CMV were only
2- to 10-fold. By comparison, nude mice have normal NK cells but sus-
ceptibility is increased by 1000-fold or more (Starr and Allison, 1977).
Evidence from studies in mice, therefore, indicates that NK cells probably
have a specific but minor role in resistance to CMV infection.

NK cell activity also correlates with susceptibility to serious CMV
infection in humans (Quinnan et al., 1982b). NK cell cytotoxicity in-
creased during human CMYV infection of experimentally infected healthy
volunteers (Fig. 4). This response was coincident with an increase in [FN
production, similar to the response in mice, but it followed, rather than
preceded, the CTL response (Quinnan et al., 1984b).

In transplant recipients it has not been clearly demonstrated that
this increase in NK cell activity occurs. However, the level of NK cell
cytotoxicity measured during infection correlates with both the outcome
of infection and cytotoxic T-cell responses. The latter is shown in Table
VII, and similar comparisons are obtained in both bone marrow and renal
transplant recipients (Quinnan et al., 1982b; Rook et al., 1984). NK cell
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TABLE VII. Relationship of CMV-Specific and Natural Killer Cell
Cytotoxicity in CMV-Infected Transplant Recipients

Percent lysis of K562 target

CMV-specific cells
Study group  cytotoxic responses N (E:T = 50:1)
BMTR* Responders 32 423 = 10.3
Nonresponders 13 210+ 87 P < 0.001
RTR? Responders 14 273 * 12.6
Nonresponders 6 173« 79 P <001

2 From Quinnan et al. (1984c).
b From Rook et al. (1984).

cytotoxicity is also low in patients with AIDS (Siegal et al., 1981; Quin-
nan et al., 1984c). The consistency of the association of low NK cell
activity with an unfavorable outcome suggests that these effectors may
have a direct role in human CMV infections, but other possibilities should
also be considered. For example, they may be depressed by the same fac-
tors (e.g., drug therapy) that depress CTL responses (Rook et al., 1984),
or depressed NK activity may simply reflect a more generalized depres-
sion of the lymphokine-producing activity of LGL (Kasahara et al., 1983).
The significance of the noncytotoxic functions of LGL has been empha-
sized recently in studies of patients with AIDS, as will be discussed below.
The various possible explanations for the correlation of NK cell activity
with outcome of CMYV infection are not mutually exclusive. The exten-
sive evidence from human and animal studies strongly suggests that one
or more functions of LGL are vitally important for resistance to this in-
fection.

VI. CAUSES OF DEPRESSED CYTOTOXIC T-CELL
RESPONSES AND NK CELL ACTIVITY IN HIGH-RISK
POPULATIONS

A principal objective of studies of immune responses to CMV infec-
tion is to develop concepts that can be turned to therapeutic advantage.
With this objective in mind, we have attempted to define the reasons
why some patients fail to develop CTL responses. In renal transplant
recipients, steroid therapy has been correlated with nonresponsiveness
in the CTL assay (Table VIII). When patients studied during CMV infec-
tion had received high-dose steroids prior to the time the testing was
performed, CTL responses were frequently absent (Rook et al., 1984). This
analysis was particularly revealing as the suppressive effect of steroids
was not immediate. If the high-dose prednisone had been given within 4
days of the time that the blood was drawn, but not earlier, a normal
cytotoxic response was observed. If the prednisone was given between 5
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TABLE VIII. Methylprednisolone Effect on Cytotoxic T-Cell Precursors®

Interval between administration of CMV-specific cytotoxic responses
methylprednisolone and assay date (assays positive/total assays)
None given 10/12
0-4 days 4/4
5-10 days 2/10
10-14 days 3/10
>14 days 5/6

2 From Rook et al. (1984). Intravenous methylprednisolone 1 g/day.

days and 2 weeks before the assay date, there was usually no detectable
cytotoxicity. These results suggest that the steroids probably did not sup-
press mature CTL, but rather suppressed the precursors of these effector
cells. These patients were all individuals who had antibodies to CMV
before transplantation. The syndrome described by these studies was,
therefore, one of graft rejection treated by high-dose prednisone followed
by severe CMYV infection with absent CTL responses and persistent vi-
remia eventuating in death or graft loss. These findings indicate that
judicious use of steroids is critical, and that a search for methods to re-
verse steroid effects may be rewarding.

