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Foreword 

The first volume of the nineteen-volume series entitled Comprehensive 
Virology was published in 1974 and the last is yet to appear. We noted 
in 1974 that virology as a discipline had passed through its descriptive 
and phenomenological phases and was joining the molecular biology rev
olution. The volumes published to date were meant to serve as an in
depth analysis and standard reference of the evolving field of virology. 
We felt that viruses as biological entities had to be considered in the 
context of the broader fields of molecular and cellular biology. In fact, 
we felt then, and feel even more strongly now, that viruses, being simpler 
biological models, could serve as valuable probes for investigating the 
biology of the far more complex host cell. 

During the decade-long compilation of a series of books like Com
prehensive Virology, some of the coverage will obviously not remain up
to-date. The usual remedy to this aspect of science publishing is to pro
duce a second edition. However, in view of the enormous increase in 
knowledge about viruses, we felt that a new approach was needed in 
covering virology in the 1980s and 1990s. Thus we decided to abandon 
the somewhat arbitrary subgrouping of the subject matter under the titles 
Reproduction, Structure and Assembly, Regulation and Genetics, Addi
tional Topics, and Virus-Host Interactions. Instead we have organized 
a new series entitled The Viruses. This series will consist of individual 
volumes or groups of volumes, each to deal with a single virus family or 
group, each to be edited with full responsibility by an acknowledged 
authority on that topic, and each to cover all aspects of these viruses, 
ranging from physico chemistry to pathogenicity and ecology. Thus, over 
the next several years we plan to publish single volumes or multiple
volume sets devoted to each of the following virus families: Herpesvir
idae, Adenoviridae, Papovaviridae, Parvoviridae, Poxviridae, Reoviridae, 
Retroviridae, Picornaviridae, Togaviridae, Rhabdoviridae, Myxoviridae, 
and Paramyxoviridae, as well as hepatitis viruses, plant viruses, bacterial 
viruses, insect viruses, and perhaps other groups of viruses if and when 
they are deemed appropriate for comprehensive coverage and analysis. 
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viii FOREWORD 

This first volume of The Viruses begins a three- or four-volume set 
that will provide comprehensive coverage vf herpesviruses. The editor 
is Bernard Roizman, who also deserves much of the credit for conceiving 
and promoting the idea of a second but independent series to succeed 
Comprehensive Virology. The Herpesviridae comprise a family of viruses 
widespread throughout the animal kingdom, many of which are ex
tremely important pathogens. Diseases caused by herpesviruses are of 
ever-increasing significance as serious medical problems. In addition, 
research on the molecular biology, genetics, pathogenicity, and immu
nology of these complex viruses has in recent years undergone a veritable 
metamorphosis, which promises to continue for some years to come. 

Heinz Fraenkel-Conrat 
Robert R. Wagner 
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CHAPTER 1 

The Family Herpesviridae: 
General Description, 
Taxonomy, and Classification 
BERNARD ROIZMAN, Ph.D. 

I. DESCRIPTION OF THE FAMILY 

In the last 50 years, more than 80 distinct herpesviruses have been iso
lated from a wide variety of animal species. These viruses, comprising 
the family Herpesviridae, share structural features of their virions. As 
listed in Table I, the herpesvirus virion is made of four architectural 
elements: (1) a core consisting of a fibrillar spool on which the DNA is 
wrapped; (2) an icosadeltahedral capsid containing 12 pentameric and 150 
hexameric capsomeres; (3) variable amounts of globular material asym
metrically arranged around the capsid and designated as the tegument; 
and (4) a membrane or envelope surrounding the entire structure (Wildy 
et al., 1960; Roizman and Furlong, 1974). The virions of the various 
herpesviruses cannot be differentiated by electron-microscopic exami
nation. The viruses are, however, readily differentiated on the basis of 
biological properties, the immunological specificity of their virions, and 
the size, base composition, and arrangement of their genomes. In fact, 
few virus families exhibit as much variation as the members of the family 
Herpesviridae. 

A brief description listing the main characteristics of the family 
Herpesviridae is presented in Table I. These characteristics are common 
to all herpesviruses examined to date. Table II identifies the viruses that 
belong to the family Herpesviridae. 

BERNARD ROIZMAN, Ph.D. • Marjorie B. Kovler Viral Oncology Laboratories, The 
University of Chicago, 910 East 58th Street, Chicago, Illinois 60637. 
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2 BERNARD ROIZMAN 

TABLE I. Characteristics of the Family Herpesviridae 

Taxon Vernacular name Approved name 

Family Herpesvirus group Herpesviridae 

Main characteristics 
A. Properties of the virus particles 

1. Nucleic acid: DNA, double-stranded, linear 32-75 G + C mole %, molecular weight 
approximately 80-150 x 106 . 

2. Proteins: More than 20 structural polypeptides with molecular weights from 12,000 
to 220,000. 

3. Lipid: Exact percentage of total weight unknown, probably variable; located in virion 
envelope. 

4. Carbohydrate: Exact percentage of total weight unknown, identified largely as co
valently linked to envelope proteins. 

5. Physicochemical characteristics: Buoyant density ICsCI) of virion 1.20-1.29 g/cm3 . 

Molecular weight 109 or higher. 
6. Morphology: The virion /120-200 nm in diameter) consists of four structural com

ponents. The core consists of a fibrillar spool on which the DNA is wrapped. The 
ends of the fibers are anchored to the underside of the capsid shell. The capsid 
/100-110 nm ) is an icosahedron with 5 capsomeres on each edge; it contains 150 
hexameric and 12 pentameric capsomeres. The hexameric capsomeres contain a hole 
running halfway through the long axis. The tegument surrounding the capsid con
sists of globular material that is often distributed asymmetrically and may be variable 
in amount. The envelope, a bilayered membrane surrounding the tegument, has 
surface projections. The intact envelope is impermeable to negative stain. 

7. Antigenic properties: Neutralizing antibody reacts with major viral glycoproteins 
located in the viral envelope. An Fc receptor for immunoglobulin G may be present 
in the virion envelope. 

8. Effects of virus suspensions on cells: Fusion and agglutination occur rarely or only 
under very special conditions in the absence of replication. 

B. Virus replication 
1. Entry: The viral envelope adsorbs to receptors on the plasma membrane of the host 

cell, ultimately fuses with the membrane, and releases the capsid into the cytoplasm. 
A DNA-protein complex is then translocated into the nucleus. 

2. Replication: Viral DNA is transcribed in the nucleus. Messenger RNAs generated 
from the transcripts are translated in the cytoplasm. Viral DNA is replicated in the 
nucleus and is spooled into preformed, immature nUcleocapsids. 

3. Maturation and egress: The ability to infect cells is acquired as capsids become 
enveloped by budding through the inner lamella of the nuclear membrane and, in 
some instances, through other membranes of the cell. Virus particles accumulate 
in the space between the inner and outer lamellae of the nuclear membrane and in 
cysternae of the endoplasmic reticulum. Virus particles are released by transport to 
the cell surface through the modified endoplasmic reticulum. 

C. Biological aspects 
1. Host range: Each virus has its own host range; this range may vary considerably 

both in nature and in the laboratory. Herpesviruses occur in both warm- and cold
blooded vertebrates and invertebrates. Some herpesviruses have been reported to 
induce neoplasia in their natural hosts and/or in experimental animals or in both. 
In cell culture, herpes viruses have been reported to convert cell strains into cont1O
uous cell lines that may cause invasive tumors 10 appropriate experimental hosts. 

(Continued I 



THE FAMILY HERPESVIRIDAE 3 

TABLE I. (Continued) 

2. Transmission: For many herpesviruses, transmission is by contact between moist 
mucosal surfaces. Some herpesviruses can be transmitted transplacentally, intra
partum, via breast milk, or by blood transfusions, and some are probably also trans
mitted by airborne and waterborne routes. 

3. Association of virus with host: Herpesviruses may remain latent in their primary 
host for the lifetime of those hosts; cells harboring latent virus may vary depending 
on the virus. 

II. NAMING OF HERPESVIRUSES 

Herpesviruses derive their name from the Greek herpes, ep1TELV, 
meaning "creep." The term herpes was used in medicine to describe a 
variety of skin conditions and diseases for at least 2S centuries, but its 
meaning changed considerably during that time. Beswick (1962) and 
Wildy (1973) provided a fascinating history of the usage of the terms, and 
selected usage was illustrated by Onions (197l), but of the many clinical 
conditions, only a few, i.e., herpes simplex, herpes labialis, herpes gen
italis, and herpes zoster are still designated by this term. 

The earliest herpesviruses were named after the clinical conditions 
or the diseases they cause. Herpes simplex virus, herpes zoster virus, 
Aujeszky's disease virus (pseudorabies), and Marek's disease virus are 
examples of such designations. Subsequently, herpes viruses have also 
been designated after their hosts (e.g., herpesvirus hominis), the cell pa
thology they cause (e.g., cytomegaloviruses), or their discoverers (e.g., 
Epstein-Barr virus). Although many of these designations are firmly en
trenched in the scientific literature, they either contravene the rules 
established by the International Committee for the Taxonomy of Viruses 
(ICTV) (e.g., the naming of viruses after a disease or their discoverers) or 
are misleading because the animal species from which the virus was 
initially isolated is not in fact the sole host. To preclude haphazard and 
frequently contradictory designations, the Herpesvirus Study Group ap
pointed by the ICTV recommended a provisional system for the labeling 
of herpesviruses. The recommendations are as follows (Roizman et al., 
1981): 

1. Each herpesvirus should be named after the taxonomic unit-the 
family or subfamily-to which its primary natural host belongs. 
The subfamily name should be applied to viruses isolated from 
the family Bovidae and from primatesj in all other instances, the 
family name should be used. When family names are used, the 
name should end in id (e.g., Equid, Caviid). Names based on the 
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subfamily to which the host belongs should end in ine (e.g., Bo
vine, Cebine). The only exceptions are viruses isolated from man; 
because humans are the sole living members of the family Hom
inidae, the term human rather than hominid shall be used. Be
cause virus names include terms that are at the hierarchial level 
of "species" and the ICTV has not yet considered official species 
designations, the label for each of the herpesviruses may be con
sidered vernacular and therefore may be transliterated into the 
language in which the publication is printed. As species nomen
clature is made official by the ICTV, the question of transliteration 
may be reconsidered. 

2. The herpesviruses within each host family or subfamily will be 
given arabic numbers. The numbers should not be preceded by 
the word "type." Each new herpesvirus will receive the next avail
able number. 

The rationale for some of the proposed rules was published in the 
first report of the Herpesvirus Study Group (Roizman et al., 1973). Some 
of the objectives of those proposals are as follows: 

1. Inasmuch as herpesviruses have been isolated from nearly every 
species investigated to date, the naming of viruses after the species or 
genus of the host is impractical; in addition to the large number of "group
ings" such labeling would create, it is often difficult to determine which 
species is the main natural host. The naming of herpesviruses after the 
host's family creates a more manageable number of groups, but presents 
particular problems for viruses isolated from the family Bovidae and from 
nonhuman primates. Specifically, the selection of host family name as 
the basis for the provisional nomenclature was based on the notion that 
the number of equivalent hierarchical groupings should be in some bal
ance with the number of viruses placed in these groupings. At this time, 
only the number of viruses isolated from nonhuman primates is out of 
balance with the number of groups in which they are placed. In addition, 
in the case of the herpesviruses isolated from the family Bovidae, it is 
convenient to differentiate among the viruses of sheep, domestic cattle, 
and wildebeest, and this can be readily accomplished by grouping viruses 
according to the subfamily to which the host belongs. Conceivably, it 
may be necessary to apply subfamily rather than family names to her
pesviruses isolated from other families when the number of herpesviruses 
escalates. 

2. The proposal to use transliterated names based on the family or 
subfamily to which the primary host belongs is designed to avoid the use 
of latinized names, which would be confused with an official binomial 
nomenclature. The latter will depend on ICTV proceedings in the future. 

3. The arabic number with which a particular herpesvirus is labeled 
should carry no implied meaning about the properties of the virus. 

The herpesviruses the properties of which are sufficiently well de-
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fined to merit designation are listed in Table II. The current names of 
some of these viruses, particularly those from humans, are so well es
tablished that they are unlikely to be totally abandoned in favor of the 
new labels; however, the naming of new herpesviruses should follow the 
recommendations listed herein. 

III. CLASSIFICATION OF HERPESVIRUSES 

Extensive studies carried out in the past decade have made it apparent 
that in the course of their evolution, herpesviruses have undergone con
siderable diversification with respect to 11 J virion antigenic properties, 
12J biological properties, and (3) composition, size, and arrangement of 
their deoxynucleotide sequences, even though the morphology of the 
virion has been preserved. Of these three major sets of properties that 
could be used for classification of the family Herpesviridae into major 
subdivisions, the virion antigenic properties appear to be least useful. 
Specifically, serological tests have identified clusters of closely related 
herpesviruses that also by other criteria can be placed in the same or 
closely related genera; however, serology has not provided a firm foun
dation for subdivision of the viruses into a small number of subfamily 
groups. Before I consider a classification based on the remaining two 
major sets of properties, it seems worthwhile to list the minimum num
ber of subdivisions permitted by each set. 

A. Grouping of Herpesvimses on the Basis of Biological 
Properties 

With respect to biological properties, the herpesviruses that have 
been studied in some detail can be clustered into three subfamilies on 
the basis of host range, duration of reproductive cycle, cytopathology, 
and characteristics of latent infection ITable I1IJ. These characteristics 
do not have equal weight in each subfamily. For example, the differen
tiation between subfamilies Alphaherpesvirinae and Gammaherpesviri
nae is based on host range in vitro and characteristics of latent infection. 
The differentiation between subfamily Betaherpesvirinae and the others 
is based primarily on the length of the reproductive cycle and slow de
velopment of cytopathology in cell cultures. Cell association was spe
cifically excluded because this characteristic often conflicts with sur
mised and, in some instances, known properties of viruses in vivo. Thus, 
although Gallid herpesvirus 2 and human herpesvirus 3 are strongly cell
associated in cell culture, cell-free virus can be found in high titer at the 
sites of multiplication, and their spread in nature indicates dissemination 
by cell-free virus rather than by infected cells. Furthermore, in the case 
of Gallid herpesvirus 2, dissemination by cell-free virus has been proven. 
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TABLE III. Subdivision of Herpesviruses According to Their Biological 
Properties 

Subfamily 

Alphaherpesvirinae 
Host range: In vivo variable from very wide to very 

narrow; in vitro also variable. 
Duration of reproductive cycle: Short. 
Cytopathology: Rapid spread of infection in cell culture 

resulting mass destruction of susceptible cells. 
Establishment of carrier cultures of susceptible cells 
harboring nondefective genomes difficult to 
accomplish. 

Latent infections: Frequently, but not exclusively, in 
ganglia. 

Betaherpesvirinae 
Host range: In vivo narrow, frequently restricted to the 

species or genus to which the host belongs; in vitro 
replicates best in fibroblasts, although exceptions 
exist. 

Duration of reproductive cycle: Relatively long. 
Cytopathology: Slowly progressing lytic foci in cell 

culture. The infected cells frequently become enlarged 
(cytomegalia) both in vitro and in vivo. Inclusions 
containing DNA frequently present in both nuclei and 
cytoplasm. Carrier cultures easily established. 

Latent infections: Possibly in secretory glands, 
lymphoreticular cells, and kidneys and other tissues. 

Gammaherpesvirinae 
Host range: In vivo usually limited to the same family 

or order as the host it naturally infects. In vitro all 
members of this subfamily replicate in lymphoblastoid 
cells, and some also cause lytic infections in some 
types of epithelioid and fibroblastoid cells. Viruses in 
this group are specific for either B or T lymphocytes. 
In the lymphocyte, infection is frequently arrested 
either at a prelytic stage with persistence and 
minimum expression of the viral genome or at a lytic 
stage, causing cell death without production of 
complete virions. 

Duration of reproductive cycle: Variable. 
Cytopathology: Variable. 
Latent infections: Latent virus is frequently 

demonstrated in lymphoid tissue. 
Leporid herpesvirus 1 
Meleagrid herpesvirus 1 

Examples 

Human herpesvirus 1 
Human herpesvirus 2 
Equid herpesvirus 1 
Bovine herpesvirus 2 
Suid herpesvirus 1 

Human herpesvirus 5 
Murid herpesvirus 1 
Suid herpeSVirus 2 
Caviid herpesvirus 2 

Human herpesvirus 4 
Gallid herpesvirus 2 

13 

Because a particular herpesvirus may clearly belong to a particular 
subfamily by virtue of its overall characteristics even though it may not 
meet all criteria, it seemed appropriate to designate the subfamilies by 
neutral names IAlpha, Beta, Gamma), rather than according to a prom
inent member or characteristic of the group. 
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B. Grouping of Herpesviruses on the Basis of the Structure of 
Their Genomes 

Base composition, size of the genome, and arrangement of the rei
terated sequences within the genome are three characteristics of the 
structure of herpesvirus genomes that can be considered. 

The average base composition is not helpful for a hierarchical clas
sification inasmuch as it appears to vary continuously from 32 to 75 
G + C moles% /see Table II); subdivision according to base composition 
would therefore be arbitrary and, as in the case of Gallid herpesvirus 2 
and human herpesvirus I, would tend to separate viruses with similar 
genome sizes and sequence arrangements into different subfamilies. 

Although herpesviruses differ significantly in the sizes of their ge
nomes, this characteristic is more suitable for identification than for 
classification inasmuch as the molecular weight of most herpesvirus 
genomes is not known. There is in addition the possibility that the pres
ently discernible groupings of small, medium, and large herpesvirus ge
nomes may become less discrete as additional information on other her
pesviruses becomes available. 

The most useful characteristic for the classification of herpesviruses 
is the arrangement of reiterated sequences. For purposes of classification, 
it is convenient to focus on reiteration of sequences containing at least 
100 nucleotides. On this basis, the viral genomes examined to date fall 
into five groups /Table IV) as follows: 

Group A: Characterized by single reiteration of one set of sequences in 
the same orientation at the termini /Chousterman et al., 1979). 

Group B: Characterized by multiple reiterations of one set of sequences 
in the same orientation at both termini /Bornkamm et al., 
1976). 

Group C: Characterized by multiple reiterations of one set of sequences 
in the same orientation at both termini as well as by internal 
tandem reiterations of other sets of sequences /Raab-Traub et 
al.; 1980). 

Group D: Characterized by inverted reiteration of a set of sequences from 
one terminus internally, as well as by reiteration of a subset 
of these sequences in the same orientation at the other ter
minus /Ben-Porat et ai., 1979). 

Group E: Characterized by inverted reiteration of sets of sequences for 
both termini internally, as well as by reiteration of a subset 
of these sequences at both termini in the same orientation 
/Sheldrick and Berthelot, 1975; Wadsworth et al., 1975). 

C. Selection of Viral Properties for a Hierarchical Classification 

One basic problem confronting the Study Group has been that no 
two of the three major sets of properties described above can be used for 
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TABLE IV. Grouping of Herpesviruses on the Basis of the Properties of Their 
Genomes 

Number of 
Arrangement of reiterated isomeric 

Group sequences arrangementsQ Examples 

A Single set reiterated at termini Ictalurid herpesvirus 1 
in the same orientation 

B Numerous reiterations of the Saimiriine herpesvirus 2 
same set of sequences at both Ateline herpesvirus 2 
termini in the same 
orientation 

C (11 Numerous reiterations of Human herpesvirus 4 
the same set of sequences at 
both termini in the same 
orientation; (21 variable 
number of tandem 
reiterations of different 
sequences internally 

D (11 Single set of sequences from 2 Suid herpesvirus 1 
terminus reiterated Equid herpesvirus 1 
internally; (21 subset of 
terminal sequences reiterated 
at both termini in the same 
orientation 

E (11 Single set of sequences from 4 Human herpesvirus 1 
both termini reiterated in Human herpesvirus 2 
inverted form internally; (21 Bovine herpesvirus 2 
subset of terminal sequences Gallid herpesvirus 2b 
reiterated at both termini in Human herpesvirus Sb 
the same orientation 

• Defined by the number of genome popUlations differing in the location of sequences in the unique 
regions relative to the termini. 

b The presence of a terminal sequence reiterated at both termini is surmised, but not yet proved. 

clustering all herpesviruses into hierarchically equivalent subdivisions. 
For example, although Saimiriine herpesvirus 2, human herpesvirus 4, 
and Gallid herpesvirus 2 can readily be placed into the subfamily Gam
maherpesvirinae, their genomes fall into groups B, C, and E, respectively 
IBornkamm et al., 1976; Raab-Traub et al., 1980) Isee also Chapter 7). 
Even if the differences in the sizes of the genomes and the presence of 
internal reiteration of human herpesvirus 414) were ignored, these viruses 
would still constitute two distinct groups on the basis of their genome 
structure. Because it is desirable to reduce the number of subfamilies to 
a minimum, we propose a hierarchical classification based on the dom
inance of one set of properties over all others. Inasmuch as biological 
properties are more readily established following isolation of a new her
pesvirus, these properties have been selected as the dominant criterion 
for classification of herpesvirus into subfamilies-the major, hierarchi
cally equivalent, subdivisions of the family. Accordingly, herpesviruses 
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have been subdivided into three subfamilies designated Alphaherpesvi
rinae, Betaherpesvirinae, and Gammaherpesvirinae, by criteria listed in 
Table III. The provisional classification of herpesviruses into subfamilies 
is presented in Table II. 

The classification of herpesviruses into genera should reflect phy-

TABLE V. Classification of Selected Herpesviruses into Subfamilies and 
Genera 

Taxon Approved namea Common name 

Family Herpesviridae Herpesvirus group 
Subfamily Alphaherpesvirinae Rapidly growing highly 

cytolytic herpesviruses 
Genus Simplexvirus Herpes simplex-like viruses 

Species Human herpesvirus 1 Herpes simplex virus 1 
Species Human herpesvirus 2 Herpes simplex virus 2 
Species Bovine herpesvirus 2 Bovine mammillitis virus 

(Speciesb) Cercopithecine herpesvirus 2 SA8 
(Speciesbl Cercopithecine herpesvirus 1 B virus 

Genus Poikilovirus Pseudorabieslike viruses 
Species Suid herpesvirus 1 Pseudorabies viruses 

(Species' 1 Equid herpesvirus 1 Equine rhinopneumonitis 
virus 

Genus Varicellavirus Varicella-zoster-like viruses 
Species Human herpesvirus 3 Varicella-zoster virus 

Subfamily Betaherpesvirinae Slow growing, cytomegalic 
viruses 

Genus Cytomegalovirus Human cytomegaloviruses 
Species Human herpesvirus 5 Human cytomegalovirus 

Genus Muromegalovirus Murine cytomegaloviruses 
Species Murid herpesvirus 1 Murine cytomegalovirus 

Subfamily Gammaherpesvirinae Lymphocyte-associated 
viruses 

Genus Lymphocrytovirus Epstein-Barr-like viruses 
Species Human herpesvirus 4 Epstein-Barr virus 
Species Cercopithecine herpesvirus 12 Baboon herpesvirus 
Species Pongine herpesvirus 1 Chimpanzee herpesvirus 

Genus Thetalymphocryptovirus Marek's disease-like 
herpes viruses 

Species Gallid herpesvirus 2 Marek's disease herpesvirus 
Sepcies Meleagrid herpesvirus 1 Turkey herpesvirus 

Genus Rhadinovirus Saimiri ateles-like 
herpesviruses 

Species Ateline herpesvirus 2 Herpesvirus ateles (strain 
810) 

Species Ateline herpesvirus 3 Herpesvirus ate1es (strain 
731 

Species Saiminiine herpesvirus 2 Herpesvirus saimiri 

a Only the family and subfamIly names have been approved by the ICTV. The remainder are proposed 
names. 

b Parentheses indicate that the species is a candIdate for that genus on the basis of serological data. Final 
placement will be determined on the basis of the genome structure. 

, Parentheses indicate that the species is a candidate for that genus based on genome structure arId weak 
serological relationship. Final placement deferred until nucleotide sequence homology is determined. 
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logenetic relationship and shall be on the basis of genome structure, 
serological relationship, and, when appropriate, sequence homology. A 
proposed initial classification of herpesviruses into genera is shown in 
Table V. Definitive assignments will be consistent with the criteria listed 
above. Thus, the genus SimpJexvirus in subfamily Alphaherpesvirinae 
includes human herpesvirus I, human herpesvirus 2, and Bovine her
pesvirus 2, which have similar genome structures (Buchman and Roiz
man, 1978a,b) and are closely related by serology and nucleotide sequence 
homology (Sterz et al., 1974). The two candidate members are related 
serologically (Honess and Watson, 1977), but their sequence homology 
with the other members of the genus is not yet known. Similar criteria 
were employed for the erection of several genera in the Gammaherpes
virinae. In several instances involving the Alphaherpesvirinae and Be
taherpesvirinae subfamilies, it was clear that some individual herpesvi
ruses will constitute sole or initial members of new genera, and these 
were deSignated accordingly. 
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CHAPTER 2 

Epidemiology of Epstein-Barr 
Virus and Associated 
Diseases in Man 
GUY DE-THE, M.D., Ph.D. 

To investigate the origins of diseases, one 
should first study the effects of the seasons, of 

the hot or cold winds, of the soil, naked or 
wooded, of the rains. Secondly, one will 

consider most attentively the way the 
inhabitants live, drink, eat, are indolent or 

active in exercise and labor. 

-Hippocrates 1460-377 B.C.) 

I. PROVINCE OF EPIDEMIOLOGY 

A. Epidemiology: The Study of the Distribution and of the 
Determinants of Diseases 

This definition includes two main areas: (I) descriptive epidemiology, 
covering the distribution of diseases in place and time; and (2) analytical 
epidemiology, aimed at characterizing possible causal factors. 

The term epidemic was until recently restricted to acute outbreaks 
of infectious diseases. Now it covers any occurrence of any illness in a 
community that is clearly in excess of normal expectation. Thus, non
infectious diseases, such as coronary heart diseases or certain cancers 
(e.g., lung carcinomas), do exhibit epidemic patterns in certain societies 
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(Western countries)_ For many public-health workers however, epide
miology should not only be concerned with diseases but also embrace 
the study of markers and origin of health in populations, health being, 
according to the World Health Organization, a state of physical, mental, 
and social well-being_ The relationship between epidemiology and other 
disciplines has evolved in recent years. In classic epidemiology, the con
tributions of clinical medicine, of pathology, and of biostatistics were 
dominant. Today, microbiology, biochemistry, immunology, experimen
tal pathology, and molecular biology have become complementary dis
ciplines to epidemiology, which is now embracing a multidisciplinary 
approach to the understanding of normal or pathological processes in 
populations. In return, epidemiological data can now identify subject 
areas within which experimental investigations have the greatest chances 
of providing critical new information on fundamental aspects of biology. 

B. Epidemiological Concept of Cause 

Two events following each other can only be suspected of being 
related as cause and effect. The term" causal relationship," being abstract, 
cannot be universal, and epidemiology having a practical purpose in 
searching risk factors, which offers the possibility of disease prevention, 
a causal association is epidemiologically accepted only when changes in 
the first event lead to modifications in the second. Thus, the ideal proof 
of causality for an epidemiologist is the prevention of a disease through 
intervention against a putative causal factor. In most cases, the causal 
nature of an association is not easy to demonstrate, and in the absence 
of experimental proof, the association must be strong, consistent with 
existing knowledge, specific, and temporal (USPHS, 1964). The notion 
of "causal association" is further complicated by the fact that degener
ative diseases (cardiovascular, neurological, or malignant) are multifac
torial in origin and result from a multistep pathogenic process. 

Ideally, experimentalists search for the "necessary cause" without 
which the disease does not occur, even if this factor is not sufficient. But 
often it is not easy to distinguish between "necessary" and "contribu
tory" factors. As an example, Mycobacterium tuberculosis is considered 
as the "necessary," if not sufficient, cause of tuberculosis, but an illness 
clinically indistinguishable from and histopathologically similar to tu
berculosis can be caused by different agents. The notion of disease "ent
ity" must precede the search for causes. Another example is Burkitt 
lymphoma (BL). It represents an epidemiological, histopathological, and 
clinical entity in the equatorial belt, but one can observe lymphomas 
that are histopathologically similar, but clinically different, in temperate 
climates. Causal factors associated with endemic BL in Africa are absent 
in non endemic BL-type lymphomas observed in temperate climates. Ep-
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idemiologically, clinical entities represent the main target for prevention, 
whereas in fundamental research, pathogenesis at the cellular level rep
resents the main goal. 

Since Pasteur, many diseases have been found to be caused by mi
crobiological agents, with one disease corresponding to one agent. The 
postulates elaborated by Jacob Henle and formulated by Robert Koch 
(1890) refer to parasitic and acute infectious diseases. They imply that 
parasites should occur in every case of the disease and in no other disease. 
The isolation of the parasite, to be cultured in the laboratory, should 
reinduce the disease in the susceptible host. 

C. Viral Diseases and Criteria for Causation 

With regard to viral diseases, Rivers (1937), as early as 1937, objected 
that the presence of the virus cannot be demonstrated in every case of 
the disease produced by it and that nondiseased individuals may be viral 
carriers. He stressed the importance of the absence of antibody to the 
putative causative virus in the patients' sera at the onset of illness and 
its appearance during recovery. He noted, however, that the disease could 
result from a reinfection or reactivation of a viral infection and therefore 
that the absence of antibody prior to the illness might not be a proper 
criterion. The virologist's "dilemma" was further discussed by Huebner 
(1957), who, in reviewing the different postulates, proposed that the clin
ical entity suspected to be virally induced should be regularly associated 
with the virus, experimentally reproduced in animals and in human vol
unteers inoculated with the agent in a controlled study, and preventable 
by a specific vaccine. Epidemiological cross-sectional and longitudinal 
studies may be necessary when highly prevalent human viruses are in
volved. The final proof that the Epstein-Barr virus (EBV\ was causally 
related to infectious mononucleosis rested on prospective serological in
vestigations, establishing the absence of antibodies to the virus prior to 
the disease and their regular appearance during illness (Evans and Nied
erman, 1976). 

Reactivation of latent or persistent viral infections may cause specific 
diseases such as zoster in immunodepressed or cancerous patients. After 
a primary infection, the varicella virus will hide latent in spinal neural 
ganglia. The immunodepression that accompanies certain degenerative 
diseases will reactivate the latent varicella virus and induce clinical zos
ter in the territory of the infected spinal ganglion. Similarly, a reactivation 
of a latent infection by the EBV may be causally related to the clinical 
onset of nasopharyngeal carcinoma (NPC). Herpesviruses, papovaviruses, 
measles virus, rubella virus, and adenoviruses appear to be good candi
dates for causing clinical conditions associated with reactivation of latent 
viral infections. The best demonstration of a causal relationship between 
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degenerative diseases, including cancers, and a reactivation of a latent 
viral infection will come from a successful antiviral intervention in this 
reactivation, which could prevent the occurrence of disease. 

D. Carcinogenesis: A Multistep Process 

The occurrence of a cancerous cell appears to imply a succession of 
heritable changes at the cellular level. Beremblum (1940) proposed the 
concept of a two stage initiation-promotion carcinogenesis, each step 
being caused by different classes of chemical agents. Recently, Peto (1977) 
proposed that carcinomas related to environmental factors develop as a 
result of a multistage process involving possibly four to six independent 
steps, each with specific causes. A tumor would arise from the prolif
eration of a clone derived from a cell that had undergone all the necessary 
changes. Reviewing this field, Beremblum (1978) stressed the differences 
between oncogenic agents, either initiators or promoters, and the cocar
cinogenic agents, which have a permissive influence on carcinogenesis 
by modifying the oncogenic agent or the host, but are not directly in
volved in the cellular carcinogenic process. 

What is the point of action of certain viruses in the chain of events 
leading to malignancies? As discussed by de-The (1980a), viruses could 
act as initiators, promoters, or possibly co carcinogens for certain tumors 
such as endemic primary liver carcinoma and hepatitis B virus, endemic 
BL, NPC, and EBV, epidemic bovine esophageal cancers, and papilloma 
viruses (Jarrett et a1., 1980). All these viruses being ubiquitous, their in
volvement in causing geographically restricted malignancies must result 
from extreme conditions of infection by the virus such as very early age 
of the host or simultaneously with malaria. That a virus may represent 
a risk factor without representing the necessary agent for the tumor is 
a difficult notion to accept in our Pasteurian era. Nevertheless, EBV is 
causally related to endemic BL in Africa (de-The et a1., 1978aL but does 
not appear to be involved in histopathologically similar tumors of tem
perate climates (see Sections IV.D and IV.F). EBV would act as a cellular 
initiator in the process, leading to BL in endemic areas (de-The, 1977, 
1978b, 1980bL but in nonendemic areas, the process would be initiated 
differently, with a frequency 20-40 times lower. 

E. Epidemiological Strategy 

Three epidemiological methods are used in medicine: 
1. Descriptive epidemiology characterizes the diseases in terms of 

place and time, as well as the agent, the host, and the environment. 
Following are definitions of some terms of descriptive epidemiology that 
will be used in this chapter: 
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Incidence: Number of new cases of a disease occurring in a popu
lation in a unit of time (usually a year). 

Incidence rate: Number of new cases over the total population at 
risk within a period of time (year). The denominator in such a case rep
resents the population at risk or under surveillance. 

Prevalence: Number of cases of diseases existing at one time; the 
prevalence rate gives the number of such cases divided by the population 
at risk. The time period is usually a year or a given instant of time (point 
prevalence). In serological surveys, the prevalence is represented by the 
presence of antibody to a specific antigen, of the antigen itself, or of any 
other blood marker in a given population at the time of collection. The 
prevalence rate is the number of sera having marker divided by the num
ber of individuals tested. 

The end product of descriptive epidemiology should be the formu
lation of etiological hypotheses and the characterization of risk factors. 

2. Analytical epidemiology is aimed at weighing risk factors or at 
testing hypotheses of causation formulated above. Two types of analytical 
studies are commonly employed, the retrospective and the prospective. 

Case-control studies compare the presence or absence of the sus
pected causal factors in patients with the disease under study to their 
presence or absence in individuals without the disease but similar to the 
patients in such characteristics as age, sex, and environment. Retrospec
tive studies usually lead to further characterization of risk factors, but 
rarely do they bring the final proof of causality. This is particularly true 
when the putative causal factor and the disease are separated by a long 
period of time. In such a case, the observed situation at the time of the 
disease and control is very difficult to assess, since it results from a long 
and complicated series of events occurring between the exposure to the 
suspected agent and the disease. 

The prospective approach is a more dynamic way of looking at risk 
factors, but it must be supported by well-defined and testable hypotheses. 
The prospective method usually consists in following up a characterized 
cohort of individuals at risk for a given disease. The longitudinal study 
of such a cohort will indicate the individuals who are at high risk, and 
by studying the information obtained at different times before the disease 
process, one could prove or disprove hypotheses regarding the role of a 
virus, for example, in the pathogenesis of a disease. Prospective studies 
are generally more expensive than retrospective studies, but bring more 
valuable answers. 

3. Experimental epidemiology utilizes the epidemiological models 
using either animals or human volunteers. In the past, human volunteers 
participated in studies not only of infectious mononucleosis, but also of 
yellow fever, malaria, hepatitis, and even syphilis, raising important 
moral as well as technical and medical issues. From the technical view
point, susceptible volunteers were sometimes difficult to characterize. 
Medically, the concern is that the seriousness of the induced disease 
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could lead to permanent disability. Finally, the moral and ethical right 
to use human subjects is now a subject of great debate in Western de
mocracies, and it is now a prerequisite that volunteers sign an informed 
consent. 

II. NATURAL HISTORY OF EPSTEIN-BARR VIRUS 

When Epstein described in 1964 the presence of herpes virions in 
lymphoblasts cultured from Burkitt lymphoma (BL) biopsies, it was dif
ficult to visualize how herpesviruses could be implicated in oncogenesis. 
This was the time when RNA tumor viruses (oncornavirusesJ were be
lieved to represent the "final common way" of oncogenesis in animal 
and man (Huebner and Todaro, 1969). 

The belief that the discovery was trivial stemmed from the finding 
that this virus, named after its discoverers, Epstein and Barr infected 
practically everybody in East Africa and even in the United States, where 
BL was unknown. The great challenge was to determine how an ex
tremely common environmental agent (infecting 80-100% of individuals 
around the world) could become an oncogenic factor in certain circum
stances. This' having been partially resolved, the EBV is now emerging 
as a unique model for viral and chemical carcinogenesis, since this virus 
appears to act in a way similar to that proposed for chemical carcinogens. 

A. Natural History of Epstein-Barr Virus in the Organism 

The major route of transmission of EBV appears to be the saliva, 
breast feeding being a potential but not proven route and blood trans
fusion being an accidental but proven one (W. Henle et aI., 1968; Gerber 
et al., 1969). Within 2 weeks after severe primary infection, such as 
infectious mononucleosis (1M), transforming EBV, as tested on cord-blood 
lymphocytes, can be found in saliva and throat washings of 1M patients 
(Bender, 1962; Gerber et al., 1972), sometimes for years (Miller et al., 
1973). In fact, 15-20% of young adults in the United States are virus 
shedders (Gerber et aI., 1972), some remaining so for years. The exact site 
of viral replication in the oropharyngeal area is not entirely known, al
though EBV has been repeatedly found in saliva from the parotid gland 
(Miller et aI., 1973; Morgan et aI., 1979). The questions as to which cells 
replicate EBV in this salivary gland and whether tonsils or nasopharyngeal 
mucosa or both also participate in the process of viral replication remain 
open. 

The serological and cell-mediated immune responses that follow the 
primary infection by EBV will be described in Section III. It is important 
to note here that antibodies do not influence the shedding of EBV in 
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saliva. Hence, a chronic source of infectious virus is available for non
immune individuals, particularly children. 

Table I lists the different EBV antigens and the serological techniques 
used in seroepidemiology. The serological profiles and the sequences of 
events from primary infection to tumors are given in Table II. It is not 
understood why antibodies to viral capsid antigen (VCA) always precede 
antibodies to the early antigen (EA) complex, which at the cellular level 
is synthesized before the VCA, and diffuse outside the cell. The great 
variability observed in the delay for developing antibodies to EBV-induced 
nuclear antigen (EBNA) after primary infection may reflect a genetically 
controlled cell-mediated immune response. In certain hereditary immune 
deficiencies, antibodies to EBNA never develop (see below). It would be 
informative to investigate the HLA profile, especially D and D-R, of the 
various types of poor EBNA responders. At an individual level, the VCA 
titer reached at primary infection is stable throughout life, except in case 
of reactivation. In contrast, antibodies to EA are specifically transient. 
Antibodies to EBNA tend to be stable, but not to the degree observed for 
VCA. 

Then follows a long period during which the EBV infection is latent 
in B lymphocytes present in the circulating blood, lymph nodes, and 
spleen. Latency is the process by which a virus is present intracellularly 
in an unexpressed or partially expressed state. This latency can be reac
tivated in vitro when such lymphocytes are cultivated, leading to the 
establishment of long-term lymphoblastoid-cell lines (LCLs). In vi 10, 

reactivation can occur, for example, in immunosuppressed, kidney-trans
planted patients (Chang et al., 1978); EBV is then excreted in their saliva, 
and their serological profiles exhibit significant rises in antibody titers 
against EA and VCA (see Table II). As will be discussed in Section VD, 
such a reactivation is observed in pre-nasopharyngeal carcinoma (NPC) 
conditions and may represent a critical oncogenic event. 

When B lymphocytes from 1M patients or even from normal indi
viduals are cultured in vitro, these lymphocytes are induced to produce 
EB virions, which in turn infect new lymphocytes, resulting in their 
immortalization and the establishment of LCLs (Rickinson et al., 1974). 
Many compounds have been shown to induce EB viral expression in 
latently infected cells: halogenated pyrimidines [5-iodo-2-deoxyuridine 
(IUdR) or 5-bromodeoxyuridine (BUDR)] (Gerber, 1972; Hampar et al., 
1972; Glaser et al., 1976); tumor promoters, such as the phorbol ester 
12-0-tetradecanoyl phorbol-13 acetate (TPA) (zur Hausen et al., 1978), 
antibodies to surface immunoglobulin M (lgM) (Tovey et al., 1978); heat 
(Vonka and Kutinova, 1973); and even platinum compounds (Vonka et 
al., 1972). TPA represents the most active compound of croton oil, ex
tracted from seeds of Euphorbia. It is of interest to note here that extracts 
from many other Euphorbiaceae exhibit in vitro inducing activity of EA 
in Raji cells (Ito et al., 1981). 

Host factors that control latency in vivo are poorly known. Age and 
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TABLE II. Serological Profiles Observed at Different Periods of Life and in 
Different Conditions 

VCA Transforming 
EBV in saliva 

Condition IgM (IgA) IgG EA EBNA (IgA) 

Newborn (maternal antibodies) + + 
6 months until primary 

infection 
Primary infection (preclinical) + 
Recent primary infection + +/+ + +/- +/-

(clinical 1M) 
Immune status Oatent + + +/-

infection) 
Reactivation ++ +/+ + + + 

(immunodepression) 
Reactivation (pre-NPC (IgA + I ++ + + (IgA +) 

conditions) 
NPC clinical onset (IgA + +) +++ ++ +/+ + (IgA + +) 
Burkitt lymphoma ++ -/+ + + + 

species of individuals from whom lymphocytes are immortalized by EBV 
influence the state of latency of the derived cell lines: neonatal (cord
blood) lymphocytes usually give nonproducer LCLs, whereas adult lym
phocytes give more producer LCLs j human immortalized lymphocytes 
are as a rule less productive than New World monkey (squirrel, cottontop, 
or marmoset) lymphocytes (Miller et aI., 1972b, 1974). Cell type and level 
of differentiation are other important parameters in latency and induc
tion. Somatic-cell hybrids between lymphoid immortalized cells (Raji) 
and Hela epithelial-cell lines have shown that the producer status is 
dominant over the nonproducer one and that inducibility is under the 
control of multiple host factos (Glaser and Rapp, 1972j Glaser and Non
oyama, 1974). 

Many questions remain unanswered regarding the natural history of 
EBV at the organism level: What are the sites and cell type(s) involved 
in viral replication at time of primary infection (parotid gland, naso
pharynx, nervous tissues) and in viral reactivation in immunodepressed 
patients or in pre-NPC conditions? What are the cell types infected during 
latency? What are the host factors that govern immunovirological control 
of EBV primary infection, latency, and reactivation? 

B. Natural History of Epstein-Barr Virus in Populations 

The knowledge of the comparative epidemiological behavior of EBV 
is a prerequisite to hypothesize how this ubiquitous agent can be etiol
ogically associated with rare or geographically restricted diseases, such 
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as 1M (Western countries), BL (equatorial belt), or NPC (South East Asia, 
North and East Africa). 

Soon after Epstein et al. (1964) discovered the virus that now bears 
their names, deception came when Old et al. (1966) observed that pre
cipitating antibodies to EBV were not restricted to BL patients, but were 
found in all age/sex-matched African control patients and normal chil
dren. The differences between both tumorous and normal groups were 
the geometric mean titers (GMTs) of various antibodies to EBV (G. Henle 
et aI., 1969, 1971). Numerous epidemiological surveys showed that EBV 
infection prevailed the world over, even in isolated groups, such as Aleu
tian or Melanesian Islanders (Lang et aI., 1977; Tischendorf et al.I 1970), 
or in the Indians of the Amazonian plateau, where measles and certain 
respiratory viral infections are absent (Black et aI., 1970). 

1. Variations in Age-Specific Prevalence of EBV Infection 

Significant differences exist, however, in the prevalence and in the 
age-specific incidence of primary infection among geographic areas and 
socioeconomic groups in any given country. Figure 1 gives the prevalence 
of EBV infection in the 4- to 6-year age group and in areas as different as 
the island of Barbados and the state of Connecticut. The observed dif
ferences are enormous: nearly 100% of children are infected by this age 
in Barbados (where 1M does not exist), whereas fewer than 30% of children 
of the same age have been infected in Connecticut (where 1M is prevalent). 
Figure 2 gives an idea of the age-specific prevalence of EBV infection in 
these two areas (Barbados and Connecticut), with Hawaii being inter
mediate. These data suggest that the age of primary infection depends 
on the socioeconomic development. The age-specific prevalence of EBV 
infection is socioeconomically related in the United States, as can be 
seen in Fig. 3. At 2-4 years of age, 50-60% of black Americans are already 
infected by EBV, vs. around 10% of white Americans. By the age of 16-18, 
the difference disappears (maximum incidence of 1M among whites). 
Evans (1974) has compared young adult males in various settings in the 
United States, and as can be seen in Fig. 4, variations are important: 93% 

FIGURE 1. EBV prevalence within the 4- to 6-
year age group in different geographic areas. 
Adapted from Evans 11974). 
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FIGURE 2. Prevalence of VCA antibod
ies, according to age, in Barbados, Ha
waii, and Connecticut. Adapted from 
Evans (1974) and Jennings (1973). 

of military recruits are EBV-positive, but only 26% of Yale freshmen in 
the 1958-1963 classes. 

Changes in time of the age-specific prevalence of infection by EBV 
in a given population can be observed. As can be seen in Fig. 4, in 11 
years' time (1958-1968), the prevalence of EBVinfection in Yale freshmen 
increased from 26 to 51 %, suggesting sociocultural changes (such as sex
ual permissivity). In contrast, Japanese medical-school freshmen in Ka
mamoto showed a regular increase in the proportion of EBV-negative 
students from 3% in 1973 to 6.5% in 1979 (Hinuma, personal 
communication). 

2. Variations in the Immune Response to Primary Infection 

The results cited above indicate that the age of the primary EBV 
infection varies with geographic areas and sociocultural groups. Figures 
5 and 6 give the age-specific prevalence of VCA-positive individuals in 
the West Nile district of Uganda (high-BL area) and among Chinese Sin
gaporians (at high risk for NPC) together with age-specific prevalence of 
EA and GMTs of VCA- and EA-positive individuals (de-The et al., 1975b). 
The VCA prevalence curves show that before 3 years of age, 95% of 
Ugandan children are VCA-positive, while only 23% of Chinese children 
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';'7 iii J,......., 
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FIGURE 3. Age distribution in 
high and low socioeconomic 
groups in the United States. 
Adapted from G. Henle et al. 
(1969). 
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U.S Yale Boys(1968) 355 ~ 51 

.. U. S. Yale Boys(1958-63) 424 

FIGURE 4. Percentage of EBV-VCA-positive sera in young adults. Adapted from Evans 
(1974). 

of the same age in Singapore are positive. Thus, during the first 2 years 
of life, a massive infection takes place in Ugandan children, but not in 
Singapore, or for that matter in any socioeconomically developed country. 
To estimate the level of immune response of these two populations to 
primary EBV infection, one can consider the age-specific EA prevalence 
and GMTs of veA and EA. It can be seen in Figs. 5 and 6 that in Uganda 
there is a high peak of veA GMT between 1 and 2 years of age at a level 
(GMT = 421) similar to that of BL patients, a peak that is not observed 
in Singapore, or anywhere in economically developed countries. 

The curve of GMT VeA in Uganda (Fig. 5) shows a sharp decline 
from the ages of 1 to 5 years, while on an individual basis, VeA titers 
are stable. Since the GMTs were calculated using the positive sera, this 
curve might suggest that at 1 year of age, most of the positive sera have 
a very high VeA titer, whereas at 5 years of age, for example, the GMT 
of positive VeA sera reflects a mixture of children with high titers (those 
infected early in age) and of children infected later who responded to 
primary infection with a lower VeA titer. In fact, in the West Nile district 
of Uganda, at 1 year of age, 83% of positive infants had veA titers of 
1280 or higher, whereas at the age of 3 years, only 25% had VeA titers 
of 1280 or higher (de-The, unpublished). This point is relevant to interpret 
the results of the Ugandan BL prospective study (see Section IV.F). 

FIGURE 5. Prevalence and GMTs of 
positive sera for antibodies to VCA 
and EA according to age in the West 
Nile district of Uganda. Adapted from 
de-The et al.11975b) and de-The (1977). 
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100 FIGURE 6. Prevalence and GMTs 
of positive sera for antibodies to 
VCA and EA, according to age, among 

O ...... _r__--~"T-.;;...,r--"T""---_r_,., Chinese Singaporians. Adapted from 
10 de-The et al. (1975b) and de-The 6m12345 
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Other markers of the immune response to primary infection are 
antibodies to EA: the age-specific prevalence rate is significantly lower 
and earlier in Ugandans than in Singaporian Chinese (Fig. 5 and 6), as 
though EBV infection too early in life would result in a poor EA response. 

NPC is prevalent among Chinese Singaporians, but not among Indo
Pakistanese Singaporians. It was therefore interesting to compare the age
specific prevalence of infection of these two populations as well as their 
age-specific response to EA and EBNA. Figures 7 and 8 show that there 
is no difference between the two groups in VCA age-specific prevalence 
or in prevalence and GMTs of antibodies to EA. In contrast, the prevalence 
of complement-fixation soluble (CFtS) antibodies according to age was 
significantly higher in Chinese than in Indian communities of Singapore. 

For comparison, Figs. 9 and 10, from the People's Republic of China, 
give the prevalence rates and GMTs of CFtS antibodies according to age 
of Chinese in Kwangchow, Guangxi Autonomous Region (at high risk for 
NPCl, and in Peking (at low risk for NPCl (Gu and Zeng, 1978). As 
observed in Singapore between Chinese and Indo-Pakistanese, the Can-

% Positive Sera 
100 .e-;;;-.... - __ ......... __ ... 

l--

t' . 
..-- .VCA Indians 
-VCA Chinese 
0- --oCF/S Indians 
o--oCF/S Chinese FIGURE 7. Prevalence of VCA and CFI 

S antibodies according to age among 
Chinese (at high risk for NPC) and In
dians (at low risk for NPC) in Singapore. 
From de-The et al. 11975b). 
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FIGURE 8. Prevalence of EA (0 + R) antibodies and GMTs of positive sera among Chinese 
and Indian Singaporians (de-The and colleagues, unpublished data). 

tonese at high risk for NPC maintain a higher CF/S lor EBNAI antibody 
level as compared to northern Chinese at low risk for this EBV -associated 
tumor. 

3. Reactivation of Latent Epstein-Barr Virus Infection in Certain 
Diseases 

An interesting EBV serological marker, associated with NPC, was 
observed by Zeng et al. 11979) in Cantonese Chinese population groups. 
As can be seen in Fig. 11, the prevalence of IgA VCA in the normal 
population around Kwangchow increases with age and seems to precede 
by a few years the evolution of the NPC prevalence in the same popu-

FIGURE 9. Prevalence of CF/S an
tibodies in Chinese from K wangchow 
(high NPC risk) and Peking (low 
NPC risk). From Gu and Zeng (1978). 
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FIGURE 10. GMTs of CF/S antibodies in 
Chinese populations at high risk 
(Kwangchow) or low risk !peking) for NPC. 
From Gu and Zeng (1978). 

lation. IgA antibodies to VCA are becoming increasingly critical for early 
diagnosis of NPC (see Section V). They reflect a reactivation of EBV, with 
viral markers present in the nasopharyngeal mucosa. This reactivation 
appears to be due to sociocultural factors and to exposure to certain 
chemical carcinogens that have EBV-inducing potential (see Section V). 

This reactivation, which reflects EBV activity in the nasopharyngeal 
mucosa, might be causally associated with NPC development (de-The, 
1980b; de-The and Zeng, 1981), in contrast to the "passive" reactivation 
observed in a number of diseases associated with natural or induced 
depressed cell-mediated immunity, such as systemic lupus erythema
tosus (Stancek and Robensky, 1979), renal transplantation (Marker et 
al., 1979; Cheeseman et al., 1980), and Hodgkin's disease (Lange et al., 
1978). In the study of Cheeseman and colleagues, leukocyte interferon 
treatment of renal-transplant recipient aimed at controlling reactivation 
of latent infections of the herpes group (mostly cytomegalovirus and EBV) 
resulted in a reduced EBV excretion rate in the saliva, whereas antithy-

30 

30 40 50 60 70 
AGE (years) 

FIGURE 11. Age-specific prevalence rates of IgA an
tibodies to VCA in six communes of Zangwu County 
(Guangxi Autonomous Region). From Zeng et al. 
(1979). 
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mocyte immunoglobulin increased this excretion and increased VCA 
titers by 4-fold jCheeseman et al., 1980). 

III. DISEASE ASSOCIATED WITH PRIMARY INFECTION BY 
EPSTEIN-BARR VIRUS: INFECTIOUS MONONUCLEOSIS 

Common viral diseases are usually the result of primary infection 
by the causative agent. Epstein-Barr virus jEBV) primary infections are 
most of the time silent or unrecognized clinically; a few days with fever 
and transient enlarged cervical lymph nodes in children will not cause 
a doctor's consultation or a visit to a specialized hospital, and even if this 
were the case, an EBV serology would not be done. In contrast, infectious 
mononucleosis 11M), being often a dramatic event, is now well charac
terized clinically and epidemiologically. Historically, it is Emil Pfeiffer 
j1889) in Wiesbaden who, in 1889, first described a condition that he 
named "glandular fever." The classic description in 1920 and the name 
of infectious mononucleosis are due to Sprunt and Evans j1920) from 
Johns Hopkins University. 

A. Clinical, Histopathological, and Epidemiological 
Characterization of Infectious Mononucleosis 

With an insidious onset, the typical form of 1M involves a sore throat, 
fever, severe fatigue, nausea, and sweating. At physical examination, 
enlarged cervical lymph nodes and splenomegaly are the main findings. 
If the acute syndrome is relatively short j1-2 weeks), convalescence is 
usually long with lasting fatigue. Severe headache is common, but the 
Guillain-Barre syndrome, suggesting a direct involvement of EBV infec
tion in the CNS, is rare jGrose and Feorino, 1972). Minor jaundice is 
frequent and liver functions altered as a rule. 

The blood count shows first a mild leukopenia due to a decrease in 
the number of polymorphs followed by a sharp increase in total leukocyte 
count jlO,OOO-15,OOO WBC/mm'~), due to the presence of large and atyp
ical mononuclear leukocytes. These atypical cells consist of hyperbaso
philic, vacuolated blastic cells, often with kidney-shaped nuclei, some
times so pleomorphic that the diagnosis of leukemia is evoked. 

The diagnosis of 1M rests on the Paul-Bunnell-Davidsohn test de
tecting IgM heterophil antibodies agglutinating sheep erythrocytes jPaul 
and Bunnell, 1932; Davidsohn and Nelson, 1969). 1M is accompanied by 
the transient development of a large number of heterophil antibodies, 
mostly of the IgM class, directed against sheep, horse, and bovine RBC, 
but also to the Ii blood group, nuclear factors, proteins OX19, and other 
factors, this being probably due to the EBV mitogenic activity on com-
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mitted B lymphocytes. In asymptomatic primary EBV infections, the 
Paul-Bunnell test is usually negative (Sumaya, 1977). 

Epidemiologically, 1M is restricted to temperate climates and to high 
socioeconomic groups. It occurs sporadically with minor outbreaks in 
Western military camps and educational institutions in late winter or 
summer, but never in characterized epidemics. The age distribution in 
the United States, as shown in Fig. 12, has a peak at 15 years for girls 
and 17-18 years for boys, reflecting difference in sexual maturation 
(Heath et al., 1972). The highest incidence rate in Atlanta was found to 
be 345 for 100,000 teenagers (15-19 years old). In contrast to the general 
belief, 1M [with IgM EBV viral capsid antigen (VCA) antibodies] can be 
observed in the elderly (Pickens and Murdoch, 1979). 1M can follow blood 
transfusions or bone-marrow transplantation in EBV-negative recipients 
(Sullivan et al., 1978). The frequency of such events is not known, but 
blood transfusion centers should avoid using blood samples that have 
early antigen (EA) antibodies reflecting an active EBV infection of the 
donor. 

In contrast to temperate countries with high socioeconomic and hy
gienic development, 1M is exceptional in tropical and developing coun
tries. As an example, not a single case of 1M was recorded in 5000 ad
missions in the infirmary of a college in the Philippines (Evans and 
Campos, 1971). Repeated requests for information on the existence of 
typical 1M syndromes with the Paul-Bunnell-Davidsohn test in Africa, 
China, Hong Kong, and Singapore have regularly indicated the rarity of 
1M among natives (de The, unpublished data). This absence is believed 
to be related to the early age of EBV infection in these areas. A very low 
incidence of 1M was observed at the University of Hawaii, as compared 
to the University of California at Davis, the Asian student population 
being less susceptible than whites to 1M (Chang et al., 1979). It should 
be noted that Addy et al. (1978) found 5% of Paul-Bunnell-Davidsohn
positive sera among 715 jaundiced patients in Ghana, but no EBV serology 
was performed. 

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 + 

AGE (years) 

FIGURE 12. Age distribution of 1M in Georgia, 1978. From Evans and Niederman (19761. 
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TABLE III. Summary of 11 Prospective Studies on Epstein-Barr Infection and 
Infectious Mononucleosisa 

EBV infection after 
EBV antibody status at time of Number of sera 1 year 1M after 1 year 

survey collected I % I I % I 

With VCA antibodies 3733 0 0 
Lacking VCA antibodies 1547 16 7 

Q From Evans and Niederman 119761. 

B. Evidence of Causality between Epstein-Barr Virus and 
Infectious Mononucleosis 

The proof of causality between EBV and 1M is based on seroepide
miological evidence and on partial success in the experimental trans
mission of the disease to monkeys and men. 

The first suggestion that EBV might be etiologically related to 1M 
came when a laboratory technician in the laboratory of Drs. W. and G. 
Henle who previously lacked EBV VCA antibodies seroconverted in the 
course of 1M, while her circulating lymphocytes, which failed to grow 
in vitro during the acute phase of illness, gave rise to permanent cultures 
when collected during her convalescence (G. Henle et al., 1968) [see 
Chapter 5 (Section Ill. The next step was the finding that all pre-1M sera 
collected at Yale University lacked antibodies to EBV, while the corre
sponding acute-phase and convalescent sera exhibited EBV antibodies 
(Niederman et al., 1968). In addition, lymphoblastoid-celllines could be 
obtained from nearly all 1M blood leukocytes, but not from leukocytes 
of individuals who lacked antibodies to EBV (Diehl et al., 1968). Finally, 
a number of prospective studies confirmed that the absence of VCA an
tibodies indicated susceptibility to 1M, whereas the presence of these 
antibodies indicated immunity to the disease (see Table III) (Evans et 
ai., 1968; Niederman et al., 1968 University Health Physicians and PHS 
Laboratories, 1971; Sawyer et al., 1971; Hallee et al., 1974). It is estimated 
that in highly developed countries, up to 25% of EBV-negative adolescents 
eventually develop 1M syndromes. It is further estimated that if 90% of 
1M syndromes are caused by EBV, 5-7% are due to cytomegalovirus 1 % 
to Toxoplasma gondii, and exceptional cases to viral hepatitis, rubella, 
herpes simplex, or adenovirus (Evans, 1978). 

C. Epstein-Barr Virus Serological Profile during Infectious 
Mononucleosis 

Figure 13 shows the evolution of the IgM and IgG antibodies to VCA, 
EA, and EBV-induced nuclear antigen (EBNA) during clinical 1M. The 
essential characteristics are the lack of antibodies during incubation and 
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FIGURE 13. Evolution of EBV 
reactivities during 1M syn
dromes. Adapted from de-The 
and Lenoir (1977). 

the progressive development of veA antibodies observed during the acute 
phase, in both the IgM and IgG classes. Antibodies to EA are directed 
against the diffuse (0) components (as in the case of nasopharyngeal 
carcinoma and in contrast to Burkitt lymphoma). The lack of antibodies 
to EBNA is the rule during the clinical illness and early convalescence. 
The "VeA + IgM + EA-O + EBNA -" profile is pathognomonic for 1M 
and can be used in the diagnosis of 1M. In the first few weeks of con
valescence, IgM antibodies to veA disappear and IgG to EA/O tend to 
decrease. EA antibodies can be used as a marker of the evolution of the 
disease: if they increase in titer, a close clinical surveillance is ne.cessary, 
since some fatal cases of 1M are associated with increased EA titers (Sohier 
et al., 1981). Another useful clinical marker is the amount of time nec
essary to mount an immune response to EBNA or to complement-fixation 
EBV soluble (eF/S) antigen after 1M (Sohier, 1971; Sohier and de-The, 
1978). When the recovery is rapid, EBNA antibodies appear within 6-10 
weeks after the acute 1M phase. But sometimes, after 6-10 months, or 
even years after primary infection, no EBNA or eF/S antibodies are de
tectable, suggesting that there is a poor cell-mediated immune response 
to the EBV infection (G. Henle et al., 1974). 

D. Deadly Lymphoid Proliferations following Epstein-Barr 
Virus Primary Infection 

The clinical syndrome observed during acute 1M is generally con
sidered as the result of an immunopathological process in which induced 
killer T cells are specifically targeted to hit B lymphocytes infected with 
EBV (Svedmyr and Jondal, 1975). As a matter of fact, the majority of 
atypical lymphocytes during the late phase of 1M are sheep-erythrocyte-
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rosette-forming cells that are cytotoxic for autologous EBV-carrying cells 
in vitro. The clinical recovery of 1M depends on proper T-cell-mediated 
immune response. It is not surprising, therefore, that certain immune 
deficiencies are associated with severe EBV infection, leading to deadly 
lymphoid proliferations. The polyclonal B-cell proliferation, or "lym
phoma," that developed after primary EBV infection as reported by Ro
binson et al. (1980) was deadly within a few days, while blood and every 
organ were heavily infiltrated with EBNA-positive B lymphocytes. The 
question whether such a proliferation should be considered as a lym
phoma or not is a matter for debate (Wright et al., 1980). Another case 
of fatal diffuse malignant lymphoma following primary EBV infection 
was recently reported (Thestrup-Pedersen et al., 1980), wherein T-cell 
deficiencies concerning subpopulations of natural killer (NK) cells and 
T cells with receptors for IgG (T-y cells) were substantiated with evidence 
of EBV-positive circulating B lymphocytes. A possible connection be
tween an interferon-induced chromosomal defect (16q22) and the reduced 
level of NK- and T-y-cell activities, leading to EBV-positive B-Iymphocyte 
profileration, was envisaged by the authors. 

That EBV can cause fatal 1M in certain genetically susceptible in
dividuals is now well documented (Bar et al., 1974; Britton et al., 1978; 
Virelizier et al., 1978; Crawford et al., 1979), but the immunopathological 
process involved does not appear to be the same in all cases (complex 
humoral and cell-mediated immunodeficiency in the case of Britton and 
colleagues, failure to generate immune interferon in the case of Virelizier 
and colleagues). 

One report that appears to be of particular interest is the X-linked 
recessive lymphoproliferative syndrome of Purtilo et al. (1975, 1979), 
consisting of an ineffective response to EBV primary infection fbllowed 
by a great frequency (up to 40%) of different types of malignant lympho
proliferations, including Burkitt-type lymphomas, B immunoblastic sar
comas, plasmocytomas, and others, appearing at variable times after EBV 
primary infection. The "Purtilo syndrome" may also involve cardiac and 
neurological congenital anomalies in blood relatives. The extent to which 
atypical 1M leads to polyclonal, fatal lymphoproliferations has not yet 
been determined, and the registry set up by Purtilo (1980) should be 
helpful for both fundamental and applied research on EBV-associated 
diseases. 

E. Infectious Mononucleosis as a Risk Factor for Hodgkin's 
Disease 

The possible relationship between 1M and the subsequent develop
ment of lymphoproliferative malignancies, especially Hodgkin's disease 
(HD), was first suggested by Dameshek (1969). A number of epidemiol
ogical studies supported this view (Carter and Penman, 1969; Miller and 
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TABLE IV. Frequency of Hodgkin's Disease in Individuals Who Have 
Experienced Infectious Mononucleosis 

Cohort 
Authors size Obs. Exp. RR Remarks 

Carter and Penman 2,779 3 1.3 2.3 
(19691 

Miller and Beebe (1973) 2,437 2 2 
Connelly and Christine 4,429 5 5 

(1974) 
Rosdahl et al. 11974) 17,073 17 6 2.8 HD mostly in males 
Munoz et al. (19781 9,454 7 1.8 4 HD mostly in males 
Kvale et al. (19791 5,840 6 2 3 

TOTALS 42,012 40 13.1 19.1 

Beebe, 1973; Connelly and Christine, 1974; Rosdahl et al., 1974; Munoz 
et al., 1978; Kvale et al., 1979), and as can be seen in Table IV, the 
increased relative risk (RR) of developing Hodgkin-type lymphoma varies 
from 2 to 5 for people who have had 1M as compared to the general 
population. 

Worth noting is the relatively short time interval elapsing between 
1M and HD: 2-11 years, with a mean of approximately 3 years, 95% of 
the cases occurring within 7 years. Munoz et al. (1978) raised the pos
sibility of misdiagnosis between 1M and HD, since some HD patients 
exhibit heterophil antibodies with a positive Paul-Bunnell-Davidsohn 
test, without having clinical 1M (Wolf et al., 1969). Progression from 1M 
to monocytic leukemias was recently described by Hehlmann et al. 
(1980). A prospective follow-up of severe 1M cases with collection of 
sequential serum specimens would be helpful to assess the sequence of 
events and the role of EBV in malignant lymphoproliferations. 

IV. ROLE OF EPSTEIN-BARR VIRUS IN THE 
PATHOGENESIS OF BURKITT LYMPHOMA 

In this section, we shall see how Burkitt lymphoma (BL), as described 
in equatorial Africa in the late 1950s, represents a clinical, pathological, 
and unique epidemiological entity. 

The causal role of Epstein-Barr virus (EBV) in the development of 
such a tumor is now established and its mode of action partly clarified 
(de-The, 1979). Outside the endemic areas of the equatorial belt, lym
phomas with a pathology very similar or identical to that observed in 
endemic BL do exist, although at a much lower frequency. It appears as 
though the EBV would have little to do with the development of these 
latter lymphomas. The comparison between these two groups of lym
phomas should elucidate the unique role of EBV in the endemic entity. 
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FIGURE 14. Jaw tumor in a Ugandan BL. 

A. Clinical and Pathological Entity of Burkitt Lymphoma 

The disease described by Dennis Burkitt (1958) had unique clinical 
features that stimulated surgeons at Mulago Hospital of Makarere Uni
versity in Kampala, Uganda, to uncover it as a specific entity. Figure 14 
shows a characteristic jaw tumor, now recognized the world over, as the 
typical aspect of BL. Jaw tumors can occur in any of the four quadrants 
of the maxillae, superior and inferior. As can be seen in Fig. IS, this 
localization is present in 100% of cases around 3 years of age and in 
decreasing proportion in older age groups or in areas where tumor inci
dence is lower (Burkitt, 1970). The radiological aspect of early lesions in 
the upper jaw or mandible involves the papillae of developing teeth 

FIGURE 15. Percentage of BL 
patients with jaw tumors accord
ing to age. From Burkitt (19701. 

<11 2 4 6 8 10 12 14 16 18 20 22+ 
AGE (years) 
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(Adatia, 1970). Tooth buds corresponding to feather follicles in chickens, 
a known site of replication of the Marek disease herpesvirus, merit futher 
experimental and clinical investigation in BL genesis. 

Other common localizations of BL involve the testicles, ovaries (in 
older girls), breast, liver, retroperitoneum, and eventually stomach and 
intestine, but very exceptionally lymph nodes and spleen, this being in 
sharp contrast to the lymphomas of similar histopathology as observed 
in temperate climates. Invasion of bone marrow is observed in terminal 
phases of the disease. Thus, the absence of lesion of the lymph nodes and 
spleen in this entity is a remarkable and unique feature for BL. Peripheral 
nerves are not affected in BL, in contrast to the frequency with which 
they are affected in other lymphomas involving the jaws. Intracranial 
invasion and peridural deposit of lymphomatous tumor cells are common 
at a late stage of the disease, resulting in hemi-, para-, or quadraplegia. 
There was exceptional immediate response of this lymphoma to cyclo
phosphamide that attracted worldwide attention in the 1960s. Chemo
therapy later included vincristine, methotrexate, cytosine Arabinoside, 
and (BCG) (O'Conar and Davies, 1960; O'Conor, 1961; Clifford, 1970b; 
Ziegler, 1972, 1977). The 5-year disease-free survival is at present around 
25% (Olweny et al., 1980). 

The original histopathological description of this tumor was made 
by O'Conor and Davies (O'Conor and Davies, 1960; O'Conor, 1961), who 
referred to it as a poorly differentiated lymphocytic lymphoma with the 
presence of large histiocytes giving the classic "starry-sky" picture. Fi
alkow et al. (1970) later provided evidence for the monoclonal origin of 
this B-celllymphoma. 

B. Geographic Distribution 

Even now, the best epidemiological data are those that were collected 
by Dennis Burkitt covering thousands of miles in East, Central, and South 
Africa in the late 1950s. In a remarkably short period of time, he was 
able to characterize the climatic conditions that determine the geographic 
distribution of the tumor (Burkitt, 1962a,b). 

Twenty years later, his maps are still fully valid. The lymphoma 
belt, as can be seen in Fig. 16, is limited in West Africa by the 10-15° 
north latitude and by the Ethiopian highlands and northern Kenya in East 
Africa. The southern limits in Central Africa are the French-speaking 
countries and the subtropical coastal plain of Mozambique. The low 
incidence of BL in the islands of Zanzibar and Pemba, 20 miles off the 
shores of the endemic coast of Tanzania, is still unexplained (Burkitt, 
1969). But there are blanks within the African BL belt, and the distribution 
of the tumor is strictly determined by altitude, decreasing from 1500 m 
above sea level at the equator level to 300 m at the coast of South Africa. 
Figure 17 is a map of the mountainous region of Southeast Africa: the 
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FIGURE 16. World distribution of endemic BL lymphomas. Black areas indicate endemic 
areas. Crosses indicate places where nonendemic lymphomas with BL histopathology were 
described. From Burkitt (19701. 

BL-free regions correspond precisely to the areas that are higher than 
1200 m in altitude (Burkitt, 1970). It is pertinent to recall here that the 
high plateau in East Africa is more densely populated than the lower 
valleys, where the temperature, humidity, and mosquitoes make life 
much more difficult. Denis Burkitt showed that the tumors developed 
where rainfall was more than 60 cm a year and the temperature always 
above 16°C. Outside Africa, endemic BL occurs in holoendemic malaria 
areas of New Guinea, Malaysia, Colombia, and Brazil (Burkitt, 1967; 
Collected reports, 1967; Carvalho et al., 1973). 

FIGURE 17. Distribution of BL endemic zones 
in Southeast Africa. BL is endemic in the shad
owed areas (below 1200 m altitudel and absent 
in the highly populated plateau (white areasl. 
Adapted from Burkitt (19701. 
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C. Age and Sex Distribution 

The Burkitt tumor has never been observed under 2 years of age in 
equatorial Africa, suggesting that the oncogenic event must take place 
after birth_ As can be seen in Fig. 18, its incidence rises very steeply from 
age 3, and peaks are observed around 5-7 years of age. In Central and 
West French-speaking Africa, the age distribution is wider than in East 
Africa, but the peaks remain at the same age. 

Adult cases of BL have been observed in East Africa in immigrants 
from a low- to a high-incidence area (Burkitt and Wright, 1966). In re
viewing this topic, Morrow et al. (1976) noted that about 50% of BL 
immigrant patients were over 15 years of age, suggesting that adults were 
susceptible to a factor present in the high-incidence area but absent in 
the tumor-free area. In this context, it is worth recalling that the mean 
age of occurrence is around 8 years in the high-BL areas, but about 16 
years in the low-incidence areas. Compared to other childhood tumors, 
BL occurs at a slightly older age than tumors such as neuroblastomas, 
nephroblastomas, or retinoblastomas, but earlier than malignant lym
phomas and acute leukemias as seen in temperate climates. 

The influence of sex has been noted in all areas, with a male/female 
ratio with jaw tumor of about 3.2: 1 and for patients without jaw lesions 
of 2.1: 1. Thus, the highest incidence for BL is seen in boys aged 5-9, in 
whom this incidence reaches 15-201100,000 in high-risk areas (Pike et 
al., 1967). Genetic, racial, or tribal factors, which would include soci-

15 

357 9 n 
AGE AT ONSET (years) 

13 15+ 

FIGURE 18. Age-specific indicendence of BL in the West Nile district of Uganda during 
the period 1961-1975. I-I Males; (---l females. From Williams et al. (19781. 
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cultural factors, do not appear to be critical for the development of BL. 
In Uganda, for example, a few tumors have been observed in Indian com
munities that accounted for less than 1 % of the Ugandan population in 
the 1960s when this evaluation was made. 

D. Space and Time Clustering 

Space and time clustering of BL represents a most uncommon and 
surprising epidemiological characteristic for a cancer and at the same 
time supports strongly the intervention of an environmental factor. The 
phenomenon was first described by Pike et al. (1967) and analyzed by 
Williams et al. (1969) for the BL cases as observed in the West Nile district 
of Uganda during the period 1961-1965. Thereafter, clustering was not 
seen with cases observed for the next 5 years 11966-197l) in the same 
area, but later on strong evidence of clustering was again reported for the 
two years 1972-1973 (Williams et al., 1978). When all cases observed 
during the period 1961-1975 were analyzed, the existence of space-time 
clustering was confirmed and further indicated that patients involved in 
such clusters were significantly older than patients not involved in clus
ters. No evidence of space-time clustering for BL could be observed, 
however, in other areas of Uganda, Tanzania, or Ghana (Brubaker et 
al., 1973; Morrow et al., 1976, 1977; Biggar and Nkrumah, 1979), thus 
making the West Nile district a very unique epidemiological niche. 

Seasonal variations in the incidence of BL were also observed in the 
West Nile district of Uganda, where BL were diagnosed twice as often in 
the second half of the year as in the first (Williams et al., 1974). Finally, 
it should be noted here that a decline in the overall incidence of BL is 
being observed in Uganda and Tanzania (Morrow et aI., 1976; Interna
tional Agency for Research on Cancer, Annual Report, 1978). 

E. Association between Epstein-Barr Virus and Burkitt 
Lymphoma 

1. Viral Markers in Tumor Cells 

Zur Hausen et aI. (1970) were the first to show that BL biopsies in 
endemic areas contained EBV genome detectable by nucleic acid hybrid
ization. Later on, a number of studies confirmed this original description, 
indicating that up to 96% of BL biopsies originating from endemic areas 
contained an average of 30 EBV genome equivalents per tumor cell (Non
oyama and Pagano, 1973; Nonoyama et al., 1973; Pagano et al., 1973; 
Lindahl et al., 1974). Viral RNA transcripts corresponding to 3-6% of the 
EBV DNA were found in large quantity in BL biopsies (Dambaugh et 
al., 1979). 

The detection of the EBV-induced nuclear antigen (EBNA) in tumor 
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cells was successful in a lower proportion of cases than the detection of 
EBV genomes (Pagano et al., 1973; Reedman et al., 1974; Ziegler, 1977; 
de-The et al., 1978a). As an example, in the study of Olweny et al. (1977), 
27 of the 34 DNA-positive BL biopsies were found to be EBNA-positive. 
In the same study, none of the 25 non-BL African lymphomas exhibited 
viral markers in the tumor cells. 

2. EBV-Specific Immune Response 

The serological profile of patients with BL was first studied by G. 
Henle et al. (1969), who, studying viral capsid antigen (VeA) antibodies, 
found that there was no difference between BL and various controls in 
the frequency of individuals who had experienced EBV infection, but 
observed significant differences in the geometric mean titers (GMTs) of 
veA antibodies in BL patients as compared with various controls. 

Figure 19, which was prepared from the data of G. Henle et al. (1969), 
shows a dramatic difference in VeA GMTs between BL patients from 
Kenya, Nigeria, and Uganda and various control groups, such as normal 
children, neighbors of BL patients, and sick patients from pediatric wards 
of the Nairobi hospital. 

Regarding antibodies to early antigen (EA), G. Henle et al. (1971), 
testing 156 BL cases from Kenya and Uganda, found that around 75% of 
BL patients exhibited antibodies to the restricted component of EA, but 
at a level usually much lower than that obtained with veA antibodies. 
In fact, as can be seen in Fig. 20, a direct relationship exists between the 
level of the veA titers and that of the EA response. 
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The recently developed EBV-specific antibody-dependent cellular 
cytoxicity (ADCC) was applied to BL sera (Pearson et al., 1979). These 
antibodies, directed against membrane antigen (MA) components, appear 
to have a prognostic value for BL patients, as can be seen in Table V. The 
nature of the ADCC-directed MA is not yet fully defined, but is related 
to quite an extent to the MAs as previously defined by Klein et al. (1969) 
and Svedmyr et al. (1970). 

That BL patients regularly exhibited a specific immune response to 
the EBV and that their tumor cells regularly contained EBV viral markers 
was suggestive, but did not prove, that EBV is causally related to BL. The 
fact that this virus exhibited in vitro transforming activity on human 
and simian B lymphocytes (immortalization) and was able to induce in 
vivo lymphomas in some New World monkey species (Epstein et al., 
1973; Shope et al., 1973) further favors the hypothesis that this virus 
represents the oncogenic agent of BL. But direct demonstration could be 
obtained only by epidemiological means, either by studying the sequence 
of events that occurs between primary infection and tumor development 
or by successful antiviral intervention resulting in the prevention of the 
tumor. 

F. Ugandan Prospective Study 

After the discovery of the causal role of EBV in infectious mono
nucleosis (1M) (see Section III.B), the main question for BL etiology was 
whether BL represents a malignant 1M in African children immunode
pressed by heavy parasitic infections, such as malaria. The question then 
arose whether a prospective study aimed at identifying BL candidates was 
feasible and could help establish the role of EBV in BL (International 
Agency for Research on Cancer, Annual Report, 1968). If BL were to 
develop as a consequence of a primary infection taking place shortly 
before tumor development in very few children escaping from the early 
infection taking place in Uganda (see Section II.B.2)' then the sera col-

TABLE V. Response to Therapy of Burkitt Lymphoma Patients Grouped 
According to Antibody-Dependent Cellular Cytotoxicity Titersa 

GMT 
Clinical regression 

ADCC groupb Number tested ADCC VCA EA \%)C 

High 19 10,255 484 70 74 
Medium 28 1,046 334 12 36 
Low 7 <240 324 25 29 

a From Pearson et al. \1979). 
b High-titered group, higher than 3840; medium-titered group, 240-3840; low-titered group, less than 

240. 
, Based on complete or partial regression following treatment. 
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lee ted prior to the incubating period should lack EBV antibodies. An 
alternate hypothesis was considered in which a long and heavy exposure 
to EBV was a necessary condition for BL developmentj in such a case, 
sera of future BL cases would exhibit high antibodies to EBV. Finally, if 
no causal relationship existed between EBV and BL development, then 
the EBV profile of children who later on will develop BL should not differ 
from that observed in age/sex- and locality-matched controls (Geser and 
de-The, 1972). 

Before a long-term prospective study could be undertaken, it was 
necessary to evaluate the stability of EBV titer in the African population. 
A feasibility study in 1968 and 1969 showed a remarkable stability of 
individual antibody titers to veA over an 18-month period of time (Ka
fuko et al., 1972). It was estimated that a 5-year follow-up of approxi
mately 37,000 children aged 4-8 would then be necessary to test the 
proposed hypotheses (Geser and de-The, 1972). 

From February 1972 to the end of 1974, serum samples were obtained 
from 42,000 children, aged 0-8 years, in four counties of the West Nile 
district of Uganda (Fig. 21), with excellent cooperation from the popu
lation (85% of the eligible children were in fact bled) (de-The et al., 
1978a). Then an extensive follow-up of these children was conducted to 
detect every BL case, up to late 1979, when the survey of the population 
had to be stopped because of the political and economic situation. Thus, 
16 BL tumors were detected in the bled population with a time interval 

I----'-.f -_\FRICA NORTHERN WEST NILE DISTRICT 
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FIGURE 21. Map of Africa showing the Ugandan West Nile district where the BL pro
spective study was carried out 11971-19791. From the de-The et a1. \1978a). 
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ranging from 7 months to 6 years between the main bleeding and the 
diagnosis of the tumor (de The et al., 1978a; Geser et al., 1982). The main 
results were, as can be seen in Fig. 22, that pre-BL sera exhibited higher 
VCA titers than age/sex/locality-matched controls. In fact, 12 of 13 EBV
associated and histologically proven BL cases had pre-BL sera with VCA 
titers higher than or as high as any control. The increased risk of devel
oping BL could be estimated at approximately 30 times for children who 
had VCA titers 2 dilutions or more above the GMT of the corresponding 
normal population group standardized for age, sex, and locality. The pres
ence of EBNA and EBV DNA sequences were established in 9 of 10 
confirmed BL cases, from whom frozen biopsies were available for viral 
DNA investigations. The second most important finding was that VCA 
titers did not increase at tumor onset (see Fig. 23). The stability of VCA 
titers between the main bleeding and BL development was most re
markable, since it indicated that high EBV VCA titers observed in BL 
patients from East or West Africa did not result from disease process, but 
reflected a long-standing situation. 

In contrast to VCA antibodies, antibodies to EA, EBNA, and herpes 
simple virus (HSV), cytomegalovirus (CMV), and measles virus were not 
elevated in pre-BL patients as compared to controls. In 7 cases, EA an
tibodies developed after tumor onset, but without change in VCA titers. 

C. Epidemiological Evidence for a Causal Relationship 

The difference in VCA titers between pre-BL sera and control sera 
reached a high degree of significance (p = 0.002) when the latest two 
cases described by Geser et al. (1982) were added to the results obtained 
previously (de The et al., 1978a). As can be seen in Fig. 22, the time period 
between serum collection and BL occurrence did not affect the ranking 
of pre-BL sera vis-a-vis the control sera. The 5 cases bled 33-72 months 
prior to tumor development exhibited the same pattern as the 11 cases 
bled 7-20 months before BL onset. When clinically, histopathologically, 
and virologically coherent BL cases were considered, 13 of 14 had VCA 
titers as high as or higher than any control, 1-6 years prior to tumor 
development. These results, taken together with the lack of change in 
VCA titers after tumor onset and the lack of difference in the antibody 
titers to other viruses (HSV, CMV, measles) between pre-BL and control 
sera, made high VCA titers in pre-BL sera a unique feature bringing ep
idemiological evidence of causal association between EBV and BL devel
opment in Uganda. Such epidemiological evidence is consistent with the 
experimental data showing that EBV can immortalize human B lympho
cytes in vitro (Pope et al., 1969a) and induce lymphomas in vivo in certain 
New World primates (Epstein et al., 1973; Shope et al., 1973). When 
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epidemiological data reinforce evidence obtained through clinical and 
experimental studies, there is no alternative but to interpret the results 
of the prospective Ugandan study as offering further critical evidence of 
a causal relationship between EBV and BL. 

Some questions remained: Why were VeA titers alone and not an
tibodies to EA and EBNA elevated in pre-BL sera? Why did some rare 
cases Isuch as case 247) not exhibit high veA titers prior to or after 
disease onset and lack EBV markers in the tumor cells? 

As discussed in Section I.B, the Pasteurian notion of a necessary 
agent corresponding to one disease cannot be applied to multistep de
generative diseases. 

The results of the Ugandan prospective study indicate that the causal 
association between EBV and BL is confined to cases in which it is found 
both that high VeA titers precede disease onset and that EBV markers 
are present in the tumor cells. These "EBV-associated lymphomas" rep
resent 96% of the endemic lymphomas described by Dennis Burkitt in 
children of equatorial Africa. EBV-free lymphomas, exceptional in equa
torial Africa, are the rule in temperate climates Isee Section IV.K). In 
equatorial Africa, candidates for EBV-associated lymphomas appear to be 
recruited among the 10% highest VeA titers as observed in the general 
population. If one recalls that the highest incidence in the male popu
lation between 5 and 9 years averages 20/100,000 per year Isee Fig. 18), 
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only 0.2% of the candidates will eventually develop the disease, which 
indicates that other cofactors are critical in BL development. 

H. Epstein-Barr Virus Early Infection Acts as an Initiating 
Event 

The high VeA titers observed in the pre-BL sera testified to a severe 
primary EBV infection. We saw in Section II.B.2 that a very early infection 
by EBV took place in Uganda as compared to South East Asia or Europe. 
Figure 5 showed that the GMTs of positive Ugandan sera at one year or 
age reached a level of 421, comparable to that observed in BL cases (GMT 
== 425). We saw that in the population survey in Uganda (Section II.B.2), 
83% of positive sera at 1 year of age had titers of 1280 or higher, compared 
to 25% at 3 years of age, indicating that infection early in age resulted 
in high VeA titers. When one considers the extraordinary stability of 
VeA titers in individuals, one is led to postulate that the critical event 
in endemic BL causation is an early EBV infection, which we hypothe
sized to occur soon after birth (de-The, 1977). But how early can EBV 
infection take place in equatorial Africa? In the study by Biggar et al. 
(1978a,b), primary infection took place only after loss of maternal anti
bodies. In BL case 285 of the prospective study, the first serum was taken 
at 3 months and then at 1 year of age. Already at 3 months, this girl had 
an IgG VeA titer of 1280, without IgM antibodies, but with EA titer at 
40-80 and EBNA titer at 640, indicating an established chronic infection 
by EBV, again observed at 1 year of age. Her mother had a low EBV profile 
at time of BL onset, suggesting poor maternal antibody protection in this 
case, permitting such an early infection (Geser et al., 1982). As in the 
case of measles virus, EBV infection could take place under massive 
exposure in babies only partially protected by maternal antibodies. The 
habit of mouth kissing of certain African mothers could well favor a 
massive saliva transmission to babies, since 50% of the African mothers 
have transforming EBV in their saliva. One should recall here that in 
experimental viral oncology, inoculation of oncogenic RNA or DNA vi
ruses in the few days following birth or hatching significantly increases, 
and sometimes is a requisite for oncogenic potential of these viruses to 
be expressed (Gross, 1970). 