The CTL responses observed in bone marrow transplant recipients
are often greater in magnitude than in renal transplant recipients, as
shown in Table IX. This difference was originally interpreted as evidence
that the protective effect of CTL may be more significant in the former
group. However, the recognition that steroids were important raised the
possibility of an alternative explanation. The renal transplant patients
were routinely treated with low to moderate doses of steroids continu-
ously for weeks postransplant, whereas bone marrow transplant recipi-
ents generally received steroids for specific treatment of graft-versus-host
disease. When the magnitude of cytotoxic responses observed was com-
pared after stratification for dose of steroids received, the responses found
were remarkably similar (G. Quinnan et al., unpublished data). Likewise,
it was found that nearly all bone marrow transplant recipients who had
received no steroids developed CTL responses, whereas only about half
of those on maintenance steroids for graft-versus-host disease developed
these responses. The significance of the steroid therapy is further em-
phasized by the finding that there was no association between graft-ver-
sus-host disease and nonresponsiveness unless patients were still receiv-
ing steroids when CMYV infection developed. Nevertheless, steroids are
not the only factor of significance in this population, as some patients
not on steroids fail to respond, and some individuals receiving steroids
do respond. There must be at least one other determinant of the capacity
of transplant patients to develop CTL. This determinant did not appear
to be an immunoregulatory dysfunction, for the ability to develop cy-
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FIGURE 5. Effect of IL-2 on CMV-specific cytotoxicity of lymphocytes from healthy vol-
unteers and patients with AIDS. From Rook et al. (1983).

totoxic T-cell responses did not correlate with abnormal numbers of
helper or suppressor lymphocytes (G. Quinnan et al., unpublished ob-
servations).

The data pertaining to the cause of deficient CTL responses in AIDS
patients are particularly revealing. These patients’ lymphocytes have in-
creased responsiveness to IL-2, as shown in Fig. 5(Rook et al., 1983). They
do not respond to IFN-B, as shown in Fig. 6. Similar results were found
in testing virus-specific cytotoxicity. Responsiveness of lymphocytes to
IL-2 is dependent on their being activated by IL-1 (Larsson et al., 1980).
In AIDS patients, therefore, there are apparently activated cytotoxic T-
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FIGURE 6. Effect of interferon-3 on CMV-specific cytotoxic lymphocytes from healthy
volunteers and patients with AIDS. From Rook et al. (1983).

cell precursors present, but the cells do not mature into effector cells in
vivo. The fact that they mature readily under the influence of IL-2 lo-
calizes the maturation arrest to the proliferation stage and suggests that
the activated precursors are not being exposed to IL-2 in vivo. A depres-
sion of production of at least one lymphokine, IFN-q, is also characteristic
of AIDS (Lopez et al., 1983) and a number of findings indicate that there
is a generalized depression of LGL functions (Quinnan et al., 1984c). Pro-
duction of IL-2 can be induced in vitro, for the lymphocytes from these
patients proliferate in response to Con A (Fig. 7). The lymphokine-pro-
ducing cells must be present, therefore, but suppressed. Studies were per-
formed to determine whether this suppression was mediated by sup-
pressor cells or a soluble factor, and whether the inhibition was at the
level of IL-2 production or effect. These studies revealed that the cause
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et al. (1984c).

of the T-cell maturation arrest appeared to be a soluble factor in serum
of AIDS patients that inhibited production of IL-2 (F. Siegal et al., un-
published observations). The potential implications of this result for ther-
apy are self-evident.

These studies have demonstrated that it is possible to define abnor-
malities of immune responses very specifically. Risk factors for severe
infections can be determined more readily once the mechanism by which
they produce their effects is understood, and appropriate modificatons in
patient management can be made with greater confidence. The proce-
dures involved in defining these abnormalities are simple, and the results
are easily understood if the studies are performed in a systematic, step-
wise fashion.

VII. DELAYED-TYPE HYPERSENSITIVITY RESPONSES TO
CMV

In marked distinction to the current state of understanding of the
roles of cytotoxic effector cells in defense against these infections, very
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little is known about DTH responses to CMYV. It is important to recognize
that the effector cells mediating DTH and T-cell cytotoxicity are distinct
and are subject to differing immunoregulatory controls (Nash and Ash-
ford, 1982). Because they are distinct, the biological roles of the two types
of T-cell effectors may also be different.