The early EBV infection probably creates a large population of EBV
infected B lymphocytes that, for a reason not yet understood, represent 
privileged target cells for further oncogenic events. The in vitro immor
talization of B lymphocytes by EBV does not result in a cancerous trans
formation of these cells. In fact, normal B lymphocytes immortalized by 
EBV do not cause tumor in nude mice except when inoculated in very 
large amounts, in contrast to BL-derived lymphoblastoid-celllines, which 
are tumorigenic in nude mice. 

In a multistep carcinogenetic process, EBV early infection would act 
as an "initiating" event at the cellular level. There are apparently two 
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other factors that could be etiologically associated with further steps 
toward tumor onset: malaria and chromosomal abnormalities. 

I. Malaria 

The detailed geographic distribution of BL corresponds precisely to 
that of holoendemic malaria. Dalldorf et al. (1964) and Burkitt (1969) 
were the first to stress this in equatorial and East Africa. Geser and 
colleagues, in two International Agency for Research on Cancer Annual 
Reports (1976, 1978), compared the level of malaria endemicity compat
ible with BL in the West Nile district of Uganda and in the North Mara 
district of Tanzania. As can be seen in Table VI, the level of parasitemia, 
the prevalence, and the GMTs of antibodies to malaria differed remark
ably between areas of high or low incidence for BL. No significant dif
ference was observed, however, between EBV-antibody reactivities of 
high- and low-altitude areas (see Table VI). It is known that individuals 
with sickle-cell trait and to a lesser extent with hemoglobin C trait are 
partially protected from the most severe forms of malaria (Allison and 
Clyde, 1961; Motulsky, 1964). Therefore, if malaria were involved in BL 
causation, children who have such genic traits should theoretically be 
protected against the development of BL. The first study by Pike et al. 
(1970) supported such a protective hypothesis, but failed to reach a sta
tistically significant level, as did the study from Nigeria (Williams, 1966). 
A recent study by Nkrumah and Perkins (1976), in Ghana, also failed to 
show any protective advantage of the sickle-cell trait against BL. Their 
study favored, however, hemoglobin C trait to have a slight protective 
effect, but without reaching statistical significance. 

There are many theoretical possibilities by which malaria could favor 
BL development. Congenital malaria is known to exist in equatorial Af
rica and may create conditions that favor transplacental EBV infection. 
On the other hand, postnatal simultaneous malaria and primary EBV 
infection may result in an immunopathological disorder leading to an 
altered cell-mediated immune control of the EBV infection, as suggested 
by Q'Conor (1970). Greenwood and Vick (1975) and, more recently, 
Greenwood et al. (1979) reported that an antigen from Plasmodium 
falciparum was mitogenic on B cells and to a lesser extent T cells from 
malaria-immune but also from malaria-nonimmune individuals. A con
tinuous antigenic stimulation of EBV-infected B lymphocytes by malaria 
antigen thus might represent a critical factor in BL development. 

Intervention against malaria appears to be the best method of estab
lishing whether holoendemic malaria is a causal factor for BL develop
ment. The International Agency for Research on Cancer and the Tan
zanian government implemented in 1977 a malaria-intervention program 
in the North Mara district in which 90,000 children aged 0-10 were given 
chloroquine tablets twice a month. Unfortunately, these studies had dif-
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ficulties: the BL incidence dropped in 1977, at the time of implementing 
these studies, and the treated children in 1977-1979 showed no decrease 
in the parasitemia level as compared to the control untreated population 
(International Agency for Research on Cancer, Annual Report, 1980). In 
the prospective Ugandan studies described in Section IV.F, no difference 
in malaria parasitemia or in the malaria-antibody level was found be
tween the pre-BL specimen cases and the controls. But parasitemia can 
change within a very short time, and malaria-antibody titers may vary 
over a period of a few months. At the time of BL diagnosis, the parasitemia 
load of patients was lower than that of controls (International Agency 
for Research on Cancer, Annual Report, 1978). This seems to be due to 
malaria treatment that these children received prior to their consulting 
at hospital for BL. 

In conclusion, holoendemic malaria, although a favored candidate 
in BL co carcinogenesis, may not be the critical factor, and more work 
should be devoted to the possible role of the anopheline vector. 

J. Chromosomal Anomalies 

The cytogenetic abnormalities regularly observed in BL cells (Man
olov and Manolova, 1972; Jarvis et aL, 1974; Zech et aL, 1976) could 
represent the last stage in the multistep BL carcinogenesis. The 8q-
14q + translocation may represent a "cytogenetic convergence" of ran
dom Darwinian chromosomal changes from a specific, yet unknown, 
cause (Klein, 1979). A variant of the 8-14 translocation including t (2;8) 
and t (8;22) was recently described in African BL cell lines (Bernheim et 
aL, 1981). As will be discussed in Section IV.K, these chromosomal an
omalies are not restricted to the EBV-associated BL and therefore should 
be considered as a separate etiological event for B lymphomas. 

The suddenness of the clinical onset of BL is very intriguing and 
cannot be explained by the etiological factors discussed above. Lachet et 
al. (1977), analyzing the epidemiological data related to BL, concluded 
that a precipitating event leading to clinical onset should take place 6-8 
months prior to the diagnosis of the disease. 

In conclusion, the pathogenesis of BL appears to imply three or pos
sibly four steps, each having a specific etiology. The first refers to an 
early EBV infection leading to a large population of EBV-infected B cells, 
at an intermediate state between normal and immortalized as observed 
in vitro. This "initiation" might be followed by a second step wherein 
a continuous mitogenic activity of malaria antigen keeps the B-cell pop
ulation "alert." A third step would involve chromosomal alteration. The 
question as to whether chromosomal alteration reflects a selection proc
ess or results from an induction mechanism is not yet answered. The 
origin of the precipitating event leading to tumor may be associated with 
a sudden chromosomal change or could be due to another, yet unknown, 
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factor- Thus, BL is becoming a unique model for studying multistep 
carcinogenesis_ It also allowed the building of a bridge between chemical 
and viral carcinogenesis, since EBV appears to act epidemiologically and, 
from the viewpoint of cell biology, as an initiator of the oncogenic process. 

K. Nonendemic Burkitt-Type Lymphomas and Epstein-Barr 
Virus 

The epidemiological entity as described by Burkitt in the late 1950s 
corresponds to a well-characterized histopathological tumor (Berard et 
al., 1969). That B lymphomas with similar histopathology could be seen 
in areas other than equatorial Africa has been established since 1967, 
when an issue of the International Journal of Cancer collected the ob
servations of BL-type lymphomas outside Africa. Cases of children with 
Burkitt-type lymphomas were thus described in Europe (Finland, Sweden, 
England, Netherlands), in the Middle East (Irak and Turkey), South East 
Asia (Malaysia, Singapore, India, and New Guinea), and North America 
(United States and Canada). For Hoogstraten (1967), Burkitt-type lym
phomas represented the most common childhood lymphoma in central 
Canada. However, as pointed out by Shanmugaratnam et al. (1967) in the 
same issue of the International Journal of Cancer, one should be very 
careful in applying the term Burkitt lymphoma outside the particular 
syndrome with clinical, histopathological, and epidemiological charac
teristics described by Burkitt. When only one characteristic, namely his
topathology, is considered, one should use the term "non endemic Burkitt
type lymphoma" (NEBL). As an example, BL-type lymphomas in Irak 
exhibit some clinical and even pathological differences from Burkitt lym
phomas as observed in Africa (AI-Attar et al., 1979). The frequency of 
gastrointestinal-tract involvement was 92% in the Iraqui patients, in 
contrast to African cases, in which involvement is more renal and ovar
ian, which is rare in Irak. CNS and bone-marrow involvement, which is 
frequent in patients from Uganda (Wright and Pike, 1969; Ziegler et 
al., 1970), is an uncommon feature in the Iraqui cases. The predominance 
of abdominal and pelvic presentation in Irak is similar to that reported 
by Arsenau et al. (1975), but the age distribution is different, the Iraqui 
patients having a mean age of 7 years, the Americans a mean age of 11 
years (Burchenal, 1966; Arsenau et al., 1975). From the therapeutic view
point, both endemic and NEBLs seem to respond well to chemotherapy, 
with the rate of early relapse being higher in endemic areas than in 
non endemic areas (Nkrumah et al., 1977). 

The proportion of NEBLs associated with EBV is small, usually lower 
than 10%. Hirshaut et al. (1973), studying 15 cases of American BL-type 
lymphomas, failed to find any significant serological differences between 
cases and age/sex-matched controls. By molecular hybridization tech
niques, absence of viral DNA in a series of American Burkitt-type lym-
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phomas was reported by Pagano et al. (1973). John Ziegler et al. (1976), 
studying 20 American patients with Burkitt-type lymphoma, found 5 
with a serological profile similar to that of African BL cases, but only 2 
containing EBV DNA sequences in their tumor cells. The American Burk
itt Lymphoma Registry (Levine et al., 1972, 1975) should help to char
acterize clinically, epidemiologically, and serologically two groups of B 
lymphomas: a minority, containing EBV information that are EBV-as
sociated (Gravell et al., 1976i Goldblum et al., 1977i Bornkamm et al., 
1976i Miyoshi et al., 1978i Lenoir et al., 1979) and the EBV-free majority. 
The EBV-positive lymphomas that develop in patients with 
ataxia-telangectasia (Saemundsen et al., 1981) or in patients with renal 
allografts and treated with cyclosporin (Crawford et al., 1980) provide 
unique situations to investigate the cocarcicogenic potential of EBV. In 
the cyclosporin-treated patients, it appears that a specific deficiency in 
cell-mediated immunity led to the development of an EBV-infected clone 
of B lymphocytes. The cluster of EBV-associated American Burkitt-type 
lymphomas described by Judson et al. (1977), in which 3 of 4 cases were 
EBV-positive and were detected within 1 year in a rural area of Pennsyl
vania, stresses the need for comparative epidemiological studies of EBV
associated and EBV -free B lymphomas. 

Endemic and NEBLs share the same cytogenic abnormalities, i.e., 
the t (8 i I4) translocation observed in African BL. Further, NEBLs exhib
ited other translocations involving chromosome 8 (t 8i22 and t 8i2) (Berger 
et al., 1979a,bi McCaw et al., 1977i Van den Berghe et al., 1979i Miyoshi 
et al., 1979i Miyamoto et al., 1980). Acute lymphocytic leukemias with 
Burkitt-type cells also present cytogenic abnormalities similar to that 
seen in BLs (Mitelman et al., 1979i Berger et al., 1979ci Slater et al., 
1979), the hairy-cell leukemia variant having high EBV reactivities (Sak
amoto et al., 1981). 

The establishment of registries for leukemias and lymphomas in
volving epidemiological, clinical, and pathological subtyping and EBV 
serological data should help to determine whether EBV-associated lym
phomas in temperate climates represent an etiological entity or not. 

V. ROLE OF EPSTEIN-BARR VIRUS IN THE ETIOLOGY AND 
CONTROL OF NASOPHARYNGEAL CARCINOMA 

In contrast to the situation described in Section IV for B lymphomas, 
the association between Epstein-Barr virus (EBV) and nasopharyngeal 
carcinoma (NPC) is not restricted to endemic areas, but is identical wher
ever the tumor is seen in the world. Suspected in Egyptian mummies 
dating back to 3000 years B.C. (Clifford, 1970ai Ho, 1972a), this cancer 
has been recognized as a major problem since the beginning of this cen
tury in south China, where it is described as the Guangdong tumor. 
Although one could find a fatal disease called shih-ying (described in an 
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ancient Chinese medical document) that could have represented NPC 
IHo, 1971 j Wu, 1921), the reason for the lack of a good description of 
NPC in China before the 19th century is probably that this disease is 
largely confined to south China, whereas early medical writings were by 
physicians in northern and central China IHo, 1970j 1972a,b)_ The original 
description of NPC in the Occident was formulated in France by Durand
Fardell18371 for the clinical aspect and by Michaux (1944) for the his
topathological aspect_ 

A. Pathological, Clinical, and Epidemiological Characteristics of 
Nasopharyngeal Carcinoma 

1_ Pathology 

Tumors that arise in the nasopharynx IFig. 24) are mostly epithelial 
in origin. Among them, benign growths represent a very small percentage 
and are represented by papillomas and adenomas. Among the malignant 
epithelial tumors, NPC represents the overwhelming majority, while 
adenocarcinomas and adenoid cystic carcinomas are rarities. Nonepithe
lial tumors include sarcomas and lymphomas, observed mostly in chil
dren and adolescents_ 

The long debate on the classification and histogenesis of nasophar
yngeal tumors, notably the so-called lymphoepithelioma and transitional-

Sphenoidal sinus 

Pharyngeal bursa 
Pharyngeal orifice 
of eustachian tube 
Rosenmi..iller fossa 

FIGURE 24. Anatomy of the nasopharyngeal area where the respiratory epithelium lies 
upon lymphoid submucosa. 
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cell carcinomas, was ended by ultrastructural studies showing that even 
the so-called lymphoepitheliomas contained epithelial-cell markers and 
were therefore epithelial in origin ISvoboda et al., 1965; Gazzolo et al., 
1972). Therefore, irrespective of their appearance on light microscopy, 
the vast majority of nasopharyngeal cancers represent variants of squa
mous-cell carcinomas. In 1978, the World Health Organization proposed 
a histopathological classification in which three types of NPC were rec
ognized IShanmugaratnam and Sobin, 1978). 

a. Undifferentiated Carcinoma of the Nasopharyngeal Type I UCNT) 

This type tends to exhibit syncytial rather than pavement appearance 
of tumor cells arranged in irregular strands or loosely connected with 
lymphoid stroma. Tumor cells generally show vesicular nuclei with 
prominent nucleolei. This UCNT was formerly named lymphoepithe
lioma by a number of European and American pathologists. 

b. Nonkeratinizing Carcinomas 

These are tumors that show evidence of differentiation but in which 
the squamous maturation is not obvious. The tumor cells have well
defined cell margins and are stratified or with a pavemented arrangement, 
usually exhibiting a clear cell structure, sometimes referred to as clear
cell carcinomas. 

c. Keratinizing Squamous-Cell Carcinomas 

These tumors show definite evidence of differentiation with inter
cellular bridges and keratinization. 

From the etiopathological viewpoint, it appears that one could mix 
types a and b and keep the well-differentiated carcinomas separate. The 
latter are found more commonly in older patients and in low-risk areas, 
are less radiosensitive, have lower EBV antibody titers than UCNTs, and 
are found associated with smoking and drinking, which is not the case 
with the UCNT type IMicheau et al., 1980, 1981; Orofiamma et al., 
submitted for publication). 

2. Clinical Characteristics 

The symptoms of NPC are determined by the localization of the 
tumor at the base of the skull, close to the cranial nerves, and by the 
strong lymphotropism of the tumor cells. In fact, the symptom that most 
frequently brings patients to consult is bilateral cervical lymph-node 
enlargement IFig. 25). Less frequent symptoms are nasal obstructions, 
postnasal discharge, epistaxis, or partial deafness. Clinical signs reflecting 
invasion of the 5th, 6th, 9th, 10th, 11th, and 12th cranial nerves usually 
appear late during the disease. 
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The three modes of clinical progression of NPC described by Ho 
(1970) are discussed below. 

a. Metastatic Type 

This type is characterized by a rapid invasion of cervical lymph nodes 
with limited extension of the primary tumor; it is usually associated 
with a long survival period (5-8 years) even without adequate radiation 
therapy. Distant metastases involve the lung, liver, spine, and rarely the 
brain. 

b. Invading Type 

This type, which represents only 10% of cases, involves direct spread 
of the primary tumor into adjacent bones, muscles, cranial nerves, orbits, 
veins, and base of the skull, but rarely cervical lymph nodes. The prog
nosis of this variety is especially poor. 

c. Combined Type 

This type, combining direct spread of the primary tumor with in
volvement of regional and distant lymph nodes, represents the most com
mon type in high-risk areas of South Asia (Fig. 25). 

3. Clinical Staging 

Ho (1970) first proposed clinical stages to reflect the spread of the 
tumor from its original site to distant metastases. Table VII describes the 

FIGURE 25. Enlargement of cervical lymph 
nodes as the most common clinical aspect of 
NPC. 
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UICC-TNM classification, the Ho staging, that of the American Joint 
Committee, and the IARC-Kyoto propositions. Because the EBV antibody 
profile increases with the progression of the disease, it is important to 
reach international agreements for clinical staging to assess serology as 
a tool for the management of NPC and a possible marker for prognosis. 

Radiation therapy remains the best treatment for both primary-site 
and lymph-node metastasis of NPC. The actuarial survival rate of 5 years 
after radiotherapy reaches 40% for stage III of the disease and 67 and 84% 
for stages II and I, respectively (Ho, 1978). Well-differentiated squamous
cell carcinomas have a poorer prognosis after radiation therapy, and in 
Europe the survival rate at 9 years after treatment is only 18% for well
differentiated carcinomas vs. 40% for undifferentiated carcinomas, all 
stages combined (Burkitt, 1958). 

Chemotherapy has been very deceiving in NPC. Postradiotherapy, 
multiagent chemotherapy [bleomycin-methotrexate, velban-l-(2-chlo
roethyl)-3-cyclohexyl-l-nitrosourea (CCNU)] is actually under investi
gation (Huang, unpublished data). An interferon trial is actually being 
implemented in China to evaluate its usefulness in early lesions or as 
complement to radiotherapy (Zeng and de-The, unpublished). 

4. Epidemiology 

NPC prevalence is low in the Occidental world, where it constitutes 
approximately 0.25% of all cancer cases. However, around the Mediter
ranean Sea and North and East Africa, it accounts for approximately 7% 
of all cancers in males. But in large parts of South East Asia, it represents 
the single most prevalent tumor in males and about 20% of all cancer 
cases. The incidence of the tumor around the world is given in Fig. 26. 
To simplify, one can describe three different levels of incidence of this 
cancer worldwide. The highest incidence rate is observed in the southern 
provinces of China (Fig. 27) (Guangdong, East Guangxi, West Fuijeng), in 
Hong Kong and Singapore, where the general incidence is between 12 
and 20/100,000 per year, reaching 98/100,000 males for Cantonese in the 
45- to SO-year age group. The incidence in Vietnam, Malaysia, the Phil
ippines, Indonesia, and Thailand is nearly as high as in south China (Muir, 
1972; Hirayama, 1978; R. W. Armstrong et al., 1978). Eskimos in Alaska, 
Greenland, and elsewhere appear to have an incidence as high as that of 
southern Chinese (Blot et al., 1975; Nielsen et al., 1977; Lanier et al., 
1980b). 

Intermediate incidence (1.5-9/100,000 per year) is prevalent in many 
Mediterranean countries, including North Africa and East Africa. Muir 
(1972) reviewed the relative frequency of NPC in African populations and 
observed great variations: NPC represented between 5 and 7% of all 
cancers in Algeria, Tunisia, Morocco, and the Sudan, but only 0.1-1 % 
in Egypt, Irak, Nigeria, South Africa, the Congo, and Senegal. In Israel, 
where this cancer is relatively rare, there are significant differences 
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among Jews: those born in Israel, Asia, or North Africa have a higher 
NPC rate than Jews born in America or Europe_ 

In the rest of the world, including the United States and Europe, the 
incidence is very low, around 0.1-0.2/100,000 per year. 

The situation in the southern provinces of China is epidemiologically 
most interesting (Fig. 27). The highest incidence for NPC appears to be 
associated with certain cultural patterns. In Guangdong, the main ethnic 
group is represented by Cantonese Chinese and boat people who are both 
at a very high risk, the incidence of NPC in the latter being higher than 
that in the former. In the Guangxi Autonomous Region, the situation is 
special because of the presence of many different national minorities. 
When one compares the map of the NPC prevalence in the Guangxi 
Autonomous Region with that of the geographic distribution of the mi
norities in the same province (Fig. 28), it becomes apparent that certain 
minorities, such as the Han, appear at much higher risk than others, the 
Yao, for example. Shanmugaratnam (1978) observed differences in the 
incidence of NPC among the different Chinese dialect groups living in 
Singapore, with Cantonese Chinese having the highest incidence of 14/ 
100,000 per year. Ho (1972b) found a similar difference in Hong Kong 
between Cantonese and Hokkianese. Cantonese Chinese who had im
migrated to the United States were found to have an incidence in the 
second generation lower than that of their original country, but still 
much higher than that of the surrounding Caucasian Americans (King 
and Haenszel, 1972; Fraumeni and Mason, 1974). 
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FIGURE 26. World distribution of NPC in males. Prepared by P. Cook, Department of 
Health and Social Security, University of Oxford. 
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FIGURE 27. Geographic distribution of NPC in China. The dark areas indicate regions 
where NPC is highest and cover the Pearl River basin. From the National Office for Cancer 
Control 119811. 

5. Sex and Age 

Male preponderance for NPC of around 2-fold was observed every
where, but the age distribution of NPC is quite different in high-, inter
mediate-, and low-risk areas. Figure 29 shows a sharp rise in Hong Kong 
from 20-24 years of age to a peak at about 50-55 years and a fall thereafter. 
This fall could represent the exhaustion of a pool of susceptible individ
uals. It is worth noting here that NPC occurs in Swedes two decades later 
than in Chinese, up to the age of 70-74 years (Ho, 1972b). This is possibly 
due to a higher proportion of well-differentiated carcinomas in Caucasian 
populations than in Chinese. 
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Guangxi 

FIGURE 28. Distribution of national minorities and of NPC prevalence in the Guangxi 
Autonomous Region. The Han, in the east, have the highest incidence, the Zhuang appearing 
at intermediate risk and the Yao at lowest risk. Prepared .from the Chinese Cancer Survey 
and a map from the National Geographic Society. 

In intermediate-risk areas for NPC, the age distribution showed two 
peaks_ The first peak observed in Tunisia (Fig. 30), Algeria, and Morocco 
between 10 and 24 years of age was also observed in Kuwait and the 
Sudan and included 15-20% of all NPC cases (Cammoun et al., 1971; 
Saad, 1968)_ The second peak occurred a little later than in China. In the 
United States, the two peaks were also observed, the first one, under the 
age of 24, occurring in blacks, who were 7 times more exposed to early 
NPC than whites (Greene et al., 1977). 
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FIGURE 29. NPC age-specific incidence rates per million in Hong Kong, 1965-1968. From 
Ho (19701. 
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FIGURE 30. Age distribution of NPC in Tunisia (1969-19731. From Ellouz et al. (1978). 

6. Environmental Factors and Life Style 

Shanmugaratnam and Higginson (1967) were the first to conduct an 
in-depth case-control retrospective study for NPC, but failed to uncover 
any risk factor. More recently, ShanmlJgaratnam and Sobin (1978) inter
viewed nearly 400 Chinese Singaporian NPC patients and, for compari
son, 600 patients with other ENT diseases and 100 other patients. They 
showed that NPC differed from both groups by having an association 
with nasal illnesses, the use of Chinese medicine, and exposure to smoke. 
They interpreted this latter exposure as reflecting a more traditional 
household than that of control patients. As pointed out by Ho (1978), 
critical risk factors seem to be associated with the traditional Chinese 
environment. R. W. Armstrong et al. (1978) found that Malaysian Chinese 
NPC patients had a lower socioeconomic status than controls. In their 
case-control study of NPC patients from Hong Kong, Geser et al. (1978) 
also found that risk factors involved the low occupational socioeconomic 
classes, history of previous illness of ear or nose after the age of 15, and 
salted fish given to babies after weaning. Multivariate analyses showed 
that the traditional life style and consumption of salted fish during wean
ing were independent risk factors. Ho (1971, 1972a, 1978) was the first to 
suggest that eating salted fish might be an important risk factor; this 
traditional food consumed by poor southern Chinese since early child
hood contains appreciable quantities of nitrosodimethylamines (Fong and 
Walsh, 1971; Fong and Chan, 1973; Huang et al., 1978). The factor in
volved is more likely to be ingested than inhaled, since the marine pop-
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ulation living in boats and cooking in the open air has a much higher 
incidence rate than land dwellers living in congested apartments (Ho, 
1978). Anderson et al. (1978) interviewed in their homes the families of 
24 young Hong Kong Chinese NPC patients (below 24 years of age). Food 
items such as salted fish, tau-si (a black fermented and salted soya bean 
sauce), and laap-cheung (Cantonese pork sausage and dry squid) were 
eaten by every NPC family, salted fish being the most common item fed 
to the babies. Consumption of Cantonese salted fish (Huang et aI., 1974; 
Ho, 1978) is of practical interest, since dimethylnitrosamines found in 
these salted fish (Fong and Chan, 1973) were found to induce carcinomas 
in the nasal fossae and paranasal regions of rats fed with extracts of salted 
fish (Huang et al., 1978). It was suggested that vitamin C deficiency could 
also be an important environmental factor and that certain personality 
types may be associated with an increased risk, since most of the ado
lescents with NPC were stated to have been "sickly, inactive and choosy 
about their food" (Anderson et al., 1978). Henderson et al. (1976), study
ing NPC among Chinese Americans, found that birth or residence during 
early childhood in high-risk areas (south China and South East Asia) was 
an important risk factor, particularly for patients diagnosed before the 
age of 50. 

The use of Euphorbiaceae plant extracts in Chinese traditional med
icine could be of importance for NPC development, since croton oil 
extracted from Euphorbia is used as a laxative as well as in certain nasal 
balms in Chinese traditional medicine. Phorbol esters present in these 
extracts are, as noted in Section II.A, well-known experimental tumor 
promoters and are able to reactivate latent EBV infection (zur Hausen et 
aI., 1978). Ito et al. (1981) have recently proposed that Euphorbiaceae may 
playa causative role in NPC development. 

7. Genetic Factors 

Familial aggregation of NPC cases was observed in high-risk areas 
as well as in Uganda (Ho, 1972a,b; Liang, 1964; Williams and de-The, 
1974). Studies of genetic blood-cell markers were unrewarding (Hawkins 
et al., 1974), although studies involving red-cell enzymes and serum pro
tein markers indicated that NPC tended to concentrate on genetically 
distinct subpopulations of Cantonese Chinese in Singapore (Kirk et al., 
1978). HLA typing has been extensively investigated among Chinese NPC 
patients and controls. The A2BW46 haplotype, which was found more 
frequently in Chinese NPC patients than in controls (Simons et aI., 1974, 
1975), carried an increased relative risk of 1.96 (Simons et aI., 1976, 1977). 
When attention was directed to newly diagnosed cases, the haplotype 
AW19BW17 was observed in NPC patients more frequently than in con
trols; furthermore, among the long-term survivors, BW17 was found sig
nificantly decreased in frequency, as though this genetic marker were 
associated with a poor prognosis (Simons et aI., 1978). These NPC-as-
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socia ted haplotypes were not observed in Tunisian or Moroccan NPC 
patients (Betuel et al., 1975; Betuel, personal communication), as though 
there were an NPC disease susceptibility gene close to, but outside, the 
HLA A C B area. The HLA-D and -DR typing has been started in Singapore 
(Chan et al., 1981). 

B. Association between Epstein-Barr Virus and Nasopharyngeal 
Carcinoma 

Experimental viral oncology has shown over the past two decades 
that a large number of animal tumors are associated with RNA and DNA 
viruses. The regular presence of viral markers in tumor cells is believed 
to be a prerequisite for a causative association between a virus and a 
tumor. In contrast to the situation described for Burkitt lymphoma (Sec
tion IV), NPC, regardless of its geographic origin, is regularly associated 
with EBV and in an identical manner. This association is based on the 
presence of EBV markers in tumor cells and on an EBV -specific immune 
response progressing with the disease process. 

1. EBV Markers and Tumor Cells 

Zur Hausen et al. (1970) were the first to show the presence of EBV 
DNA sequences in NPC biopsies from Africa. Nonoyama and Pagano 
(1973) and Nonoyama et al.(1973) confirmed these results in NPC, from 
various origins. Desgranges et al.(1975a,b), comparing NPC biopsies from 
high-, intermediate-, and low-risk areas, showed that the virus was con
sistently associated with epithelial tumor cells. Because EBV was known 
as a lymphotropic virus, and NPC was an epithelial tumor, it was first 
believed that the EBV DNA detected was localized in lymphoid cells 
regularly present in NPC. However, the opposite was demonstrated first 
by Wolf et al. (1973) and by Desgranges et al. (1975a): most of the EBV 
DNA sequences were in epithelial cells and not in infiltrating lymphoid 
elements. EBV-induced nuclear antigen (EBNA) was first suspected in 
epithelial tumor cells by de-The et al. (1973a) and confirmed by Huang 
et al.(1974) and Klein et al.(1974). Simultaneous detection of EBV DNA 
and EBNA was obtained by Klein et al. (1974) when they grafted NPC 
tumor biopsies into nude mice, thus eliminating the lymphoid elements. 
They observed both EBNA and EBV DNA in now purely epithelial grafted 
tumors. After treatment with 5-iodo-2-deoxyuridine [lIUdR) IdoxuridineJ 
or 5-bromodeoxyuridine or after superinfection with HR1 EBV, in vitro 
epithelial outgrowths of NPC could synthetize early antigen (EA) (Glaser 
et al., 1976), suggesting that tumor cells have surface EBV receptors. In 
fact, full replication of EBV was observed in epithelial cells passaged in 
nude mice, and the virus was isolated (Trumper et al., 1977). However, 
after passage in nude mice, epithelial NPC tumor cells exhibited the 



76 GUY DE-THE 

presence of mouse oncorna virions (de-The et al., 1976). If the presence 
of EBV markers in nasopharyngeal tumor cells in vivo is a constant ob
servation, the in vitro transformation of normal epithelial cells from 
nasopharyngeal mucosa was never achieved, except under exceptional 
circumstances with biopsies of normal nasopharyngeal mucosa of NPC
bearing patients (Desgranges and de-The, 1977). 

2. EBV -Specific Immune Response 

EBV serology has been most instrumental for establishing the as
sociation between the virus and the tumor. It is becoming increasingly 
useful for the management of the disease (diagnosis and prognosis). High 
EBV-specific antibodies have been known to be present in NPC patients 
since the early studies of Old et al. (1966), W. Henle et al. (1970a), de 
Schryver et al. (1969), and de-The et al. (197Sa). 

a. JgG Antibody Profile in the Course of NPC 

As can be seen in Fig. 31, geometric mean titers (GMTs) of IgG 
antibodies specific for viral capsid antigen (VCA) and EA as well as com
plement-fixation antibodies to soluble (CF/S) or nuclear antigens (EBNA) 
were found greatly elevated in NPC patients from high-, intermediate-, 
or low-risk areas for NPC, when compared to those in patients bearing 
other ENT tumors or to normal individuals from the same geographic 
areas (de-The et al., 1973, 1975a, 1978b). 
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FIGURE 31. Comparison of an
tibody GMTs to VCA, EA, and 
EBNA between NPC patients 
and controls (patients with other 
ENT tumors and normal individ
uals) originating from various 
geographic areas. Prepared from 
data of de-The et al. 11978b). 
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FIGURE 32, EBV reactivities according to clinical staging of Chinese NPC patients, From 
de-The et al. (1975a). 

Antibodies to EA diffuse (D) component (W. Henle et al., 1970b, 
1973; de-The et al., 1978b; Lin et al., 1975) were raised by 24-fold in all 
NPC groups as compared with patients with other tumors and normal 
individuals, regardless of their geographic distribution or ethnic origin, 
indicating that there is an active EBV replication in these patients. The 
site of this replication is not yet known, and investigations aimed at 
searching for the presence of VCA or EA in the tumor itself have regularly 
failed. Antibodies to VCA do vary among geographic areas, reflecting 
differences- in socioeconomic level. The differences among geographic 
areas relating to EBNA antibodies were believed to reflect genetically 
controlled immune response (de-The et al., 1978b). 

Figure 32 shows the GMTs of EBV-specific IgG antibodies according 
to the stages of the disease. As early as stage 1 of the disease, when the 
tumor is localized in the nasopharyngeal mucosa, the EBV profile is much 
higher than that of patients with other types of ENT tumors or normal 
controls. The EBV serological profile was found most useful in the dif
ferential diagnosis of NPC in temperate climates or in areas at inter
mediate risk for the tumor, where sometimes patients coming for tu
morous cervical lymph nodes of unknown primary can be misdiagnosed; 
in such cases, the EBV serology helped by suggesting an NPC (W. Henle 
et al., 1970a,b, 1973; de Schryver et al., 1969; de-The et al., 1975a). 
Because of the differences in the EBV serological profiles of NPC patients 
from different racial groups in Los Angeles, Henderson et al. (1976) ques
tioned the strength of association between EBV and the tumor. The com
parative study of NPC patients originating from Hong Kong, Tunis, and 
Paris (Fig. 31) showed that differences observed among ethnic groups 
existed, but that the ratios of the NPC patient values to those of controls 
from the same geographic areas were similar all around the world, in
dicating that a high EBV immune response was regularly associated with 
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NPC, the level of the response depending on the background observed 
in the geographic area concerned (de-The et al., 1978b). 

b. JgA Antibody Profile in Serum and Saliva in the Course of NPC 

Following the observation of Wara et al. (1975) that NPC patients 
had high levels of IgA in their saliva, G. Henle and W. Henle (1976) found 
that such IgA antibodies were directed against EBV-determined antigens 
(VCA and EA-D). Ho et al. (1976) confirmed the presence of 19A antibodies 
to VCA and EA in NPC patients, whereas Desgranges et al. (1977a) and 
Pearson et al. (1978b) extended this observation to non-Chinese NPC 
patients, namely, Tunisian, French, and American patients. Figure 33 
shows the evolution of IgA antibody titers from stages 1 to 5 of the 
disease, as compared to patients with other tumors or normal individuals 
(Desgranges and de-The, 1978). Already at stage I, NPC patients had a 
GMT 10 times higher than that of patients bearing other ENT tumors 
or normal individuals. This has been used by Zeng and co-workers for 
early diagnosis of NPC in large seroepidemiological studies in China (see 
Section V.C.3). 

Desgranges et al. (1977) and Desgranges and de-The (1978a,b) ex
tended these serological studies to the saliva of NPC patients, which 
contained high levels of secretory 19A (11 S) specific for VCA and EA-D 
in 75 and 35% of cases, respectively. As seen in Fig. 34, secretory IgA 
antibodies to VCA and EA are restricted to the saliva of NPC patients 
(50% of cases), whereas IgG antibodies to VCA or EA were occasionally 
found in the saliva from patients with infectious mononucleosis (1M), 
Burkitt lymphoma (BL), or other tumors. Furthermore, Desgranges et 
al. (1977a) and Desgranges and de-The (1978b) found that plasma cells 
around epithelial tumor cells in NPC biopsies contained 19A molecules 
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FIGURE 33. IgA antibodies to VCA and EA-D in Chinese NPC patients according to Ho's 
clinical stages and for comparison in patients with other ENT tumors or normal individuals. 
Adapted from Desgranges and de-The (1978b!. 
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FIGURE 34. 19A and IgG antibodies to VCA and EA in throat washings from NPC patients 
and for comparison from patients with BL, 1M, other tumors, or normal individuals. From 
Desgranges and de-The 11978al. 

that were secondarily found to be EBV/vCA-specific. By immunofluo
rescence, epithelial tumor cells were seen to exhibit the presence of 
secretory pieces of their cell surface (Oesgranges et al., 1977b). Thus, the 
EBV-specific IgA present in the saliva of NPC patients originated in the 
tumor itself, where it could represent blocking antibodies. 

c. Antibody-Dependent Cellular Cytotoxicity 

Antibody-dependent cellular cytoxicity (ADCC), which is effective 
in the destruction of virus-infected cells, appears to act on virus-induced 
membrane antigens. Such antibodies may involve an important immune 
mechanism for an in vivo control of viral infection and in the control of 
virus-induced tumors (Harada et al., 1975; Prather and Lausch, 1976; 
Pearson et al., 1978a). Pearson et aI. (1979) observed that NPC patients 
had high ADCC values as compared to controls. In a recent study, the 
same group (Mathew et al., 1981) observed that ADCC antibodies were 
in the IgG fraction and that IgA antibodies were able to block the IgG-
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mediated ADCC reactions, indicating that the IgA and IgG antibodies 
were recognizing the same EBV-specific antigenic determinant. These 
results would suggest that IgA antibodies are detrimental to patients with 
NPC if one assumes that ADCC in vivo represents an active immune 
response against the tumor load. 

C. Epstein-Barr Virus and the Management of Nasopharyngeal 
Carcinoma 

Whatever the nature of the association between EBV and NPC is 
finally found to be and whenever the pathogenesis involved is discovered, 
EBV serology is increasingly found to be of value for the clinical man
agement of this cancer, for its diagnosis and early detection, to assess its 
prognosis, and to define precancerous conditions that may lead to a new 
approach toward the prevention of this cancer. 

1. EBV Serology for the Diagnosis of NPC 

In NPC endemic areas of South East Asia, the diagnosis of NPC is 
evoked systematically in view of any suggesting symptom. But this is 
not the case in North Africa and in the Mediterranean countries, where 
NPC may be misdiagnosed. In countries where this cancer is exceptional, 
Europe and North America, NPC is often missed in cases of tumorous 
cervical lymph nodes without obvious primary. Furthermore, when the 
primary deposit in the nasopharynx is invading the submucosa without 
outgrowth, the observation of the nasopharynx may be clear, and only 
the serology should oblige the repeating of nasopharyngeal biopsies up 
to the point where the histopathological diagnosis is reached. 

A clinically oriented international collaborative study has been set 
up by the National Cancer Institute, with the aim of assessing the use
fulness of EBV serology in the management of NPC. Preliminary results 
indicate that elevated IgG EA and IgA VCA antibodies are most instru
mental in speeding up NPC diagnosis (Pearson and colleagues and de The 
and colleagues, unpublished data). The development of a rapid and in
expensive serological EBV kit would permit moving the procedure from 
research to hospital laboratories. 

EBV serology could also help to differentiate between the most com
mon undifferentiated or poorly differentiated carcinomas (UCNT) of the 
nasopharynx and all other tumors that develop in this area. As can be 
seen in Figs. 31-33 and 35 and as discussed in Section V.B, high EBV 
reactivities are restricted to the undifferentiated type. 

EBV serology is thus becoming a routine biological marker for this 
cancer, useful not only for its differential diagnostic but also for its prog
nostic capabilities. 
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FIGURE 35. EBV serological reac
tivities of the undifferentiated type 
of NPC (UCNT) compared to the 
well-differentiated type and other 
carcinomas. The EBV profile of the 
well-differentiated type is similar 
to that of other ENT carcinomas, 
while the UCNT exhibits reactiv
ities 10 times higher. From Oro
fiamma et al. (in press). 
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2. EBV Reactivities and Prognosis of NPC 

~U(NT n= 61 

As seen in Section V.B.2.a and Fig. 32, EBV-antibody titers increase 
with tumor burden from stages 1 to 5, and it could be expected that 
treatment that reduces or eliminates the tumor mass would be accom
panied by a decline in EBV titers. In fact, declines in IgG VCA and EBNA 
titers were noted by de The et al. (1973b) in patients 2 years after radio
therapy. W. Henle et al. (1973), comparing the serological profile of NPC 
patients before radiotherapy and of those who survived 5 years or more, 
observed that the IgG VCA and IgG EA-D antibodies were substantially 
lower in the long-term survivors as compared to untreated patients. Table 
VIII gives the trend of the EBV profiles of 100 NPC patients over a 4- to 
5-year period studied by W. Henle et al. (1977), who compared patients 
who survived 4-5 years to those who died within this period. They ob
served that EBV reactivities decreased in the group in whom radiotherapy 
was successful, whereas it increased in the fatal cases. When individual 
serological trends were studied, important variabilities were observed, 
but in some cases, the rise of EBV IgA VCA and IgG EA could have 
predicted the clinical relapse by a few months (W. Henle et al., 1977). 

An international collaborative study is in progress in the United 
States, Europe, the Far East, and North Africa to try to better assess the 
usefulness of EBV serology for the prognosis of NPC. Preliminary data 
confirm the results cited above, and after radiotherapy, it has been ob
served in Hong Kong (Ho et al., 1981) and in Villejuif (de-The and col
leagues, unpublished results) that the EBV profile does decrease after a 
year, especially the IgA VCA and IgA EA reactivities, which appear to be 
the most valuable markers for posttherapy follow-up of NPC. 

As discussed in Section V.B.2.c, NPC sera before therapy usually ex
hibit high ADCC values. Pearson et al. (1978b) investigated two groups 
of NPC patients: patients who died within 2 years following the diagnosis 
of NPC and patients who responded well to therapy and survived more 
than 2 years after diagnosis. These authors found that at diagnosis, the 
ADCC GMT for the good survivors was significantly higher than that of 
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TABLE VIII. Geometric Mean Titers of Epstein-Barr Virus Reactivities of 
Long-Term (4-5 Year) Nasopharyngeal Carcinoma Survivors and of Fatal 

Nasopharyngeal Carcinoma CasesQ 

Long-term survivors Fatal cases 
(stages 1/11, n = 15; stages III/IV, (stages 1/11, n = 32; stages III/IV, 

n = 231 n = 331 

First Last First Last 
GMT serum serum serum serum 

IgG VCA 
Stages 1111 182 '" 12.'3 224 }" 314 
Stages III/IV 405 '" 180 423 }" 630 

19A VCA 
Stages 1111 23 '" 9 16 }" 25 
Stages III/IV 45 '" 19 30 }" 44 

IgG EA 
Stages 1111 15 '" 9 25 }" 60 
Stages III/IV 84 '" 22 60 }" 116 

19A EA 
Stages 1111 7 -> 7 9 }" 19 
Stages III/IV 22 '" 10 18 }" 32 

a From W. Henle et al. \19771. 

the poor-survivor group (GMT 5410 vs. 615). Furthermore, in the poor
survivor group, when ADCC titers were lower than 240, antibody titers 
to EA or IgA to VCA were generally high. These data suggest that ADCC 
titers could have a prognostic value for NPC and that low ADCC titers 
previously found in the sera of poor NPC survivors could be due to a 
blocking activity of IgA antibodies. 

3. IgA and Early Detection of NPC in China 

In contrast to Western countries, where a curative health system and 
an analytical research mind prevail, Chinese health priorities have been 
geared toward prevention for thousand of years. 

Present Chinese priorities in cancer remain primary and secondary 
prevention, through the characterization of risk factors and their elimi
nation through education and early detection through epidemiological 
and clinical mass surveys. Chinese consider that prevention is possible 
without the precise etiology or pathogenesis of a disease necessarily being 
known. A nationwide cancer-prevalence survey was undertaken in China 
between 1973 and 1976, covering more than 850,000 individuals. The 
results, published in an Atlas of Cancer Mortality by the National Office 
for Cancer Control (1981), showed that the main cancer sites were un
evenly distributed in China. . 

As shown in Fig. 27, NPC prevails in southern China in the basin 
of the Pearl River. The strong association existing between NPC and EBV 
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impelled the Chinese to see to what extent this association could be 
useful for better control of NPC. The first question was whether or not 
EBV serology could be used for early detection of this cancer in endemic 
areas. The most discriminatory and simplest EBV reactivity being the 
IgA VCA titer, Liu and Zeng (1979) developed an IgA VCA immunoen
zymatic test, better adapted to field conditions than immunofluores
cence, that permitted the surveying of very large population samples with 
simple equipment. In the eastern part of the Guangxi Autonomous Re
gion, in the Zangwu county inhabited mostly by Cantonese Han, at high 
risk for NPC, Dr. Zeng, from the Virus Institute in Beijing, in collabo
ration with the Guangxi Bureau of Public Health, carried out two suc
cessive seroepidemiological surveys in 1978 and 1979, detecting 1267 
IgA/VCA-positive individuals among 148,000 individuals aged 30 or more 
(Zeng et al., 1979, 1980a). Clinical and ENT investigations of these IgA
positive individuals led to the taking of 203 biopsies and to the discovery 
of 46 NPC cases, half of whom were at stage 1 or 2 of the disease (Zeng 
et al., 1980b). Careful clinical follow-up of the IgA-positive individuals 
as well as of biopsied individuals allowed the detection of 12 more cases 
of NPC within 18 months. One can calculate from these surveys that 
IgA-positive individuals have about 20 times the rate of NPC as compared 
to the general population and represent the highest-risk individuals for 
NPC. 

D. Epstein-Barr-Virus-Related Precancerous Conditions for 
Nasopharyngeal Carcinoma 

The Chinese seroepidemiological surveys mentioned above created 
an opportunity to carry out clinical examination of large populations 
with the aim of characterizing precancerous lesions of nasopharyngeal 
mucosa. In the Zangwu serological surveys organized by Zeng and co
workers, clinical examination of 1150 IgA-positive individuals allowed 
the detection of 335 macroscopic abnormalities of nasopharyngeal mu
cosa. Of the 203 biopsies taken on the most obvious abnormalities, his
topathological examination showed 78 inflammatory processes, 66 
lymphoid hyperplasias, and 46 NPC, as well as 13 histologically normal 
mucosae [Zeng et al., unpublished (cited in de The et al., 1981)]. In Gu
angchow, Dr. Li Chen Chuan of the Tumor Hospital organized a massive 
clinical survey involving more than 32,000 individuals in 1977 and 1978. 
On ENT examination of 494 NP mucosae, 48 nodular alterations of the 
mucosa were noted, 28 hyperplastic adenoids, 9 follicular hyperplasias, 
and 4 cases with numerous petechia and 5 atrophic mucosae, 2 of them 
found to be in situ carcinoma [C.c. Li and H. Tseung, unpublished (cited 
in de-The et al., 1981)1. 

Biopsies from nasopharyngeal mucosae of 56 IgA-positive individuals 
from Zangwu, where abnormalities of the nasopharynx were observed 
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(leukoplasia, hypertrophic mucosa, petechia), allowed the detection of 4 
early cases of NPC and 14 mucosae that were noncancerous but contained 
EBV viral sequences or EBNA or both (de-The, 1981 j Desgranges et al., 
1982). Thus, the presence of increasing IgA VCA titers in normal indi
viduals appeared to be linked to a reactivation of EBV in the nasophar
yngeal mucosa. As a working hypothesis, we consider such a reactivation 
as the last step preceding clinical onset of NPC. In chronological order, 
primary EBV infection takes place between 0 and 5 years of age in China, 
then a long period of latent EBV infection takes place, reactivated in the 
early 40s in the nasopharynx by unknown factors and reflected by an 
increasing level of serum IgA VCA. 

How long before the clinical onset of EBV can the warning signal of 
IgA VCA be detected? Table IX summarizes the data obtained separately 
by Ho et al. (1978), Lanier et al. (1980a), and Zeng et al. (1982). It appears 
that IgA VCA could be detected 12-18 months prior to stage 1 of the 
clinical disease. This period is indeed critical to consider preventive 
intervention. 

E. The Future: Causality and Prevention 

NPC is a unique model among human tumors for studying the in
terplay between biological and chemical environmental carcinogens as 
well as the role of the individual's susceptibility to these oncogenic 
agents. How to establish the nature of the association between EBV and 
NPC? The fact that this association is strong, consistent, and specific in 
all geographic areas regardless of the level of incidence of the tumor 
provides strong support for, but does not prove, the causal nature of the 
relationship. The possibility that infection of nasopharyngeal epithelial 
cells by EBV is secondary to cell transformation is remote, but cannot 
be disproved yet. If this were the case, one should expect to observe some 
EBV-free NPC in populations where EBV prevalence is low. This is not 
the case: even in countries where EBV prevalence is low, and where up 
to 15% of the population is EBV-negative in their 40s and 50s, all NPC 
are EBV-associated. Further epidemiological evidence for a causal rela
tionship between EBV and NPC came from the seroepidemiological sur
veys of Zeng showing that IgA-VCA-positive individuals were at highest 
risk to develop NPC. Furthermore, these preclinical events are related 
to EBV activities in the nasopharyngeal mucosa itself (de The, 1981 j 

Desgranges et al., 1982). The possibility still exists, however, that the 
reactivation of EBV in the nasopharynx succeeds, not precedes, the birth 
of the tumorous clone, itself preceding by many months or year(s) the 
clinical onset of the disease. Only ongoing prospective seroepidemiol
ogical studies in China with careful follow-up of the IgA-positive indi
viduals and nasopharyngeal EBV-marker-positive individuals will sepa
rate the two alternatives. The negative-pressure apparatus developed by 
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TABLE IX. Epstein-Barr-Virus-Specific Immunoglobulin A Antibody before 
and after Diagnosis of Nasopharyngeal Carcinomaa 

Interval 
between 

two 
Case Before After bleedings Clinical Histopathological 
No. Sex/age diagnosis diagnosis \monthsl stage diagnosis 

Ho et aI. \19781\immunofluorescence testl 

1 M/45 20 40 30 
2 M/47 80 80 35 
3 M/37 5 80 61 

Lanier et aI. \1980allimmunofluorescence testl 

8 160 160 22 III 
5 <10 <10 33 I 

20 10 320 58 IV 
25 10 10 72 IV 
3 <10 40 76 II 
7 <10 <10 9,~ II 

29 <10 10 114 III 

Zeng et aI. \19821\immunoenzymatic testl 

1 M/40 10 10 

I") 2 M/48 80 80 15 
3 M/49 160 40 16 
4 M/35 80 160 16 
5 F/66 2.5 ,no 15 
6b M/39 40 160 16 Poorly differentiated 
7 M/49 10 20 I;} carcinoma 
8 M/46 40 ,no 

II 
9 F/56 20 1280 10 

10 F/47 80 1280 16 

11 M/50 80 1280 16} III 
12 M/67 80 40 15 

a From de The 11981:. See ref. Ip. 791: 1981. r Carcinoma m sItu. 

Zeng to collect exfoliated epithelial cells from the nasopharyngeal mu
cosa will allow the collection of the large numbers of specimens necessary 
for these studies. 

Finally, antiviral interventions in these IgA-related preclinical con
ditions will represent a unique way to establish the role of EBV in NPC. 
If one could show that antiviral drugs or vaccines, or therapeutic inter
vention in the EBV reactivation in the nasopharyngeal mucosa decreases 
the incidence or the severity or even prevents the clinical onset of NPC, 
not only would the final proof of causal relationship be established, but 
also an entirely new approach for the prevention of NPC would have 
been discovered. 
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What can antiviral therapies for these pre-NPC lesions be? The first 
that comes to mind is interferon. Interferon is known to have not only 
antiviral but also antitumoral activities. Gresser and Tovey (1978) have 
shown that interferon acts best when inoculated prior to the development 
of the tumor. Its activity, once the tumor has clinically emerged, is much 
more difficult to evaluate. Most if not all of the interferon therapeutic 
clinical trials have been made on patients with late relapse of tumors 
resistant to radio- or chemotherapy. Thanks to Dr. Kari Cantell (Hel
sinki), a lymphocyte interferon clinical trial has been implemented in 
China, following two complementary protocols. The first incorporates 
early NPC cases, stages 1 and 2, in the Regional Hospital of the Guangxi 
Autonomous Region, in Nanning, under the responsibility of Drs. Zeng, 
Huang, and de-The; the other concentrates on late relapses in the Cancer 
Center of Guangchow, under the responsibility of Drs. Li Chen Chuan, 
Strander, and Klein. If interferon has a measurable effect on the clinical 
or virological level, then its intervention in IgA-related preclinical events 
can be envisaged. 

The next critical question is whether a vaccine could be helpful in 
controlling NPC. Epstein (1976, 1981) repeatedly stressed the priority for 
an EBV vaccine. Then de-The (1978a) and Pearson and Scott (1978) dis
cussed this possibility. Viral vaccines work only when inoculated prior 
to primary infection. Thus, for EBV-related diseases, a vaccine could 
eventually help to prevent 1M in adolescents from high socioeconomic 
groups. Since BL cannot be considered a public-health priority in equa
torial regions where parasitic diseases, including malaria associated with 
BL, kill up to 30% of children before 5 years of age, it is healthier, for the 
purpose of preventing BL, to propose anti malaria intervention (see Section 
IV.I). NPC, because of the long latent period between primary infection 
and development of the tumor, is a poor candidate for an EBV vaccine 
trial. There is, however, an avenue to explore. NPC is preceded by a 
reactivation of a latent EB viral infection that, like that of varicella-zoster 
or cytomegalovirus in renal-transplant recipients, could be under the 
control of a specifically impaired cell-mediated immunity. The stimu
lation and reinforcement of an EBV-specific cell-mediated immunity may 
be possible to achieve through certain vaccinal preparations, such as that 
proposed by Pearson and Scott (1978), made of cell-membrane vesicles. 

Antiherpesvirus chemotherapy represents a third area to explore, 
although pessimism still prevails concerning the possibility of suppress
ing viral expression without hampering cellular metabolism. When viral 
activity is diagnosed, most of the herpesvirus-induced cell damage is 
already done, but not necessarily for EBV. Of the three drugs that have 
been teSoted clinically on varicella-zoster and herpes, namely Idoxuridine, 
adenine arabinoside (vidarabine), and acycloguanosine (acyclovir), the last 
may be particularly interesting because of its theoretical lack of toxicity 
in man. Vidarabine, on the other hand, appeared efficient in neonatal 
disseminated herpes simplex virus infection, but its activity against her-



EPIDEMIOLOGY OF EPSTEIN-BARR VIRUS 87 

pesvirus reactivation, such as zoster, is not yet established. New mole
cules such as fluoro-iodo-aracytosine (FIAC) that are still being explored 
in the laboratory at the cellular level may prove to be helpful for NPC 
patients (Lopez et al., 1980). 

VI. SUMMARY AND CONCLUSIONS 

The epidemiological approach to the study of the Epstein-Barr virus 
(EBV) and of associated diseases has been very rewarding. It has enabled 
elucidation of how a ubiquitous virus can be the cause of geographically 
and ethnically restricted diseases, such as infectious mononucleosis (1M), 
Burkitt lymphoma (BL), and nasopharyngeal carcinoma (NPC), the critical 
factor for the first two diseases being the age at primary infection. 

The age at primary infection varies greatly around the world and 
induces widely different immune responses, as described in Section II.B. 
Clinical syndromes associated with primary infection are clinically un
noticeable in equatorial regions where·.BL prevails, while 1M, caused by 
a late EBV infection in adolescents and young adults, is well known in 
developed countries. When EBV infection occurs in immunodeficient 
children, primary infection by EBV may result in deadly syndromes, in
cluding lymphomatous multiclonalgrowths. 

The causal association between endemic BL and the EBV is now 
epidemiologically established thanks to the long-term prospective ser
oepidemiological study in Uganda. High viral capsid antigen (VCA) titers 
precede BL clinical development by many years and appear to be related 
to a very early EBV infection, possibly in the first few months of life. 
Such a very early EBV infection could be due to mediocre maternal an
tibody protection and represents an "initiating event" for later devel
opment of BL. A large population of B lymphocytes infected by EBV and 
intermediate between the normal and the cancerous state appears to be 
specifically susceptible to further oncogenic steps. The exact role of ma
laria is not yet known. The chromosomal anomalies observed in endemic 
BL (translocations involving choromosome 8) are also found in nonen
demic lymphomas observed in temperate climates and having a similar 
histopathology. In these temperate-climate Burkitt-type lymphomas, 
EBV markers are rarely present and malaria is indeed not involved. Thus, 
endemic BL emerges as a unique model in which the herpes EBV plays 
the role of an environmental biological carcinogen, where early infection 
represents a critical risk factor, responsible for the initiation of the en
demic tumor. 

NPC is an epithelial tumor, endemic in certain ethnic groups and 
geographic areas. NPC is strongly associated with EBV wherever it is 
observed in the world, in sharp contrast to the situation observed for 
Burkitt-type lymphomas. How a lymphotropic herpesvirus could infect 
epithelial cells that lack EBV receptors is not yet known. The age of 
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primary infection by EBV does not appear critical for NPC genesis, but 
a reactivation of a latent EBV infection in the nasopharynx precedes 
clinical onset of the tumor by a period long enough (1-2 years) that 19A 
VCA serological markers of reactivation can be used as a tool for early 
detection of this cancer in endemic areas, such as China_ Precancerous 
conditions are being actively studied, since they may offer a unique op
portunity to try antiviral interventions as a way to stop EBV reactivation 
and possibly to prevent clinical onset of the disease. If this were achieved, 
both the proof of the causal role of the EBV in NPC development and a 
new approach for its prevention would be in sight. 

The EBV thus appears as a unique virus to investigate latency, herpes
associated multistep oncogenesis in man, and the boundaries between 
chemical and biological carcinogens of the environment. It may prove to 
represent the first example of an oncogenic virus causally involved in 
two human tumors, without representing a necessary or a sufficient, 
factor. EBV serological markers can now be used for better management 
of the tumor (early diagnosis and surveillance). Whether anti-EBV inter
vention can lead to better control (treatment or prevention or both) of 
NPC represents the main question to be answered in coming years. 
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I. INTRODUCTION 

The objective of this introduction is to develop concisely the context in 
which biochemical studies of Epstein-Barr virus (EBV) have been under
taken. Elements of history and biology are relevant to an understanding 
of the somewhat unusual course of biochemical research with EBV. 

The history of EBV begins with two discoveries: the description of 
an endemic lymphoma among children in equatorial Africa by Dennis 
Burkitt (1962) and the subsequent identification of a new virus in culture 
of the lymphoma cells by Epstein et al. (1964). Since some viruses were 
known to cause malignancy after experimental infection of animals and 
since some naturally occurring animal cancers were known to be trans
mitted by virus infection, the finding of a new virus in cells of an endemic 
human tumor caught the attention of the scientific community. From 
the moment of its discovery in cultures of tumor-biopsy cells, an im
portant question has been whether EBV is the cause of African Burkitt 
lymphoma. 

EBV was the fifth human herpesvirus to be discovered. Prior to its 
discovery, a great deal of research had been done with the other human 
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herpesviruses: herpes simplex virus type 1 (HSV-l), herpes simplex virus 
type 2 (HSV-2), cytomegalovirus (CMV), and varicella-zoster virus (VZV). 
There was substantial knowledge of the biology and morphology of HSV, 
CMV, and VZV and of the biochemistry of HSV. Although morphologi
cally indistinguishable from these other herpesviruses, EBV has little if 
any antigenic relatedness to them. EBV also differs from these and other 
viruses in its narrowly restricted host range in vitro. In vitro, EBV will 
infect only primate lymphocytes of the immunoglobulin-producing or B
lymphocyte series (W. Henle et al., 1967; Pope et al., 1968b; Jondal and 
Klein, 1973). 

After infection with EBV, lymphocytes express at least one new an
tigen specified by the virus, and the infected cells begin to proliferate 
(Pope et al., 1971; Gerber and Hoyer, 1971; Reedman and Klein, 1973; 
Moss and Pope, 1975). Some of the proliferating cells have the potential 
to be grown as continuous cell lines, a property that normal, uninfected 
lymphocytes lack (W. Henle et al., 1967; Pope et al., 1968a,b; Nilsson 
et al., 1971). Studies with other viruses and with EBV have shown a link 
between growth transformation in vitro and oncogenic potential in vivo 
(Shope et al., 1973; Epstein et al., 1973; Deinhardt et al., 1975). Therefore, 
the mechanism by which EBV enhances the replication of cells in vitro 
has also been a focal point of EBV research. 

Cultures of EBV-infected lymphocytes vary in their permissiveness 
for viral replication. While most cultures are nonpermissive, replication 
does occur in a small fraction of cells in some cultures. There are four 
important consequences of the largely nonpermissive outcome of EBV 
infection in vitro: First, the maintenance of latency in continuous cell 
cultures makes it possible to study the biochemistry of latent infection 
in a homogeneous population of cells, in vitro. Since lymphocytes are an 
important site of latent EBV infection in humans, latent lymphocyte 
infection in vitro is relevant to natural human infection. Second, the 
limited permissiveness of lymphoblastoid-celllines for EBV replication 
has made it difficult to study virus replication and the components of 
mature virus. In recent years, studies requiring viral replication have 
been somewhat facilitated by the selection of clones of infected lym
phocytes that are more permissive of virus replication (Hinuma et al., 
1967; Miller and Lipman, 1973a,b; Pizzo et al., 1978), by the recognition 
that inducers of cellular differentiation can induce virus replication in 
some nonpermissively infected cells (Hampar et al., 1972; Gerber, 1972; 
Kallin et al., 1979; zur Hausen et al., 1978), by the discovery that EBV 
produced by P3HR-l cultures can induce productive infection in some 
latently infected cells (W. Henle et al., 1970; Yajima and Nonoyama, 
1976), and by the use of recombinant DNA technology to produce large 
quantities of viral DNA in bacterial cultures (Dambaugh et al., 1980a). 
Third, most biochemical studies of EBV have utilized chronically infected 
lymphocyte cultures that, though partially permissive of virus replica
tion, can be induced to be more permissive. These cultures must be 
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passed for months to obtain adequate quantities of virus for purification 
and biochemical analysis. Several of these cell lines have been passaged 
continuously for years. The stability of the viral genome under these 
conditions is unknown. EBV-infected cells usually contain multiple cop
ies of the viral genome Izur Hausen et al., 1972; Kawai et al., 1973; 
Pritchett et a1., 1976). It is generally assumed that the presence of multiple 
copies promotes stability of the viral genome in the infected cells. This 
has not been rigorously examined. Fourth, genetic approaches are im
portant for analysis of the significance of biochemical observations. Al
though EBV can be cloned by transformation of lymphocytes in semisolid 
media (Moss and Pope, 1972; Yamamoto and Hinuma, 1976; Sugden and 
Mark, 1977; Henderson et a1., 1977a) or by limiting virus dilution, the 
delayed and uncertain yield of virus from such experiments has frustrated 
attempts to derive and characterize EBV mutants. One experiment that 
did yield interesting results was the cloning of a culture of partially 
permissive cells, Jijoye, to obtain a clone of more permissive cells (Hin
uma et al., 1967). In this instance, the virus produced by the more per
missive clone, P3HR-l, differs from the virus produced by the parent 
culture, Jijoye, and from virus produced by other cultures in that the 
P3HR-l virus lacks the ability to growth-transform noninfected B lym
phocytes (Miller et al., 1974; Menezes et a1., 1975; Ragona et al., 1980). 

Early attempts to extend the host range of EBV led to the observation 
that B lymphocytes of other primates were infect able (Miller et a1., 
1972). Although similar to human B lymphocytes in their response to 
EBV infection, lymphocytes of New World primates, especially mar
mosets, tend to be more permissive for virus replication than human 
lymphocytes (Miller and Lipman, 1973a,b). Several Old World primates 
were discovered to be infected with herpesviruses that are closely related 
to EBV in structure, antigenicity, and biological properties (Falk, et al., 
1976; Gerber et al., 1976b). These viruses are useful for experimental 
studies in their natural hosts and for biochemical comparison with 
human EBV. 

II. STRUCTURAL COMPONENTS OF THE VIRUS 

A. Morphology of the Virus 

The few detailed studies of the structure of Epstein-Barr virus (EBV) 
are of thin sections of lymphoblastoid-cell cultures in which a small 
percentage of the cells are productively infected or are of virus purified 
from such partially permissive cultures (Fig. 1) (Epstein et a1., 1965, 1967; 
O'Conor and Rabson, 1965; Stewart et a1., 1965; Hummeler et al., 
1966; Toplin and Schidlovsky, 1966; Epstein and Achong, 1968, 1970, 
1979; Pope et a1., 1968a; Dolyniuk et al., 1976a,b). The innermost com
ponent of the virus particle, the core, varies in appearance with the plane 
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A B 

FIGURE 1. Electron photomicrographs of thin sections of (A) an enveloped extracellular 
virus located near the cytoplasmic membrane of an infected lymphoblast and jB) an infected 
lymphoblast nucleus containing both empty and full nucleocapsids. 

of sectioning. The core appears similar to the toroid of herpes simplex 
virus (HSV) (Furlong et al., 1972) and therefore probably consists of DNA 
coiled around protein. The core is surrounded by the icosahedral capsid. 
Hexameric capsomeres are commonly seen in negatively stained prepa
rations of partially enveloped or maturing virus and in negatively stained 
preparations of virus treated with nonionic detergent. Pentameric cap
someres should also be present to facilitate puckering of the capsid. The 
capsid is enveloped by a trilaminar membrane with spikes on its outer 
surface. The space between the capsid shell and the envelope is filled 
with amorphous tegument. 

B. Polypeptides of the Virus 

Enveloped virus is generally purified from extracellular fluids from 
partially permissive cultures by velocity sedimentation in dextran gra
dients (Dolyniuk et al., 1976a). Two isolates of viruses have been most 
extensively studied (Dolyniuk et al., 1976a,bi Mueller-Lantzsch et al., 
1979, 1980a,b)i virus produced by B95-8, a culture of a clone of marmoset 
lymphocytes infected with virus from a culture of lymphocytes from a 
patient with infectious mononucleosis (Miller and Lipman, 1973a), and 
virus produced by P3HR-l, a clone of the Jijoye Burkitt-tumor-cellline 
(Hinuma et al., 1967). At a level of purity of B95-8 virus at which at least 
98% of the labeled protein is viral, 33 component polypeptides could be 
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resolved in denaturing polyacrylamide gels (Fig. 2) (Dolyniuk et al., 
1976a). On the basis of experience with the more thoroughly studied po
lypeptides of HSV (Spear, 1980), some of the 33 EBV polypeptides are 
likely to share common polypeptide components and differ in molecular 
weight as a consequence of varying degrees of posttranslational modifi-

FIGURE 2. Fluorograms of 35S-labeled po
lypeptides of enveloped virus IA) and nu
c1eocapsids IB) separated on sodium do
decyl sulfate-polyacrylamide gels. The 
numbers indicate the estimated molecular 
weights in kilodaltons IDolyniuk et ai., 
1976a,b). 
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cation, principally glycosylation or phosphorylation. Some of the minor 
components may be products of partial proteolysis of major components. 
Of the 33 polypeptides, 18 are more abundant than the others and differ 
in molar abundance among themselves by 20- to 30-fold. The apparent 
sizes of the most abundant polypeptides are 290, 160, 152, 90, 78, 47, 
42-44, 33, and 28 x 103 daltons (d), based on their electrophoretic mo
bility in acrylamide gels under denaturing conditions. Nonionic deter
gents that strip the envelope from the nucleocapsid solubilize the 290, 
152, 90, 42-44, and 33 x lO'~ d components, suggesting that these po
lypeptides are external to the capsid. On the basis of incorporation of 
labeled glucosamine and on periodic acid-Schiff (PAS), staining, the 290 
x 103 d polypeptide is the major glycosylated envelope protein. The 
120-130, 70-90, and 42-44 x 103 d polypeptides label less heavily with 
glucosamine and stain less with PAS. Since these polypeptides are 
stripped from the virion with nonionic detergents and are glycosylated, 
they are also tentatively designated as envelope components. The 150 
x 103 d polypeptide is the major nonglycosylated polypeptide removed 
from the virion by nonionic detergent. Since this abundant polypeptide 
is extracted from the virion, leaving the nucleocapsid apparently intact, 
it is likely to be the principal membrane matrix or tegument protein. 
The 160, 78,44-47, and 28 x 103 d polypeptides remain associated with 
the nucleocapsid through nonionic-detergent extraction and are the prin
cipal nucleocapsid components. 

C. Antigenic Determinants of the Virus 

Sera from infected patients have been used to identify the major 
antigenic polypeptides of the envelope and capsid (Mueller-Lantzsch et 
al., 1979, 1980a,b; Kallin et al., 1979; Pearson and Qualtiere, 1978; Qual
tiere and Pearson, 1979, 1980; Strnad et aI., 1979; Thorley-Lawson and 
Edson, 1979; Thorley-Lawson, 1979). Most studies of the envelope or 
membrane antigens (MA) have prepared the antigens from nonionic
detergent extracts of cell cultures in which as many as 50% of the cells 
have been induced to express MA. In some studies, the outer plasma 
membrane was specifically surface-labeled by iodination or borohydride 
reduction (Strnad et aI., 1979; Qualtiere and Pearson, 1980; Mueller
Lantzsch et al., 1980b). In other studies, plasma membranes or virus were 
purified prior to nonionic-detergent extraction (Thorley-Lawson and 
Edson, 1979; Thorley-Lawson, 1979). The major surface-labeled antigens 
are 220-350 x 10" d and 80-90 x 10" d. Both groups of antigens are 
heterogeneous in size, label with radioactive glucosamine, bind to ricin 
lectin, and elute with galactose. Either or both could consist of more than 
one polypeptide. There are two rather distinct components, 220-250 and 
320-350, within the 220-350 x 103 d complex. The 220-250 component 
is slightly more abundant' than the 320-350 in extracts of P3HR-l virus 
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or P3HR-l cells, while the 320-350 component is much more abundant 
than the 220-250 on the surface of B95-8 virus or B95-8 cells. Two sets 
of monoclonal antibodies recognize both the 220-250 and 320-350 com
ponents (Hoffman et al., 1980; Thorley-Lawson and Geilinger, 1980), 
indicating shared antigenicity through either common polypeptide or 
oligosaccharide components. These monoclonal antibodies also neutral
ize virus, confirming that the 220-350 x lOa d complex is on the outer 
surface of the virus. With the reactivity demonstrated by human sera to 
these antigens, it is likely that the 220-350 complex is an important 
neutralizing antigen in natural human infection. The 80-90 x lOa d 
glycoprotein complex may also be an important neutralizing antigen. 
Surface labeling indicates that it is also on the outer surface of the virus 
envelope. Convalescent human sera react with antigenic determinents 
of the 80-90 x lOa d complex. 

Superinfection of latently infected Raji cells with the P3HR-l virus 
induces the synthesis of both the 220-350 and 80-90 x lOa d complexes 
(Qualtiere and Pearson, 1980; Mueller-Lantzsch et aI., 1980a,b). A 70 
x lOa d polypeptide appears on the cell surface within 2 hr of P3HR-l 
superinfection and before the 80-90 x lOa d polypeptide can be detected. 
Over the ensuing 24-48 hr, the relative intensity of heterogeneously 
migrating polypeptide species in the size range 80-90 x lO'~ d increases, 
while the amount of 70 x lOa d polypeptide remains constant. The 70 
x lOa d polypeptide is not found on the surface of the virus envelope. 
These data suggest that the 70 x lOa d protein is either a precursor to 
the 80-90 x lOa d glycoprotein or an earlier virus polypeptide that binds 
to the cellular plasma membrane and is not incorporated into the viral 
envelope. In one study, the synthesis of the 70 and 80-90 x lO'~ d po
lypeptides was unaffected by the use of cytosine arabinoside to inhibit 
viral DNA synthesis. In other studies, the 80-90 x lOa d complex was 
reduced by treatment with phosphonoacetic acid, a better-characterized 
inhibitor of EBV DNA synthesis. 

The 43 x lO'~ d envelope polypeptide is labeled less heavily by surface 
iodination and is less evident in immunoprecipitates with human sera 
than the 220-350 and 80-90 x lOa d complexes (Mueller-Lantzsch et 
aI., 1980a,b; Thorley-Lawson, 1979; Thorley-Lawson and Edson, 1979; 
Strnad et aI., 1979; Qualtiere and Pearson, 1980; Kallin et aI., 1979). A 
130 x lOa d polypeptide has also been detected as a minor component 
in immunoprecipates of glucosamine-Iabeled cell extracts. The 140-150 
x lOa d membrane matrix or tegumentary protein is usually not evident 
in immunoprecipitates of surface-labeled proteins, but can be clearly 
identified in immunoprecipitates of as S-labeled polypeptides with human 
antisera. Trypsin treatment of infected cells before surface iodination 
exposes the 140-150 x lOa d polypeptide to iodination. The exposure of 
this protein after trypsin treatment suggests that it is probably a mem
brane matrix protein rather than an exterior-membrane or tegument 
protein. 
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The 150-160 x lO'~ d polypeptide, the major component of the nu
cleocapsid, is also the major capsid component precipitated by immune 
human sera (Mueller-Lantzsch et al., 1980a,b; Kallin et al., 1979). This 
polypeptide is probably an important component of the viral capsid an
tigen (VCA) complex detected by immunofluorescence in the nucleus 
and cytoplasm of permissively infected cells (G. Henle and W. Henle, 
1966; Mayyasi et al., 1967). 

Little is known about the biochemistry of the antigenic determinants 
or structural polypeptides of the primate EBV-related viruses herpesvirus 
pan (HVPan) and herpesvirus papio (HVPapio). Human and primate sera 
that have activity in homologous assays cross-react extensively in het
erologous VCA, MA, and neutralization tests, suggesting that EBV, 
HVPan, and HVPapio have similar antigenic determinants on their cap
sids and envelopes (Gerber et al., 1976b, 1977; Neubauer et al., 1979; 
Falk et al., 1976). 

D. Viral Deoxyribonucleic Acid 

Comparative analysis of EBV DNAs is a particularly important issue 
in EBV research. Because of the nonpermissive outcome of EBV infection 
in vitro, more of the phenotypic properties of the genome are cryptic in 
culture than is the case with other herpesviruses. Therefore, elucidation 
and comparison of the phenotypic properties of EBV isolates are more 
difficult and less precise. Further, although seroepidemiological studies 
indicate that infection with EBV is prevalent in all human populations, 
the virus has a unique disease association with Burkitt lymphoma and 
nasopharyngeal cancer. Burkitt lymphoma is a distinctive endemic dis
ease in equatorial Africa. EBV is almost invariably found in every African 
Burkitt-tumor cell (Reedman et al., 1974), while elsewhere EBV is not a 
regular passenger in malignant B cells. EBV is also almost invariably 
present in anaplastic nasopharyngeal-cancer cells (zur Hausen et al., 1970; 
Wolf et al., 1975; Klein et al., 1974). This disease occurs worldwide in 
association with EBV (Pagano et al., 1975; Desgranges et al., 1975). How
ever, there is endemic clustering of cases in southern China (de Tht\ 
1979). One hypothesis that could explain the restricted geography of 
Burkitt lymphoma and the high incidence of nasopharyngeal cancer in 
southern China is geographic strain variation among EBV isolates (Kieff 
and Levine, 1974). Other hypotheses that recognize other infectious, nu
tritional, or human genetic or immune cofactors could account for some 
of the epidemiological findings. However, the possibility that there may 
be biologically significant differences among EBV strains is still an im
portant issue in studies of EBV DNA. 

The DNA of the B95-8 isolate of EBV has been the prototype for 
detailed restriction-endonuclease mapping, for cloning into Escherichia 
coli plasmids and into bacteriophase lambda, and for nucleotide sequenc
ing (Given and Kieff, 1978, 1979; Given et al., 1979; Kieff et al., 1979; 
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Dambaugh, 1980; Dambaugh et al., 1980a,b; Skare and Strominger, 1980). 
Comparative restriction-endonuclease maps of eight other EBV isolates 
have been derived (Raab-Traub et al., 1980; Bomkamm et al., 1980; Heller 
et al., 1981a). DNA fragments from two other EBV isolates, AG876 and 
W91, have been partially cloned into plasmid vectors (Raab-Traub et 
al., 1980; Dambaugh, 1980). AG876 is a culture of an African Burkitt
lymphoma biopsy (Pizzo et al., 1978). W91 is a clone of marmoset cells 
infected with an African Burkitt-lymphoma EBV isolate (Miller et al., 
1976). These studies of EBV DNAs provide most of our current knowledge 
of the similarity and variation among EBV isolates. 

1. General Features 

The DNA of EBV is a linear, double-stranded molecule of approxi
mately 170 x lOa nucleotide base pairs (bp) (Pritchett et al., 1975a,b; 
Hayward and Kieff, 1977). The density of EBV DNA in neutral CsCI is 
1.7l8 g' cm -a (Wagner et al., 1970; Jehn et al., 1972; Pritchett et al., 
1975a). Assuming that the DNA consists entirely of unmodified bases, 
the overall base composition that corresponds to this density is 57% 
guanine plus cytosine (G+Cj and 43% adenine plus thymine. The nu
cleotide composition of EBV DNA has not been directly determined. 
Comparison of the restriction endonuclease fragments of virion DNA 
digested with the isoschizomers MspI and Hpall indicates that CG res
idues are not methylated in virion DNA. The DNA in most virus prep
arations from chronically infected cultures is extensively and randomly 
nicked by endonucleases (Given et al., 1979). As with HSV, as much as 
50% of the single strands of nascent virion DNA is intact, as shown by 
alkaline sucrose sedimentation (Pritchett et al., 1975a). 

The general structure of EBV DNAs is shown in Fig. 3 (Dambaugh 
et al., 1980b). There is a terminal repeat (TR) at both ends of the DNA 
(Given and Kieff, 1978; Given et al., 1979; Kintner and Sugden, 1979). 
TR is 500 bp long. The repetitions are tandem and direct and vary in 
number at each end. There are usually 4-8 copies per end, although some 
ends have as many as 12 copies. TR is in the same orientation at both 
ends of the DNA. There is no homology between TR and internal DNA. 
Although the functions of TR are not fully known, one recognized role 
is to facilitate circularization of EBV DNA following infection (Lindahl 
et al., 1976). Inside the infected cells, TRs at opposite ends of the DNA 
become covalently linked and can be cloned as a covalently joined frag
ment (Dambaugh et al., 1980a,b). TR could facilitate circularization by 
base-pairing between the complementary sequences at both ends or by 
repeating a sequence that could bind a bivalent protein or protein com
plex. It is not known whether a protein is involved in circularization of 
the EBV genome. The 5' ends of virion DNA are susceptible to lambda
exonuclease digestion, indicating that there is no protein covalently 
linked to the 5' terminus (Hayward and Kieff, 1977). 
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In addition to TR, EBV DNA contains two nonhomologous internal 
repeats, a long internal repeat designated IRI (previously designated IR) 
and IR2, a short internal repeat (Kieff et al., 1979; Given and Kieff, 1978; 
Given et al., 1979; Rymo and Forsblum, 1978; Hayward et al., 1980; 
Cheung and Kieff, 1981, 1982; Dambaugh and Kieff, 1982). IR1 and IR2 
separate the unique sequences of EBV DNA into a 14 x loa bp short 
unique region, USl, and a 135 x loa bp long unique region, UL. An 
ultrashort unique region of approximately 3000 bp, US2, separates IRI 
and IR2 (Dambaugh and Kieff, 1982). The location of these unique and 
repetitive sequences is indicated in Fig. 3. IRI is 3071 bp and lies between 
USI and US2, while IR2lies between US2 and UL. The number of direct 
tandem repeats of IRI varies among molecules of the same EBV isolate 
and among EBV isolates (Given and Kieff, 1979). Detailed restriction
endonuclease maps have been derived for IRl. The complete nucleotide 
sequences of IR1 and of the junctures between IR1 and USI and US2 
have recently been determined (Cheung and Kieff, 1981; Cheung and 
Kieff, 1982). IRI is 67% G + C. IRl has a single BamHI site. Within the 
250 nucleotides to the left of the BamHI site in IR1 are sequences of 14 
and 35 nucleotides that are directly repeated within the 250 nucleotides 
to the right of the BamHI site. The transition from IR1 to US2 occurs at 
a point several hundred nucleotides short of completion of a full copy of 
IRl. The 14 and 35 bp direct repeats within IR1 are not deleted from the 
incomplete copy of IRI adjacent to US2. 

As described in Section I1I.B, IRI encodes an abundant RNA in la
tently infected cells growth-transformed by EBV. There is a "TATAA" 
box within IR1 located 51 nucleotides to the 5' end of an AUG. The 
repetition of the IRI sequence in EBV DNA could reinforce the action 
of this "promoter." The transcription of RNAs from this repeated pro
moter would then result in a family of RNAs increasing in size by fixed 
increments. The expected family of RNAs would have a common 3' end. 

The second internal repetition in EBV DNA, IR2, is 123 bp long 
(Dambaugh and Kieff, 1982). IR2 is present as 11 direct, tandem repeats 
in the B95-8 EBV isolate, but may be present in as many as 13-15 copies 
in the W91 and AG876 isolates. The 1300 bp of US2 nearest to IRI and 
the 600 bp of US2 closest to IR2 seem to be constant among most EBV 
isolates. The remaining 1100 bp of US2, located to the right of the single 
BamHI site in US2, may be partially or completely deleted in some viral 
isolates. Nonetheless, there are no apparent differences in the biological 
properties of these isolates in vitro. Furthermore, some isolates from 
Africa and the United States have a full complement of US2 sequences 
while others do not. Thus, the presence of the sequences is not associated 
with a specific geography (King et al., 1982). 

The UL region is 135 x 103 bp. DNA mapping at 26-28 x 106 d at 
the left end of UL near the juncture with IR2 has homology to DNA 
mapping at 93-95 x 106 d near the right end of UL (Raab-Traub et al., 
1980; Heller et al., 1981a). Duplication is present in all EBV isolates 
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except B95-8, which has a deletion of 13 x 103 bp around the rightward 
duplication in UL (Raab-Traub et al., 1978, 1980). Deletion of this region 
does not interfere with the ability of the B95-8 isolate to growth-transform 
cells in culture, to cause tumors in primates, or to replicate in some of 
the transformed cells in vitro (Miller et al., 1976). Near the center of UL, 
at 63-66 x 106 d, the 1200 bp HinfI fragment of BamHI K has homology 
to a repeated sequence in human and mouse cell DNA (Heller et al., 
1982b,c). This sequence does not have homology to the Simian virus 40 
origin of replication. The nucleotide sequence of this fragment is being 
determined in order to compare it with known repeated sequences in 
human and mouse DNAs. 

2. Range of Variability among EBV DNAs 

Comparison of the restriction-endonuclease fragments and the link
age maps of nine EBV DNAs reveals sufficient variability to specifically 
identify each of the DNAs (Given and Kieff, 1978; Raab-Traub et al., 
1980; Dambaugh et al., 1980b; Heller et al., 1981a; Bornkamm et al., 
1980; Fischer et al., 1981). Although four of the DNAs are from Africans 
with Burkitt lymphoma, three from Americans with infectious mono
nucleosis, one from an Australian with myeloblastic leukemia, and one 
from a patient with nasopharyngeal cancer, no features have been iden
tified that correlate with a specific geographic or pathological origin. 
Most of the variations observed among the DNAs are in the numbers of 
copies of repeat elements or could be the consequence of mutations at 
existing or potential restriction-endonuclease sites, since there is no dis
cernible change in the order or size of the surrounding DNA sequences 
(Heller et al., 1981a; Dambaugh et al., 1980b). Similar kinds of differences 
have been observed with passage of the B95-8 virus in cord-blood cells 
(Raab-Traub et al., 1980; King et al., 1980; Dambaugh et al., 1980b). 
While it is clear from these studies that the isolates do not segregate into 
discernible subtypes, it is premature to conclude that sufficient varia
bility could not exist to account for the differences in the epidemiology 
of the diseases associated with EBV infection. Relatively minor changes 
in nucleotide sequence could have profound effects on expression of one 
or several genes of pathophysiological significance. The level of resolution 
of most of the comparative restriction-endonuclease studies of different 
EBV isolates is of the order of several hundred nucleotides. This level of 
investigation is barely adequate to detect the variability in the US2 region 
described in Section II.D.1. Similar variability has also been detected near 
the rightward duplication of DNA in UL (Raab-Traub et al., 1980). The 
latter has not been investigated. 

3. DNA of the P3HR-1 Isolate 

P3HR-1 cells are a high-level virus-producing clone of cells derived 
from the Jijoye cell line (Hinuma et al., 1967). The Jijoye cell line was 
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established from an African Burkitt-tumor biopsy. As described in Section 
I, EBV from P3HR-l cultures differs from the virus produced by Jijoye 
and from all other EBV isolates in its inability to growth-transform lym
phocytes in vitro. This inability to induce growth transformation is not 
abolished by end-point dilution of P3HR-l virus, suggesting that it is not 
a consequence of defective interfering particles (Miller et ai., 1974). Fur
thermore, the P3HR -1 virus can infect B lymphocytes and induce abortive 
or productive replication depending in part on the presence of a latent 
EBV genome in the infected cell (W. Henle et al., 1970; Yajima and 
Nonoyama, 1976). The P3HR-l line has been passaged for over a decade 
in continuous culture. Analysis of the DNA of the P3HR -1 virus indicates 
that it is heterogeneous (Hayward et al., 1976; Hayward and Kieff, 1977; 
Sugden et ai., 1976; Delius and Bornkamm, 1978). Approximately half 
the molecules are similar in structure to standard EBV DNAs except for 
the deletion of almost the entire US2 region (Kieff et al., 1979; King et 
al., 1980, 1982; Heller et al., 1981a). In contrast, Jijoye has more of the 
US2 region (King et al., 1982). Since Jijoye virus can transform cells and 
P3HR-l cannot, the data suggest that sequences within the US2 region 
are important in the initiation of transformation. One attempt to ap
proach this issue has been to superinfect the latently infected, Burkitt
tumor-biopsy-derived Raji cell line with P3HR-l virus in an attempt to 
obtain recombinants between P3HR-l and the endogenous Raji EBV DNA 
(Fresen and zur Hausen, 1976; Fresen et al., 1979; Yajima et al., 1978). 
Small amounts of transforming virus are released following superinfec
tion, and this DNA can be amplified by cellular growth transformation. 
The P3HR-l and endogenous Raji genomes can be distinguished at several 
sites with two restriction endonucleases and presumably at other sites 
with additional enzymes (Heller et ai., 1981a). 

At least two minor populations of P3HR-l molecules can be differ
entiated by analysis of electron micrographs of partially denatured mol
ecules (Delius and Bornkamm, 1978). The most common minor popu
lation appears to consist of a repeating unit of 35-40 x 106 d. Restriction
endonuclease analysis of P3HR-l DNA reveals the presence of defective 
molecules in which noncontinguous parts of UL, US, and TR have re
combined in new linkage arrangements (Heller et al., 1981a). The defec
tive molecules may be important in the induction of the permissive 
infection observed on superinfection of Raji cells with P3HR-l virus. The 
defective molecules could achieve this effect by turning on late viral 
functions in a manner analagous to alpha or beta genes of HSV (Honess 
and Roizman, 1974) or by titrating a putative repressor of lytic infection. 

4. Primate EBV-Related Agents 

Many Old World primate species, including chimpanzees, baboons, 
gorillas, and orangutans, are known to be latently infected with herpes
viruses that are antigenically cross-reactive with EBV (Gerber et al., 
1976b, 1977; Falk et al., 1976; Goldman et ai., 1968; Gerber and Birch, 
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HVPapio DNA. Clones of the indicated BamHI EBV DNA fragments from B95-8 and AG876 
viruses were labeled in vitro and cross-hybridized to Southern blots of HVPapio DNA. The 
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1967; Stevens et al., 1970; Landon et al., 1968; Levy et al., 1971; Rabin 
et al., 1978, 1980). The viruses of chimpanzees and baboons, HVPan and 
HVPapio, respectively, have been studied most extensively. HVPan and 
HVPapio are endemic in their respective primate species. Like that of 
EBV, the host ranges of HVPan and HVPapio are restricted to primate B 
lymphocytes, in which these viruses induce growth transformation and 
intranuclear antigen (Gerber et al., 1976b, 1977; Ohno et al., 1979; Rabin 
et al., 1980). Although limited cross-reactions have been detected, the 
intranuclear antigens specified by each virus have major non-cross-re
active determinants. The VeA, MA, and early antigens specified by each 
of these viruses cross-react extensively with antisera from the heterol
ogous primate species. 

Analyses of HVPapio and HVPan DNAs were undertaken to define 
the relationship of these viruses to EBV and to each other. EBV, HVPapio, 
and HVPan DNAs have 40% homology in each pairwise comparison 
(Gerber et al., 1976b; Falk et al., 1976; Heller et al., 1982a). The size and 
organization of HVPapio and HVPan DNA are similar to those of EBV 
DNA (Heller et al., 1981b, 1982a; Heller and Kieff, 1981; Lee et al., 
1981). Like EBV, DNA, HVPan and HVPapio DNAs are also 170 x lO'~ 
bp. Tandem direct repeats of a 3100 bp sequence, IR1, separates HVPapio 
and HVPan DNAs into a short, 14 x lO'~ bp, unique DNA segment, US, 
and a long, 135 x 103 bp, unique DNA segment, UL. In HVPapio and 
HVPan DNAs, as in EBV DNA, there is homology between DNAs at 
26-28 and 93-95 x 106 d in UL. Restriction-endonuclease fragments 
from both ends of HVPapio DNA vary in the number of repeats of a 550 
bp sequence, TR, which hybridize to each other. The data identifying the 
TR in HVPan DNA are much less complete. The terminal fragments are 
heterogeneous in size, suggesting that there are varying numbers of copies 
of the TR. Thus, both HVPan and HVPapio probably have a variable 
number of copies of direct tandem TRs similar to EBV DNA. The common 
features of EBV, HVPapio, and HVPan DNAs are shown in Fig. 4. 

The extent of physical co linearity between EBV and HVPapio and 
HVPan DNAs was investigated by hybridizing labeled cloned fragments 

arrows drawn between the EBV and HVPapio maps indicate the presence of homologous 
sequences in the two DNAs and the conservation in HVPapio DNA of structural features 
characteristic of EBV DNA. (t) Indicates that a labeled EBV probe did not hybridize to 
HVPapio DNA. (B) Summary of homology between HVPan and EBV DNAs. An analysis 
similar to that shown in (A) was conducted for HVPan DNA. The XbaI, EeaRI, and BamHI 
linkage maps of HVPan DNA are aligned above the BamHI and EeoRI linkage maps of EBV 
DNA to indicate the colinear arrangement of homologous sequences and structural features 
in the two DNAs. The dashed lines in the HVPan maps indicate a lack of homology between 
HVPan DNA and the terminal repeat (TR) and unique sequences to the left of 6 x 106 d 
and to the right of 108 x 106 d in EBV. The actual numbers and sizes of HVPan DNA 
fragments near the termini that lack homology to EBV DNA are unknown. Ie) Structural 
map of EBV, HVPapio, and HVPan DNAs. The various structural freatures shown are de
scribed in the Fig. 3 caption and in the text. IHeller et al., 1981b, 1982a; Heller and Kieff, 
1981). 
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of EBV DNA, ranging in complexity from 0.8-6.4 x 106 d and representing 
the entire EBV genome, to Southern blots of fragments of HVPapio or 
HVPan DNA (Heller and Kieff, 1981; Heller et al. 1982a). The labeled 
EBV DNA fragments hybridize to HVPapio and HVPan DNA fragments 
that correspond to the same map positions as the EBV DNA fragments 
(Fig. 4). EBV DNA fragments containing the duplicated region in UL of 
EBV DNA hybridized to both regions in UL of HVPapio and HVPan 
DNAs, indicating that the duplicated sequences are conserved among 
these DNAs. One region of nonhomology was detected in the UL of EBV 
and HVPapio DNA at 54-59 x 106 d. EBV and HVPan DNA have ho
mology in this region. There was no homology detected between the TR 
of EBV and the TRs of HVPapio or HVPan. There was also no homology 
between the TR of HVPapio and the TR of HVPan. The lack of homology 
among the TRs of EBV, HVPan, and HVPapio and the difference in size 
of the TRs of EBV and HVPapio suggest that the specific nucleotide 
sequence of the TRs is not highly conserved among the primate EBV
related agents. Two inferences could be drawn from the lack of TR ho
mology: First, the greater sequence divergence of TR favors the hypoth
esis, considered in Section II.D.l, that TR may function only to facilitate 
circularization of the DNA. If TR does not encode an essential protein, 
its sequences may be subject to greater variation than other regions of 
the genome. Second, divergence of TR might also be expected if TR is 
a region of the viral genome that may be involved in interaction with 
cellular components that differ among human, chimpanzee, and baboon 
B lymphocytes. 

III. TRANSFORMATION AND LATENCY WITHIN B 
LYMPHOCYTES 

After infection with Epstein-Barr virus (EBV), some and probably 
most B lymphocytes replicate perpetually in culture (W. Henle et al., 
1967; Pope et al., 1968b, 1971; Gerber et al., 1969; Sugden and Mark, 
1977; Henderson et al., 1977a,b, 1978). The continued presence of the 
EBV intranuclear antigen (EBNA) and the EBV genome indicates that the 
cells are infected. The infection is latent in most or all of the cells. The 
frequency of spontaneous permissive infection varies with cell type and 
ranges from 0 to 1 % among cell lines derived by infection of neonatal 
human cells, from 0 to 3% among adult human cell lines, and from 0 to 
10% among marmoset cell lines (Nilsson, 1971; Nilsson et al., 1972; 
Gerber et al., 1976a; Miller and Lipman, 1973a,b). Thus, on a statistical 
basis, marmoset lymphocytes tend to be more permissive than adult 
human lymphocytes, which are in turn more permissive than neonatal 
human lymphocytes. Within each category, some cultures are completely 
nonpermissive of viral replication. Maintenance of partially permissive 
cultures in rich media with frequent feedings usually results in rapid cell 
growth and selection of cells that are nonpermissive for viral replication. 
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In almost all latently infected cultures, there are two classes of new 
antigenic activity. One antigen is detectable on the cell surface using 
immune T lymphocytes from patients recovering from primary EBV in
fection. This antigen, lymphocyte-detected membrane antigen (L YDMA), 
cannot be detected with immune sera and has not been further charac
terized (Svedmyr and Jondal, 1975). The second antigenic activity is the 
intranuclear antigen, EBNA (Reedman and Klein, 1973). EBNA, and pre
sumably also Lydma are present in latently infected cells in vivo, in
cluding nonmalignant B lymphocytes, Burkitt tumor lymphoblasts, and 
nasopharyngeal cancer cells. In contrast, none of the antigens associated 
with abortive or productive viral infection has been identified in latently 
infected cells in human tissues, including latently infected normal pe
ripheral B lymphocytes, malignant Burkitt-tumor cells, and nasophar
yngeal-cancer cells (Reedman et al., 1974; Klein et al., 1974, 1976; Ro
binson et al., 1981). EBNA continues to be expressed when these cells 
are explanted and maintained in vitro or grown in nude mice. Increasing 
evidence suggests that EBNA is a complex of polypeptides. It is not known 
whether EBNA and L YDMA share components. 

Phosphonoacetic acid (PAA), phosphonoformic acid (PFA), and acy
cloguanosine (ACG) have been shown to inhibit EBV DNA replication 
in partially permissive cultures (Summers and Klein, 1976; Thorley-Law
son and Strominger, 1976; Colby et al., 1980). Under the conditions used, 
these drugs preferentially inhibit herpesvirus DNA polymerases, sug
gesting that EBV DNA is replicated by a viral polymerase during pro
ductive infection (Datta et al., 1980). Although these drugs have no effect 
on the number of copies of EBV DNA in latently infected, growth-trans
formed cells, they can inhibit the establishment of latent infection and 
growth transformation. These latter data suggest that EBV-mediated 
DNA replication is a necessary condition to achieve latent infection and 
growth transformation and that once this state is achieved, the viral DNA 
is replicated by cellular polymerase that is less sensitive to PAA, PFA, 
and ACG. The relative amount of viral DNA in synchronized cultures 
remains constant over the cell cycle. A slight increase during early S 
phase suggests that viral DNA is replicated early during the synthesis of 
latently infected cell DNA (Hampar et al., 1974c). 

The term "restringent" has been used to denote the latent state of 
EBV infection in the growth-transformed B lymphocytes (Orellana and 
Kieff, 1977; Powell et al., 1979; King et al., 1980, 1981). The rationale 
for coining a new term was that no existing term adequately described 
this state. The infection is nonpermissive for viral replication, but it is 
not entirely latent in that the viral genome is actively transcribed, viral 
RNA is processed and transported, and viral protein or proteins are pro
duced. Some viral gene product is presumed to be necessary for initiating 
and maintaining cellular growth transformation. Other possibilities, in
cluding a cis-acting effect of the viral genome, have not been rigorously 
excluded but seem unlikely, since transformation is very sensitive to UV 
inactivation of the virus (Henderson et al., 1978). To the extent that 
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maintenance of growth transformation requires active expression of the 
EBV genome, viral gene expression during primary infection and subse
quent growth transformation may be different from expression in latent 
infections of B lymphocytes transformed prior to infection, in hybrids 
between EBV-infected lymphocytes and nonlymphoid cells, and in non
lymphoid cells infected by microinjection or by receptor transplantation 
(Glaser and O'Neill, 1972; Fresen and zur Hausen, 1977; Graessman et 
aI., 1980; Vol sky et al., 1980). Whether the term restringent should be 
used for describing a latently infected African Burkitt-tumor-cell culture 
is therefore an open issue, since it is uncertain whether the typical in
fected tumor cell was initially growth-transformed by EBV. Furthermore, 
the chromosomal change that accompanies malignant transformation 
(Manolov and Manolova, 1972) may be associated with a change in the 
state of EBV infection. 

A. Viral Deoxyribonucleic Acid in Latently Infected Cells 

Cultures of latently infected lymphocytes explanted from healthy 
seropositive donors, cultures of latently infected lymphocytes that were 
infected with EBV in vitro, and cultures of Burkitt-tumor biopsies have 
been examined for the persistence of EBV DNA. In most instances, the 
latently infected cells contain multiple copies of the EBV genome (zur 
Hausen and Schulte-Holthausen, 1970; Nonoyama and Pagano, 1971, 
1973; Nonoyama et al., 1973; Kawai et aI., 1973; Kieff and Levine, 1974; 
Pritchett et aI., 1976; Sugden et al., 1979). DNA-DNA reassociation 
kinetics indicate that within the limits of accuracy of these analyses 
(5-10%), the entire EBV genome is present. In only two instances have 
studies indicated that an incomplete EBV genome is present in latently 
infected cells. The kinetics of DNA-DNA reassociation between labeled 
viral DNA and Namalwa-cell DNA indicate that the Namalwa-cellline 
contains one or two copies of an incomplete EBV genome (Pritchett et 
aI., 1976). However, labeled Namalwa-cell DNA hybridizes to all the 
larger BeaRI fragments of EBV DNA, indicating that Namalwa contains 
sequences spread over at least 80% of the EBV genome (Heller and Kieff, 
unpublished). In a second series of studies in which labeled viral DNA 
was hybridized to DNA from nasopharyngeal-carcinoma biopsies, the 
reassociation kinetics suggested that these tissues also contain less than 
the complete viral genome (Pagano et al., 1975; Pagano and Huang, 1976). 
Since nasopharyngeal carcinoma is an infiltrative malignant process, the 
tumor cells are mixed with normal stromal cells and the number of EBV 
DNA copies per cell is lower than in Burkitt-tumor tissue, which is a 
more uniform tumor composed primarily of infected lymphocytes. As 
with Namalwa cells, observation of a change in reassociation kinetics 
could be expected as a consequence of degradation of the probe DNA 
with long intervals of hybridization. It was not demonstrated in either 
study that the residual labeled single-stranded viral DNA, which did not 
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hybridize to Namalwa or nasopharyngeal-carcinoma DNA, was still able 
to hybridize to viral DNA. Neither was it demonstrated that the unhy
bridized viral DNA mapped to specific "lost" region(s) of the viral 
genome. 

The Raji cell line, a culture of nonpermissively infected Burkitt
tumor cells, has been the prototype for many studies of the physical state 
of viral DNA in nonpermissively infected cells. By complementary RNA 
(cRNA) filter hybridization and by DNA-DNA reassociation kinetics, 
Raji cells are estimated to carry 50 copies of viral DNA. The viral DNA 
in Raji cells is not covalently linked to cell DNA, although it may be 
loosely associated with cellular chromatin (Nonoyama and Pagano, 1972). 
Some of the episomal EBV DNA in Raji cells sediments at 65 Sand 100 
S in neutral glycerol velocity gradients, the expected values for open and 
supercoiled circles equal in length to EBV DNA (Lindahl et ai., 1976). 
The 100 S DNA sediments at 300 S in alkaline glycerol gradients, indi
cating that it contains no nicks, gaps, or ribonucleotides (Lindahl et 
ai., 1976). X-irradiation converts the 100 S DNA to an open 65 S form 
that is identical in length to viral DNA (Lindahl et ai., 1976). The Raji 
DNA circles are formed by covalent joining of the termini. The joining 
of the terminal restriction-endonuclease fragments of Raji DNA into a 
new juncture fragment has been confirmed in Southern blots of Raji DNA 
(Heller et ai., 1981a). Viral DNA in Raji cells is partially resistant to 
cleavage by HpaII, but is sensitive to the isoschizomer MspI, while virion 
DNA is sensitive to both enzymes (Desrosiers et ai., 1979; Kinter and 
Sugden, 1981; Fennewald and Kieff, unpublished observations). This 
strongly suggests that Raji DNA is partially methylated at CG sites and 
raises the possibility that methylation may playa role in control of tran
scription of intracellular Raji DNA. An attempt has been made to eval
uate this hypothesis by examining the differential sensitivity of Raji EBV 
long-internal-repeat (IR1) and BamHI T DNA to Hpall and MspI (Fen
newald and Kieff, unpublished observations). IRI BamHI T, which does 
not encode messenger RNA in Raji cells. Both regions of the endogenous 
Raji DNA were partially resistant to HpaII, indicating partial methyla
tion. The effects of chemical induction of EBV expression in Raji cells 
include enhanced messenger RNA (mRNA) transcription (King et ai., 
1981) and a change in the pattern of methylation of BamHI T DNA. 

Circular episomal DNA the length of linear EBV DNA has been 
found in other nonpermissively infected cells and in Burkitt-tumor tissue 
(Adams et ai., 1977; Kaschka-Dierich et ai., 1976, 1977). The restriction
endonuclease maps of intracellular EBV DNAs from a variety of sources, 
including Burkitt-tumor-cell cultures and cultures of latently infected 
cells from seropositive patients, are similar to those of virion DNA except 
that the two terminal fragments of linear virion DNA are joined into a 
single fragment in intracellular DNA (Heller et al., 1981a). Changes in 
EBV DNA during establishment of latent infection were investigated by 
comparing B95-8 virion DNA with intracellular EBV DNA from clones 
of normal neonatal lymphocytes latently infected and growth-trans-
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formed by the B95-8 virus (King et al., 1980; Raab-Traub et al., 1980; 
Dambaugh et al., 1980b). Several differences were found between the 
restriction-endonuclease profiles of virion DNA and the intracellular 
DNA from the transformed cells: First, the two terminal EeoRI fragments 
of viral DNA migrate as a single larger fragment in intracellular DNA. 
The larger size of the terminal fragments in intracellular DNA is due in 
part to the covalent joining of both ends of virion DNA into a single 
fragment in intracellular DNA. The putative joined ends from an in 
vitro growth-transformed cell line were cloned into Charon 4A and shown 
to consist of sequences from both ends of virion DNA (Dambaugh et 
al., 1980a). Second, there is variation in the size of the joined end frag
ments from several independently derived latently infected, growth
transformed neonatal lymphocytes (Raab-Traub et al., 1980). This vari
ation is in part attributable to fluctuation in the number of terminal 
repeats (TRs) in the joined end fragments. Some of the variation may be 
due to the loss of copies of TR during cloning. The latter phenomenon 
occurs commonly during propagation in E. eoli of recombinant clones of 
the joined EeoRI termini. Digestion of the DNA of a single such clone 
of Charon 4A yields molecules varying in the number of repeats of TR 
(Dambaugh et al., 1980a). Third, in one cell line, the fragments containing 
the sequences from the right terminus of EBV DNA are 12-25 x 103 bp 
larger than the joined terminal fragment in other cell lines. This larger 
size could be a consequence of 24-50 more copies of TR, but could also 
be due to rearrangement or duplication of other viral DNA. Fourth, the 
size of the EeoRI A fragment varies among different cell lines from 23 
to 37 x 106 d, probably because of differing numbers of repeats of IRI. 
Fifth, in one of the cell lines, the EeoRI I and J fragments lack the EeoRI 
site between them. The size of the new EeoRI fragment is equal to the 
combined size of EeoRI I and 1, suggesting that there is no major change 
in the DNA. 

The restriction-endonuclease maps of EBV DNA were investigated 
in three nonpermissively infected cell lines that have been passaged for 
several years in culture and rapidly grown for several months prior to 
harvest of the intracellular viral DNA (Heller et al., 1981a). Defective 
DNA molecules were found to accumulate as a minor population in each 
of the DNAs. The defective molecules consisted of linked sequences from 
various noncontiguous regions of the EBV genome. Many of these defec
tive molecules resemble the defective populations in P3HR-l virion 
DNA, suggesting a common mechanism in the origin of both types of 
defectives. In particular, DNA in the EeoRI B fragment was frequently 
linked to DNA that maps elsewhere in standard EBV DNA, suggesting 
that there may be an origin of DNA replication in this region. As described 
in Section II.D.l, one fragment from the region is homologous to a re
peated sequence in cell DNA but is not homologous to the Simian virus 
40 (SV40) origin of replication. Other atypical linkages included unusual 
juncture fragments between the left and right ends of the DNA. None 
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of the unusual fragments has been cloned for precise mapping and 
sequencing. 

In nonpermissively infected cells, the EBV genome is replicated by 
a cellular polymerase. The generation of defective viral DNA molecules 
could be a consequence of replication of the viral DNA by the cellular 
polymerase. Rapid cell growth could enhance the generation of defective 
viral molecules by further stressing the cellular enzymes that are involved 
in viral DNA replication. 

There have been a number of attempts to determine whether EBV 
DNA is integrated into cell DNA of Raji cells (Nonoyama and Pagano, 
1972; Adams et al., 1973). Raji cells were chosen because they have been 
the prototype for stu~iies of latently infected Burkitt-tumor-cell lines. 
However, Raji cells contain numerous circular episomal copies of EBV 
DNA. A small fraction of EBV DNA from Raji cells bands at a lower 
density than virion DNA, suggesting linkage to cell DNA (Adams et 
al., 1973). On shearing, the less dense EBV DNA rebands at a higher 
density, further suggesting previous linkage to cell DNA. The data do 
not exclude the possibility that the small fraction of viral DNA initially 
banded at lower density as a consequence of tightly adherent protein or 
trapping by cell DNA. Studies of a malignant human B-cellline infected 
with EBV in vitro suggest that at least part of the EBV genome can 
integrate (Andersson-Anvret and Lindahl, 1978). In these experiments, 
the cells contained one or a few EBV DNA copies per cell, and the density 
of EBV DNA was near the density of cell DNA. The possibility that 
cytosine methylation or recombinant forms of viral DNA could lower 
the density of intracellular EBV DNA was not excluded in these studies. 
Whether integration of EBV DNA into cellular DNA is necessary or even 
associated with cellular growth transformation remains an open issue. 
One approach would be to demonstrate that a new restriction fragment 
of EBV DNA appears after growth transformation and that the fragment 
consists of both cellular and viral DNA sequences. Likely sites within 
the viral genome for covalent linkage to cellular DNA include TR and 
the site in BamHI K that has homology to cellular DNA. The latter could 
provide a site for homologous recombination into repetitive cell se
quences. If a new restriction-endonuclease fragment could be identified, 
recovery of the fragment by molecular cloning and sequencing of the 
region(s) of linkage between cellular and viral DNA should yield insight 
into the molecular mechanisms of recombination between EBV and cell 
DNA. A second, complementary approach would be to demonstrate in
corporation of viral DNA into a specific cellular chromosome by in 
situ hybridization. Identification of a specific chromosomal site might 
give some indication of the mechanism of a cis-acting effect. Finally, 
it is possible that EBV DNA may not integrate or may integrate on an 
irregular basis and that cellular growth transformation and synthesis of 
progeny EBV DNA in latently infected cells could be accomplished by 
episomal EBV DNA alone. 
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B. Viral Ribonucleic Acids in Latently Infected, Growth
Transformed Cells and in Burkitt-Tumor Cells in Vitro 

Analyses of viral RNA from latently infected, growth-transformed 
B lymphocytes or from latently infected African Burkitt-tumor lymph
oblasts grown in culture indicate that there is extensive transcription of 
the viral genome (Hayward and Kieff, 1976 j Pritchett et al., 1975 b j Orellana 
and Kieff, 1977j Powell et al., 1979j King et al., 1980, 1981). RNA from 
either class of latently infected B lymphocytes hybridizes to as much as 
30% of randomly labeled EBY DNA. Only stable RNAs are detected in 
this kind of analysis. If these stable RNAs are encoded by one DNA 
strand or the other, but never by both complementary strands, the data 
would indicate that stable RNA is encoded by 60% of the single-stranded 
length of EBY DNA. To evaluate the possible significance of transcripts 
from complementary strands, RNA was permitted to anneal to itself 
under the same conditions used in RNA-DNA hybridizations. The RNA 
was then treated with pancreatic ribonuclease. The putative double
stranded RNA was then denatured and hybridized to labeled viral DNA. 
The RNA hybridized to less than 5% of EBY DNA, indicating that only 
a small part of the RNA that hybridizes to EBY DNA is encoded by 
complementary DNA strands (Powell, Dambaugh, and Kieff, unpub
lished). 

The polyadenylated RNA fraction from latently infected, growth
transformed cells or from cultures of Burkitt-tumor lymphoblasts hy
bridizes to 20% of EBY DNA (Orellana and Kieff, 1977j Powell et al., 
1979j King et al., 1980, 1981). The hybridization is initially rapid and 
reaches an early plateau, indicating that the polyadenylated RNA fraction 
is enriched for RNA encoded by this 20% of EBY DNA. Polyadenylated 
RNA does not hybridize further to viral DNA, indicating specific en
richment for those RNAs that selectively accumulate in the polyaden
ylated RNA fraction. 

Polyribosomal RNA or cytoplasmic polyadenylated RNA from la
tently infected, growth-transformed cells or from cultures of Burkitt lym
phocytes hybridizes to 10% of EBY DNA, indicating that a subset of the 
polyadenylated RNA selectively accumulates on polyribosomes (Hay
ward and Kieff, 1976j Pritchett et al., 1975bj Orellana and Kieff, 1977j 

Powell et al., 1979j King et al., 1980, 1981). Again, additional RNAs are 
not detected with longer hybridizations. From the kinetics of hybridi
zation of latently infected cellular RNAs to viral DNA, viral RNA is 
estimated to be 0.06% of the cellular nuclear RNAs, 0.06% of the po
lyadenylated RNA, and 0.003% of the polyribosomal RNA. Earlier lower 
estimates of the abundance of viral RNA were due to degradation of the 
RNA during extraction and failure to correct hybridization kinetics for 
the effect of DNA-DNA and RNA-DNA hybridization involving the IRI 
sequence in EBY DNA. 

The results obtained from the kinetics of hybridization of cellular 
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RNAs to viral DNA indicate that nuclear RNAs should map more broadly 
in EBV DNA than should polyadenylated RNA and that polyribosomal 
RNA should be restricted to about 20% of the length of EBV DNA. The 
studies that have been done are consistent with these expectations (Pow
ell et al., 1979; King et al., 1980, 1981). The most precise mapping data 
available are for RNA from two cell lines; Raji, a Burkitt-tumor-cellline, 
and IB-4, a clone of neonatal cells transformed in vitro by B95-8 virus 
(King et ai., 1980, 1981; van Santen et al., 1981). The results are re
markably similar and consistent with earlier, less precise, data obtained 
with RNA from the Namalwa Burkitt-tumor-cell line (Powell et al., 
1979; Kieff et al., 1978). Much of the increased precision of the more 
recent analysis is due to the extensive use of cloned restriction-endon
uclease fragments of EBV DNA (Dambaugh et al., 1980a). Polyribosomal 
RNA is encoded by 40% of IRI and by at least 25% of the adjacent 
ultrashort unique region (US2)-short internal repeat (IR2) region (BamHI 
X and H fragments) and by DNA that maps at 63-66 and 110-115 x 106 

din EBV DNA (King et al., 1980, 1981; van Santen et al., 1981). These 
results are summarized in Fig. 5. Nuclear RNA is encoded by larger 
fractions of those viral DNA fragments that encode polyribosomal RNA 
and by other fragments of EBV DNA, including the EcoRI F and G frag
ments. The finding that nuclear RNAs are encoded by larger fractions of 
the fragments that encode polyribosomal RNA suggests that the RNAs 
are derived from larger nuclear precursors by cleavage or splicing. How
ever, the possibility that the additional complexity of nuclear RNA may 
be due to transcripts that are not precursors for messenger RNA has not 
been formally excluded. The sizes of the nuclear RNAs encoded by the 
IRI-US2-IR2 region are larger than the RNAs, as would be expected for 
precursor molecules (van Santen and Kieff, in preparation). Some of the 
nuclear RNAs are smaller than mRNA and are therefore not precursors 
of mRNA. The latter may be stable splicing or cleavage products of ma
turing RNAs. Further, the nuclear RNA encoded by EcoRI F and G is 
unlikely to be part of a giant precursor RNA, since EcoRI F and G map 
approximately 30,000 bp away from the other fragments that encode 
polyribosomal RNA. Nuclear RNAs of sufficient size to extend from the 
IRI-US2 or 63-66 x 10.3 d regions through EcoRI F or G have not been 
detected. In an attempt to detect introns, polyribosomal RNA was hy
bridized to Southern blots of fragments of recombinant clones of EBV 
DNA from the IRI-US2-IR2 region. If there are large introns in EBV 
transcripts, an internal DNA fragment might not hybridize to polyribo
somal RNA. Most of the DNA fragments tested were larger than 1000 
bp, and all hybridized to polyribosomal RNA. 

The size of the cytoplasmic polyadenylated RNAs encoded by the 
short unique region (US1), by IRI-US2 by the 63-66 x 106 d region of 
the long unique region (UL), and by the 110-115 x 106 d region of UL 
was determined by Northern-blot analysis (van Santen et al., 1981). The 
region of USI from 5 to 7 X 106 d encodes two low-abundance RNAs of 



128 

A 

B 

ELLIOTT KIEFF et al. 

IB-4 Messenger RNA 

dlllllllllb--J = c ......... - [! 

T V1 

I G I 0 ~~I ,WI ,; [, A IHhat BOITIHI 

H_h • ..J.t, _______ ....I..-G..JI~_E__'_ ___ _'_F....J....J!H,'__ ____ _'_ __ D_he. Sail 

h_ot ___ A ___ -,-_,--S __ ML"J.Lt G:....,~H~t ~E-',Iwl,u:.:f2iL." _-=-_-LJ.~,K.L' F....L----=-_-',:..::FGHMt Hind lJ[ 

! G' b G2 , f lK, E ,H ,eo het EcoRI IJhe' ,I ,J, 

RT I-"S-'--RI--I---------UL---------I RT 

Hill! III I II II I I " 11lI1! 

'0 , 20 
I 

30 , 40 
I 

~o 60 , , 

5 13.7) 3 

70 , SO 
t 

90 , 100 
I 

110 12011106 
, , 

FIGURE 5. (A) Physical map of BamHI, Sail, HindIlI, and EeoRI restriction-endonuclease 
fragments of EBV (B95-8) DNA with the location of DNA sequences that encode stable 
polyadenylated polyribosomal RNA in the latently infected, growth transformed ffi4 cell 
line. The height of the bar is proportional to the extent of hybridization, to blots of viral 
DNA, of alp-labeled eDNA complementary to RNA. IB) Map of EBV mRNAs in ffi-4 cells, 
showing size lin kb) and orientation to restriction-enzyme map of three regions of the EBV 
genome with map coordinates (in Md). Unlabeled arrows above the line I ~ ) indicate EeoRI 
restriction sites; arrows below the line It) indicate BamHI restriction sites. Other restric
tion sites identified are: Bgill (B), HindIII IHd), HinfI IHf), and Sail IS). For simplicity, only 
one copy of the IRI (IR) is shown. 

2.3 and 2.0 kb j IRI and US2 encode one or two abundant 3-kb RNAs and 
a less abundant 1.5-kb RNA. The 63-66 and 110-115 x 106 d regions 
encode RNAs of 3.7 and 2.9 kb, respectively. 

To determine the 5' to 3' orientation of these cytoplasmic poly
adenylated RNAs, short-length, oligodeoxythymidylic acid [oligo(dT)]
primed cDNA was synthesized as a probe for the 3' end of the RNA. The 
hybridization of the oligo(dT)-primed cDNA to Southern blots of recom
binant EBV DNA fragments was compared with the hybridization of 
oligodeoxynucleotide-primed cDNA, a probe representative of full-length 
RNA (Fig. 5). The most easily interpretable data were those obtained with 
the 63-66 x 106 d region. The 3' -specific cDNA hybridized to the 63-66 
x 106 d DNA fragment and not to the 61-63 x 106 d DNA fragment, 
while randomly primed cDNA hybridized to both fragments. Thus, the 
3' end of the RNA encoded by this region maps to the right at 63-66 
x 106 d and the 5' end of the RNA maps to the left at 61-63 x 106 d. 
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Both 3' -specific and randomly primed cDNA probes hybridized to the 
105-110 and 110-115 x 106 d fragments. However, randomly primed 
cDNA hybridized more to the 110-115 x 106 d fragment, suggesting that 
the 3' end was in the 105-110 x 106 d fragment and the 5' end in the 
110-115 x 106 d fragment. Determination of orientation of the RNAs 
encoded by the USI-IRI-US2-IR2 region is not possible, since randomly 
primed cDNA hybridizes to all the fragments tested from this region and 
the 3'-specific cDNA hybridizes to the 5-7 x 106 d region of US1, to the 
large BamHI-BglII component of IRI and to most of the left part of US2. 
There are more 3' ends than there are RNAs of different sizes identified 
by DNA from this region on Southern blots. One resolution of the avail
able data postulates the existence of a second 3-kbp RNA encoded by IR2 
and the region just to the right of IR2 in UL. Direct evidence for this 
putative second 3-kbp RNA has not been obtained. In an attempt to 
resolve whether IRI and IR2 encode different RNAs, Northern-blot anal
yses were carried out with nuclear RNAs using labeled probes including 
IRI and IR2 and part of US2 (van Santen and Kieff, in preparation). The 
results are that all three probes hybridize to a family of large nuclear 
RNAs differing in size from each other in fixed increments. This suggests 
that the promoters in each repeat of IRI may transcribe large nuclear 
RNAs extending through a variable number of copies of IRI into US2. 

Two separate approaches led simultaneously to the discovery that 
EBV specifies small RNAs in latently infected cells. One group, working 
with serum from patients with lupus erythematosus to identify ribon
ucleoprotein complexes in human cells, found that ribonucleoprotein 
antigens from Raji cells contained a new small RNA, slightly larger than 
other small human cellular RNAs (Lerner et al., 1981). The RNA was 
mapped to the 5-7 x 106 d region of EBV DNA and shown to be two 
distinct species. A second group was confronted with the seemingly 
anomalous results that iodinated cytoplasmic RNA mapped to DNA se
quences at 5-7 x 106 d (Rymo, 1979), while polyadenylated and poly
ribosomal RNAs mapped largely elsewhere (Powell et al., 1979; King et 
al., 1980, 1981). In resolving this discrepancy, it was demonstrated that 
the most abundant viral RNA in Raji and ffi-4 cells is a 160-bp, nonpo
lyadenylated RNA, encoded by the 5-7 x 106 d region (van Santen et 
al., 1981; King et al., 1981). By both size and oligonucleotide fingerprint, 
the small RNA has been shown to be two distinct molecular species 
(Lerner et al., 1981). The function of the RNA is unknown. Some of the 
small RNA remains associated with polyadenylated RNA through two 
cycles of chromatography on oligo(dT) columns and subsequently sepa
rates from the polyadenylated RNA only after heat denaturation, indi
cating that the small RNA hydrogen bonds to some polyadenylated RNAs 
(van Santen and Kieff, in preparation). The small RNA is encoded by the 
same DNA strand that encodes the 2.3-kb polyadenylated RNA from this 
region. No homology of this region to other regions in EBV DNA is 
detectable by Southern-blot hybridization. Therefore, the small RNA can-
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not bind to an EBV polyadenylated RNA by means of long regions of 
homology. The nature and significance of the binding of the small RNA 
to polyadenylated RNA remain unknown. 

African Burkitt-tumor biopsies from four patients were analyzed for 
EBV RNA (Dambaugh et aI., 1979). In contrast to the results obtained 
with the RNA from tumor-cell lines grown in culture, both polyadeny
lated and nonpolyadenylated RNA from tumor tissue hybridized to only 
3-7% of EBV DNA. These results suggest that either there is less exten
sive transcription of EBV DNA in tumor tissue or there is more rapid 
degradation of RNAs. By Southern-blot hybridization analysis and by 
hybridization of RNA in solution to labeled fragments of viral DNA, the 
polyadenylated RNA in Burkitt-tumor tissue was loosely mapped pri
marily to two regions: the region around and including IR1 and the region 
90-115 x 106 d. Some hybridization to other EBV DNA fragments was 
found as well. 

C. Proteins and Antigenic Reactivities in Latently Infected, 
Growth-Transformed Cells 

The concentration of EBNA in latently infected cells is too low to 
be detected by direct or indirect immunofluorescence with most immune 
human sera. Detection of EBNA by fluorescence microscopy usually re
quires amplification of the antigen-antibody reactions using complement 
and fluorescent-labeled anticomplement antibody (Reedman and Klein, 
1973). EBNA is associated with cellular chromosomes, but rapidly dif
fuses away from the chromosomes if the cells are not promptly fixed. 
Much of the soluble antigen that can be extracted from latently infected 
cells and detected with immune human sera seems to be associated with 
EBNA (Lenoir et aI., 1976; Ohno et al., 1977; Luka et al., 1977, 1978; 
Baron and Strominger, 1978). Several lines of evidence indicate that EBNA 
is encoded by EBV: First, EBNA has been detected only in lymphocytes 
infected with EBV. Second, antibody to EBNA has been detected only in 
individuals with antibody to EBV structural antigens. Third, cells non
permissively infected with herpesvirus pan (HVPan) and herpesvirus 
papio (HVPapio) also have chromosomal binding antigens (Gerber et 
al., 1976b; Ohno et al., 1978, 1979; Rabin et al., 1980). The HVPan antigen 
can be detected in the nuclei of nonpermissively infected cells by com
plement-enhanced immunofluorescence using chimpanzee immune sera. 
The HVPapio antigen cannot be detected in HVPapio-infected cells by 
this method, but can be bound to acid-fixed chicken or salamander chro
mosomes, where it can be detected by immunofluorescence using baboon 
or human immune sera. Fourth, papio lymphocytes latently infected with 
HVPapio can be superinfected with EBV. EBNA can then be detected in 
the papio cells using human, but not papio, antisera. Fifth, human cells 
can be infected with HVPan and chimpanzee lymphocytes can be infected 
with EBV. Both infections are nonpermissive. The nuclear antigen in-
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duced by EBV is recognized only by human sera, while that induced by 
HVPan is recognized preferentially by chimpanzee sera. 

The amount of EBNA in cells correlates loosely with the number of 
copies of the EBV genome. Unlike the synthesis of his tones, that of EBNA 
does not seem to be cell-cycle-dependent. The amount of EBNA in the 
cell increases through G1 phase. After infection of normal B lymphocytes 
with EBV, EBNA can be detected within 12 hr. Cellular DNA synthesis 
begins approximately 20 hr after detection of EBNA (Einhorn and Ernberg, 
1978). 

The soluble complement-fixation and the acid-fixed chromosome 
assays for EBNA have been used for following antigenic activity during 
purification (Lenoir et al., 1976; Ohno et al., 1977; Luka et al., 1977, 
1978; Baron and Strominger, 1978). The antigenic activity is stable at 
80°C for 30 min and can be further purified by DNA cellulose and hy
droxyapatite chromatography and by immunoprecipitation. The molec
ular weight of the antigenic activity in crude cellular extracts is estimated 
to be 180,000 d by ultrafiltration and ultracentrifugation. After denatur
ation, the purified material consists of two polypeptides of 48 x 103 and 
53 x 103 d (Luka et al., 1980). The V8 protease, cyanogen bromide prod
ucts, and glycine content of the 53 x 103 d polypeptide may be similar 
to those of the cellular 53 x 103 d polypeptide that binds to SV 40 T 
antigen. 

Three lines of evidence indicate that there are additional polypeptides 
specified by EBV in the nonpermissively infected cell: First, as noted in 
Section IILB, at least five polyadenylated cytoplasmic and presumably 
mRNAs have been identified in latently infected cells (van Santen et al., 
1981). Second, sera from latently infected rheumatoid-arthritis patients 
and other sera from latently infected humans recognize another nuclear 
antigen in latently infected cells. This second nuclear antigen has been 
termed rheumatoid-arthritis-associated nuclear antigen (RANA) (Al
spaugh et al., 1978). The acronym perpetuates a misnomer, since neither 
the antibody nor the antigen is strongly associated with rheumatoid dis
ease (Catalano et al., 1980). RANA activity is maximal early in G1 phase 
and is not confined to the nucleus (Slovin et al., 1980). The antigen can 
be detected without complement enhancement and is not altered by 
deoxyribonuclease treatment. Sera with high anti-RANA titers also react 
with latently infected cell extracts in immunodiffusion tests. There is 
a high correlation between the development and titer of anti-RANA and 
anti-EBNA antibodies. In an attempt to segregate EBNA and RANA, 
latently infected lymphocytes were fused with mouse or hampster fibro
blasts (Slovin et al., 1981). Nine clones of hybrid cells were EBNA-pos
itive, RANA-negative, and 16 were RANA-positive, EBNA-negative. 
RANA-positive, EBNA-negative clones contained DNA from at least 80% 
of the EBV genome. The segregation of antigens in the hybrid cells sug
gests that RANA and EBNA are different antigens. The third line of 
evidence that there are additional EBV polypeptides in the latently in
fected, growth-transformed cell is a recent study using radioimmuno- and 
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fluoroimmunoelectrophoresis procedures with sodium dodecyl sulfate 
extracts and immune human sera (Strnad et al., 1981). Polypeptides of 
73 and 81 x lO'~ d are detected in nonpermissively infected cells. Sub
cloning of a mixed population of EBNA-positive and EBNA-negative cells 
revealed that the 73 x lOa d polypeptide segregated with an EBNA-pos
itive clone and was absent from an EBNA-negative clone. Furthermore, 
partially purified EBNA preparations from Raji cells are enriched for the 
65 and 81 x lO'~ d polypeptides. The 63-67 x lOa d region of denaturing 
polyacrylamide gels of Raji extracts removes anti-EBNA activity from 
human sera, suggesting that the 65 x 103 d polypeptide is an important 
antigenic component of EBNA. 

The data are adequate to conclude that EBV specifies at least one 
chromatin-binding polypeptide antigen. RANA could be a separate viral 
gene product, a cellular protein specifically induced by EBV, or a modi
fication of EBNA. Similarly, the 48, 53, 65, and 81 x lO'~ d polypeptides 
could be separate viral gene products, related post translational modifi
cations of a common polypeptide, or cellular polypeptides induced by 
EBV infection. The simplest hypothesis that would account for most of 
the existing data is that EBNA and RANA are separate EBV-induced 
polypeptides, that the 48 x 103 d viral and 53 x lO'~ d cellular polypep
tides are the principal components of EBNA, and that the 65 and 81 x 
lOa d polypeptides are other viral polypeptides that are components of 
RANA. This hypothesis does not encompass all the existing data, such 
as the specific absorption of EBNA antibody with 63-65 x lOa d poly
peptides from extracts of Raji cells. The latter suggests that the 48 x 103 

d polypeptide may be a partial protease digestion product of the 65 x 
lO'~ polypeptide. 

IV. ABORTIVE AND PRODUCTIVE INFECTION 

Some latently infected B lymphocytes continuously give rise to prog
eny cells that are permissive of viral replication. As described in Section 
I, cell type is an important determinant of the frequency of permissive 
infection. One report put forward the hypothesis that virus type is also 
a determinant of the frequency of permissive infection and that virus 
from the Burkitt endemic region of Africa might yield more permissive 
infection than virus from the United States (Gerber et al., 1976a). This 
hypothesis has not been rigorously evaluated. 

The frequency of permissive infection in cultures of partially per
missive infected cell lines can be increased by the addition of chemical 
inducers. A tumor-promoting phorbol ester, 12-0-tetradecanoyl phorbol-
13 acetate (TPA), and an inducer of differentiation, sodium butyrate, are 
the most consistently effective inducers of permissive infection (zur Hau
sen et ai., 1978; Kallin et ai., 1979). Many other chemicals, including 
inhibitors of cellular DNA, RNA, and protein synthesis, hormones, cyclic 
nucleotides, and antibody against IgM on the cell surface, have some 
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inducing activity (Gerber, 1972; Hampar et al., 1972, 1974, 1976). The 
variety of these chemicals makes it difficult to suggest a common mech
anism for their effects. If anything, the data suggest that regulation of 
viral replication in partially permissive cells is not a stringent process 
and is influenced by changes in cellular metabolism. A hypothesis that 
has been suggested is that the extent of methylation of viral DNA could 
be a final common path for regulating the frequency of productive viral 
infection. Available data dealing with CG methylation as described in 
Section ILD.l indicate that the level of CG methylation of DNA is not 
determinative of expression. No studies have been done of methylation 
at specific CG sites near promoters in Epstein-Barr virus (EBV) DNA or 
of the level of methylation of other nucleotides. 

Following exposure to butyrate or TPA, as many as 20-40% of the 
cells in a partially permissive culture become productively infected (zur 
Hausen et al., 1979; Kallin et al., 1979). The diffuse (D) and restricted 
(R) components of early antigen (EA) can be detected with some immune 
human sera. In addition, cellular macromolecular synthesis is inhibited, 
viral DNA is synthesized within the nucleus, the viral capsid antigen 
(VCA) complex can be detected in the cytoplasm, viral nucleocapsids 
assemble in the nucleus, and the membrane antigen (MA) complex can 
be detected on the cell surface and nuclear membrane (Edson and Thorley
Lawson, 1981). Mature virus is produced by budding through the nuclear 
membrane. Treatment of induced cultures with phosphonoacetic acid, 
phosphonoformic acid, acycloguanosine, or other inhibitors of viral DNA 
synthesis results in diminished synthesis of viral DNA, VCA, and MA. 
The number of cells containing EA is unchanged or increased (Gergely 
et al., 1971; Mueller-Lantzsch et al., 1979, 1980a,b). 

Some latently infected cell lines that are totally nonpermissive of 
viral replication can be induced to a state of abortive infection by treat
ment of the cultures with chemical inducers. TPA is the most effective 
chemical inducer. The abortive infection induced in latently infected 
cells by TP A is characterized by the expression of EA -D and EA-R in 
10-40% of the cells in a culture of previously latently infected Raji cells 
and by the inhibition of cellular DNA, RNA, and protein synthesis. TPA 
does not induce the synthesis of viral DNA, VCA, or MA in latently 
infected cultures such as the Raji cell line (Mueller-Lantzsch et al., 
1979 Zur Hausen et a1., 1978, 1979). 

Superinfection of some latently infected cultures, including Raji, 
with the virus produced by the P3HR-l cell line results in a more per
missive state of viral infection than can be induced by TP A. In addition 
to EA expression, viral DNA synthesis is increased at least 100-fold (Ya
jima and Nonoyama, 1976). Low levels of viral VCA and MA can be 
detected in a small fraction of the cells, and some virus is produced. The 
released virus can be distinguished from the superinfecting P3HR -1 virus, 
since the virus produced following superinfection cam induce growth 
transformation of B lymphocytes (Yajima et al., 1978). The Raji cell line 
has been the prototype for most studies on the abortive and partially 
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permissive states of EBV infection. The extent to which the viral DNA, 
RNA, proteins, and virus produced in superinfected Raji cells are products 
of the endogenous Raji EBV DNA, of the superinfecting P3HR-1 DNA, 
or of putative recombinants between Raji and P3HR-1 EBV DNAs is 
unknown. 

A. Viral Deoxyribonucleic Acid in Abortive and Productive 
Infection 

Productive infection is usually studied by induction of viral repli
cation in partially permissive, but largely latently infected, cell cultures. 
Since viral DNA in such cells is in a closed circular form before induction, 
replication must proceed from this as an initial substrate. The DNA could 
replicate as a circular molecule or go through a linear intermediate. Since 
viral DNA that can circularize usually replicates through a circular in
termediate, it is likely that EBV would follow this rule. Some attempt 
has been made to examine EBV replication in superinfected Raji cells 
(Siegel et al., 1981). The system is favorable in that there is an enormous 
burst of viral DNA replication within several hours of infection of Raji 
cells with the P3HR-1 virus. Potential problems include inaccuracy in 
determining the multiplicity of superinfection and the possibility that 
defective P3HR-1 DNA could replicate differently than nondefective 
DNA. In earlier studies, restriction-endonuclease digests of DNA from 
superinfected cells could not be differentiated from P3HR-1 viral DNA, 
possibly for technical reasons (Shaw et al., 1977). Using pulse labels and 
gradient separation, first on isopyknic CsCI gradients and then on velocity 
glycerol gradients, 65 S and possibly 80 S forms of viral DNA were de
tected between 4 and 24 hr after superinfection of Raji cells (Siegel et 
al., 1981). After a chase period, the 80 S form was diminished and 55-65 
S DNA increased, suggesting that the 80 S DNA is a replication inter
mediate. Longer molecules were not detected with either short or long 
labeling periods. Evidence that longer molecules would have survived 
experimental manipulation was not presented. The organization of viral 
sequences in the 80 S "intermediate" and in the 65 S DNA has not been 
determined. The 65 S DNA is presumed to be open circles. The accu
mulation of open-circular progeny molecules and the absence of longer 
molecules suggests that replication does not proceed through the gen
eration of linear concatamers. 

B. Viral Ribonucleic Acids in Abortive and Productive Infection 

Some of the changes in viral gene expression following chemical 
induction have been studied by comparing viral RNAs from cultures in 
which abortive infection was induced with RNAs from latently infected 
cultures (Tanaka et al., 1977; King et al., 1981). In these studies, which 
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are summarized in Fig. 6, Raji cells were induced with 5-iodo-2-deox
yuridine (IUdRI. EA was detected in 10% of the cells. The complexity 
and abundance of nuclear RNA increased slightly. Nuclear RNA from 
abortively infected cultures hybridized to 40% of labeled EBV DNA, while 
nuclear RNA from latently infected cultures hybridized to 35% of labeled 
EBV DNA. These figures correspond to 80 and 70% of the genome, re
spectively, assuming that the RNAs are asymmetric transcripts. In con
trast to the slight increase in the complexity of nuclear RNAs with the 
transition from latent to abortive infection, there was a marked increase 
in the complexity and abundance of stable polyadenylated and polyri
bosomal RNAs. The complexity of polyadenylated RNA increased from 
18 to 33% and polyribosomal RNA from 10 to 30% of the DNA. Thus, 
while in latent infection there was considerable disparity in the com
plexity of nuclear, polyadenylated, and polyribosomal RNAs, there was 
little disparity in abortive infection. Hybridization of 32P-Iabeled cDNA 
synthesized from nuclear or polyribosomal RNAs to Southern blots of 
fragments of viral DNA confirms that nuclear RNA from abortively in
fected cells is encoded by most of the same fragments that encode nuclear 
RNA in latently infected cells. While a restricted set of viral RNAs ac
cumulates on the polyribosomes of latently infected cells, polyribosomal 
RNA from abortively infected cells is encoded by the same DNA frag
ments that encode nuclear RNAs. Thus, regions of the viral genome that 
encode only nuclear RNA before induction encode both nuclear and po
lyribosomal RNAs after induction. These data indicate that there is a 
major change in the posttranscriptional processing of viral RNAs follow-
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FIGURE 6. Physical map of BamHI and EcoRI restriction· endonuclease fragments of the 
standard form of Raji EBV DNA with the location of DNA sequences that encode stable 
polyribosomal RNA in Raji and abortively infected Raji cells. The height of each bar is 
proportional to the extent of hybridization, to blots of viral DNA, of 32P·labeled DNA 
complementary to Raji RNA. It is uncertain whether the duplications DL and DR both 
encode RNA (King et a1., 1981). 
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ing induction. The changes could be in cellular processing of viral tran
scripts or in the size of the primary transcript. The comparative maps of 
viral polyribosomal RNAs from abortively and latently infected Raji cells 
are shown in Fig. 6. Studies of the effect of actinomycin D on the in
duction of abortive infection indicate that the drug blocks induction 
(Hampar et al., 1974b). This suggests that new transcription is required 
for expression of early antigens, but does not indicate whether the new 
transcripts differ from previously existing nuclear RNAs or encode a 
protein that alters RNA processing. Analysis of the complexity of the 
viral RNAs in Raji cells superinfected with P3HR-l virus has yielded 
results similar to those obtained with RNA from abortively infected Raji 
cells induced with IUdR (Orellana and Kieff, 1977; Tanaka et al., 1977). 
These studies have not been extended to the point where new RNAs 
associated with the enhanced expression of the viral genome in super
infected Raji cells have been detected. 

At 3 days after TPA induction of productive infection in partially 
permissive B95-8 cultures, MA is detected on the surface of 20% of the 
cells and VCA is detected in the cytoplasm of 10% of the cells. Cyto
plasmic polyadenlyated RNAs in these cells are encoded by almost every 
fragment of UL and part of USI (Hummel and Kieff, 1982). The sizes of 
the RNAs encoded by each region of the EBV genome were determined 
by hybridization of labeled EBV DNA fragments to Northern blots of 
cytoplasmic polyadenylated RNAs. The data are summarized in Fig. 7. 
Several points should be made about these data: First, some RNAs en
coded by a fragment are present in high abundance (e.g., the 2.8-, 3.6-, 
4.0- and 4.5-kb RNAs identified by labeled BamHI F), while other RNAs 
encoded by the same fragment are present in lower abundance (e.g., 9.9-, 
8.0-, 6.9-, and 5.8-kb RNAs identified by labeled BamHI F). Many of 
the less abundant RNAs are larger in size than the more abundant RNAs 
and are also identified in Northern blots of nuclear RNAs. These RNAs 
may be nuclear precursors that leak into the cytoplasm during the ex
traction procedure. Second, several of the DNA fragments (e.g., BamHI 
F) encode several abundant RNAs. The sum of the sizes of these RNAs 
is more than twice the size of the fragment. Adjacent fragments do not 
hybridize to most of these RNAs. The data therefore indicate that the 
same or complementary nucleotides encode a portion of these RNAs. 
Work is in progress to identify the polypeptides encoded by these RNAs. 

C. Viral Proteins in Abortive and Productive Infection 

Two strategies have been employed to identify the proteins made 
early in permissive EBV infection. One is to induce abortive infection in 
Raji cells with TPA. The second is to block late protein synthesis in 
permissively infected cells using an inhibitor of viral DNA synthesis. As 
might be anticipated from data cited previously-that the viral infection 
induced by chemicals aborts at an earlier stage than the semipermissive 
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FIGURE 7. Transcriptional map indicating the size (in kbl and map location of cytoplasmic 
polyadenylated RNAs expressed during productive infection of TPA-induced partially per
missive B95-8 cells (Hummel and Kieff, 19821. RNA species indicated above the BcoRI and 
BamHI linkage maps of B95-8 EBV DNA were detected by hybridizations of labeled B95-8 
BeaRI DNA fragments with Northern blots of polyadenylated cytoplasmic RNAs from TPA
treated B95-8 cells; RNAs indicated below the linkage map were detected by hybridizations 
with labeled BamHI fragments .• Denotes an RNA that is a probable nuclear precursors; 
t denotes an RNA that is larger in size than the homologous DNA fragment, but is not 
detected by hybridizations with adjacent DNA fragments; (11 denotes an RNA that is barely 
detected by hybridization of Northern gels. The discontinuity in the DNA linkage map 
before 20 x 106 d reflects the variability in number of copies of IR1 (BamHI V fragmentl. 
The discontinuity at 90-100 x 106 d indicates the deletion from B95-8 DNA of sequences 
present in all other EBV isolates examined. 

infection induced by superinfection-the two approaches have yielded 
different results. Two new soluble polypeptides are induced in Raji cells 
by TPA and immunoprecipitate with human anti-EA sera. These two 
polypeptides are 85-90 and 30-40 x lO'~ d (Mueller-Lantzsch et al., 
1979). 

P3HR-l-superinfected Raji cells and chemically induced P3HR-l cul
tures have been prototype cultures for studies of polypeptide synthesis 
in permissive infection (Mueller-Lantzsch et al., 1980b; Feighny et aI., 
1980; Kallin et aI., 1979; Bodemer et al., 1980). In permissively infected 
cultures, the 85-90 and 30-40 x 103 d polypeptides are predominantly 
cytoplasmic in location and are synthesized in cells blocked for late 
polypeptide synthesis by inhibitors of viral DNA replication. Additional 
immunoprecipitable polypeptides are present in P3HR-l-superinfected 
Raji cells and in permissively infected P3HR-l cells blocked for viral 
DNA replication. Human anti-EA sera immunoprecipitate 140 and 125 
x lO'~ d polypeptides from superinfected Raji cells and 140, 125, 100, and 
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50 X 103 d polypeptides from induced P3HR-l cultures. These polypep
tides are all unaffected by inhibitors of viral DNA synthesis and are 
therefore early polypeptides that may also be components of the EA 
complexes. 

Late viral antigen components have been identified in extracts of 
superinfected Raji cells and in permissively infected P3HR-l cells (Muel
ler-Lantzsch et al., 1980bj Kallin et al., 1980j Feighny et al., 1980, 1981). 
Anti-VCA and anti-MA human sera immunoprecipitate polypeptides of 
150-165, 145-158, 75, 46, 34, and 18 x 103 d. The synthesis of these 
latter components and of the MAs described in Section II.C is prevented 
by treatment with inhibitors of viral DNA synthesis. All these late an
tigen polypeptides have been detected in extracts of both nuclei and 
cytoplasm. The sizes of the 150-165 and 145-158 x 103 d late compo
nents are compatible with those of the major viral capsid and membrane 
matrix polypeptides. 

The time course of synthesis of polypeptides in P3HR-l-superin
fected Raji cells has been investigated by separating the infected cell 
polypeptides directly on denaturing polyacrylamide gels without prior 
immunoprecipitation (Feighny et al., 1980, 1981). The effect of inhibitors 
of viral DNA synthesis on the synthesis of each of the polypeptides, the 
partitioning of the polypeptides between nucleus and cytoplasm, and the 
phosphorylation of the polypeptides have been evaluated. The results are 
summarized in Table I. Some polypeptides similar in size to preexisting 
cellular polypeptides continue to be made after infection, while the syn
thesis of most cellular polypeptides is inhibited. These polypeptides are 
designated as "persistent" polypeptides and are believed to be cellular. 
However, the possibility that some of these polypeptides are viral and 
are similar in size to cellular polypeptides has not been rigorously ex
cluded. The synthesis of these polypeptides throughout infection at the 
same rate as before infection favors the hypothesis that these are cellular 
polypeptides. During the 48-hr period following superinfection, 31 new 
polypeptides appear. The synthesis of only 7 of these polypeptides is 
inhibited by inhibitors of viral DNA synthesis. Therefore, within the 
context of the preceding discussion, 24 polypeptides are defined as being 
early polypeptides. Several polypeptides are synthesized only at specific 
time intervals after superinfection, suggesting that the synthesis of these 
polypeptides is highly regulated. Various inhibitors of cellular or viral 
DNA synthesis, or of both, were tested for their differential effect on 
viral DNA and viral protein synthesis. Several of the drugs that inhibited 
viral DNA synthesis resulted in overproduction of 6 early polypeptides, 
further suggesting that in productive infection, later polypeptides repress 
the synthesis of earlier polypeptides. Of the early viral-induced polypep
tides, 4 are phosphorylated and accumulate to varying extents in the 
nucleus. Other early nuclear polypeptides are not detectably phospho
rylated. The time course of the synthesis and that of the phosphorylation 
of specific polypeptides do not correlate well. Some proteins made early 
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TABLE I. Polypeptides Synthesized in Raji Cells after Superinfection by 
P3HR-l VirusQ 

Molecular Time of maximum Effect of ACV 
weight synthesis and PAA on Intracellular 

Polypeptide (x 103 1 (hr postinfectionl synthesisb location' 

1 155 16 N 
2 145 16 Inhibition N 
2A 142 24 
3 140 10 N-t-C 
3A 135 24 
4 125 10 C 
5 123 24 
6 122 24 Inhibition C 
7A 117 6 
8 116 24 

10 110 24 Inhibition N+C 
lOA 105 10 Stimulationd 

lIE 100 10 C 
llA 98 10 
12 95 24 Inhibition C 
13" 92 24 N 
14 86 24 
16' 75 10 N+C 
18e 68 24 N+C 
19' 62 6 N 
21 56 24 Inhibition N 
24e 48 6 N+C 
26 30 10 C 
27' 26 10 C 
28 25 10 Inhibition 
28A 24 24 
280 22 24 
29 21 24 

a Adapted from Feighny et al. (1980, 19811. 
b (ACV) Acyclovir; IPAA) phosphonoacetic acid. ' (NI Nucleus; IC: cytoplasm; 1-: not determined. 
d Synthesis observed only in presence of ACV and PAA. ' Phosphoproteins. 

after superinfection are intensely phosphorylated very early and continue 
to be synthesized after their phosphorylation ceases. 

V. SUMMARY 

It is evident from this discussion that a great deal is now known 
about the biochemistry of Epstein-Barr virus (EBV). Because of the un
usual biological properties of EBV, the direction and scope of biochemical 
and genetic analyses have not followed classic approaches. Nevertheless, 
the conclusions drawn from these studies have provided a general frame
work for more refined studies. 

Recent technical advances have made invaluable contributions to 
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our understanding of the molecular biology of EBV. The availability of 
libraries of cloned DNA fragments from different EBV isolates has led to 
new insights into the organization of the viral genome. EBV DNA is a 
linear double-stranded molecule of approximately 170 x 103 bp that is 
organized into short and long stretches of DNA of unique complexity 
separated by two nonhomologous sets of internal repeats. The DNA is 
bounded at both termini by direct tandem repeats. The conservation of 
this same general structure [with the possible exclusion of the short 
internal repeat (IR2)] in two lymphotropic primate herpesviruses, HVPa
pio and HVPan, that have biological properties similar to those of EBV, 
suggests that the structure has functional significance. 

There is a limited degree of sequence variability among EBV isolates. 
Furthermore, there is no apparent correlation between the clinical origin 
of EBV isolates and the variations observed. P3HR-l, a subclone of the 
Jijoye Burkitt-tumor-derived cell line, is unique among EBV strains in 
having lost the ability to growth-transform cells in vitro. This is the only 
case in which a change in the DNA is associated with an altered phen
otype. In infected, transformed cells, the direct terminal repeats at both 
ends of EBV DNA are covalently linked to form a circular episome. In 
addition to circular EBV DNA molecules with the standard EBV DNA 
organization, there are minor populations of defective molecules in many 
infected cell lines. 

EBV gene expression in infected cells has been traditionally viewed 
as having three phases: latent, abortive, and permissive. Latent infection 
is associated with differential posttranscriptional processing of viral 
RNA. Thus, latently infected cells contain nuclear RNA transcribed from 
a significant fraction of the viral genome and mRNAs of lower complexity 
encoded by three separate regions of the genome. Seven cytoplasmic 
mRNAs have been tentatively identified and mapped to these three re
gions. In addition, there are two abundant small "virus associated or VA
like" RNAs in latently infected cells. A small amount of the "VA-like" 
RNA is non covalently bound to polyadenylated RNAs. EBV specifies at 
least one chromatin-binding polypeptide antigen. Two distinct nuclear 
antigenic activities, EBV intranuclear antigen (EBNA) and rheumatoid
arthritis-associated nuclear antigen (RANA), have been described in la
tently infected cells. Other lines of evidence suggest the presence of 
additional viral polypeptides. 

The abortive stage of infection can be induced in certain latently 
infected cell lines by treatment with chemical inducers. The appearance 
of viral early antigens (EA) is associated with an enhanced level of viral 
gene expression and inhibition of cellular macromolecular synthesis. 
There is a slight increase in the sequence complexity of nuclear RNA 
following chemical induction and a dramatic change in posttranscrip
tional processing that leads to an increase in the complexity and abun
dance of stable polyadenylated and polyribosomal RNAs. New polyri
bosomal RNAs are encoded by DNA in the long unique region (UL). The 
complexity of mRNA in abortively infected cells is sufficient to encode 
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several additional viral polypeptides. Two major component polypeptides 
of the EA complex in 12-0-tetradecandyl phorbol-13 acetate (TPA)
treated cells have been identified. 

The analysis of viral gene expression during permissive infection is 
dependent on superinfection or TP A treatment of cells to induce viral 
replication. The pattern of RNA synthesis reflects a significant change 
in gene expression. Nearly all the DNA sequences in the UL encode 
RNA, while the abundant mRNAs encoded by the internal reiteration 
in latent and abortive infection are not detected. Some of the viral po
lypeptides have been identified as "late" by their sensitivity to inhibition 
of viral DNA synthesis. The size of some of these proteins is similar to 
the size of major component polypeptides of the virion. 

The restrictive and asynchronous nature of EBV gene expression has 
necessitated the use of in vitro manipulations such as chemical induc
tion, inhibition, or superinfection to study the biochemical events during 
advanced stages of infection. The paucity of laboratory-derived mutants 
has hampered efforts to identify specific viral products and their func
tions. The advent of recent technology, such as the molecular cloning of 
EBV DNA in bacteria, the development of methods for rapid DNA se
quencing, in vitro translation systems, and monoclonal antibodies, en
ables a new course of investigation whereby specific regions of the viral 
genome can be studied. Viral polypeptides can be mapped by in vitro 
translation of viral-DNA-selected RNA, by transfection of cells with spe
cific cloned DNA fragments, and by analysis of recombinant viruses. 
Sequencing of viral DNA can provide some insight into the location of 
specific genes as well as the regulatory sites that control their expression. 
The inducibility of latently infected cells to more advanced stages of viral 
gene expression is indicative of stringent control of EBV gene expression. 
The factors involved may be diverse, but new techniques that will permit 
the analysis of regulatory sites within the EBV genome and of the steps 
in processing of EBV RNA should enable major advances in understanding 
the chemical basis for the unusual biological properties of EBV. 
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CHAPTER 4 

Biology of Lymphoid Cells 
Transformed by Epstein-Barr 
Virus 
JAMES E. ROBINSON, M.D., AND GEORGE MILLER, M.D. 

I. ESTABLISHMENT OF LYMPHOBLASTOID-CELL LINES 
FROM PATIENTS 

A. Historical Background 

In 1964, M.A. Epstein and Barr (1964) and Pulvertaft (1964a) reported the 
first successful attempts to establish continuous lymphoblastoid-cell 
lines (LCLs) from explants of Burkitt lymphoma (BL). Subsequent elec
tron-microscopic examination of thin sections of the EB1 cell line re
vealed virus particles that were morphologically similar to the herpes
virus group (M.A. Epstein et a1., 1964a). In lines derived shortly thereafter 
from other BL tumors (M.A. Epstein et ai., 1964b; Stewart et a1., 1965; 
Rabson et a1., 1966; Minowada et ai., 1967), viral particles resembling 
those found in EB 1 cells were seen. Such particles were not confined to 
lines originating from BL tissue, but were also seen in a fraction of cells 
in lymphoid lines established from patients with various malignancies 
(Armstrong, 1966; Moore et ai., 1966; Zeve et a1., 1966), from patients 
with infectious mononucleosis (1M) (Pope, 1967; Diehl et a1., 1968), and 
from apparently normal individuals (Moore et a1., 1967). 

The newly observed virus failed to cause cytopathic effects in tissue
culture systems susceptible to known human herpesviruses, nor did it 
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produce lesions in embryonated hens' eggs or affect infant mice inocu
lated intra cerebrally. Indeed, the virus associated with BL failed to show 
biological activity in any conventional assay system (M.A Epstein et 
al., 1965). 

Cells that produced viral particles were found to contain antigens 
detectable by indirect immunofluorescence using sera from patients with 
BL (G. Henle and W. Henle, 1966). Virus particles in lines from diverse 
sources appeared to be immunologically identical (M.A Epstein and 
Achong, 1968) and serologically distinct from most known animal her
pesviruses (G. Henle and W. Henle, 1966, 1967). Because it appeared to 
be truly unique, the virus was named Epstein-Barr virus (EBV) after its 
discoverers. It was proposed that the virus might be the agent responsible 
for maintaining the continuous growth of lymphoid-cell lines. This hy
pothesis proved to be correct. 

Co cultivation of X-irradiated cells from a BL-cellline, Jijoye, or from 
a line, LS, from a leukemic that produced EBV particles, with normal 
peripheral-blood leukocytes resulted in the establishment of new LCLs 
(W. Henle et al., 1967; Miller et al., 1969). Filtered supernatant fluids 
from a cell line (QIMR-WIL) induced transformation of fetal leukocytes 
(Pope et al., 1968). Likewise, cell lines were established after infection 
of leukocytes with partially purified virus from the Jijoye producer BL
cell line (Gerber et al., 1969). That the transforming principle was in fact 
the new virus was demonstrated by the neutralization of transformation 
by sera containing antibody to the virus by the indirect immunofluores
cence test (Pope et al., 1969; Gerber et al., 1969; Miller et al., 1971). 

The spontaneous outgrowth of cell lines from the blood or lymphoid 
tissues of patients with malignancy or of apparently normal individuals 
also depends on EBV. In this case, the virus is already present in a portion 
of the cells placed in culture as a result of a lifelong carrier state estab
lished during primary EBV infection. Such cells are not present in patients 
who lack antibodies to EBV (Gerber et al., 1969; Chang et al., 1971; 
Nilsson et al., 1971). 

In addition to its association with BL, EBV was shown to be the 
etiological agent of 1M (G. Henle et al., 1968; AS. Evans et al., 1968). 
Subsequently, the virus was found to be associated with another human 
malignancy, nasopharyngeal carcinoma (NPC). Since malignant epithe
lial cells, and not lymphoid cells, appear to harbor the EBV genome in 
this disease, a discussion of the infected cells in NPC is beyond the scope 
of this chapter; the subject has been reviewed recently (G. Klein, 1979). 

B. Burkitt-Lymphoma Lines 

Cell lines have been established readily from BL biopsies. Usually, 
cells are dispersed and grown in stationary suspension cultures with or 
without fibroblastic "feeder cells" (M.A Epstein and Barr, 1964; Pulver-
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taft, 1964a,b; M.A. Epstein et al., 1964a; Stewart et al., 1965; Epstein and 
Barr, 1965; Rabson et al., 1966; Minowada et al., 1967; Pope et al., 1967; 
Nadkarni et al., 1969; van Furth et al., 1972; A.L. Epstein et al., 1976). 

BL lines have also been grown from organ culture using either the 
Trowell grid system (Jensen et al., 1964) or the Spongostan grid culture 
technique INilsson, 1971). The latter system has been reported to be 
highly efficient in the establishment of cell lines INilsson and Ponten, 
1975). Outgrowth of cell lines from BL biopsies is usually evident in 2-4 
weeks, although in some instances up to 100 days have been required for 
outgrowth INilsson and Ponten, 1975). The establishment of a cell line 
is evidenced by the formation of large clumps of cells, increased acid 
production, and a rapid increase in cell number. Burkitt-cell lines appear 
to grow directly from tumor cells. The morphology, pattern of immu
noglobulin synthesis, and chromosome abnormalities of BL lines resem
ble the tumors from which they are derived. 

The success rate of establishing lines from cultured biopsies is far 
less than 100% regardless of the method used Ivan Furth et al., 1972; 
Nilsson and Ponten, 1975). This observation is somewhat puzzling, since 
tumors from African patients generally contain the EBV genome and can 
be considered to be already transformed in vivo INilsson and Ponten, 
1975). Two reasons may be put forward to explain a lower than expected 
efficiency of BL-cell-line outgrowth. The number of tumor cells that are 
viable by the time they are put into culture may be small, perhaps due 
to the necessity of transporting the tissue on ice by air from Africa Ivan 
Furth et al., 1972; Gunven et al., 1980). Alternatively, many of the cells 
may enter a lytic viral cycle when placed in culture. This would not be 
unexpected, since it is known that EBV-infected cells in the circulation 
of patients with 1M do not express lytic infection in vivo, but do undergo 
viral replication when placed in culture IRickinson et al., 1974; Robinson 
et al., 1980a). The extent to which BL cells enter lytic viral replication 
after culture initiation is not known. 

C. Lymphoblastoid-Cell Lines from Patients with 
Lymphoproliferative Disease and from Normals 

Continuously growing LCLs have been established from the periph
eral blood or lymphoid tissues from patients with a variety of diseases, 
in particular 1M, or from normal individuals. 

Many cell lines were initially named for their source. Thus, lines 
were called leukemia- or lymphoma-cell lines. However, it soon became 
apparent that cells in all the lines, with the exception of BL lines, had 
similar characteristics regardless oi origin and usually lacked the char
acteristics of the original tumor cells. Therefore, it was recognized early 
on that LCLs from patients with malignant disease do not necessarily 
reflect an origin from malignant tissue I Clarkson, 1967; Moore et al., 
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1968; Nilsson et al., 1970; Belpomme et al., 1972; Nilsson and Ponten, 
1975). For example, cell lines derived from NPC were clearly lymphob
lastoid (de The et al., 1970), as were EBV-transformed lines from myeloma 
(Nilsson et al., 1970). Clearly, EBV-infected lymphocytes within the 
tumor tissues were responsible for the initiation of these cell lines. 

To establish lines from peripheral blood of patients with leukemia 
(Moore et al., 1966) or from normal individuals (Gerber and Monroe, 
1968), relatively large volumes of blood (500-1000 ml) were required. 
Cultures were initiated at high cell densities ranging from 4 to 15 X 106 

cells/ml in stationary suspension cultures (Iwakata and Grace, 1964; 
Moore et al., 1966). Lines were established from patients with various 
malignancies (Iwakata and Grace, 1964; Armstrong, 1966; Zeve et al., 
1966; Clarkson, 1967). The outgrowth of cell lines did not become evident 
until 30 days, but usually required 2-3 months. 

Organ cultures using the lens paper grid or Spongostan grid systems 
also proved to be efficient for the establishment of cell lines from normal 
and malignant lymph nodes (Nilsson et al., 1971) as well as from small 
volumes of normal peripheral blood (Nilsson, 1971). Mononuclear leu
kocytes isolated from normal peripheral blood on Ficoll-Hypaque gra
dients show a higher rate of spontaneous outgrowth into cell lines than 
do leukocytes separated by gravity sedimentation (Brodsky and Hurd, 
1974). Submitogenic doses of phytohemagglutinin markedly enhance 
spontaneous outgrowth, allowing the use of relatively small volumes of 
blood and cell cultures with relatively low cell densities. 

D. Lymphoblastoid-Cell Lines from Patients with Infectious 
Mononucleosis 

Spontaneously arising cell lines are most readily grown from periph
eral blood of patients with 1M (Pope, 1967; Diehl et al., 1968; Moses et 
al., 1968). The ease with which cell lines can be established from 1M 
blood is due to the presence of relatively large numbers of EBV-infected 
cells in the circulation during the acute phase of the disease. Rocchi et 
al. (1977), using a quantitative culture assay in microtiter plates, esti
mated that the minimum number of blood lymphocytes needed to give 
rise to cell lines during acute disease was 2 x 103 cells. In convalescence, 
it required the cultivation of a minimum of 107 cells to give rise to cell 
lines. 

On the basis of the detection of EBV nuclear antigen (EBNA) in B
cell-enriched fractions of peripheral-blood lymphocytes during 1M, it is 
now known that the number of circulating EBV-infected cells in acute 
disease is actually much higher than the estimates of Rocchi and col
leagues, suggest (G. Klein et al., 1976; Katsuki et al., 1979; Robinson et 
al., 1981). During the 1st week of illness, up to 19% of T-cell-depleted 
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lymphocytes are EBNA-positive, while in the 2nd and 3rd weeks, the 
proportion of EBNA-positive cells declines to very low levels. 

Several mechanisms that may account for the outgrowth of EBV
genome-positive cell lines from cultured lymphocytes from patients with 
1M are illustrated in Fig. 1. Virus may be carried passively on the surface 
of cells without actually infecting them (Model 1). Such adsorbed virus 
could be transferred to normal B cells after cultures are initiated. This 
explanation is unlikely, since the expression of EBNA in a portion of 
blood lymphocytes indicates that these cells are infected. Model 2 is 
based on the experiments of Rickinson et al. (1974), who showed con
vincingly that some of the blood lymphocytes infected in vivo during 
mononucleosis become lytically productive of virus when placed in cul
ture. The virus released from these cells then infects normal B cells in 
the culture, which in turn give rise to spontaneously growing cell lines. 
To what extent this two-step mechanism accounts for the origin of such 
lines is not known. However, it is clear that cells infected by EBV in 
vivo are capable of direct proliferation on being placed in culture (Model 
3). Peripheral-blood lymphocytes from 1M patients will form colonies of 
EBNA-positive cells in semisolid medium (Hinuma and Katsuki, 1978; 
Katsuki et a1., 1979). Furthermore, a small number of mitotic EBNA
positive cells can be detected in peripheral blood during acute 1M. The 
number of antigen-positive cells in mitosis expands dramatically after 18 
hr in cultures (Robinson et a1., 1980b). These findings suggest that EBV
infected lymphocytes exhibit altered growth properties in vivo. Further-
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more, such virus-altered cells can give rise to fatal polyclonal tumors in 
individuals with certain immunodeficiencies (see Section V.C.3). It 
should be pointed out that Models 2 and 3 as shown in Fig. 1 are not 
mutually exclusive. The nature of the cell-virus interaction that ac
counts for the lifelong carrier state in which small numbers of EBV
infected cells are found in blood and lymph node in seropositive individ
uals (Nilsson et al., 1971) is unknown. 

II. ESTABLISHMENT OF L YMPHOBLASTOID CELL LINES BY 
IN VITRO TRANSFORMATION 

A. Target Cells of Epstein-Barr Virus 

1. B-Cell Characteristics 

Epstein-Barr virus (EBV) has a unique tropism for bone-marrow-de
rived (B) lymphocytes. Regardless of their source, alllymphoblastoid-cell 
lines (LCLs) that carry the EBV genome express B-cell characteristics, 
namely, immunoglobulin synthesis (Tanigaki et al., 1966; Fahey et al., 
1966; Finegold et al., 1967; Wakefield et al., 1967; Glade and Chessin, 
1968; Nilsson et al., 1971) or receptors for fixed complement (Shevach 
et al., 1972; Jondal and Klein, 1973; Huber et ai., 1976). The B-cell char
acteristics of EBV -transformed cell lines led to an investigation of which 
cells had receptors for EBV. Only B cells were found to form rosettes with 
EBV producer cells that expressed viral envelope material on their cy
toplasmic membranes !Jondal and Klein, 1973). After removal of B cells, 
no rosettes were formed. In another type of assay, cells with EBV receptors 
were identified by immunofluorescence. Lymphocytes were first incu
bated with supernatant fluids of EBV-producer-cell lines. These fluids 
presumably contain EB virions or virus envelope material. Cells that 
bound virus or viral antigens were identified by direct immunofluores
cence using sera containing EBV antibodies. In this assay, B lymphocytes 
or B-celllines, but not T cells, had EBV receptors (Greaves et al., 1975; 
Menezes et al., 1976). Surprisingly, a T-cell line (Molt 4) that does not 
contain the EBV genome was positive for EBV receptors in this assay 
(Menezes et al., 1977). 

In a third type of assay, the presence of EBV receptors was detected 
by measuring the ability of a group of cells to adsorb out biological activity 
from a virus preparation (Sairenji and Hinuma, 1973). Using this assay, 
Einhorn et al. (1978) studied the expression of virus receptors in various 
subpopulations of human lymphocytes. Their results indicate that B cells, 
and perhaps to a small extent null cells (complement-receptor-positive 
but surface-immunoglobulin- and E-rosette-negative cells), possess EBV 
receptors, but that T lymphocytes do not. 
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2. EBV Receptors 

The particular proteins on host-cell membranes that are responsible 
for the highly specific binding of the virus to B cells have not yet been 
biochemically defined. However, current evidence indicates that EBV 
receptors are closely associated with C3 receptors. The presence of EBV 
receptors on transformed lymphoid-cell lines correlates with the presence 
of C3 receptors; lines lacking C3 receptors also appear to lack virus 
receptors (Jondal et al., 1976; Yefenof et al., 1977). Preincubation of trans
formed cells expressing C3 receptors with concentrated EBV blocks ro
sette formation with erythrocytes coated with antibody and complement 
(EAC); conversely, adsorption of EBV detectable by immunofluorescence 
is blocked by preexposure of the cells to purified C3 (Jondal et al., 1976). 
EBV and C3 receptors have been shown by two-color immunofluores
cence to be localized to the same area of the cell membrane and to be 
redistributed together in cocapping experiments. Neither marker cocaps 
with constant-fragment (Fc) receptors, surface immunoglobulins, or im
mune-associated (Ia) antigens (Yefenof et al., 1976). 

Finally, removal of EBV or C3 receptors by membrane stripping from 
transformed cells reduces the capacity of the cells to adsorb EBV, while 
stripping cells of Fc receptors, surface immunoglobulin, or ~2-microglob
ulins has no effect on virus adsorptions (Yefenof and Klein, 1977). 

3. Population of Cells Transformed by EBV 

The tropism of EBV for B lymphocytes has been shown not only by 
studies on virus receptors but also by functional studies identifying the 
subpopulation of lymphocytes that are induced to proliferate after virus 
infection. During the course of in vitro transformation of a mixed pop
ulation of lymphocytes, there is a progressive increase in the number of 
cells showing B-cell surface characteristics (Pattengale et al., 1974), and 
the cells in which EBV nuclear antigen (EBNA) first appears bear C3 
receptors (Yata et al., 1975). Transformation efficiency is highest in par
tially purified subpopulations of lymphocytes enriched in B lymphocytes 
(Schneider and zur Hausen, 1975; Yata et al., 1975; Henderson et al., 
1977a; Katsuki et al., 1977; Robinson et al., 1977). EBV does not induce 
EBNA in, nor does it cause transformation of, T lymphocytes (Menezes 
et al., 1976; Henderson et al., 1977a; Robinson et al., 1977; Einhorn et 
al., 1978) or null cells (Robinson et al., 1977; Einhorn et al., 1978). Cells 
in which DNA synthesis is stimulated appear to be part of the same 
population that is ultimately transformed (Robinson et al., 1979). 

The number of transformed cells in a preparation can be measured 
using a quantitative culture technique in microtiter plates (Henderson 
et al., 1977a). Cells are exposed to virus and freed of unadsorbed inoculum 
by washing and incubating with neutralizing antibody. Serial dilutions 
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containing known numbers of cells are plated in association with feeder 
cultures. The fraction of transformed cells is calculated from the ratio 
between the microwells that ultimately show transformation and the 
total number of cells plated at the limiting dilution. The observed trans
formation efficiency must be corrected for the plating efficiency of trans
formed cells, which is usually about 10%. In subpopulations enriched for 
B lymphocytes, the transformation frequency has been as high as 3%; 
corrected for plating efficiency, this would be equivalent to a transfor
mation rate of 30% (Henderson et al., 1977b). 

The number of cells transformed by EBV can also be estimated by 
plating inoculated cells in semisolid medium (Mizuno et al., 1976; Sugden 
and Mark, 1977; Yamamoto and Hinuma, 1976). Transformation fre
quency in this assay is somewhat lower than in the micro titer system; 
the assay may selectively detect a population of transformed cells that 
is characterized by a high cloning efficiency. However, the method has 
proved useful for isolating clones of transformed cells. 

A third means of measuring the number of cells transformed by EBV 
makes use of the stimulation of DNA synthesis by the virus. The amount 
of [3H]deoxythymidine WH]-dT) incorporated into DNA by virus-exposed 
cells is directly proportional to the size of the inoculum. This assay is 
quantitative because it reflects the number of cells stimulated by the 
virus. Thus, it has been possible to extrapolate the total [aH]-dT incor
porated by virus-exposed leukocytes to a standard curve constructed from 
the [3H]-dT incorporated by known numbers of tranformed cells in log
phase growth. According to this technique, approximately 3% of mixed 
primary leukocytes from umbilical-cord blood are initially stimulated 
into DNA synthesis and are presumably transformed (Robinson and 
Miller, 1975). Similar results were obtained if autoradiography was used 
to count the number of stimulated cells (Robinson et al., 1979). 

4. Physiological State of Target Cells 

EBV can stimulate DNA synthesis in and ultimately transform B 
cells that are in a resting state. Evidence for this is based on several kinds 
of data. There is no correlation between the level of spontaneous DNA 
synthesis and susceptibility to transformation (Henderson et al., 1977b). 
When human umbilical-cord lymphocytes are first depleted of T lym
phocytes, thereby enriching for B lymphocytes, and then separated into 
subpopulations based on size by velocity sedimentation through linear 
gradients of Ficoll-Hypaque mixtures, cells that are small and show little 
or no spontaneous DNA synthesis are transformed by EBV with extremely 
high efficiency. By contrast, the large cells that show a very high rate of 
spontaneous DNA synthesis are transformed at a very low efficiency 
(Henderson et al., 1977b). The data show that small, resting B lympho
cytes are the usual targets for transformation by EBV. Furthermore, virus
induced DNA synthesis is maximal in those populations that contain 
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only well-differentiated lymphocytes (Thorley-Lawson and Strominger, 
1978; Robinson et al., 1979); transformation does not require the presence 
of any other cell type, such as macrophages as suggested by Pope et al. 
(1974). 

A third line of evidence that EBV transforms resting lymphocytes is 
that pretreatment of umbilical-cord lymphocytes with 5-bromodeoxy
uri dine followed by exposure to light results in the elimination of cells 
in DNA synthesis. Such treatment of the cells performed before inocu
lation with virus does not have any effect on the transformation of lym
phocytes measured by either stimulating DNA synthesis or the trans
formed-centers assay (Henderson et al., 1977b). 

While it is clear that resting cells are sufficient targets for EBV trans
formation, little information is available regarding the susceptibility of 
B lymphocytes at other stages of the cell cycle or of differentiation. Treat
ment of lymphocytes with phytohemagglutinin (PHA) causes only a 
slight increase in transformation frequency (Henderson et al., 1977b). A 
much greater increase (about 3-fold) in transformation efficiency has been 
observed when cells have been treated with lipopolysaccharide (LPS) from 
Escherichia coli (Henderson et al., 1978). LPS is not mitogenic for um
bilical cord leukocytes in that it has no effect on DNA synthesis in 
uninfected cells. PHA is mainly a T-cell mitogen, and the slight en
hancing effects it showed on transformation efficiency may have been 
due to the elaboration of growth factors, which allows a greater cloning 
efficiency of EBV-infected cells. A population of B cells that has been 
stimulated by a direct mitogen, such as staphylococcal protein A, does 
not show increased susceptibility to transformation (Anvret and Miller, 
1981). 

B. Early Events of Transformation 

1. Adsorption and Penetration 

On the basis of kinetics experiments to determine the time after 
inoculation that neutralizing antibodies no longer inhibit transformation, 
it appears that adsorption to and penetration of B cells by EBV is com
pleted within 1-2 hr after inoculation (Thorley-Lawson and Strominger, 
1978; Wilson and Miller, 1979). The mechanism by which EBV enters 
cells is not yet established. In electron-microscopic examination of Raji 
cells superinfected with P3HR-l virus, enveloped viral particles can be 
seen to fuse with cell membranes (Seigneurin et al., 1977). This obser
vation has not been made as yet in primary lymphocytes. However, flu
orescence polarization studies show that the high fluorescence polari
zation of dye-labeled virions shows a rapid decrease after virus adsorption. 
These results have been interpreted as indicating fusion of the more rigid 
viral envelope with the more fluid host-cell membrane. Since the half-
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time for dye transfer for both primary cells and Raji cells is the same, the 
mechanism for penetration for each type of cell is thought to be similar 
(Rosenthal et al., 1978). 

Further evidence that EBV receptors are intimately related to C3 
receptors is the observation showing that preincubation of cells with 
excess C3 blocks adsorption as measured by the transfer of dye and the 
reduction in the polarization of fluorescence (Rosenthal et al., 1978). 