The only method currently available that may be useful for meas-
uring DTH responses to CMYV is by skin test reactivity. This response
has been manifest in recipients of the Towne strain vaccine who develop
a local reaction at the injection site about 10 days after vaccination (Quin-
nan et al., 1984b). The response occurs in seronegative but not in sero-
positive individuals. It is possible that this difference results from greater
virus replication locally in the seronegative individuals. However, we
have recently made observations that suggest that the DTH response is
actively suppressed in previousiy immune individuals. Seropositive vol-
unteers experimentally infected with a virulent strain of CMV developed
systemic virus infection, but no local reactions (Quinnan et al., 1984b).
They did, on the other hand, develop cytotoxic T-cell responses, sug-
gesting that the DTH response was selectively suppressed. This obser-
vation could be relevant to the effects of CMV infection in renal trans-
plant recipients. Primary rather than secondary CMV infection appears
to be a risk factor for graft rejection (Betts et al., 1977), and CTL responses
correlate negatively with graft rejection (Rook et al., 1984). It may be that
the DTH response occurring in primary infection induces or exacerbates
rejection.

VIII. CMV-INDUCED IMMUNE SUPPRESSION

It is somewhat paradoxical that recovery from CMYV infection is more
dependent on cellular immunity than is the case with most other viruses
yet CMYV infection itself has profound suppressive effects on cellular im-
munity. The clinical relevance of these effects is manifest by increased
susceptibility to other opportunistic infections (Rand et al., 1978) in pa-
tients infected with CMV. The specific mechanisms responsible for this
increased susceptibility are unknown, but some potentially relevant ef-
fects have been described. CMV infection is frequently accompanied by
a depressed lymphocyte response to T-cell mitogens (Howard et al., 1974;
Booss and Wheelock, 1977; Rinaldo et al., 1980, Quinnan et al., 1981).
This effect has been attributed, on the basis of in vitro studies, to direct
effects of the virus on lymphocytes or to the effects of soluble factors in
serum (Booss and Wheelock, 1977). There are also suppressor cell re-
sponses induced in patients with CMV infection. Bixler and Booss (1981}
have reported evidence of an adherent cell suppressor response, possibly
involving monocytes. Carney et al. (1981) have observed increased num-
bers of T cells of the suppressor phenotype in patients with CMYV infec-
tion, observations confirmed by us (Fig. 8). An impressive aspect of this
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suppressor response is its persistence. The results shown in Fig. 8 are
from individuals with mild CMV infections (Quinnan et al., 1984b.) They
had persistent inversions of the normal ratio of helper cells to suppressor
cells for 6 months after onset of infection. Which of these laboratory
abnormalities is relevant to the clinically significant immunosuppression
caused by CMV remains to be determined.

IX. CMV-INDUCED IN VITRO LYMPHOCYTE
BLASTOGENESIS

The antigen-specific in vitro lymphocyte blastogenic response is a
measure of immunological memory. Patients without in vitro blastogenic
responses during infection, either seropositive or seronegative, can de-
velop adequate effector cell responses, and the blastogenic response does
not predict the outcome of infection (Quinnan et al., 1982b). Neverthe-
less, this response does have potential relevance to understanding im-
munity to CMV if it is understood as a measure of the capacity for antigen-
specific lymphocyte activation and proliferation.

X. CELLULAR IMMUNE RESPONSES TO CMV VACCINE

The complex nature of immunity to CMV has generated uncertainty
with regard to whether a vaccine could be efficacious. It is not known
which immune responses are responsible for protective immunity. As a
result, there are no laboratory tests that predict reliably which individuals
are resistant to infection. A comprehensive description of the immune
responses to the vaccine is of value, so that the extent to which vaccine-
induced immunity parallels that induced by natural infection can be ap-
proximated. Plotkin et al. (1976) have demonstrated that the Towne vac-
cine reliably induces both antibody and lymphocyte blastogenesis re-
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sponses in healthy volunteers. We have recently demonstrated that the
vaccine induces CTL responses. These responses were lower in magni-
tude and shorter in duration than those occurring during infection with
a low-passage, virulent virus, but there were nevertheless distinct in-
creases in HLA-restricted cytotoxicity (Quinnan et al., 1984b). The same
individuals did not develop inversions of helper-to-suppressor cell ratios,
indicating that the vaccine may induce the crucial cellular responses
without causing immunosuppression. The effectiveness of these re-
sponses in preventing subsequent infection or disease in vaccinated in-
dividuals is still being studied.

XI. CONCLUSION

The importance of CMV as a cause of human disease in many dif-
ferent settings is more related to the overriding significance of cell-me-
diated immunity than it is to the inherent virulence of the agent itself.
As a result of many recent advances in the general field of cellular im-
munology, it is now possible to define the effector cell functions that are
important for defense of the host and to understand why they fail to
develop in some individuals. Systematic study of cellular immunity in
CMV infections should facilitate development of methods for modulating
immune responses to the benefit of the patient while advancing our un-
derstanding of cellular immunity to virus infections in general.
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CHAPTER 7

In Vivo Studies of Epstein—
Barr Virus and Other
Lymphotropic Herpesviruses
of Primates

HarvEYy RABIN

I. INTRODUCTION

The Epstein—Barr virus (EBV) of man is a member of a large group of
lymphotropic herpesviruses of primates. These viruses have been isolated
from prosimians, New World and Old World monkeys, apes, and man.
The isolates fall into three groups. The first group includes EBV and re-
lated viruses of Old World monkeys and apes. The DNAs of EBV and
these viruses of higher primates show a substantial degree of sequence
homology (~ 40%). Moreover, their genomes share a common structure,
and are colinear with each other. Their proteins show extensive antigenic
cross-reactivity but differences among them can be observed especially
in the case of their nuclear antigens. These viruses are B cell tropic and
can immortalize B lymphocytes in tissue culture. The viruses of New
World monkeys form a second distinct group. These viruses are not re-
lated to EBV and the EBV-like viruses but are related to each other an-
tigenically and by DNA homology. They have a common genome struc-
ture, which is different from that of EBV, and are T cell tropic. These
viruses are cytolytic for nonlymphoid cells in vitro and are also capable
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TABLE 1. Lymphotropic Herpesviruses of Primates

Lympho- In vitro
Virus cyte tro-  transfor-
Family (species of isolation) pism mation Disease association
Hominidae (human) EBV (man) B + Infectious mononucleosis,
Burkitt’s lymphoma,
nasopharyngeal carcinoma,
polyclonal
lymphoproliferative
disease/lymphoma,
experimental
lymphoproliferative
disease/lymphoma
Pongidae (apes) H. pongo (orangutan) B + Isolation from B-cell culture of
leukemic animal
H. pan (chimpanzee) B + NR“
H. gorilla {gorilla) B + NR
Cercopithecidae H. papio (baboon) B + Lymphoid disease in Sukhumi
(Old World baboon colony,
monkeys) experimental lymphoid
disease in marmosets
Undesignated EBV- B + Isolation from cultured B cells
like (macaque) of immunosuppressed organ
transplant recipient with
lymphoma
AGM-EBV (African NR NR NR
green monkey)
Cebidae (New H. saimiri (squirrel T + Lymphoma in related species
World monkeys) monkey) and in rabbits
H. ateles (spider T + Lymphoma in related species
monkey) and in rabbits
Tupaiidae THV-2 (tree shrew) NR NR Lymphoma in tree shrews,
(prosimian) thymic hyperplasia and
thymoma in rabbits
THV-3 (tree shrew) NR NR Thymic hyperplasia and

thymoma in rabbits

? NR, not reported.

of immortalizing T cells in tissue culture. Isolation of a third group of
primate herpesviruses has been reported from tree shrews, Tupaia glis
belangeri, a prosimian species. These viruses are differentiated by their
characteristic genome structure.

As shown in Table I, EBV has been associated with several diseases
of man. The difficulty of assigning a clear etiologic role to EBV for many
of these diseases is well known. For many of the other lymphotropic
herpesviruses, which, like EBV, appear to be also widely distributed in
their host populations, the same difficulty pertains. Moreover, less is
known about naturally occurring disease in most of these species than
is known for man and, in general, relatively few isolates of each virus
have been made. Therefore, at the present time, only limited significance
can be given to the fact that several of these viruses have been isolated
from cultures established from tumor-bearing animals. By the same
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token, the lack of apparent pathogenicity of certain viruses for their nat-
ural host species does not necessarily imply a total lack of the ability of
these viruses to cause disease in these species. One circumstance that
has afforded the opportunity for study of virus association with disease
within a species was at the large baboon colony at the Institute for Ex-
perimental Pathology and Therapy at Sukhumi, USSR, where an outbreak
of lymphoproliferative disease has been continuing for several years.