2. EBNA Synthesis 

The earliest EBV-associated antigen that can be detected after infec
tion is EBNA, which appears 6-12 hr after inoculation (Menezes et al., 
1976; Einhorn and Ernberg, 1978; Takada and Osato, 1979; Robinson and 
Smith, 1981). The number of EBNA-positive cells in a culture is low 
initially but increases rapidly, reaching a plateau 24-36 hr after exposure 
to virus (Robinson and Smith, 1981). When low multiplicities of virus 
are used, EBNA induction follows one-hit kinetics; however, with in
creasingly higher multiplicities of virus, a point is reached at which no 
further increase in the number of EBNA-positive cells occurs, indicating 
that all the susceptible cells have been infected (Zerbini and Ernberg, 
1982). In human umbilical-cord blood, virtually all (up to 97%) of the B 
cells can be induced to synthesize EBNA (Zerbini and Ernberg, 1982). At 
least 35-40% of the T-cell-depleted population of lymphocytes in huma 
adult blood can be induced to express EBNA (Robinson and Smith, 1981), 
but whether all B lymphocytes in this population can be infected is not 
known. 

EBNA synthesis in primary lymphocytes occurs before any cellular 
DNA synthesis can be detected (Einhorn and Ernberg, 1978; Takada and 
Osato, 1979; Robinson and Smith, 1981). It also appears to be independent 
of viral DNA synthesis, since inhibitors of viral DNA synthesis such as 
phosphonoacetic acid (PAA), 9-J3-D-arabinofuranosyladenine (ARA-AL or 
I-J3-D-arabinofuranosylcytosine (ARA-C) do not affect EBNA induction 
(Thorley-Lawson and Strominger, 1976; Takada and Osato, 1979; Robin
son and Smith, 1981). Protein and RNA synthesis are required for EBNA 
synthesis (Takada and Osato, 1979; Ernberg, 1982). Thus, EBNA is a 
classic early protein. The function of EBNA in the process of transfor
mation remains speculative. It is the only serologically defined EBV-as
sociated antigen that is invariably expressed by all EBV-transformed 
lymphoid cells in vitro as well as in vivo (Lindahl et al., 1974). In addition, 
EBNA is a DNA-binding protein (Luka et al., 1977) that may function to 
initiate DNA synthesis in a manner analogous to the role postulated for 
the simian virus 40 T antigen (G. Klein et al., 1980). 

3. DNA Synthesis and Cellular Proliferation 

During the process of transformation, EBV stimulates DNA synthesis 
in infected cells (Gerber and Hoyer, 1971; Gerber and Lucas, 1972; Ro-
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binson and Miller, 19751. Increased levels of [3H]thymidine incorporation 
are found 24-36 hr after exposure to virus or about 20 hr after EBNA 
synthesis begins (Einhorn and Ernberg, 1978; Takada and Osato, 1978; 
Robinson and Smith, 19811. The amount of DNA synthesized by infected 
cells is linearly related to the size of the virus inoculum, a relationship 
that has been used to assay the biological activity of the virus (Robinson 
and Miller, 19751. Virus-induced stimulation of DNA synthesis requires 
the complete viral genome. The target size for UV or X-irradiation is the 
same as for transformation (Henderson et al., 19791. 

The DNA synthesized during transformation is predominantly cel
lular (Gerber and Hoyer, 1971; Henderson et al., 1977bl. The possibility 
that small amounts of viral DNA are also synthesized cannot be excluded. 
Cell lines transformed at low multiplicities of infection to assure infec
tion by single infectious particles carry multiple copies of EBV DNA in 
every cell (Sugden et al., 19791. Thus, it is possible that amplification of 
the viral genome is a prerequisite for transformation. Recent evidence 
suggests, however, that at least some of the increase in genome number 
per cell occurs after cell lines are established (Sugden et al., 19791. 

Several inhibitors of DNA synthesis appear to inhibit viral DNA 
synthesis at doses that do not significantly affect cellular DNA synthesis. 
At appropriate doses, both ARA-A and PAA exert such a discriminatory 
effect on EBV DNA synthesis in producer cell lines, reducing expression 
of viral capsid antigen without inhibiting cellular proliferation (Nyormi 
et al., 1976; Benz et al., 1978; Henderson et al., 19791. These drugs have 
different effects on the process of transformation. Low doses of ARA-A 
reduce EBV -induced [aH]thymidine incorporation significantly more than 
they do PHA-stimulated lymphocytes. However, established cell lines 
remain sensitive to the inhibitory effects of ARA-A (Benz et al., 1978; 
Henderson et al., 19791. By contrast, PAA, when added to cultures within 
3 days after inoculation, allows [3H]thymidine incorporation to proceed 
to a plateau level, but no further (Thorley-Lawson and Strominger, 19781. 
Outgrowth of transformed cells is prevented as long as the drug is present. 
This effect is reversible, since removal of the drug results in the re
sumption of DNA synthesis and the onset of proliferation. If the drug is 
added more than 3 days after inoculation, no inhibitory effects are seen. 
These observations have been interpreted as suggesting that P AA inhibits 
a crucial event in transformation that occurs about 72 hr after inocula
tion. Strominger and Thorley-Lawson (19791 have suggested that this 
event may involve the integration of the EBV genome into the host gen
ome. These experiments must be interpreted cautiously, since the dose 
of PAA (200 f,1g/mll needed to produce the results noted above caused 
B95-8 cells to become abnormally large and inhibited mitosis. Further, 
the same dose reduced PHA stimulation of normal lymphocytes by 30% 
(Nyormi et al., 19761. 

The physical association of EBNA with the chromosomes of infected 
cells (Reedman and Klein, 19731 has been used to time the onset of cellular 
proliferation in virus-exposed B lymphocytes from normal adults (Robin-
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son and Smith, 1981). A small number of mitotic EBNA-positive cells 
were first seen 36-48 hr after inoculation. The proportion of EBNA-pos
itive mitoses increased to 10% of the total cell population by 96 hr after 
inoculation; however, during this period, an increase in the actual num
ber of antigen-positive cells was not evident. The high multiplicities of 
virus used in these experiments may have been inhibitory to cell growth; 
alternatively, a portion of the infected cells may not be able to proliferate 
(Robinson and Smith, 1981). 

III. SURFACE OF EPSTEIN-BARR-VIRUS-TRANSFORMED 
CELLS 

A. Lymphocyte Surface Markers 

Lymphoid-cell lines containing the EBV genome express surface 
markers that are characteristic of B lymphocytes. Thus, surface immu
noglobulin, complement receptors, and Epstein-Barr virus (EBV) recep
tors are found on most EBV-transformed cells (Shevach et a1., 1972; Jondal 
and Klein, 1973; Greaves et al., 1975; A.L. Epstein et a1., 1976; Huber et 
a1., 1976; Jondal et a1., 1976; Yefenof et a1., 1976; Robinson et a1., 1977; 
Siegert et a1., 1977; Yefenof and Klein, 1977; Yefenof et al., 1977). Low
affinity immunoglobulin G (IgG) Fc receptors are frequently detectable 
in most lines as well (Huber et a1., 1976). A group of EBV-positive cell 
lines derived from patients with a variety of hematopoietic malignancies 
appear to lack surface immunoglobulins, but express complement recep
tors (Fu and Hurley, 1979). 

A number of Burkitt-lymphoma (BL) lines lack complement receptors 
(Budzko et a1., 1976; A.L. Epstein et a1., 1976; Yefenof et a1., 1977). In 
addition, cottontop marmoset lymphocytes transformed in vitro by EBV 
do not express complement receptors, although the original B cells had 
these receptors prior to transformation (Robinson et a1., 1977). It has been 
suggested that complement receptors are absent in lines that release virus 
(G. Klein et a1., 1978). This may occur if virus production selects against 
cells that possess receptors for complement (G. Klein et a1., 1979). Evi
dence supporting this hypothesis comes from studies of the BL line P3HR
I, which lacks detectable complement receptors, is devoid of EBV recep
tors, and produces relatively large quantities of virus (Yefenof et a1., 1977). 
The parent line, Jijoye, and several sublines of P3HR-l produce little or 
no virus and express both complement and EBV receptors (G. Klein et 
a1., 1978). However, the correlation is not consistent, since a number of 
nonproducer lines derived from BL appear to lack detectable complement 
receptors (Budzko et a1., 1976; Yefenof et a1., 1977). 

A correlation has also been found between the presence of glycopro
tein (gp) 27/35 (see Section III.C) and the expression of the receptors 
shared by EBV and complement (G. Klein et al., 1979). P3HR-l cells 



BIOLOGY OF EBV-TRANSFORMED LYMPHOID CELLS 163 

synthesize very low amounts of gp 27/35 and lack these receptors, while 
Jijoye cells and nonproducer sub lines of P3HP-l synthesize 20-50 times 
more gp 27/35 (Trowbridge et al., 1977; G. Klein et a1., 1979). In addition, 
antibody reacting with gp 27/35 on nonproducer cells blocks both com
plement and EBV receptors (Trowbridge et a1., 1977). However, one BL 
line, Rael, expresses high levels of gp 27/35, but lacks complement and 
EBV receptors (Trowbridge et al., 1977). The possibility that gp 27/35 
expression might exert some control over virus production should be 
studied. 

When EBV -transformed cells are incubated at 3 rc with fresh human, 
mouse, or rat serum, complement is activated via the alternate comple
ment pathway. As a result, C3b, detectable by the formation of immune
adherence rosettes or by immunofluorescence, is deposited on the cell 
surface (Okada and Baba, 1974; Budzko et a1., 1976; Theofilopoulos and 
Perrin, 1977). Two groups of investigators showed that deposition of C3b 
on the cells after complement activation does not depend on the presence 
of complement receptors (Okada and Baba, 1974; Budzko et a1., 1976). 
Two other reports showed that this C3b deposition occurs only on cells 
that bear complement receptors (Theofilopoulos and Perrin, 1977; Ye
fenof et a1., 1977). It should be pointed out that complement activation 
initiated by zymosan granules results in C3b deposition on the granules, 
which do not have C3b receptors (Huber et al., 1976). 

B. Expression of HLA Antigens and 132-Microglobulin 

EBV-transformed cell lines express antigens of the human leukocyte 
antigen (HLA) complex including its invariable polypeptide subunit 132-
microglobulin (132m). The HLA phenotype of a lymphoblastoid-cellline 
(LCL) generally agrees with that of the cells of origin (Bernoco et a1., 
1969; Papermaster et a1., 1969; Rogentine and Gerber, 1969). Typing of 
LCLs has provided several technical difficulties. Sera used for comple
ment-mediated lysis frequently have lymphotoxins that react with LCLs 
and thus must be screened carefully (Crichton et al., 1973). When lines 
have been examined over long periods of culture, the HLA type changes; 
sometimes new specificities have been added and other times specificities 
have been lost (Crichton et a1., 1973). The change in HLA antigens could 
not be explained by cross-contamination of cell cultures (Crichton et 
a1., 1973). Furthermore, newly established lines frequently had specific
ities not present on the parent cells (Dick et a1., 1973). The change in 
HLA expression observed in some lines has not been fully explained. 

Certain anomalous reactivities with LCLs have been found with a 
number of typing sera (Bernoco et a1., 1969; Ferrone et a1., 1971; Dick 
et a1., 1973, 1975; Lindblom and Nilsson, 1973; Pious et al., 1974; Bodmer 
et al., 1975). Some of the antibodies in these typing sera appear to be 
reacting with immune-associated (Ia) antigens that are expressed on LCL 
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cells and normal B lymphocytes (Bodmer et al., 1975; Dick et al., 1975). 
However, some of the reactivity in these sera with LCLs is due to the 
expression of cross-reactive HLA antigens. These new antigen specific
ities, which appear on cells soon after the LCLs are established and which 
are not present on the cells of origin (Dick et al., 1973), nearly always 
belong to closely related groups of HLA antigens (Lindblom and Nilsson, 
1973; Bodmer et al., 1975). Since the amount of HLA antigens on LCLs 
is about 36 times greater than on the original cells (McCune et al., 1975), 
the appearance of cross-reacting HLA antigens may simply be due to an 
increase in the concentration of minor determinants already on the cells. 
Thus, some of the "new" HLA antigens on LCLs may reflect quantitative 
and not qualitative changes (McCune et al., 1975). 

In general, BL lines synthesize quantities of HLA antigens similar 
to those produced by LCLs (Welsh et al., 1977). However, one BL-cell 
line, Daudi, expresses neither HLA nor its smaller subunit, 13rm (Nilsson 
et al., 1974; Bodmer et al., 1975). Cells from another BL line, P3HR-l, 
synthesize very little HLA (Ostberg et al., 1975). 132-Microglobulin is 
expressed on the cell surface by many BL lines in almost the same quan
tities as by LCLs. However, LCLs secrete relatively larger quantities of 
132m than do BL lines (Nilsson et al., 1974; Ostberg et al., 1975; Welsh 
et al., 1977). 

C. la-Like Antigens 

Cells transformed by EBV express on their surface a polypeptide 
complex that is immunochemically distinct from HLA and 132m and 
appears to behave like la antigens of mice. The la-like antigen complex 
has been purified from LCLs and consists of two polypeptides with mo
lecular weights of 23,000 and 30,000 in one study (Humphreys et al., 
1976) and of 27,000 and 35,000 (gp 27/35) in another (Trowbridge et 
al., 1977). This antigen complex appears to be pleomorphic (Humphreys 
et al., 1976) and may correspond to the HLA-D locus, which is re
sponsible for stimulation in the mixed-lymphocyte reaction (Geier and 
Cresswell, 1977). As discussed in Section I1I.B, the expression of gp 27/ 
35 on transformed cells correlates fairly well with the expression of EBV 
and complement receptors. 

D. Surface Antigens on Lymphoblastoid-Cell Lines Recognized 
by T Lymphocytes 

There are a number of antigens on EBV-transformed cells that are 
recognized by T lymphocytes in assays of cell-mediated immunity. These 
antigens are defined functionally according to the reactions they mediate. 
Their characteristics are summarized in Table I. 
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1. Antigens Recognized in Mixed-Lymphocyte Cultures 

EBV-transformed cells are potent stimulators of allogeneic and au
tologous lymphocytes in mixed-lymphocyte cultures (Hardy et al., 1969; 
Flier et al., 1970; Green and Sell, 1970; Steel and Hardy, 1970; Han et 
ai., 1971; Junge et al., 1971; Knight et ai., 1971; Golub et al., 1972; Steel 
et al., 1973). Activation of responder cells occurs equally well with lym
phocytes from seropositive and seronegative individuals (Junge et ai., 
1971; Weksler, 1976; Chang and Chang, 1980; Tanaka et al., 1980). The 
antigens on the surface of LCLs responsible for stimulation are not 
known. la-like antigens on normal B cells will stimulate autologous T 
cells, and it has been postulated that these la antigens on LCLs are also 
responsible for stimulation (Wernet et ai., 1978; Geier and Cresswell, 
1977). However, la antigens on LCLs may not be the only antigens in
volved, since autologous LCLs are more potent stimulators in mixed
lymphocyte cultures than are untransformed B cells (van de Stouwe et 
al., 1977; Chang and Chang, 1980). Perhaps, like expression of HLA an
tigens, expression of la antigens is increased following transformation. 
Alternatively, other newly acquired antigens, such as EBV-specific or 
lymphoblast antigens, may be involved. In this regard, LCLs have been 
shown to express an antigen or antigen complex that cross-reacts with 
human placental trophoblasts, transformed human epithelial-cell lines 
(HeLa, Hep2, L132), and cottontop marmoset erythrocytes (Yeh et al., 
1982). This antigen is not found on normal human lymphocytes. 

2. Antigens on LCLs Recognized by Cytotoxic T Lymphocytes 

T-cell-mediated cytotoxicity reactions against LCLs appear to be of 
two types, primary and secondary. In primary cytotoxicity reactions, T 
cells are activated in vivo during infectious mononucleosis (1M). The 
stimulating cells are presumed to be EBV -infected cells. The cytotoxic 
cells have been demonstrated by slCr-release or growth-inhibition assays 
only in peripheral blood of patients for 2-4 weeks following the onset of 
1M (Svedmyr and Jondal, 1975; Royston et al., 1975; Hutt et ai., 1975; 
Rickinson et al., 1977; Svedmyr et al., 1978). This type of cytotoxicity 
is not HLA-restricted; i.e., it does not require the sharing of HLA antigens 
between target and effector cells (Seeley et al., 1981). Susceptibility of 
target cells to cytotoxicity in this system depends on the presence of the 
EBV genome, since only EBV-genome-positive lines are killed and EBV
genome-negative lines are not. The antigen recognized on LCLs by pri
mary cytotoxic T cells has been termed the EBV -associated lymphocyte
detected membrane antigen (L YDMA). Whether this putative antigen is 
virus-encoded is not known. 

In secondary cytotoxicity reactions, an in vitro sensitization step is 
necessary to generate cytotoxic T cells. Cultivation of peripheral-blood 
lymphocytes from EBV-seropositive individuals with autologous EBV-
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infected cells, either established LCLs or freshly inoculated B cells, results 
in the generation of effector T cells that lyse LCLs or inhibit their pro
liferation (Thorley-Lawson et al., 1977; Moss et al., 1978, 1979; Rickinson 
et al., 1979; Misko et al., 1980; Sugamura and Hinuma, 1980; Tanaka et 
al., 1980). Although LCLs stimulate DNA synthesis in autologous mixed
lymphocyte cultures from seronegative individuals, cytotoxic T cells are 
not generated (van de Stouwe et al., 1977; Moss et al., 1979; Chang and 
Chang, 1980; Tanaka et al., 1980). These observations seem to indicate 
that previous EBV infection results in the development of EBV-specific 
memory T cells that can be reactivated when challenged with antigen 
in vitro. The major antigen recognized by secondary cytotoxicity is also 
thought to be LYDMA (Rickinson et al., 1981). However, by contrast to 
the absence of HLA restriction observed with primary cytotoxic T cells 
during 1M, recognition of EBV-transformed cells by cytotoxic T cells 
generated in vitro is, in fact, HLA-restricted. Thus, secondary cytotoxicity 
measured by cell lysis or growth inhibition is greatest when effector and 
target cells share one or more HLA-A or -B determinants (Misko et al., 
1980; Rickinson et al., 1980b, 1981). In addition, this type of cytotoxicity 
can be blocked by monoclonal antibodies against an antigenic determi
nant common to HLA-A, B, and C molecules or against 132m (Rickinson 
et al., 1981). Rickinson et al. (1980a) have shown that memory T cells 
that give rise to secondary cytotoxic cells in vitro are not present in 
peripheral blood during 1M and do not develop for 5-23 weeks after acute 
disease. 

E. Surface Glycoproteins of Transformed Cells 

Surface glycoproteins on cells from EBV-genome-positive and -neg
ative cell lines have been studied using the galactose-oxidase-catalyzed 
tritiated sodium borohydride labeling technique (Nilsson et al., 1977a). 
LCLs have a surface glycoprotein pattern that closely resembles that 
found on mitogen-stimulated B lymphoblasts. By contrast, BL-celllines 
have a less differentiated pattern very similar to that of resting B lym
phocytes. In addition, BL-cell lines have two pairs of glycoproteins not 
found on LCLs. These are of approximate molecular weights 87,000-85,000 
and 71,000-69,000. These glycoproteins are not virus-specific, since they 
are also found on cells of EBV-genome-negative lymphoma-cell lines 
(Nilsson et al., 1977a). 

An alteration in sialic-acid-containing fucosyl glycopeptides has been 
described in many types of tumor cells or in their derived cell lines and 
appears to be a reliable marker for neoplastic change. This alteration 
consists of an increase in the molecular size and in sialic acid content 
of these fucosyl glycopeptides. Recently, van Beek et al. (1979) found that 
EBV-positive LCLs and BL lines and EBV-genome-negative lines all ex
pressed these abnormal glycopeptides. Thus, LCLs appear to have some 
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degree of a neoplastic phenotype. The role that these surface alterations 
play in the pathogenesis of lymphoid neoplasia such as BL is not known. 

IV. IMMUNOGLOBULIN SYNTHESIS BY EPSTEIN-BARR
VIRUS-TRANSFORMED CELLS 

Most Epstein-Barr virus (EBV)-transformed cells maintain the prin
cipal functional characteristic of the B lymphocytes from which they 
originated, namely, immunoglobulin synthesis. Burkitt-lymphoma (BL) 
lines and lymphoblastoid-celllines (LCLs) differ in their patterns of im
munoglobulin synthesis as well as other biological properties. Thus, im
munoglobulin production by each category of transformant will be con
sidered separately. 

A. Immunoglobulin Synthesis in Burkitt-Lymphoma and 
Derived Cell Lines 

A majority of BL-celllines show some evidence of immunoglobulin 
synthesis, but many lines that do not produce immunoglobulins have 
been described (Fahey et al., 1966; Tanigaki et al., 1966; Wakefield et 
al., 1967; Hinuma and Grace, 1967; Osunkoya et al., 1968; Takahashi 
et al., 1969a; van Furth et al., 1972; Bechet et al., 1974). BL-tumor cells 
also usually show immunoglobulin synthesis, but a variable proportion 
of tumor biopsies have been immunoglobulin-negative (Osunkoya et 
al., 1968; van Furth et al., 1972; Fialkow et al., 1973; Gunven et al., 
1980). 

1. Heavy-Chain Synthesis by BL cells 

IgM is the most common class of immunoglobulin expressed in BL 
tumors and in BL-celllines; however, IgG appears to be synthesized more 
commonly by both tumors and established lines than has been appreci
ated in previous reviews (Nilsson and Pont en, 1975; Nilsson, 1979). Most 
early studies were limited to small numbers of cell lines. Some inves
tigators encountered IgM expression most frequently (Wakefield et al., 
1967; Takahashi et al., 1969a), while others found that a greater propor
tion of the lines they examined produced IgG (Fahey et al., 1966; Finegold 
et al., 1967). The accumulated published data on BL lines were sum
marized by Sherr et al. (1971). Of 27 BL lines that had been examined, 
12 produced IgM, 5 produced IgG, 3 produced both IgM and IgG, and 6 
did not synthesize immunoglobulins. Only one BL line synthesized 19A 
(Osunkoya et al., 1968). Later reports have shown that high proportions 
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of newly established BL lines produced IgG alone or in combination with 
IgM (van Furth et al., 1972; Bechet et al., 1974). 

The patterns of immunoglobulin production by cells in BL biopsies 
have been studied using two different methods, and conflicting results 
have been obtained. One method involves the measurement of immu
noglobulin synthesis de novo by the incorporation of radiolabeled amino 
acids that, when secreted, can be detected in supernatant culture fluids 
by immunoelectrophoresis and autoradiography. The other method is the 
demonstration of membrane immunoglobulins on cell surfaces by im
munofluorescence. These techniques measure different parameters of 
immunoglobulin synthesis that appear to be under separate cellular con
trol(McCune et al., 1980). Since the class of immunoglobulins expressed 
on the cell surface may differ from that secreted into the culture medium, 
neither of these assays when used alone reveals the full repetoire of heavy 
chains that are produced by a population of cells (Litwin et al., 1974b; 
van Boxel and Buell, 1974; Premkumar et al., 1975). Surface immunoflu
orescence, when applied to the examination of tumor biopsies, has the 
further disadvantage of not being able to distinguish whether immuno
globulins are actually synthesized by the cells on which they are seen or 
whether such immunoglobulins are reacting with membrane antigens as 
specific antibody or are passively bound by receptors for immune com
plexes (E. Klein et al., 1968; Gunven et al., 1980). 

By biosynthetic techniques, BL cells were found to secrete relatively 
little immunoglobulin; only 50% of biopsies produced immunoglobulin 
(van Furth et al., 1972). IgG was the predominant heavy chain secreted, 
though IgM was also secreted by some tumors (Osunkoya et al., 1968; 
van Furth et al., 1972). Tumor cells and the cell lines derived from them 
had similar patterns of immunoglobulin synthesis, suggesting that the 
lines were representative of the tumor cells. Thus, it was unlikely that 
secreted IgG was produced by nonmalignant lymphocytes within the 
biopsies. 

IgM was the most common immunoglobulin class detected on BL 
cells by surface immunofluorescence (E. Klein et al., 1968; Gunven et 
al., 1980). The surface IgG seen on some cells generally gave weaker 
staining and was found to disappear with time in culture. Some of this 
IgG appeared to be coating the cells (E. Klein et al., 1968; Gunven et 
al., 1980). In only one instance has information concerning surface and 
secretory immunoglobulin expression by BL biopsies been cited in the 
literature, although not as a formal study. Some of the BL biopsies and 
cell lines that secreted IgG described by van Furth et al.(1972) were found 
to express surface IgM by immunofluorescence. These results emphasize 
the importance of using more than one type of assay to study immu
noglobulin synthesis. For this reason, it is unfortunate that a recent large 
study of BL biopsies (Gunven et al., 1980) was limited to the examination 
of surface immunoglobulin. 
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2. Light-Chain Synthesis by BL Cells; Evidence for Monoclonality 

Most BL lines in which immunoglobulin production can be dem
onstrated synthesize only one type of light chain, lambda or kappa. Since 
individual cells can produce only one type of light chain, these obser
vations have been used to support the hypothesis that BL arises from a 
single clone of malignant cells. Further support for the hypothesis that 
BL is a monoclonal disease comes from the observation that BL biopsies 
and cell lines generally express only one of two possible glucose-6-phos
phate dehydrogenase /G-6-PD) isoenzyme patterns /Fialkow et a1., 1973; 
Bechet et a1., 1974). These data, however, are highly biased, since this 
marker can be evaluated only in females who are heterozygotes at the 
X-linked G-6-PD locus, a relatively small proportion of BL patients. 
Some BL lines, albeit a minority, synthesize two types of light chains or 
express both G-6-PD isoenzyme patterns, indicating that they are of 
multicellular origin /Sherr et a1., 1971; van Furth et ai., 1972; Fialkow 
et a1., 1973; Bechet et ai., 1974). 

The critical experiments needed to test the extent to which BL is a 
monoclonal or a polyclonal disease have not been performed. The inter
pretation of assays for surface immunoglobulin expression on BL-biopsy 
cells has been hampered by the problem of antibody coating of tumor 
cells /Gunven et a1., 1980). Furthermore, the evaluation of immunoglob
ulin synthesis and secretion in cell lines derived from tumors in station
ary suspension or organ culture is clouded by the possibility that non
tumor lymphoid cells present in BL biopsies may grow out in culture 
/Fialkow et a1., 1973; Nilsson, 1979). The question might best be settled 
by the direct cloning of tumor cells in soft agar. Those clonal lines that 
meet the current criteria for BL lines rather than LCLs could then be 
evaluated with respect to surface and secretory heavy- and light-chain 
production and with respect to G-6-PD isoenzyme patterns or with other 
assays of genetic polymorphism. 

B. Immunoglobulin Production by Lymphoblastoid-Cell Lines 

Essentially all LCLs synthesize immunoglobulins and tend to secrete 
relatively more immunoglobulins than do the BL lines /Sherr et a1., 1971). 
An exceptional group of EBV -genome-positive cell lines that lack the 
capacity to synthesize immunoglobulins were reported by Fu and Hurley 
/1979). These lines, derived from patients with various hematopoietic 
diseases, resemble BL cells in their morphology and might have been 
derived by transformation of abnormal rather than normal B lymphocytes. 

1. Heavy- and Light-Chain Synthesis by LCLs 

The patterns of immunoglobulin production by LCLs are highly var
iable. Lines arising from peripheral-blood lymphocytes during infectious 
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mononucleosis 11M) or from lymph-node or tonsil cells grown in suspen
sion or organ culture contain several populations of cells that secrete 
mixtures of immunoglobulins (Glade and Chessin, 1968; Nilsson, 1971; 
Bechet et al., 1974). These initially polyclonallines show a gradual de
cline in immunoglobulin synthetic capacity with time (Wakefield et 
al., 1967; Finegold et al., 1967; Glade and Chessin, 1968) and usually 
evolve toward the secretion of a single type and class of both light and 
heavy chains. This selection process is random and does not favor a 
particular immunoglobulin class (Nilsson, 1971; Bechet et al., 1974). 
Some lines maintain the stable production of more than one class of 
heavy chains. The existence of individual transformed cells that synthe
size more than one heavy-chain class (Bloom et al., 1971; Takahashi et 
al., 1969b; Fahey and Finegold, 1967; van Boxel and Buell, 1974) indicates 
that immunoglobulin genes in these cells are not mutually exclusive. 

As with BL cells, the class of immunoglobulins present on the surface 
of LCL cells may differ from that found in the cytoplasm or secreted into 
the medium (Litwin et al., 1974b; van Boxel and Buell, 1974; Premkumar 
et al., 1975). Many LCLs express surface IgD that, when present, is always 
found in association with surface IgM (van Boxel and Buell, 1974; Gordon 
et al., 1977). However, multiple classes of immunoglobulin molecules 
may be expressed on cells with or without IgD. Within a line, a portion 
of cells lack detectable surface immunoglobulin; however, studies in
volving the isolation of clones have shown that each cell is capable of 
immunoglobulin synthesis (Hinuma and Grace, 1967; Takahashi et al., 
1969b; Bloom et al., 1971; Litwin and Lin, 1976). 

The immunoglobulins produced by most LCLs are complete mole
cules identical to those produced by normal B cells (Finegold et al., 1967; 
Baumal et al., 1971). Excess synthesis of light chains is frequently ob
served (Wakefield et al., 1967; Fahey et al., 1971; Litwin et al., 1974a), 
but this has been noted in normal B cells as well (Wakefield et al., 1967). 
Some cells may produce only light or only heavy chains (Takahashi et 
al., 1969a). 

During logarithmic growth, LCLs secrete immunoglobulin at a rate 
of 2-3 JJ.g/106 cells per day (Fahey et al., 1971). The proportion of the 
protein synthesized by LCL cells that is immunoglobulin has been es
timated to be 0.8-4.5%, compared to 53% in myeloma cells (Gordon et 
al., 1977). However, in some lines, as much as 30% of the protein syn
thesized may be immunoglobulin (Baumal et al., 1971). 

2. Polyclonal Activation of B Cells by EBV in Vitro 

When normal B cells are exposed to EBV in vitro, a number of cells 
become infected and begin to proliferate. It is not surprising, then, that 
immunoglobulin secreted soon after inoculation is of a polyclonal pattern 
(Rosen et al., 1977; Kirchner et al., 1979; Bird and Britton, 1979). For this 
reason, EBV has been termed a polyclonal activator of B cells. The kinetics 
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of immunoglobulin synthesis induced by EBV have been studied using 
an indirect plaque assay (Bird and Britton, 1979). Plaques become de
tectable 3-4 days. after exposure of cells to virus. The number of plaque
forming cells reaches maximal levels by 7 days and then decreases rapidly 
to unstimulated levels by 12 days. These results are similar to those 
obtained when pokeweed mitogen was used to stimulate cells. The de
cline in the number of antibody-producing cells seen after 7 days in 
culture may have been due to exhaustion of nutrients in the medium. 

The appearance of immunoglobulin-secreting cells detected in plaque 
assays is independent of helper T cells and depends on an intact EBV 
genome (Kirchner et al., 1979; Bird and Britton, 1979). Thus, EBVappears 
to induce some degree of differentiation of infected B cells. However, 
differentiation is limited, since LCL cells do not become fully mature 
plasma cells; usually, no more than 20-30% of the cells synthesize cy
toplasmic immunoglobulins (Glade and Chessin, 1968; J. Robinson, un
published). By contrast, a majority (70-80%) of EBV-infected cells in 
peripheral blood during acute 1M have been shown to be differentiated 
toward plasma cells (Robinson et al., 1981). It is possible that immune 
regulatory mechanisms operative during 1M cause greater numbers of 
infected cells to differentiate in vivo than occurs in vitro. 

3. Specific Antibody Production by LCLs 

Immunoglobulins produced by LCLs have rarely been assigned spe
cific antibody function. Several LCLs producing IgM that agglutinated 
glutaraldehyde-treated erythrocytes have been reported (Steel et al., 1974; 
Joss et al., 1976). Recently, Steinitz et al. (1977) established cell lines 
that secrete specific antibody. Antigen-binding B cells were first isolated 
by rosette formation with antigen-coated autologous erythrocytes. These 
cells were then transformed by EBV. Cell lines that produce antibodies 
to the hapten 4-hydroxy-3,5-dinitrophenacetic acid (NNP), the hapten 
trinitrophenyl (TNP), and Group A streptococcal carbohydrate have been 
established using the same technique (Kozbor et al., 1979; Steinitz et 
al., 1979a,b). All the lines produce antibody of the IgM class. Lines that 
produce mononclonal antibodies were established by the reselection and 
cloning of antigen-binding cells after the LCLs were established (Steinitz 
et al., 1979b). 

V. MORPHOLOGY AND GROWTH CHARACTERISTICS 

A. Comparison of Lymphoblastoid-Cell Lines and Burkitt
Lymphoma Lines 

The morphological characteristics of lymphoblastoid-celliines (LCLs) 
and Burkitt-lymphoma (BL) lines have been reviewed recently by Nilsson 
(1979). When examined by light or electron microscopy, cells from both 
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types of lines share many features with mitogen- or antigen-stimulated 
lymphoblasts (Pulvertaft, 1964b; Moore et al., 1968). Most stained cells 
contain an immature nucleus, several large nucleoli, and abundant ba
sophilic and pyroninophilic cytoplasm (M.A. Epstein et al., 1966; Moore 
et al., 1968; Fahey et al., 1971). The size and shapes of cells in LCLs vary 
greatly; the cell diameter ranges from 8 to 22 j.Lm (Nilsson and Pont en, 
1975). A majority of LCL cells resemble immature lymphoblasts, but 
medium-sized and smaller, more differentiated cells, some resembling 
plasmacytes, and occasional multinucleated cells may be present (Moore 
et al., 1968; Gerber and Monroe, 1968). By contrast, BL lines consist 
mainly of immature lymphoblasts (M.A. Epstein et al., 1966; Pope et 
al., 1967; Nilsson and Ponten, 1975) that tend to be more uniform in size 
and somewhat smaller in diameter (range 9-13 j.Lm, mean 10-11 j.Lm) 
than in LCLs (Nilsson and Ponten, 1975). 

In transmission electron microscopy, the nuclei of both LCL and BL 
cells contain finely granular chromatin and the cytoplasm contains abun
dant ribosomes and mitochondria. The Golgi apparatus is well developed 
in LCLs; endoplasmic reticulum is usually sparse, although some cells 
show more differentiated characteristics (Moore et al., 1968; Heyden and 
Heyden, 1974; Nilsson and Pont en, 1975). BL cells lack a well-developed 
Golgi apparatus, and the ribosomes are not attached to endoplasmic re
ticulum (M.A. Epstein and Achong, 1965; M.A. Epstein et al., 1966; Pope 
et al., 1967; Moore et al., 1968). Fat droplets, which are numerous in BL 
cells, are less frequently seen in LCLs (Nilsson, 1979). In cells from both 
types of lines, cytoplasmic annulate lamellae and projections or doublings 
of the nuclear membrane can be demonstrated (M.A. Epstein and Achong, 
1965; Chandra et al., 1968; Gerber and Monroe, 1968; Recher et al., 1969). 

Morphological differences between cells of LCLs and BL lines are 
most strikingly distinct when cells are viewed directly in culture or by 
scanning electron microscopy (SEM) (Clarkson, 1967; Nilsson and Pon
ten, 1975). LCL cells are highly pleomorphic and motile. Cells constantly 
change shape; uropod formation is common, giving cells a "hand-mirror" 
configuration. The cells exhibit what has been termed "Ping-Pong" lo
comotion (Nilsson, 1979), in which a uropod forms at one cell pole and 
then at another so that each cell continuously changes its direction. By 
SEM or by immunofluorescence staining for the contractile protein actin, 
long villous projections are either restricted to one pole of the cell or 
distributed evenly over the surface (Fagraeus et al., 1975; Nilsson and 
Pont en, 1975). These cells adhere rapidly to fibroblast feeder cultures, 
assuming a wide variety of shapes; they do not adhere to glass or plastic 
surfaces. The morphology of LCLs in suspension cultures is striking. 
Generally, large dense clumps form that sometimes resemble flakes or 
doughnuts. Several investigators have reported differences in the density, 
size, and shape of the cell clumps in lines transformed by different strains 
of Epstein-Barr virus (EBV) (Katsuki and Hinuma, 1975; Levitt et al., 
1980). 
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B. Chromosomal Abnormalities 

In early studies of the cytogenetics of EBV-transformed cells, precise 
mapping of structural rearrangements on chromosomes was not possible, 
since banding techniques had not yet become available. Thus, these stud
ies were limited to describing major aberrations of chromosome structure 
and number. Most BL-cell lines, BL tumor cells, and LCLs from many 
sources were found to be diploid or near diploid (Stewart et a1., 1965; 
Miles and O'Neill, 1967; W. Henle et a1., 1967; Tomkins, 1968), although 
major changes in chromosome mode were seen in cell lines after more 
than 1 or 2 years in culture (Huang and Moore, 1969; Steel et al., 1971). 
Cloning of one BL line appeared to induce chromosomal changes (Ikeuchi 
et a1., 1971). Numerous inconsistent structural abnormalities were found 
in many cell lines. One of the most frequently observed abnormalities 
was a marker chromosome that was a prominent subterminal constric
tion on the long arms of a group C chromosome. This marker was found 
in variable proportions of the cells of both LCLs and BL lines (W. Henle 
et a1., 1967; Kohn et a1., 1967, 1968; Miles and O'Neill, 1967; Pope et 
a1., 1968; Miles et a1., 1968; Nadkarni et a1., 1969; Huang et a1., 1970; 
Whang-Peng et a1., 1970). 

The application of chromosome banding techniques to the study of 
EBV-transformed cells led to the identification of a chromosome marker, 
a 14q + translocation, in cells of BL tumor biopsies and cell lines (Man
olov and Manolova, 1972). This marker has been found in most but not 
all BL tumors from Africa, the United States, and Europe, but has not 
been seen in EBV-positive LCLs (Jarvis et a1., 1974; Zech et al., 1976; 
Kaiser-McCaw et a1., 1977; Philip et a1., 1977). The translocation has 
been shown to be reciprocal between the end segments of the long arms 
of chromosomes 8 and 14 (Zech et a1., 1976; Manolova et al., 1979). 
Identical translocations have been described in several EBV-genome-neg
ative non-Burkitt lymphoid malignancies (Jarvis et a1., 1974; Zech et 
a1., 1976; Fukuhara and Rowley, 1978; Mark et a1., 1978; Mitelman et 
a1., 1979a). 

Not all 14q + translocations found in lymphoid malignancies are 
identical; a variety of donor chromosomes and variable break points on 
chromosome 14 have been described (Fukuhara et a1., 1979). Variant 
translocations involving 2;8 or 8;22 have been described in several cases 
of BL (van den Berg et a1., 1979; Berger et a1., 1979; Miyoshi et a1., 1979). 

Recently, the 8;14 translocation was seen in cells from an inguinal 
lymph node of a patient with nasopharyngeal carcinoma (Mitelman et 
a1., 1979b). The histology did not show evidence of malignancy, and the 
node was negative for EBV genomes. It was suggested that the 8;14 trans
location in this case might represent a premalignant state. The devel
opment of the 14q + marker may be a critical change in a cell that renders 
it malignant, or it may be one of many steps in the development of the 
malignant phenotype. 
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C. Tumorigenicity of Epstein-Barr-Virus-Transformed Cells 

1. Cloning in Semisolid Medium and Heterotransplantation 

BL-cell lines are derived by outgrowth of tumor cells in vitro and 
thus represent truly neoplastic cells. LCLs, on the other hand, arise from 
normal B lymphocytes transformed in vitro or in vivo, and the malignant 
potential of these cells is uncertain. LCLs are polyclonal and lack the 
karyotypic abnormalities found in BL cells. Attempts have been made to 
test the oncogenic potential of LCLs of diverse origins, but reliable mark
ers for malignancy are lacking. Two parameters that have been tested are 
the ability of cells to grow as colonies in semisolid media and the capacity 
of cells to cause tumors after heterotransplantation. These parameters 
have been used as indicators of neoplastic transformation in several non
lymphoid cell systems (reviewed by Nilsson et al., 1977b). 

In general, LCLs have a lower cloning efficiency in agar than do BL 
lines (Hinuma and Grace, 1967; Imamura and Moore, 1968; Huang et 
al., 1969; Nilsson and Ponten, 1975; Nilsson et al., 1977b). However, this 
difference is only relative, since colonies of EBV nuclear antigen (EBNA)
positive cells can be readily grown in agarose from peripheral blood of 
patients with infectious mononucleosis (1M) (Hinuma and Katsuki, 1978; 
Katsuki et al., 1979; Robinson et al., 1980a) or from normal blood lym
phocytes following in vitro infection with EBV (Katsuki et al., 1977; 
Sugden and Mark, 1977). 

In several studies, lethal human lymphoid tumors were induced by 
heterotransplantation of both BL and LCL cells. The animals used in 
these experiments were newborn rats (Southam et al., 1969a), rats made 
tolerant to transformed lymphocytes (Southam et al., 1969b), newborn 
Syrian hamsters, or newborn Syrian hamsters or mice treated with an
tilymphocyte serum (ALS) (Adams et al., 1971; Deal et al., 1971). ALS
treated newborn hamsters developed serially transplantable tumors after 
inoculation with cells from an 1M-derived cell line. These tumors pro
duced human IgG and IgM in quantities that could be detected in serum 
by immunodiffusion (Adams et al., 1971). Similar serially transplantable 
immunoglobulin-secreting tumors developed in ALS-treated newborn 
hamsters after inoculation with peripheral-blood leukocytes from three 
patients with 1M (Adams et al., 1973). Unfortunately, whether these 
tumors contained the EBV genome was not established. 

BL-celllines have been shown to induce tumors when injected sub
cutaneously into nude mice; LCLs lack this ca,pacity (Nilsson et al., 
1977b). The failure of LCLs to grow in subcutaneously inoculated nude 
mice may be due to locally efficient natural killer (NK)-cell activity 
(Herberman, 1978). However, in a more recent study (Giovanella et al., 
1979), BL lines as well as LCLs induced tumors after intracerebral in
oculation in adult nude mice or after subcutaneous inoculation in new
born nude mice (Nilsson et al., 1979). The results of the studies on the 
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heterotransplantability of LCL cells suggest that the immune mecha
nisms in the test animals are important determinants in the development 
of tumors. Thus, both LCLs and BL lines cause tumors when the host 
lacks a fully developed immune system or has been further compromised 
by treatment with ALS or when cells are inoculated in immunologically 
privileged sites. However, in the subcutaneous space of nude mice, BL 
cells appear to have a significantly greater oncogenic potential than do 
LCLs. Thus, LCL cells seem to be conditionally neoplastic by hetero
transplantation assays. 

2. Tumorgenicity of EBV in New World Primates 

Inoculation of animals of several species of New World primates 
with EBV or autologous cells transformed by EBV in vitro results in a 
spectrum of responses. In cotton top marmosets (CTMs), cell-free virus 
induces fatal malignant lymphoma in about one third of the animals 
inoculated. Other CTMs inoculated with EBV develop either clinically 
inapparent infection or a transient nonmalignant lymphoproliferative 
disease (Shope et al., 1973; Miller et al., 1977). Lymphoma can also be 
induced in CTMs by inoculation with autologous transformed cells. In 
this case, it is not clear whether the tumor is caused by the cells trans
formed in vitro or by virus that is released from them (see Section VI.D). 
CTMs appear to be uniquely susceptible to oncogenesis by EBV, since 
Callithrix marmosets develop only mild lymphoproliferative disease after 
virus exposure and frank malignant lymphoma does not occur (Falk et 
al., 1976). Disseminated lymphoproliferative disease has been described 
in one EBV-inoculated owl monkey (M.A. Epstein et al., 1973). Neither 
squirrel monkeys nor woolly monkeys develop tumors when injected 
with cell-free virus or autologous transformed cells (Shope and Miller, 
1973; Andiman and Miller, 1978). However, EBV-transformed squirrel 
monkey cells appear to be conditionally neoplastic, since immunosup
pressed animals with malaria developed disseminated lymphoprolifera
tive disease shortly after inoculation with autologous cells (Leibold et 
al., 1976). 

The lymphomas induced in CTMs by EBV morphologically resem
bled immunoblastic sarcoma in humans (Miller et al., 1978). Each tumor 
cell contains EBNA and multiple copies of the EBV genome (Werner et 
al., 1975; Miller et al., 1977). It is not known whether these tumors are 
monoclonal or polyclonal. In one instance, a marker chromosome was 
identified in the cells of a tumor, suggesting a monoclonal or oligo clonal 
origin (Rabin et al., 1977). 

3. Tumorigenicity of EBV-Transformed Lymphoid Cells in Man 

BL cells are unquestionably malignant in man; however, an etiol
ogical role for EBV in BL has not yet been established. If BL is caused by 
EBV, tumors develop months or years after primary infection (de The et 
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al., 1978). It has been suggested that cells transformed by EBV during 
primary infection undergo an evolution during a period of chronic pro
liferation. As a result of multiple cell divisions, a critical cytogenetic 
change, the 8;14 reciprocal translocation, may render one or more clones 
of EBV-genome-positive cells malignant (G. Klein, 1980). The factors that 
could be responsible for the proposed chronic proliferation may be en
vironmental, but remain hypothetical. 

During 1M, there is a limited polyclonal proliferation of EBV-infected 
cells. These cells express EBNA, show plasmacytic differentiation during 
acute disease, can undergo mitosis in vivo, and can grow directly into 
LCLs in semisolid medium (G. Klein et al., 1976; Katsuki et al., 1979; 
Robinson et al., 1980b, 1981). Usually, the proliferation of EBV-infected 
cells is stringently controlled by the host environment, but in certain 
individuals, EBV causes unchecked proliferation resulting in polyclonal 
B-cell lymphoma. Tumors consisting of EBV-genome-positive, EBNA
positive cells have developed in patients with subtle immunodeficiencies 
(Robinson et al., 1980a; Thestrup-Pedersen et al., 1980), in renal-trans
plant recipients (Marker et al., 1979; Crawford et al., 1980; Hanto et 
al., 1981), and in male members of kindreds with an X-linked disorder 
(Purtilo, 1980). 

The 8;14 translocation associated with BL is not found in these tu
mors, although several other chromosomal abnormalities have been ob
served (Robinson et al., 1980a; Thestrup-Pedersen et al., 1980; Hanto et 
al., 1981). The development of tumors in these groups of patients appears 
to depend on the transformation of B lymphocytes by EBV in vivo and 
a defect in host immune mechanisms that normally control the prolif
eration of EBV-infected cells. Patients with the X-linked lymphoproli
ferative syndrome have decreased NK-cell activity (Sullivan et al., 1980); 
however, the nature of the defect or defects in immunity responsible for 
the growth of tumors in these groups of patients has not been clearly 
defined. Polyclonal B-cell lymphomas induced by EBV may be regarded 
as opportunistic neoplasms. 

VI. EPSTEIN-BARR VIRAL GENOME EXPRESSION IN 
TRANSFORMED CELLS 

In this section, we shall review the Epstein-Barr virus (EBV)-cell 
relationship that occurs in cells that have been infected in vivo and in 
cell lines that have been established directly from blood or lymphoid 
cells or by means of in vitro transformation. 

A. Types of Cell-Virus Interactions 

The expression of EBV in the cell that harbors it is influenced by two 
general factors: various properties of the host cell and the constitution 
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of the EBV genome contained therein. At this time, however, it is not 
possible to go beyond this generalization to a more specific molecular 
definition of those host or viral functions that modulate expression. It 
is possible only to define in operational terms several different types of 
cell-virus interactions. 

1. Permissive Cell 

The cell type that permits full virus expression and replication of 
infectious progeny has not been cultivated in vitro, and only hints are 
available about its identity in vivo. EBV is regularly found in the saliva 
of infected individuals (Morgan et al., 1979). It is present in the oro
pharyngeal secretions of 20% of healthy individuals who possess anti
bodies to EBV and in approximately 50% of seropositive persons who 
have received immunosuppressive drugs to maintain renal allografts or 
as treatment for collagen vascular disease (Strauch et al., 1974). It is likely 
that some cell in the salivary gland is the source of this virus and therefore 
permits a full cycle of viral growth. Samples taken by cannulation of the 
parotid duct are positive for virus. Cells in the salivary gland are positive 
for EBV DNA by cytohybridization (Wolf et al., personal communication). 
However, the exact identity of this cell is still unclear; it may be a ductal 
or glandular epithelial cell or a lymphoid cell. 

As noted above, there is no cell fully permissive of viral replication 
that has been cultivated in vitro. Most tissue-culture cells appear to lack 
virus receptors. This block to infection has recently been overcome by 
several different techniques. DNA that is microinjected will lead to the 
expression of early antigen (EA) (Graessmann et al., 1980). Virus receptors 
can be transplanted onto tissue-culture cells by a process of cell fusion 
(Volsky et al., 1980). Such cells will now accept infection by mature virus 
and permit the viral replicative cycle to occur fully or partially. It has 
recently been possible to transfect cultures of human placental cells with 
EBV DNA (Miller et al., 1981). Some of these placental cells release 
infectious EBV; thus, they permit a full cycle of viral replication in 
vitro. 

2. Producer Cell Lines 

Certain types of EBV-transformed cells permit a full cycle of viral 
replication to occur in a proportion of the cells. These virus producer 
cell lines are derived from several sources. A few human lines established 
from patients are available that release virus in amounts adequate for 
study of their biological and structural properties. These lines are QIMR
WIL from a patient with leukemia, 883L from a patient with mononu
cleosis, and AG876 from a Ghanaian child with Burkitt lymphoma (BL) 
(Pope et al., 1969; Blacklow et al., 1971; Pizzo et al., 1978). Another 
human line, Jijoye, originally from a patient with BL, is a virus producer 
(Ragona et al., 1980; Sairenji and Hinuma, 1980). A subclone of this line, 
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HR-1, has been widely studied because the virus it releases has lost the 
transforming phenotype and is biologically and structurally complex 
IHinuma et aI., 1967; Miller et aI., 1974; Fresen et aI., 1977; Delius and 
Bomkamm, 1978). 

Another source of virus producer lines is cotton top marmoset cells 
that are transformed in vitro IMiller and Lipman, 1973a,b). A variety of 
marmoset lines are now available containing virus that originated from 
patients with infectious mononucleosis 11M), BL, and nasopharyngeal 
carcinoma INPC). Virus released from marmoset cells has been the main 
source of structural comparison of EBV isolates from different diseases 
and ecological niches. 

A third type of virus producer is epithelial lines derived from NPC. 
These lines cannot be cultivated in vitro, but are propagated by passage 
in athymic nude mice IG. Klein et aI., 1974a). Virus is produced by such 
lines and has been propagated by transformation of human and marmoset 
cells ITrumper et aI., 1977; Crawford et al., 1979). 

3. Nonproducer Cell Lines 

Most cells that harbor the EBV genome, both in vivo and in cell 
culture, do not permit mature virus production and are thus referred to 
as "nonproducers." This type of cell-virus relationship probably repre
sents a wide spectrum of controls on the expression of the EBV genome. 
All the cells studied in vivo contain the EBV nuclear antigen IEBNA), 
which is an invariant marker for the presence of the EBV genome IReed
man and Klein, 1973; Lindahl et aI., 1974). These include biopsies of 
NPC, BL, diffuse polyclonal lymphoma, and circulating infected B cells 
present in the blood of patients with 1M. Furthermore, most cell lines 
derived from the blood or tumors of man are nonproducers. Likewise, 
cell lines established by in vitro immortalization of human lymphocytes 
are, with certain exceptions, nonproducers. It is likely that some non
producer lines, of which the prototype is Raji, never produce any mature 
virus. Others may intermittently shed minute amounts that may be dem
onstrated by electron microscopy or by X-irradiation of the cell line and 
cocultivation with primary lymphoid cells IWilson and Miller, 1979). 

Among the nonproducer cells, there seems to be a spectrum of virus 
expression. Some contain only the EBNA, others also produce EA, and 
still others synthesize viral capsid antigens IVCAs). There is also variation 
in the proportion of cells in different lines that synthesize viral DNA 
IMoar and Klein 1979). These results suggest the existence of controls of 
several different viral genes. 

4. Converted Cell Lines 

Two additional types of cell-virus interactions have been produced 
in cell culture. They may also occur in man, but this is not well docu
mented. One process, termed conversion, describes the relationship be-
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tween EBV and cell lines that were derived from BL but that initially 
lacked the EBV genome. These cell lines have the characteristics of B 
lymphocytes, but do not express EBNA (G. Klein et al., 1974b). A few 
cells with EBNA appear early after the genome-free lines are exposed to 
EBV. The majority of cells in the line remain EBNA-negative. Gradually, 
the proportion of cells that are EBNA-positive increases with time, for 
it appears that EBNA-positive cells have selective growth advantages in 
vitro (Steinitz and Klein, 1975). Lines converted by the HR-l virus spon
taneously synthesize low levels of EA, and a rare cell shows VCA. These 
antigens have not been seen in cells converted by B95-8. Since none of 
the converted lines has been found to release virus, they resemble non
producer lines. The important difference is that the EBV genome did not 
provide the initial immortalizing signal to these cells. One important 
implication of these lines is that some EBV-genome-negative B-celllym
phomas may become superinfected with EBV in vivo. 

5. Superinfected Cell Lines 

Still another type of cell-virus relationship is represented by a group 
of lymphoid lines that were originally nonproducers and that were sub
sequently superinfected with a different strain of EBV. When the NC37 
or Raji line is superinfected with high multiplicities of the HR-l strain 
of EBV, it is converted into a producer cell line (Yajima and Nonoyama, 
1976i Traul et al., 1977i Fresen et al., 1978). The virus produced by these 
superinfected cells exhibits altered biological properties. For example, 
some transforming viruses have been recovered from Raji and NC37 cells 
superinfected with the non transforming HR-l strain of EBV. Structural 
analyses of the viruses released from the superinfected cells suggest that 
they are recombinants between the superinfecting virus and the EBV 
genomes originally resident in the nonproducer cell lines (Fresen et al., 
1979). 

The implication of the phenomenon of superinfection is that a virus 
released by a cell line may not necessarily represent the virus that was 
originally responsible for transformation, but rather another viral variant 
that superinfected the established line. It is clear from the superinfection 
experiments that a continuous lymphoblastoid-cellline (LCL) may harbor 
several EBVs that differ in their structure and biological properties. 

6. Hybrid Cell Lines 

A final type of cell-virus relationship is that represented by hybrid 
cell lines (Glaser and Rapp, 1972). A variety of different kinds of somatic
cell hybrids have been formed between different LCLs harboring EBV 
genomes or between EBV-carrying lymphoblasts and other monolayer 
cell cultures. These hybrids have been used to explore the controls on 
the expression of the EBV genome (Glaser and Nonoyama, 1974). For 
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example, in a hybrid between the HR-l producer line and the D98 epi
thelialline, no spontaneous expression of VCA or virions occurs, although 
one parent, the HR-l line, does produce mature virus. Conversely, a 
hybrid between D98 and Raji cells is more likely to undergo VCA and 
virion synthesis following "induction" with 5-iodo-2-deoxyuridine (IUdR) 
than is the parental Raji strain. These types of results with somatic-cell 
hybrids suggest a complex network of controls on the latent state of the 
EBV genome. 

B. Genome Content and Complexity 

1. Genome Copy Number 

Biopsies of BL, NRC, and diffuse polyclonallymphoma contain mul
tiple copies of the EBV genome (zur Hausen et al., 1970). Multiple copies 
of EBV DNA are also found in cell lines established following in vitro 
exposure to EBV (Sugden et aI., 1979). In the in vitro system, it is possible 
to transform lymphocytes clonally and at very low multiplicities of in
fection, conditions that make it unlikely that a cell line resulted from 
infection with more than one virus particle. Even under these conditions, 
the resultant transformed lines still contain many DNA copies per cell. 
Cells transformed under different physiological conditions, i.e., with and 
without mitogens, large cells and small ones, all have multiple copies of 
EBV DNA. Most of this DNA is episomal (Anvret and Miller, 1981). In 
some instances, it has been found that clones of cells vary in their copy 
number over a period of months after they were initially established, 
usually with an upward drift of copy number (Sugden et al., 1979). How
ever, other clones have a constant level of EBV genomes. It has not yet 
been established whether genome copy number increases during the 
transformation process, i.e., whether there is synthesis of viral DNA 
before transformation. 

Genome copy number is usually measured in total cellular DNA 
extracted from a mass culture. It is clear, however, that what is being 
measured is an "average" among cells in a given line. This is most clearly 
the case in virus producer lines, which usually have an average of several 
hundred copies per cell (Miller et aI., 1976). This average results from 
some cells that are virus factories and presumably contain many thou
sands of EBV DNA copies and some cells that contain only a few copies, 
probably only in the latent form. The clearest proof of this idea comes 
from experiments with inhibitors of viral DNA synthesis such as phos
phonoacetic acid (FAA). Treatment with the drug seems to abolish viral 
DNA synthesis in the virus factories without affecting the synthesis of 
the latent genomes. Producer cell lines that have been grown continu
ously in the presence of PAA exhibit a dramatic drop in copy number 
(Summers and Klein, 1976). Since PAA seems to affect viral DNA po-
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lymerases more drastically than cellular ones, the implication is that in 
the virus factories, viral DNA is synthesized by means of viral DNA 
polymerases, but that latent viral genomes are replicated under control 
of cellular enzymes. 

In certain cell lines, such as Raji, that have been examined for their 
EBV DNA copy number over periods of several years, the number of EBV 
genomes is remarkably stable at about 50-100 copies per cell (zur Hausen 
et a1., 1972; Adams, 1979). This suggests the existence of some regulatory 
event that permits viral DNA to replicate in synchrony with host-cell 
DNA. This is not to say, however, that every cell in the Raji line contains 
the same number of EBV DNA copies, for single cell clones of Raji cells 
vary in their content of EBV DNA (Bister et a1., 1979). 

An exception to the rule that cell lines that contain EBV DNA con
tain multiple copies is some of the converted lines. Most of these lines 
seem to have relatively small numbers of EBV DNA copies (Andersson 
and Lindahl, 1976). 

The function served by the many copies of EBV DNA present in 
transformed cells is still obscure. The most obvious explanation is the 
requirement for a "gene-dosage" effect to transform the cells, but this is 
not proven. 

2. Genome Complexity 

Unlike cells transformed by herpes simplex virus or adenovirus, 
which contain only a fragment of the entire viral genome, LCLs derived 
by exposure to EBV seem to contain a nearly complete copy of viral DNA. 
Several types of evidence, both biological and biochemical in nature, 
support this conclusion. Total cellular DNA of several clones of cells 
transformed in vitro by EBV was analyzed by a combination of restriction
endonuclease digestion followed by Southern transfer and nucleic acid 
hybridization (Sugden, 1977). Nearly all the DNA fragments found in 
EBV DNA taken from virions were detected in the total DNA of trans
formed cells. Episomal EBV DNA has been isolated from BL lines as well 
as from cells transformed in vitro (Lindahl and Adams, 1976). While some 
variation is observed in the size of the intracellular episomes, as measured 
by electron microscopy, the circular intracellular DNA is very close in 
size to the DNA present in virions (Adams, 1979). 

A biological approach has also been used to demonstrate that infor
mation encoding mature virions is present in some nonproducer cells. 
Sublines of EBV-transformed neonatal B cells, which were apparent non
producers since they did not express VCA or release biologically active 
virus into the culture medium, were found to release infectious virus 
when they were X-irradiated and cocultivated with primary leukocytes 
(Wilson and Miller, 1979). Recovery of virus by the technique of X-irra
diation and cocultivation was blocked if antiserum was present during 
the first few hours of cocultivation, but not thereafter. These findings 
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indicate that EBV in biologically active form is present on or near the 
surface of a small number of cells in "nonproducer" human umbilical
cord lymphocytes transformed in vitro. Approximately 1 in 104 cells in 
such lines contains complete virus. 

Radiobiological experiments also provide indirect evidence for the 
participation of a large part of the EBV genome in the initiation of trans
formation (Henderson et al., 1978). The lethal dose of X-irradiation re
quired to inactivate the immortalizing properties of EBV (LD,>! = 60,000 
rads) is approximately the same as the dose needed to destroy plaque 
formation by herpes simplex virus, which has a genome of approximately 
the same size. No dose of X-irradiation or UV irradiation increases the 
transforming potential of EBV, a finding that is in marked contrast to 
observations in similar experiments with papovaviruses, adenoviruses, 
and herpes simplex viruses. It is clear in the case of the cytolytic DNA 
viruses that the enhancing effect of irradiation on the transformation 
process is in part related to the inactivation of cytopathic functions of 
the genome. The initial interaction of transforming strains of EBV with 
their target cells is not cytolytic; therefore, cell transformation and per
sistence of the entire viral genome are compatible. 

One can only speculate on the reasons for the requirement for large 
portions of EBV DNA to initiate transformation (Fig. 2). Three general 
hypotheses can be offered: (1) One is a requirement for the presence of 
the circular viral plasmid to ensure viral DNA replication. Since circu
larity is presumably maintained by means of the direct repeats at the 
termini (Kintner and Sugden, 1979), damage anywhere along the genome 
impairs the ability to maintain circularity. (2) A second explanation is 
that amplification of the plasmid, possibly via viral-encoded DNA-syn
thesizing enzymes, is related to cell transformation through a gene-dosage 
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FIGURE 2. Three hypotheses to account for the apparent participation of the entire EBV 
genome in transformation: III The formation of circular intracellular genomes may require 
intact DNA. 121 The replication and amplification of the episome may require intact DNA. 
131 Transcripts representing transforming functions are widely dispersed on the genome. 
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effect. Transformation selects for cells that contain many EBV DNA 
copies as the result of an intact set of genes involved in viral DNA 
synthesis. (3) A third explanation, and one for which there is the most 
direct experimental evidence, is that transcripts representing functions 
that may immortalize the cell are coded from genes that are widely 
dispersed on the genome (Dambaugh et al., 1979; Rymo, 1979). 

C. Epstein-Barr Viral Antigen Expression in Transformed Cells 

1. Types of Antigens 

A series of antigen systems have been defined in EBV-transformed 
cells using immunofluorescence techniques. A nuclear antigen (EBNA) 
is found in all cells that harbor EBV DNA, both in vivo and in vitro (G. 
Klein, 1975). It appears to be associated with the chromatin and is found 
on metaphase chromosomes. It has DNA-binding properties, but other
wise its function is not known (G. Klein, 1980). Viruses with immortal
izing and with nonimmortalizing biotypes (see Section VI.C.4) contain 
the capacity to induce EBNA, for both types of viruses can cause the 
conversion of genome-negative BJAB cells to lines that express EBNA 
(Clements et al., 1975; Fresen and zur Hausen, 1976). The detection of 
EBNA requires amplification of the antigen-antibody reaction by use of 
anticomplement immunofluorescence (Reedman and Klein, 1973). Whether 
this is due to low amounts of the antigen in the cells or to peculiar 
structural properties of the antigen is not now understood. 

Biological experiments indicate that there is more than one species 
of EBNA. When BJAB cells were "converted" by addition of the HR-l 
virus, two types of EBNA were observed, "faint granular" and "brilliant" 
(Fresen et al., 1977). Sub clones of converted BJAB cells could be obtained 
in which the two forms of EBNA segregated. The transforming strain of 
EBV induced only "brilliant" EBNA. 

Another nuclear antigen system recently defined is termed "RANA" 
for "rheumatoid-arthritis-associated nuclear antigen" (Alspaugh and Tan, 
1976; Catalano et al., 1979). RANA appears to be distinguishable from 
EBNA. Its detection does not require anticomplement immunofluores
cence, but it can be demonstrated by classic indirect immunofluores
cence. The RANA antigen is relatively stable to heating, but, unlike 
EBNA, is destroyed by fixation in acetone or methanol. Antibodies to 
RANA are not limited to patients with rheumatoid arthritis, but develop 
during 1M (Catalano et al., 1980). 

While EBNA, and possibly RANA, are antigens that have nothing 
whatsoever to do with the productive viral replicative cycle, all the other 
EBV antigen systems seem to be part of the life cycle of the virus leading 
ultimately to viral maturation. An antigen system called early antigen 
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lEA) appears spontaneously and can also be induced Isee Section VI.C.3) 
in may LCLs. It is termed "early antigen" because its expression does 
not require viral or cellular DNA synthesis IGergely et al., 1971). There 
are at least two different components of EA that are defined on the basis 
of their distribution within the cell Idiffuse and restricted) and on the 
basis of their sensitivity to fixation in methanol. When EA is sponta
neously expressed in a cell line, only a fraction of the cells display the 
antigen, unlike EBNA, which is present in every cell. The biological 
function of EA is not known. 

Two other antigen systems correlate with viral particle formation 
and are found only in cell lines that are synthesizing virions. These are 
"membrane antigen" IMA) and viral capsid antigen IVCA). 

MA is present on the surface of that subpopulation of cells in a line 
that is synthesizing virions. It is spontaneously expressed in producer 
cell lines such as B9S-8 and HR-1; it also appears on the surface of Raji 
cells following superinfection with the HR-1 virus strain IQualtiere and 
Pearson, 1979). MAs are also likely to be shared with antigens on the 
virus envelope that are responsible for eliciting neutralizing antibodies 
to the virus IThorley-Lawson, 1979). Cells that are synthesizing MA can 
absorb neutralizing antibodies from antibody-containing sera; nonprod
ucer cells, which are not synthesizing MA, will not absorb neutralizing 
antibody ICoope et al., 1979). 

VCA is present in both the nucleus and cytoplasm of cells producing 
virus. It is not found in nonproducer cell lines. VCA also appears in Raji 
cells when they are superinfected with a high multiplicity of HR-1 virus. 
Cells synthesizing VCA have probably undergone cytopathic changes and 
are no longer able to replicate. It has been found that cells that contain 
VCA also contain virions detectable by electron microscopy. 

2. Spontaneous Expression of Viral Antigen 

Most EBV-transformed cells studied in vivo, whether blood lympho
cytes from patients with 1M, BL, or NPC cells, express only the EBNA 
antigen and do not produce the antigens associated with the viral repli
cative cycle. However, once cells infected in vivo are placed in culture, 
they begin to produce additional viral antigens such as EA, VCA, and 
MA. Apparently, those cells that produce these antigens are destroyed 
through cytopathic effects presumably mediated by viral-encoded pro
teins. In a portion of cells taken from blood or biopsy viral, replicative 
functions are not manifest. Such cells are able to form continuous cell 
lines. 

In the continuous lines, all the cells display EBNA, and a portion of 
the cells spontaneously produce the antigen series represented by EA, 
VCA, and MA. Exactly which antigens are produced, and the relative 
proportions of the cells that are activated to synthesize these antigens, 
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vary from one LeL to the next. Age and the species of donor whose cells 
are transformed influence the extent of antigen expression (Fig. 3). Neon
atal human cells rarely produce significant amounts of VeA, while adult 
cells generally have a low level of veA. Human cells are less productive 
than squirrel monkey or marmoset cells when transformed by the same 
virus strain. It is clear from this type of evidence that the host cell plays 
an important role in regulating viral antigen expression, but the level at 
which this control operates is not understood. Although only a portion 
of cells in certain lines express veA or MA, it is evident that all the cells 
in a line possess the capacity to do so. Single cell clones isolated from 
lines resemble their parent-each clone contains a portion of cells with 
viral antigen (Fig. 3) (Miller and Lipman, 1973b). 

There is a general impression that with time in culture, there is often 
a decrease in the number of cells in a line that are expressing antigens 
associated with the productive cycle. This is particularly true of the HR-
1 line from which nonproducer sublines have readily been obtained. This 
observation suggests, first, that spontaneous changes occur, either in host 
or virus, that favor nonexpression of virus. Second, it seems that cells 
that do not express the antigens of the productive cycle have a selective 
growth advantage in vitro over those that do. 

FIGURE 3. Host-determined differences in spontaneous induction of the EBV genome. 
Transformed cells from human umbilical-cord lymphocytes contain minute amounts of 
cell-associated virus, but they do not make veA or release virus. Adult human cells express 
veA and release small amounts of virus. Marmoset lines have higher levels of veA and 
release the most extracellular virus. 
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3. Induction of Viral Antigen Expression in Established Lines 

A variety of treatments can be shown to affect the extent of viral 
antigen expression in LeLs. For the most part, the inducing agents do 
not activate a new set of antigens, but increase the level of expression 
of antigens that are already being spontaneously produced. A prototype 
for such studies has been the Raji cell line, which spontaneously expresses 
a very low level of EA. 

Halogenated pyrimidines are potent inducing agents in certain non
producing cell lines (Hampar et al., 1972; Gerber and Lucas, 1972). IUdR 
and BUdR induce EA in Raji cells, but not VeA or virions. When induc
tion of EA synthesis has been examined in synchronized cultures, it has 
been shown that the critical time for the presence of the inducing agent 
is the first 60 min of S phase. EA appears 5-7 hr later (Hampar et al., 
1974). 

Halogenated pyrimidines do not seem to affect antigen synthesis in 
lines that are engaged in virion production. However, tumor promoters 
derived form croton oil [such as 12-0-tetradecanoyl phorbol-13 acetate 
(TPA)) are potent inducers of latent EBV (zur Hausen et al., 1978). In 
nonproducer lines, such as Raji, TP A increases the level of expression of 
EA (Bister et al., 1979). In cell lines that are already virus producers, TPA 
induces additional VeA expression and virion release. TP A has proven 
very useful in increasing the yield of virions for biochemical analysis. 

Other inducing agents belong to a variety of different classes of chem
ical and physical agents. Some of them appear specific for certain EBV
carrying cell lines. For example, the EBa line increases its production of 
VeA in a medium with low arginine content (W. Henle and G. Henle, 
1968). Antibody to surface IgM causes induction of EA expression in Raji 
and other lines with surface IgM (Tovey et al., 1978). Anti-IgM is syn
ergistic with IUdR. An inhibitor of DNA synthesis, n-butyrate, is also 
an inducer of EA expression (Luka et al., 1979; Saemundsen et al., 1980). 
Some lines are induced to produce veA by heat, UV irradiation, and even 
platinum compounds (Lai et al., 1973; Vonka and Kutinova, 1973; Vonka 
et al., 1972). In no instance is there clear understanding of the mecha
nisms behind induction. 

In certain studies, attempts have been made to probe the influence 
of the host cell on the induction process by placing the viral genome in 
a slightly different host-cell environment. For example, sublines of Raji 
with polyploid genomes have been selected by colcemid treatment, and 
the ease of induction of EA has been studied in the diploid parent line 
and in the tetraploid sublines (Shapiro et al., 1978). The ease of induction 
of EA by IUdR was reduced in all the tetraploid lines even though they 
contained slightly increased numbers of EBV genomes. These experi
ments suggested that the restrictive effects of RAji cells on the EBV 
genomes resident within them could be increased by amplifying the num
ber of host-cell genes. 
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Another approach to the problem of host-cell control of antigen 
expression has involved the use of somatic-cell hybrids. For example, 
IUdR treatment of a Raji-D98 cell hybrid leads to VCA and virion syn
thesis, whereas similar treatment of the Raji parent leads only to EA 
synthesis (Glaser and Nonoyama, 1974). In this instance, the results sug
gest that restrictions imposed by one component of the hybrid (Raji) are 
overcome by the other (D98). 

4. Antigen Expression following Infection of Lymphoid Cells with EBV 

EBV antigens have been sought in three different types of in vitro 
infection systems, namely, the infection of primary lymphocytes, the 
superinfection of EBV-genome-carrier lymphoid lines, and the infection 
of continuous B-Iymphocyte lines that lack the EBV genome (see Table 
II). 

In primary lymphocytes, the transforming strains induce EBNA, but 
no other antigens associated with the productive replicative cycle, even 
though such antigens may ultimately be expressed once a cell line has 
been established. Although the non transforming HR-1 strain is cytolytic 
to primary lymphocytes, thus far no viral-induced antigens have been 
detected in fresh lymphocytes inoculated with this strain. 

The cytolytic HR-1 virus induces a full range of antigens associated 
with the viral replicative cycle in Raji cells. If low multiplicities of virus 
are added « 1-10 particles per cell), only EA expression is detected. If 
larger amounts of virus are added, multiplicities in the range of 1000 
particles per cell, new viral DNA, VCA, and virions are made as well. 
The evidence that the virus produced by infection of Raji cells at high 
multiplicity is newly made, rather than input virus, comes from a detailed 
electron-microscopic study in which evidence of herpesvirus maturation 
was found in superinfected cells examined serially (Seigneurin et al., 
1977). New capsids were made as early as 7 hr after infection and were 
enveloped at various sites such as the nuclear membrane, Golgi mem
branes, and membranes of cytoplasmic vacuoles. 

TABLE II. Cytopathic Effects and Antigen Expression in Lymphoid Cells by 
Nontransforming and Transforming Strains of Epstein-Barr Virus 

HR-l virus B95-8 virus 

Primary Primary 
human Raji BTAB human Raji BTAB 

Effects and antigens lymphocytes cells cells lymphocytes cells cells 

Cytopathic effects + + (+1 
EBNA NA + + NA + 
EA + + 
VCA + 
MA + 
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Even though Raji cells contain receptors for transforming virus, these 
cells do not seem to express any new antigen following addition of the 
B95-8 or other transforming strains of virus. 

Conversion of EBV-genome-negative continuous B-cell lines, such 
as BJAB and Ramos, to permanent EBV carriage and expression of EBNA 
can be achieved by both biotypes of EBV, transforming and non trans
forming. However, lines that are converted to EBV carriage by HR-1 virus 
spontaneously synthesize low levels of EA, and a rare cell shows VCA, 
whereas EA synthesis is not associated with conversion by B95-8 (Klein 
et al., 1974c). 

D. Release of Mature Virus 

1. Factors That Affect Yield of Extracellular EBV 

Only a few human cell lines transformed by EBV release appreciable 
amounts of extracellular virus. Most lines are nonproducers or at best 
shed minute amounts of virus into the supernatant phase of the culture. 
The available evidence suggests that host-cell functions, rather than a 
specific composition of the viral genome, are important in viral matur
ation and release. The best evidence on this question comes from ex
periments in which the same virus strain (B95-8) was used to transform 
cells of different species of New World primates. Woolly monkey cells 
transformed by the virus were nonproducers, or very low-level producers, 
as were human cells; squirrel monkey lymphocytes shed intermediate 
amounts of virus, while cottontop marmoset (CTM) cells released the 
most virus (Frank et al., 1976). Since EBV-transformed CTM cells release 
virus, this system has been widely used to propagate different EBV strains 
from various geographic regions and from patients with different EBV
associated diseases to serve as a basis for the structural comparison of 
different virus strains. 

Enhanced virus release by EBV-transformed CTM cells is not solely 
the result of increased activation of the viral genome, but is more likely 
due to some process of maturation, envelopment, or release. For example, 
in a comparison of transformed human, squirrel monkey, and CTM 
clones, there was only a 2- to lO-fold difference in the number of activated 
cells, as detected by VCA expression, but there was a 103 - to 104 -fold 
increase in virus yield by CTM as contrasted with human cells. 

Once a producer cell line has been established, various conditions 
of culture affect virus release. For example, the source of serum influences 
the amount of virus shed by some lines. Apparently, an inhibitor of virus 
release is present in some batches of calf serum (Sairenji and Hinuma, 
1975). Temperature and the duration of culture since the last feeding of 
medium are also important. For most producer lines, virus release is 
optimal 10-14 days after the cells have been subcultured. Virus release 
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by the Jijoye line and its HR-l subline is apparently facilitated if the cells 
are grown at 33°C ISairenji and Hinuma, 1980). 

Apparently, a number of cell lines produce mature virus that remains 
at or near the cell surface and is not released efficiently. Transforming 
virus can be recovered from certain of these producer cell lines when 
they are lethally X-irradiated and cocultivated with fresh lymphocytes 
or after they are repeatedly frozen and thawed and then co cultivated 
IWilson and Miller, 1979). The earliest demonstrations of the immortal
izing properties of EBV were made using, as a source of virus, lethally X
irradiated or frozen extracts of producer cell lines IW. Henle et a1., 1967; 
Miller et a1., 1969). The mechanisms behind this cell-associated behavior 
of mature virus have not been studied, but it appears to be a characteristic 
of most viruses in the herpes group. It might be due to some defect in 
the final stages of virus budding. Alternatively, some virus-producer lines 
may still retain virus receptors, and any virus that is made reattaches to 
the cell membrane. 

2. Biological Properties of Released Virus 

a. Transforming Virus 

The virus released by most producer lines has the transforming phen
otype; i.e., it is capable of converting normal human B lymphocytes into 
continuous LCLs. The biological activity of this virus can be quantitated 
in one of several assays IMiller, 1980). The level of transforming activity 
as judged by the morphological appearance of the cells can be titrated by 
end-point dilution, usually in a microtiter system IMoss and Pope, 1972; 
Henderson et a1., 1977a). Each microwell contains the same number of 
cells labout 2-4 x 105 ), and serial dilutions of virus are added. Trans
formation is scored at 6-8 weeks. Marmoset lines such as B95-8 that 
release considerable amounts of transforming virus usually have about 
105 transforming units/ml culture fluid. There are about 5 x 106 physical 
particles and about 5 x 106 EBV DNA molecules labout 1 ng) per milliliter 
of such cultures ISugden and Mark, 1977). Therefore, approximately 1 in 
50 particles or DNA molecules is a transforming unit. There is no evi
dence that these 50 particles or genomes need to collaborate to initiate 
one transformation event, for transformation kinetics indicate a "one
hit" event. 

Another quantitative assay for EBV of the transforming biotype meas
ures stimulation of DNA synthesis IRobinson and Miller, 1975). This is 
a much more rapid assay for virus, since the results are known after 
several days. The extent of incorporation of [3Hldeoxythymidine into 
acid-insoluble material is proportional to the amount of virus added to 
the leukocytes. By autoradiography, the number and types of cells stim
ulated into DNA synthesis by the virus can be measured IRobinson et 
al., 1979). 
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b_ Nontransforming Virus 

The cytolytic EBV variant P3J-HR-l has been extensively studied, 
and there are a number of different assays available to measure its bio
logical activity_ The cell-killing properties of the virus can be measured 
by following its ability to inhibit colony formation by Raji cells, an assay 
that has even formed the basis for an EBV microneutralization (Rocchi 
and Hewetson, 1973)-

HR-l virus induces EA in both Raji and BJAB cells, another basis for 
measuring its activity (G_ Henle et al., 1970) Radiobiological inactivation 
curves and dilution curves provide evidence that the proportion of the 
HR-l genome that is required to induce EA differs in genome-positive 
and genome-negative target cells. In the former, there is apparently some 
sort of interaction between the superinfecting and resident genome. In 
the genome-negative cells, antigen induction is solely the result of input 
virus. The new proteins synthesized in superinfected Raji cells have been 
characterized (see Chapter 3), but the biological function of these proteins 
is not understood. 

If high multiplicities of the HR-l virus variant are used to superinfect 
certain cell lines that ordinarily do not release virus, new virions are 
made. These new virions have shown a spectrum of biological properties. 
Some are transforming, others are cytolytic, still others do not seem to 
have either property (Yajima and Nonoyama, 1976). It is not yet clear 
what is the origin of these new viruses. A number of possibilities may 
be mentioned: They may be recombinants between the input HR-l virus 
and the endogenous EBV in the cells. They may be minor components 
of the input HR-l virus; they may be endogenous viruses that have been 
activated. Much further correlative work is needed on the structure and 
biological properties of the viruses produced as the result of superinfection. 

The HR-l virus is cytolytic to fresh B lymphocytes and interferes 
with transformation by EBV strains with this property (Miller et aI., 
1974). Cell killing is specific for B cells, and there is no effect on T cells 
(Steinitz et al., 1978). Surprisingly, no new identifiable antigens are de
tectable in the fresh lymphocytes infected with HR-l virus. 

The HR-l virus seems to have lost many of the properties of the 
transforming biotypes. It does not stimulate DNA synthesis, and it is not 
tumorigenic in marmosets (Falk et aI., 1974). It is of interest, however, 
that HR-l genomes can still code for EBNA, for various EBV-genome
negative cell lines express EBNA after superinfection with HR-l virus. 
This finding indicates that a failure to code for EBNA is per se not the 
defect that is characteristic of the HR-l virus. Several hypotheses might 
be proposed to account for the nontransforming behavior of the HR-l 
variant: The genome is deleted in a region adjacent to the internal repeats 
(Bornkamm et al., 1980). However, there is no evidence yet from biolog
ical experiments that this region codes for a transforming function. The 
HR-l genome may have sequences that are "antitransforming," partic-
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ularly those genes that are responsible for the cytolytic function of the 
virus. Alternatively, the HR-l genome may contain transforming genes 
that are misordered, thereby allowing viral replicative rather than trans
forming functions to predominate. 

The resolution of this important difference between the two strains, 
through a combination of biological, genetic, and structural studies of 
the genome, should ultimately prove useful in defining the mechanisms 
of lymphoid-cell immortalization by Epstein-Barr virus. 
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CHAPTER 5 

Immunology of Epstein-Barr 
Virus 
WERNER HENLE, M.D., AND GERTRUDE HENLE, M.D. 

I. INTRODUCTION 

The Epstein-Barr virus (EBV) was initially detected by electron micros
copy in a small percentage of cells cultured from Burkitt lymphomas 
(BL), the most frequent malignancy of African children (M.A. Epstein et 
al., 1964). This tumor had become a special target for virologists because 
epidemiological observations made in endemic regions pointed to par
ticipation of an infectious agent either directly or as a cofactor in its 
development (d. Burkitt and Wright, 1970). Despite this background, the 
virus found in the tumor cells was considered by most virologists to be 
a harmless passenger because it belonged morphologically to the herpes 
group of viruses and none of its members had as yet been shown to be 
potentially oncogenic. The fact that it could not be transmitted to any 
routine cell cultures, chick embryos, or experimental animals suggested 
that it was not one of the then known three human herpesviruses (herpes 
simplex, cytomegalovirus, and varicella virus) and thus provided the first 
clue that it was a previously unknown agent (M.A. Epstein et al., 1965). 

Confronted with a possibly new virus, we found it essential to 
develop immunological procedures to determine (1) whether the virus 
was antigenically related to any other herpesviruses; (2) whether the 
patient from whom the virus was derived and other BL patients had 
antibodies to it and, if they did, (a) whether patients with other diseases 
or healthy controls had no such antibodies or, if they had, (b) whether 

WERNER HENLE, MD., and GERTRUDE HENLE, MD. • The Joseph Stokes, Jr., Re· 
search Institute of The Children's Hospital of Philadelphia, University of Pennsylvania 
School of Medicine, 34th Street and Civic Center Boulevard, Philadelphia, Pennsylvania 
19104. 

209 



210 WERNER HENLE AND GERTRUDE HENLE 

the BL patients had higher titers of antibodies than the control groups. 
By indirect-immunofluorescence tests with fixed cell smears from the BL 
cultures, the virus was shown to be antigenic ally distinct from all other 
herpesviruses (G. Henle and W. Henle, 1966a,b), and it was thenceforth 
called the Epstein-Barr virus after the EB-1 culture in which it was first 
seen. All sera from BL patients elicited brilliant fluorescence in the virus
producing cells of the test smears, but so did many of the African control 
sera and, indeed, sera from other parts of the world (G. Henle and W. 
Henle, 1966aj Levy and Henle, 1966). The BL sera had, however, a 10-
fold higher geometric mean antibody titer (GMT) than the controls (G. 
Henle et ai., 1969). Other studies had shown that a large proportion of 
BL cells derived from biopsies or cultures expressed an antigen in their 
membrane that was absent in other cells from the patients (Klein et 
al., 1966, 1967). The cell-membrane antigen(s) turned out to be EBV
determined (Klein et al., 1968a). Thus, EBV remained a candidate for the 
etiology of BL. 

The virus also became a candidate for the cause of undifferentiated 
nasopharyngeal carcinomas (NPCs) through a chance observation. Old 
et ai. (1966, 1968) noted that sera from African NPC patients, represented 
among the controls, reacted as well as BL sera with extracts of cultured 
BL cells in double-immunodiffusion tests, yielding up to five lines of 
precipitation. Following this lead, we titrated sera from African, Chinese, 
and European NPC patients in indirect-immunofluorescence tests, and 
they yielded 8- to lO-fold higher GMTs than sera from patients with 
carcinomas at other sites of head and neck, from patients with other 
tumors of the nasopharynx, or from healthy controls (W. Henle and G. 
Henle, 1968 j de Schryver et al., 1969j W. Henle et al., 1970a). 

The apparent association of EBV with BL and NPC was further es
tablished by the demonstration of EBV DNA in nearly all biopsies from 
such tumors (zur Hausen et al., 1970j Nonoyama et al., 1973j Lindahl 
et al., 1974j Pagano et ai., 1975 j Andersson-Anvret et al., 1977) as well 
as the detection of the EBV-associated nuclear antigen in the tumor cells 
(Reedman et al., 1974j Wolf et al., 1973 j Klein et al., 1974j Huang et 
ai., 1974). 

Both BL and NPC have a high incidence in certain, but different, 
geographic regions of the world (10-40/100,000 per year), yet overall these 
tumors are rare considering that practically nobody escapes infection by 
EBV anywhere in the world (d. W. Henle and G. Henle, 1979). We 
thought, therefore, that the virus might be primarily the cause of a com
mon benign disease that by another chance event was found to be infec
tious mononucleosis (1M) (G. Henle et al., 1968). A seronegative tech
nician in our laboratory provided the initial clue when she developed the 
disease and seroconverted in its course. Subsequent prospective studies 
amply confirmed the initial observations, so that there remains no doubt 
that EBV is the cause of 1M (d. G. Henle and W. Henle, 1979). 

On a worldwide basis, by far the greatest number of primary EBV 
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infections occur in early childhood when they are mostly inapparent but, 
like 1M, establish a permanent, latent viral carrier state that can become 
unbalanced by immunosuppressive diseases or therapy (d. W. Henle and 
G. Henle, 1980). Before discussion of the immune responses encountered 
under these various conditions, it is necessary to review briefly the virus
specific antigen-antibody systems that have been most useful for ser
oepidemiological surveys and the serodiagnosis of the EBV-associated 
diseases. 

II. EPSTEIN-BARR-VIRUS-SPECIFIC ANTIGENS 

Epstein-Barr virus (EBV) has thus far been shown to replicate only 
in cultured lymphoblasts, whether derived from Burkitt-lymphoma (BL) 
biopsies or the peripheral blood of infectious mononucleosis (1M) patients 
or viral carriers. Even these cells are of only low permissiveness because 
no more than about 10%, but usually many less, are producing virus at 
any given time (M.A. Epstein et al., 1965; G. Henle and W. Henle, 1966a; 
Klein et al., 1968a; Diehl et al., 1968). Furthermore, only lymphocytes 
of bone-marrow derivation are infectible lJondal and Klein, 1973; Patten
gale et al., 1974b). While oropharyngeal epithelial cells have been claimed 
to be primary targets of EBV (Lemon et al., 1977) and salivary glands to 
be one of the persistent habitats of the virus (Niederman et al., 1976; 
Morgan et al., 1979), neither of these suggestions has been irrefutably 
proven. 

The lymphoblastoid-celllines (LeLs) are divided into "producer" and 
"nonproducer" cultures depending on whether or not they shed infectious 
virus into the media. Because of the restricted replication of the virus, 
the immunological approach to its detection and identification, to the 
determination of its geographic dissemination by antibody surveys, and 
to the evaluation of its role in human disease by specific antibody re
sponses had of necessity to be based mainly on immunofluorescence 
techniques. Despite these handicaps, several distinct groups of EBV-spe
cific antigens have been differentiated to date, and tests for detection and 
titration of the corresponding antibodies have been developed that are 
useful in the serodiagnosis and clinical assessment of EBV-associated 
diseases. 

A. Viral Capsid Antigen 

Viral capsid antigen (VeA) was the first EBV-specific antigen de
scribed (G. Henle and W. Henle, 1966a). It was detected by indirect im
munofluorescence in smears of cultured BL cells and subsequently also 
in smears of LeLs derived from peripheral leukocytes of various types 
of donors. The proportion of immunofluorescent cells corresponded 
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closely to the proportion of cells shown by electron microscopy to harbor 
virus particles (G. Henle and W. Henle, 1966a; Hinuma et a1., 1967; Klein 
et a1., 1968a). By pulse-labeling of lymphoblasts with [3H]thymidine and 
combined immunofluorescence and autoradiography, the isotope was 
found spread to the cytoplasm from the nucleus of immunofluorescent 
cells, whereas in the nonfluorescent cells it was limited to the nucleus, 
if present at all (zur Hausen et a1., 1967). Individually picked fluorescent 
cells, after being embedded and thin-sectioned, were found on electron
microscopic examination to contain numerous virus particles, whereas 
nonfluorescent cells, similarly prepared, were free of virus (zur Hausen 
et a1., 1967; M.A. Epstein and Achong, 1968). As determined by negative
contrast electron microscopy, nonenveloped, naked nucleocapsids ex
tracted and concentrated from cells of producer LeLs acquired a coat of 
antibodies and became in part agglutinated when exposed to sera that 
were positive in the immunofluorescence test, but not when negative 
sera were used (W. Henle et al., 1966; Mayyasi et al., 1967). Antibodies 
to other herpesviruses failed to coat the nucleocapsids. The fluorescence 
was clearly due to an antigen produced by the indigenous virus, and 
because the antibodies reacted evidently with nucleocapsids, it was called 
viral capsid antigen when it became necessary to distinguish it from 
other, subsequently identified, EBV-specific antigens. 

Anyone who has experienced a primary EBV infection at any time 
in the past has antibodies to VeA at usually moderate titers (d. W. Henle 
and G. Henle, 1978). Since practically nobody escapes infection by EBV, 
commercially available human ,,(-globulin can be used after conjugation 
with fluorescein-isothiocyanate for detection of YeA-positive cells by 
the direct-immunofluorescence technique (G. Henle and W. Henle, 
1966a). 

B. Epstein-Barr-Virus-Induced Early Antigens 

When nonproducer LeLs (Raji or RPMI 64-10) were inoculated with 
EBV from a producer LeL (P3HR-l), further growth of the culture was 
partially or totally inhibited, yet indirect-immunofluorescence tests with 
standard sera from healthy donors, containing antibodies to VeA, stained 
only very few, if any, of the exposed lymphoblasts (W. Henle et a1., 1970b). 
However, when sera from patients with 1M, BL, or nasopharyngeal car
cinoma (NPC) were substituted for the standard sera, brilliantly fluores
cent cells were observed within 24-48 hr in numbers clearly proportional 
to the dose of virus used for inoculation of the nonproducer LeL. Ob
viously, the cells had synthesized antigen(s) to which patients with EBV
associated diseases usually do have antibodies (W. Henle et al., 1971; G. 
Henle et ai., 1971b), whereas healthy donors after long-past primary EBV 
infections usually do not. The antigen(s) appeared well in advance of veA 
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in those few cells that synthesized this antigen, suggesting the name 
"early antigenls)" lEA). It was shown subsequently IGergely et al., 
1971a,b) that EA synthesis did indeed proceed without restraint when 
viral DNA replication was prevented by exposure of the cells to l-I3-D
arabinofuranosylcytosine (ARA-C) or other DNA inhibitors. Evidently, 
only a single, abortive cycle of viral replication was induced by P3HR-l 
virus in the cells from nonproducer LCLs, yielding EA but rarely VCA 
IW. Henle et al., 1970b). Consequently, very few if any infectious virus 
particles were produced, so that 24 hr postinfection, no increase in EA
synthesizing cells was noted, although the intensity of staining increased 
up to 48 hr due to an increase in the amount of antigen synthesized 
within infected cells. The abortive cycle, once initiated, leads invariably 
to the death of the cell IW. Henle et al., 1970bj Gergely et al., 1971cj 
Rocchi et al., 1973). 

As will be discussed in Section II.C, every cell in producer or non
producer LCLs carries EBV genomes and expresses the EBV -associated 
nuclear antigen IEBNA). Exposure of these cells to P3HR-l virus thus 
constitutes a superinfection that might, and has indeed been shown to, 
lead to recombinations between the DNAs of the resident and superin
fecting viruses ICho et al., 1980). The resident viral genomes are usually 
in a repressed state, but they can be derepressed by exposure of non
producer cultures to 5-bromodeoxyuridine IBUdR), 5-iodo-2-deoxyuridine 
(IUdR), n-butyrate, phorbol esters, and other substances (Gerber, 1972j 
Hampar et al., 1972j Luka et al., 1978 j zur Hausen et al., 1978). Under 
these conditions, synthesis of EA is induced in considerable numbers of 
cells, often progressing to synthesis also of VCA and infectious virus 
particles. 

On examination of numerous sera from patients with EBV-associated 
diseases for antibodies to EA, two distinct patterns of immunofluorescent 
staining were discerned, showing the existence of at least two EA com
ponents IG. Henle et al., 1971a). Some of the patients' sera caused diffuse 
fluorescence of nucleus and cytoplasm of abortively EBV -superinfected 
cells, whereas other sera stained a mass restricted to the cytoplasm ad
jacent to the nucleus. Antibodies to the diffuse ID) component of the EA 
complex were shown to arise transiently in 1M and to reach high titers 
in NPC, whereas antibodies to the restricted IR) component were noted 
to develop to often high titers in BL. Antibodies to EA-D or EA-R were 
found to be usually absent in sera from healthy individuals or to be 
present at most at low titers among those who maintain relatively high 
anti-VCA titers. They may be observed to reach higher levels following 
activation of persistent EBV infections due to immunosuppressive di
seases or therapy Icf W. Henle and G. Henle, 1980). The D component 
resists fixation by acetone and methanol, whereas the R component is 
denatured by methanol fixation IG. Henle et al., 1971a). It has not been 
possible to denature EA-D without also destroying EA-R. The parallel 
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use of acetone and methanol-fixed smears serves to confirm the visual 
differentiation between antibodies to EA-D or EA-R or both, which at 
low antibody titers at times is difficult. The nature and functions of these 
two antigens are not known. Two distinct EA components are induced 
in nonproducer cells also after their exposure to halogenated pyrimidines 
(Sugawara and Osato, 1973). 

C. Epstein-Barr-Virus-Associated Nuclear Antigen 

A complement-fixation soluble (CF/S) antigen has been extracted 
from cells of producer as well as nonproducer cultures that reacted with 
many human sera (Armstrong et a1., 1966; Pope et a1., 1969a; Gerber and 
Deal, 1970). Its relationship to EBV was not immediately recognized 
because it was present in nonproducer cells, although the suggestion was 
made that it could be a nuclear or membrane neoantigen induced by the 
virus (Armstrong et al., 1966). Only sera with, not sera without, anti
bodies to VCA reacted with the CF/S antigen, establishing its relationship 
to EBV (Pope et a1., 1969a). In efforts to localize this antigen within cells 
of producer and nonproducer cultures, Reedman and Klein (1973) used 
the anti -C' immunofluorescence technique and showed that the nucleus 
of nearly every cultured lymphoblast became brilliantly stained by this 
technique using almost any human serum with antibodies to VCA. Anti
VCA-negative sera failed to stain the nuclei. This EBNA is invariably 
present in cells from LCLs that are positive for EBV DNA, and, vice versa, 
BL or NPC biopsies or cell cultures that reveal the presence of viral DNA 
invariably contain EBNA-positive cells (Reedman et a1., 1974; Lindahl 
et al., 1974; Klein et al., 1974; Huang et a1., 1974). Biopsies or cultures 
free of EBV DNA do not contain EBNA-positive cells. 

Antibodies to EBNA are almost uniformly present in anti-VCA-pos
itive sera except in sera from patients in the acute phase of 1M (G. Henle 
et a1., 1974) or sera from patients with some T-cell defects or dysfunctions 
(Berkel et a1., 1979). There is good evidence that the major component 
in CF/S antigen preparations derived from nonproducer LCLs is identical 
with EBNA because the titers of antibodies to either antigen are closely 
similar (Klein and Vonka, 1974; Ohno et al., 1977). Antibodies to various 
nonspecific nuclear antigens yield in part patterns of staining in the anti
C' immunofluorescence test that clearly differ from the typical EBNA 
immunofluorescence, but others cause staining that is practically indis
tinguishable from EBNA-specific immunofluorescence (Yoshida, 1971). 
The anti-EBNA test thus needs to be controlled by including cell smears 
from EBNA-negative LCLs as controls. Because anticomplementary sera 
may yield false-negative reactions or prozones when they are mixed with 
the complement (two-stage procedure), it is essential to charge the test
cell smears consecutively with serum, C', and the anti-C' conjugate 
(three-stage procedure) (W. Henle et a1., 1974b). 
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D. Epstein-Barr-Virus-Determined Cell-Membrane Antigens 

By indirect-immunofluorescence tests with BL sera and live cells 
derived from BL biopsies or cultured therefrom, Klein et al. (1966, 1967) 
demonstrated antigens in the cell membranes that were not detectable 
on peripheral leukocytes, lymph-node, or bone-marrow cells of the pa
tients. When it was noted that the percentages of cells with positive 
membrane immunofluorescence in given BL cultures correlated closely 
with the percentages of yeA-positive cells, it appeared that the antigen(s) 
involved were not tumor-specific but were induced by EBV (Klein et 
al., 1968a). Indeed, membrane antigen (MA) was also detectable on cul
tured lymphoblasts derived from peripheral lymphocytes of 1M patients 
or viral carriers (Klein et al., 1968b). It appeared, furthermore, in the 
membranes of cells from nonproducer LeLs after exposure to EBV in 
vitro (Gergely et al., 1971ai Pearson et al., 1971), but to show this reliably, 
superficially attached viral components (Dunkel and Zeigel, 1970) had 
to be removed after the adsorption period by trypsin treatment of the 
cells (Sairinji and Hinuma, 1975i D6lkenandKIein, 1976). MA was proven 
to be distinct from veA by absorption of sera with cells from a producer 
line that removed all MA reactivity but hardly affected the antibody titers 
to VeA, and by the existence of "discordant" sera, showing high anti
veA but low anti-MA titers and vice versa (Pearson et al., 1969, 1971i 
Silvestre et al., 1971). 

Antibodies to MA are present only in sera that also contain antibodies 
to VeA (Klein et al., 1968a 1969), and they appear de novo in patients 
during the acute phase of 1M (Klein et al., 1968b). The detection of an
tibodies to MA by indirect immunofluorescence is complicated, however, 
by the not infrequent presence in sera of antibodies to isoantigens or 
lymphoblast antigens other than MA. To avoid this problem, a blocking 
test has been devised in which the target cells are first exposed to test 
serum dilutions and then to fluorescein-isothiocyanate-conjugated an
tibodies to MA from a donor shown to have no isoantibodies or other 
nonspecific antibodies to lymphoblast membranes (Klein et al., 1969). 

Two sets of EBV -determined cell MAs have been differentiated. The 
early MA (EMA) is thought to be synthesized independently of prior viral 
DNA replication, whereas the late MA (LMA) is not (Ernberg et al., 1974i 
Silvestre et al., 1974i Sairinji et al., 1977). At least three different EMA 
specificities have been discerned in blocking tests with human sera hav
ing antibodies to one, two, or all three of them, which may represent 
different determinants of a given macromolecule (Klein et al., 1969i A. 
Svedmyr et al., 1970). Whether EMA is synthesized without prior viral 
DNA replication has been questioned by Pearson and Orr (1976), who 
noted that inhibitors of DNA synthesis significantly reduced production 
of this antigen. LMA is found only on cells that also synthesize veA. 
The envelopes of mature virus particles are derived from cell membranes 
that contain both EMA and LMA. Thus, antibodies to these antigens are 
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probably in part identical with EBV-neutralizing antibodies (Pearson et 
al., 1970; de Schryver et al., 1974b). They are also probably identical with 
the antibodies reactive in antibody-dependent cellular cytotoxicity 
(ADCC) using EBV-antigen-producing cells as targets (Pearson, 1978; Pa
tarroyo et ai., 1980). 

Another virus-determined antigen to which no antibodies have as 
yet been demonstrated is present in the membranes of producer as well 
as nonproducer cells. This antigen renders nonproducer cells targets for 
EBV-specific killer T cells that become detectable transiently in the 
course of 1M and specifically attack EBNA-positive lymphoblasts (E. Sved
myr and Jondal, 1975; Jondal et al., 1976; E. Svedmyr et ai., 1978). It is 
being referred to as the lymphocyte-detected membrane antigen (L YDMA). 

E. Epstein-Barr-Virus-Neutralizing Antibodies 

As mentioned, these are probably at least in part identical with an
tibodies to MA components. They are measured by a number of different 
techniques that prevent either superinfection of nonproducer LCLs or 
transformation of peripheral or cord-blood lymphocytes by EBV. Two 
different virus populations are required (Miller et al., 1974). The lytic 
P3HR-l virus is needed for the first type of test, and its neutralization 
becomes evident from prevention of EA synthesis in the exposed cells 
or of death of the abortively superinfected cells so that they retain their 
capacity to form colonies in the wells of microtiter plates (Pearson et 
ai., 1970; Rocchi et al., 1973). For the second type of test, transforming 
virus, such as B95-8 virus, is needed, and the criteria for neutralization 
of the virus are prevention of establishment of LCLs, failure of the exposed 
cultured lymphocytes to show enhanced incorporation of tritiated thym
idine, or nonemergence of EBNA-positive cells (Pope et al., 1969b; Miller 
et al., 1971, 1972; Robinson and Miller, 1975). These various techniques 
for measuring neutralizing antibodies yield closely comparable results 
(de Schryver et ai., 1974b). Determination of neutralizing-antibody titers 
is not extensively practiced because of the complexities of the procedures. 
It would be the method of choice for determination of the immune status 
of given populations, but fortunately, anti-VCA-positive sera also have, 
with very rare exceptions, EBV-neutralizing antibodies, and sera with 
neutralizing antibodies but lacking anti-VCA have never been observed 
(Hewetson et ai., 1973; Rocchi et al., 1973). 

F. Antibody-Dependent Cellular Cytotoxicity 

The antibodies involved in this reaction are, like EBV-neutralizing 
antibodies, directed against EBV-determined EMA or LMA or both (Jon
dal, 1976; Pearson and Orr, 1976; Pearson et ai., 1978, 1979). The effector 



IMMUNOLOGY OF EPSTEIN-BARR VIRUS 217 

cells are lymphocytes devoid of B- and T-cell markers that possess Fe 
receptors (d. Pearson, 1978). They are equally effective whether they are 
derived from anti-VCA-positive or -negative donors. The ADCC reaction 
is measured by chromium-51 release from destroyed labeled target cells, 
these target cells being lymphoblasts from nonproducer lines per se (con
trol) or after superinfection with sufficient EBV to induce EA synthesis 
in at least 30% of the cells. The ADCC test is more sensitive for meas
uring antibodies to MA than the immunofluorescence assay. If such re
actions also occur in vivo, they would eliminate producer cells as soon 
as EBV determined MA appears on their surface. LMA seems to be the 
target for the ADCC reaction (Takaki et al., 1980). This could explain 
why EA- and VCA-positive cells are not detectable in BL or NPC biopsies. 

G. Further Antigens and Other Serological Tests 

There are additional antigens that are coded for by EBV, but they 
have not as yet played significant roles in the analysis of immune re
sponses in EBV-associated diseases. Further antigens will probably be 
found in the future. There are also techniques other than immunofluo
rescence for measuring antibodies to EBV-determined antigens, i.e., im
munodiffusion, complement fixation, immune-adherence hemagglutin
ation, passive hemagglutination, enzyme-linked immunosorbentassay, 
radioimmunoassay, and other assays (d. Ernberg and Klein, 1979). Most 
of these tests require the availability of reasonably pure antigens to be 
sure that the antibodies measured are directed against the desired anti
gens and not against other virus-specific antigens or normal host-cell 
components. Sufficient amounts of any purified antigen are not yet avail
able. It is an advantage of the immunofluorescence techniques that they 
have built-in controls in that only the appropriate percentages of cells 
ought to become fluorescent and the pattern of staining must conform 
to that of the antigen under test. Nonspecific fluorescence due to anti, 
bodies unrelated to EBV on the cell surface, in the cytoplasm, or in the 
nucleus, as found for instance in autoimmune conditions, is generally 
immediately recognized as such on microscopic reading of the tests. 

III. EPSTEIN-BARR-VIRUS-SPECIFIC IMMUNE RESPONSES 

The immunofluorescence techniques described in the preceding sec
tion have permitted delineation of Epstein-Barr virus (EBV)-specific an
tibody spectra (Fig. I) that are characteristic for each of the EBV -associated 
diseases as well as for silent primary or persistent latent infections. The 
salient features of the immune responses seen under these various con
ditions will be discussed in the following sections. 
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FIGURE 1. EBV-specific antibody patterns in patients with EBV-associated diseases and 
healthy controls. Reprinted from W. Henle and G. Henle 119821 by courtesy of Marcel 
Dekker, Inc. 

A. Silent Infections 

By far the greatest number of primary EBV infections on a worldwide 
basis remain silent. Seroepidemiological surveys have shown that in most 
parts of the world, including the remotest regions, antibodies to EBV are 
acquired generally before the age of 3-5 years (Levy and Henle, 1966; 
Tischendorf et al., 1970; Black et al., 1970; Lang et al., 1977; W. Henle 
and G. Henle, 1979). Yet, infectious mononucleosis (1M) is not observed 
in such areas (Diehl et al., 1969a), suggesting that at an early age, the 
vast majority of primary EBV infections are unaccompanied by any illness 
or induce such mild respiratory signs and symptoms that they become 
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submerged among the numerous viral insults children have to experience 
during their early years. To provide information on this question, a pro
spective study of infants was carried out in Ghana (Biggar et a1., 1978a,b). 
A total of 31 newborn infants were visited monthly for 15 months and 
once more at 21 months of age. Depending on the initial height of titers, 
maternal antibodies became nondetectable « 1 : 10) in 2-7 months after 
birth. Primary EBV infections occurred at the earliest 2 months after 
maternal antibodies were no longer measurable. By 1 year of age, 44% 
of the infants had seroconverted, and by 21 months of age, 84%. No 
clinical signs or hematological changes suggestive of 1M were noted dur
ing the period of seroconversion. There were no or at most barely sig
nificant heterophil antibody responses. Otherwise, the EBV-specific an
tibody pattern conformed to that seen in 1M with one notable exception 
(Fig. 1). While the infants, like 1M patients, developed high immunog
lobulin M (lgM) and IgG antibody titers to viral capsid antigen (VCA) and 
showed no antibodies to EBV-associated nuclear antigen (EBNA) during 
the early period after seroconversion, the antibodies to the early antigen 
(EA) complex in the infants were directed against the restricted compo
nent (EA-R), whereas in 1M they are, as a rule, directed against the diffuse 
component (EA-D). Evidence has been obtained that primary EBV infec
tions in American infants under 2 years of age take an essentially similar 
course (Fleisher et a1., 1979a). 

These observations confirmed that EBV infections remain silent in 
the great majority of infants, but this does not preclude that an occasional 
infant develops full-blown 1M as will be discussed in the next section. 
It is unknown at present over what age range primary EBV infections 
convert from dominantly silent to dominantly overt, as observed in col
lege students, of whom usually between 50 and 67% develop 1M (Nied
erman et a1., 1968, 1970j Evans et a1., 1968 j Sawyer et a1., 1971 j Uni
versity Health Physicians and PHS Laboratories, 1971 j Hallee et a1., 1974). 
It is also unknown whether silent infections at any age above 2 years 
induce only minor, if any, heterophil antibody responses, and whether 
they evoke antibodies to EA-R, as in the infants, or to EA-D, as in 1M. 

Certain observations suggest that the emergence of antibodies to EA
D is related to a considerable extent to lymph-node involvement. Lymph
adenopathy is a key feature of 1M, and high titers of antibodies to EA-D 
are among the characteristic serological features of nasopharyngeal car
cinoma (NPC), in which invasion of draining cervical lymph nodes by 
the tumor is a common event. In Burkitt lymphoma (BL), lymph nodes 
are usually not affected initially, but they are often invaded in the final 
stages, when antibodies to EA-D frequently emerge. 

All primary EBV infections end in a permanent, latent viral carrier 
state in the lymphoreticular system that is responsible for the lifelong 
maintenance of IgG antibodies to VCA and EBNA as well as of neutral
izing antibodies at moderate titers. The viral carriers intermittently ex
crete EBV into the oropharynx (Gerber et a1., 1972j Miller et a1., 1973 j 
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Chang et al., 1973; Miller, 1975), from where its transmission to sus
ceptibles by salivary contact is accomplished. Thus, under the primitive 
conditions of prehistoric times that still exist in some parts of the world 
today, an almost perfect relationship has evolved between EBV and its 
host that permits ready transmission of the virus to infants followed by 
its lifelong persistence without causing significant disease. With im
proved hygienic standards and living conditions, primary EBV infections 
are often delayed to an age when they may cause illness of varying 
severity. 

B. Infectious Mononucleosis 

For reasons just stated, this disease is largely restricted to econom
ically advanced societies and to their more prosperous social strata. The 
EBV-specific serology serves to determine who is susceptible to 1M and 
to aid in the serodiagnosis of this disease. It has also contributed to the 
understanding of the pathogenesis of 1M and the control of the ensuing 
viral carrier state. 

1. Determination of Susceptibility 

1M occurs only in individuals who previously had no antibodies to 
VCA (G. Henle et al., 1968; Niederman et al., 1968; Evans et al., 1968; 
Gerber et al., 1968; Tischendorf et al., 1970; Hirshaut et al., 1971; Uni
versity Physicians and PHS Laboratories, 1971; Hallee et al., 1974). The 
indirect-immunofluorescence test for IgG antibodies to VCA is therefore 
a dependable indicator of immunity to the disease. While antibodies to 
VCA are not protective, it is rare to find an anti-VCA-positive serum that 
does not also contain EBV-neutralizing antibodies (Rocchi et al., 1973; 
Hewetson et al. 1973). Should a safe and potent EBV vaccine ever become 
available, it would be easy to identify by a simple screening test for anti
VCA those students in schools, colleges, military academics, and other 
institutions who require protection. 

2. Serodiagnosis of 1M 

The serodiagnosis of many viral infections rests on the demonstra
tion of 4-fold or greater increments in antibody titers between the acute 
and convalescent phases of illness. This requirement cannot be fulfilled 
in 1M because most cases (>80%) show already near-peak antibody titers 
when first examined, but it also is unnecessary because primary EBV 
infections evoke the characteristic antibody pattern shown in Fig. I, 
which permits a reliable serodiagnosis with a single serum specimen (d. 
W. Henle et al., 1974a). In the acute phase of 1M, high titers of IgM and 
IgG antibodies are measured; about 85% of patients transiently develop 
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antibodies to EA-D, which in prolonged cases may in time be replaced 
occasionally by low titers of antibodies to EA-R (Horwitz et al., 1975), 
but antibodies to EBNA are as yet absent because they arise only several 
weeks or months after onset (G. Henle et al., 1974). EBV-neutralizing 
antibodies, like anti-VCA and anti-EA-D, appear early in the acute phase 
(Hewetson et al., 1973), whereas antibodies to the complement-fixation 
soluble antigen emerge, like anti-EBNA, only during convalescence 
(Vonka et al., 1972). Should confirmation of the diagnosis be needed, 
subsequent sera from the patient should reveal a decline or disappearance 
of the IgM antibodies to VCA and of the IgG antibodies to EA-D as well 
as emergence of antibodies to EBNA. 

EBV -specific serodiagnostic tests are often not required in typical 
cases of 1M because the heterophil antibody response of the 
Paul-Bunnell-Davidsohn type observed in most patients is pathognomic 
for the disease (Davidsohn and Lee, 1969). They are required for heter
ophil-antibody-negative cases of 1M or 1M-like illnesses to separate those 
caused by EBV from those caused by cytomegalovirus and other viruses 
or by Toxoplasma gondii (Klemola et al., 1967, 1970; Evans et al., 1968, 
1975; Wahren et al., 1969; Nikoskelainen et al., 1974; Horwitz et al., 
1977). EBV-specific serodiagnostic tests are also essential for heterophil
antibody-positive patients who fail to show some of the characteristic 
clinical or hematological signs of 1M, or for cases with severe compli
cations, except possibly those due to mechanical factors, e.g., obstruction 
of the airways or rupture of the spleen. Some of the complications are 
due to autoimmune responses, i.e., acquired hemolytic anemia, throm
bocytopenia, agranulocytosis, aplastic anemia, agammaglobulinemia, im
mune-complex deposition in the kidney and elsewhere, and others. Other 
complications arise from extensive lymphoproliferation in various organs 
leading in the CNS to meningoencephalitis, transverse myelitis, Guil
lain-Barre syndrome, Bell's palsy, or cerebellar ataxia (Grose et al., 1975; 
Lange et al., 1976; Cleary et al., 1980b in the liver, to hepatic necrosis 
and now also Reye's syndrome (Fleisher et al., 1980); in the heart, to peri
and myocarditis; in the kidney, to nephritis; and to other conditions. 
Almost any organ can be affected. These complications may occur si
multaneously with, or subsequent to, typical signs of 1M, but on rare 
occasions even in their absence, and they also can be unaccompanied by 
heterophil-antibody responses. They account for the fatalities observed 
in 1M. A special situation obtains in the autosomal recessive X-linked 
lymphoproliferative syndrome (Bar et al., 1974; Purtilo et al., 1975, 1978), 
in which a combined B- and T-cell deficiency or dysfunction prevents or 
delays the usual self-limitation of 1M (see Section III.C). 

While 1M usually affects adolescents and young adults, typical cases 
may be observed in older individuals, the oldest recorded being 78 years 
of age (Horwitz et al., 1976). Typical cases have also been seen in children 
and infants as young as 10 months (Tischendorf et al., 1970; Joncas and 
Mitnyan, 1970; Schmitz et al., 1972; Sutton et al., 1974; Ginsburg et 



222 WERNER HENLE AND GERTRUDE HENLE 

ai., 1977; Fleisher et ai., 1979b; Horwitz et ai., 1981). The EBV-specific 
antibody responses in early childhood cases of 1M compare with those 
of older patients, except that a few infants may respond with anti-EA-R 
instead of with anti-EA-D. Heterophil-antibody responses are absent 
more frequently and their titers are lower in infants than in older children. 
Thus, the geometric mean heterophil-antibody titers /GMTs) increase 
with the age of the patients /Fleisher et al., 1979b; Horwitz et al., 1981). 

The parallel performance of several separate tests for the serodi
agnosis of 1M seem overly complex, but it has the advantage that the 
tests not only complement but also control each other. If, for instance, 
a serum reacts strongly in both the test for IgM antibodies to veA and 
that for antibodies to EBNA, the chances are that the serum contains 
either rheumatoid factor /RF) or nonspecific antinuclear antibodies 
/ANAs). RF, an IgM antibody against the Fc region of IgG, can mimic a 
positive test for yeA-specific IgM antibodies /Nikoskelainen et ai., 1974; 
G. Henle et al., 1979), and ANAs can yield EBNA-like staining patterns 
/Yoshida, 1971). Either possibility can be excluded by appropriate tests 
for RF or an EBNA-negative cell control in the anticomplement immu
nofluorescence test for antibodies to EBNA. Very occasionally, a patient 
might respond unusually fast with EBNA-specific antibodies. 

3. Pathogenesis of 1M 

There are few hard facts covering the 4- to 7 -week period from trans
mission of EBV to onset of illness. A course of events can be surmised, 
however, on the basis of the limited biological activities of the virus, the 
restricted permissiveness of B lymphocytes for the virus, the long incu
bation period of 1M, the early peak titers of antibodies to membrane 
antigen /MA), EA, and veA contrasted with the late emergence of an
tibodies to EBNA, and, finally, observations concerning cellular immune 
responses in the course of the disease. The events are schematically 
presented in Fig. 2. 

It has been suggested that some, possibly fully permissive, epithelial 
cells in the oropharynx are the primary targets of EBV /Lemon et al., 
1977), but this has yet to be irrefutably demonstrated. B lymphocytes 
would then become infected and transformed as secondary targets, but 
these cells, in fact, could themselves be the initial targets. If there were 
fully permissive oropharyngeal epithelial cells, one would wonder why 
the incubation period of 1M should be as long as 4-7 weeks. If B lym
phocytes, which are abundantly present in Waldeyer's ring, were the first 
and only targets, their low degree of permissiveness would impede the 
spread of the infection, yet in time permit release of sufficient MA, EA, 
and veA from occasional productively infected cells to explain the long 
incubation period and the near-peak titers of the corresponding antibodies 
at onset of illness. Obviously, insufficient amounts of EBNA are released 
during the incubation period for early formation of antibodies to this 
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FIGURE 2. Suggested scheme of events that occur during and following primary EBV 
infections. 

antigen as well. The question regarding the initial target cells awaits 
further study. 

B lymphocytes are transformed by EBV in vitro into permanently 
growing lymphoblasts IW. Henle et ai., 1967; Pope et al., 1968, 1969b; 
Gerber et al., 1969; Miller et al., 1971). It is certain that such immor
talization of B lymphocytes occurs also in vivo and is responsible for part 
of the lymphoproliferation observed in 1M. EBNA-positive lymphoid cells 
are transiently demonstrable, although with difficulty and generally in 
only small numbers, in the circulating blood during the early acute phase 
of the disease IKlein et al., 1976; Katsuki et ai., 1979; Robinson et al., 
1980b). Their detection is less difficult in lymph nodes obtained by biopsy 
or at autopsy from unusually severe cases. Under such conditions, as 
many as 50% of the cells separated from lymph nodes were shown to 
express EBNA IVirelizier et ai., 1978; Britton et al., 1978; Crawford et 
al., 1979; Robinson et al., 1980a; Look et al., 1982). Such EBNA-positive 
cells have also been found dispersed throughout various organs of fatal 
cases. When EBV-genome-carrying lymphocytes are placed in culture, 



224 WERNER HENLE AND GERTRUDE HENLE 

some of them are spontaneously induced to replicate virus that then goes 
on to transform normal B cells within the cultured population into EBNA
positive lymphoblasts IRickinson et a1., 1974, 1977; Rocchi et a1., 1977). 
However, some EBV-genome-carrying lymphocytes, kept continuously 
exposed to antibodies to EBV, form colonies in soft agar IHinuma and 
Katsuki, 1978), and EBNA-positive cells in mitosis have been observed 
in the peripheral blood of 1M patients IRobinson et a1., 1980b). EBNA 
positive LCL have been established from the peripheral lymphocytes of 
a susceptible lanti-VCA negative) boy 13 days after he kissed a girl who 
two days later developed 1M; i.e., 25 days before onset of his disease 
ISvedmyr et a1., 1982). EBV-transformed cells constitute probably a small 
part of the atypical lymphocytes found in the circulation of 1M patients 
that in the early acute phase have mostly B-cell, but later on mostly T
cell, characteristics ISheldon et a1., 1973; Virolainen et a1., 1973; Mangi 
et a1., 1974; Enberg et al., 1974; Pattengale et al., 1974a). 

A small fraction of the EBNA-positive cells undoubtedly replicate 
virus spontaneously at any given time in vivo, as they do in vitro, leading 
to synthesis of MA, EA, VCA, and virus particles and their release by 
degeneration of the cells or by action of natural killer INK) cells or, later, 
antibody-dependent cellular cytotoxicity IADCC). As long as neutralizing 
antibodies are still absent, the released virus can proceed to infect and 
transform additional B lymphocytes, but once neutralizing antibodies 
have arisen, further spread of the virus is unlikely. 

Most of the EBV-transformed, EBNA-positive B cells do not become 
virus producers and thus are expected to proliferate in the patient as they 
do in culture. Since they express the lymphocyte-detected membrane 
antigen IL YDMAIIE. Svedmyr and Jondal, 1975; Jondal et a1., 19761, they 
become targets for T cells induced to proliferate in response. Indeed, a 
subpopulation of T cells that specifically attacks cultured EBNA-positive, 
but not -negative, lymphoblasts is detectable in the circulation of 1M 
patients during the acute phase of illness, but no longer in convalescence 
IE. Svedmyr and Jondal, 1975; Royston et a1., 1975; Hutt et a1., 1975). 
The emergence of suppressor T lymphocytes in the course of 1M has been 
studied in detail ITosato et a1., 1979; Haynes et ai., 1979). The EBV
specific killer T cells are best demonstrable after their separation from 
NK cells ISvedmyr et al., 1978). The activated T lymphocytes probably 
constitute a large part of the atypical lymphocytes that 2 or more weeks 
after onset of 1M have mostly T-cell characteristics ISheldon et a1., 1973; 
Virolainen et al., 1973; Pattengale et a1., 1974a; Mangi et a1., 1974). 

It is the violent interaction between the EBV-genome-carrying B lym
phocytes and the L YDMA-sensitive T cells that probably accounts for 
many of the clinical signs of 1M: the tonsillitis, pharyngitis, lymphade
nopathy, and hepatosplenomegaly. In silent primary EBV infections, these 
events are presumably kept at a low level so that they do not register 
clinically. Some of the complications of the disease are thought to be due 
to seeding of proliferating EBV-genome-carrying B lymphocytes through-
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out various organs, which then attract attacks from the activated T cells. 
There is no evidence that EBV multiplies in parenchymal or stromal cells 
of the affected organs. The destruction of EBV-genome-carrying lymph
oblasts by LYDMA-sensitive T cells leads finally to the release of suffi
cient amounts of EBNA to induce detectable production of antibodies to 
this antigen. This course of events would account for the late emergence 
of this antibody. 

The EBV-carrying B lymphocytes are never totally eradicated in the 
course of 1M, but persist in small numbers in the lymphoreticular system, 
evidently for life. EBV-positive lymphoblastoid-celllines (LCLs) can be 
established from peripheral leukocytes of anti-VCA positive donors at 
frequencies directly proportional to the number of cells seeded in culture, 
and nearly uniformly from lymph nodes (Diehl et a1., 1969b; Nilsson et 
a1., 1971; Nilsson, 1979). It has been estimated that among 108 or more 
peripheral lymphocytes, one may find at least one that will produce virus 
in vitro and, in turn, transform cord-blood lymphocytes (Rocchi et al., 
1977). While the virus thus persists clearly in lymphoid tissue, it has 
been suggested that virus excreted into the oropharynx is derived, at least 
in part, from salivary glands (Niederman et a1., 1976; Morgan et a1., 1979). 
It should be remembered that salivary glands are interspersed by nu
merous small lymph nodes. Thus, while EBV DNA has been found re
cently in parotid glands and salivary gland tumors (Wolf et al., 1981; 
Lanier et a1., 1981), it remains to be determined whether the viral ge
nomes are located in salivary gland cells or in the abundantly present 
lymphocytes. 

The EBV-specific killer T cells are also probably never completely 
eliminated after recovery from 1M, but they persist in numbers too small 
to be detectable by present means. It has been shown recently (Thorley
Lawson et al., 1977; Moss et a1., 1978, 1979; Rickinson et al., 1979) that 
when mononuclear cells from peripheral blood of viral carriers are ex
posed to EBV in vitro, within 1-2 weeks there appear proliferating, EBNA
positive cells that may then disappear again depending on the number 
of cells seeded in culture, thus failing to give rise to LCLs. Exposure to 
EBV of mononuclear cells from antibody-negative donors or from cord 
blood led to the establishment of LCLs at a high frequency, as did exposure 
of the separated B-Iymphocyte fraction of viral carriers (Rickinson et 
a1., 1979). The regression phenomenon was shown to be an in vitro expres
sion of long-term T-cell-mediated immunity and due to virus-specific 
memory T cells capable of becoming cytotoxic when exposed to the 
appropriate antigen(s) in vitro (Moss et al., 1979; Tanaka et al., 1980; 
Rickinson et a1., 1981; Schooley et al., 1981). 

On the basis of the observations discussed above, one can visualize 
the following further interactions: Some of the EBV-carrying B lympho
cytes are induced at any given time spontaneously to synthesize enough 
MA, VCA, and virus particles, but usually not enough EA, to maintain 
production of the corresponding antibodies. As soon as early MA (EMAI 
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or late MA (LMA) or both appear on the cell surface, they may be de
stroyed by NK cells or by ADCC before antigen synthesis has run its full 
course. Others of the EBV-carrying cells are continuously destroyed by 
LYDMA-sensitive killer T cells, thereby releasing enough EBNA for per
sistent antibody stimulation. However, a fraction of the EBV-carrying 
cells will always escape and proliferate further to replenish the EBNA
positive subpopulation of B cells, some of which will enter into the lytic 
cycle of viral replication and others fall prey to specific killer T cells. 
These interactions appear to be in a constant equilibrium because the 
antibody titers to EBV-specific antigens are maintained, as a rule, at 
nearly constant levels for many decades (G. Henle and W. Henle, 1970; 
W. Henle and G. Henle, 1979). 

These virus-lymphocyte interactions probably explain a good part 
of the pathogenesis of 1M and of the persistent viral infection, even if it 
should tum out that lymphocytes are not initial targets of the virus and 
that salivary-gland cells share the persistent viral carrier state with lym
phocytes. According to the scheme presented, the equilibrium of the 
persistent infection is maintained essentially by cellular immune re
sponses. Changes in the control mechanisms due to immunosuppressive 
conditions should alter the humoral antibody pattern as reviewed in the 
next section. Another late but very rare consequence of the persistent, 
latent EBV infections is the emergence of BL or NPC (discussed in Section 
IIIoO). 

C. Primary and Persistent Epstein-Barr Virus Infections in 
Immunologically Compromised Individuals 

As discussed in the preceding section, B lymphocytes are the sec
ondary if not the initial targets of EBV in primary infections and also one 
habitat, if not the sole habitat, of the virus in the ensuing persistent viral 
carrier state. In both situations, cellular immune responses are instru
mental in controlling the infectious process and the proliferation of viral
genome-carrying B lymphocytes. One may anticipate, therefore, that pri
mary and persistent EBV infections in immunologically compromised 
individuals evoke more or less unusual EBV-specific antibody patterns, 
depending on the immunological defect involved. 

1. Primary EBV Infections in Patients with Immunodeficiencies 

These have not attracted particular attention judging by the scarcity 
of pertinent reports. Consequently, one may assume either that they are 
not particularly severe and even silent or that they may present with 
such highly unusual clinical pictures that a diagnosis of 1M is not readily 
considered. Both alternatives seem to apply under certain circumstances. 
While cases of 1M have been seen among patients with acute lymphocytic 
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leukemia, Hodgkin's disease, or renal transplants (Taylor, 1953; Lampkin 
et al., 1967; Ragab and Vietti, 1969; Stevens et al., 1971; Feldman and 
Yarvis, 1974; Lange et al., 1978; Grose et ai., 1977), the reports did not 
mention unusual features or increased severity of the disease. The EBV
specific serological responses, when studied, showed some abnormalities. 
Antibodies to EBNA appeared, if at all, only after unusually long delays 
and then reached only barely deectable titers (Grose et al., 1977; Lange 
et ai., 1978). In a juvenile Hodgkin's disease patient, the titers of IgG 
antibodies to VCA did not decline during convalescence to a lower per
sistent level and antibodies to EA-D did not disappear. Instead, both 
antibodies were retained at high titers over an observation period of 16 
months (Lange et al., 1978). The X-linked recessive lymphoproliferative 
syndrome (Purtilo et ai., 1975, 1978), a combined B- and T-cell deficiency, 
serves as an example of unusually severe, often fatal cases of 1M. Such 
patients may show high heterophil-antibody responses, yet no emergence 
of EBV-specific antibodies (Bar et al., 1974). A systematic search for pri
mary EBV infections in individuals with various types of immunodefi
ciencies should be rewarding because it would elucidate the effect(s) of 
given defects on the antibody response and, in tum, provide information 
on the immunological controls that call a halt to the infectious process 
and control the ensuing persistent viral infections. 

2. Changes in Antibody Patterns of Viral Carriers Due to 
Immunodeficiencies 

Unusual spectra and titers of EBV-specific antibodies may develop 
as a consequence of a great variety of clinical conditions (d. W. Henle 
and G. Henle, 1973, 1980). These include Hodgkin's disease and other 
lymphomas, chronic lymphocytic leukemia and other leukemias, and 
carcinomas and sarcomas (Johansson et al., 1970, 1971; Levine et al., 
1971a,b; de Schryver et al., 1972; Hesse et al., 1973; Dumont et al., 1976), 
as well as nonmalignant diseases, such as sarcoidosis, systemic lupus 
erythematosus, rheumatoid arthritis, and other connective-tissue di
seases (Hirshaut et ai., 1970; Wahren et al., 1971; Rothfield et al., 1973; 
Alspaugh et al., 1981). Common to all are immunosuppressive effects of 
the diseases per se or of the therapy they require. In line with this in
terpretation is the fact that inherited or acquired immunodeficiencies 
also result in unusual persistent patterns of EBV-specific antibodies, e.g., 
ataxia-telangiectasia (Joncas et al., 1977; Berkel et al., 1979), Behc;et's 
disease, Nezelof's syndrome, agammaglobulinemias (Berkel et ai., 1979), 
or the immunosuppressive therapy administered to organ-transplant pa
tients (Cheeseman et al., 1980; Lange et ai., 1980). 

The EBV -specific antibody patterns may be affected in several ways, 
suggesting different effects of various immunological defects. In some 
conditions, patients may show elevated titers of IgG antibodies to VCA, 
with or without emergence of antibodies to EA-R or to EA-D, whereas 
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the titers of antibodies to EBNA remain within the normal range. Such 
an overrepresentation of elevated anti-VCA titers (~1 :320) is seen in 
most of the conditions listed above, so that the GMTs are 2-3 times 
higher than those of the controls (W. Henle and G. Henle, 1980). While 
the ratio between the anti-VCA and anti-EBNA titers of individual pa
tients or controls may vary over a wide range (>64-fold), the ratio between 
the GMTs of these antibodies may provide some significant information. 
In healthy control groups, the ratio between the GMTs ranges from 1.5 
to 3, whereas in immunodeficient patients, it may be increased substan
tially due to overall increased anti -VCA or to overall decreased anti -EBNA 
titers or to both. 

In renal-transplant patients, the injection of antithymocyte globulin 
(ATG), in addition to routine immunosuppression, was shown to produce 
frequently within 1 month a 4-fold or greater rise in VCA-specific IgG 
titers, often accompanied by emergence of low levels of anti-EA-R but 
not by increases in anti-EBNA titers (Cheeseman et al., 1980). In patients 
not receiving A TG, such antibody responses became evident only after 
many months of routine immunosuppressive therapy. ATG injections 
also increased the titers of preexisting antibodies to other viruses of the 
herpes group or nonherpes viruses. Furthermore, it led to an earlier en
hancement of oropharyngeal excretion of EBV than observed in the ab
sence of additional immunosuppression by A TG. 

In as-yet-untreated juvenile patients with Hodgkin's disease, the 
anti-VCA titers were not significantly different from those of healthy 
viral carriers (Lange et al., 1978). However, the anti-EBNA titers of the 
patients were reduced as compared to the controls, so that the ratio 
between the GMts of the two antibodies was 9 instead of 2. In the course 
of therapy and thereafter, the ratio rose to 17, mainly due to increased 
anti-VCA titers. 

In about 1 % of the patients with Hodgkin's disease or chronic lym
phocytic leukemia followed at the Karolinska Hospital, Stockholm (Mas
ucci et al., 1981), as well as in patients with bone-marrow transplants 
(Lange et al., 1980), the VCA-specific IgG antibody titers may rise grad
ually and steadily to excessively high titers, i.e., up to 1: 20,480. In such 
cases, antibodies to EA are usually directed against EA-D and their titers 
may also reach unusually high levels. Furthermore, IgA antibodies to 
VCA and EA-D may become detectable. In contrast, anti-EBNA titers 
again remain within normal limits. The appearance of IgM antibodies to 
VCA has not been documented in these patients or in any other condi
tions discussed in this section. Any apparently positive results were sub
sequently found to be due to intervention of RF (G. Henle et al., 1979). 

In ataxia-telangiectasia, Beh<;et's disease, Nezelof's syndrome, acute 
lymphocytic leukemia, or marrow recipients, antibodies to EBNA are 
often of unusually low titer or nondetectable (Joncas et al., 1977; Berkel 
et al., 1979; Lange et al., 1980). In some of these patients, high VCA
specific IgG antibody titers may be found, but in others, the levels of 
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these antibodies remain within the range normally seen in healthy in
dividuals after long-past primary EBV infections. 

The changes in EBV-specific antibody patterns seen in some of the 
conditions mentioned suggest an activation of the persistent, latent viral 
carrier state. In line with this suggestion is the increased frequency of 
oropharyngeal excretion of EBV in immunologically compromised pa
tients (Strauch et a1., 1974; Chang et a1., 1978; Lange et a1., 1978; Cheese
man et a1., 1980). Such activation apparently is rarely accompanied by 
signs of illness that are referable to the virus. However, patients with 
immunodeficiencies show an increased incidence of B-cell lymphomas 
(Kersey et a1., 1973), some of which could well be associated with EBV. 
It is of interest, therefo~e, that EBV DNA has been demonstrated recently 
in a B-celllymphoma of a patient with ataxia-telangiectasia (Saemundsen 
et al., 1981) and in five lymphomas thus far of renal-transplant patients 
(Saemundsen et a1., 1981; Hanto et a1., 1981). It could not be determined 
whether the lymphoproliferation in these patients was mono- or poly
clonal or whether the tumor cells showed a translocation between chro
mosomes 8 and 14. 

The immunological defects that enhance anti-VCA and anti-EA or 
reduce anti-EBNA production, or have both effects, are yet to be deter
mined. One may surmise the following: (1) A deficiency or dysfunction 
of suppressor T cells prevents the normal shutoff of antibody synthesis 
by B lymphocytes. (2) Absence or dysfunction of NK cells or of ADCC
reactive cells lets the production of MA, EA, and VCA in spontaneously 
induced EBV-carrying B cells go to completion, whereas normally such 
producer cells would be destroyed by NK cells or the ADCC reaction as 
soon as virus-specific MA components appear in their membranes. (3) A 
loss or dysfunction of L YDMA-sensitive killer T cells permits an increase 
in the EBV-genome-carrying B-cell population that, in tum, would have 
two possible consequences: (a) no or little EBNA is released by T-cell 
action, so that antibodies to EBNA are not replenished and thus decline 
to low or nondetectable levels; (b) overall, more EBV-genome-carrying B 
cells may enter spontaneously into lytic cycles of viral replication, even 
though the percentage of induced cells may remain unchanged, thus 
providing increased amounts of MA, EA, and VCA, but not EBNA, for 
enhancetl antibody production. 

The suggested defects may be operative singly or in combination in 
a given condition. In ataxia-telangiectasia, in which a T-cell deficiency 
is a prominent feature (Berkel et a1., 1979), absence or dysfunction of 
LYDMA-sensitive T cells would lead to a decline of anti-EBNA levels, 
whereas absence or dysfunction of suppressor T cells could be responsible 
for elevated anti-VCA and anti-EA levels. In Hodgkin's disease, high anti
VCA titers correlated with the degree of T-cell dysfunction (Johansson 
et a1., 1975). Efforts to correlate the excessively high anti-VCA titers seen 
in a few cases of Hodgkin's disease or chronic lymphocytic leukemia 
with deficiencies in various lymphocyte subpopulations are now in prog-
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ress. Preliminary observations indicate that different immunological im
pairments as measured by NK and memory T cell activities, lympho
cyte migration inhibition, etc, may account for the unusual antibody 
responses of given patients. (Masucci et al., 1981; Szigeti et al., 1982). 
The effects of immunosuppressive conditions on primary and persistent 
EBV infections have been reviewed in a recent symposium published 
1981 in Cancer Research (vol. 41, pp. 4209-4304). It is conceivable that 
the EBV -specific serology may serve as another parameter in the assess
ment of cellular immune competence. 

D. Epstein-Barr-Virus-Associated Malignancies 

1. Burkitt Lymphoma 

a. Endemic BL in Africa 

As pointed out in Section I, the association of EBV with African BL 
rests not only on serological evidence but also, most convincingly, on the 
nearly regular demonstration of EBV DNA in biopsies from the tumor 
and of EBNA in the lymphoma cells (zur Hausen et al., 1970; Nonoyama 
et al., 1973; Lindahl et al., 1974; Reedman et al., 1974; Olweny et al., 
1977). EA-, VCA-, or virus-particle-containing cells are not observed in 
fresh biopsies as a rule, but they become readily detectable within 1 or 
2 days once the tumor cells have been placed in culture (Nadkarni et 
al., 1970). This does not necessarily denote that no lytic cycles of viral 
replication occur within the tumor; it is likely, rather, that cells syn
thesizing EA and VCA escape detection because they are removed by 
host defenses as soon as virus-determined antigens appear in their 
membranes. 

BL is not an immediate consequence of primary EBV infections, but 
a rare, late event in viral carriers. In African regions where BL is endemic, 
children acquire antibodies to the virus generally before they reach the 
age of 3 years (Kafuko et al., 1972; de The et al., 1978), yet the peak 
incidence of the tumor falls between the ages of 6 and 8 years (Burkitt 
and Wright, 1970). A prospective study of BL, initiated 8 years ago in the 
West Nile district of Uganda under the auspices of the Intemational 
Agency for Research on Cancer, excluded the possibility that BL was an 
immediate consequence of rare, delayed primary EBV infections. Serum 
was obtained from over 42,000 children, aged 1-5 years initially, and up 
to 8 years later (de The et al., 1978). Among the pre-bled children, 14 
cases of BL emerged in the ensuing 5 years, of which 12 were EBV-as
sociated. All had antibodies to EBV in the preserum obtained from 5 to 
56 months prior to diagnosis. The anti-VCA titers in most of the presera 
from the EBV -associated cases were higher than the titers of their 5 age
and sex-matched controls, and also higher than the anti-VCA GMTs of 
numerous children of the same age as the patients. While the presera 



IMMUNOLOGY OF EPSTEIN-BARR VIRUS 231 

failed, with one exception, to reveal antibodies to EA components, the 
elevated anti-VCA titers nevertheless suggest that a somewhat heavier 
than usual persistent EBV infection might predispose to later develop
ment of BL. 

It has been surmised that a primary EBV infection in early infancy, 
as commonly observed in African regions of BL prevalence (Biggar et 
al., 1978a,b), could be another important factor in the origin of BL because 
as yet immature B lymphocytes might be transformed by the virus under 
these conditions and prevented from further differentiation, resulting in 
a subpopulation of immature, EBV-genome-carrying lymphoid cells. Such 
cells could well show an enhanced susceptibility to later conversion into 
fully malignant cells by an as yet undetermined event. 

The considerations discussed above imply that EBV initiates the 
process leading to BL by establishing a polyclonal, EBNA-positive sub
population of B cells that is already endowed with a permanent growth 
potential, an attribute of malignant cells, but that remains under control 
of cell-mediated immune defenses of their hosts. These cells retain a 
normal karyogram. Only one of them needs to be converted at a later 
time by a second event to give rise to a monoclonal tumor of EBNA
positive BL cells (Fialkow et al., 1970). Since BL cells regularly show a 
reciprocal translocation between chromosomes 8 and 14 (Manolov and 
Manolova, 1972; Jarvis et al., 1974; Zech et al., 1976; Manolova et al., 
1979), the factor that induces this abnormality might also be responsible 
for the malignant conversion of the precursor cells. This interpretation 
is supported by the fact that BL cells induce tumors in nude mice when 
injected by any route, whereas cultured lymphoblasts transformed by 
EBV in vitro or derived from peripheral lymphocytes of 1M patients or 
viral carriers do so only in the immunologically privileged site of the 
CNS or in immunologically incompetent, newborn animals (Nilsson et 
al., 1977). It is conceivable that an active, persistent EBV infection with 
enhanced lymphoproliferation involving especially immature types of 
lymphoid cells might cause mutations, as might the lymphoproliferative 
and immunosuppressive effects of holoendemic malaria present in re
gions of endemic BL (O'Conor, 1970; Greenwood et al., 1972). However, 
other factors prevalent in those regions, whether of an immunological, 
nutritional, chemical, parasitic, or other nature, must be considered as 
possible contributing factors. To sort them out will be a most difficult 
task. 

With the emergence of BL in pre-bled children of the prospective 
study, rises in anti-VCA titers became evident in only two who had 
relatively low initial titers, whereas in the others the high titers remained 
unchanged (de The et al., 1978). However, in all but one patient, anti
bodies to EA appeared with the tumor, these being directed in nine against 
EA-R and in two against EA-D. A high anti-EA-R titer was also noted to 
arise with the development of BL in a patient who earlier had been suc
cessfully treated for Hodgkin's disease (Magrath et al., 1975). 
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The results of these studies conformed to previous reports that had 
shown (see Fig. 1) that BL patients at admission generally have elevated 
anti-yeA titers with a GMT 8-10 times higher than that of control 
children (G. Henle et al., 1969, 1971b). These patients also usually have 
antibodies to the R component that may exceed even anti-yeA in titer 
(G. Henle et a1., 1971b; W. Henle et a1., 1973a; W. Henle and G. Henle, 
1977). In a few patients, antibodies to the 0 component are dominant, 
and in such cases it cannot be determined whether or not anti-EA-R is 
also present at a titer equal to or lower than that of anti-EA-D because 
the D reactions outshine the R staining. Antibodies to EBNA in BL cover 
a wide range of titers, exceeding those of control children at the high end 
of the range and falling below those of controls at the low end of the 
range. Excess antigenic stimulation by large partly necrotic tumors may 
account for high titers and antigen-antibody complex formation (Mu
kojima et al., 1973; Heimer and Klein, 1976) or T-cell deficiencies or 
dysfunctions for the low titers. An inverse relationship between anti
EBNA titers and dermal responses to Raji-cell extracts has been reported 
(Nkrumah et al., 1976L as has a straight relationship between anti-EBNA 
titers and dermal reactivity to recall antigens (Olweny et a1., 1977). 

There is evidence that the height of anti-yeA and anti-EA-R titers 
is related to the total tumor burden (Nkrumah et a1., 1976; Magrath et 
a1., 1980c) and that the emergence of anti-EA-O, as mentioned earlier, 
depends on invasion of lymph nodes by the tumor. The antibody patterns 
observed also reflect, to a considerable extent, the prognosis of the pa
tients (W. Henle et al., 1973a; Nkrumah et a1., 1976). If patients, after 
being brought to remission, showed no antibodies to EA-R or a gradual 
decline over many months in the titer of anti-EA-R to lower or ultimately 
nondetectable levels, they had at most one or two early relapses that 
again responded to chemotherapy, but none thereafter during observation 
periods from 5 to 10 years. However, if the patients maintained or de
veloped high anti-EA-R titers, they had several, ultimately fatal relapses. 
Recurrent tumors were observed in some patients after remission periods 
as long as 78 months (Biggar et al., 1981). Also, these patients retained 
high anti-EA-R titers (~1 : 40) during the long remission periods. These 
very late relapses raise the question whether they are the result of new 
tumor inductions or whether they arise from surviving, dormant tumor 
cells held in check by host defenses. On the basis of isozyme determi
nations, new inductions have been demonstrated in a few cases (Fialkow 
et a1., 1973). The persistently high antibody titers during the remission 
presumably denote a highly active viral carrier state that, as suggested 
by the prospective study in the West Nile district of Uganda, may pre
dispose to induction of BL. 

Antibodies to EA-R, an intracellular antigen, serve merely as indi
cators of the prognosis, but they do not directly influence it. Antibodies 
to MA, however, might play a role in the control of BL. Patients in 
remission have shown a decline in the titers of antibodies to MA prior 



IMMUNOLOGY OF EPSTEIN-BARR VIRUS 233 

to recurrence of the tumor IGunven et al., 1970, 1973). Bacille Cal
mette-Guerin therapy of BL patients increases the titer of antibodies to 
MA, but not of antibodies to EA or VCA, as a rule IGunven et al., 1973, 
1978). High titers of antibodies to MA components as determined by 
ADCC correlated well with regression of the tumor, whereas very low 
titers correlated with progression IPearson et al., 1979). Also, LYDMA
sensitive T lymphocytes have been observed in BL biopsies lJondal et 
al., 1975). 

b. Sporadic BL in Caucasian Patients 

Less than 3% of African cases with a diagnosis of BL are unassociated 
with EBV; biopsies from their tumors do not contain EBV DNA, the 
tumor cells do not express EBNA, and the patients show an antibody 
spectrum and titers consistent with a primary EBV infection in the distant 
past IAndersson-Anvret et al., 1977; de The et al., 1978). The percentage 
of cases unassociated with EBV is vastly greater lover 80%) among 
American patients with a diagnosis of BL, and these either have no an
tibodies to virus-specific antigens or show antibody patterns comparable 
to those of healthy individuals after long-past primary EBV infections 
IPagano et al., 1973; Andersson-Anvret et al., 1976; Ziegler et al., 1976; 
A.L. Epstein et al., 1976). As compared to African patients, EBV-associated 
American or European cases of BL cover an older age range, including 
young adults. These patients show a spectrum and titers of EBV-specific 
antibodies characteristic of their African counterparts IAndersson-Anvret 
et al., 1976; Ziegler et al.,· 1976; A.L. Epstein et al., 1976; Bornkamm et 
al., 1976; Gravell et al., 1976). Even a cluster of four young adult cases 
of EBV-associated BL living within 30 miles of each other has been ob
served in Pennsylvania within 1 year (Judson et al., 1977). 

While earlier studies failed to discern Significant differences between 
the histology of EBV-associated and that of non-EBV-associated BL IBerard 
et al., 1969) or between cultured cells derived from both types of tumors 
INilsson, 1979), recent observations indicate the existence of some dif
ferences with respect to the size of the tumor cells and their growth rates 
in culture IMagrath et al., 1980a,b). Furthermore, African and American 
BL differ with respect to the peak age incidence, the organ distribution 
of tumors, and the effectiveness of therapy IMann et al., 1976). The pos
sibility remains, therefore, that the two types of tumors are different 
entities with separate causes, although the evidence for such a conclusion 
is as yet tenuous. 

2. Nasopharyngeal Carcinoma 

The interval between primary EBV infection and development of 
NPC is even longer than that observed in the case of BL. Primary EBV 
infections in regions where NPC is most frequent Isouthern China, North 
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and East Africa, Alaska) occur again mostly under the age of 3-5 years, 
whereas the peak incidence of the tumor falls into the 5th decade of life, 
although some cases arise already during adolescence and others later 
(Clifford, 1970; Ho, 1972; de The, 1972). No prospective studies on NPC 
have been reported, but sera from seven Alaskan natives were discovered 
in collections assembled for other purposes, which had been obtained 
from 17 months to 10 years before the diagnosis of NPC (Lanier et al., 
1980). All but one of the pres era showed EBV-specific antibody patterns 
in no way distinct from those seen normally in healthy individuals after 
long-past primary EBV infections. There was thus no clue to the future 
fate of these donors, which should not be surprising because even in stage 
I of NPC, some patients do not yet show the antibody spectrum char
acteristic of this tumor. However, two presera from the seventh Alaskan 
NPC patient, obtained 17 and 21 months before diagnosis, showed an
tibody patterns clearly compatible with NPC (see Fig. 1). Since this pa
tient was admitted in stage IV and died soon thereafter, it seems clear 
that he already carried the tumor when the early sera were collected. As 
will be discussed later, screening for VCA-specific 19A antibodies turned 
out to be useful for early identification of NPC patients in regions where 
the tumor is endemic. 

It is unknown at present how EBV becomes associated with the NPC 
cells. Since NPC, like BL, is thought to have a monoclonal origin (Fialkow 
et al., 1972), viral genomes must have been present already in the very 
first malignant cell. Whether in regions of high (southern China) or low 
frequency of NPC (Europe, America), EBV DNA has been detected reg
ularly in undifferentiated or poorly differentiated carcinomas of the post
nasal space in amounts equivalent to multiple viral genomes per cell (zur 
Hausen et al., 1970; Nonoyama et al., 1973; Pagano et al., 1975; An
dersson-Anvret et al., 1977, 1979; Lanier et al., 1978; Glaser et al., 1980), 
and the carcinoma cells express EBNA (Wolf et al., 1973, 1975; Klein et 
ai., 1974; Huang et al., 1974, 1978; Lanier et al., 1978, 1981). Well-dif
ferentiated carcinomas of the nasopharynx are not associated with EBV. 
Also, biopsies from carcinomas at other sites of head and neck or else
where, whether undifferentiated or well differentiated, have been uni
formly negative for EBV DNA and EBNA-positive carcinoma cells. Thus, 
detection of EBV DNA in a cervical-lymph-node metastasis of an as yet 
undetected primary carcinoma-or, more readily testable, the demon
stration of EBNA-positive carcinoma cells in touch preparations from 
such a lymph-node biopsy-points clearly to the postnasal space as the 
primary site of the tumor (Coates et al., 1978; Lanier and colleagues, 
unpublished). 

To date, no epithelial cells have been shown to be infectible or trans
formable, or both, in vitro by EBV. Although such cells may exist, they 
have not been established in culture. Also, NPC cells have not been 
maintained in permanent culture, most likely because they require spe
cial, as yet unknown, growth factors. However, microinjection of EBV 



IMMUNOLOGY OF EPSTEIN-BARR VIRUS 235 

DNA into normal epithelial cells has led to synthesis of EA and VCA 
(Graessmann et al., 1980), and transplantation of EBV receptors from 
lymphoblasts to epithelial cells has permitted productive infection of 
these altered cells by EBV (Volski et al., 1980). These observations have 
shown that while epithelial cells lack EBV receptors, they nevertheless 
have the capacity to replicate EBV antigens. Neither of these manipu
lations has led as yet to transformation of epithelial cells and their en
dowment with a permanent growth potential in vitro. Like NPC cells, 
any transformed cells obtained might require special culture conditions 
for permanent growth. NPC cells survive in culture long enough, how
ever, to allow derepression of the viral genomes by BUdR and to induce 
viral replication (Trumper et al., 1976), and infectious virus particles have 
been obtained from NPC biopsies that, after serial passage in nude mice, 
were capable of transforming cord-blood lymphocytes into permanently 
growing, EBNA-positive lymphoblasts (Trumper et al., 1977). These results 
proved that whole viral genomes are present in the carcinoma cells. 

With the emergence of NPC, most patients anywhere in the world 
develop high titers of IgG antibodies to VCA (W. Henle and G. Henle, 
1968; de Schryver et al., 1969; W. Henle et al., 1970a; Kawamura et 
al., 1970; Lin et al., 1972, 1973; Lynn et al., 1973a,b; de The et al., 1975). 
Furthermore, they develop high titers to other EBV-specific antibodies 
(see Fig. 1), i.e., IgG antibodies to EA-D (G. Henle et al., 1971a; W. Henle 
et al., 1973b; de Schryver et al., 1974a; Levine et al., 1977) and, especially 
noteworthy, 19A antibodies to VCA and to EA-D, which is an almost 
unique feature of NPC (G. Henle and W. Henle, 1976; Ho et al., 1978a, 
Neel et al., 1980) because such high titers of VCA- and EA-D-specific 19A 
antibodies are observed only rarely in other conditions (see Section 
III.C.2). Antibodies to MA components (de Schryver et al., 1969, 1974a) 
and to EBNA (de The et al., 1975) are also often elevated as compared to 
controls. Recently, a high incidence of antibodies that neutralize EBV
specific deoxyribonuclease was reported to be another characteristic fea
ture of NPC (Cheng et al., 1980). 

The characteristic EBV-specific antibody pattern of NPC may not 
yet be fully apparent in patients who are in stage I of the disease, when 
the carcinoma is still limited to the nasopharynx, because the antibody 
responses depend to a considerable degree on the total tumor burden. 
Thus, the incidences of VCA-specific 19A and of EA-D-specific 19A and 
IgG antibodies increase with an advance of the disease from stage I to IV, 
with consequent 4- to lO-fold increases in the GMTs (W. Henle et al., 
1973b, 1977). 

The EBV-specific serology has three practical applications in NPC. 
As already mentioned, it may serve to detect patients bearing the tumor 
before they are sufficiently disturbed to seek medical help (Ho et al., 
1978b; Lanier et al., 1980). This has been demonstrated in two large-scale 
surveys in areas of the People's Republic of China where NPC is most 
frequent (Zeng et al., 1980). A total of about 160,000 person over 30 years 
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of age were screened for IgA antibodies to VCA. In the first study during 
1978, 117 reactors were found among over 56,500 individuals, and 20 of 
these were subsequently shown to have NPC. In the second study during 
1979, using a more sensitive but evidently less specific technique, 1183 
reactors were recorded among 91,500 persons tested, and 28 of these were 
carrying NPC. The attack rates were thus similar for the two years, 35 
and 311100,000. Most of the patients so discovered were in stage II, III, 
or IV. These patients probably already had symptoms referable to the 
tumor and also the characteristic antibody spectrum. The anti-VCA-IgA
positive individuals who were evidently free of NPC are being followed 
further, but it must be remembered that IgA antibodies to VCA at low 
titers are found occasionally in patients with other diseases and even, 
though rarely, in healthy donors (G. Henle and W. Henle, 1976). 

The second use for the EBV-specific serology is in the diagnosis of 
NPC, especially in cases of lymph-node metastases in which the primary 
site of the carcinoma has remained obscure. An antibody spectrum char
acteristic of NPC would point to the postnasal space as the primary site, 
as would the detection of EBV DNA or of EBNA-positive carcinoma cells 
in the lymph node biopsy, as already discussed. 

The third use for the EBV-specific serology is the monitoring of NPC 
patients after radiation or other therapy. Earlier studies had shown that 
newly diagnosed NPC patients had generally higher antibody titers than 
long-term survivors (W. Henle et a1., 1973b; Lynn et a1., 1973b; de Schry
ver et a1., 1974a; de The et al., 1975). Accordingly, a 5-year longitudinal 
follow-up study was initiated in Hong Kong (W. Henle et a1., 1977). On 
the basis of the results, the more than 100 NPC patients could be divided 
into four groups. The largest, comprising about half the patients, showed 
a steady, slow decline in the titers of all antibodies, thereby approaching 
the pattern normally seen in healthy viral carriers, i.e., VCA-specific IgG 
reaching lower, persistent levels, with the other antibodies (EA-D-specific 
IgG and IgA and VCA-specific IgA) tending to disappear in time. These 
patients remained free of detectable disease during the entire observation 
period. The second group, comprising about one third of the patients, 
responded only transiently to the radiation therapy. Sooner or later, they 
showed increases in the titers of one or more of the antibodies, these 
increases often becoming evident months before clinical recognition of 
recurrent tumors or metastases. These patients did not survive the 5-year 
observation period. The third group, comprising about 15% of the pa
tients, showed declines in antibody titers initially, seemingly heralding 
a good prognosis, but then at some time later a reversal of this trend. The 
renewed broadening of the antibody spectrum and the increases in titers 
became evident again months before clinical detection of recurrent tumor 
activity. Finally, in the few remaining patients, the tumor invaded the 
CNS by direct extension from the nasopharynx without significant in
volvement of cervical lymph nodes. The antibody patterns of these pa-
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tients were not particularly characteristic of NPC because the total tumor 
burden remained small until shortly before death, when finally some 
increases in antibody titers became detectable. It thus became evident 
that the EBV-specific serology can alert to relapses or metastases long 
before they are clinically detectable. A broadening of the antibody spec
trum and rises in the antibody titers should therefore lead to an intensified 
search for the location/s) of recurrent tumors and, when the tumors are 
found, to early reinstitution of appropriate therapy. 

The EBV-specific serodiagnostic tests reveal the prognosis of patients 
only slowly. It takes many months before the prognostically favorable 
downward trend of antibody titers becomes clearly evident. Furthermore, 
the trend can be reversed. It is noteworthy, therefore, that the prognosis 
might be established by another test procedure, i.e., by ADCC /Pearson 
et al., 1978). NPC patients showing high titers of ADCC-reactive anti
bodies, which are directed against EBV-determined MAs, are likely to 
become long-term survivors without evidence of disease, whereas pa
tients with very low titers seem to be destined to succumb to the tumor. 

IV. CONCLUDING REMARKS 

It is evident from the foregoing discussion that much more is known 
about humoral than cellular immune responses in primary and persistent 
EBV infections. The Epstein-Barr virus /EBV)-specific serology was in
strumental in identifying the virus as the cause of infectious mononu
cleosis /1M), a common clinical response to primary EBV infections es
sentially limited to adolescents in Western societies, and in establishing 
its intimate association with Burkitt lymphoma /BL) and nasopharyngeal 
carcinoma /NPCl, which arise in EBV carriers due to as yet unknown 
secondary factors that apparently are concentrated in the geographic re
gions where the tumors are endemic. Each of the ~hree diseases evokes 
its own characteristic spectrum of antibodies of different immunoglob
ulin classes against several EBV-determined antigens, and this spectrum 
serves to establish or to confirm the clinical diagnosis. The EBV -specific 
serology also affords prognostic information on the tumor patients and 
may serve to monitor the effectiveness of therapy. Yet, none of the an
tibodies commonly measured is likely to cause the self-limitation of 
primary EBV infections or to affect cells infected and transformed by the 
virus. These are functions of the cellular immune system or of a com
bination of humoral and cellular immune responses, as seen in the an
tibody-dependent cellular cytotoxicity reaction. Only a beginning has 
been made in the identification of subpopulations of leukocytes that 
become operative during overt primary EBV infections and terminate the 
disease process or that keep persisting clones of EBV-transformed B lym
phocytes under control. Much of the knowledge has been gained and will 
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be further gained from studies of primary and persistent EBV infections 
in immunologically compromised patients with identified immuno
deficiencies. 

On the basis of the available information, it would be difficult to 
consign EBV to a mere passenger role in BL and NPC, yet ultimate proof 
for a causal relationship of the virus to the genesis of these two tumors 
is still lacking. Prevention of the two malignancies by an EBV vaccine 
would go far in closing this remaining gap, but such an approach is faced 
with numerous obstacles (d. M.A. Epstein, 1979). It will be necessary to 
find a convenient, abundant, and safe source of the virus from cells un
tainted by malignant traits; to develop reliable tests for exclusion of an 
enhanced oncogenic potential of the virus; to induce a long-lasting im
munity not only against overt infections, which would suffice for the 
prevention of 1M, but also against the establishment of an EBV carrier 
state, which is considered a requirement for protection against BL and 
NPC but raises the question whether a killed viral or viral subunit vaccine 
can accomplish this since live viral vaccines could not be used because 
they presumably per se establish persistent infections; and, finally, to 
solve the logistics of administering a vaccine under the field conditions 
prevailing in endemic regions of BL and NPC during the short, uncertain 
intervals between the loss of maternal antibodies and the acquisition of 
natural infections (Biggar et al., 1978a). These problems should not deter 
work toward development of a vaccine, with due caution, if for no other 
goal than the prevention of 1M, which probably can be achieved most 
readily, because this disease can be very prolonged, extremely severe, and 
occasionally fatal. 
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CHAPTER 6 

Herpesvirus saimiri and 
Herpesvirus ateles 
BERNHARD FLECKENSTEIN, M.D., AND 
RONALD c. DESROSIERS, Ph.D. 

I. INTRODUCTION 

Herpesvirus saimiri (H. saimiri) is a ubiquitous agent of squirrel monkeys 
(Saimiri sciureus), a primate species native to the South American rain 
forests. The virus can easily be isolated from blood and tissue-culture 
cells of most healthy squirrel monkeys, and there is no evidence so far 
that H. saimiri is pathogenic in its natural host. After the first report on 
isolation of H. saimiri from primary kidney-cell cultures by Melendez 
et al. (1968) from the New England Primate Research Center, the virus 
was regarded as a harmless indigenous agent of squirrel monkeys. The 
interest in this virus arose from the observation that H. saimiri is ex
tremely oncogenic in a number of other primate species that are presum
ably not infected under usual wildlife conditions (Melendez et al., 1969b). 
Marmoset monkeys of the genus Saguinus consistently develop malig
nant tumors of the lymphatic system, usually within 2 months of infec
tion. The ability to induce neoplastic disease rapidly and reproducibly 
has made this system attractive for investigation of the biological, im
munological, and molecular parameters of cell transformation and tumor 
induction. 

Herpesvirus ateles (H. atelesL also first isolated by Melendez et al. 
(1972a), is an analogous virus probably indigenous to spider monkeys 
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(Ateles spp.). The virus shares a number of properties with H. saimiri. 
Both viruses seem not to be pathogenic in the natural host species and 
both are similarly potent tumor inducers in marmosets and other New 
World primates, the spectrum of susceptible animals possibly being 
broader for H. ateles than for H. saimiri. Nevertheless, the viruses are 
distinct in several features, e.g., antigenicity of viral polypeptides, genome 
structure, growth behavior in cell culture, in vitro transforming potential, 
and histopathology of virus-induced tumors. 

Fascinating similarities exist among H. saimiri, H. ateles, and the 
other herpes-group viruses that are proven or suspected to cause neo
plastic diseases of lymphatic tissues, mainly Marek's disease virus (MDV) 
of chickens and the human Epstein-Barr virus (EBV). The term "lym
photropic herpesviruses" was created to subsume H. saimiri, H. ateles, 
and MDV with EBV and EBV-related viruses from baboons, chimpanzees, 
orangutans, and gorillas. The viruses replicate and persist in lymphocytes 
of infected animals, and some have been shown to produce lymphoma 
or leukemia or both, in either experimental animals or the natural host. 
These findings have given rise to expectations that the elucidation of 
certain molecular biological or immunological mechanisms in the path
ogenesis of H. saimiri- and H. ateles-induced tumor diseases may be 
relevant to the understanding of some aspects of human viral oncology. 
In this sense, the herpesvirus neoplasias of nonhuman primates have 
often been investigated in view of a comparison with human EBV-asso
ciated tumors. We would prefer to describe H. saimiri and H. ate1es 
primarily as distinct entities with many unique biological, genetic, and 
biochemical characteristics and peculiar pathological and immunological 
features of tumor disease. We feel that the more important implications 
of H. saimiri and H. ateles research, like those of other experimental 
virus systems, will probably not be immediately relevant for the diagnosis 
of a specific human cancer disease condition, but may contribute to the 
recognition of basic principles of oncogenic cell transformation and im
mune defense mechanisms. 

II. NATURAL HISTORY OF ONCOGENIC HERPESVIRUSES 
FROM NEW WORLD PRIMATES 

A. Herpesvirus saimiri 

In all likelihood, squirrel monkeys (Saimiri sciureus) are the main 
natural hosts for H. saimiri (Fig. 1). Subsequent to the first report of 
isolation of H. saimiri from squirrel monkey primary kidney cells (Me
lendez et al., 1968), several studies confirmed that virtually all squirrel 
monkeys in the wild and in captivity are infected with the virus (Table 
I). Herpesvirus saimiri can be isolated from more than 80% by coculti
vation of peripheral lymphocytes with permissive monolayers (Falk et 
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FIGURE 1. Squirrel monkey (Saimiri sciureusl. 

al., 1972a,b, 1973aj Falk, 1980a,bj Rabin et al., 1973), and according to 
two of these studies, all animals beyond 1.5 or 2 years of age possess 
antibodies detectable by indirect immunofluorescence (Falk et al., 1972b j 

1973b). The high incidence of virus infection suggests that squirrel mon
keys represent the reservoir for H. saimiri in the wild, yet does not 
exclude the possibility that other primate species living in the same 
ecological niche of South American rain forests may sometimes be in
fected under natural conditions or even transmit the virus. 

Herpesvirus saimiri is horizontally transmitted from adult animals 
to younger members of squirrel monkey colonies, and there is no indi
cation for prenatal infection. This is apparent from the age distribution 
of viral antibodies among squirrel monkeys (Deinhardt et al., 1973aj Falk 
et al., 1972b j Klein et al., 1973). Monkeys born in captivity sometimes 
have low titers of maternal antibodies that disappear within the first 3 
months after birth. Primary infection usually has occurred by the 2nd 
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TABLE I. Wild-Type Strains of Herpesvirus saimiri and Herpesvirus ateles 

Tissue/cell type 
Strain Species of origin used for isolation Reference 

Herpesvirus saimiri 
S29SC (SMKI-831, Squirrel monkey (Saimiri Kidney Melendez et al. 

prime strain, sciureus) (19681 
prototype strain) 

SMHI Squirrel monkey (Saimiri Heart Daniel et al. 
sciureusl 11974al 

No. 11 Squirrel monkey (Saimiri Peripheral Falk et al. 
sciureusl leukocytes 11972al 

OMI Owl monkey (tumor- Kidney Hunt et al. 
bearing) (Aotus 11973) 
trivirgatusl 

Herpesvirus ateles 
No. 810 Spider monkey (Ateles Kidney Melendez et al. 

geoffroyil I 1972al 
No. 73 Spider monkey IAteles Peripheral Falk et al. 

paniscusl leukocytes 11974al 

year of life. At the age of 2 years, all or nearly all animals have gone 
through seroconversion, since antibodies against structural viral poly
peptides in titers of at least 1: 4 have become detectable by indirect 
immunofluorescence. Since in utero transmission apparently does not 
occur or at most occurs very rarely, squirrel monkeys can be reared free 
of the virus if they are separated from adult monkeys early in life. Falk 
et al. (1973a) experimentally infected colony-born seronegative squirrel 
monkeys with H. saimiri, the infection resulting in seroconversion after 
approximately 3 weeks. About 40 days later, seronegative young cage
mates became infected as H. saimiri antibody titers appeared and virus 
could be isolated from blood lymphocytes. At the time of these experi
ments, it was not possible to differentiate one H. saimiri strain from 
another, to confirm that the experimentally inoculated virus was the one 
transmitted. It now appears that any two isolates not related epidemiol
ogically can be distinguished by restriction-endonuclease cleavage of vi
rion DNA (Desrosiers and Falk, 1982). 

The main route of H. saimiri transmission in squirrel monkeys is 
probably through oral contact with virus-contaminated saliva or exposure 
of respiratory or conjunctival mucous membranes to virus-containing 
aerosols. Falk et al. (1973b) demonstrated that the virus is secreted into 
the saliva for prolonged periods of time after primary infection. In a 
randomly selected group of ten seropositive captive squirrel monkeys, H. 
saimiri was isolated from oral secretions of nine monkeys. Filtration 
experiments showed that at least some of the infectivity is associated 
with cell-free virus particles. Apparently, squirrel monkeys, the natural 
hosts of H. saimiri, shed large doses of infectious virus over a long period 
of their life. It was described repeatedly that cagemate owl monkeys (Aotus 
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trivirgatus) could be infected (Barahona et al., 1975; Deinhardt et al., 
1974; Hunt et al., 1973, 1975b; Rabin et al., 1975a). The prolonged ex
cretion of infectious H. saimiri with saliva is reminiscent of the human 
Epstein-Barr virus (EBV), which may appear in the oropharynx as an 
infectious and transforming agent for a period of many months after 
primary infection. 

It has been hypothesized that If. saimiri could eventually be trans
mitted by hematophagous insects; experimental attempts to transmit the 
virus between susceptible animals (tamarin marmoset monkeys) with 
stableflies, mosquitos, fleas, and cone-nose bugs have failed (Fischer et 
al., 1974). This of course does not rigorously exclude arthropod trans
mission in nature, since the number of potential arthropod vectors in the 
natural habitat of squirrel monkeys might be large. 

It is not clear in what cell types, tissues, or organs H. saimiri rep
licates after entrance into the susceptible natural host. Epithelial organs 
of the oropharynx (e.g., salivary glands) could possibly be the site of 
primary infection and the origin of virus excretion, but there is no ex
perimental proof for this hypothesis. Following primary infection, H. 
saimiri persists in white blood cells over years or for the lifetime of the 
squirrel monkey. This is obvious from the fact that virus can easily be 
isolated from lymphocytes of adult animals by co cultivation with per
missive epithelial monolayers. Only the T-Iymphocyte fraction seems to 
carry persisting H. saimiri. Wright et al. (1976) separated Band T lym
phocytes by a rosette-enrichment technique; the virus could be recovered 
from the cell subpopulation forming T-cell rosettes but not from B cells. 
The authors estimate that at least one out of 106 T lymphocytes of normal 
squirrel monkeys will yield virus after cocultivation. The selectivity of 
H. saimiri for T lymphocytes could indicate that this cell population 
alone possesses the appropriate membrane receptor for adsorption of the 
virus. The T-cell tropism of H. saimiri in its natural host contrasts re
markably to the tropism of EBV. This virus is restricted to B lymphocytes, 
since primate T lymphocytes are devoid of receptors for EBV (Yefenof et 
al., 1976). 

Cell homogenates of squirrel monkey lymphocytes do not contain 
infectious virus. Attempts to demonstrate viral antigens of herpesvirus 
particles in freshly isolated lymphocytes have been unsuccessful (Falk 
et al., 1972c). This is consistent with the general concept that long-term 
persistence of herpes-viruses occurs in a nonencapsidated form. 

It is a matter of debate whether H. saimiri can persist in epithelial 
kidney cells. The high incidence of virus isolation from primary kidney 
cultures of squirrel monkeys could be due to persistence of virus in 
epithelial cells or the presence of virus-carrying lymphocytes in the cul
tures. So far, it is not known if H. saimiri remains in a latent status or 
in the form of infectious virus particles within the epithelia of squirrel 
monkey kidneys. 

Klein et al. (1973) studied the humoral immune response against H. 
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saimm in experimentally infected young squirrel monkeys and their 
cagemates. Antibody titers were determined by indirect immunofluores
cence, using lytically infected acetone-fixed monolayers to determine 
antibodies against viral structural polypeptides [late antigen (LA)] and 
cytosine-arabinoside-arrested cell cultures for determination of antibod
ies against early antigens (EAs). Squirrel monkeys develop both viral 
capsid antigen and EA antibodies within 2-3 weeks after infection. Anti
LA antibodies quickly reach high titers, with maximal values from 1 : 40 
to 1 : 320 after 1-3 months. Thereafter, the titers slowly diminish to reach 
the intermediate, constant, persistent anti-LA titers that are character
istic of seropositive adult squirrel monkeys. In contrast, the anti-EA re
action is transient. The anti-EA titers reach a peak of about 1: 20 within 
2 months, then decline within a few months to undetectable levels after 
10 months following primary infection. EA-antibody response apparently 
concides with the phase of maximal virus replication in primary infec
tion, and adult squirrel monkeys usually do not have appreciable anti
bodies against EAs detected by indirect immunofluorescence (Rabin et 
al., 1973). Thus, the humoral antibody response in H. saimiri-infected 
squirrel monkeys is clearly similar to the seroreaction in EBV-infected 
humans, in whom primary infection is usually followed by a transient 
antibody response against EAs but permanent titers against viral struc
tural polypeptides. 

Herpesvirus saimiri does not seem to be pathogenic in the natural 
host; at least no symptoms of a common acute disease have ever been 
observed in connection with primary infection. Experimentally infected 
squirrel monkeys never showed any overt sign of disease (Falk et al., 
1973a; Melendez et al., 1969a). Even squirrel monkeys with severe im
munosuppression by antilymphocyte globulin, azathioprine, and pred
nisolone remained clinically well after experimental infection with H. 
saimiri. This does not exclude the possibility that the virus may be related 
to sporadic forms of neoplastic disease in squirrel monkeys. If such a 
tumor were to occur with the same low frequency as Burkitt lymphoma 
in American or European children, it is unlikely that it would have been 
detected so far in the limited number of monkeys under observation. 
Spontaneous lymphomas in squirrel monkeys are rare (Anzil et al., 1977). 
One case was observed in an adult seropositive squirrel monkey of the 
New England Primate Center colony, and H. saimiri was isolated from 
lymphatic tissues of this animal. However, H. saimiri-specific DNA was 
not found in tumor tissues by (CoT)-hybridization at a detection level of 
about one viral genome per cell (B. Fleckenstein and M.D. Daniel, un
published). If an H. saimiri-related tumor in the natural host were to 
follow a pathogenesis similar to that of other herpesvirus-caused lym
phomas, multiple genome copies would be present per average tumor
tissue cell (Fleckenstein et al., 1977). Thus, we assume that this tumor 
case was not related to H. saimiri. 
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B. Herpesvirus ateles 

In comparison to what is known about the biology of H. salmlll, 
much less is known about that of H. ateles. Since H. ateles was detected 
a few years later and most obvious biological parameters of the two 
viruses appeared to be similar or identical, few experiments on the natural 
history of H. ateles have been performed. Herpesvirus ateles was first 
isolated by Melendez and his group from a primary-kidney-cell culture 
of a black spider monkey (Ateles geoffroyi) (Melendez et al., 1972a-d) 
(Fig. 2). The isolate was designated H. ateles strain No. 810. Falk et al. 
(1974a) were able to isolate four H. ateles strains (designated Nos. 73,87, 
93, and 94) from blood samples of 18 spider monkeys (Ateles paniscus). 
The method of isolation was identical with the optimal procedure applied 
in H. saimiri isolation trials, using separated lymphocytes in cocultiva
tion with permissive cells. Thus, largely on the basis of virus-isolation 

FIGURE 2. Spider monkey IAteles geoffroyil. 
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experiments, spider monkeys are assumed to be the natural hosts and the 
principal reservoir of H. ateles in the wild. This is also consistent with 
the fact that all H. ateles strains were isolated from healthy spider mon
keys, and there is no indication that the virus is pathogenic in these 
animals. 