Studies of EBV in experimental hosts were undertaken to explore the
oncogenic potential of this virus and to determine if a model for human
disease could be developed in a nonhuman primate host. Similar studies
have been performed with Herpesvirus papio and in particular with the
T-cell-tropic herpesviruses of New World primates, H. saimiri and H.
ateles. In this review, I will cover some aspects of experimental infection
with EBV, describe the studies on the relationship between H. papio and
lymphoproliferative disease in baboons, and discuss some of the newer
findings on experimental T-cell disease induced by H. saimiri. I will also
describe certain aspects of preliminary studies with other selected vi-
ruses, in particular an EBV-like virus of macaques and the tree shrew
herpesviruses, THV-2 and THV-3.

II. EBV IN NEW WORLD PRIMATES
A. Host Range for Disease Induction

Earlier studies on tumor induction by EBV have been reviewed (Frank
et al., 1976; Miller, 1979) and I will attempt mainly to present some of
the more recent findings. Table II shows those species of nonhuman pri-
mates in which some form of progressive, fatal lymphoproliferative dis-
ease has been induced. Gibbons have also been shown to be susceptible
to EBV but progressive disease did not develop (Werner et al., 1972). The
species that seems most susceptible to specific EBV-induced disease is
the cotton-topped marmoset (Saguinus oedipus). Several investigators
have been able to induce disease in this species since the original obser-
vations by Shope et al. (1973). A variety of inocula have been used (cell-
free transforming virus, various transformed cells) with positive results.
EBV-positive cell lines can be established from these animals and EBV
DNA or EBV nuclear antigen (EBNA) has been detected in tumor tissue.
White-lipped marmosets (S. fuscicollis, S. nigricollis) have proved largely
insusceptible to EBV. A tumor was produced in a single animal after
repeated inoculation of the B95-8 strain of EBV by both intraperitoneal
and intramedullary routes (Sundar et al., 1981). EBV DNA was detected
at a low level in an affected lymph node but cell lines could not be es-
tablished. Falk et al. (1976b) reported the induction of fatal lymphopro-
liferative disease in seven out of eight common marmosets (Callithrix
jacchus)inoculated with B95-8 virus. These monkeys developed antibody
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TABLE II. Nonhuman Primates Susceptible to EBV-Induced
Lymphoproliferative Disease

EBV DNA
or EBNA in
Cell lines  tumor or
Species Antibody conversion? established cell culture Progressive disease References
Cotton-topped mar- VCA, EA, EBNA, + + Lymphoproliferative  Shope et al. (1973),
moset neutralizing disease/lymphoma Wermner et al.

(~ 30%) (1975}, Deinhardt
et al. (1975), Rabin
et al. (1976b,
1977b), Miller et
al. (1977), Johnson
et al. (1983)

White-lipped marmo- VCA, EA - + Lymphoma (1 animal) Sundar et al. (1981)

set

Common marmoset VCA, EA +/= +/~- Lymphoproliferative Falk et al. (1976b),

disease (~ 50%) Ablashi et al.
(1978, 1983)

Owl monkey VCA, EA, EBNA + + Lymphoproliferative ~ Epstein et al.
disease/lymphoma (1973a,b, 1975),
(1 animal) Rabin et al. (1976b)

2 VCA, viral capsid antigen; EA, early antigen; EBNA, Epstein—Barr virus nuclear antigen.

to viral capsid antigen (VCA) but not to early antigen (EA) or EBNA. The
affected tissue appeared to be EBNA negative and continuous cell lines
could not be established. Ablashi et al. (1983) reported a fatal lympho-
proliferative disease in a common marmoset given two widely separated
inocula of the Ag876 strain of EBV along with multiple inoculations of
the tumor promoter 12-O-tetradecanoylphorbol-13-acetate (TPA). EBV
DNA was apparently detected in affected tissue as was EBNA. Short-term
cultures of affected lymph node were positive for VCA. A second mar-
moset inoculated with EBV but not TPA did not develop a tumor and a
marmoset inoculated only with TPA similarly did not develop a tumor.
Earlier attempts by this group to induce tumors with EBV (B95-8) in com-
mon marmosets in the absence of TPA were unsuccessful (Ablashi et al.,
1978). Thus, it would seem that EBV can induce a lymphoproliferative
disease in common marmosets, which, with the exception noted, may
not involve stable virus transformation of B cells. A lymphoproliferative
disease compatible histologically with certain forms of malignant lym-
phoma was induced in one out of three owl monkeys inoculated with a
frozen and thawed suspension of EB3 cells (Epstein et al., 1973a). A cell
line established from this animal was positive for both EBV DNA and
EBNA (Epstein et al., 1973b,1975). Inoculation of cell-free owl monkey-
passaged EB3 virus or B95-8 virus into six additional owl monkeys failed
to produce progressive disease (Rabin et al., 1976b).