A high incidence of H. ateles in spider monkeys of the species A. 
paniscus was documented by serological screening (Falk et ai., 1974a). 
Of 24 monkeys, 14 possessed antibodies against structural viral antigens, 
detectable by indirect immunofluorescence. 

The early seroepidemiology was somewhat confusing, since H. 
saimiri and H. ateles can be differentiated by neutralization tests in cell 
culture, but show some cross-reactivity in immunofluorescence. How
ever, more recent studies on many virus isolates from squirrel monkeys 
and two spider monkey isolates by discriminatory DNA analyses have 
clearly indicated that H. saimiri and H. ateles are different and discrete 
viruses. Thus, squirrel monkeys are a natural host for H. saimiri, and 
spider monkeys are probably a natural host for H. ateles. 

III. STRUCTURE, COMPOSITION, AND REPLICATION OF 
VIRUS PARTICLES 

A. Permissive Cell Cultures 

The first isolate of H. saimiri, S295C (also previously designated 
SMKI-83, prime strain, or prototype strain), was identified in a primary
kidney-cell culture from a healthy squirrel monkey (Melendez et ai., 
1968). The initial cytopathic changes were characterized by small clumps 
of refractile and swollen rounded cells, which slowly progressed to com
plete destruction of the monolayer within 1 month. Staining with he
matoxylin and eosin revealed typical morphological features of herpes
virus cytopathic effect (CPE) with intranuclear acidophilic inclusions of 
variable size and pyknotic nuclei. Further studies showed that H. sai
miri has a spectrum of permissive cells that includes a number of epi
thelial primary cultures and cell lines as well as fibroblastic-cell strains 
from marmosets, owl monkeys, and other New World primates (Melen
dez et ai., 1969a, 1972d; Wolfe et ai., 1971b). Owl monkey kidney (OMK) 
cells seem the best choice as a productive system for propagation of H. 
saimiri in cell culture. Infectivity titers in the range of 107.0 median 
tissue-culture infective doses (TCIDso)/ml can be reached in primary 
OMK-cell cultures and early subpassages from them. A number of per
manent cell lines have been established (Daniel et al., 1976; Todaro et 
aI., 1978), and all H. saimiri strains grow lytic ally on OMK cells, resulting 
in complete destruction of the mono layers within 2-20 days, depending 
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on the multiplicity of infection. Final infectivity titers obtained on later 
passages of OMK-cell cultures may be lower on average (about 105 

TCIDso/ml) than in primary culture or early-passage OMK cells. The 
number of DNA-containing virus particles in any well-grown and fully 
infected culture is usually around 109/ml; this calculation of the number 
of DNA-containing viral particles is based on the yields of viral DNA 
from cell-culture fluids. 

Epithelial cells of Old World primates are less susceptible to H. 
saimiri. The virus replicates in primary African green monkey kidney 
cells and two kidney-cell lines of this species, Vero and CV-l. However, 
the yield is variable and poor in many cases. Vero cells have been used 
for microplaque and infectious-focus assays using fluid medium. Vero 
and rhesus monkey kidney cells have been converted into cultures that 
produce H. saimiri continuously in low titers without visible cytopathic 
changes (Oieet al., 1973;Didieretal.,1975;Danieletal., 1980). Herpesvirus 
saimiri does not seem to grow in human epithelial-cell cultures; human 
embryonic fibroblasts, however, seem to be semipermissive (Ablashi et 
al., 1971b, 1974a; Daniel et al., 1974b). The virus can be propagated by 
serial passage on human fibroblasts; the infectivity is low (about Ifr~ 
TCIDso/ml), but slightly increased by pretreatment with diethylamino
ethyl (DEAE)-dextran. Cell cultures of nonprimate origin are usually not 
permissive. The virus was shown to replicate in mink lung cells that are 
simultaneously infected with squirrel monkey retrovirus (Smith et al., 
1979), but most attempts to grow H. saimiri in various cultures from 
chicken, mice, hamsters, dogs, cats, and rabbits were not successful 
(Melendez et al., 1969a). 

Herpesvirus saimiri infectivity can be quantitated by plaque assays. 
Daniel et al. (1971, 1972) developed the plaquing techniques on OMK, 
marmoset kidney, squirrel monkey lung, heart, and intestine cells using 
methylcellulose, starch, or agar to prepare semisolid media. The plaques 
remain small (0.5-2.5 mm) within 10 days of incubation, and the plaque 
populations are always heterogeneous in size and shape. Harvests of single 
plaques consistently result in heterogeneous plaque populations on serial 
plating. 

Herpesvirus ateles has a similar but slightly different spectrum of 
permissive cell cultures, mostly epithelial and fibroblast cells from owl, 
marmoset, squirrel, rhesus, and African green monkeys. In general, H. 
ateles grows to lower infectivity titers than H. saimiri. There are OMK
cell lines such as line No. 210 on which H. ateles grows unsatisfactorily, 
causing a slowly progressing focal CPE; on the other hand, it grows rapidly 
on OMK-cellline No. 637, on which it forms large syncytia (Daniel et 
al., 1974a; B. Fleckenstein, unpublished). In contrast to H. saimiri, H. 
ateles does not appear to grow in Vero cells; this difference has been used 
to distinguish the two viruses (Falk et al., 1974a; Melendez et al., 
1972d,e). 
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B. Virion Deoxyribonucleic Acid Structures 

1. Herpesvirus saimiri 

a. Genome Structure of Wild-Type Strains 

The structural analysis of H. saimiri and H. ateies DNA revealed a 
genome organization that is very much different from that of all other 
herpesviruses so far characterized and seems to be unique among all 
animal viruses. Most strikingly, genomes of H. saimiri and H. ate1es 
possess manyfold repetitive DNA that amounts to nearly one third of 
total genome size, and the repetitive DNA is extremely high in guanine 
plus cytosine (G + C) content in comparison to nonreiterated DNA. 

The genomes of all original H. saimiri strains (Table I) follow the 
same structural plan. They are linear double-stranded DNA molecules 
of slightly variable length. Most intact DNA molecules extracted from 
purified virus particles are in the range between 96 and 110 megadaltons 
(Md), which is equivalent to 145-170 kilo-base-pairs (kbp) (Fleckenstein 
and Wolf, 1974). 

The pronounced heterogeneity in base composition becomes obvious 
from isopyknic centrifugation in salt gradients in the analytical or prep
arative ultracentrifuge, from determination of the melting temperatures 
of the DNA (Fleckenstein et ai., 1975a), and from analysis of hydrolyzed 
virion DNA by high-performance liquid chromatography (HPLC) (M. Ehr
lich, J. Gehrke, and R. C. Desrosiers, unpublished). Analytical density 
scannings showed that DNA molecules that are carefully extracted from 
purified virus particles to avoid mechanical shear band at two densities, 
1.729 and 1.705 g/ml. These density values correspond to 70.6% and 
45.4% G + C, respectively, in duplex DNA that does not contain unusual 
bases. The high-density DNA, designated H-DNA, represents about 10% 
of total virion DNA, while the majority of DNA (M-DNA) is found in 
the 1. 705 g/ml density range. As described below in more detail, M-DNA 
represents infectious viral DNA, while H-DNA molecules are highly 
defective genomes. If total virion DNA from H. saimiri has been frag
mented by mechanical shearing prior to analytical centrifugation, two 
density classes are again found: H-DNA with 70.6% G + C and low-den
sity DNA (L-DNA) with 35.8% G + C, the latter banding at 1.695 g/ml. 
In these gradients of sheared DNA, approximately 40% of total DNA is 
H-DNA and 60% L-DNA. These data are explained by a model that 
proposes that H. saimiri virus particles contain two types of virus ge
nomes: (1) a majority of M-DNA genomes that are composed of 70% L
DNA and 30% H-DNA in covalent linkage and (2) a minority of H-DNA 
genomes consisting of high-G + C DNA only (Fleckenstein and Wolf, 
1974; Fleckenstein and Bornkamm, 1975; Simonds et al., 1975). 

Base-composition analysis by HPLC yields values of 45.7% G + C for 
M-DNA and 70.0% G+C for H-DNA (M. Ehrlich, J. Gehrke, and R.C. 
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Desrosiers, unpublished). The intramolecular base composition of M
DNA was confirmed by determination of the melting temperature (tm ), 

since the tm analysis revealed a characteristic biphasic curve. About 70% 
of M-DNA sequences were heat-denatured at 75.4°C (in 50 mM Na +, pH 
6.8), while 30% of the DNA had a tm of 89.6°C (Fleckenstein et ai., 1975a). 
The experimentally determined values of tm for M- and H-DNA agree 
within 1°C with calculated expected values as determined from the G + C 
content and salt concentration (Frank-Kamenetskii, 1971). 

The H-DNA of H. saimiri is manyfold repetitive. This is obvious 
from reassociation kinetics in liquid-phase hybridization and cleavage 
with a number of restriction endonucleases. Furthermore, these experi
ments show that the H-DNA sequences in H-genomes and M-genomes 
are indistinguishable, in all likelihood identical. Many restriction en
donucleases cleave H-DNA into a limited number of distinct equimolar 
classes of fragments with a total molecular weight of 830,000 (Table II) 
(Bornkamm et ai., 1976). This indicates that H-DNA sequences of H. 
saimiri are chains of identical repeat units in strict tandem orientation, 
and each repeat unit has 1.4 kbp. Thus, H-genomes have about 120 iden
tical repeat units in head-to-tail arrangement, and necessarily, H-genomes 
are a form of defective genomes because of their low genetic complexity. 
M-genomes possess approximately 36 H-DNA repeat units, equivalent 
to about 30% of the full genome length. 

The arrangement of H- and L-DNA within M-genomes was analyzed 
first by partial denaturation in the electron microscope and computer 
alignment of the denaturation maps (Bornkamm et ai., 1976). The L-DNA 
in M-genomes is present as one continuous nonpermuted DNA segment 
of 71.6 Md. The L-DNA segment is inserted between two H-DNA 
stretches. The lengths of these terminal H-DNA stretches are highly 
variable, with dimensions between 1 and about 21 J.Lm. In general, mol
ecules with a long H-DNA stretch at one end have a short H-DNA stretch 
at the opposite end, resulting in a limited size heterogeneity of the total 
M-DNA molecule. Alignment of M-DNA molecules by the denaturation 
pattern of their L-DNA segment shows that the longer H-DNA terminus 
may be located at either end of the M-genomes. The H-DNA segments 
of M-DNA differ in length by integral numbers of repeat units; this 
becomes obvious when the sizes of terminal fragments are analyzed after 
cleavage with a restriction enzyme (Group II) that cuts in the outer por
tion of the L-region without cleaving in H-DNA (Fleckenstein and 
Mulder, 1980). The H-DNA sequences at both ends of M-genomes are 
oriented in the same direction; this follows from the observation that 
intact single strands of H. saimiri M-DNA do not have a tendency to 
form any of the foldback structures that are easily found in the single 
strands of herpesvirus genomes with inverted repeats (P. Sheldrick, N. 
Berthelot, and B. Fleckenstein, unpublished). 

The peculiar structure of M-genomes with components of widely 
different base composition and highly repetitive segments has facilitated 
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physical mapping by restriction enzymes. The enzyme SmaI, which re
cognizes the sequence CCCGGG, has proven to be very useful for the 
initial restriction-enzyme analyses, since it does not cleave within the 
entire length of L-DNA of all H. saimiri strains tested so far. It does 
cleave three or four times within each H-DNA repeat unit depending on 
the strain of H. saimiri (Table II). Other endonucleases (group II enzymes) 
are found to cleave the L-DNA of H. saimiri into a small number of 
fragments without cleavage of H-DNA. The enzymes Aosl, BamHI, CIal, 
Eeal, Kpnl, Pvul, and Xhol cleave the L-region into fewer than ten frag
ments (Table II). The location of H-DNA segments with variable length 
at the termini of M-genomes allows easy mapping of terminal L-DNA 
fragments. Restriction endonuclease (endoR) Smal cleaves H-DNA, but 
not L-DNA; group II enzymes cleave L-DNA but not H-DNA. A com
parison of the fragment pattern of H. saimiri M-DNA cleaved by a group 
II enzyme alone with the pattern produced by the group II enzyme plus 
endoR Smal allows identification of L-DNA fragments located at the 
H-L border. Each time endoR Smal is present, series of high-molecular
weight bands disappear and two new discrete bands appear. These two 
discrete fragments represent the terminal fragments of L-DNA that are 
not seen when a group II enzyme cleaves the DNA alone, since in that 
case they are linked to a variable number of H-DNA repeat units. Further 
mapping of the L-region of H. saimiri strain 11 has been achieved by 
preparative isolation of the fragments generated by one endonuclease 
from agarose gels and recleaving with one or several of the other enzymes 
(Fig. 3) (Fleckenstein and Mulder, 1980; C. Mulder, M. Koomey, G. Keil, 
and B. Fleckenstein, unpublished). 

Physical maps have also been developed for the repetitive H-DNA 
of H. saimiri strain No. 11. The order of the four endoR Smal H-DNA 
fragments was deduced from the sizes of DNA fragments after partial 
digestion. Additional maps for endoR HinfI, HpaII, PstI, PvuII, SacIl, and 
TaqI have resulted from multiple cleavages of isolated H-DNA fragments 
in various combinations (Bornkamm et a1., 1976; Fleckenstein, 1979; 
Fleckenstein and Mulder, 1980). 

Herpesvirus saimiri strain 11 was the first wild-type strain used for 
structural analysis. The three other strains characterized so far, strains 
S29SC, SMHI, and OMI (HOT), possess the same basic structure of M
and H-genomes, and there is a high degree of sequence homology among 
all strains. Cross-hybridization experiments using CoT analysis did not 
detect significant base-pair divergence among the strains. This is in ac
cordance with the results of the comparative restriction enzyme cleav
ages of L- and H-DNA of these H. saimiri strains whereby distinct but 
related patterns were found consistently. A more quantitative determi
nation of the degree of base-pair homology was obtained by measuring 
tm depression of heteroduplex molecules. In these experiments, we found 
less than 3°C for ~tm between H. saimiri L-DNA homo duplex and het
eroduplex molecules, indicating at most 2% average base-pair divergence 
over most of the length of the L-region (Keil et al., 1980). 
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FIGURE 3. Cleavage maps of the L
DNA regions from three ll. saimiri 
strains. From C. Mulder, M. Koomey, 
G. Keil, and B. Fleckenstein 
(unpublished I. 
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H-DNA sequences from different H. saimiri strains show more di
vergence than the average of L-DNA sequences. This becomes obvious 
from comparison of restriction-endonuclease cleavage patterns of H-DNA 
from various virus strains and from measuring the tm values of H-DNA 
heteroduplex molecules (Keil et al., 1980). The repetitive DNA of H. 
saimiri seems to be subject to a faster evolutionary base-sequence di
vergence than the L-DNA region of viral genomes. 

M-DNA of H. saimiri is infectious in permissive cell cultures. Two 
methods have proven to be about equally efficient in transfection exper
iments with H. saimiri DNA (Fleckenstein et al., 1975a). After precipi
tation of H. saimiri M-DNA with calcium phosphate, 10 ng DNA is 
usually sufficient to obtain infection of OMK cells within 2-7 weeks. 
The alternative procedure is to treat permissive cells with DEAE-dextran 
in the presence of native M-DNA. No productive infection can be induced 
with isolated H-DNA, nor is any to be expected from the low genetic
information content of H-DNA (Fleckenstein and Bornkamm, 1975). The 
virus that arises after transfection with M-DNA was found to be indis
tinguishable from original virus stocks. 

Herpesvirus saimiri obtained after transfection is oncogenic in mar
moset monkeys, and the DNA is identical in restriction endonuclease 
analysis and analytical centrifugation. Remarkably, H. saimiri particles 
originating from isolated infectious M-DNA contain the same relative 
amounts of H-genomes as regular stocks, indicating that H-genomes are 
created efficiently from the repetitive H-DNA ends of M-genomes in each 
cycle of replication (Fleckenstein et al., 1975a). 

b. Strain Variability 

The biological properties, genome structure, and restriction-fragment 
linkage maps of the four H. saimiri strains described above are known 
in considerable detail. Recently, virus and virion DNAs have been ob
tained from 19 wild-caught and 3 colony-born squirrel monkeys (Des
rosiers and Falk, 1982). Detailed analyses of these 22 new isolates promise 
to provide additional understanding of H. saimiri systematics and 
epidemiology . 

Except for actual DNA sequencing, analysis of restriction-endonu
clease cleavage products of viral DNA is the most sensitive means of 
distinguishing different strains of virus. Any two fresh isolates of herpes 
simplex virus (HSV) unrelated epidemiologically can be distinguished by 
the DNA fragments produced by restriction endonucleases (Buchman et 
al., 1978). Transmission of a virus strain from one person to another has 
been followed using this procedure (Linnemann et ai., 1978). Although all 
H. saimiri isolates contained similarities and common features, 19 of the 
22 were readily distinguished (Desrosiers and Falk, 1982, Fig. 4). Three 
of the isolates, however, were indistinguishable and probably were related 
epidemiologically. Three of three colony-born squirrel monkeys that were 
tested yielded a strain of virus distinct from that obtained from the 
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mother. In separate experiments, two of three animals chosen randomly 
yielded a strain of virus different from that originally obtained 16 and 22 
months previously; only one of the three animals examined yielded the 
same strain of virus 22 months after the original isolation. The degree 
of restriction endonuclease fragment variability among H. saimiri strains 
appeared to be greater than previously observed for herpes simplex virus 
IBuchman et al., 1978) and Herpesvirus tamarinus IDesrosiers and Falk, 
1981). 

In the case of HSV, the differences in restriction-endonuclease cleav
age patterns can usually be explained by a simple gain or loss of a rec
ognition site by point mutation. The variability in H. saimiri strains is 
so great that either many such gains or losses occur in one strain vs. 
another or other factors such as rearrangements, deletions, insertions, or 
hypervariability in discrete sequences contribute to the variability. This 
can be simply seen by comparing the BamHI cleavage sites in L-DNA 
of strains OMI IHOT) and SMHI Isee Fig. 3). Although BamHI cleaves 
only five and six times, respectively, in these DNAs, five gains or losses 
of recognition sites would be required to explain the differences, if this 
were the only factor contributing to the differences in BamHI cleavage 
maps. Similarly, six gains or losses would be required to explain the 
differences between No. 11 and SMHI. Measurement of tltm between 
homoduplex and heteroduplex DNA molecules in reassociation experi
ments has indicated less than 2% average base-pair divergence in L-DNA 
among laboratory strains of H. saimiri IKeil et a1., 1980). A 2% random 
base-pair divergence would result in 88.6% of six nucleotide recognition 
sequences remaining unaltered. The cleavage sites of EcoRI appear to be 
more highly conserved than those of other enzymes, but the variability 
in cleavage sites with most restriction endonucleases is much greav:r 
than would be expected from a simple 2% base-pair divergence. Thus, 
the causative factors that underlie restriction-endonuclease cleavage-site 
variability may be complicated and are not fully understood. 

One region of L-DNA that has apparently changed by means other 
than point mutations is the leftmost 6% 17 kbp). The genomes of five of 
these new isolates have been compared to the DNA from four laboratory 
strains, II, OMI, SMHI, and S295C, by restriction-endonuclease cleavage, 
blotting to filter paper, and hybridization. All nine strains showed ex
tensive homology over most of the length of the genome. On the basis 
of homology of the leftmost 7 kbp of L-DNA, however, they could be 
grouped into two classes. The leftmost 7-kbp region from one group was 
not detectably homologous with DNA from the other group IMedveczky 
et a1., 1980). This lack of homology is particularly interesting in that two 
independently derived attenuated, nononcogenic strains of H. saimiri 
have deletions in this same region Isee Section VI.D). Viruses from both 
classes can produce tumors in experimental animals, but there are pos
sible differences in the degree of oncogenicity, i.e., percentage of animals 
that die or survival time. 

Most herpesviruses are not easily spread from person to person 
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FIGURE 4. Herpesvirus SQ1mm 
strain variability as determined by 
restriction-endonuclease digestion 
of virion DNA. Herpesvirus saimiri 
was isolated from ten feral, im
ported squirrel monkeys by cocul
tivation of peripheral lymphocytes 
with permissive OMK cells. Stock 
virus was prepared from this initial 
cocultivation and used for the prep
aration of sufficient virus for isola
tion of DNA. DNA was prepared 
from purified virions as previously 
described (Bomkamm et al., 1976). 
Virion M-DNA was digested with 
endoR Sacl and electrophoresed 
through a 0.5% agarose gel. DNA 
fragments were stained with ethi
dium bromide and photographed 
under UV light. DNA from the iso
late shown in slot 2 was from a Pe
ruvian squirrel monkey imported 
from Iquitos, Peru. The other iso
lates were from Colombian squirrel 
monkeys imported from Leticea, 
Colombia. Animal markings and in 
some cases karyotyping were used 
to confirm the origin of the animals. 
The supermolar fragments toward 
the bottom of the gel are derived 
from cleavage within repetitive H
DNA. Additional multimolar frag
ments in slot 8 are probably due to 
the presence of defective DNA. Data 
from R. Desrosiers and L. Falk 
(unpublished). 
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through aerosols. It has been hypothesized that horizontal spread of her
pesviruses within a given community or region is limited, compared with 
that of respiratory viruses, and may frequently be restricted to family 
clusters (Roizman and Buchman, 1979). Geographic clustering of strain 
types would have important implications for the epidemiology of human 
diseases. The geographic clustering of EBV -related tumor diseases (Burkitt 
lymphoma and nasopharyngeal carcinoma) is well documented (de The 
et al., 1978; Judson et al., 1977). It is conceivable that particular strain 
types are prevalent in a particular geographic region and contribute to 
the observed differences in disease patterns. Herpesvirus saimiri provides 
an ideal model system to study this since (1) squirrel monkey subgroups 
coming from different regions of South and Central America have been 
identified; (2) virus can be easily isolated by cocultivation of peripheral 
lymphocytes with permissive OMK cells; and (3) viral DNA can easily 
be prepared in sufficient quantities from permissive infection for restric
tion-endonuclease analysis. Further analyses of these 22 plus other iso
lates may reveal characteristic features peculiar to an individual geo
graphic region. 

c. Recombinant Strains 

For most viruses, the isolation of conditionally lethal mutants is the 
primary approach to their genetics. For H. saimiri, difficulties have been 
encountered with the isolation of temperature-sensitive mutants, since 
the virus grows slowly, and the mutants tended to leakiness and reversion 
(Schaffer et al., 1975; P. Schaffer, personal communication). To facilitate 
a genetic analysis, a method has been developed to generate recombinants 
between different H. saimiri strains from large restriction fragments of 
their DNAs (Keil et al., 1980). Permissive monolayers were infected with 
long, overlapping fragments of H. saimiri DNA. Complete M-genomes 
could arise only by recombination of DNA segments from different virus 
strains, imposing a strong selection for recombinants between different 
strains of H. saimiri. Restriction-endonuclease analysis of virion DNA 
arising from such mixed transfections is used to determine the nature of 
the recombination events. 

In a first approach, BamHI DNA digests of one H. saimiri strain and 
Sma I-cleaved DNA from a second strain were used for transfection of 
OMK cells. Endo R SmaI yields a complete H. saimiri L-DNA region, 
while BamHI leaves intact H-stretches with long adjacent L-DNA seg
ments. From these cultures, we could rescue five isolates, designated RF 
I, RF 2, RF 4, RF 6, and RK 2. The viruses were plaque-purified, and the 
DNA was purified from each strain and cleaved with appropriate restric
tion endonucleases. For each of the isolates, it became obvious that the 
H-DNA sequences were derived from one strain and most of the L-DNA 
was derived from the other parental strain. Construction of cleavage maps 
for restriction endonucleases AosI, BamHI, KpnI, SacII, SmaI, and XhoI 
for each of the recombinants allowed us to determine which parts of the 
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recombinant M-genome originated from either of the parents (Fig. 5). The 
maps of four strains suggested that the recombination occurred by cross
ing over in accurately corresponding L-sequence loci of parental M-ge
nomes. One recombinant strain had an insertion of 1.3 Md close to the 
right crossing-over point and in parallel a deletion of 1.1 Md on the left 
side (Keil et al., 1980). 

Cleavage of L-DNA from all H. saimiri strains with endoR KpnI 
yields a long A-fragment of 42.5 Md representing the interior part of the 
L-DNA region. The ends of the KpnA fragment overlap with the terminal 

H-DNA l-DNA H-DNA 

BIB ~ · · . · · S295C 
RF1 I S OMI 

• I 
III 11 RK201 /' ~ RK202 RF1 

I 

del ins I 
I 5 295C 

RF2 Y V S: 
I I 11111 
I I 
I I OMI 

RF4 ~ S! 
I 1\111 

· I 11111 
RF6 Z Si S295C 

/' S 
S295C 

RF7 
III 11 

"-
III 11 

RK 241 /" RF7 

RF8 ,/ ~ 
S295C 

III 11 

'\J 
1\1 11 

RK2 V OMI I I I 
I I OMI 

RK48 Is 7 S 
'" 11 

I I I I I 
0 20 40 60 80 

me9adaltons 

I I I I I I I 
20 40 60 80 100 120 140 

kilo base pairs 

FIGURE 5. Schematic representation of H. saimiri recombinants. The recombinant strains 
were isolated after transfection of long, overlapping restriction fragments from two different 
H. saimiri strains in each experiment. The parental DNA sequences represented in each 
recombinant strain are indicated by a bold line (Keil et al.. 19801. 
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BamHI A- and B-fragments of strain 11 L-DNA. Thus, cotransfection of 
Kpnl-cleaved DNA of strain S295C with BamHI digests of strain 11 M
ONA resulted in the development of two recombinant viruses, designated 
RF 7 and RF 8. Necessarily, the sites of crossing over were at a greater 
distance from the H-DNA junctions than in the first series of recombi
nants. As was to be expected"recombinant virus RF 8 possessed one Sall 
cleavage site in L-DNA only. Surprisingly, M-DNA of RF 7 could not be 
cleaved at all by SalI j this could be due to an additional double cross
over with a short sequence exchange or by loss of the cleavage site un
related to recombination. With the use of an analogous approach, a virus 
(RK 241) was isolated after cotransfection of the Kpnl A fragment of strain 
11 with the Bam HI-cleaved M-DNA of recombinant strain RF 7, and 
three further recombinants (RK 48, RK 201, and RK 202) were obtained 
from the large Kpnl A fragment of H. saimiri strain 11 M-DNA with a 
Clal digest of OMI DNA or with a mixture of strain 11 M-DNA Xhol 
fragments and strain RF 1 BamHI fragments, respectively (Fig. 5). 

Two further recombinant viruses were obtained after cotransfection 
with BamHI fragments of strain OMI, an Xhol digest of strain 11 and 
the internal L-region from strain S295C. Cleavage maps are not completed 
as yetj however, assuming a mode of generation by two crossing-over 
events akin to the mechanism described before, these two recombinants 
could possess different H-DNA sequences at the two ends. 

As described in more detail in Section VI.D, attenuated H. saimiri 
(strain llatt) has a 1.1 Md deletion at the left terminus of L-DNA. In a 
first series of experiments, recombination between the attenuated H. 
saimiri and the highly oncogenic wild-type strain OMI resulted in an 
isolate that preserved the L-DNA deletion (Fig. 6). Analysis of this type 
of recombinant may help in the future to identify the functional role of 
the left end of L-DNA for oncogenicity. 

The generation of recombinants between different II. saimiri strains 
by cotransfection with large, overlapping restriction fragments is a con
venient and effective procedure in comparison to other possible methods, 
since conditionally lethal mutants of the viruses are not needed and 
recombinants are necessarily selected for. Thus, the peculiarities of the 
H. saimiri genome structure and the availability of restriction endonu
cleases that cleave very infrequently may allow a first useful approach 
toward molecular genetics of this virus. Analyses of the biological and 
biochemical features of H. saimiri recombinants may provide map lo
cations for some functions in future studies. 

As mentioned above, one recombinant strain (RF 8) has one Sail 
cleavage site within the entire M-genome. Further experiments aimed 
at deleting the other Sail site of strain 11 by a different recombination 
are in progress. If a single Sall recognition site in recombinant strains of 
H. saimiri were not part of essential coding sequences, a recombinant 
genome with one Sail site could be regarded as a large eukaryotic cloning 
vector that may be able to incorporate a long segment of foreign DNA 
into the unique Sail site without loss of viral genetic information. 
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2. Herpesvirus ate1es 

Herpesvirus ateles and H. saimiri are similar in the structural or
ganization of their genomes (Fleckenstein et al., 1978a): their DNAs share 
the most characteristic features, an extreme heterogeneity in base com
position and the presence of highly repetitive DNA in complete and 
defective genomes. 

Similar to virions of H. saimiri, purified H. ateles virions contain 
repetitive H-DNA of very high G + C (75%) and nonreiterated L-DNA of 
low G+C (38%). As shown by partial denaturation in the electron mi
croscope, the two types of DNA sequences are assembled in at least two 
types of double-stranded molecules, M-genomes and H-genomes, both 
with molecular weights of approximately 90 x 106 . Defective H-genomes 
consist of H-DNA sequences only that are approximately 100-fold rei
terated per molecule. M-genomes contain L-DNA segments that repre
sent 74% of the molecule length inserted between terminal H-DNA se
quences. Similar to H. saimiri DNA, the sizes of H-DNA termini in M
genomes of H. ateles are highly variable, differing in length by integral 
numbers of repeat units, and all H-sequences in one molecule are oriented 
in the same direction. Usually, an M-genome with a long H-terminus at 
one end has a short H-sequence at the other end, the longer end being 
located at either side of the molecule. 

Despite these similarities, differences are found between H. ateles 
and H. saimiri DNA: (1) H-DNA, as well as L-DNA, of H. ateles has a 
significantly higher G + C content than the corresponding sequences of 
H. saimiri; (2) the relative amount of H-DNA in the M-genome of H. 
ateles is lower than the percentage of H-DNA in the M-genome of H. 
saimiri; and (3) the repeat units of H. ateles H-DNA (about 1.5 kbp) are 
slightly longer than the H. saimiri H-DNA repeats (1.4 kbp). 

A number of restriction endonucleases cleave infrequently in H. 
ateles DNA. Thus, physical gene maps for the L-region in the M-genome 
of H. ateles strain 73 have been developed using endoR SacII, SalI, and 
SmaI (Fleckenstein and Mulder, 1980). Comparative restriction analysis 
of virus strains 810 and 73 indicates a higher degree of variability between 
the two H. ateles isolates than among the H. saimiri group of virus 
isolates. This is consistent with the observation that an appreciable base
sequence divergence is found between the DNAs of these H. ateles strains 
by analysis of heteroduplex hybrids (Fleckenstein et al., 1978a). 

C. Virion Proteins 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS
PAGE) of purified H. saimiri virions has revealed major and minor pro
teins in numbers similar to HSV (Roizman and Furlong, 1974) and EBV 
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FIGURE 7. SDS-PAGE of H. saimiri virion 
proteins. OMK cells were infected with 
strain 11· at a multiplicity of infection IMoil 
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lunpublished). 
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(Dolyniuk et al., 1976) (Fig. 7) (Keil et al., 1980; Randall and Honess, 
1980; S. Modrow and H. Wolf, personal communication; W. Bodemer and 
G. Keil, unpublished). Although the designated molecular-weight values 
of these groups vary, they almost certainly have detected the same major 
virion polypeptides. Figure 7 shows a profile of 3sS-labeled H. saimiri 
strain 11 purified virion polypeptides; Fig. 7 A shows the pattern with 
Coomassie brilliant blue strain and Fig. 7B shows the exposed film fol
lowing fluorography. Modrow and Wolf found no differences in the mo
lecular weights of polypeptides from purified virions of strain 11, the 
attenuated strain derived from 11 (11 att), and virus recovered from a mar
moset inoculated with llatt . Following SDS-PAGE, the polypeptide pro
files of the two H. ateles strains, 73 and 810, were similar but distin
guishable from the H. saimiri profile, and the profiles of 73 and 810 even 
showed differences in some of the major polypeptides (S. Modrow and H. 
Wolf, personal communication). Keil et al. (1980) found differences 
among various H. saimiri strains in the molecular weights of some of 
the minor virion polypeptides, especially in the 12-16 kd range. 

D. Mechanism of Virus Replication 

1. DNA Replication 

The structure of replicating DNA from H. saimiri or H. ateles has 
not yet been visualized. A hypothesis on the mode of DNA replication 
has to take into account the peculiar genome structures and the dynamics 
of their formation. Terminal H-DNA stretches are of discrete sizes that 
differ by multiples of the length of a repeat unit; thus, it is likely that 
all molecules end at each terminus with one distinct terminal sequence 
that is present once only in each repeat unit. This could easily be ex
plained by assuming that circular or concatameric forms are intermedi
ates of H. saimiri DNA replication and that these intermediates are 
cleaved into monomers by an enzyme activity present in the nuclei of 
lytically infected cells. The arrangement of tandem repeats with variable 
lengths at both ends would be consistent with this hypothesis. 

De novo creation of H-genomes from M-genomes after transfection 
with M-DNA could involve a mechanism akin to gene amplification in 
other eukaryotic systems. A rolling-circle model of DNA replication 
could account for all structural phenomena of H. saimiri DNA observed 
so far. The peculiar structure of H. saimiri DNA may help in the future 
to elucidate possible replication mechanisms of herpesvirus DNA. 

2. Transcription 

Very little information is available at present on characterization of 
the RNA and proteins coded by H. saimiri and H. ateles. Experiments 
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mapping viral polypeptides to particular regions of the genome have not 
yet been performed. 

The only experiments regarding RNA synthesis have involved de
termining transcription from H- vs. L-sequences. Fleckenstein et al. 
(1976) have reported that total RNA from infected OMK and from lymph
oid-tumor cells can hybridize significantly to a major portion of H-DNA. 
Tracy and Desrosiers (1980) have found that less than 1 %, if any, of viral
specific cytoplasmic RNA labeled late in infection is derived from H
sequences. Immediate early transcripts of HSV (Anderson et aI., 1980) 
and vaccinia virus (Wittek et aI., 1980) are derived from reiterated regions 
of DNA. Transcription from repeated H-DNA sequences very early in 
infection could possibly explain the aforementioned results, but this has 
not been demonstrated. 

3. Protein Synthesis 

Early work on identifying H. saimiri-specific proteins concentrated 
on characterizing the antigens of permissively infected cells. Late anti
gens (LAs) are predominately cytoplasmic antigens synthesized late in 
the viral replicative cycle. Antibodies to LAs persist for life in naturally 
or experimentally infected squirrel monkeys and can frequently be found 
in experimentally infected owl or marmoset monkeys (Pearson et al., 
1973). Early antigens (EAs), by definition, are detected before the onset 
of viral DNA replication and primarily are not major structural proteins 
(Klein et al., 1973). Antibodies against EAs appear in sera from animals 
with active II. saimiri infections. EAs seem to be located primarily in 
the nucleus of infected cells when assayed by indirect-immunofluores
cent-antibody tests, and two different types of staining patterns have been 
observed. Qualtiere and Pearson (1978) have solubilized H. saimiri mem
brane antigens (MAs) by limited papain digestion. The solubilized MA 
preparation was active in inhibiting antibody-dependent lymphocyte cy
totoxicity. Ohno et al. (1979) have detected a DNA-binding H. ateIes 
nuclear antigen (HATNA) using an acid-fixed nuclear binding technique. 
HATNA is probably analogous to the nuclear antigen of EBV. The de
tectability of HA TNA appeared to correlate with the number of H. 
ateIes genome equivalents per cell (Johnson et aI., 1980) (see Table IV). 

Herpesvirus saimiri-specific neutralizing sera have little or no ability 
to cross-neutralize H. ateIes and vice versa. Infectivity-neutralization 
tests thus can be used to distinguish II. saimiri from H. ateIes or H. 
saimiri-specific sera from H. ateIes-specific sera. Antigenic cross-reac
tivity (EA and LA) can be detected, however, by indirect-immunofluo
rescence tests (Falk et aI., 1974a; 1. Falk and M.D. Daniel, unpublished). 

Randall and Honess (1980) have found that two of the major virion 
proteins of approximately 160 and 28 kd are preferentially and speCifically 
released into culture fluid during infection of permissive OMK cells. 
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These proteins were also specifically found in a membrane fraction. Im
munization of rabbits against these polypeptides gave rise to neutralizing 
antibodies. 

Work is just beginning in several laboratories on biochemical char
acterizations of the structural and nonstructural proteins of H. saimiri. 
One approach that has been successfully used with HSV is to examine 
labeled viral polypeptides in infected cells against a declining background 
of host-cell polypeptide synthesis. This procedure allows for numerous 
characterizations, such as varying the label to detect glyco- and phos
phoproteins, subcellular fractionation to determine the location of var
ious polypeptides, and varying the time of labeling for detection of im
mediate early, early, and late viral polypeptides. Although this approach 
will undoubtedly be useful, its success in the H. saimiri system is ham
pered by a number of factors: First, the highest titers of infectious H. 
saimiri are usually around 106 .5 . To guarantee initial infection of 100% 
of the cells, either large volumes or concentrated virus preparations are 
required. The particle/plaque-forming unit ratio for H. saimiri is not 
usually known, and it is not known how many virus particles are actually 
entering the cells under these conditions. Second, the shutoff of host 
protein synthesis is slow and occurs late. Third, the infectious cycle of 
H. saimiri is considerably longer than the cycles of other viruses, and 
infection may not proceed synchronously. A single cycle is longer than 
36 hr (Morgan and Epstein, 1971). The tumor promoter 12-0-tetradeca
noylphorbol-13 acetate (TPA) has been found to accelerate and enhance 
virus polypeptide production and to shut down host protein synthesis 
more rapidly (Ablashi et a1., 1980a; S. Modrow and H. Wolf, personal 
communication); a similar stimulatory effect on lytic replication of H. 
saimiri was described for 5-tungsto-2-antimonate (Ablashi et a1., 1977b). 
This may help in the analysis of H. saimiri-specified protein synthesis. 

It is possible that the temporal classification of H. saimiri polypeptide 
synthesis may not be analogous to the well-characterized HSV system 
(Roizman and Furlong, 1974). P. O'Hare, R.W. Honess, and R.E. Randall 
(unpublished) have found that only a subset of early H. saimiri polypep
tide synthesis proceeded normally in the presence of the antiherpes agent 
phosphonoacetic acid (P AA) and that host protein synthesis was not shut 
off in infected cells at a concentration of P AA sufficient to inhibit virus 
yield 99%. This contrasts with the action of P AA during HSV replication, 
when only late protein synthesis is selectively inhibited and host protein 
synthesis is effectively shut off. 

4. Inhibitors of Virus Replication 

A number of virostatic drugs have been tested to determine their 
inhibitory effects on the lytic replication cycle of H. saimiri. The ex
amination of antiviral compounds was directed mainly at finding a sub-
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stance that could efficiently suppress the primary infection of H. sai
miri in experimentally infected marmoset or owl monkeys, thus preventing 
the development of tumor disease. PAA and phosphonoformic acid (PFA) 
suppress growth of H. saimiri in cell culture at a concentration (50 jJ.g/ 
ml) that does not exert obvious toxic effects on OMK cells (Barahona et 
al., 1977; Ablashi et al., 1977a; Daniel et al., 1980; Honess et ai, 1982). 
The replication is still inhibited if PAA is applied at an advanced stage 
of cytopathic change, and the inhibitory effect is reversible by removing 
the drug. As is to be expected for any inhibitor of DNA replication, 
synthesis of structural polypeptides in the intranuclear and intracyto
plasmic LA complex and MAs is arrested (Morgan and Epstein, 1977). 

Two carcinogenic polycyclic aromatic hydrocarbons, benzo[aJpyrene 
and .3-methylcholanthrene, inhibit the infectious cycle of II. saimiri by 
a mechanism different from that of P AA. In the presence of these tumor 
initiators, EAs and intranuclear structural viral proteins are expressed, 
but MAs do not appear. These results indicate that some but not all late 
events of the replication cycle are affected. The inhibitory effects of 
benzo[aJpyrene and 3-methylcholanthrene on virus replication are not 
readily reversible (Pearson and Beneke, 1977). The inhibition of virus 
replication by these carcinogens stands in contrast to the enhancement 
of viral polypeptide synthesis by the tumor-promoting agent TPA (see 
Section III.D.3). 

Replication of H. saimiri is also inhibited by cytosine arabinoside 
(Klein et al., 1973; Ablashi et al., 1974b), adenine arabinoside (ARA-A), 
and tilorone (Adamson et al., 1972, 1974). Acycloguanosine (Daniel et 
al., 1980; Honess et al., 1982) and rifamycin (Adamson et al., 1972) are 
relatively ineffective. Human leukocyte,· lymphoblast, and fibroblast in
terferons suppress replication of H. saimiri and H. ateles in OMK cells 
at concentrations of 500 IU/ml (Laufs et al., 1974a; Daniel et al., 1979b, 
1980, 1981; Lvovsky et al., 1981). Interferon inducers such as polyriboi
nosinic: polyribocytidylic acid [poly(I: C)J have also been used to inhibit 
H. saimiri growth in OMK cells, and this effect is enhanced by 
DEAE-dextran (Barahona and Melendez, 1971; Lvovsky et al., 1981). 

E. Morphogenesis 

The ultrastructure of H. saimiri and H. ateles in OMK cells has been 
described in several morphological studies (Morgan et al., 1970, 1973, 
1976; Heine et al., 1971; Heine and Ablashi, 1974; King et al., 1972; 
Friedman et al., 1976; Banfield et al., 1977; Tralka et al., 1977; Luetzeler 
et al., 1979). The morphogenesis follows the same general principles as 
that of other herpes-group viruses. Nucleocapsids are first formed in the 
nuclei of infected cells in large amounts. The nucleocapsids are approx-
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imately 100 nm in diameter, possess ring-shaped or dense nucleoids, and 
are intermixed with empty capsids. Enveloped virus particles are formed 
by budding from the nuclear matrix into the perinuclear cisterna. Thus, 
the virus envelope is derived from the internal lamella of the nuclear 
membrane. Most mature virus particles, 150-200 nm in diameter, are 
found in intracytoplasmic vacuoles of the endoplasmic reticulum or the 
Golgi apparatus. Virions in the perinuclear space have a regular, uniform 
circular symmetry, while cytoplasmic and extracellular particles appear 
to be elliptical, eccentric, or ragged. The changes in morphology during 
intracytoplasmic maturation steps were explained by the action of ly
sosomal enzymes in lytically infected monkey kidney-cell cultures (Mor
gan et a1., 1976). 

The budding process of H. saimiri and H. ate1es particles may also 
take place through the cytoplasmic membrane during relatively early 
phases of H. saimiri replication, often resulting in virions with eccentric 
nucleocapsids and crescentic, thickened outer envelopes (Morgan et 
a1., 1976; Smith et a1., 1979; Leutzeler et a1., 1979). Other reports de
scribed accumulations of naked nucleocapsids in the stroma of cyto
plasm, mainly at advanced stages of cytopathic changes (Friedmann et 
a1., 1976; Tralka et a1., 1977). This may be due to aberrant processing of 
nucleocapsids, e.g., extension of nucleocapsids through nucleopores, par
tial intracytoplasmic disaggregation of enveloped particles, or fusion of 
viral envelope membranes with membrane of the endoplasmic reticulum. 
Also, nucleocapsids may be assembled in the cytoplasm; however, im
munofluorescence studies with specific antisera against capsid protein 
have shown that the bulk of nucleocapsids must be formed at intranuclear 
sites (Morgan and Epstein, 1977). Another electron-microscopic study 
suggested that mature H. saimiri particles may also be formed by budding 
into intranuclear vacuoles (Heine et a1., 1971). However, it should be 
cautioned that deepenings in the inner lamella of the nucleolemma may 
be mistaken for intranuclear vacuolization in ultrathin-section pictures 
(King et a1., 1972; Morgan et a1., 1976). 

Herpesvirus saimiri-infected monkey kidney-cell cultures contain 
"bizarre" aggregations of intranuclear material. The structures seem to 
be equivalents of the eosinophilic intranuclear inclusion bodies that are 
usually found in the nuclei of cells that are productively infected with 
herpesviruses. In monkey kidney cells that produce H. saimiri, the "bi
zarre" aggregations appear as bundles of fibrils, granular filaments, tubuli, 
or laminated stacks (Heine et a1., 1971; Morgan et a1., 1973, 1976; Fried
mann et a1., 1976; Tralka et a1., 1977). Lamellae of the stacked forms 
have striations, periodicity, and thickness equal to those of the capsid of 
herpesvirus particles, and tubular and stacked complexes seem to be 
made up of the same basic structure. The unanimous interpretation is 
that all these aggregations are the result of aberrant assembly of viral 
nucleocapsid proteins. 
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IV. CLASSIFICATION OF ONCOGENIC PRIMATE 
HERPESVIRUSES 

A. Phylogenetic Relationship between Herpesvirus saimiri and 
Herpesvirus ateles 
As discussed in Section III, H. saimiri and H. ateles share a number 

of biological and molecular properties. Fleckenstein et al. (1978a) have 
further investigated the relatedness of these viruses by more detailed 
analyses of their DNAs. Under the annealing conditions used, 35% of H. 
ateles low-density DNA (L-DNA) was found to cross-hybridize with H. 
saimiri L-DNA. In contrast, L-DNA from H. ateles strain 73 cross-hy
bridized with strain 810 L-DNA to greater than 90%. Similarly, the extent 
of L-DNA cross-hybridization among H. saimiri strains was greater than 
90%. The degree of mismatching in each of these heterologous hybrids 
was estimated by measuring the change in melting temperature (~tm) of 
isolated hybrids. According to Ullman and McCarthy (1973), each IS 
Atm corresponds to approximately 1 % mismatching. The average degree 
of mismatching between L-DNAs of H. ateles strains 73 and 810 was 
2.3%; it was less than 2% among L-DNAs of H. saimiri strains and was 
9% for H. saimiri-H. ateles heterologous L-DNA hybrids. 

Similar analyses have been performed with viral repetitive high-den
sity DNA (H-DNA). Under the hybridization conditions used, low cross
hybridization was detected between H-DNAs of H. saimiri and H. 
ateles-about 10%. Cross-hybridization of H. ateles strain 810 H-DNA 
with strain 73 H-DNA was greater than 90%, as was the cross-hybridi
zation among H-DNAs of H. saimiri strains. The percentage mismatching 
in strains 810 and 73 H-DNA was only about 3.3%, and among H. 
saimiri strains, about 2.5%. The small amount of hybrid formed between 
H. saimiri and H. ateles exhibited about 13% mismatch. 

These DNA sequence-homology results and the variation in restric
tion-endonuclease cleavage sites parallel the differences described for 
virion proteins-the two characterized H. ateles isolates exhibit greater 
differences than any of the H. saimiri isolates. It should be noted that all 
H. saimiri isolates have been obtained from the South American Saimiri 
sciureus, while H. ateles strain 810 was obtained from Ateles geoffroyi 
and H ateles strain 73 from A. paniscus. 

These results coupled with the restriction-endonuclease analyses 
described in Sections III.B.l and III.B.2 allow the following conclusions: 
First, H. saimiri and H. ateles are distinct viruses closely related in ev
olution. Second, the individual isolates of H. saimiri are strains of the 
same virus that are most easily distinguished by the sensitive technique 
of restriction-endonuclease analysis. The same holds for strains 810 and 
73 of H. ateles. Third, sequences in H-DNA appear to have diverged at 
a faster rate than those in L-DNA. This is apparent both from analysis 
of various H. saimiri strains (Keil et al., 1980) and from H. saimiri-H. 
ateles heteroduplex DNA molecules (Fleckenstein et al., 1978a). 
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Another virus, Herpesvirus aotus type 2, shares in common with H. 
saimiri and H. ateles the overall genomic structure: a unique L-DNA and 
highly repeated H-DNA. No cross-hybridization has been detected, how
ever, between DNA of H. aotus type 2 and H. saimiri or H. ateles IR. 
Ruger and B. Fleckenstein, unpublished). 

B. Position of Oncogenic Herpesviruses from Nonhuman 
Primates within the Herpes Group 

The herpesviruses are defined by a common morphology. Most pub
lished schemes for herpesvirus classification and the preliminary rec
ommendation of the International Committee on Taxonomy of Viruses 
recognize three classes, termed alpha, beta, and gamma Isee Chapter 1). 
The human herpes simplex viruses IHSVs) are the prototypes of the alpha 
class. This class also includes viruses similar to HSV from other species 
le.g., pseudorabies of pigs, Herpesvirus tamarinus of New World primates, 
bovine mammillitis virus, equine herpes type I). The human cytomega
lovirus is the prototype of the beta class, which includes similar members 
from other species le.g., Old World primates, New World primates, and 
mice). The human Epstein-Barr virus IEBV) is the prototype of the gamma 
or lymphotropic class, which contains lymphotropic viruses of other spe
cies, including Old World primate viruses, H. saimiri and H. ateles of 
New World primates, and Marek's disease virus IMDV) of chickens. 

The basis of this tentative classification scheme is mostly biological 
with a smattering of molecular relationships. Members of the alpha class 
have a tendency to remain latent in nerve cells in vivo. They exhibit 
rapid lytic growth in cell culture with broad host range. Cross-hybridi
zation has been detected among many members of the alpha class ILudwig 
et al., 1972; Sterz et al., 1973-1974; Desrosiers and Falk, 1981). Also, 
virion DNA of some members has been shown to exhibit an unusual 
two- or four-isomer arrangement with inversion in certain regions of the 
genome Ifor review, see Roizman, 1979). Most members of the beta class 
grow more slowly in cell culture with limited host range, and their ge
nomes are considerably larger than members of the alpha class lusually 
about 150 vs. 100 Md). Members of the gamma class tend to remain latent 
in cells of the lymphatic series in vivo. Unlike members of the alpha and 
beta class, members of the gamma class produce tumors in experimental 
animals. This class, however, probably exhibits the greatest heteroge
neity: 11) DNA of EBV cross-hybridizes significantly with DNA from the 
similar Old World primate viruses IGerber et al., 1976; Rabin et al., 1978), 
but significant cross-hybridization with H. saimiri DNA has not been 
detected lB. Fleckenstein, unpublished). Even MDV and herpesvirus of 
turkeys, which cross-react antigenically, exhibit minimal 1<4%) cross
hybridization in their DNAs ILee et al., 1979; Kaschka-Dierich et al., 
1979).12) Permissive cell-culture systems do not exist for EBV or the Old 
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World primate gamma-class viruses, but H. saimiri, H. ateles, and MDV 
do grow permissively in monolayer cultures with narrow host range. (3) 
EBV and the gamma-class viruses of Old World primates are B-cell tropic, 
while H. saimiri, H. ateles, and MDV are T-cell tropic. 

There are at least two problems with this and perhaps any herpesvirus 
classification scheme. First, biological properties of viruses are frequently 
overlapping and misleading. It is probably best that any classification 
scheme ultimately depend on carefully defined molecular properties. Sec
ond, the herpesviruses are a very diverse group, and simple classification 
schemes are bound to result in many exceptions. The evolutionary re
lationship of H. saimiri and H. ateles with other herpesviruses and def
inite classification should await more detailed molecular characterization. 

Cross-hybridization under stringent conditions probably underesti
mates base-sequence homology (Yang and Wu, 1979). A minimal base
sequence homology is probably necessary to detect cross-hybridization 
under the usual rather stringent conditions. Hybridizations are usually 
performed 25-30°C below the tm , since this gives optimal rates of rean
nealing (Wetmur and Davidson, 1968). A randomly distributed sequence 
divergence of 30% (70% sequence homology) would probably yield very 
little cross-hybridization at 25-30°C below the tm of homologous hybrid 
(the usual conditions), since this temperature is above the tm of heter
ologous hybrids. Thus, the absence or low level of cross-hybridization 
does not rule out base-sequence homologies, even as high as 70-80%. 
The possible relatedness of H. saimiri and EBV DNAs and that of other 
herpesvirus DNAs will be determined only when hybridization protocols 
are designed that allow for a lower sequence homology. 

The genetic relatedness (by cross-hybridization) of baboon herpes
virus SA8 (35%), New World primate H. tamarinus 115%), and pseudor
abies virus (7%) with the human HSV suggests a classic evolutionary 
lineage in parallel with the host species (Desrosiers and Falk, 1981). It 
is possible that such an evolutionary relatedness is not readily detected 
in the gamma class of herpesviruses because of a much faster rate of 
sequence divergence. The high degree of strain variability in individual 
H. saimiri isolates and low or absent cross-hybridization of DNAs, even 
from similar viruses of closely related species, are consistent with a fast 
rate of sequence divergence in the gamma class of herpesviruses. 

V. PATHOLOGY OF NEOPLASTIC DISEASES CAUSED BY 
Herpesvirus saimiri AND Herpesvirus ateles 

A. Lymphomas in Marmoset Monkeys 

Tamarin marmosets (Saguinus spp.) are the most susceptible animals 
for the induction of lymphatic tumors by H. saimiri and H. ateles. All 
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monkeys of the genus Saguinus [cottontop marmosets (Fig. 8A), white
lip marmosets, white-moustache marmosets] that were infected with 
wild-type H. saimiri or H. ateles have died from a rapidly progressing 
neoplasia of the lymphatic system, irrespective of the age of the animal 
or the amount of inoculum (see Table III). The survival time depends to 
some extent on the marmoset species and the infecting virus dose. Cot
tontop marmosets that are inoculated intramuscularly with 105 infec
tious units usually die between 3 and 4 weeks thereafter. Lower virus 
doses can result in a more prolonged course (up to 7 weeks), and the 
longest known survivor reached the 18th week. In white-lip marmosets, 
slower-progressing forms of lymphoma with fatal outcome later than 4 
weeks after inoculation are more common. 

The symptoms of tumor disease and pathology of the lesions in cot
tontop marmosets have been described comprehensively by Hunt et al. 
(1970). The animals develop hepatosplenomegaly and generalized enlarge
ment of lymph nodes as early as 10 days after infection (Fig. 8B). The 
terminal stage is characterized by inactivity, food refusal, weakness, sub
normal body temperature, lethargy, and progressive lymphadenopathy. 
On autopsy, the most striking macroscopic alterations are found in organs 

FIGURE 8. jA) Cottontop marmoset jSaguinus oedipus). \B) Cottontop marmoset, dying 
from malignant lymphoma 27 days after experimental infection with II. saimiri. 
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of the reticuloendothelial system, spleen, lymph nodes, and thymus, as 
well as in parenchymatous organs, mainly liver, kidneys, and adrenals. 
Peripheral and visceral lymph nodes are 2-4 times enlarged, often coal
escent, with hemorrhagic areas. Similarly, in young animals, the swollen 
thymus shows hemorrhagic foci. The spleen, deep red or black, is enlarged 
from 2 to 10 times the normal size; an extraordinary splenomegaly is 
quite characteristic for lymphoma in cottontop marmosets. The liver, 
often light red-brown, shows a prominent gray and red reticular pattern. 
Kidneys are swollen, with focal grayish mottling of the cortex and hem
orrhages. Often, enlarged adrenals show extensive hemorrhages and focal 
grayish mottling of the cortex, and cortex and medulla are not discern
ible. Lesions are also found macroscopically in bone marrow, tonsils, 
lung, prostate, testicle, epididymis, and choroid plexus, and in the con
nective tissues and muscles surrounding the inoculation site. 

Microscopic examination reveals extensive cellular infiltrations and 
organ replacement as the basic features. The infiltrates are dense accu
mulations of lymphoreticular cells of relatively uniform morphology, 
mostly in solid sheets or clumps. The infiltrating cells are classified as 
reticulum cells or immature cells of the lymphatic series, on the basis 
of histochemical and ultrastructural characterization (King and Melen
dez, 1972; King et al., 1972). The cells possess large ovalleptochromic 
nuclei with pronounced nucleoli; mitotic figures are frequent; viral struc
tures were never found in these cells by either light or electron 
microscopy. 

The infiltration of lymphatic and parenchymatous organs in cotton
top marmosets varies from animal to animal. The most extensive infil
trations of the liver are usually seen in the periportal area, extending into 
the sinusoids of the hepatic lobules. Widespread necrosis of hepatocytes 
may accompany the picture. Similarly, kidney tubuli are often necrotic 
if the organ is heavily infiltrated and hemorrhagic. Adrenals may show 
extensive infiltration and replacement with a relative sparing of the zona 
fasciculata of the cortex; alternatively, extensive necrosis and hemor
rhage with moderate infiltrations may dominate. In the lymph nodes, 
the cytoarchitecture may be completely obscured. SpecifiC tissues are 
entirely replaced by solid sheets of reticulum cells that also infiltrate 
into capsule and perinodal tissues. Sometimes, lymph-node infiltrations 
are confined to perifollicular areas, and moderate amounts of reticulum 
cells are found in medullary and cortical sinuses. The bulk of splenic 
tissues is usually replaced by infiltrating cells, and follicles are necrotic. 
In the thymus, cortex and medulla are no longer discernible; foci of 
necrotic cells are found interspersed between solid sheets of infiltrating 
reticulum cells. 

A leukemic reaction is common in the final stage of disease in cot
tontop marmosets, with a total white blood cell count between 16,000 
and 100,OOO/mm·~. The differential blood picture shows from 10 to more 
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than 50% immature cells that are described as prolymphocytes, lymph
oblasts, or reticulum cells. Occasionally, low lymphocyte counts in the 
blood with pronounced neutropenia are found in cotton top marmosets. 
Anemia occurs in the last days antemortem. Necrosis of parenchymatous 
and lymphatic cells is found to be a consistent feature in organs of fatally 
diseased cottontop marmosets. This cannot be explained by compression 
or multiple thrombosis alone, since the lesions are usually not infarctlike 
and are often more pronounced in the less infiltrated organs. Presumably, 
toxic effects, immune reactions, or direct virus effects are responsible for 
the necrosis. The presence of giant cells that are seen occasionally in 
kidneys may also be reminiscent of productive virus replication. In gen
eral, monkeys inoculated with higher virus doses show more necrosis 
and less infiltration than animals that received less virus. 

The neoplastic disease caused by H. saimiri in cotton top marmosets 
is classified as malignant lymphoma of the reticulum-cell or poorly dif
ferentiated lymphocytic type (Hunt et al., 1970; King and Melendez, 
1972; King et al., 1972). However, it should be noted that this tumor 
form is different from any other type of lymphatic neoplasia described 
before. It has unique features like extensive necrosis of parenchymas and 
an extremely rapid fatal outcome. 

The neoplastic disease caused by H. saimiri in white-lip marmosets 
shows a wider variability in the clinical and pathological picture than 
the relatively uniform malignant lymphoma of cottontop marmosets 
(Wolfe et al., 1971a). White-lip marmosets may also die after a very short 
time from an acute lymphoma of the reticulum-cell type, usually without 
splenomegaly. In other cases, the course is prolonged and the pathology 
is different: The neoplastic cell type is a medium-sized lymphoblast or 
a rather well-differentiated lymphocyte. Liver and spleen are hardly en
larged, much less infiltrated, and there is little destruction of cytoarchi
tecture in lymphatic organs. Bone marrow is heavily infiltrated, and leu
kemia is more pronounced than in cottontop marmoset tumor tissues. 
White blood cell counts up to 340,000/mm3 have been reached. 

Common marmosets (Callithrix iacchus) have reacted variably in 
different studies when inoculated with H. saimiri. Laufs and Fleckenstein 
(1973) found that nine adult animals infected with H. saimiri (S295C) 
remained healthy, but were persistently infected and developed neutral
izing antibodies. The virus could be isolated from peripheral white blood 
cells (Laufs and Melendez, 1973a; Laufs et al., 1974b). However, a com
mon marmoset inoculated with the same virus strain at the age of 32 
days came down 42 days later with an acute malignant lymphoprolifer
ative disease characterized by massive reticulum-cell infiltrations of 
spleen and lymph nodes (Laufs and Fleckenstein, 1973). Ablashi et al. 
(1978) also made the observation that adult common marmosets can be 
refractory to induction by H. saimiri (strain S295C). The inoculated an
imals developed antibodies against viral early antigens (EAs) and late 
antigens (LAs) without tumor response. 
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Wright et al. (1977) have found that H. saimiri strain 11 produced 
malignant lymphoproliferative disease in five of five adult common mar
mosets. The susceptibility of common marmosets to the S295C strain 
in these studies has not yet been definitively determined (Wright et 
al., 1977; R. Desrosiers and L. Falk, unpublished). The attenuated variant 
of strain 11 (see Section VI.D) produced a persistent infection of common 
marmosets without lymphoma and death (Wright et al., 1977). 

Herpesvirus saimiri strain OMI was found to be highly oncogenic in 
the C. ;acchus colony of the New England Primate Research Center (R. 
Hunt and M.D. Daniel, personal communication). The tumors resemble 
very closely the malignant lymphomas of the reticulum-cell type that 
are usually found in cottontop marmosets. It thus appears that the sen
sitivity of common marmosets is highly strain-dependent, and it is pos
sible that other factors such as virus-passage history and age of the animal 
could also playa role. 

Persistent infection with H. saimiri attenuated strain 11 does protect 
common marmosets from challenge by wild-type oncogenic virus (Wright 
et al., 1980) (see Section VI.D). It is not known whether persistent in
fection of common marmosets with strain S295C can protect against 
challenge by strain 11. 

Herpesvirus ateles is similar to H. saimiri in its oncogenic properties 
for tamarin marmosets. All H. ateles-infected animals die within 2-5 
weeks. Symptomatology and pathological anatomy show many parallels, 
but also a few distinct differences (Hunt et al., 1972a; Falk et al., 1974a). 
The neoplastic disease caused by H. ateles in cottontop marmosets was 
classified as an acute lymphomatic leukemia or malignant lymphoma of 
the poorly differentiated type (Hunt et al., 1972a). Herpesvirus ateles lym
phoma in white-lip marmosets is very similar or identical (Falk et al., 
1974a). Most monkeys die with the full picture of advanced lymphoma; 
the course is shortened in some animals by concurrent pulmonary com
plications. Gross pathology shows a rather uniform pattern in all mon
keys. General lymphadenopathy with lymph nodes enlarged 2-5 times, 
splenomegaly, and swollen thymus with lymph nodes enlarged 2-5 times 
are the most predominant features. A slightly enlarged tan-yellow liver 
with reticular pattern on capsular and cut surfaces and hemorrhages into 
adrenals, colon mucosa, and the skin are common findings. 

The microscopic picture of H. ateles lymphoma in tamarins is dom
inated by a rather uniform type of infiltrating cells, presumably lymph
oblasts. Dense sheets of invasive cells obscure the normal structure of 
thymus and lymph nodes. The distribution of infiltrations in spleen, 
kidneys, adrenals (with preference for the corticomedullary junction), and 
liver (mostly periportal areas) resembles a similar pattern in the H. 
saimiri-induced lymphoma of cotton top marmosets. Further invasion 
occurs in heart muscle, lungs, salivary glands, pancreas, bone marrow, 
and choroid plexus. Lymph nodes of some animals show a "starry-sky 
picture" in histology due to large mononuclear cells (macrophages) with 
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basophilic cytoplasmic inclusions scattered among the dark background 
of densely packed neoplastic lymphoblasts. All animals have shown 
sharply demarcated foci of coagulation necrosis that are presumably due 
to infarctions by multiple thromboses of surrounding blood vessels. Most 
animals have a moderate leukemic reaction with total white blood cell 
counts between 14,000 and 25,OOO/mma. Sometimes, a few neoplastic 
blood cells appear in the periphery; sometimes up to half the peripheral 
white blood cells are lymphoblasts or atypical lymphocytic cells. 

In summary, the comparison of H. ateles-induced tumors in tamarin 
marmosets with H. saimiri lymphomas reveals slight differences only. 
The clinical picture is more uniform in H. ateles lymphoma. In histology, 
the neoplastic cell type is a poorly differentiated lymphoblast, more uni
form in comparison to some variability in H. saimiri tumors. In general, 
H. ateles-infected marmosets have a leukemic reaction, but with lower 
cell counts than H. saimiri-tumor animals. Multiple infarctions due to 
thrombosis seem to be somewhat restricted to H. ateles neoplasms. How
ever, it should be noted that from the limited number of studies, we do 
not know what the range of variability between the two viruses will be, 
to what extent the clinical and pathological picture can overlap, and what 
factors contribute to the variability of tumor response. 

Common marmosets react with tumor disease on experimental in
fection with H. ateles strain 810 (Laufs and Melendez, 1973a,b). When 
H. saimiri strain S295C persistently infected common marmosets were 
superinfected with virulent H. ateles, they developed malignant lym
phomas (Laufs and Melendez, 1973a). Apparently, the H. saimiri carrier 
state does not convey protection against the tumor-inducing potential of 
H. ateles. 

B. Leukemia and Lymphoma in Owl Monkeys 

Herpesvirus saimiri causes a neoplastic disease in owl monkeys that 
progresses to death within a few weeks or months (Fig. 9). However, the 
tumor response upon experimental infection is variable. Tumor suscep
tibility, course of disease, and histopathology were different in several 
reports. This variability may depend on a combination of any or all of 
the following factors: virus strain, passage history of the virus, infectivity 
titer of the inoculum, route of inoculation, age of the animal, and the 
amazing intraspecies variation of owl monkeys (Ma et al., 1976; Hunt 
et al., 1976). 

The first reports on H. saimiri infections in owl monkeys indicated 
that this species can be highly susceptible to early-passage H. saimiri 
prime strain (S295Q (Melendez et al., 1969b, 1970c; Hunt et ai., 1970). 
All of ten monkeys died within 4 weeks after experimental infection. In 
subsequent studies, usually 50-80% of owl monkeys died from lympho-
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FIGURE 9. Owl monkey IAotus trivirgatusl with partial lymphosarcoma after spontaneous 
infection with If. saimiri. Courtesy of M. D. Daniel. 

proliferative disease after a single inoculation with H. saimiri (Melendez 
et al., 1971; Ablashi et al ., 1971a; Cicmanec et al., 1974). In most of these 
experiments, the average survival period in tumor-developing owl mon
keys was several months long, in some cases up to 12 months. 

Lymphomatous owl monkeys may have enlarged peripheral and 
mesenteric lymph nodes and hepatosplenomegaly of variable degree, his
tology being characterized by reticulum-cell infiltration similar to the 
neoplastic disease of tamarin marmosets (Hunt et al., 1970). In other 
cases, extensive infiltrations can be confined to liver and kidney (Melen
dez et al., 1970c). Often, infiltrations are rather mature cells of the lym
phatic series. The cytoarchitecture of lymph nodes is destroyed by focal 
or diffuse infiltrations, and extensive infiltration is seen in perinodal 
tissues, spleen, and small intestine. There is less destruction of paren
chymatous organs, with moderate infiltrations in kidneys, adrenals, 
heart, lungs, pancreas, liver, and other organs. Hepatic sinusoids are ex
cessively filled with lymphocytes (Cicmanec et al., 1974). 

About 75% of the tumor-developing animals acquire leukemia. 
Lymphoblasts and prolymphocytes are predominant in the white blood 
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picture, and the total white blood cell count reaches up to 175,000/mm3 • 

Some animals have leukemoid reactions with alternative periods of dis
ease and remission. It is a characteristic feature of leukemias in owl 
monkeys that the absolute leukocyte counts drop in the last few days 
ante mortem. 

Owl monkeys are also susceptible to H. ateles, developing tumors 
within 3-4 weeks. Pathology shows a significantly different picture in 
comparison to H. saimiri tumors. The distribution of infiltrations is 
unique. Invasion is most extensive in the kidneys, where the cells form 
expanding nodules in the cortex and medulla; it is minimal or absent in 
adrenals, lungs, and liver. Most important, no abnormalities have been 
noted in peripheral blood of any monkey. The H. ateles neoplasia in owl 
monkeys is classified as lymphoblastic or stem-cell lymphoma (Hunt et 
al., 1978). 

C. Lymphoproliferative Diseases in Other Primates 

Capuchin monkeys (Cebus albifrons) are susceptible to H. saimiri 
(strain S295C); however, the tumor response is variable. Melendez et al. 
(1970a) inoculated four animals; all monkeys died from a rapidly fatal 
lymphoproliferative disease within 18-20 days. Histopathology showed 
a picture resembling reticulum-cell sarcoma, in part Hodgkin's sarcoma, 
with extensive infiltrations in liver, lungs, kidneys, pancreas, spleen, 
thymus, and lymph nodes. The four monkeys had been infected with an 
apathogenic cebus monkey adenovirus several months before. Rabin et 
al. (1975b) also inoculated five capuchin monkeys with strain S295C; all 
animals seroconverted to significant anti-LA and anti-EA titers and de
veloped persistent infection, but no tumor disease. 

Six spider monkeys (Ateles geoffroyi) were used in a study by Hunt 
et al. (1972b). Two of the animals developed malignant lymphomas. 
Macroscopic and histological examination of one animal resembled 
closely the lymphoblastic type of lymphoma of H. saimiri-infected mar
moset and owl monkeys. Necropsy of the other animal revealed a large 
solid tumor. The esophagus was surrounded by the solid masses of a 
lymphosarcoma that infiltrated into the stomach and neighboring organs. 
The observation of a malignant H. saimiri-induced neoplasia in spider 
monkeys is of particular interest, since these animals are the natural 
hosts of H. ateles. Herpesvirus ateles-associated tumors have been ob
served neither in squirrel monkeys nor in spider monkeys (Melendez et 
al., 1972e; Falk et al., 1974a). 

Howler monkeys (Alouatta caraya) are another species in which H. 
saimiri exerts oncogenic effects. Rangan et al. (1977) described a malig
nant lymphoproliferative disease with terminal leukemia. All animals 
in a group of four succumbed within 5-8 weeks. 
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Old World primates are usually refractory to H. saimiri-induced dis
ease. Melendez et a1. (1970b) found a neoplasia in one of two African 
green monkeys (Cercopithecus aethiops) that developed as a reticulopro
liferative disease similar to that observed in capuchin monkeys after H. 
saimiri infection. In other studies, African green monkeys were not sus
ceptible, not even an antibody response being detected after H. saimiri 
inoculation (Laufs and Fleckenstein, 1973; Rabin, 1971). No other cases 
of H. saimiri tumors were observed in virus-inoculated macaques, ba
boons, or chimpanzees (Melendez et a1., 1970b, 1972d). 

Humans are more closely related to Old World monkeys and apes 
than to the South American primates. It must be considered whether 
H. saimiri and H. ateles could eventually be oncogenic in the human 
organism. The number of persons who might have been exposed to the 
virus is not small. It includes zoo personnel, animal dealers, persons 
living in close contact with squirrel 'monkeys, experimenters working 
with squirrel and spider monkeys, and laboratory personnel handling 
infected cell cultures. Sporadic accidental self-inoculations have oc
curred, and bites by these monkeys are not rare. So far, antibodies against 
H. saimiri have never been detected in the sera of these contact persons. 
So far, there is no known human case of a malignant lymphatic tumor 
that could be traced to an H. saimiri or H. ateles infection. Perhaps the 
viruses are not able to replicate in the human organism; permissive cells 
or target cells for transformation may lack appropriate receptors for H. 
saimiri infection. Nevertheless, the odds of a human infection, possibly 
under conditions of immunosuppression, must not be ignored, since in
fection could be a statistically infrequent event. Immune or tumor re
sponse could be dose-dependent. The oncogenic herpesviruses of non
human primates are regarded as moderate-risk tumor viruses, and the 
appropriate safety measures should be strictly observed by laboratory 
workers and personnel handling squirrel and spider monkeys. 

D. Neoplasias in Rabbits 

Both H. saimiri and H. ateles are able to induce malignant tumors 
in rabbits, extending the spectrum of susceptible animals beyond the 
order Primates. The incidence of neoplastic disease from H. saimiri is 
between about 20 and 100%. Lymphoproliferative diseases were induced 
in New Zealand white rabbits and in the inbred strains ACCRB and III/ 
J by inoculation with H. saimiri strain S295c or SMHI (Daniel et a1., 
1974a, 1975; Hunt et a1., 1975a; Rangan et a1., 1976; Ablashi et a1., 1980b). 
Among many other possible factors, tumor incidence seems to be de
pendent on the rabbits used for inoculation experiments (M.D. Daniel, 
personal communication). Moreover, the chance of tumor induction is 
significantly influenced by the route of inoculation. Intraveneous infec-
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tions result in a significantly higher tumor rate than subcutaneous or 
intramuscular inoculations (Daniel et a1., 1975 j Rangan et a1., 1976). 

Rabbits bearing H. saimiri lymphomas have succumbed 17-196 days 
after experimental inoculation. Few symptoms are seen in the rabbits 
that die earlYj the animals with extended clinical course contract a severe 
conjunctivitis, nasal discharge, and dyspnea resulting from lymphocytic 
invasion of ocular and nasal tissues. This picture has not been observed 
in lymphomatous monkeys. Pathology shows a disease pattern similar 
to that of the primate tumors, characterized by massive diffuse infiltra
tion of most organs and tissues with lymphocytic or lymphoblastic ele
ments. A slight infiltration of the brain is a unique feature in rabbit 
lymphomas, since it has never been noted in primates. A number of 
rabbits show a terminal leukemic reaction with up to 150,000 leukocytes/ 
mm3 j most of these cells are mature small lymphocytes (Hunt et a1., 
1975aj Rangan eg al., 1976). 

The incidence of H. ateles lymphomas apparently depends on the 
rabbit strain. New Zealand white rabbits are relatively resistant to tumor 
inductionj the ACCRB inbred strain is highly susceptible (Daniel et 
al., 1977). ACCRB rabbits usually die within 3-14 weeks with a lym
phoblastic type of lymphoma. Diffuse invasion of lymphatic organs, liver, 
and skin predominatesj however, minor infiltrations are found in other 
tissues, and leukemic reactions have never occurred. 

The rabbit system may allow experimenters to conduct tumor stud
ies with H. saimiri and H. ate1es at considerably less expense. This is of 
particular importance, since many New World primates, including all 
tamarins, are on the list of endangered species. Importation of these 
animals is strictly limited, and they are available only in minimal num
bers for experimental purposes. 

VI. MECHANISMS OF PATHOGENESIS IN ONCOGENIC 
TRANSFORMATION AND TUMOR INDUCTION 

A. Permissive and Transforming Infection in Tumor-Developing 
Primates 

It is not yet known in what types of cells, tissues, or organs H. sai
miri and H. ate1es replication occurs. There are two possibilities: (1) Virus 
infection and replication are confined to cells of the lymphatic systemj 
in this case, a certain lymphocyte population would be the sole target 
for a limited productive infection and for transformation. (2) Alterna
tively, other types of cells, epithelial or mesenchymal, may be permissive 
for a productive virus replication, thus amplifying the amount of infec
tious virus far above the original inoculum. This would imply that in 
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parallel to the events of oncogenic transformation and tumor develop
ment, a concomitant lytic virus replication would keep the remaining 
lymphoid target cells under a permanent shower of infectious virus. 

No experiments have been performed to decide between these two 
possibilities. The first hypothesis may be supported by the fact that all 
attempts to isolate cell-free virus from serum and oral swabs of tumor
developing owl monkeys and marmosets remained unsuccessful (Dein
hardt et al., 1973b, 1974; Neubauer et al., 1974c). Herpesvirus saimiri
infected marmosets and owl monkeys do not excrete appreciable amounts 
of infectious virus. Transmission of H. saimiri between infected mar
mosets or owl monkeys and their cagemates was not observed (Wolfe et 
al., 1971a; Ablashi et al., 1976). Similarly, infected rabbits are not con
tagious for their cagemates (M. D. Daniel, personal communication). 
Only one case is documented wherein a cottontop marmoset acquired 
H. ateies infection and tumor disease from an experimentally infected 
marmoset that was kept in the same cage. However, the failures of at
tempts to isolate cell-free virus do not exclude either an early productive 
infection in some organs or transient viremia. 

The hypothesis that a productive virus replication takes place during 
the incubation period of the tumor disease is supported by a number of 
arguments: (1) The extraordinarily high susceptibility of marmosets and 
owl monkeys to H. saimiri becomes plausible assuming that the virus 
is amplified in a productive cycle after entrance into the host organism. 
Minimal amounts of infectivity about [1 plaque-forming unit (PFU)) are 
sufficient to induce tumors and immune response in owl monkeys 
(Ablashi et al., 1973) and cottontop marmosets (Laufs and Steinke, 1975a). 
The high susceptibility is also documented by the observation that an
imals acquire infection and tumor disease after close contact with squirrel 
monkeys (Hunt et al., 1973; Barahona et al., 1975; Rabin et al., 1975a). 
(2) Herpesvirus saimiri replicates in a relatively wide spectrum of per
missive cell cultures. Epithelial cells from owl monkeys and marmosets 
are efficient virus producers in tissue culture. In view of the situation 
with other herpesviruses, it seems unlikely that the host range of H. 
saimiri in vitro would be so much broader than in vivo. (3) the pattern 
of humoral antibody response in tumor-developing marmosets and, es
pecially, owl monkeys is most easily explained by the notion that the 
virus grows at early stages in cells other than the lymphoid cells that are 
the target for transformation (see below). High titers of antibodies against 
structural viral antigens (anti-LA, anti-MAl are independent of the num
ber of transformed cells in the organism and do not reflect whether a 
quick or delayed tumor response will follow or whether the animals are 
refractory to tumor induction by the virus (Pearson et ai., 1974). (4) There 
was no significant difference in the usual humoral immune response 
whether animals were inoculated with virus particles or with infectious 
DNA (M-DNA) (Fleckenstein et al., 1978b). 
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Pathogenesis in rabbits may be different; a lytic replication may not 
be involved. Epithelial rabbit cells in cell culture are not permissive for 
H. saimiri. Rabbits do not develop neutralizing antibodies against H. 
saimiri until shortly before the tumor appears, and virus isolations from 
peripheral lymphocytes remain negative until that time, irrespective of 
the duration of the latency period (Daniel et al., 1974a). 

Thymus-dependent lymphocytes (T lymphocytes) seem to be the 
primary and sole target cells for transformation by H. saimiri and, sim
ilarly, H. ateles. When Band T cells of infected marmosets were separated, 
viruses was rescued from T-cell fractions only (Wright et al., 1976). Lym
phocyte surface markers have been determined in virus-transformed 
lymphoid cells from owl monkeys and marmosets, including infiltrating 
cells from lymphatic organs, peripheral lymphoblasts, and tumor-cell 
lines. All cells have consistently shown T-cell-specific membrane mark
ers of primate cells. They form nonimmune rosettes with sheep eryth
rocytes, do not synthesize substantial amounts of immunoglobulins, and 
do not have complement receptors (Wallen et al., 1973). The consistency 
in the T-cell phenotype of all H. saimiri- and H. ateles-carrying lympho
cytes in marmosets and owl monkeys may indicate a strong general T
cell tropism of the viruses, rather than a merely incidental expression of 
T-cell properties as a result of oncogenic transformation in nonpredeter
mined lymphocyte precursors. Epstein-Barr virus (EBV) infects only lym
phocytes with B-cell properties, irrespective of the primate species from 
which the lymphoid cells are derived (Robinson et al., 1977). Cell-mem
brane receptors for EBV and complement (C3) receptors are closely as
sociated, like parts of one single membrane structure. This supports the 
assumption that the membrane receptor for EBV is present in B cells but 
not in T cells (Yefenof et al., 1976). A similar receptor specificity might 
be responsible for the T-cell preference of H. saimiri (Johnson et al., 1980). 
However, it may also be possible that lymphoid elements other than T 
cells may be infected to a limited extent without transformation, am
plification, and outgrowth as tumor cells (Falk et al., 1979; Daniel et 
al., 1979c). 

The different cell tropisms of EBV and the oncogenic herpesviruses 
of nonhuman primates imply basic differences in pathogenesis between 
human EBV-associated lymphoma and H. saimiri-induced neoplasia. 
EBV-transformed B cells seem to be mostly eliminated by T-cell mediated 
cellular immune mechanisms within a few weeks or months after pri
mary infection of humans. Development of a clone of EBV-transformed 
cells into tumor is a rare event; development of Burkitt lymphoma occurs 
long after EBV primary infection; when the tumor appears, cell-free trans
forming and infectious virus is presumably not involved. This is consis
tent with the fact that Burkitt lymphoma is a monoclonal tumor. In 
contrast, H. saimiri and H. ate1es directly affect the cellular immune 
systems of tumor-developing animals. Primary infection is accompanied 
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by a massive and synchronous infection and transformation of T lym
phocytes, immediately followed by foudroyant neoplastic growth. Tumor 
development is an event of high likelihood, and tumors are probably 
polyclonal, at least in tamarins (Chu and Rabson, 1972; Marczynska et 
al., 1973). This emphasizes clearly that the analogy between Burkitt lym
phoma and the "primate models" H. saimiri or H. ateles lymphoma 
should not be taken too far. 

Tumorous organs of H. saimiri-infected marmosets contain consid
erable amounts of viral DNA (see Section VI.F.2). The presence of mul
tiple DNA copies in tumor cells stands in remarkable contrast to the low 
expression of viral genes. Cell-free virus has never been isolated from 
cell-free extracts direct from tumor tissue or cells, and virus particles or 
structural viral components cannot be detected in fresh tumor cells by 
morphological or immunological approaches (Deinhardt et al., 1973b). 
This might be due in part to insensitive methodology; however, it is 
plausible to assume that the persisting virus in the tumor cells is in a 
state of repression (Deinhardt et al., 1974). This becomes evident if tumor 
cells are explanted into cell culture. At first, lymphoid cells in culture 
do not produce virus. After a brief period, they seem to gradually lose 
the suppressive influence that constrains virus expression in vivo. A few 
hours or days after initiation of the cell culture, transformed lymphoid 
cells start to synthesize viral structural antigens and infectious virus 
(Laufs and Fleckenstein, 1972; Falk et al., 1972c; Pearson et al., 1972; 
Giddens, 1975). 

We do not know how strictly the production of infectious virus by 
tumor cells is suppressed in lymphoma-bearing animals. Some leakiness 
is possible, at least eventually under certain conditions. Marczynska et 
al. (1973) transplanted tumor tissues between marmosets of different 
karyotypes; the recipient animals developed lymphomatous tumors of 
their own karyotype, indicating that the lymphomas were not the result 
of outgrowth of donor cells. Small amounts of infectious virus could have 
been transferred with the tumor-cell inoculum, or the graft cells could 
have produced cell-free virus in the seronegative host organism, resulting 
in oncogenic transformation of recipient cells. 

Common marmoset, owl, and capuchin monkeys become infected 
when inoculated with H. saimiri. As outlined in Sections V.A-C, some 
animals remain persistently infected with H. saimiri without symptoms 
of malignant lymphoma or other disease. The virus can easily be isolated 
by cocultivation of their lymphocytes with permissive monolayers (Laufs 
and Fleckenstein, 1973; Laufs et al., 1974b; Rabin et al., 1975b; Armstrong 
et al., 1976). Persistently infected common marmosets may continuously 
have 104_105 virus-carrying lymphocytes/ml in the blood. The cells can 
be detected and quantitated by explantation and cocultivation with per
missive cells in infectious-center assays. This carrier state may be an
alagous to the persistence of H. saimiri in the leukocytes of the natural 
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host, which does not seem to develop H. saimiri lymphoma. A number 
of possible explanations can be given for the failure of persistently in
fected common marmoset, owl, capuchin, and squirrel monkeys to de
velop malignant lymphomas. The constraints of the cellular immune 
system and immunosurveillance may prevent outgrowth of these cells 
as a tumor. However, it has not been possible so far to demonstrate 
unambiguously a strong cell-dependent immune response against H. 
saimiri in infected monkeys (Pearson and Davis, 1976; Neubauer et 
al., 1980b). It therefore seems possible as well that the state of persistent 
viral DNA in lymphoid cells in squirrel monkeys and in the tumor
resistant common marmosets and capuchin monkeys is not equivalent 
to the virus genome-host cell interaction in oncogenic transformation. 

The isolation of numerous oncornaviruses from Old and New World 
monkeys and apes in recent years raises the question whether RNA tumor 
viruses could be involved in the etiology of H. saimiri- and H. ateles
induced tumors. Neubauer et al. (1974a,b) searched intensively for on
cornavirus particles and reverse transcriptase activity in tumor cells and 
transformed cell cultures; however, these workers could not find any 
traces of RNA tumor viruses. Attempts to demonstrate oncornavirus 
particles with a simultaneous detection test (Schlom and Spiegelman, 
1971) for 70 S RNA complex and reverse transcriptase also remained 
unsuccessful (Laufs and Steinke, 1975b). Nucleic acid hybridizations also 
gave negative results (Neubauer et al., 1974a). This, however, does not 
exclude the presence of oncornaviruses, since the putative RNA tumor 
viruses of New World primate tumors do not necessarily possess nucleic 
acid sequences that are homologous to the radioactive probes that were 
used in these studies and, similarly, negative radioimmunoprecipitations 
are of limited value to disprove that oncornavirus particles or structural 
proteins are synthesized in H. saimiri-induced tumors. There is evidence 
that tumor induction by H. saimiri does not depend on oncornaviruses 
that may be transmitted as contaminants of II. saimiri inocula : Herpesvirus 
saimiri purified in the ultracentrifuge by consecutive density runs (Laufs 
and Fleckenstein, 1972) and virus obtained through transfection with 
isolated M-DNA (Fleckenstein and Bornkamm, 1975) are also oncogenic. 
Furthermore, we have found that it is possible to induce tumors by in
jecting purified H. saimiri DNA into cottontop marmoset monkeys (see 
Section VI.E) (Fleckenstein et al., 1975b, 1978b). However, Rangan (1976) 
found oncornavirus particles of C-type morphology in a tumor-cell line 
from a howler monkey (Alouatta caraya) and we isolated an endogenous 
owl monkey C-type virus (OMC-l) from owl monkey kidney cells (Todaro 
et al., 1978; Barbacid et al., 1980). At present, it is purely a matter of 
speculation whether persisting viral genomes of such retroviruses could 
be activated in H. saimiri-transformed cells or whether proviral sequences 
could even be integrated into the genomes of oncogenic primate herpes
viruses. So far, there is no evidence that oncornaviruses playa role in II. 
saimiri- and H. ateles-induced tumors. 
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B. Immune Reactions in Neoplastic Diseases 

1. Humoral Immunity 

Most studies on antibody reactions against H. saimiri have been 
conducted in owl monkeys, since the survival period in tamarin mar
mosets is usually too short to allow a sufficient humoral immune re
sponse. Antibodies against structural viral antigens, late antigens ILAs) 
and membrane antigens IMAs), usually become detectable within 2 
months after infection of owl monkeys, sometimes as early as 2 weeks 
postinfection, but sometimes delayed until the 4th month IKlein et al., 
1973; Pearson et al., 1973; Prevost et al., 1976). The anti-LA titers range 
from 1: 40 to 1: 640 by indirect immunofluorescence. Anti-LA and anti
MA develop in parallel, but it is not known whether the antibodies are 
identical or different, since the LA and MA complexes have not yet been 
characterized. There is also a good correlation in the time course between 
the antibody titers against structural viral antigens detected by neutral
ization and indirect immunofluorescence tests. Titers of neutralizing 
antibodies and anti-LA and anti-MA titers measured by immunofluores
cence are independent of tumor development; owl monkeys with pro
gressing lymphomas and leukemias and tumor-resistant animals produce 
these antibodies equally well IPearson et al., 1973, 1974). Antibodies 
against LAs, and MAs of H. saimiri detected in owl monkey sera do not 
exert appreciable complement-dependent cytotoxic effects against cells 
expressing viral antigens INeubauer and Rabin, 1979). 

Prevost et al. 11975, 1976) developed as assay to detect cytotoxic 
antibodies in the presence of normal peripheral-blood lymphocytes from 
rhesus monkeys. This type of cytotoxic reaction, designated as antibody
dependent lymphocyte cytotoxicity IADLC), is mediated by the inter
action of antigen-antibody complexes with lymphoid cells bearing con
stant-fragment IFc) receptors. Sera from tumor-bearing animals caused 
the rapid destruction of lytically infected cells in vitro by normal pe
ripherallymphocytes from rhesus monkeys. ADLC titers in general in
creased along with anti-MA determined by immunofluorescence, indi
cating that antibodies detected by immunofluorescence could also be 
involved in the ADLC reaction. However, in a number of the tumor
developing animals, the sera were discordant in the two assays, suggesting 
that other factors may be relevant in mediating ADLC. The two reactions 
may in part detect different antibody populations directed against differ
ent antigenic groups in the membranes of H. saimiri-infected and -trans
formed cells. ADLC titers increase in tumor-developing animals. Tumor
resistant owl monkeys remain at relatively low or moderate levels in 
ADLC assays, but remarkably high titers lup to almost 1: 500,000) are 
found in the sera of tumor-developing animals. In owl monkeys with 
intermittent leukemoid reaction, a decrease in ADLC titers is observed 
during remissions IWallen et ai., 1976). So far, it has not been possible 
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to find virus-instructed MAs in fresh tumor cells. Thus, it is not known 
whether reactions of the ADLC type are of any importance in the in 
vivo defense of the host organism against H. saimiri-transformed cells. 

Titers of antibodies against early antigens (anti-EA) detected by im
munofluorescence also correlate with course and progression of neoplas
tic disease in owl monkeys (Klein et al., 1973). Anti-EA appears 2-4 
weeks after anti-LA and anti-MA. A sharp increase of anti-EA up to 
1 : 320-640 precedes or coincides with the development of malignant 
tumors. The titers seem to correlate with the burden of tumor cells or 
the number of virus-carrying lymphoid cells in the blood (Pearson et 
al., 1974). Owl monkeys that do not develop malignant disease usually 
do not show anti-EA titers. In a few of many cases examined, owl mon
keys refractive to tumor induction have developed a long-lasting low
titered anti-EA response. The correlation between tumor load and anti
EA antibodies shows a striking similarity to the serology of EBV in Burkitt 
lymphoma. In the human condition, rising anti-EA titers are an unfa
vorable sign for the prognosis, since this indicates neoplastic prolifera
tion, and the anti-EA titers increase in parallel with the burden of tumor 
cells (Henle et al., 1973). 

The immune response of tamarin marmosets in H. saimiri-caused 
neoplasia is relatively rapid. Anti-LA and anti-EA become detectable si
multaneously, usually during the 3rd week postinoculation (Klein et 
al., 1973). At the same time, neutralizing antibodies can be found. If the 
clinical course of lymphoma is very rapid and the animals die before the 
end of the 3rd week, neutralizing antibodies may not become detectable. 
Similarly, the titers of virus antibodies in H. ateles-infected tamarin 
marmosets usually remain low (Falk et al., 1974a). The time course of 
malignancies in marmosets is too short to allow specific observations on 
a relationship between anti-EA titers and tumor growth. Complement
fixing assays with marmoset sera are reportedly difficult, since the sera 
often contain anticomplementary activities. Occasionally, virus-infected 
marmosets have heterophil antibodies, the significance of which is not 
known (Deinhardt et al., 1974). 

Capuchin monkeys (Cebus spp.) have a seroconversion against LAs 
of H. saimiri between 1 and 3 months after infection (Rabin et al., 1975b). 
Anti-EA appears around the same time or is delayed up to 3 months later. 
Stable anti-EA titers were found over several months in persistently in
fected Cebus monkeys that did not show signs of tumor disease. This is 
remarkable, since the anti-EA in owl monkeys is essentially correlated 
with the load of tumor cells in the organism. 

The humoral immune response of rabbits against H. saimiri and H. 
ateles is significantly delayed in comparison to tumors that develop in 
New World primates. Neutralizing antibodies always appear late, about 
1 week before clinical signs of malignant lymphoma become manifest. 
This is independent of the length of the incubation period, which may 
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be as long as 13 months (Daniel et al., 1974a). This could mean that in 
the rabbit, virus replication is confined to the population of virus-trans
formed proliferating lymphocytes without productive replication in ex
tralymphatic tissues. 

2. Cell-Mediated Immunity 

Studies on cellular immunity have concentrated on II. SaimlI1-m
fected owl monkeys. This system is particularly interesting, since tumor
bearing animals succumb after a varying, usually extended, time course. 
A major question still unanswered is that of what factors influence tumor 
susceptibility or resistence. Attempts to detect specific active cellular 
immune reactions in uninfected, persistently infected, or tumor-bearing 
owl monkeys have usually failed, at most indicating low responsiveness. 
While infected squirrel monkeys exhibit long-lasting virus-specific cell
mediated immunity, such reactivity could not be demonstrated in freshly 
or persistently infected owl monkeys by a proliferative assay with pe
ripherallymphocytes (Pearson and Davis, 1976; Neubauer et al., 1980a). 
Yet cells reactive to H. saimiri could be demonstrated in lymph nodes 
of tumorous owl monkeys. The failure of owl monkeys to react with a 
strong general cellular immune response to H. saimiri antigens is not 
due to a basic immunological defect. It may explain in part the tumor 
susceptibility of owl monkeys in comparison to the natural host, but 
these parameters do not seem to explain why some owl monkeys remain 
persistently infected while others develop tumors. Also, disease patterns 
could not be attributed to subspecies differences of owl monkeys. Seven 
karyotypes of owl monkeys have been described (Ma et al., 1976); none 
of them is overrepresented among tumor-resistant monkeys, indicating 
that chromosome polymorphism cannot be correlated with tumor sus
ceptibility or resistance (Neubauer et al., 1980). 

While T cells generally may play an important role in the defense 
against tumor cells, H. saimiri and II. ateles neoplasias are characterized 
by the oncogenic transformation of T lymphocytes themselves. A mul
titude of abnormal immune reactions become possible, dependent on 
which functional T-cell populations are stimulated or paralyzed in their 
specific function by a virus carrier state or oncogenic transformation. A 
very high proportion of the blood lymphocytes become infected before 
tumors arise; as much as 80% of all peripheral leukocytes may produce 
virus in an infectious-center assay. Preliminary results indicate that sev
eral or all populations of T cells, e.g., T cells with and without receptors 
for the Fc portion of immunoglobulin G (IgG), are virus-infected and 
proportionally increased in number (Neubauer et al., 1981). Tumor-de
veloping animals show severe impairment of T-cell functions (Pearson 
et al., 1974; Wallen et al., 1974, 1975a). This is manifested by a loss of 
responsiveness to T-cell mitogens, i.e., phytohemagglutinin and concan-
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avalin A. This loss of mitotic reactivity is disease-related. In animals 
with rapidly progressing tumors, hyporesponsiveness is usually noticed 
at the time when virus-positive cells appear in the peripheral blood. 
Inapparently infected monkeys with persisting virus in the peripheral 
lymphocytes do not have an obvious impairment of T-cell stimulation, 
since only the subpopulation of IgG-Fc-receptor-positive T cells are hy
poresponsive (Neubauer et al., 1981). Abolished T-cell responsiveness of 
tumor-developing owl monkeys could not be restored by levamisole 
(Neubauer and Rabin, 1978). Wallen et al. (1975b) found evidence that 
the inhibition of T-lymphocyte responsiveness is mediated by a lym
phocyte subpopulation with suppressor function. When the lymphocytes 
of tumor-developing owl monkeys lose the ability to react to T-cell mi
togens, they can also stimulate tumor cells and tumor-derived cell lines 
to produce a soluble antiproliferation factor (APF) that inhibits the mi
togen response of isogeneic and allogeneic peripheral T lymphocytes 
(Neubauer et al., 1975, 1976). APF has been partially characterized with 
respect to its physiochemical properties (Neubauer and Rabin, 1979; 
Neubauer et al., 1975). APF activity could be demonstrated in the sera 
of tumor-bearing monkeys (Neubauer and Rabin, 1979). Further studies 
on the role of suppressor cells in H. saimiri lymphomas of owl monkeys 
may provide highly significant insights into the mechanism of initiation 
of tumor growth. Not all T-cell populations are changed in the sense of 
a paralysis or constituitive overfunction in tumor-developing owl mon
keys; helper T cells seem not to be affected by H. saimiri infection. Also, 
the levels of nonspecific cytotoxicity of lymphocytes from infected an
imals are as high as those from uninfected monkeys, and this activity is 
maintained at a normal level during disease (Neubauer et al., 1981). 

C. Vaccination and Chemotherapy against Tumor Disease 

Attempts to prevent H. saimiri-induced malignant lymphoma with 
chemotherapeutic agents have been largely unsuccessful. Several groups 
have used high doses of human interferon with at most only a very slight 
delay to the time of death (Laufs et al., 1974a; Rabin et al., 1976; 1. Falk, 
M. D. Daniel, R. D. Hunt, and G. Bekesi, unpublished), even though 
human interferon is effective in preventing growth of H. saimiri in 
vitro in owl monkey kidney (OMK) cells (Daniel et al., 1980). Phos
phonoacetic acid (P AA), a potent inhibitor of many herpesviruses that is 
relatively specific for the herpesvirus-induced DNA polymerase, is also 
a potent inhibitor of H. saimiri growth in vitro (Daniel et al., 1980). This 
compound, however, has not been useful in animal studies with New 
World primates. Difficulties were encountered in maintaining effective 
levels of P AA in the blood, and P AA solutions were toxic to these animals 
(R. D. Hunt and M. D. Daniel, unpublished). 
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Greater success has been achieved using live attenuated or killed 
virus vaccines. Herpesvirus saimiri inactivated with formaldehyde at 
56°C was immunogenic and was able to protect animals against challenge 
by wild-type oncogenic virus (Laufs and Steinke, 1976; Laufs, 1974). High 
challenge doses did result in delayed lymphoma development. Attempts 
to rescue virus from circulating lymphocytes were unsuccessful, indi
cating that circulating neutralizing antibodies had prevented infection. 

Another approach to the development of noninfectious vaccine has 
been the preparation of plasma vesicles from lytically infected OMK cells 
(Pearson and Scott, 1977). These vesicles were free of virus and viral 
DNA, but did contain viral MAs. MAs usually contain the viral proteins 
responsible for neutralization by antisera (Randall and Honess, 1980). 
Cottontop marmosets inoculated with these membrane vesicles sero
converted when assayed by neutralization and immunofluorescence 
tests. Such animals were partially protected against lymphoma induction 
on challenge by oncogenic H. saimiri (pearson and Scott, 1978). Two of 
three animals survived challenge greater than 300 days. 

Live attenuated strains of H. saimiri have also been successfully used 
for active immunization. These are discussed in the next section. 

D. Attenuation of Virus Strains 

Two independent attempts to attenuate II. saimiri have been suc
cessful. The development of these attenuated strains not only has been 
useful for studying the process of active immunization by live vaccine, 
but also has opened the door for studying viral functions responsible for 
cell transformation and tumorigenesis. 

Attenuation of H. saimiri strain 11 was achieved by serial propaga
tion in Vero cells at 39°C (Schaffer et al., 1975). When cottontop mar
mosets were inoculated with this attenuated strain, designated 11 att (pre
viously A-HVS), they did not develop lymphoma even though they were 
infected. Infection was confirmed by antibody response and by recovery 
of virus after cocultivation of circulating lymphocytes with permissive 
OMK cells. Virus recovered as long as 4 years after inoculation was con
firmed as the original strain 11 att by restriction-endonuclease analysis of 
virion DNA (Falk et al., 1980). Two cottontop marmosets latently in
fected with 11 att were challenged with 770 PFU of strain II, resulting in 
malignant lymphoma and death 75 and 80 days postinoculation (Falk et 
al., 1976). This time represented more than 3 times longer to death than 
control marmosets inoculated with strain 11. Wright et al. (1980), how
ever, have found that common marmosets latently infected with strain 
11 att resisted challenge with 100-825 PFU of oncogenic strain 11 virus. 
Virus recovered from circulating lymphocytes of one animal 2 years after 
challenge was analyzed by restriction-endonuclease digestion of DNA; 
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only 11 att could be detected (Falk et al., 1980). Thus, H. saimiri strain 
11 att does not produce lymphoma in cotton top or common marmosets, 
and it can protect common marmosets from challenge by wild-type on
cogenic virus. The original attenuation of strain 11 may have been some
what of a chance occurrence; attempts to obtain other attenuated strains 
of S295C and 11 by the same procedure have been unsuccessful (Falk et 
al., 1976). 

Analysis of virion DNA with restriction endonucleases has revealed 
that 1.1 Md from the left terminus of low-density DNA (L-DNA) has 
been deleted from strain 11 in the generation of 11 att. Thus, the AosI F 
and EcoRI A fragments were 1.1 Md shorter in H. saimiri 11att DNA. In 
agreement with this, strain 11 att DNA totally lacked the KpnI G fragment 
of strain 11. Although the adjacent KpnI C fragment was apparently 
unchanged in size, it had become the left L-terminal KpnI fragment lo
cated at the H-L border, since the terminal high-density DNA (H-DNA) 
was attached to this fragment. No other genome alterations have been 
detected in 11 att by these procedures. This genome alteration is a stable 
property of the virus, whether examined after passage in vitro or after 
infection of marmosets (Mulder et al., 1982). 

Attenuation of H. saimiri strain SMHI was achieved by persistent 
infection of semipermissive Vero cells (Daniel et al., 1979a). These per
sistently infected Vero cells have been subpassaged in culture for over 
5 years and continuously produce an attenuated strain, designated 
SMHIatt. Although strain SMHIatt grows to normal titers in OMK cells 
in culture, SMHIatt does not produce disease in cottontop marmoset or 
owl monkeys, even after repeated inoculations or inoculation of high 
doses. Although inoculated animals develop antibodies to LAs, attempts 
to demonstrate infection by virus recovery have repeatedly failed. In one 
study, two cottontop marmosets were inoculated 10 times over a period 
of 211 days; both animals developed neutralizing antibodies. Both ani
mals were then challenged with 100 median tissue-culture infectious 
doses (TCIDso) of oncogenic SMHI; one animal developed malignant lym
phoma, while the other survived for 3 years. The surviving animal then 
succumbed to challenge by a very high dose of virus (3 x 106 TCIDso). 
In other experiments, cottontop marmosets inoculated with SMHIatt have 
not been protected from challenge by wild-type oncogenic virus (Daniel 
et al., 1979a). 

SMHIatt virion DNA contains genomic alterations when compared 
to SMHI. Use of restriction endonucleases (endoRs) AosI, KpnI, XhoI, 
EcoRI, and BamHI has shown that 3.5 Md from the left terminus of L
DNA has been deleted from strain SMHI in the generation of SMHIatt. 
The deletion appears analogous to the deletion found in 11 att. In addition, 
SMHIatt DNA has a 7.2-Md fragment of L-DNA inserted in the repetitive 
H-DNA of the virus. This segment represents an inverted repetition of 
a 3.6-Md region of the right end of L-DNA. SMHIatt DNA preparations 
also have variable amounts of defective DNA molecules, consisting of 
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a tandemly repeated portion of 8.2 Md of L-DNA plus 0.8 Md of H-DNA. 
This sort of defective molecule was also found in some other II. saimiri 
DNA preparations, especially after high-multiplicity serial passage (Mulder 
et al., 1982). 

It is not known at present by what mechanism these attenuated 
strains are no longer oncogenic. Several possibilities seem likely: These 
attenuated strains may have lost the ability to transform or immortalize 
lymphocytes through a change or loss of a gene coding for a hypothetical 
transforming protein. Alternatively, an attenuated strain may express in 
a different fashion a viral antigen that allows the host animal to prevent 
malignant outgrowth through normal immune mechanisms. It also 
seems possible that a viral product that functions in suppressing normal 
immune reaction could be defective. Unfortunately, II. saimiri wild-type 
strains have functioned very poorly in in vitro transformation assays, so 
it is not yet possible to directly test the in vitro transforming potential 
of the attenuated strains. 

It is remarkable that both attenuated strains have developed a dele
tion in the same region of the genome, but there is as yet no direct 
evidence that these deletions are responsible for the attenuation. The 
absence of an in vitro transformation assay makes it impossible to test 
the effect on transformation of alterations in this region relative to the 
effects of alterations in other regions. Nevertheless, results from various 
lines of investigation point to the importance of the leftmost region of 
the L-DNA in transformation: (1) Sequences are deleted from this region 
of the genome in the attenuated strains. (2) Viral DNA sequences from 
this region fall into two groups that appear to be structurally unrelated 
(see Section III.B.l.b). This is possibly analogous to the similar but struc
turally unrelated src genes responsible for growth transformation in var
ious strains of avian sarcoma virus (Yoshida et a1., 1980). Also, it is known 
that the src genes can be readily lost in some cases by continued passage 
of the virus. (3) At least some continuous cell lines derived from II. 
saimiri-induced tumors contain this region of the genome in a molarity 
double that of other regions (Werner et al., 1978; Desrosiers, 1981). (4) 
Although most L-DNA sequences are methylated in tumor cells, this 
region of the genome contains specifically unmethylated sites (see Sec
tion VLF.4). 

Further work is necessary to determine the basis for the lack of 
oncogenicity of attenuated strains and to determine what role, if any, the 
left-terminal L-DNA sequences play in transformation and attenuation. 

E. Infectivity of Viral Deoxyribonucleic Acid 

Purified DNA of II. saimiri and II. ateles is capable of inducing 
malignant lymphoma in tamarin marmosets (Fleckenstein et al., 1975b; 
1978b). In the course of several experiments, 14 cottontop marmosets 
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were injected with 50 ng to 10 J.Lg calcium-phosphate-precipitated H. 
saimiri M-DNA (strain 11) by the intravenous, intraperitoneal, and in
tramuscular routes. Three animals that received 1 J.Lg DNA or more de
veloped fatal tumor disease within 60-85 days. Infectious virus was iso
lated from each of the animals. The virus was identified as H. saimiri by 
serology or by cleavage patterns of its DNA with restriction endonu
cleases. Viral DNA was found in tumor autopsy materials by CoT hy
bridization. Two animals had neutralizing antibodies and anti-LA de
tectable by immunofluorescence. So far, we cannot decide whether the 
DNA-induced neoplastic disease in marmosets is mediated by transfec
tion of permissive cells involving a primary productive infection or, al
ternatively, whether transformable lymphoid T cells are the direct targets 
for infectious DNA. 

Herpesvirus ateles DNA was used in one study on tumor induction 
by DNA (Fleckenstein et al., 1978b). Four cottontop marmosets were 
injected with precipitated H. ateles DNA, each animal receiving 20 J.Lg 
M-DNA. One of these monkeys died with the clinical and pathological 
features of malignant lymphoma. However, there was a striking differ
ence from the H. saimiri DNA inoculations described above; in the case 
of the H. ateles-DNA-induced tumor, we were not able to isolate infec
tious virus or to find humoral antibodies to H. ateles. However, H. 
ateles DNA sequences were found in the tumor tissues in multiple copies 
per cell, as determined by reassociation kinetics. The extent of hybridi
zation suggested that a portion of the H. ateles genome was lacking in 
the tumor cells. This could explain the failure to demonstrate infectious 
particles and antibody response, since lymphoid target cells could be 
transformed by a fragment of genomic DNA without productive repli
cation taking place. However, this possibility needs further experimental 
investigation. The ability of herpesvirus DNA to induce tumors indicates 
that DNA of large size can be incorporated into the cells of the living 
organism. 

F. Persistence and Expression of Viral Genes in Tumor Cells 
and Cell Lines 

1. Establishment of Cell Lines 

Tumor cells from circulating lymphocytes, lymph nodes, spleen, or 
thymus may be cultured in vitro following H. saimiri-induced malignant 
lymphoma. Tumor cells from cottontop, white-lip, owl, and black howler 
monkeys have been cultured in vitro for several months to over 8 years 
(Rabson et al., 1971; Falk et al., 1972d; Rangan, 1976; Fleckenstein et 
al., 1977). Rabson et al. (1971) described the first lymphoma cell line, 
designated MLC-l, which was derived from an infiltrated lymph node of 
a cottontop marmoset. Similar cell lines have also been established from 
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H. ateles-induced lymphomas jFalk et al., 1974b). Herpesvirus saimiri
and H. ateles-induced tumor-cell lines grow mainly in suspension as 
small clumps or as larger cell aggregates of a hundred cells or more. 
Tumor-cell lines continue to preserve T-cell-specific markers-rosette 
formation with sheep erythrocytes, the lack of membrane and intracell
ular immunoglobulins, and membrane Fc and complement receptors 
jWallen et al., 1974; Falk, 1980b). 

Marmosets are hematopoietic chimeras. Marmosets that are born 
after a twin pregnancy with a fraternal twin of the opposite sex will have 
male and female hematopoietic cells. Freshly established tumor-cell lines 
from H. saimiri-infected marmosets do still have this characteristic 
jMarcyzynska et al., 1973). Even after 10 months of continuous culture, 
an H. saimiri-induced tumor-cell line remained chimeric, with the pro
portion of male to female cells essentially unchanged jChu and Rabson, 
1972). The 45% female/55% male ratio after 10 months was considered 
within the random selection range. This indicates that the tumor cells 
were polyclonal and that there was no selective growth advantage for 
either cell type in vitro. 

Recently established cell cultures generally produce detectable levels 
of virus within the first few months of growth in vitro, with 1-10% of 
the cells able to produce virus when co cultivated with permissive OMK 
cells. After a prolonged period of cultivation in vitro, tumor-cell cultures 
generally diminish in their ability to produce virus. Some cell lines lose 
their ability to produce virus entirely, and others have maintained a low 
level of ability to produce virus over several years. 

A summary of H. saimiri and H. ateles continuous cell lines is shown 
in Table IV. 

2. Quantities of Viral DNA in Tumor Cells 

Cell DNA has been isolated from various organs of animals bearing 
H. saimiri-induced tumors and has been used to demonstrate and quan
titate viral DNA sequences. Both types of viral sequences, L-DNA and 
H-DNA, have been detected by measurement of reassociation kinetics 
using radioactively labeled viral DNA as probe jFleckenstein et al., 
1977). Autopsy material showed from 0.014 to 0.075% of total DNA as 
L-DNA sequences and from 0.01 to 0.11 % as H-DNA sequences. This 
amount of L-DNA is equivalent to 7-38 viral M-genome equivalents per 
diploid cell. The tissues used for extraction of DNA of course contained 
a complex mix of tumor and nontumor cells and perhaps even lytically 
infected cells. Thus, it was not possible to accurately estimate the amount 
of viral DNA per neoplastic cell. The presence of multiple viral genome 
copies in neoplastic cells appears analogous to similar findings with 
Marek's disease, Burkitt lymphoma, and nasopharyngeal carcinoma. 

Viral DNA has also been quantitated in a similar manner in H. 
saimiri and H. ateles continuous cell lines jFleckenstein et al., 1977; 
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Johnson et al., 1981). The findings are summarized in Table IV. Various 
cell lines show from as few as 4 to over 300 genome equivalents per 
diploid cell. The H. ate1es rabbit tumor-cell lines appear to have the 
highest amount of viral DNA. There seems to be no correlation with the 
number of genome equivalents per cell and the ability of cells to produce 
virus. There does, however, appear to be a correlation with the number 
of genome equivalents and the ability to detect the H. ate1es nuclear 
antigen (HATNA) (Johnson et al., 1981). 

3. DNA Circularization and Sequence Rearrangements in Tumor Cells 

In situ hybridizations with metaphase chromosomes of a nonprod
ucing cell line suggested that much of the viral DNA persisting in these 
cells is somehow associated with cellular chromosomes (Fleckenstein et 
al., 1976). Similar conclusions were drawn from cytogenetic studies (Per
iman et al., 1972). Since much of viral DNA in the 1670 and other cell 
lines is present as covalently closed circular DNA not covalently joined 
to host-cell DNA sequences (see below), the nature of this association 
with the host chromosomes remains unclear. 

The many similarities between H. saimiri and EBV prompted inves
tigations into whether viral DNA in H. saimiri-transformed cells is pres
ent as covalently closed circular DNA. That much of EBV DNA is present 
in such supercoiled structures is well documented (for review, see Adams, 
1979). Werner et al. (1977) found that II. saimiri DNA in the nonproducer 
cell line 1670 is present in circular form. Covalently closed circles were 
demonstrated by equilibrium centrifugation in CsCI-ethidium bromide 
and by direct visualization of circles in the electron microscope. Length 
measurements, however, revealed an unusual feature of viral circular 
DNA molecules in 1670 cells-they were considerably larger than virion 
DNA, 131 vs. 100 Md. 

The nature of the circular DNA in 1670 cells has been further probed 
using the technique of partial denaturation mapping (Werner et al., 
1977, 1978). In this procedure, partially purified viral circular DNA mol
ecules were partially denatured with formamide and then examined by 
electron microscopy. Regions low in G + C content tend to denature and 
regions very high in G+C content (e.g., H-DNA) invariably remain dou
ble-stranded. Examination of many such partially denatured DNA mol
ecules showed that two L-DNA regions (Ll = 57.8 Md; L2 = 33.7 Md) 
were separated by two H-DNA regions (HI = 22.8 Md; H2 = 17.2 Md). 
A partially denatured circular DNA molecule from 1670 cells is shown 
in Fig. 10. Fine-detailed analysis of 1670 DNA molecules with partially 
denatured L-DNA regions indicated that L2 sequences were a subset of 
Ll sequences that represented the leftmost 33.7 Md of virion L-DNA. 
Furthermore, the common sequences of L2 and Ll were oriented in the 
same direction. These results thus indicated that approximately 13.8 Md 
of viral DNA information was absent in these circular DNA molecules 
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FIGURE 10. Electron micrograph of a partially denatured episome from If. saimiri-trans
formed marmoset tumor cell line 1670. The arrows indicate the transitions between II- and 
L-sequences. The small circles are PM2-DNA. Courtesy of F.-T. Werner. 

from 1670 cells. Due to the limitations of partial denaturation mapping, 
the location of the 13.8-Md deletion within L-DNA could not be deter
mined with confidencei the rightmost 24 Md of 11 DNA could not be 
aligned with virion DNA unambiguously. 

The blotting technique of Southern (1975) has confirmed and ex
tended these findings on H. saimiri DNA in 1670 cells (Desrosiers, 1981). 
DNA from 1670 cells was digested with restriction endonucleases, elec
trophoresed through agarose gels, transferred to nitrocellulose filters, and 
hybridized to high-specific-activity 32P-Iabeled virion L-DNA. The viral 
DNA fragments EcoRI G, H, D, and I, KpnI A, and BamHI D and E were 
not detected in Southern transfers of DNA from the nonproducing 1670 
cell line. For each restriction endonuclease, a new fragment appeared 
consistent'with a 13.0-Md deletion of viral DNA sequences. These results 
unambiguously placed the deletion in 11 between 35 and 48 ± 0.6 Md 
from the left end of L-DNA. The size of the deletion determined by this 
procedure agrees quite well with the size determined by difference meas
urements with the electron microscope. 

The partial denaturation mapping and the hybridization data are 
consistent with the sequence arrangement of viral DNA in 1670 cells 
shown schematically in Fig. 11. This model represents the major popu-
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lation of H. saimiri DNA sequences in 1670 cells, but there are still 
deficiencies in our understanding of the viral DNA in this cell line. For 
example, it is not known whether any viral DNA is integrated with host
cell sequences. Also, new discrete fragments that were mostly confined 
to or highly enriched in partially purified linear or episomal DNA frac
tions were produced with some restriction endonucleases (Kaschka-Dier
ich et a1., 1981; Desrosiers, 1981); these fragments did not comigrate 
with any virion DNA fragments. Most of these unexplained fragments 
were present in three of the four cell lines examined, so it seems likely 
that they have arisen through some common mechanism. They could 

L-DNA 71.6x106 t----- - -- -- - --------i 

~I 

EcoR I 

BomH I 

LI 57.8 x 10· 

L2 33.7 x 10· 

L2 

I-----------,OEGION DELETED .------~ 
IN 1670 

EPiSOMES 
~ 

BomH I 

LI 

LOCATION OF 

13.0.106 
OAL TON DELETION 

FIGURE 11. Schematic representation of the sequence arrangement of the major population 
of H. saimiri DNA in 1670 cells. From Desrosiers 119811. 
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possibly represent highly defective DNA molecules of very low sequence 
complexity. Also, the structure of H. saimiri DNA in 1670 cells shown 
in Fig. 11 may not include finer sequence arrangement changes that 
would not have been detected with the endonucleases used. Such changes 
could include small deletions or insertions of L-DNA sequences into H
DNA. 

The question arises whether the unusual sequence arrangement de
scribed above is peculiar to 1670 cells. The viral DNA sequences deleted 
within BeaR! fragments G, H, D, and I in 1670 cells are also deleted in 
70N2 cells (Desrosiers, 1981). Figure 12 shows the missing BeaRI frag
ments D and G in 1670 and 70N2 cells (fragments H and I ran off this 
gel), and it shows that the new fragment from fusion of sequences with 
BeaRI G and I is identical or nearly identical in size in 1670 and 70N2 
cells. This amazing similarity is not simply due to cell cross-contami
nation, since viral DNA in 1670 and 70N2 cells may be distinguished by 
three criteria: (1) Circular DNA is 131 Md in 1670 cells and 119 Md in 
70N2 cells (Werner et a1., 1978). (2) Viral H-DNA is more extensively 
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FIGURE 12. Comparison of BeoRI + SmaI digestion products of H. saimiri (HVSl DNA 
from virions, 1670 cells, and 70N2 cells. Total cell DNA (3 f-Lg) or strain 11 virion DNA 
(6 ng) was digested with SmaI followed by BcoRI, electrophoresed through a 0.5% agarose 
gel, transferred to a nitrocellulose filter, hybridized to [J2P]L-DNA, and autoradiographed. 
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FIGURE 13. Electron micrograph of a partially denatured episome from H. ateles-trans
formed rabbit tumor cell line. The arrows indicate the transitions between H- and L-se
quences. The small circles are PM2 DNA. From C. Kaschka-Dierich et al. 11982). 

methylated in 1670 cells than in 70N2 cells (Desrosiers et al., 1979). (3) 
DNA from these lines contains nonidentical L2 regions-33. 7 Md in 1670 
cells and approximately 18 Md in 70N2 cells (Kaschka-Dierich et al., 
1982; Desrosiers, 1981). These three characteristics are stable properties 
of the 1670 and 70N2 cell lines. Thus, surprisingly similar deletions and 
rearrangements appear to have occurred independently in the 1670 and 
70N2 cell lines. 

Fewer changes have occurred in cell lines still able to produce virus. 
Viral DNA from two H. saimiri-producing transformed cell lines (1926 
and 77/5) contained all the viral DNA fragments present in purified virion 
DNA. DNA from tumor cells taken directly from a tumor-bearing animal 
contained viral DNA indistinguishable from the parental virion DNA by 
the Southern blotting analysis (Desrosiers, 1982). Partial denaturation of 
a circular viral DNA molecule from the virus-producing RLC cells in
dicated one L- and one H-DNA region of the same lengths found in virion 
DNA (Kaschka-Dierich et al., 1982) (Fig. 13). 

These results indicate that considerable viral DNA sequence rear
rangements can occur on passage of tumor cells in culture and that ex
cision of DNA sequences from the viral genome may playa role in es
tablishing the nonproducing state of some tumor-cell lines. The decreased 
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viral sequence complexity and limited gene expression in some non
producing lines may aid in identifying viral gene products responsible for 
maintaining the transformed phenotype. 

4. Methylation of Viral DNA in Transformed Cells 

DNA methylation in mammalian cells occurs exclusively at cyto
sine, forming 5-methylcytosine. Furthermore, 5-methylcytosine occurs 
predominately in the dinucleotide CG (Cedar et al., 1979; Bird, 1980), 
and the dinucleotide CG is by far the least common of the 16 dinucleo
tides (Nussinov, 1980). The endoR isoschizomers MspI and Hpall (rec
ognition sequence CCGG) have been very useful for methylation analyses 
in mammalian cells, since Hpall does not cleave when the C of the CG 
dinucleotide in its recognition sequence is methylated and MspI cleaves 
whether or not the C of the CG dinucleotide in its recognition sequence 
is methylated (Waalwijk and Flavell, 1978). 

Three lines of evidence indicate that H. saimiri virion DNA produced 
from lytic infection of OMK cells is not significantly methylated: (1) 
Acken et al. (1979) labeled virions with [3H]DNA precursors and analyzed 
hydrolyzed virion DNA by thin-layer chromatography. They found less 
than one methyl group per genome-length molecule. (2) Analysis of un
labeled virion DNA (R. Desrosiers, M. Ehrlich, and J. Gehrke, unpub
lished) by high-performance liquid chromatography could not detect 5-
methylcytosine (at least 30 times less than host-cell DNA) or any other 
modified nucleosides. (3) Hpall and MspI cleave purified virion DNA 
identically (Desrosiers et al., 1979). 

During the course of restriction-endonuclease analysis of DNA in H. 
saimiri tumor-cell lines, unusual behavior of viral H-DNA was observed 
with some restriction endonucleases (Desrosiers et al., 1979). For ex
ample, SmaI, which cleaves four times in each repeat unit of H-DNA and 
does not cleave in L-DNA, cannot cleave H-DNA in 1670 cells to com
pletion (Fig. 14). Fewer than 10% of the SmaI cleavage sites (CCCGGG) 
are actually able to be cleaved in H-DNA of 1670 cells. Methylation of 
C of the CG dinucleotide apparently blocks the action of SmaI (Gautier 
et al., 1977). MspI cleaves viral H-DNA in 1670 cells indistinguishable 
from viron H-DNA, but fewer than 10% of the same sites in 1670 H
DNA are cleaved by Hpall (Desrosiers et al., 1979). This is convincing 
evidence for extensive methylations of the CG dinucleotide in H-DNA 
in 1670 cells. Youssoufian and Mulder (1981) have found that XmaI, an 
isoschizomer of SmaI, cleaves H-DNA in 1670 cells indistinguishable 
from virion DNA. This provides further proof that H-DNA resistance to 
SmaI digestion in 1670 cells is due to extensive methylation and indicates 
that SmaI and XmaI are another isoschizomer pair with different sensi
tivities to methylation. Similarly, H-DNA in 1670 cells is refractory to 
cleavage by SacII (CCGCGG), but not to cleavage by SacI (GAGCTC), 
Pvull (CAGCTC), or Pst! (CTGCAG) (Desrosiers et al., 1979). 

Viral H-DNA in the nonproducing 70N2 cells was also found to be 
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FIGURE 14. Methylation of H-DNA in 1670 
cells-resistance to digestion by SmaI. Total cell 
DNA 13 f..Lg) or strain 11 virion DNA 16 ng) was 
digested with restriction endonucleases, elec
trophoresed through a 0.7% agarose gel, trans
ferred to a nitrocellulose filter, hybridized to [J2p] 
-M-DNA, and autoradiographed. In slot 2, virion 
DNA was digested with BamHI + SmaI. SmaI 
digestion products of H-DNA 10.36, 0.30, and 0.14 
Md) are clearly eVident, and the BamHI cleavage 
products of L-DNA 18.8-22 Mdl are indicated in 
the top portion of the gel. In slot 3, 1670 DNA 
was digested with SmaI alone in excess; only a 
small portion of the H-DNA is cleaved to the 
same size as in virion DNA. Cleavage of 1670 
DNA with Bam HI T SmaI, shown in slot I, re
sults in several L-DNA products in the 6-22 Md 
range. From Desrosiers et al. 11979). 
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methylated, but in this case only 50-90% of the CCCGGG sites were 
methylated. Viral H-DNAs in the producing cell lines 1926, 77/5, and 
1591 were not detectably methylated (Desrosiers et al., 1979). Consistent 
with the ability to produce virus when co cultivated with permissive 
OMK cells, viral H-DNA in tumor cells direct from a tumor-bearing 
animal was not detectably methylated (R. Desrosiers, unpublished). 

This raised the possibility that DNA methylation somehow plays a 
role in the prevention of complete expression of H. saimiri in nonprod
ucing lymphoid-cell lines. Since this initial report on H. saimiri DNA 
methylation, a number of other reports have appeared with other virus 
systems or specific cellular genes in which DNA methylation and gene 
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expression apparently correlated inversely (van der Ploeg and Flavell, 
1980; Sutter and Doerfler, 1980; McGhee and Ginder, 1979; Mandel and 
Chambon, 1979; Cohen, 1980; Guntaka et al., 1980). 

Any role for DNA methylation in the control of H. saimiri gene 
expression in transformed cells will most certainly be more complex than 
these simple correlations may indicate. The deletion of 13.0 Md, 18%, 
of L-DNA in 1670 and 70N2 cells more than likely must playa role in 
preventing complete virus expression. Furthermore, recent results indi
cate that L-DNA sequences in 1670, 70N2, the producing line 1926, and 
tumor cells direct from a tumor-bearing animal are extensively meth
ylated (Desrosiers, 1982). Results to date indicate that there are a few 
specifically unmethylated sites in L-DNA of tumor cells and that spe
cifically unmethylated sites cluster within the EcoRI A fragment in the 
leftmost 20% of L-DNA. Work is continuing to precisely map specifically 
unmethylated sites in L-DNA with as many endonucleases as possible 
and to determine whether RNA sequences originate from specifically 
unmethylated sites. It is clear, however, that much work is needed to 
elucidate what role, if any, DNA methylation contributes to the control 
of H. saimiri gene expression and the ability of transformed lymphoid 
cells to produce virus. 

5-Methylation of cytosine lowers the density of DNA in CsCI gra
dients (Kirk, 1967). The buoyant density of viral DNA in transformed 
cells may possibly reflect the degree of methylation. Viral DNA of 1670 
cells was found to band at a lower density in CsCI than cellular DNA, 
despite a significantly higher G + C content in viral DNA. Viral DNA in 
70N2 cells showed a slighter density shift. Treatment of 1670 cells with 
methylation inhibitors or with the phorbol ester 12-0-tetradecanoyl 
phorbol-13 acetate (TPA) appeared to increase the density of at least a 
major portion of the viral DNA to that expected from the G + C content 
(Kaschka-Dierich et al., 1981). 

5. Nuclear Antigen (HATNA) in Tumor-Cell Lines 

The large amount of viral DNA in H. saimiri- and H. ateles-trans
formed cells stands in remarkable contrast to the difficulties encountered 
in detecting virus-specific gene expression in these cells. Until recently, 
no viral proteins had been detected in tumor cells and cell lines by im
munofluorescence studies, radioimmunoprecipitations, and many other 
attempts. This is in remarkable contrast to other DNA tumor virus sys
tems, since papovavirus- or adenovirus-transformed cells have readily 
detectable early viral proteins and EBV-transformed lymphoblastoid cells 
and tumor cells contain EBV nuclear antigen (EBNA), a viral DNA-bind
ing protein. 

Ohno et al. (1979) detected a viral protein in some H. ateles-trans
formed lymphoid-cell lines, using the acid-fixed nuclear-binding (AFNB) 
technique in combination with anticomplement immunofluorescence. 
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In this procedure, concentrated salt-extracted soluble antigens from 
lymphoid-cell lines are incubated with methanol/acetic-acid-fixed am
phibian erythrocytes; after being stained with a live-virus-boostered anti
H. saimiri-positive squirrel monkey serum, the erythrocyte nuclei appear 
in brilliant fluorescence. The DNA-binding protein (HATNAJ, in all like
lihood a nuclear protein of virus-transformed cells, can be demonstrated 
in some marmoset and rabbit tumor-cell lines from H. ateles-induced 
tumors and in lymphoid primate cell lines transformed in vitro by H. 
ateles. Permissive cells productively infected with H. ateles also contain 
HA TNA. There is no apparent correlation between the expression or 
absence of HA TNA in the transformed cells and a virus-producer or -
non-producer status, respectively. HATNA-positive cell lines have at 
least 95 persisting H. ateles genome copies per cell, while the majority 
of cell lines that remain negative in the AFNB test contain Significantly 
less viral DNA. This suggests a quantitative correlation between the 
amount of viral DNA and viral DNA-binding nuclear antigen in H. 
ateles-transformed cells !Johnson et al., 1981J. It is still a matter of spec
ulation whether the HA TNA of H. ateles-transformed T cells is func
tionally related to the EBNA of EBV-transformed cells or to T antigen of 
papova- and adenoviruses. 

G. In Vitro Transforming Potential of Herpesvirus ateles and 
Herpesvirus saimiri 

Herpesvirus ateles is capable of transforming lymphocytes from 
marmoset monkeys in vitro. First, Falk et al. (l974bJ showed that periph
eral and splenic lymphocytes from marmoset monkeys can be immor
talized by cocultivation with lethally X-irradiated virus-producing lymphoid 
cells. Later, it was shown that cell-free H. ateles immortalizes marmoset 
lymphocytes (Falk et al., 1975, 1978; B. Fleckenstein, unpublishedJ. 
Lymphoid-cell lines were obtained from tamarin marmosets (Saguinus 
oedipus, S. fuscicollis, S. labiatus J and common marmosets (Callithrix 
;acchusJ. Transforming assays are usually done by infecting a lymphocyte 
suspension culture of approximately 5 x 106 cells that are isolated in a 
Ficoll-Hypaque density gradient. The first signs of virus-induced prolif
eration usually become discernible after 3-4 weeks. It is difficult to quan
titate the number of transformed foci in a culture. Transformed cell lines 
have T-cell markers, e.g., rosetting with sheep erythrocytes, reaction with 
an anti-marmoset T-lymphocyte serum that is detectable by cell lysis in 
SICr microcytotoxicity tests, and lack of appreciable complement receptor 
and IgG (Falk et al., 1978J. All in vitro-transformed cell lines produce 
infectious virus on cocultivation with permissive cells, at least during 
the first months of cultivation; however, the number of cell-free virus 
particles in culture fluids of producer cell lines is low «10 PFU/mlJ (Falk, 
1980bJ. Attempts to transform marmoset lymphocytes by transfection 
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with H. ateles DNA in the presence of DEAE-dextran or after precipi
tation with calcium phosphate have proven unsuccessful so far (B. Fleck
enstein, unpublished). 

Attempts to transform lymphocytes in vitro by H. saimiri have been 
surprisingly unsuccessful. Several groups have experienced difficulties in 
trying to achieve immortalization of peripheral leukocytes by H. sai
miri in cell culture. In one of numerous experiments, we obtained a 
cottontop marmoset cell line (H 1591) from infecting blood lymphocytes 
with H. saimiri strain OMI, employing squirrel monkey fibroblasts as a 
feeder layer (B. Fleckenstein and co-workers, unpublished). The sharp 
contrast between high oncogenicity in animals and poor transforming 
potential in vitro is remarkable. On the other hand, it should also be 
considered that the extreme oncogenicity in tamarins and other monkeys 
may be more reflective of a state of paralysis in the cellular immune 
system of the tumor-developing host than of the transforming power of 
the virus. It is possible that the primary target for transformation is a 
more immature stem cell rather than a well-differentiated peripheral 
lymphocyte or that some unknown factor that contributes to transfor
mation in vivo is absent in the in vitro transformation. 

VII. CONCLUDING REMARKS 

The primary attention focused on the oncogenic herpesviruses of 
nonhuman primates arose from the obvious similarities to Epstein-Barr 
virus (EBV). The natural history of H. saimiri in squirrel monkeys and, 
as far as is known, of H. ateles in spider monkeys is reminiscent of the 
epidemiology of EBV in humans. All three viruses are able to infect lym
phocytes, to persist in these cells, and to immortalize lymphoid cells in 
culture. The neoplasias associated with virus infection are tumors of the 
lymphatic system in most cases. The patterns of humoral-antibody re
actions are similar in tumor-bearing organisms, and transformed tissue
culture cells and tumor cells contain multiple copies of viral genomes 
that persist, at least in part, in a circular form. 

On the other hand, it should also be emphasized that many differ
ences exist between EBV and the lymphoma-inducing herpesviruses from 
New World primates. Herpesvirus saimiri and H. ateles have a genome 
structure that is very much different from EBV DNA. EBV DNA has an 
internal stretch of repetitive DNA in tandem orientation with a constant 
length, and a few short terminal repeats. The New World primate virus 
DNA does not possess internal reiterated DNA, but does have enormous 
terminal redundancies. EBV DNA is high in G + C content; H. saimiri 
and H. ateles have coding sequences of low G + C. EBV DNA molecules 
are far less heterogeneous with regard to G + C content. Herpesvirus 
saimiri and II. ateles are extremely heterogeneous in the base compo
sition of genome segments. EBV and oncogenic herpesviruses of New 
World primates do not share common antigenic determinants of their 
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structural polypeptides, and there is no other molecular parameter that 
would hint at a particular evolutionary relatedness. Herpesvirus saimiri 
and H. ateles are consistently T-cell tropic in the natural host and in 
tumor-developing animals, while EBV infects B lymphocytes only. This 
results in substantial differences in the pathogenesis of H. saimiri- and 
H. ateles-caused experimental monkey lymphomas vs. human EBV-as
sociated tumors. In human EBV infection, the T-cell system plays a role 
in elimination of transformed B lymphocytes. Herpesvirus saimiri and 
H. ateles tumors are characterized by the total breakdown of the T-cell 
system, since the majority of all T cells are infected and transformed by 
the viruses. Herpesvirus saimiri and H. ateles lymphomas, probably al
ways polyclonal, usually arise shortly after experimental infection, with 
a time course shorter than that of other human or experimental animal 
tumor diseases. 

The chain of events in the etiopathology of the described monkey 
tumors and the pathological anatomy of these diseases are unique in 
many regards and distinct from those of any other tumor virus system 
described before. The ability to induce reproducibly fast-growing T-cell 
lymphomas is a valuable advantage for certain experiments in tumor 
immunology and studies on chemotherapy. The variety of phenomena 
involved in the stimulation and paralysis of different T-cell subpopula
tions provides many avenues for immunological investigation. The vi
ruses combine high oncogenicity and transforming potential with the 
possibility of applying the full spectrum of genetic and molecular meth
odology in tumor virus research. Thus, the biological and molecular pe
cularities of H. saimiri and H. ateles promise further new perspectives 
on the pathogenesis of malignant diseases in primates and the molecular 
biology of oncogenic herpesvirus transformation. 
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CHAPTER 7 

The Molecular Biology of 
Marel,'s Disease Herpesvirus 
MEIHAN NONOYAMA, Ph.D. 

1. INTRODUCTION 

Marek's disease (MD) is a lymphoproliferative disease in chickens that 
was originally described by Marek (1907). A herpesvirus was isolated in 
cell cultures derived from tumors and from peripheral-blood lymphocytes 
(Churchill and Biggs, 1967; Solomon et al., 1968; Nazerian et al., 1968; 
Nazerian and Burmester, 1968), which implied that the virus is the caus
ative agent of this disease (Churchill and Biggs, 1968; Witter et al., 1969). 
Although Marek's disease virus (MDV) is generally found in the cell
associated form in tissue culture, cell-free virus is produced in the feather 
follicles of infected birds and released into the air (Calneck et al., 1970; 
Nazerian and Witter, 1970). Both cell-associated virus in infected cells 
and cell-free virus, extracted from the feather follicle, can induce MD 
tumor in chickens by inoculation. 

Herpesvirus of turkeys (HVT) was isolated from the turkey and found 
to be immunologically related to MDV (Kanamura et al., 1969; Witter 
et al., 1970). This virus is apathogenic for chickens as well as for the 
turkey and is now commonly used for vaccination against MD induction 
by MDV infection (Okazaki et al., 1970; Purchase, 1973) [see Chapter 8 
(Section VII.D)]. 

MDV is important in tumor virology, since it is one of the herpes
viruses that are involved in the induction of tumors in their natural hosts. 
The similarity of this system to that of Epstein-Barr virus (EBV) in re
lation to oncogenicity makes the study of MDV more attractive in mo
lecular virology. 
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II. MAREK'S DISEASE VIRUS DEOXYRIBONUCLEIC ACID 

A. Characterization 

MDV DNA is a linear double-stranded DNA of considerably high 
molecular weight. The sedimentation coefficient of this viral DNA was 
determined as 56 S by comparing it with the sedimentation of T4 phage 
DNA and herpes simplex virus (HSV) DNA through a sucrose gradient 
by centrifugation (L.F. Lee et al., 1971). This corresponds to 1.2 x 108 

daltons, which is slightly larger than HSV DNA. In an alkaline gradient, 
MDV DNA shows a highly heterogeneous population, with the fastest
sedimenting peak of 70 S corresponding to 6 x 107 daltons. This implies 
the presence of nicks or gaps within the DNA strands (L.F. Lee et al., 
1971). The density of MDV DNA in CsCI was once measured as 
1.715-1.716 g/cm3 (L.F. Lee et al., 1969), but was later reported as 1.705 
g/cm3 (L.F. Lee et al., 1971) corresponding to 46 mole % guanine plus 
cytosine. In a comparative study of MDV DNA and HVT DNA, it was 
concluded that HVT DNA has a sedimentation coefficient similar to that 
of MDV DNA, but a slightly higher density in CsCI, 1.707 g/cma (Hirai 
et al., 1979). 

The total sum of the molecular weights of MDV DNA fragments 
produced by digestion with BeoRI, HindIII, and Sall was calculated as 
1.0-1.1 x 108 daltons, which is slightly less than the value obtained from 
the sedimentation coefficient (Hirai et al., 1979; Lee, unpublished). The 
electron-microscopic picture of self-annealed, single-stranded viral DNA 
showed large and small loops, indicating that the viral DNA molecules 
contain inverted repeat sequences at the end of the molecules and within 
the molecules (Cebrian et al., 1982). This represents a situation similar 
to the HSV DNA molecule, which has four different forms produced by 
the combination of the two different orientations of the two unique large 
and small sequences, as discussed in Chapter 3. However, the restriction
enzyme patterns of MDV DNA are reasonably homogeneous and do not 
reveal any quarter-molar ratios, suggesting that at least the majority of 
the molecules contain a fixed orientation of the two unique sequences. 
The physical map of MDV DNA is being constructed confirming the 
presence of inverted repeats at the end and within the molecule. 

A hetrogeneous MDV DNA population has been reported recently 
that consists of viral DNA with densities of 1.705 and 1.700 g/cm3 in 
CsCI equilibrium centrifugation (Tanaka et al., 1980). The viral DNA 
obtained from a plaque-purified virus preparation is homogeneous, show
ing only the higher density of 1.705 g/cm3. The lower-density DNA ac
cumulates during the repeated passages of cell-associated virus through 
chick embryo fibroblasts (CEF). The lower-density DNA coincides with 
the density of cellular DNA. However, hybridization with complemen
tary RNA (cRNA) specific to the viral DNA indicated that the DNA with 
the lower density is of viral origin. By the 20th passage, at a ratio of 5 



THE MOLECULAR BIOLOGY OF MAREK'S DISEASE HERPESVIRUS 335 

uninfected CEF to 1 infected CEF, 90% of the viral DNA becomes the 
lower-density type. Since a high titer of cell-free infectious virus is dif
ficult to obtain in this system, the defective nature of the virus with the 
lower-density DNA has not been demonstrated. 

The infectious DNA of MDV has been reported by Kaaden (1978). 
His data showed that the specific infectivity is 10 plaques/J.Lg MDV DNA 
on CEF, and the latency period of viral replication is approximately 2 
weeks. The viral DNA is also capable of inducing tumors in chicken 
within 6 weeks by intraabdominal inoculation. 

B. Homology between Marek's Disease Virus and Herpesvirus of 
Turkeys Deoxyribonucleic Acid 

HVT is known to be antigenically related to MDV (Kanamura et 
al., 1969j Witter et al., 1970), but is apathogenic for both the turkey and 
the chicken. HVT is successfully used as a vaccine to protect chickens 
against the development of MDV-induced lymphoma (Okazaki et al., 
1970j Purchase, 1973). It is important to know the degree of relatedness 
between these two viruses for further studies on the mechanism of tumor 
induction and vaccination. SurpriSingly, neither cRNA hybridization nor 
DNA-DNA reassociation kinetics revealed any sequence homology be
tween HVT and MDV DNA (Y.S. Lee et al., 1979j Kaschka-Dierich et 
al., 1979a) or significant hybridization (Hirai et al., 1979). Southern-blot 
hybridization using a radioactive MDV DNA probe and total HVT DNA 
digested by EcoRI on nitrocellulose filter, however, showed the hybrid
ization of three fragments, 5.6, 4.9, and 4.7 x 106 daltons, when exposed 
for 4 days (Y.S. Lee et al., 1979) (Fig. I, column 3). The reciprocal exper
iment also showed the hybridization of four MDV DNA fragments, 7.1, 
4.5,3.9, and 3.5 x 106 daltons (Fig. I, column 5). It was roughly estimated 
from densitometer tracings that the homologous sequences between HVT 
and MDV DNA are within the range of 1-4%. The minor homology of 
these two viral DNAs is rather unexpected considering the close antigenic 
relationship of the two viruses and the vaccine capability of HVT. It 
would be interesting to determine whether the homologous sequences 
present in HVT DNA belong to the genes for the protective function of 
HVT against tumor development induced by MDV infection. 

C. Viral Genome in Tranformed Cells and Tumors 

The presence of multiple copies of a herpesvirus genome in tumors 
and transformed cells was first demonstrated in biopsies from Burkitt
lymphoma patients (zur Hausen et al., 1970; Nonoyama et al., 1973) and 
in the lymphoblastoid cells derived from Burkitt-lymphoma patients 
(Nonoyama and Pagano, 1971; zur Hausen and Schulte-Holthausen, 
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FIGURE 1. Southern-blotting hybridization between MDV DNA and HVT DNA: autora
diographs of agarose slab gel electrophoresis of MDV DNA and HVT DNA digested with 
EeoRI endonuclease. MDV DNA (0.75 /Jog) or HVT DNA (0.25 /Jog) was digested with EeoRI 
and electrophoresed in 0.5% agarose gel at 80 V for 16 hr. The DNA fragments were 
transferred to a nitrocellulose filter paper. The filters were backed at 80° for 2 hr under 
vacuum and hybridized with 32P-Iabeled viral DNA (I x 107 cpm). Hybridized fragments 
were exposed to autoradiography film (RP/R2) with intensifying screens IDuPont Cronex). 
Columns: I, 32P-Iabeled MDV DNA + 0.25 /Jog HVT DNA exposed for 0.5 day; (2) 3lp_ 
labeled MDV DNA + 0.75 /Jog MDV DNA exposed for 0.5 day; 13) 3lP-Iabeled MDV DNA 
+ 0.25 /Jog HVT DNA exposed for 4 days; (4) 32P-Iabeled MDV DNA + 0.75 /Jog MDV DNA 
exposed for 4 days; (5)3lP-Iabeled HVT DNA + 0.75 /Jog MDV DNA exposed for 4 days; 
(6) 32P-Iabeled HVT DNA + 0.25 /Jog HVT DNA exposed for 4 days; (7) ,uP-Iabeled HVT 
DNA + 0.75 /Jog MDV DNA exposed for 0.5 day; 18) 3lP-Iabeled HVT DNA + 0.25 /Jog HVT 
DNA exposed for 0.5 day. From Y. S. Lee et a1. (1979). 
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1970). The presence of viral DNA in tumors induced by MDV infection 
in chickens was first demonstrated by Nazerian et aI. (1973) by cRNA 
hybridization specific to MDV DNA. Five tumors from different organs, 
liver, testis, and ovary of different chickens were tested and found to 
contain viral DNA ranging from 3 to 80 genomes/cell (Nazerian et aI., 
1973; L.F. Lee et al., 1975). These tumors were negative for viral antigens 
by an immunofluorescence test, thus indicating that the viral DNA found 
in these tumors must be present in the latent form. Lymphoblastoid-cell 
lines established from tumors that developed in MDV-infected chickens 
also contained viral DNA. The MSB-1 cell line, first established by Aki
yama et aI. (1973), was tested by cRNA hybridization test (Nazerian and 
Lee, 1974), and 60-90 genomes/cell were obtained. Since this cell line 
is a productive cell line and a certain percentage of the cells support viral 
replication, the number of genomes reported may not accurately repre
sent the number of latent viral genomes per cell. The MKT-l cell line 
reported by Tanaka et aI. (1978) is a nonproductive cell line, and the 15 
viral genomes/cell obtained by DNA-DNA reassociation kinetics is the 
true number of latent viral genomes for this cell line. Silver et aI. (1979a) 
also reported the number of viral genomes in MD tumors in various 
organs of MDV-infected chickens. All seven tumors tested, including 
liver, kidney, spleen, and ovary, contained from 3 to 12 viral genomes/ 
cell. The relatively small number of viral genomes per cell in tumors 
may be due to the mixture of normal cells and tumor cells in the samples 
tested. The consistent presence of viral DNA in MD tumors presents 
close analogy to the relationship of Burkitt lymphoma and EBV DNA 
(zur Hausen et al., 1970; Nonoyama et al., 1973). Although HVT-trans
formed cells have not been obtained yet, a lymphoblastoid-cellline co
transformed by HVT and MDV has been established, and the coexistence 
of both viral genomes has been shown by DNA-DNA reassociation ki
netics (Hirai, unpublished data). 

Since MDV genomes are present in nonproductively infected tumors 
and cells, the next obvious question is whether these viral genomes are 
integrated into cellular DNA or exist as plasmid DNA such as EBV DNA 
in Raji cells (Tanaka and Nonoyama, 1974; Lindahl et aI., 1975). The 
status of viral DNA in MKT-l cells was examined by a 5-10% neutral 
glycerol gradient (Tanaka et aI., 1978). The majority of viral DNA was 
detected in two peaks around the 100 and 60 S regions by cRNA hybrid
ization, whereas the high-molecular-weight celullar DNA was sedi
men ted to the bottom of the gradient. The 100 S DNA sedimented as 
200 S DNA in alkaline-gradient centrifugation through 10-30% glycerol 
gradient and banded in ethidium bromide-CsCI equilibrium centrifu
gation at the position expected for closed circular molecules. These char
acteristics of the viral DNA are compatible with the physical properties 
of closed (100 S) and open (60 S) circular molecules of herpes viral DNA 
of 100 million daltons, thus indicating that the majority of MDV DNA 
present in MKT -1 cells is not integrated into cellular DNA and exists as 
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circular plasmid viral DNA. These results, however, do not answer the 
question whether or not some viral DNA may be integrated in MKT-l 
cells. Contradictory results to this earlier report have been presented by 
Kaschka-Dierich et al. 11979b) using two different cell lines, MSB-lllow
producer cell line) and HPRS-l Inonproducer cell line), which were es
tablished from ovarian and splenic lymphomas, respectively IAkiyama 
et al., 1973; Powell et al., 1974). MDV DNA 11.705 g/cma) in HPRS-l did 
not show any separation from cellular DNA 1l.700 g/cma) by equilibrium 
centrifugation in neutral CsCl, whereas viral DNA in MSB-l cells was 
partly separated from cellular DNA. After HPRS-l DNA was sheared to 
a molecular weight of 8 x 106 daltons, some MDV DNA with a free-viral 
DNA density was detected, but a large portion of the viral DNA still 
remained associated with the cellular DNA. This association of MDV 
DNA with HPRS-l cellular DNA was shown to be alkaline-stable. These 
experiments suggested that the viral DNA in established lymphoblastoid 
cells of the chicken is integrated into cellular DNA. Of particular interest 
is the viral DNA in HPRS-l cells that appeared to be integrated in frag
ments because the mechanical shearing did not release free viral DNA. 
The conflicting results obtained in different laboratories may be due to 
the types of cell lines used. However, the use of CsCI centrifugation 
analysis to answer the viral DNA integration problem leaves various 
technical questions and ambiguous explanations. The final evidence of 
integration of viral DNA into cellular DNA must await the results from 
Southern-blot analysis and the cloning of viral and cellular DNA joint
fragments into a bacterial plasmid. 

Regardless of the state of viral DNA in transformed cells, the fol
lowing two experiments indicated that these resident viral DNAs are 
well regulated by cellular functions. Phosphonoacetate specifically in
hibits MDV DNA replication, and the activity of the isolated viral-spe
cific DNA polymerase was inhibited by the drug IL.F. Lee et al., 1976). 
However, the number of viral genomes per cell remained constant during 
the cultivation of transformed cells in the presence of phosphonoacetate 
INazerian and Lee, 1976), indicating that the replication of the resident 
viral DNA is not affected by the drug. This may indicate that viral DNA 
polymerase is not used for the resident viral DNA replication in trans
formed cells. The second experiment indicated that the resident viral 
DNA replicates only once during the cell cycle in the early S phase before 
active synthesis of cellular DNA occurs. MKT-l cells were synchronized 
by double thymidine blocks, and the number of viral genomes per cell 
was measured at various times in the cell cycle. The number of viral 
genomes per cell increased 2-fold just before Significant cellular DNA 
synthesis was detected, and quickly dropped to the normallevellLau and 
Nonoyama, 1980). Thus, the resident viral DNA duplicates only once 
during the cell cycle at the early S phase and is not allowed to replicate 
extensively as in the lytically infected cells. The number of viral genomes 
per cell can be maintained constant in this manner. These two experi-
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ments indicate that the viral DNA, once established within the trans
formed cells, is regarded as a member of cellular DNA and controlled by 
the cellular regulatory mechanism. 

The recent report of Hughes et al. (1980) has shown the chromosomal 
location of the resident MDV DNA in transformed cells. Metaphase chro
mosomes from an MDV-induced lymphoblastoid-cellline, MSB-1, were 
isolated and partially fractionated by a sucrose density-gradient centri
fugation. DNA from each fraction was digested by a restriction enzyme, 
and Southern-blot hybridization was conducted for the DNA in each 
fraction with an MDV DNA probe. The result indicated that at least two 
distinct size classes of chromosomes contained the major resident viral 
DNA. These results are analogous to the situation of Raji cells in which 
all the EBV DNA was found in chromosomes despite the nonintegrated 
status of the viral DNA (Nonoyama and Pagano, 1971). 

III. PROTEINS 

Various immunologically defined antigens have been identified in 
animals bearing MDV -induced tumors, in transformed cells, and in virus
infected cells. These include membrane antigens, gel precipitin antigens, 
early and late antigens, and Marek's disease tumor-associated surface 
antigen (MATSA), which is discussed in Chapter 8. In this section, only 
biochemically defined proteins will be discussed. 

A. A and B Antigens 

Three antigens have been detected in MDV-infected cell extracts and 
culture supernatants by an immunodiffusion method using sera from 
infected animals (Chubb and Churchill, 1968). A antigens are found both 
in culture supernatants and in infected-cell extracts, whereas B and C 
antigens are predominantly located in the extracts of virus-infected cells. 
There are conflicting observations concerning the simultaneous loss of 
pathogenicity and A antigens (Churchill et aI., 1969j Bulow, 1971 j Pur
chase et aI., 1971). This antigen is a glycoprotein and stable at pH 2 
(Settnes, 1972j Ross and Biggs, 1973 j Onuma, et al., 1974j Long et aI., 
1975a). The apparent molecular weight is estimated to range from 33,000 
(Onuma et aI., 1974,) and 44,850 (Long et al., 1975a) to 80,000 (Ross and 
Biggs, 1973). The most purified antigen preparation has an isoelectric 
point of 6.5 (Long et aI., 1975b). The protein tends to aggregate, and the 
aggregated proteins appears to have a lower isoelectric point. B antigen 
is also a glycoprotein and stable at pH 2 (Velicer et aI., 1978). B antigen 
is resistant to trypsin treatment under conditions in which A antigen is 
sensitive to the treatment. The molecular weight of B antigen is slightly 
higher, 58,250 daltons, than that of A antigen, 44,850 as reported by the 
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same investigators (Long et al., 1975a; Velicer et al., 1978). The isolectric 
point of B antigen is 4.54 (Velicer et al., 1978). Both A and B antigens are 
common antigens between MDV and HVT (Velicer et al., 1978). 

B. Deoxyribonucleic Acid Polymerase 

MDV-induced DNA polymerase has been partially purified by phos
phocellulose chromatography and characterized (Boezi et al., 1974). The 
virus-induced DNA polymerase had a sedimentation coefficient of 5.9 S 
in the presence of 0.25 M Kel, whereas DNA polymerase isolated from 
the uninfected nuclear fraction showed 7.3 and 3.1S. From this 
sedimentation value, the molecular weight of MDV-induced enzyme was 
estimated to be 100,000 daltons. MDV DNA polymerase could not use 
either poly(dA) . oligo(dT) or poly(dC) . oligo(dG), whereas the cellular 
DNA polymerase used these synthetic oligonucleotides. The addition of 
ammonium sulfate to the reaction mixture markedly inhibited the re
action of MDV DNA polymerase. 

Phosphonoacetate and phophonoformate are inhibitors of MDV -in
duced DNA polymerase (L.F. Lee et al., 1976; Leinbach et al., 1976; Reno 
et al., 1978) as well as of viral replication (L.F. Lee et al., 1976; Nazerian 
and Lee, 1976). The apparent inhibition constants of these drugs are 1-3 
f-LM (Reno et al., 1978). Phosphonoacetate and phosphonoformate are 
mutually exclusive inhibitors, indicating that the two drugs bind DNA 
polymerase at the same site on the enzyme. Leinbach et al. (1976) reported 
that phosphonoacetate interacts with virus-induced DNA polymerase at 
the pyrophosphate-binding site. Phosphonoformate was not an effective 
inhibitor of the phosphonoacetate-resistant mutant virus or of its induced 
DNA polymerase (Reno et al., 1978). The isolation of virus mutants with 
an altered property of DNA polymerase that are resistant to these drugs 
suggests that the virus-induced DNA polymerase is indeed virus-gene
coded. 

C. Thymidine Kinase 

HVT-induced thymidine kinase has been characterized by Kit et 
al. (1973-1974, 1974). HVT-induced thymidine kinase was found in the 
cytosol fraction of infected chicken cells, whereas cellular thymidine 
kinase was found in both the mitochondrial and cytosol fractions of 
uninfected cells. The sedimentation coefficients for viral, cellular cytosol, 
and mitochondrial enzymes are 5.3, 4.9, and 4.5 S, respectively. The 
molecular weight of the viral-induced enzyme is 87,700 daltons calcu
lated from these sedimentation values. The isoelectric point of the viral 
thymidine kinase is 6.1, whereas those of the cytosol and mitochondria 
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enzymes in uninfected cells are 9.7 and 5.7, respectively. Both ATP and 
CTP can be phosphate donors for the HVT-induced thymidine kinase as 
well as for the mitochondrial enzyme, whereas the cellular cytosol kinase 
can use only ATP as a phosphate donor. HVT-induced thymidine kinase 
and HSV -1 thymidine kinase share common properties, such as a similar 
isoelectric point, a similar sedimentation coefficient, and the type of 
phosphate donors; however, the antibody to HSV-l kinase does not neu
tralize the activity of HVT-induced thymidine kinase. 

IV. MAREK'S DISEASE VIRUS GENOME EXPRESSION 

A. Transformed Cells 

The previous section described the establishment of lymphoblastoid
cell lines with T-cell characteristics in a number of laboratories. Most 
of these cell lines are virus-productive with viral antigens expressed, but 
some of them are virus-nonproductive and do not show any evidence of 
viral antigens by immunological methods. These nonproductive cells, 
however, contain multiple copies of the viral genome in the form of non
integrated plasmid viral DNA or possibly some as viral DNA covalently 
linked to the cellular DNA. The absence of immunologically reactive 
antigens in the nonproductive cells does not necessarily indicate the 
absence of viral gene expression. At present, since there is no way of 
recognizing viral proteins in transformed cells except immunologically, 
the evidence of viral gene expression is best studied by viral genome 
transcription. In the EBV system, nonproductive cells showed a limited 
transcription of viral genomes; 10-25% of viral DNA is transcribed, and 
not all the viral RNA is found in polyribosomes (Hayward and Kieff, 
1976; Tanaka et al., 1977), whereas nearly 50% of viral DNA or all the 
viral genes, if asymmetric transcription is assumed, are transcribed in 
the productive cells as expected. DNA-RNA hybridization kinetics were 
conducted by using in vitro-labeled viral DNA and RNA extracted from 
nonproductive lymphoblastoid cells, MKT-l (Silver et al., 1979b). The 
result indicated that 12-14% of the viral DNA template was transcribed 
in these nonproductive cells, whereas nearly 50% of the viral DNA was 
hybridized to viral RNA in a productive cell system. This showed the 
restrictive transcription of viral genome in nonproductively infected 
tumor cells. Furthermore, only 60-70% of viral RNA species among the 
viral RNA synthesized in these nonproductive cells was found in the 
polyribosome fraction. Thus, these results revealed two different types 
of viral gene regulation, one at the transcriptional level and the other at 
the viral messenger RNA transfer process to polyribosomes. The viral 
RNA transcribed but not found in the polyribosomes is probably not due 
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to the loss of these sequences by splicing, since nearly all the viral RNA 
sequences are found in the polyribosomes in productively infected cells. 
The treatment of MKT-l cells with 5-iodo-2-deoxyuridine \IUdR) induced 
viral antigens, but viral DNA replications remained restricted. However, 
45% of the viral DNA template was transcribed by this treatment, show
ing an increase to a level nearly equal to the .transcription of the viral 
genome in productively infected cells. A hybridization experiment using 
a mixture of the two types of RNA, one from IUdR-induced MKT-l cells 
and the other from productively infected cells, with a viral DNA probe 
indicated that the two types of RNA are transcribed from the same region 
of the viral DNA. Again, the polyribosomal fraction of IUdR-treated 
MKT-l cells contained only 60-70% of viral RNA species transcribed, 
indicating the presence of a block of viral RNA transfer. Therefore, failure 
of the completion of viral replication after the IUdR treatment may also 
be due to a block at the transfer process. Probably a similar or the same 
regulatory mechanism is operating in MKT-l cells to control viral rep
lication regardless of IUdR induction of viral replication. The absence of 
some species of viral RNA in the polyribosomal fraction may be ascribed 
to the RNA processing step, such as RNA splicing. The detailed tran
scriptional control pattern must await the completion of viral DNA phys
ical mapping. The results so far obtained for the transcriptional pattern 
of MKT-l cells follow a pattern similar to EBV genome transcription as 
presented in Chapter 3. 

B. Marek's-Disease-Virus-Induced Tumors 

It is of interest to see whether the transcriptional pattern of the 
resident viral genomes in MDV-induced tumors is the same as that in 
MKT-l cells, since MKT-l cells were originally established from an MD 
lymphoid tumor. RNA was extracted from MDV-induced tumors in the 
liver, kidney, spleen, and ovary of diseased chickens, and DNA-RNA 
hybridization kinetics were conducted with an in vitro-labeled viral DNA 
probe (Silver et al., \1979a). The results indicated that all these tumors 
contained viral RNA transcripts from a limited region of the viral genome, 
ranging from 5 to 15% of the viral DNA. Again, the polyribosomal frac
tion contained only about 60% of the RNA species found in the total 
viral RNA transcripts. A mixed RNA hybridization experiment showed 
that viral RNA transcribed in MKT-l cells and in tumors are derived 
from the same region of the viral genome. Thus, these experiments dem
onstrated that resident viral DNA in MDV-induced tumor is controlled 
in a similar manner as in MKT-l cells, one at the transcription step and 
the other at the RNA transfer stage or possibly RNA processing stage. 
This warrants the study of MKT-l cells to understand viral gene control 
in MDV-induced tumors. 
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TABLE I. Comparison of MKT-I and Raji Cells 

Characteristic Raji MKT-l 

Cell type B lymphoblastoid T lymphoblastoid 
VCA, EA, MA Not detected Not detected 
Virus-specific nuclear EBNA Not detected 

antigen 
Viral genome Multiple; SO/cell Multiple; IS/cell 
Viral DNA status Circular plasmid Circular plasmid 

jintegration? I jintegration? I 
Viral genome Restricted Restricted 

transcription 
Total 2S% IS% 
Polyribosomal 10% 7% 

V. COMPARISON OF L YMPHOBLASTOID CELLS 
TRANSFORMED BY MAREK'S DISEASE VIRUS WITH 
THOSE TRANSFORMED BY EPSTEIN-BARR VIRUS 

343 

It would be useful to compare the characteristics of a typicallym
phoblastoid-cell line established from MD tumor, MKT-l, with a cell 
line derived from African Burkitt lymphoma, Raji, in order to reem
phasize the similarity of these two virus-transformed cell lines. Thus, 
the importance of the study of MDV may be realized not only for the 
understanding of MDV itself but also as a model for the study of EBV to 
aid in developing knowledge of the role of EBV in human tumors. Table 
I summarizes the characteristics of Raji and MKT-l cells that are com
parable. A virus-specific nuclear antigen EBNA, is detected in EBV-trans
formed cells (Reedman and Klein, 1973), but similar nulcear antigens 
have not been found so far either in established lymphoblastoid cells or 
in tumors induced by MDV infection. In addition to the characteristics 
summarized in Table I, the pattern of IUdR induction is comparable in 
both systems. Both Raji and MKT-l cells showed virus antigens but no 
viral DNA replication after IUdR treatment (Silver et al., 1979b). Most 
of viral genomes were transcribed, but limited species of viral RNA were 
found in the polyribosomal fraction. Thus, the block of viral gene expres
sion in these two systems appears to be similar. The similarities in the 
status of viral genomes in transformed cells suggest that MDV and EBV 
may share common properties in the mechanism of cellular transformation. 
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CHAPTER 8 

Biology of Marel<'s Disease 
Virus and the Herpesvirus of 
Turl<eys 
LAURENCE NOEL PAYNE, Ph.D. 

I. INTRODUCTION 

Marek's disease (MD) is a lymphoproliferative disorder of the domestic 
chicken caused by a herpesvirus and is characterized principally by T
cell lymphoma formation and a demyelinative peripheral neuropathy. It 
is named after Marek (1907), who first described the neural form of the 
disease; an associated visceral lymphomatosis was reported later by Pap
penheimer et al. (1926, 1929a,b). 

MD has attracted attention for two main reasons. First, it has been 
recognized since the 1920s as an important cause of economic loss to the 
poultry industry. For many years, unsuccessful efforts were made to un
derstand the nature of, and to control, MD. The problem was greatly 
exacerbated by the appearance in the 1960s of a more virulent form of 
the disease, responsible for MD becoming the major cause of poultry 
mortality in many countries. This stimulated increased research on MD, 
with the consequence that by 1970 the cause of the disease was known 
and vaccines were available commercially for its control. 

Apart from its importance in veterinary medicine, MD also attracted 
the notice of biomedical research workers as the first neoplastic disease 
shown to be caused by a herpesvirus and the first common, naturally 
occurring, lymphomatous disorder to be controlled by vaccination. This 
interest was heightened by a number of common features between the 
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MD herpesvirus (MDV) and the Epstein-Barr herpesvirus, discovered in 
1964, associated with Burkitt's lymphoma of African children and consid
ered to be a candidate for the first recognized tumor virus of man (see 
Epstein and Achong, 1979). Subsequently, MD has been increasingly used 
as an experimental model in viral oncology; more recently, because of 
other pathological features of the disease, its possible value as a model 
in neurological and vascular research has been emphasized (Payne, 1973, 
1979). 

In this chapter, the biology of MDV and the related herpesvirus of 
turkeys (HVT) is reviewed; biochemical and molecular aspects of these 
viruses are discussed in Chapter 7. The reader is also referred to other 
recent reviews on general aspects of MD (Nazerian et aI., 1976; Calnek 
and Witter, 1978; Nazerian, 1979, 1980; Calnek, 1980) and on the more 
specialized topics of immunity (Witter, 1976; Sharma, 1978; Theis, 1979; 
Biggs, 1980; Powell, 1981), pathogenesis (Payne et aI., 1976), HVT (Prasad, 
1979), and vaccination and other control methods (Biggs, 1975; Purchase, 
1975, 1976). 

II. HISTORICAL CONSIDERATIONS 

The modern era of research on Marek's disease (MD) dates from 1960 
and stemmed from the adoption of the newer techniques of experimental 
virology and the application of ideas then evolving in tumor virology. An 
extensive literature on MD exists from before that time (see L.G. Chubb 
and Gordon, 1957; Biggs, 1968) dealing particularly with the pathology 
and transmissibility of MD, but this is now mainly of historical interest 
only. There was confusion about whether the disease was infectious and 
transmissible and whether the neural lesions and associated viscerallym
phomatous lesions were related, etiologically and pathologically, to other 
leukotic diseases of the fowl. Experimental-transmission studies designed 
to answer these questions produced equivocal results because, it is now 
known, of the almost ubiquitous presence in domestic chickens of both 
Marek's disease virus (MDV) and the unrelated retroviruses that also 
cause lymphoid and other neoplasms. Furthermore, the retroviruses are 
vertically transmitted and so were no doubt often present even in young 
chicks, whereas MDV is persistent and contagious, and was difficult to 
exclude except by isolation of experimental birds. Consequently, trans
mission experiments frequently resulted in manifestations of both MD 
and the leukoses, and these occurred in both inoculated and uninoculated 
control birds. 

The confusion was reflected in the terminology used to describe 
these conditions, the all-embracing term "avian leukosis complex" being 
widely used (L.G. Chubb and Gordon, 1957). Various pathologically based 
classifications under this term were used (Anonymous, 1941; Cottral, 
1952; L.G. Chubb and Gordon, 1957; Biggs, 1961; J.G. Campbell, 1954, 
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1961), a widely used one being that which included the terms "neural 
and visceral lymphomatosis" (Anonymous, 1941). Subsequent experi
mental studies (Biggs and Payne, 1964) confirmed the view of J.G. Camp
bell (1954, 1956) that visceral lymphomatosis included two pathologically 
distinct lymphoid neoplasms, one (MD lymphoma) now known to be 
caused by a herpesvirus and the other (lymphoid leukosis) by an 
retrovirus. 

The term "Marek's disease" was adopted in 1961 (Biggs, 1961; J.G. 
Campbell, 1961) to designate the disease first described by Marek (1907) 
and known previously by a variety of names. The popular names "fowl 
paralysis" and "range paralysis" referred to the commonly observed clin
ical signs of the disease. Other terms reflected differing opinions about 
the pathological nature of the neural lesion, and included "neurolym
phomatosis gallinarum" (Pappenheimer et al., 1926, 1929a,b), indicating 
a neoplastic condition, and "neurogranulomatosis infectiosa gallinarum 
(Marek)" (Lerche and Fritzsche, 1934), denoting an inflammatory disor
der. Pappenheimer regarded the associated lymphoproliferative lesions 
in the ovary and elsewhere as visceral lymphomas, whereas J.G. Campbell 
(1956) considered them to be "lymphogranulomas." 

Thus, in 1960, there was uncertainty about whether MD was infec
tious, how it was related to other leukotic diseases, and whether it was 
an inflammatory or a neoplastic disorder. By 1970, these questions had 
been answered and commercially available vaccines were in use to con
trol MD. The main events during this period, reviewed by Witter (1971), 
were: (1) in 1962, the experimental transmission of MD by inoculation 
of susceptible young chicks with blood or lymphoma cells from birds 
with MD (Sevoian et al., 1962; Biggs and Payne, 1963); (2) in 1967, growth 
of the agent in cell culture and its recognition as a herpesvirus (Churchill 
and Biggs, 1967; Solomon et al., 1968; Nazerian et al., 1968); (3) in 1969, 
production of live virus vaccines based either on tissue-culture-atten
uated MDV (Churchill et al., 1969a) or on the antigenically related her
pesvirus of turkeys (Okazaki et al., 1970). 

III. NATURAL OCCURRENCE 

A. Clinical Signs 

Three forms of Marek's disease (MD) are recognized: the classic form, 
the acute form, and transient paralysis. The classic form refers to the 
neural form of the disease (fowl paralysis) described by Marek (1907) and 
early workers. Up to 30% of a flock may be affected, and signs occur 
usually when birds are 2-12 months old. The signs are neurological and 
vary with the peripheral nerves affected; commonly, there is paresis or 
paralysis affecting the legs and wings (Fig. 1), occasionally torticollis, and 
respiratory and alimentary disorders, accompanied by loss of weight. The 



350 LAURENCE NOEL PAYNE 

FIGURE 1. Paralysis of the legs of a 2-month-old chicken infected with the HPRS-16 strain 
of MDV. 

acute form (Biggs et a1., 1965) describes the more virulent type of MD 
first reported by Benton and Cover (1957) as "acute leukosis," in which 
lymphomatosis of various visceral organs and tissues is common, and 
mortality may reach 80% of a flock. Birds may be affected from 6 weeks 
of age, and losses commonly occur between 3 and 6 months of age. Neural 
involvement and signs may not be evident, particularly in older birds. 
Marked lymphomatous enlargement of the liver and other organs is not 
uncommon, and in older birds such cases are easily confused grossly with 
lymphoid leukosis. Lymphomatous involvement of the skin ("skin leu
kosis") may be evident, and iritis may occur in both classic and acute 
forms. Transient paralysis is an uncommon acute encephalitic expression 
of infection by Marek's disease virus (MDV) (Zander, 1959; Kenzy et 
a1., 1973), occurring in chickens 5-18 weeks of age. Apparently healthy 
birds suddenly develop various locomotory disorders, such as paralysis 
of legs, wings, and neck, or incoordination. Mortality is low (less than 
5%), and symptoms usually disappear within 24-48 hr. Experimentally, 
transient paralysis occurs 8-9 days after infection with MDV, but its 
occurrence depends on strain of bird and virus. 

B. Host Range and Prevalence 

Under natural conditions, infection by MDV occurs almost entirely 
in domestic chickens and is ubiquitous among poultry populations 
throughout the world. In commercial chicken flocks, virtually all birds 
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become infected, commonly within the first few weeks of life (Witter et 
al., 1971; Biggs et al., 1972). The virus persists in infected birds through
out life. The incidence of clinical MD varies greatly among flocks, poultry 
houses, and pens within a house (Biggs et al., 1972); factors responsible 
for this variability are discussed in Sections VIII.B and VIlle. 

There are a number of pathological reports of MD-like lesions in 
other species of birds, including the budgerigar, canary, duck, goose, owl, 
partridge, pheasant, quail, and swan (see Purchase, 1972; Cho and Kenzy, 
1975). However, it should be noted that MD-like lesions can also be 
caused by reticuloendotheliosis virus (Witter et al., 1970c). MDVor MDV 
antibodies have been found naturally in chickens, including feral jungle 
fowl (Weiss and Biggs, 1972), turkeys (Witter and Solomon, 1971), and 
quails (Kenzy and Cho, 1969). Cho and Kenzy (1975) examined III zoo 
birds, representing 49 species from 14 orders, for MDV infection and 
detected it only in birds of the genus Gallus; they concluded that the 
natural hosts of MDV are Galliformes birds. However, infection without 
clinical disease can occur in ducks (Baxendale, 1969). Experimentally, 
MD has been induced in turkeys with MDV of turkey and chicken origin 
(Witter et al., 1974 Elmubarak et al., 1981) and in quails with chicken 
MDV (Khare et al., 1975; Mikami et al., 1975). 

Herpesvirus of turkeys (HVT) is a widely distributea, naturally oc
curring, apathogenic virus of turkeys. It was discovered by Witter et al. 
(1970b) while they were investigating the cause of lymphomas in turkeys, 
and was similar to a herpesvirus previously isolated from turkeys by 
Kawamura et al. (1969). HVT does not occur naturally in chickens, but 
is now Widely used to vaccinate chickens against MD (see Section VIlD). 

Mammalian hosts and cell cultures are considered to be resistant to 
infection by MDV and HVT, although infectivity may persist transiently 
in mammalian cells inoculated with avian cell-associated virus (Hlozanek 
and Sovova, 1974; Witter and Sharma, 1974). 