B. Clonality of Tumors in Cotton-Topped Marmosets

EBV, in man, has been associated with (1) monoclonal lymphoid dis-
ease, Burkitt’s lymphoma, or polyclonal lymphoid disease and (2) infec-
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TABLE III. Immunoglobulin Light Chain Expression on in Vivo-Derived EBV-
Positive B Cells in Culture®

Immunoglobulin light chain
(% positive)

Marmoset/cell line K A
79-E-1
Peripheral lymph node 5 54
Mesenteric lymph node 19 42
Spleen 10 17
79-DP-2
Peripheral lymph node 30 18
Mesenteric lymph node 13 23
Spleen 36 20
79-X-2
Mesenteric lymph node 61 15

Months in culture

4 16 4 16

1605
Mesenteric lymph node 0 0 40 30
Liver 0 0 40 15
Spleen 0 0 40 2

9 Data from Johnson et al. {1983) and Rabin et al. (1977b).

tious mononucleosis and various lymphomalike conditions (reviewed in
Klein and Purtilo, 1981; Gilden and Rabin, 1982). It was of interest, there-
fore, to obtain information on the clonality of disease produced by EBV
experimentally. Johnson et al. (1983) established several continuous cell
lines from two cotton-topped marmosets that died of EBV-induced lym-
phoproliferative disease. Histologically, the lesions in the marmosets re-
sembled fatal cases of human infectious mononucleosis. Staining of these
lines and another line established from a marmoset with mild lesions for
surface immunoglobulins revealed the presence of IgM-positive cells and
a low percentage of IgD-positive cells. Both k-positive and A-positive cells
were seen in each culture from all three marmosets (Table III). Moreover,
both k-positive and A-positive chains were secreted into culture medium
by these various lines. The lines failed to show evidence of a marker
chromosome suggestive of clonal origin or of a marker similar to those
characteristic of Burkitt’s lymphoma. These cells, moreover, had a low
cloning efficiency in soft agar medium and failed to induce tumors in
nude mice by the subcutaneous route. Thus, these cells resembled lym-
phoblastoid cell lines rather than the clonal lines characteristic of Burk-
itt’s lymphoma (Nilsson et al., 1977). In contrast, cell lines were estab-
lished from three widely separated tumors in another cotton-topped
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marmoset (Rabin et al., 1977b). These cells exhibited both IgM- and IgG-
positive cells but the only light chain detected was \ (Table III). Clonal
sublines derived from all three parent lines also were positive only for \.
Moreover, each line showed the loss of one homolog of a pair of medium-
sized metacentric chromosomes, which occurred in about 50% of the
metaphase spreads in each line, suggesting that the lines shared a com-
mon origin. The liver and spleen lines were indistinguishable karyotyp-
ically but the lymph node line had a marker chromosome. Thus, these
cells showed characteristics of being a uniclonal population. No evidence
for a Burkitt’s lymphoma-like translocation was seen. Therefore, it would
appear from histopathologic evidence and from the limited observations
on surface immunoglobulin and karyotype that both fatal polyclonal lym-
phoproliferative disease and disease more compatible with monoclonal
lymphoma can be induced in cotton-topped marmosets by EBV.

C. Potential Use of Cotton-Topped Marmosets in EBV Vaccine
Development

One other area of potential use for cotton-topped marmosets in EBV
research should be mentioned and that is the use of these animals for
vaccine development. It has been shown by several laboratories that mon-
oclonal antibodies directed against EBV membrane antigens have virus-
neutralizing activity (Hoffman et al., 1980; Thorley-Lawson and Geilin-
ger, 1980; Strnad et al., 1982). These membrane antigens can be extracted
and used as effective immunogens to induce EBV-neutralizing antibody
(Thorley-Lawson, 1979). Recently, a highly purified membrane antigen,
gp340 (340,000-dalton glycoprotein) was incorporated into liposomes and
used as an immunogen in mice where strong neutralizing antibodies were
induced (North et al., 1982). Cotton-topped marmosets, which are sus-
ceptible to EBV-induced disease, would play an important role in further
EBV vaccine development. Work of this type has recently been initiated
in which several types of gp340 preparations are being tested in marmosets
(Epstein and Morgan, 1983).

III. Herpesvirus papio AND LYMPHOPROLIFERATIVE
DISEASE IN BABOONS

A. Background

Beginning in 1967, there has been an ongoing outbreak of lymphoid
disease in baboons (Papio hamadryas) at the Institute of Experimental
Pathology and Therapy in Sukhumi, USSR. The first cases were recorded
after the introduction into the colony of animals that had been inoculated
with various human leukemic material. The cases are confined to the
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main colony where the inoculated animals had been introduced. No cases
have been observed in a geographically remote forest colony nor in sep-
arate areas at the main reservation where contact with diseased or in-
oculated animals has been avoided (Lapin, 1975). Mortality in the colony
from lymphoid disease has varied between approximately 1.0 to greater
than 2.0% per year. As the colony has several hundred baboons, this has
amounted to up to 20 deaths per year (Neubauer et al., 1979). The majority
of cases have been classified as non-Hodgkin’s lymphoma of the lymphoid
type but other types of lymphoid tumors have also been seen (Yakovleva
et al., 1980). Most tumors have appeared to be comprised of B cells but
T-cell and non-T-, non-B-cell tumors have also been reported (Yakovleva
et al., 1980). Clinical signs of disease include marked splenomegaly and
lymphadenopathy and other symptoms such as gingivitis, dermatitis, and
increased skin pigmentation. There is also evidence of an immuno-
depression associated with disease in terms of hyporesponsiveness of pe-
ripheral blood leukocytes to phytohemagglutinin and concanavalin A
(Neubauer et al., 1980). Another feature of the disease is the high fre-
quency of chromosome breaks and structural rearrangments, especially
involving chromosomes 20 and 1, in cells from lymph nodes, spleen, and
bone marrow of diseased baboons (Markaryon, 1980).

The epidemiologic features of the outbreak suggest an infectious
etiology as all cases have occurred where there has been contact between
either inoculated baboons or baboons with spontaneous disease and
healthy baboons (Lapin, 1975). Cases have also arisen following inocu-
lation of blood from one baboon to another (Falk et al., 1976a). Most cases
have occurred in colony-born animals greater than 5 years old (Lapin,
1973).

B. Virus Isolates

Attempts to culture tumorous tissue, cocultivation of tumor tissue
with various indicator cell lines, and the establishment of continuous B-
cell lines have led to the isolation of several types of viruses from lym-
phomatous baboons. These isolates have included an endogenous type C
retrovirus (Goldberg et al., 1974), a foamyvirus (Rabin et al., 1976a), a
cytomegalovirus (H. Rabin and R. Hopkins, unpublished results), and an
EBV-related herpesvirus, H. papio (Falk et al., 1976a; Rabin et al., 1977a).
Moreover, electron microscopic examination of tumor tissue and plasma
from affected monkeys has revealed both type C retrovirus particles and
herpesvirus particles (Lapin, 1973, 1975, 1976).

C. Antibody Patterns to H. papio-Associated Antigens

Several B-cell lines were established from lymphomatous baboons
(Agrba et al., 1975; Dyachenko et al., 1976; Falk et al., 1976a; Rabin et
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al., 1977a). These lines were found to be good sources of H. papio antigens
and transforming virus. Preliminary serologic screening of sera indicated
that antibodies to H. papio VCA were present in sera of baboons from
Sukhumi and elsewhere (Falk et al., 1976a; Lapin, 1976; Rabin et al.,
1977a). Initial titrations suggested that antibody titers in the sera of dis-
eased baboons and their contacts in the main colony were higher than
in sera of the geographically separated and disease-free forest colony
(Lapin, 1976). Based on these observations, in collaboration with Lapin
and his associates, we undertook a serologic study of three groups of
baboons from Sukhumi: (1) those with clinical disease, (2) baboons in
contact with diseased animals but not, themselves, showing clinical dis-
ease, and (3) healthy baboons from the forest colony. We hoped to de-
termine by this study if H. papio would show a serologic relationship to
disease similar to that shown by EBV to Burkitt’s lymphoma. The results
showed that diseased baboons had, as a group, antibodies to more H. papio
antigens, VCA, EA, soluble, and nuclear, and at higher titers than the
contact or forest baboons (Neubauer et al., 1979a). Differences among
groups were evident in terms of the geometric mean titers (GMT) of anti-
VCA (highest in the diseased group) and in the frequency and GMT of
anti-EA (high in diseased and contact groups and low in the forest group).
The frequency of antisoluble antigen and of antinuclear antigen were also
highest in the diseased group. The frequency and titer of anti-EA also
tended to show a correspondence with the anti-VCA titer in the diseased
group whereas it did not in the contact group. Antibodies to two other
virus isolates from Sukhumi baboons, a foamyvirus and a cytomegalo-
virus, failed to show disease-related patterns. These general serologic pat-
terns with H. papio antigens were subsequently confirmed (Lapin et al.,
1982). The levels of significance in frequencies and titers between dis-
eased and contact animals, where significant, are not as high (p < 0.05)
as they are between diseased and forest animals (p < 0.001). This is not
surprising as the disease may have a variable incubation period (Lapin,
1975) and thus, some contacts may be in a subclinical stage of the diseases
and, as mentioned, there have been several types of lymphoid tumors
described at Sukhumi (Yakovleva et al., 1980) and H. papio may not
necessarily play a role in all of them. Moreover, other factors, such as
importation history and time after contact with diseased animals, have
been reported to affect antibody titers to H. papio (Lapin et al., 1980a).
The high frequencies of anti-EA (> 60%) in the main colony also sug-
gested that much recent infection and possible reinfection may be taking
place. This possibility is supported by the finding that it has proved rel-
atively easy to recover infectious virus from oral swabs of animals in the
main colony but not from those in the forest colony (Agrba et al., 1980;
Lapin et al., 1982).

D. Presence of Viral DNA in Tumor Tissue and Spleen

Preliminary results with limited numbers of samples suggested that
H. papio DNA could be detected in tumor tissue and spleens of lym-
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phomatous baboons but not from uninvolved tissue or normal spleen
(Neubauer et al., 1980; Lapin et al., 1980b). Subsequently, it was reported
that H. papio DNA could be detected in spleen cells of diseased baboons
and in spleens of animals in clinical remission (Dyachenko et al., 1981).
Of seven healthy or nonlymphomatous monkeys, only one showed a low
level of H. papio DNA in its spleen. These results again are suggestive
that H. papio may play a role in the etiology of lymphoid disease in
Sukhumi.

E. Experimental Disease in Cotton-Topped Marmosets

In addition to its ability to immortalize B cells in vitro, there is some
evidence that H. papio can induce disease experimentally. Inoculation of
large numbers (1.3—5 x 10®) of H. papio-producing baboon cells into adult
cotton-topped marmosets induced an acute, fatal, widely disseminated
lymphoproliferative disease. Affected tissue was negative for hybridiza-
tion with an EBV DNA probe but several cell lines were established from
inoculated animals. These lines all had marmoset karyotypes and some
B-cell characteristics, but none was positive for viral antigens. One cell
line was positive for EBV-related DNA in hybridization with EBV cRNA
(Deinhardt et al., 1978). White-lipped marmosets did not develop disease
with a similar inoculum nor did newborn cotton-topped marmosets. Au-
tologous nonproducer cells failed to induce disease as did inoculation of
large numbers of producer cells established from a healthy baboon. In
other studies, inoculation of cell-free virus or H. papio-positive cell lines
into several species of nonhuman primates (cotton-topped marmosets,
yellow baboons, stump-tailed macaques, and rhesus monkeys) did not
result in induction of progressive disease although, as judged by sero-
conversion and virus shedding, the recipients generally were infected
(Gerber et al., 1977; Lapin et al., 1980b; H. Rabin, unpublished results).
Inoculation of laboratory rodents and rabbits similarly did not induce
disease (Lapin et al., 1980b).

F. Summary of Features of the Disease and Possible Similarity
to Other Diseases of Captive Monkeys

To summarize the features of the outbreak at Sukhumi, it would
appear that several types of lymphoid tumors have been occurring in the
main colony for the past several years. Cases were first noted subsequent
to the introduction into the colony of baboons that had been inoculated
with human leukemic material. The disease has features of an infectious
condition as all cases have been related to contact with either inoculated
baboons or diseased baboons. Several viruses have been isolated from the
colony and one of these, H. papio, shows a disease-related serologic pat-
tern. This virus has also shown a certain capacity to induce lymphopro-
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liferative disease in adult cotton-topped marmosets. Baboons with lymph-
oid disease show signs of immunosuppression and a high degree of viral
shedding. Certain features of the disease, its effect on the lymphoid sys-
tem, its possible infectious nature, its sudden appearance, and its restric-
tion to certain colonies resemble an acquired immune deficiency syn-
drome (simian AIDS) seen in other colonies of Old World monkeys
(Henrickson et al., 1983; Letvin et al., 1983). A way to get further insight
into the role of H. papio in the disease might be through a controlled
vaccination study aimed at determining if preven<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>