C. Public-Health Significance 

Many people are heavily exposed in their occupations to MDV or 
HVT, but no direct or epidemiological evidence exists that these viruses 
present any hazard to man. Naito et al. (1971) found higher antibody 
levels to HVT and Epstein-Barr virus (EBV) in a greater proportion of sera 
from poultry workers than from office workers, possibly related to ex
posure to MDV or HVT antigens, and to antigens common to these viruses 
and EBV (Ono et al., 1970; Evans et al., 1973). Sharma et al. (1973a), on 
the other hand, found HVT or MDV antibody in only 8% of human sera, 
with no association with exposure to virus. Monkeys inoculated with 
MDV or HVT and observed for 1 year or longer developed no viremia or 
clinical disease (Sharma et al., 1972, 1973a). Priester and Mason (1974) 
reported excessive deaths from cervical and ovarian cancer, and from 
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multiple myeloma, in high compared with low poultry population areas. 
However, only the incidence of cervical cancer was significantly higher 
than that for the total United States, for which social differences were 
held likely to be responsible. 

D. Economic Loss to the Poultry Industry 

During the 1960s, MD in commercial poultry increased to such an 
extent that it became the most important cause of economic loss to the 
industry in many countries. These losses resulted from mortality, carcass 
condemnation, reduced feed conversion, and reduced egg production, de
tailed estimates of which have been given for the United States by Pur
chase 11977). In 1970, the last year before HVT vaccine was extensively 
used in the field, condemnations of broilers due to leukosis IMD) by meat 
inspectors in the United States reached a peak of nearly 1.6%, and 2.9% 
in Georgia, the worst-affected state. Following vaccination, these losses 
were reduced by 80% or more I Purchase, 1975). In the United States, 
annual losses from MD by 1970 were estimated to be in excess of $200 
million, and annual benefit from vaccination in 1974 was estimated to 
be $168 million IPurchase, 1977). 

IV. VIROLOGY 

A. Virus Morphology and Morphogenesis 

Marek's disease virus IMDV) is a typical herpesvirus IFig. 2). It has 
been designated Gallid herpesvirus 1 and provisionally placed, with the 
herpesvirus of turkeys IHVT) IGallid herpesvirus 2), in the subfamily 
Gammaherpesvirinae of the family Herpesviridae IMatthews, 1979). The 
nucleocapsid measures about 100 nm and has 162 hollow tubular cap
someres 16 x 9 nm) arranged in icosahedral symmetry. Enveloped par
ticles in the nucleus of infected cells measure 150-180 nm in diameter; 
those from the cytoplasm measure 250-280 nm INazerian, 1971; Nazer
ian et al., 1971). The nucleoid measures 50-60 nm, contains the DNA, 
and has a toroidal morphology responsible for the cross-shaped appear
ance of the virion in thin sections INazerian, 1974) IFig. 3). A cohelical 
arrangement of the MDV DNA has been described IK. Okado et al., 1980). 
The morphology of HVT resembles that of MDV INazerian et ai., 1971; 
K. Okada et al., 1972). 

Morphological changes during replication of MDV have been de
scribed by many workers INazerian and Burmester, 1968; Epstein et 
al., 1968; K. Okada et al., 1972; Hamdy et al., 1974). At 8 hr postinfection, 
small hexagonal particles, 35-45 nm in diameter, believed to be precur-
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FIGURE 2. Electron micrograph of negatively stained naked MD virions showing typical 
herpesvirus morphology. Kindly provided by Dr. Judith Frazier. 

sors of virion cores, appear in the nucleus. Nucleocapsids appear at about 
10 hr and envelopment of nucleocapsids at the nuclear membrane occurs 
at about 18 hr (Fig. 4). Enveloped virions are also seen in cytoplasmic 
inclusion bodies (Nazerian and Witter, 1970) (Fig. 5). For a more detailed 
review of MDV replication, see Payne et al. (1976). 

Replication of HVT is qualitatively similar to that of MDV, although 
the 35- to 45-nm nuclear particles are more numerous and form crystal
line arrays more frequently, and a larger proportion of naked virions have 
a cruciform appearance (K. Okada et al., 1972). 
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FIGURE 3. Electron micrographs of MDV, showing toroidal arrangement of the viral DNA 
around a less dense central filamentous structure. From N azerian 11974' by kind permission. 

B. Physical and Chemical Properties 

Properties of crude cell-free preparations of MDV obtained from 
chicken skin were described by Calnek and Adldinger (1971): MDV was 
stable at pH 7 but lost infectivity after 10 min above and below this pH, 
with complete loss at pH 3 and 11. Virus titer was stable for at least 7 
months at - 65°C, but virus titer was lost at - 20°e. All infectivity was 
lost after 2 weeks at 4°C, 4 days at 22-25°C, 18 hr at 37°C, 30 min at 
56°C, and 10 min at 60°e. Virus survived four cycles of freezing and 
thawing, and short periods of sonic vibration. The virus passed a filter 
of average pore diameter of 300 nm but not 220 nm. Cell-free MDV from 
cell culture was sensitive to ether and formalin (Nazerian, 1972). Virus
infected feather materials and poultry dust retained infectivity at room 
temperature for many months (Hlozanek et al., 1973; Calnek and Hitch
ner, 1973). Cell-free MDV and HVT can be lyophilized without loss of 
titer in the presence of sucrose, phosphate, glutamate, albumin (SPGA) 
stabilizer and the chelating agent EDTA (Calnek et al., 1970b). 

HVT passes filters of 220 nm, and its stability to freezing and thaw
ing, sonication, and temperature is increased in the presence of SPGA 
(see Prasad, 1979). Lyophilized HVT, sealed under vacuum and stored at 
4-6°C, is highly stable (Zanella et al., 1974; Siegmann et al., 1980). 
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C. Isolation and Cultivation 

1. Sources of MDV and HVT 

MDV is present in a cell-associated form in many tissues of MDV
infected chickens, as is HVT in HVT-infected turkeys and chickens (Phil
lips and Biggs, 1972; Witter et al., 1972). Commonly favored for isolation 
of MDV or HVT in cell culture are viable whole blood cells, buffy coat 
cells, kidney cells, or [in Marek's disease (MD)] lymphoma cells (Witter 
et al., 1969); almost all infectivity is lost from such tissues by treatments 
that disrupt cells, i.e., freezing and thawing, sonication, and lyophiliza
tion. Infected cells can be stored at -196°C in the presence of dimeth
ylsulfoxide (Spencer and Calnek, 1967). 

Cell-free MDV or HVT is present in feather-follicle epithelium of 

FIGURE 4. Electron micrograph of chick embryo fibroblast infected with MDV. Enveloped 
virions are seen in a nuclear vesicle (NV), and naked virions are present eleswhere in the 
nucleoplasm (arrows). Kindly provided by Dr. Judith Frazier. 
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FIGURE 5. Enveloped MD virions larrowsl in cytoplasmic inclusion bodies in feather-fol
licle epithelium from chicken infected with MDV. From Payne et a1. (19761 by kind per
mission of the publishers. 

infectep chickens or turkeys, respectively (Calnek et al., 1970a; Witter 
et a1., 1972). HVT replicates little, if at all, in feather follicles of chickens. 
Cell-free virus preparations may be obtained by homogenization and son
ication of skin or feather quill tips, followed by slow centrifugation (650g) 
and filtration (450-nm pore diameter). 

2. Chick Inoculation 

MDV or HVT can be detected in materials by their intraabdominal 
inoculation into newly hatched chicks of a susceptible genetic strain. 
Virulent MDV induces microscopic lesions in nerves and other tissues 
from 2 weeks postinoculation and gross neural involvement and visceral 
lymphomas from 3 weeks (Biggs and Payne, 1967; Purchase and Biggs, 
1967; Witter et al., 1969). Nonpathogenic MDV, and HVT, do not produce 
gross lesions, but may be detected by presence of cell-associated viremia, 
precipitating or virus-neutralizing antibody, and antigen in feather tips 
(see Sharma, 1975). Although chick-inoculation assays for MDV have 
been largely superseded by cell-culture assay, the chick test is the more 
sensitive method of detection (Witter et al., 1969). 
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3. Cell Culture 

Cell-associated and cell-free MDV and HVT produce cytopathic pla
ques characteristic of herpesviruses within a few days when inoculated 
onto tissue-culture monolayers of chick kidney cells (CKe) (Churchill, 
1968), duck embryo fibroblasts (DEF) (Solomon et al., 1968), chick embryo 
fibroblasts (CEF) (Nazerian, 1970), quail embryo fibroblasts (Onoda et 
aI., 1970; Colwell et al., 1974), and other avian cells (Purchase et aI., 
1971a) (Fig. 6). MDV does not produce plaques as efficiently on CEF on 
primary isolation as on CKC or DEF, but does so after adaptation to cell 
culture. Plaques consist of foci of refractile rounded or fusiform cells, and 
polykaryocytes have Cowdry type A intranuclear inclusion bodies 
(Churchill, 1968; Calnek and Madin, 1969) (Fig. 7). Plaques vary in size 
and rate of development, depending on the strain of virus. On the basis 
of growth in CKC, Biggs and Milne (1972) classified isolates of MDV and 
HVT into those that formed small plaques (naturally occurring mainly 
apathogenic strains in chicks), medium plaques (pathogenic), or large 
plaques (tissue-culture-attenuated MDV and HVT). These differences 
were due to differences in rate of cell-to-cell spread of virus. In CEF, 

FIGURE 6. Small (SP), medium (MP), and large (LP) plaques induced in CKC by apathogenic, 
pathogenic, and attenuated MDV, respectively, and HVT. From Biggs and Milne (1972) by 
kind permission. 
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FIGURE 7. Inclusion bodies present in several nuclei of a multinucleated giant cell present 
in an MDV-induced plaque in CKe. From Churchill 119681 by kind permission. 

however, Cho (1976a) found that virulent strains of MDV formed smaller 
plaques than avirulent strains. The virus in plaque cells is closely cell
associated, although small amounts of cell-free virus can be harvested 
from disrupted cells, especially in medium containing SPGA and EDT A. 
Release of cell-free virus and production of secondary plaques do not 
occur with MDV, which can be accurately assayed by enumeration of 
plaques at 7 days in liquid-medium cultures (Churchill, 1968 j Witter et 
a1., 1969). With HVT, some virus may be released into the supernatant, 
causing secondary plaque formation (Eidson and Anderson, 1971); the 
effects of this on virus assay may be overcome by counting HVT plaques 
at 4 days in liquid-medium culture or by addition of an agar-medium 
overlay (Withell, 1973). Cho (1981) reported that MDV and HVT could 
be differentiated in vitro by the ability of HVT, but not of MDV, to grow 
and form plaques in QT35 chemically transformed quail fibroblasts . 

Initial absorption of both cell-associated and cell-free MDV of cul
tured cells is rapid, 50% of the virus being absorbed in 30 min at 3 rc 
(Churchill and Biggs, 1967j Sharma et a1., 1969). 

4. Embryonated Eggs 

MDV and HVT produce pocks on the chorioallantoic membrane 
(CAM) of the chick embryo, and splenomegaly, when inoculated onto 
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the CAM or into the yolk sac (Bulow, 1969; Biggs and Milne, 1971; Witter 
et al., 1970b) or intravenously (Longenecker et al., 1975) (Fig. 8). These 
assays are of similar, or slightly greater, sensitivity compared with cell
culture assays, although Sharma et al. (1976) reported that cell-culture 
adaptation of MDV decreased its pock-forming ability. However, in ovo 
techniques have not been widely used for the assay of MDV or HVT 
because of the greater convenience of cell-culture assay. Furthermore, 
the value of the embryo assay may be limited when inocula (e.g., blood, 
lymphoma cells) contain immunocompetent cells, because of the pro
duction of nonspecific pocks caused by a graft-vs.-host reaction. 

D. Virus Strains 

1. Pathotypes 

Many isolates (strains) of MDV have been obtained from naturally 
infected chickens; some of the better studied of these are listed in Table 
I. They may be classified into three groups depending on their virulence 
and pathogenicity in susceptible chicks: (1) highly pathogenic (acute) 
strains, causing a high incidence of visceral and neural lymphomatosis; 
(2) moderately pathogenic (classic) strains, causing mainly neural MD, 
often at a lower incidence; (3) mildly pathogenic or nonpathogenic strains, 
causing no gross lesions. Usually, the isolated strains are not cloned and 

FIGURE S. Pocks on the CAM of an IS-day-old chick embryo after inoculation of MDV 
into the yolk sac at 4 days of incubation. From Biggs and Milne /1971) by kind permission. 
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TABLE I. Some Commonly Studied Isolates of Marek's Disease Virus and 
Herpesvirus of Turkeys 

Type of virus 

Highly pathogenic (acute) 
MDV 

Moderately pathogenic 
(classic) MDV 

Mildly pathogenic or 
nonpathogenic MDV 

Artificially attenuated MDV 

HVT 

JM 
HPRS-16 
GA 
Cal-l 
Conn-B 
Biken C 
Id-l 
RPL 39 
BC-la 

Strain 

HN-l 
Oldenburg 
Md/5, Md/ll 
HPRS-BI4 
HPRS-17 
Conn-A 
WSU-GF 
VC 
CVI988 
HN 
HPRS-24 
Beckenham 
C-3 
S-l1 
Cu-l, -2 
HPRS-27 
SB-l 
HPRS-16/att 
JM/att 
GA/att 
BC-l/att 
WTHV-l (= WHG) 

FC126 
HPRS-26 
PBl 
01 
TAM-6 

References 

Sevoian et al. (1962) 
Purchase and Biggs (1967) 
Eidson and Schmittle (1968a) 
Bankowski et al. (1969) 
Jakowski et al. (1970) 
Kato et al. (1970) 
Sharma et al. (1970) 
Purchase et al. (1971a) 
Spencer et al. 11972) 
Kenzy et al. (1973) 
Bulow and Biggs (1975a) 
Witter et al. (1980) 
Biggs and Payne (1963) 
Purchase and Biggs (1967) 
Chomiak et al. (1967) 
Sharma et al. (1969) 
Bulow 11971) 
Rispens et al. (1972a) 
Cho and Kenzy (1972) 
Biggs and Milne (1972) 
Blaxland et al. (1972) 
Kenzy et al. 11973) 
M. W. Smith and Calnek (1974) 
M. W. Smith and Calnek (1974) 
Phillips and Biggs 11972) 
Schat and Calnek 11978a) 
Churchill et al. 11969a) 
Nazerian (1970) 
Eidson and Anderson (1971) 
Spencer et al. (1972) 
Kawamura et al. (1969), Eidson 

and Anderson (1971) 
Witter et al. (1970b) 
Biggs and Milne (1972) 
Churchill et al. (1973) 
Ono et al. (1974) 
Prasad and Spradbrow (1977) 

a Another pathogenic MDV strain designated BC·l is associated with the MSB-l lymphoblastOld-cell 
line IAkiyama et al., 1973; Murthy and Calnek, 19781• 

may therefore consist of mixtures of virus. Some strains of MDV induce 
transient paralysis (Kenzy et al., 1973b however, the relative importance 
of virus and host in this syndrome has not been clearly defined. Recently, 
Witter et al. (1980) described variants of MDV with increased ability to 
cause acute lethal cytolytic infection in MD-susceptible chicks and lym
phoma formation in genetically resistant or vaccinated chickens. 

As described in Section IV.C.3, the three categories of pathogenicity 
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were associated with differences in plaque type and growth rate in CKC 
IBiggs and Milne, 1972). The attributes responsible for differences in path
ogenicity are not known. Nonpathogenic strains of MDV grow to lower 
levels in chickens IPhillips and Biggs, 1972) and cause less damage to the 
immune system than do pathogenic strains ICalnek et al., 1979), sug
gesting that virus-induced immunosuppression may determine oncogenic 
expression. In support of this, some strains of low virulence induce lym
phomas in immunosuppressed hosts ICalnek et al., 1977). However, other 
nononcogenic strains le.g., SB-1) are not lymphomagenic even in im
munologically compromised hosts, suggesting that they lack transform
ing ability. 

The pathogenic strains can be artificially attenuated by repeated pas
sage in cell culture IChurchill et al., 1969a; Nazerian, 1970; Eidson and 
Anderson, 1971); such attenuation is accompanied by loss of pathogen
icity, often loss of the A antigen IA- ) Isee Section VII.D.1), increased rate 
of replication in culture, with formation of larger plaques, and sometimes 
loss of the ability to spread horizontally in chickens. The nature of at
tenuation is not known. 

Strains of HVT are nonpathogenic in turkeys IWitter et al., 1970b; 
Witter, 1972) and induce only mild microscopic lesions in chickens 
IWitter et al., 1976). 

2. Serotypes 

On the basis of indirect-immunofluorescence IIF) tests and agar-gel 
precipitin IAGP) tests, strains of MDV and HVT have been classified into 
three serotypes: Type 1: pathogenic strains of MDV and their cell-culture
attenuated A-variants; Type 2: naturally apathogenic MDV; Type 3: 
HVT and its A-variants IBulow and Biggs, 1975a,b; Bulow, 1977; Schat 
and Calnek, 1978a). The three types share a group-specific BC antigen 
Isee Section IV.E.1) and partially identical A antigens, but there appears 
to be a type-specific BC antigen. No serological distinction has been made 
between virus pathotypes that cause acute or classic MD. 

E. Antigens 

1. Virus-Associated Antigens 

Cells productively infected with MDV or HVT contain virus-asso
ciated antigens that can be detected by IF, AGP, or immunoferritin tests. 
The relationships among antigens detected in these different ways, struc
tural components of virus particles, and viral polypeptides have not yet 
been completely elucidated Isee Ikuta et al., 1981). 

Two classes of antigens have been detected by IF tests in cultured 
cells productively infected with MDV or HVT: 
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l. Membrane antigen (MA) is present on the surface of live cells 
infected with MDV or HVT (Chen and Purchase, 1970; Ishikawa 
et al., 1972). Immunoferritin studies suggest that the MA antigen 
is related to viral structural proteins (Nazerian and Chen, 1973). 
MA induced by either virus has been divided into two subclasses: 
early MA (EMA), which appears before replication of viral genome, 
and late MA (LMA), which appears to be dependent on a late 
function of the viral genome (Mikami et al., 1973; Inage et al., 
1979). EMA and LMA are antigenic ally different; antibody to HVT 
LMA, but not to EMA, neutralizes virus infectivity, suggesting 
that LMA is closely related to virus envelope antigen (Onuma et 
al., 1975; Inage et al., 1979; Mikami et al., 1980a). 

2. Intracellular antigen (IA) is detectable in the nucleus and cyto
plasm of infected acetone-fixed cells (Purchase, 1969; Purchase 
et al., 1971a) and is antigenically distinct from MA (Inage et al., 
1979; Inoue et al., 1980). IA is found only in cells that contain 
virus particles (Nazerian and Purchase, 1970); it may consist of 
more than one antigen. Nuclear IA was reported to be common 
to MDV and HVT, whereas the cytoplasmic antigens differed 
(Purchase et al., 1971a). However, by cross-absorption of sera, 
Bulow and Biggs (1975a) found that lA, both nuclear and cyto
plasmic, included serotype-specific components. 

Up to six antigens have been detected in extracts of MDV-infected 
CKC in AGP tests, of which three are regularly present and have been 
designated A, B, and C (Churchill et al., 1969a). The A antigen is a large 
glycoprotein mainly present in supernatant fluids of infected cultures 
(Ross et al., 1973; P.A. Long et al., 1975). The A antigen is lost during 
attenuation of MDV by continued passage in cell culture, and it was 
originally thought that it might be a marker for pathogenicity (Churchill 
et al., 1969a); however, Purchase et al. (1971a) found A-pathogenic 
strains of MDV, and A + nonpathogenic strains occur. Nazerian (1973) 
suggested that A antigen was related to MA. 

A soluble glycoprotein precipitin antigen common to MDV and HVT, 
probably A antigen, occurs (Witter et al., 1970b; Onuma et al., 1974). It 
induces virus-neutralizing antibody (Onuma et al., 1975) and appears to 
be related to LMA (Onuma et al., 1976). Studies by Bulow and Biggs 
(1975b), however, showed that the A antigen of serotypes 1, 2, and 3 (see 
Section IV.D.2) were not completely identical and possibly consisted of 
group-specific and type-specific determinants (Fig. 9). Wyn-Jones and 
Kaaden (1979) detected three large polypeptides in glycoprotein from 
HVT-infected cells, which induced virus-neutralizing and precipitating 
antibodies. 

The Band C precipitin antigens are present in extracts of infected 
cells and have been less studied than A antigen. Bulow and Biggs (1975b) 
concluded that the BC complex consists of at least three different antigens 
associated with each of the three serotypes of MDV and HVT studied. 



FIGURE 9. Differentiation between A and BC antigens of MDV of serotype 1 IHPRS-16), 
serotype 2 (HPRS-24), and serotype 3 (HVT). tAl The central well contains HPRS-16 anti
serum, afld outer wells contain A or BC antigens, or both, from HPRS-16 and HPRS-24 
MDV. (B) As in IA), but the central well contains HPRS-24 antiserum. ICI The central well 
contains attenuated HPRS-16IBC) antiserum, and outer wells contain ABC or BC antigens 
from HPRS-16, HPRS-24, and HVT. IDI As in ICI, but the central well contains HPRS-16 
(ABC) antiserum. IE) As in (C), but the central well contains HVT tABCI antiserum. IFI As 
in (C), but the central well contains HPRS-24 (ABC I antiserum. From Bi.ilow and Biggs 
1197Sb) by kind permission. 
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At least one was group-specific (common to all serotypes) and at least 
one serotype-specific (Fig. 9). B antigen common to MDV and HVT was 
characterized as a glycoprotein by Velicer et al. (1978). 

An MDV-related nuclear antigen comparable to EBV-related nuclear 
antigen (EBNA) has been sought but not clearly identified (see Nazerian, 
1979). 

Antigenic relationships between MDV and other herpesviruses from 
other birds, mammals, and amphibia have been described (Purchase et 
al., 1972a; Evans et al., 1973). 

2. Tumor-Associated Antigen 

A cell-membrane antigen designated "Marek's disease tumor-asso
ciated surface antigen (MATSA)" is present on a proportion of lymphoma 
cells and on virtually all cells of MD lymphoma-derived lymphoblastoid
cell lines (Section V.A.2) (Powell et al., 1974; Witter et al., 1975b). 
MA TSA is not present on productively infected, nonlymphoid cells. It 
is induced not only by virulent MDV but also by attenuated MDV and 
HVT (Powell and Rennie, 1978, 1980b; Schat and Calnek, 1978d). This 
fact has been adduced as evidence for ability of attenuated MDV and 
HVT to transform lymphoid cells, although it has yet to be shown con
clusively that MA TSA is specific for neoplastically transformed cells. 
Sharma (1981a) has shown that MDV infection of lymphoid cells does 
not necessarily result in expression of MATSA. MATSAs on various lym
phoblastoid-cell lines are antigenically related but not identical (Witter 
et al., 1975b; Calnek et al., 1978b; Rennie and Powell, 1979; Mikami et 
al., 1980b) and are considered to be distinct from chicken fetal antigen 
(Murthy et al., 1979). Bulow and Schmid (1979), however, cast doubt on 
the existence of common or related MA TSAs on tumor cells. Recently, 
Coleman and Schierman (1980) have presented evidence for the inde
pendence of MA TSA and major histocompatibility antigens. 

3. Other Antigens 

Chicken fetal antigen is expressed on MD lymphoma and lymphob
lastoid-line cells, but is not specific for MD tumors (Murthy et al., 1979; 
Neumann, 1980). Indirect evidence exists for an antigen common to 
MDV-infected CKC and nonproductive lymphoblastoid-line cells (Pow
ell, 1978). A cell-surface antigen correlated with organ-specific metastasis 
was detected in a cell line studied by Shearman et al. (1980). 

F. Role of Retroviruses in Marek's Disease 

Interest in the possible cocarcinogenic role of avian retroviruses in 
induction of MD by the MDV was stimulated by evidence for involve-
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ment of RNA tumor viruses in the etiology of Burkitt's lymphoma (Peters 
et a1., 1973). Th roles of both exogenous and endogenous avian leukosis 
viruses have been considered. Coinfection of chickens by MDV and ex
ogenous leukosis viruses (RAV-1, RAV-7, RAV-50, or REV) resulted in 
enhanced mortality and tumor development compared with infection by 
these viruses alone, and in one strain of chicken (LSI-SPF), typical MD 
was seen only in dually infected birds (Frankel et a1., 1974; M.E. Smith 
et ai., 1975). In similar studies by Witter et a1. (1975a), coinfection with 
RA V -2 did not alter the character of MD lesions, nor was RA V -2 necessary 
for oncogenesis by MDV. Chickens free of expressions of endogenous 
leukosis virus (infectious RA V-O, gs-antigen, and chick helper factor) 
were susceptible to induction of MD by MDV (Witter et a1., 1975a), and 
occurrence of MD in several strains of fowl did not correlate with, or 
alter, the natural expressions of endogenous virus (Calnek and Payne, 
1976). More recently, however, W.F. Campbell and Frankel (1979) re
ported enhanced expression of endogenous leukosis virus in MD. 

These studies suggest that exogenous leukosis viruses are not essen
tial for oncogenesis in MD, but that they may modify the expression of 
the disease, possibly by immunosuppressive effects. Whether expression 
of endogenous viral genome is a prerequisite of oncogenicity of MDV 
remains to be settled. Absence of such expression in MD lymphoblastoid
cell lines (Nazerian et a1., 1978) and evidence for integration of viral DNA 
with cellular DNA favor a direct transforming role for MDV Isee Chapter 
7). 

V. PATHOLOGY 

A. Virus-Cell Relationships 

Understanding of the pathology of Marek's disease IMD) is helped 
by knowledge of the types of virus-cell interactions that occur. These 
are similar to interactions described for other herpesviruses IRoizman, 
1972) and consist of 11) productive infections, in which virions are com
pletely or partially formed, resulting in cell death; and (2) nonproductive 
infections, in which there is either no, or only limited, expression of viral 
genome, and in which the infected cell remains viable and is, in some 
instances, neoplastically transformed. 

1. Productive Infection 

Productive infection is characterized by synthesis of viral DNA, viral 
proteins, and virions. Fully productive infection by Marek's disease virus 
(MDV) and herpesvirus of turkeys I HVT) occurs only in the feather-fol
licle epithelium, from which infectious virus is released ICalnek et al., 
1970a; Nazerian and Witter, 1970; Zygraich and Huygelen, 1972; Cho, 
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1975; Johnson et al., 1975). The production of infectious cell-free virus 
from this site seems to be associated with the envelopment of virions in 
cytoplasmic inclusion bodies and the protection afforded to the virion by 
keratinization of the epithelial cells (see Payne et al., 1976; Calnek, 1980). 
Recently, Hinshaw and Mora (1980) found mature enveloped virions in 
cytoplasmic vacuoles of lymphocytes from HVT-viremic turkeys; no 
stages of virus maturation were seen, and the origin of this virus was not 
established. Widespread distribution of HVT virions in neural, visceral, 
and lymphoid tissues, associated with mild degenerative changes, was 
reported by Hein and Mora (1980) in naturally infected turkeys. Semi
productive infection (restrictive or abortive infection) by MDV occurs 
mainly in the bursa, thymus, and spleen, and to a lesser extent in par
enchymatous tissues. These tissues contain infected cells that express 
viral antigens, naked virions in the nucleus, and limited enveloped vi
rions, mainly associated with the nuclear membrane (Purchase, 1970; 
Adldinger and Calnek, 1973; Payne and Rennie, 1973). Infection by MDV 
of in vitro-cultured cells is also of the semiproductive type and is closely 
cell-associated; disruption of the cells usually results in complete loss 
of infectivity of MDV (Churchill and Biggs, 1967) and almost complete 
loss of infectivity of HVT (Witter et al., 1970b). Some infectious MDV 
and increased titers of HVT can be obtained by sonication of infected 
cells in the presence of a stabilizer (Calnek et al., 1970b). 

2. Nonproductive Infection 

Nonproductively infected cells contain the viral genome, but this is 
expressed only to a limited extent. For MDV, this type of infection is 
typified by lymphoma cells, and the lymphoblastoid-celllines and trans
plantable lymphoma derived from them, as discussed below. In these 
cells, multiple copies of the viral genome are present and in the majority 
are expressed by immortalization of the cells and the appearance of 
Marek's disease tumor-associated surface antigen (MATSA). A small pro
portion of cells may spontaneously express viral antigens and virions, 
indicative of semi productive infection, and die. 

Blood and spleen lymphocytes in birds infected with MDV and HVT, 
and some lymphoma cells, are believed to be latently infected: they 
apparently may express no viral or tumor antigens or virions, and yet 
virus can be rescued by inoculation of cells into birds or onto cultured 
cells (Calnek, 1980; Calnek et al., 1981a; Sharma, 1981a). However, the 
possibility that such cells are semiproductively infected, or nonproduc
tively transformed, has not been clearly excluded. 

a. Lymphoid-Cell Lines 

Lymphoid-cell lines have been established from either primary MDV
induced lymphomas or transplantable lymphomas (Table II). Recently, 
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31 new lymphoblastoid cell lines were developed by Calnek et al. (1981b) 
and 29 new lines by Payne et al. (1981), from a variety of chicken lines 
and MDV strains. Factors helpful for the initiation of lines include culture 
at 41°C, use of special media, including 2-mercaptoethanol and chicken 
serum, and derivation from transplantable lymphoma (Kato and Aki
yama, 1975; Hahn et al., 1977; Calnek et al., 1978b). The lines consist 
of lymphoblastoid cells that grow continuously in suspension culture at 
both 37 and 41°C (Fig. 10). The cells carry T-cell markers and MATSA 
(Powell et al., 1974; Nazerian and Sharma, 1975; Matsuda et al., 1976b), 
supporting the T-cell origin of lymphoma cells. Payne et al. (1981) de
veloped new lines by initiating them in soft agar medium and showed 
that most lines were lymphocytoid when first established but changed 
into lymphoblastoid lines later. This change was associated with in
creased expression of an embryonic antigen, loss of density dependency, 
and more rapid growth. Ultrastructural properties of lines have been 
described (Frazier and Powell, 1975; Akiyama and Kato, 1974). They are 
essentially diploid, but chromosomal abnormalities may be present (Tak
agi et al., 1977), none of which appears to be specific for transformation. 

Most cells in a line are nonproductively infected, although MDV can 
be rescued from most lines by inoculating them into chicks or onto 
cultured cells (Doi et al., 1976 Calnek et al., 1981b; Payne et al., 1981). 

FIGURE 10. Impression smear of MDCC· HPlline of MD lymphoblastoid cells. From Frazier 
and Powell (19751 by kind permission. 



BIOLOGY OF MDV AND HVT 369 

A small proportion of cells spontaneously express viral antigens and im
mature virions, and this can be increased by treatment with S-iodo-2-
deoxyuridine (IUdR) and S-bromodeoxyuridine (BUdR) (Nazerian and Lee, 
1974; Dunn and Nazerian, 1977; Ross et al., 1977) and decreased with 
phosphonoacetic acid, an inhibitor of herpesvirus DNA polymerase (Na
zerian and Lee, 1976). 

The lymphoblastoid cells contain multiple copies of MDV genome: 
60-90 genome equivalents/cell were detected in the MSB-lline (Nazerian 
and Lee, 1974), although treatment with phosphonoacetic acid reduced 
the number to about 20, which may be more representative of viral gen
ome in nonproducing cells (Nazerian and Lee, 1976). The MDV DNA has 
been reported both to be integrated into cellular DNA (Kaschka-Dierich 
et al., 1979) and to exist mostly in a circular nonintegrated state (Tanaka 
et al., 1978) (see Chapter 7 for further discussion). Expression of endo
genous or exogenous leukosis viruses in lymphoblastoid-line cells is var
iable and is not a prerequisite for transformation (Ikuta et al., 1976b; 
Nazerian et al., 1978). 

The RPL-Ilymphoblastoid line, derived from the transplantable JMV 
lymphoma, is a true nonproducer line from which MDV cannot be res
cued (Nazerian et al., 1977), as were apparently a number of lines pro
duced by Payne et al. (1981). 

No lymphoid-cell lines have been established from chickens infected 
with HVT; whether HVT can transform lymphoid cells is still uncertain. 
Transformation of lymphoid cells with MDV in vitro was reported by 
Lam and Cho (1981). Recently, Nazerian et al. (1982) developed lym
phoblastoid cell lines from MDV-induced lymphomas in turkeys; these 
lines expressed MA TSA and carried infectious MDV but, unexpectedly, 
reacted with antisera against chicken B cells, IgG, and IgM, indicating 
B cell origin. 

b. Transplantable Lymphomas 

Transplantable lymphomas have been derived from primary MD lym
phomas by rapid serial passage of tumor cells in chicks (Table III). The 
first transplantable tumor so developed, designated JMV, produces an 
acute lethal lymphoblastoid leukemia that was initially thought to be 
caused by the presence of a virulent MDV (Sevoian et al., 1964), but was 
later shown to result from a transplant (Stephens et al., 1976). Some 
subs trains of JMV did apparently carry MDV, but others, including the 
one studied by Stephens, had no rescuable MDV, although at least part 
of the MDV genome was present, and the cells expressed MATSA. The 
JMV lymphoma has also been adapted to grow as a lymphoblastoid-cell 
line (Nazerian et al., 1977; Munch et al., 1978) and clonal variation 
associated with metastatic properties has been found (Shearman and Lon
genecker, 1981). 

Several other transplantable lymphomas have been developed (see 
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TABLE III. Transplantable Lymphomas Derived from Marek's Disease 
Lymphomas 

Original New MDV Host 
designation designationQ Origin strain line Reference 

JMV Lymphoma JM S?b Sevoian et al. 
(19641 

JMCT MDCT-CU8 Lymphoma JM PDR Calnek et al. 
{19691 

MDT-198 MDCT-NYMI Lymphoma Conn-B G-Bi Theis et al. {19741 
JMV-A Attenuated JMV Shieh and Sevoian 

transplant (19741 
Not named Lymphomas Conn-B G-BI Jakowski et al. 

{19741 
GA/Tr-l MDCT-CU7 Ovarian lymphoma GA N Calnek et al. 

{1978al 
GAlTr-2 MDCT-CU9 Ovarian lymphoma GA N Calnek et al. 

{1978bl 
MTr-RI MDCT-RP3 Ovarian lymphomas GA 72 Stephens et al. 

{19801 

Q From Witter et al. (19791. 
b See Longenecker et al. (1977). 

Table III). They grow more slowly than JMV in chicks, produce local 
tumors, are normally dependent on the histocompatability of the recip
ient for progressive growth, and release MDV. A true nonproducing lym
phoblastoid-cellline was developed from GB-l transplant cells (Hahn et 
al., 1978). 

B. Gross Lesions 

The pathognomonic lesions of MD are enlargements of peripheral 
nerves and lymphoma formation in various organs and tissuesj these 
changes may occur together or alone, depending on factors such as strain 
of virus, strain of chicken, and age at infection. Other less specific gross 
changes that may occur are atrophy of the bursa of Fabricius and thymus, 
muscular wasting, dermatitis, iridocyclitis, and atherosclerosis. Gross 
lesions are not seen in transient paralysis or in HVT-infected turkeys or 
chickens. A strain of HVT has been associated with poor semen quality 
and infertility in turkeys (Thurston et al., 1975). 

1. Peripheral Nerves 

Nerve enlargement occurs from about 4 weeks after infection. Af
fected nerves are usually 2-3 times the normal thickness, lose their cross
striations, and show a gray or yellow discoloration, and sometimes edema 
(Fig. 11). Commonly involved are the celiac and other autonomic nerves, 



BIOLOGY OF MDV AND HVT 371 

and the sciatic and brachial plexi and trunks (Goodchild, 1969; Sugiyama 
et al., 1973). The enlargement is caused by lymphomatous or inflam
matory infiltrations or both. 

2. Lymphoma Formation 

Virulent strains of MD induce lymphoma formation, which is usually 
diffuse, in various organs or tissues, those commonly affected being the 
ovary, testis, liver, spleen, kidneys, heart, proventriculus, lung, skin, and 
skeletal muscle (Fujimoto et al., 1971) (Fig. 12). Less virulent strains may 
induce ovarian lymphomas only. Tumors may become visible 3-4 weeks 
after infection, or may take many weeks to appear, and their tissue dis
tribution is influenced not only by strain of MDV but also by strain of 
bird (Morris et al., 1970b) and may depend on selection of antigenically 
variant cells (Shearman and Longenecker, 1980; Shearman et al., 1980). 

FIGURE 11 . Enlarged sciatic and brachial nerves of MD· affected chicken (same case as 
Fig. 11. 
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FIGURE l2. Ovarian lymphoma (arrowl in 6-week-old chicken infected with MDV. From 
Payne et a1. (1976) by kind permission of the publishers. 

Lymphomas in the skin often arise around feather follicles, but may 
infiltrate diffusely in the dermis. 

3. Atrophy of Bursa and Thymus 

Loss of bursal and thymus weight caused by lymphoid atrophy may 
occur as early as 5 days after infection during the acute phase of MDV 
infection, or several weeks later during the lymphomatous phase (Ja
kowski et al., 1970; Calnek, 1972b; Payne and Rennie, 1973). Strains of 
MDV occur that cause death as early as 8-10 days after infection, ac
companied by severe atrophy of the bursa and thymus (Witter et al., 
1980). 

4. Other Gross Lesions 

An iridocyclitis revealed as an annular or patchy depigmentation of 
the iris, and distortion of the pupil, has long been associated with MD 
(Pappenheimer et al., 1926, 1929a) and has been reproduced experimen-
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tally (T.W. Smith et al., 1974). Muscular wasting (Wight, 1966) and der
matitis (Payne, unpublished observations) may occur. Grossly visible 
occlusive atherosclerotic change, or smaller plaques, have been described 
recently in large coronary arteries, aorta, and aortic branches of chickens 
30 weeks after infection with a strain of MDV of low virulence (Minick 
et al., 1979). 

C. Microscopic Lesions 

Extensive, although incomplete, knowledge of the pathogenesis of 
MD has been acquired largely from studies on the experimentally induced 
disease. The relationships between the main events that occur when 
susceptible chicks are infected with virulent MDV are depicted in Fig. 
13 and are discussed below, as far as possible in chronological order. 

1. Primary Infection 

Under natural conditions, MDV infection is usually acquired by in
halation of infective feather debris, dander, and dust in the poultry house. 
Viral antigen is detectable in the lung at 24 hr postinfection; infectious 
cell-associated MDV was not found in this site until 5 days, suggesting 
that the virus is rapidly transported away from the lung, possibly in 
phagocytic cells. Viral antigen can be detected in peripheral-blood cells 
as early as 18 hr after infection (Adldinger and Calnek, 1973). 

2. Acute Cytolytic Infection of Lymphoid Tissues 

An acute cytolytic infection of lymphoid tissues, notably of the bursa, 
thymus, and spleen, becomes apparent at 3 days after infection, reaches 
a peak at 5-7 days, and usually resolves by 2 weeks. This phase has been 
termed an acute lymphoreticulitis (Payne et al., 1976) or the stage of 
reticuloendothelial proliferation (Witter et al., 1976). Certain strains of 
MDV can cause mortality during this phase of the disease (Witter et 
al., 1980). The infection is of the semiproductive type, with abundant 
viral antigen and cell-associated infectious virus present (Adldinger and 
Calnek, 1973; Payne and Rennie, 1973; Fujimoto et al., 1974). Histologi
cally, marked cytolysis of lymphocytes and reticulum cells, with nu
merous intranuclear inclusion bodies, can be seen. Under the electron 
microscope, immature virions are seen in the nuclei of reticulum cells, 
which may be the initial target cells for the virus (Frazier, 1974). The 
virus infection provokes an acute inflammatory response in these organs, 
with an increase in reticulum cells and macrophages, and granulocytic 
invasion (Payne and Rennie, 1973). These changes are accompanied by 
severe regression of thymic cortex and bursal lymphoid follicles, resulting 
in loss of weight of these organs and probably, at least in part, in the 
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transient immunosuppression that is observed 7 days after infection (Lee 
et ai., 1978a) (Fig. 14). Regressive lymphoid changes do not occur in the 
spleen, and here the inflammatory changes result in an increase of weight. 
MATSA-bearing cells first appear in the spleen at 5 days, and in a lower 
proportion of cells in the thymus and bursa at 7 days (Murthy and Calnek, 
1978), suggesting that the target cell for transformation may reside in the 
spleen and some ameliorative effect of splenectomy on MD has been 
observed (Schat, 1981). Thymectomy abolished the acute cytolytic in
fection in the bursa (Goto et al., 1979), as does embryonal bursectomy 
(Schat et al., 1981), but the mechanisms have not yet been established. 
After 7 days, the acute inflammatory changes and virus replication 
disappear, and by 2 weeks the architecture of these organs is considerably 
restored. 

Nononcogenic MDV and HVT similarly localize early after infection 
in the spleen, bursa, and thymus, and MA TSA is expressed. However, 
they show little or no ability to replicate or induce cytolytic lesions or 
lymphoid atrophy (Calnek et al., 1979). 

3. Viremia 

Infection of chickens by MDV or HVT is followed by an early and 
often persistent cell-associated "viremia" (Phillips and Biggs, 1972). The 

FIGURE 14. Loss of lymphoid follicles, and reticulum·cell hyperplasia, in bursa of S-day
old chick infected with MDV. From Payne and Rennie 11973). 
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viruses are present in buffy coat cells (apparently mainly in lymphocytes), 
but not free in the plasma, and such cells are believed to be the main 
vehicles for transport of virus to other tissues. The range of cells that 
carry MDV has not been defined; in studies on HVT-infected turkeys, 
Hinshaw and Mora (1980) found herpesviruses in lymphocytes, but not 
in heterophils, eosinophils, or basophils. Calnek et ai. (1981a) have pre
sented evidence that both B and T lymphocytes from chickens infected 
with oncogenic or nononcogenic MDV are latently infected; attempts to 
identify infection of these cells in HVT-infected birds were unsuccessful. 

Cell-associated infective MDV was found in susceptible chickens at 
5 days postinfection, reached a peak at 8 days, and was followed by a 
second peak at about 4 weeks (Adldinger and Calnek, 1973), possibly 
related to the biphasic response observed in lymphoid tissues (Payne and 
Rennie, 1973). Level of viremia is associated directly with susceptibility 
of the chicken to MD and virulence of the strain of MDV, and inversely 
with age at infection (Sharma and Stone, 1972; Calnek, 1973). 

A direct relationship between viremia and disease incidence is ob
served (Witter et al., 1971; .Powell et al., 1980a). An early and persistent 
cell-associated viremia is similarly observed in HVT-infected turkeys 
(Witter et al., 1972). 

4. Feather-Follicle Epithelium 

The feather-follicle epithelium is the single location in the chicken 
in which a fully productive infection by MDV occurs with the release of 
infectious enveloped virus. The biochemical basis for this permissive site 
is not known. Virus is shed in feathers and in feather debris into the 
environment, where it can persist for many months and serve to infect 
other birds. 

After infection with MDV, viral antigen can be detected as early as 
5 days later (Purchase, 1970), is extensively present by 14 days, and per
sists for many weeks (Lapen et al., 1970, 1971; Adldinger and Calnek, 
1973; Payne and Rennie, 1973). Cytopathic changes are restricted to cells 
of the transitional and corneous layers of the epithelium, and include 
cloudy swelling and hydropic change, margination of chromatin, and 
development of intranuclear and intracytoplasmic inclusion bodies (Fig. 
15). Naked and occasionally enveloped virions are present in the nucleus, 
and numerous enveloped particles develop in the cytoplasmic inclusions 
(Calnek et ai., 1970a; Nazerian and Witter, 1970). The outermost cells 
of the epithelium degenerate (as they do normally) and release virus
containing debris into the space between the epithelium and the feather 
shaft. The detection of viral antigen in feather tips in radial-diffusion 
tests is an important diagnostic method (Haider et al., 1970), and extracts 
of feather tips provide a source of cell-free infectious virus (see Section 
IV.C.l). The appearance of viral antigen in the follicular epithelium (Fig. 
16) is followed shortly by local perivascular and perifollicular aggregation 
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10~m 

FIGURE 15. Inclusion bodies in feather-follicle epithelial cells 1 arrows) of MDV-infected 
chicken. From Lapen et a1. 11970) by kind permission. 

and proliferation of lymphoid cells (Fig. In in some birds, these develop 
into lymphomatous tumors (skin leukosis) (Lapen et ai., 1971; Payne and 
Rennie, 1973). 

Attenuated strains of MDV and HVT replicate poorly and only for 
a week or so in feather follicles of the chicken, accounting for the poor 

FIGURE 16. Viral antigen demonstrated by immunofluorescence in feather-follicle epithe
lium of MDV-infected chicken. From Lapen et a1. 119711 by kind permission. 
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horizontal transmission of these viruses (Nazerian and Witter, 1970; Cho, 
1975). In the turkey, HVT replicates readily in the feather-follicle epi
thelium and spreads by contact to other turkeys (Witter and Solomon, 
1971). 

5. Lymphoma Formation 

The MD lymphoma is cytologically complex and its nature not fully 
understood; it consists predominantly of a mixture of small, medium, 
and large (blastic) lymphocytes, with a small proportion of primitive and 
activated reticulum cells, and macrophages (Payne and Biggs, 1967; Pur
chase and Biggs, 1967) (Figs. 18 and 19). Ultrastructurally, the lymphoid 
cells are pleomorphic and show no qualitative features that differentiate 
them from normal lymphoid cells (Doak et a1., 1973; Payne et a1., 1976); 
quantitatively, they show an increased proportion of cells with nuclear 
projections compared with normal cells. Rarely, intranuclear herpesvirus 
particles, mainly unenveloped, are seen in lymphoma cells (Schidlovsky 
et a1., 1969; Calnek et a1., 1970c; Nazerian, 1971; Frazier, 1974). Foci of 
lymphomatous proliferation first appeared in susceptible chicks about 7 
days after infection with a pathogenic strain of MDV, particularly in the 
gonads, liver, proventriculus, and peripheral nerves; they can become 

FIGURE 17. Lymphoid tissue I arrows I around feather follicle of MDV-infected chicken. 
From Payne 119721 by kind permission of the publishers. 



BIOLOGY OF MDV AND HVT 379 

FIGURE 18. Ovarian lymphoma in 4-week-old chicken infected with MDV. From Payne 
(1972) by kind permission of the publishers. 

FIGURE 19. Impression smear of ovarian lymphoma cells showing mixed morphology of 
lymphoid cells. 
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grossly visible by 14 days and develop into frank tumors by 21 days. 
MATSA-bearing cells, as mentioned earlier, first appear in the spleen at 
5 days after infection, and in other lymphoid organs by 7 days (Murthy 
and Calnek, 1978), but whether this represents the first appearance of 
transformed cells is unsettled (see Sections IV.E.2 and V.C.2). Lymphomas 
appear to be polyclonal in origin, but this has not been proved. 

The nature of the stimulus for lymphoma formation has been dis
cussed in terms of extrinsic stimulation, from outside the proliferating 
lymphoid cells, and intrinsic stimulation, lying inside the cells (Payne, 
1972; Payne et ai., 1976). Current evidence suggests that both types of 
stimuli may contribute to the final lymphomatous mass. It is generally 
accepted, on the following evidence, that neoplastically transformed T 
cells are present in the lymphoma: (1) the incidence of lymphomas is 
decreased by T-cell depletion (Sharma et ai., 1977), but not by B-cell 
depletion (Payne and Rennie, 1970; Fernando and Calnek, 1971); (2) the 
majority of lymphoma cells are T cells, and most of the remainder B cells 
(Hudson and Payne, 1973; Rouse et al., 1973; Hoffmann-Fezer and Hoff
mann, 1980); (3) a variable minority of lymphoma cells carry a putative 
tumor-specific antigen, MATSA (Powell et al., 1974; Witter et al., 1975b); 
(4) chicken lymphoblastoid-line cells and MD-derived transplantable 
lymphoma cells are T cells, carry MATSA, and contain multiple copies 
of MDV genome (see Sections V.A.2.a and V.A.2.b). Other cells in the 
lymphoma (the B cells, some of the T cells, and the nonlymphoid cells) 
are believed not to be neoplastic, but to be normal or immunocompetent 
cells reacting to extrinsic virus, viral or tumor antigens, or other stimuli 
(Payne and Roszkowski, 1972). Ross et al. (1981), using in situ hybridi
zation techniques, observed 60-70% of lymphoma cells to contain MDV 
DNA. 

Whether or not different strains of MDV induce lymphomas depends 
on an interplay between the virulence of the virus and the host's immune 
response. Most low-virulence strains of MDV are shown to have trans
forming potential when inoculated into immunologically compromised 
hosts (Calnek et al., 1977). Only limited lymphoproliferative lesions, 
without gross tumor formation, have been induced by HVT in chickens, 
whether intact or immunodeficient, suggesting that this virus has no, or 
only limited, transforming ability (Witter et ai., 1976; Sharma et al., 
1980). 

6. Hematological Changes 

Cell-associated MDV appears in the bone marrow at 5 days after 
infection (Adldinger and Calnek, 1973), and this infection may lead to 
destruction of marrow cells and depression of red cell count, especially 
in chicks that lack maternal antibody against MDV (Jakowski et al., 
1970). In birds that develop lymphoproliferative lesions, lymphocytosis 
and leukemia occur (Evans and Patterson, 1971; Payne et al., 1975). 
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In a study of sequential changes in blood-leukocyte responses in MD, 
absolute numbers of B cells, T cells, total lymphocytes, and heterophils 
increased, and those of monocytes and eosinophils decreased, during the 
early stage of acute infection of lymphoid tissues. During the later lym
phoproliferative phase, T cells and lymphocytes increased, resulting in 
leukemia in some birds, and B cells, monocytes, heterophils, and baso
phils decreased (Payne and Rennie, 1976b). 

7. Neural Lesions 

Neural changes in MD occur mainly in the peripheral nerves. Lesions 
in the CNS, discussed later, are usually mild in MD, although they are 
the principal lesions in transient paralysis. 

The peripheral nerves in MD are variably infiltrated by lymphoid 
cells, and there has been much debate about the nature of and relation
ships among the various neural changes (see Payne et ai., 1976). Two 
main pathological processes occur: (1) a neoplastic lymphoproliferative 
infiltration similar to that which give rise to lymphomas in other tissues 
and (2) an inflammatory demyelination that is primary, segmental, and 
cell-mediated, similar to that seen in experimental allergic neuritis, and 
characterized by penetration of nerve fibers by lymphocytes and mac
rophages and destruction of myelin, but usually sparing of the axon (Pri
neas and Wright, 1972; Fujimoto and Okada, 1977; Lampert et ai., 1977; 
Lawn and Payne, 1979) (Fig. 20). Both the neoplastic and the demyeli
native processes can occur within the same bird, often in the same nerve; 
this is usual in infection by the more virulent strains of MDV, whereas 
milder strains may cause only the demyelinative disease. These processes 
are reflected in the several classifications that have been proposed to 
describe and relate the histopathological nerve lesions in MD (Tables IV 
and V) (Wight, 1962a; Payne and Biggs, 1967; Fujimoto et ai., 1971). 

In the classification of Payne and Biggs (1967), three lesion types are 
described: 

1. A-type lesion, characterized by a lymphoproliferative infiltration 
and demyelination (Fig. 21). 

2. B-type lesion, characterized by edema, a lighter infiltration by 
mainly small lymphocytes and plasma cells, and demyelination 
(Fig. 22). 

3. C-type lesion, characterized by a light infiltration by smalllym
phocytes and plasma cells (considered to be a mild inflammatory 
lesion). 

The earliest change observable in peripheral nerves with the electron 
microscope is at 5 days after infection with MDV, consisting of infiltra
tion mainly by macrophages, but with some small lymphocytes (Lawn 
and Payne, 1979). Under the light microscope, the infiltration becomes 
apparent at about 10 days. Macrophages and lymphoid cells increase 



FIGURE 20. Invasion by macrophages and lymphocytes of nerve fibers jA and BI of pe
ripheral nerve of MDV-infected chicken leading to demyelination of axon jBI. Kindly pro
vided by Dr. A. M. Lawn. 
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TABLE IV. Classifications of Marek's Disease Neuropathya 

Predominant lesion 

Infiltration by small lymphocytes 
Infiltration by mixed lymphocytes 
Infiltration by lymphoblasts 
Infiltration by reticular or 

undifferentiated mesenchymal 
cells 

Sparse infiltration by small 
lymphocytes and plasma cells 

Interneuritic edema, with 
infiltration by small lymphocytes 
and plasma cells 

Wight t1962a) 

Type I 
Type I 
Type III 

Type II 

a From Payne et al. 119761, with permission. 

Classiiica tion of 

Payne and Biggs 
11967) 

A-type 

C-type 

B-type 

Fujimoto et a1. 
119711 

Trtype 
Tu-type 

TIll-type 

R-type 

during the 2nd and 3rd weeks, with the latter cells becoming predomi
nant, resulting in the lymphoproliferative A-type lesion. Virus particles 
are rarely seen in the infiltrating cells, although cell-associated virus is 
present. As with lymphomas, about 75% of lymphocytes from A-type 
nerves are T cells, and most of the remainder B cells (Payne and Rennie, 

FIGURE 21. A-type nerve lesion, showing lymphoid-cell infiltration between neurites, in 
peripheral nerve of 4-week-old MDV-infected chicken. From Payne (1972) by kind permis
sion of the publishers. 
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TABLE V. Suggested Nature of Marek's Disease Neuropathya 

Classification of 
Suggested nature -----------------------

of lesions and 
their relationship Wight (1962al 

Inflammatory Types I, II 
Neoplastic Type III 
Relationship Types II - I - III 

a From Payne et ai. 11976\ WIth permission. 

Payne and Biggs (19671 

B- and C-types 
A-type 
A-type - B- or C-type 

Fujimoto et a1. 
(19711 

R-type 
T,-, Tn-, TIll-type 
T-types - R-type 

1976a; Hoffmann-Fezer and Hoffmann, 1980); about 9% are MATSA
bearing (P.c. Powell and M. Rennie, unpublished results). The majority 
of infiltrating lymphoid cells in A-type nerves contained viral DNA (Ross 
et al., 1981). 

The initial stimulus for migration of macrophages and lymphocytes 
into peripheral nerves is not known. Some investigators have suggested 
that demyelination precedes lymphoid proliferation, resulting either 
from Schwann cell damage, leading to demyelination and a cellular re
sponse (Wight, 1969), or from a primary autoimmune cell-mediated 
demyelination (Prineas and Wright, 1972). No virions or viral antigen can 

FIGURE 22. B-type nerve lesion, showing interneuritic edema and sparse cell infiltration, 
in peripheral nerve of lO-week-old MDV-infected chicken. From Payne and Biggs (19671. 
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be detected in Schwann cells, but there is evidence for a latent infection 
by MDV of neuronal supporting cells (Pepose et al., 1981; Stevens et 
al., 19811. On the other hand, Ross et al. (19811 found no viral DNA in 
Schwann cells and fibroblasts by hybridization techniques. A recent 
study, however, suggests that the cell-mediated primary demyelination 
is a late, secondary, event, occurring during the 4th and 5th weeks after 
infection, in heavily infiltrated areas and coinciding with the onset of 
neurological signs (Lawn and Payne, 19791, consistent with the earlier 
finding that the A-type lesion precedes the B-type lesion (Payne and Biggs, 
1967). The demyelination is believed to result from allergic sensitization 
to normal nerve antigens, and is supported by the finding in MD of skin 
sensitivity to extracts of normal nerve and antibodies to myelin (Schmahl 
et ai., 1975; Pepose et al., 1981; Stevens et al., 19811. These events could 
be a consequence of "bystander" or other effects following an immune 
response to infection of infiltrating lymphoid cells (Lawn and Payne, 
19791 or neuronal cells (Pepose et al., 1981; Stevens et al., 19811. The 
close similarity between the primary demyelination in MD and the Lan
dry-Guillain-Barre syndrome in man has been noted (Payne et al., 1976; 
Lampert et al., 1977; Pepose et al., 1981; Stevens et al., 19811. Secondary 
(Wallerianl demyelination also occurs in A-type lesions (Prineas and 
Wright, 1972; Lampert et al., 19771. 

Reorganization and remyelination of damaged nerve fibers occur 
from the 4th week in some birds, associated with edema and sparse 
inflammatory cellular infiltration, which characterize the B-type lesion 
(Lawn and Payne, 19791. 

Histopathological lesions in the brain and spinal cord in MD are 
usually minimal, and are comprised of perivascular lymphocytic cuffing, 
microgliosis, astrocytosis, and meningeal infiltration by lymphoid cells 
(Wight, 1962b; Fujimoto et al., 19711. Primary demyelination does not 
occur, but secondary demyelination due to cuffing or mechanical distor
tion has been observed. Changes similar to these occur in the CNS in 
transient paralysis (Wight, 1968; see also Payne et al., 19761. 

8. Atherosclerosis 

An association between atherosclerosis and neurolymphomatosis 
(MDI was first observed by Paterson and Cottral (19501. Although the 
arterial disease can occur in the absence of MDV infection, the incidence, 
distribution, and severity of the lesions are Significantly increased in 
chickens infected with a mildly pathogenic strain of MDV, particularly 
when the chickens are fed a cholesterol-supplemented diet (e.G. Fabri
cant et al., 1978; Minick et al., 19791. Microscopically, the lesions, which 
are found in the coronary arteries, aorta, and major aortic branches, have 
been classified as fatty, proliferative, or fatty-proliferative, and closely 
resemble human atherosclerosis (Fig. 231. The role of MDV in the pro
duction of these lesions has not been clarified, but the finding of MD 
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FIGURE 23. IAI Atherosclerosis of gastric artery of MDV-infected chicken. IBI Foam cells, 
extracellular lipid, and cholesterol clefts in media of affected artery. ICI Lipid in intima and 
media of affected artery. From C. G. Fabricant et al. 119781 by kind permission. 

viral antigen in affected arterial walls suggests a direct viral effect on 
medial cells, possibly preceded by endothelial injury (Minick et al., 1979). 

9. Other Tissues 

Lesions in tissues other than those described above are uncommon 
in MD. Necrosis of renal-tubular epithelium with intranuclear inclusion 
bodies, glomerulitis or glomerular necrosis, and necrosis of pancreas, 
proventriculus, liver, and heart have been observed (Calnek, 1972b; Ratz 
et al., 1972). The ocular lesions sometimes associated with MD have 
been described (see Payne et al., 1976). 

VI. HOST GENETICS 

A. Selection for Genetic Resistance 

Fifty years ago, Asmundson and Biely (1932) showed family differ
ences in fowl in susceptibility to neurolymphomatosis. Since then, it has 
become well recognized that the genotype of the host greatly influences 
the outcome of infection by Marek's disease virus (MDV), affecting mor
tality, incidence of lesions among tissues and organs, and type of lesion. 
These differences can be observed within and between noninbred, com
mercial strains of fowl, and between inbred lines. They are a consequence 
of either natural or artificial selection and are of importance in under
standing the pathogenesis of Marek's disease (MD) and in disease control. 
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The resistance of older birds to MD ("age resistance") is considered to 
be closely related to genetic resistance (see Section VII.F.2). 

The classic work on genetic resistance to MD is that of Cole and 
Hutt (1973). By sib and progeny testing in the presence of natural exposure 
to the disease over a period of some 30 years, they developed the Cornell 
strains susceptible (S strain) and resistant (C and K strains) to "lym
phomatosis" (mainly MD) (Fig. 24). Similarly, Waters (1951) developed 
the East Lansing lines 6 and 7, respectively resistant and susceptible to 
MD (reviewed by Stone, 1975). The value of this early work is limited, 
though not crucially, by the presence under conditions of natural expo
sure of both MDV and the retroviruses, and by diagnostic confusion 
between the diseases they cause (see Section II). Nevertheless, these var
ious lines are now much used in MD research. 

As a basis for artificial selection for resistance, natural exposure has 
the disadvantages of variable and often low disease incidence, and often 
long latent periods. Recognition of the transmissibility of MD with cel
lular inocula, and of the virus responsible, encouraged the use of better
controlled, artificial exposure methods. With the use of such methods, 
large differences in susceptibility among lines, crosses, and families have 
been observed (Biggs et al., 1968b; Schmittle and Eidson, 1968; Cole, 
1968; Stone et al., 1970; Morris et ai., 1970a; Crittenden et al., 1972). 
Starting with Regional Cornell random-bred stock, with 51.1 % suscep
tibility to MD, and by determining the response of progeny to inoculated 
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FIGURE 24. Changes in mortality, mainly from MD and lymphoid leukosis, in the Cornell 
S (susceptiblel, and C and K (resistant' strains under long-term selection. From Cole and 
Hutt (1973' by kind permission. 
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MD tumor cells, Cole (1968, 1972) selected in four generations a resistant 
line (N) with 6.5% susceptibility and a susceptible line (P) with 94.4% 
susceptibility (Fig. 25). 

Controlled contact exposure to MDV has also been used to determine 
response, on the grounds of convenience and the possibility that resist
ance mechanisms operative naturally would not be bypassed. Significant 
correlations of responses following challenge by inoculation, contact, or 
field exposure have been found in various studies. Cole (1968) found that 
MD responses to ten commercial strains challenged by inoculation or 
field exposure were highly correlated (Is = +0.817), and Crittenden et 
al. (1972) made similar observations in inbred lines and their crosses. 
Von Krosigk et al. (1972) reported a correlation of +0.38 for injection and 
contact exposure, and Hartmann and Sanz (1970) obtained correlations 
of + 0.80 and + 0.66 between injection and natural exposure in pure and 
crossbred commercial birds. These values suggest that selection based on 
injection of MDV will lead to resistance to natural exposure, but that the 
two selection methods may not be measuring entirely the same type of 
resistance. In this respect, the observation of significant statistical in
teractions between exposure method (inoculation or contact) and ma
ternal influence, possibly due to maternal antibody, is of interest (Crit
tenden et al., 1972). Of the various types of artificial exposure that can 
be used, the contact-exposure technique would be expected to correlate 
most highly with field exposure. In a test of this comparison, Grunder 
et al. (1972) obtained a correlation of +0.79. 
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FIGURE 25. Susceptibility of sire families to MD after artificial selection for two genera
tions. From Cole (1968) by kind permission. 
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Other correlations that are of practical importance are those between 
responses of male and female progeny (rs = + 0.867), which allows the 
use of surplus male chicks in progeny tests, and between total incidence 
of MD lesions and mortality and symptoms alone (rs = +0.716-0.943), 
which allows the use of the simpler latter criteria of response (Cole, 
1968). Similar observations were made in commercial lines by Morris et 
al. (1970a,b), who also found that genetic factors influenced the distri
bution of lesions in different tissues and organs. 

Estimates of the heritability of MD resistance have been variable, 
perhaps because of variability of environmental factors: 0.10-0.20 (Von 
Krosigk et al., 1972), 0.67 (Friars et al., 1972) and 0.61 (Gavora et al., 
1974). These authors have successfully used progeny testing under com
mercial conditions to increase MD resistance. 

B. Mode of Genetic Control 

The genetic resistance observed by Cole (1972) in line N, and by 
Stone et al. (1970) in line 6, is a dominant trait; the latter authors esti
mated that at least three gene pairs were of importance in determining 
response. To date, two distinct genetic loci that play a major role in 
controlling genetic resistance have been identified as described below. 
The mechanisms involved are discussed in Section VII.F .1. 

1. Involvement of the Major Histocompatibility Locus, Ea-B 

Hansen et al. (1967) were the first to observe an association between 
resistance to MD and genes at the erythrocyte antigen group B (Ea
B) locus, the major histocompatibility locus of the fowl. They found that 
birds carrying the B21 haplotype were less susceptible than birds carrying 
B19. 

Subsequently, the selection of the resistant line N and the susceptible 
line P from common stock (Cole, 1968, 1972) on the basis of disease 
response was found to have been accompanied by changes in the fre
quency of B alloalleles: line N was homozygous for the allele B21, whereas 
two other alleles existed in line P, B13 and B19, with frequencies of 0.03 
and 0.97, respectively. Test matings between the lines and their crosses 
confirmed the association of allele B21 with resistance to MD (Briles and 
Stone, 1975; Briles et al., 1976, 1977) (Table VI). This association between 
B21 and MD resistance was also observed in studies by Pazderka et al. 
(1975) and Longenecker et al. (1976). The B21 allele was found to be 
widely distributed in poultry populations, including the progenitor of 
domestic fowl, the Red Jungle Fowl, suggesting that B21 may have strong 
survival value (Longenecker et al., 19771. The association between B21 
and resistance was influenced by other genes, either at the B locus or at 
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TABLE VI. Incidence of Marek's Disease among Backcross Progeny from the P 
and N Lines, Showing Influence of the B2l Allelea 

Genotype of progeny 

Bl9Bl9 Bl9B2l 

Number Number 
Mating sire and damb inoculated MD(%) inoculated MD(%) 

P x NP 12 58.3 17 11.8 
P x PN 25 80.0 18 16.7 

PN x P 32 75.0 24 8.3 
PN x P 30 60.0 22 0.0 

TOTALS: 99 69.7 81 8.6 

a From Briles et al. 119771 by kind permission. 
bPline = B19B19; Nline = B21B21. 

other loci (Longenecker et al., 1976). B2 and B6 alleles apparently also 
confer some resistance to MD (Briles et al., 1980) and Pevzner et al. (1981) 
have provided evidence that susceptibility maps within the immune re
sponse region of the B complex. An influence of other alleles (not B21) 
at the Ea-B locus on transient paralysis was observed by Schierman 
and Fletcher (1980). Currently, there is much interest in B2l as a marker 
for resistance to MD. 

2. Involvement of the Ly-4 Locus 

Although lines 6 and 7 are, respectively, highly resistant and highly 
susceptible to MD, both lines are identical at the Ea-B locus (being 
B2B2), as well as at the Ea-A and Ea-C loci (Pazderka et al., 1975). 
A search for lymphocyte antigens that might be associated with resist
ance led to identification of a new locus, Ly-4, which controls T-Iym
phocyte antigens (Fredricksen et al., 1977). The antigen characteristic of 
line 6 is designated Ly-41, determined by allele Ly-4a, and that of 
line 7 is designated Ly-42, determined by Ly-4b. An association 
between the presence of these alleles and response to MD was found, 
although other loci also were believed to be involved, because F3 progeny 
homozygous for either allele did not show the extremes of response char
acteristic of the parental lines. 

3. Involvement of Other Loci 

Several other loci have been reported to have minor effects on MD 
susceptibility: Akp (alkaline phosphatase) (Grunder et al., 1969; I. Okada 
et aI., 1977), hemoglobulin type (Washburn et al., 1971), and Ea-A 
(blood group A) (I. Okada et al., 1977). 
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C. Genetic Resistance and Production Traits 

The genetic relationship between resistance and production traits is 
of importance, because the breeder does not wish, in selecting for re
sistance, to impair performance in economically important traits. Cor
relation coefficients indicate that genetically resistant birds have lower 
body weight and earlier sexual maturity and lay more but lighter eggs 
(Friars et al., 1972j Von Krosigk et al., 1972 j Gavora et al., 1974 j Gavora 
and Spencer, 1979). Conversely, there may be a danger of increasing sus
ceptibility to MD by selection for rapid growth (Han and Smyth, 1972) 
or high egg weight. 

VII. IMMUNOLOGY 

A. Immunosuppressive Effects of Marek's Disease Virus and 
Herpesvirus of Turkeys Infection 

1. Depression of Immune Responses 

Chickens infected with Marek's disease virus (MDV) and herpesvirus 
of turkeys (HVT) develop variable deficiencies in humoral and cell-me
diated immune responses and in mitogen responses. These immunosup
pressive effects, which depend on strain of virus and chicken, and on the 
stage and outcome of the infection, are of considerable interest in the 
understanding of events that lead to neoplasia (see Sharma, 1979 j Theis, 
1979). 

Depressed responses to the lectin mitogens phytohemagglutinin 
(PHA) and concanavalin A are transiently observed at 7 days after infec
tion in spleen cells and peripheral-blood lymphocytes, coinciding with 
the stage of acute cytolytic infection of lymphoid tissues (see Section 
V.C.2), in chickens infected with oncogenic MDV, nononcogenic MDV, 
or HVT (Lee et al., 1978aj Schat et al., 1978 j Powell, 1980). Shortly after, 
responses are regained (although variably so) in Marek's disease (MD)
susceptible birds, and these undergo a second depression in birds devel
oping lymphomas, but are normal or enhanced in genetically resistant 
birds or in those infected with nononcogenic MDV or HVT (see also Lu 
and Lapen, 1974) (Table VII). 

The secondary depression of responsiveness coincides with deficien
cies in humoral and cell-mediated immune responses: primary and sec
ondary antibody responses to various antigens are depressed (Purchase 
et al., 1968 j Evans and Patterson, 1971 j Burg et al., 1971), allograft re
jection is delayed, and tuberculin hypersensitivity responses are impaired 
(Purchase et al., 1968 j Payne, 1970j Schierman et al., 1976). The graft
vs.-host reaction, as measured by splenomegaly, was apparently enhanced 



392 LAURENCE NOEL PAYNE 

TABLE VII. Phytohemagglutinin Response during Early, Recovery, and Late 
Stages of Infection by Marek's Disease Virus or Herpesvirus of Turkeys in 

Genetically Susceptible (Line 721 and Resistant (Line NI Chicksa 

PHA responseb 

Virus Chickens MD lesions Early Recovery Late 

MDV Susceptible + i ± i 
MDV Susceptible ! + t 
MDV Resistant ! + 
HVT Susceptible ! + t 

HVT + MDV Susceptible +c + t 
Q From Lee et ai. 11978al by kind permission. 
b I ~ I Depression; I t I lenhancement; 1+' vanable; I + ! normal. 
L This corrects the entry I ~ \ in the table as onginally published; an early depression in response following 

MDV challenge was not observed. 

(Purchase et al., 1968), but virus infection may have contributed to the 
splenic enlargement. 

Susceptibility to infection by other pathogens such as coccidia (Biggs 
et al., 1968a) and Rous sarcoma virus (Calnek et al., 1975) may also be 
increased in MDV-infected birds. 

2. Mechanisms of Depressed Responsiveness 

Lymphoid destruction, although severe during the acute cytolytic 
stage of infection by oncogenic MDV, is unlikely to account entirely for 
the early immunosuppression, because such changes are not caused by 
non oncogenic MDV or HVT (Calnek et ai., 1979), which are nevertheless 
immunosuppressive. These latter viruses do, however, localize in lymph
oid tissues, and may therefore influence lymphocyte responsiveness. Lee 
et al. (1978a,b) attributed the early immunosuppression to suppressor 
macrophages present in the infected spleen. Such cells are also present 
in the spleen of normal chickens (Sharma, 1980). Recently, Wainberg et 
al. (1980) observed that various virus particles, either infectious or non
infectious, inhibit mitogenic responses. 

In the lymphoproliferative phase of MD, Theis (1977, 1979) found a 
soluble suppressive factor, but no suppressor cells, in the spleen. She 
favored depletion of responsive cells as the cause of immunosuppression, 
resulting either from lymphoid atrophy or from replacement of normal 
lymphoid cells by nonreactive lymphoma cells (Lu and Lapen, 1974). 
More recently, Theis (1981) identified subpopulations of cells with sup
pressor activity in chickens bearing the JMV transplantable lymphoma. 

These findings are consistent with the view that the early immu
nosuppression may be a cause of lymphoma formation and that the later 
immunosuppression is a consequence of this. 
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B. Immune Responses to Viral Antigens 

1. Antibodies 

Antibodies against antigens of MDV or HVT can be detected in sera 
from infected birds by agar-gel precipitin (AGP) tests (R.C. Chubb and 
Churchill, 1968), immunofluorescence (Purchase and Burgoyne, 1970), 
virus neutralization (VN) (Calnek, 1972a; Sharma and Stone, 1972), in
direct hemagglutination (IHA) (Eidson and Schmittle, 1969), and com
plement-fixation (Marquardt and Newman, 1972). The first three of these 
techniques are mainly used. 

Antibodies to three main antigens, A, Band C, are detectable by the 
AGP test in MD, of which those to the A antigen, partially related in 
MDV and HVT, have been mainly studied and used diagnostically (see 
Section IV.E.I). Precipitin antibodies appear 7-14 days after MDV infec
tion, depending on genetic strain of bird, and persist; they are apparently 
unrelated to clinical outcome of infection (Calnek, 1972a; Higgins and 
Calnek, 1975). The results of IHA and AGP tests are correlated, but the 
former test is more sensitive (Hong and Sevoian, 1972). Precipitin re
sponses are enhanced with less virulent strains of MDV, probably due to 
their milder immunosuppressive properties (M.W. Smith and Calnek, 
1973). 

Fluorescent immunoglobulin M (IgM) antibody is transiently de
tectable 5-7 days after MDV infection, at the time of first detection of 
neutralizing antibody, and IgG fluorescent antibodies (FAs) first appear 
at 7-8 days and parallel the increase in neutralizing antibodies (Higgins 
and Calnek, 1975). 

The VN antibody response against MDV appears to be distinct from 
the precipitin antibody response, even though there may be a relationship 
between the antigens involved (Section IV.E.1). There is a strong corre
lation between resistance to MD and high VN antibody levels (Calnek, 
1972a). However, MD-susceptible birds do not lack ability to produce 
VN antibodies (i.e., when infected by mild strains of virus), suggesting 
that the low response in birds that succumb to MD is consequential 
rather than causal (M.W. Smith and Calnek, 1973). 

Hens infected with MDV or HVT transmit precipitin or VN anti
bodies to their progeny via the yolk; this passively acquired antibody 
persists for about 3 weeks. Such antibody against MDV has four main 
effects: (1) delayed onset and increased latent period to death; (2) lower 
MD mortality; (3) a reduction in lymphoma formation; and (4) suppres
sion of the stage of acute cytolytic infection of lymphoid tissues (R.C. 
Chubb and Churchill, 1969; Spencer and Robertson, 1972; Burgoyne and 
Witter, 1973; Payne and Rennie, 1973). The protection afforded by pas
sively acquired antibody can be enhanced by repeated immunization of 
adult breeding hens with MDV (Ball et al., 1971). Maternally derived 
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antibody exerts its effect by diminishing the severity of the initial virus 
infection, although the mechanism for this is unknown (see Payne et 
al., 1976). 

Maternal antibody to HVT will similarly retard the development of 
infection in progeny vaccinated with HVT and interfere with the onset 
of vaccinal immunity (Calnek and Smith, 1972; Spencer et al., 1974) (see 
Section VII.D.2). 

2. T-Cell-Mediated Responses 

Delayed hypersensitivity reactions in the wattle and leukocyte mi
gration inhibition in vitro against MDV and HVT antigens have been 
demonstrated by Byerly and Dawe (1972), Fauser et al. (1973), and Prasad 
(1978), implicating cell-mediated immunity in response to these infec
tions. In a plaque inhibition test, Ross (1977) identified T cells in blood 
of MDV -infected chickens cytotoxic against leukocytes or chick kidney 
cells (CKe) infected with MDV. In cytotoxicity studies using effector 
cells from birds infected with MDV or HVT and target cells infected with 
either virus, responses were stronger against homologous virus than 
against heterologous virus (Kodama et al., 1979b; Ross, 1980). 

3. Antibody-Dependent Cell-Mediated Cytotoxicity (ADCe) 

The specificity of the direct cell-mediated cytotoxicity for homolo
gous virus mentioned above was lost when antisera from MDV - or HVT
infected birds were mixed with normal spleen cells or blood lymphocytes, 
or with blood lymphocytes from HVT -infected birds, and reacted against 
MDV-infected target cells (Kodama et al., 1979b; Ross, 1980). It is prob
able that direct cell-mediated reactions, and ADCC, are important in 
controlling the spread of cell-associated virus in infected birds. 

4. Macrophages 

Although Frazier (1974) has suggested that reticulum cells, possibly 
macrophage precursors, are the initial targets for MDV infection in 
vivo, macrophages in vitro do not support virus replication (Haffer et 
al., 1979). Evidence is increasing that macrophages playa role in im
munity to MD. The suggestion that macrophages might restrict spread 
of MDV in the bird was first made by Higgins and Calnek (1976), who 
observed that silica treatment of chicks tended to increase survival of 
infected birds, suppressed early virus replication in the thymus and bursa, 
suppressed VN antibody production, and increased buffy coat macro
phages, possibly thereby enhancing their effect. Haffer et al. (1979), on 
the other hand, suppressed macrophage function in vivo by inoculation 
of antimacrophage serum or trypan blue and observed elevated virus titers 
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and increased tumor incidence, supporting an immunosurveillant role 
for macrophages. 

Direct evidence for viral suppression by macrophages has been pre
sented: removal of macrophages from spleens from MDV-infected chick
ens increased virus replication in culture (Lee, 1979), and MDV plaques 
in CKC cultures were inhibited by addition of peritoneal macrophages 
from MDV-infected birds (Kodama et al., 1979a). These latter workers 
observed that plaque reduction by peritoneal macrophages was much less 
when they were derived from normal or HVT-infected birds; however, 
MDV plaque inhibition by normal macrophages was enhanced in the 
presence of MDV, but not HVT, antibody. Macrophages can also inac
tivate cell-free MDV in cooperation with B cells (Schat and Calnek, 
1978b). These findings suggest that there are several mechanisms by 
which macrophages protect against MDV replication. In addition, mac
rophages from normal and MDV-infected birds suppress mitogenic re
sponses by normal T cells and proliferation of MDV-transformed T cells 
(Lee et a1., 1978b; Lee, 1979; Sharma, 1980). 

5. Interferon 

Interferon production has been demonstrated in MDV and HVT in
fections; it is influenced by strain of chicken, being higher in resistant 
strains (Hong and Sevoian, 1971), and by strain of virus, apparently not 
being produced by some (Kaleta and Bankowski, 1972; Kaleta, 1977). It 
provides some protection against the transplantable JMV lymphoma 
(Vengris and Mare, 1973). The role of interferon in immunity to MD has 
not been clearly established, but it is considered to be minor. 

C. Immune Responses to Marek's Disease Tumor-Associated 
Surface Antigen and Other Tumor-Associated Antigens 

1. Antibodies 

Antibodies against Marek's disease tumor-associated surface antigen 
(MATSA) have not been found in FA tests in sera from convalescent 
MDV or HVT-infected chickens, although they are induced by inocula
tion of lymphoma or MD lymphoblastoid-line cells (Witter et al., 1975b; 
Stephens et a1., 1980). No cytotoxic activity against MSB-1 lymphoblas
toid-line cells was detected in complement-dependent antibody cytotox
icity tests or ADCC tests in sera from MDV- or HVT-infected birds, 
suggesting absence of anti-MATSA activity (Sugimoto et a1., 1978; Ki
tamoto et al., 1979). Humoral cytotoxic activity has been detected in sera 
from chickens immunized with inactivated MSB-1 cells, but its speci
ficity for MATSA has not been shown. 
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2. T-Cell-Mediated Responses 

Low-level cell-mediated cytotoxicity against MD lymphoblastoid
line cells has been demonstrated in 51Cr-release assays using effector 
lymphocytes from spleen (Sharma and Coulson, 1977; Sharma et al., 
1978; Calnek et al., 1979) or peripheral blood (Powell, 1976; Confer and 
Adldinger, 1980) from MDV- or HVT-infected chickens. Higher-level ac
tivity has been reported using [3HJproline labeling (Dambrine et al., 1980) 
and [35SJmethionine labeling of target cells (Kitamoto et al., 1979). Both 
oncogenic and nononcogenic strains of MDV, and of HVT, induce activity 
(Calnek et al., 1979). The effector cell has been identified as a T cell 
(Sharma, 1977; Kitamoto et ai., 1979). 

The target antigen in these assays is unknown. Although MATSA, 
by virtue of its presence on transformed cells, has been suspected and 
promoted by various workers as the likely target, Schat and Murthy (1980) 
have shown recently that effector cells were still cytotoxic after MA TSA 
had been blocked with specific antisera or removed by papain treatment. 
Furthermore, when effector cells and target cells were isogeneic, little 
or no cytotoxicity was observed, implicating histocompatability antigens 
in the response (Schat and Calnek, 1980). 

Sensitized lymphocytes appear about 1 week after infection, corre
lating apparently with the appearance of MATSA-bearing cells. There is, 
however, much unexplained variation in the association of cytotoxic 
activity with the stage and outcome of MDV or HVT infection. The 
activity of effector cells from MDV- or HVT-infected birds has been var
iously reported as transient during the 2nd week of infection (Sharma 
and Coulson, 1977), prolonged but independent of lymphoma production 
on an individual basis (Confer and Adldinger, 1980; Confer et ai., 1980), 
present only in lymphoma-bearing birds (Dambrine et al., 1980), present 
at 8-25 weeks in MDV-infected, but not HVT-infected, birds (Sugimoto 
et ai., 1978), and present in HVT-infected birds at 2-6 weeks (Kitamoto 
et al., 1979). Numerous factors that may influence these findings include 
strain of virus and bird, source of effector cells, type of target cells, the 
label used in cytotoxicity assays, and the duration of the assay; more 
study of the effect of these is needed. 

3. ADCC Responses 

ADCC activity was found in serum from chickens immunized with 
MD lymphoblastoid cells (Powell, 1976), but was not present in sera from 
MDV- or"HVT-infected birds (see Section VII.Cl). 

4. Macrophages 

Macrophages from the spleen of MDV-infected birds inhibit the DNA 
synthesis of MSB-l lymphoblastoid cells in vitro (Lee et al., 1978b) and 
of proliferating MATSA-bearing lymphoma cells in the spleen in vivo 
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(Lee, 1979). Splenic macrophages from normal uninfected birds will also 
inhibit lymphoblastoid-line cell growth (Sharma, 1980). 

5. Natural Killer (NK) Cells 

NK cells active against MD and other lymphoid-cell lines are present 
in spleens of chickens of various lines (Sharma and Coulson, 1980). They 
may be responsible for natural age resistance to the JMV transplantable 
lymphoma (Lam and Linna, 1979) and playa role in genetic and vaccinal 
resistance (Sharma, 1981b). 

D. Vaccination 

1. Types of Vaccine and Their Administration 

Since 1970, MD in commercial chickens has been successfully con
trolled by use of live virus vaccines. These are injected into chicks at 
hatching to provide an early protection from pathogenic MDV, exposure 
to which frequently occurs in the poultry house during the first few 
weeks of life. The vaccine viruses are nonpathogenic and establish a 
permanent infection that prevents lymphoma formation following sub
sequent exposure to pathogenic virus. 

Vaccine viruses are of three types: (I) attenuated MDV, (2) naturally 
apathogenic MDV, and (3) HVT. 

1. Attenuated MDV: The first live virus vaccine to be developed and 
used commercially was produced by serial passage of pathogenic 
MDV (HPRS-16 strain) in cultured CKC, which resulted in a loss 
of pathogenicity but not of immunogenicity (Churchill et al., 
1969a,b; Biggs et al., 1970). Attenuation was accompanied by 
changes in the antigenic and growth properties of the virus (see 
Section IV.D.1). Other pathogenic strains have been attenuated 
similarly (Nazerian, 1970; Eidson and Anderson, 1971). 

2. Naturally apathogenic MDV: Field viruses of little or no patho
genicity occur and may be used to protect against MD. Their use 
as vaccines necessitates serial passage in tissue culture, which is 
accompanied by changes in growth rate and antigenic composition 
(Rispens et al., 1972a,b; Blaxland et al., 1972). The CVI 988 strain 
is a well-known naturally apathogenic MDV used as a vaccine 
(Rispens et al., 1972a). 

3. Herpesvirus of turkeys: HVT was first isolated from turkeys, in 
which it is ubiquitous, in the United States (Kawamura et al., 
1969; Witter et al., 1970b). It is apathogenic in turkeys and chick
ens, antigenically related to MDV, and extensively used as an MD 
vaccine (Okazaki et al., 1970; Purchase et al., 1971b, 1972c) (Fig. 
26). The FC126 strain is most widely used, but other strains have 
also been isolated and used as vaccines. 
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FIGURE 26. Reduced mortality from MD in field trials of chickens vaccinated with HVT. 
[Mortality from lymphoid leukosis ILL) was also apparently slightly reduced, although 
misdiagnosis may have been responsible.] From Purchase et al. (1972c) by kind permission. 

The attenuated and naturally apathogenic strains of MDV are cell
associated and are inoculated in this form. Viable infected culture cells 
are stored in liquid nitrogen in medium containing dimethylsulfoxide 
prior to use. HVT similarly can be used in a cell-associated form, and it 
is also produced in a cell-free form by sonication of infected cells and 
lyophilization. These two forms are known colloquially as "wet" and 
"dry" vaccines, respectively. 

In normal use, these vaccine viruses, whether cell-associated or cell
free, are inoculated in doses of 1000-2000 plaque-forming units (PFU) 
intramuscularly or subcutaneously into I-day-old chicks. Generally, all 
three types of vaccine provide a high level of protection in the field, 
although in controlled trials HVT was significantly better than atten
uated MDV (Eidson et al., 1971). Currently, HVT is the most extensively 
used vaccine; the CVI 988 vaccine is mainly used in the Netherlands. 
Unlike the other vaccines, CVI 988 will spread in chickens by contact, 
but not sufficiently rapidly to avoid the need to vaccinate chicks indi
vidually. Vaccination with cell-free HVT by aerosol application is rather 
less effective than by inoculation (Eison and Kleven, 1977; Eidson et 
al., 1980) and has not been adopted commercially. Recently embryonal 
vaccination has been accomplished (Sharma and Burmester, 1982). 
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The infective dose 50% (IDso) and protective dose 50% (PDso) of HVT 
is between 1 and 5 PFU (Patrascu et al., 1972; Purchase et al., 1972b; 
Witter and Burmester, 1979), although in chicks with maternally derived 
HVT antibodies, which have a neutralizing effect, PDso values are in
creased, 2- to 8-fold for cell-associated virus and 15- to 80-fold for cell
free virus (Witter and Burmester, 1979). The higher doses of vaccine that 
are used practically are designed to provide a large margin of safety and 
to reduce the interval between vaccination and development of immunity 
to challenge. Generally, cell-free and cell-associated HVT vaccines are 
considered to be equally efficacious (Eidson et al., 1975, 1976). Substantial 
protection against MD is provided 1-2 weeks after vaccination in normal 
circumstances. Vaccination after challenge gives no protection, and si
multaneous vaccination and challenge give only partial protection (Oka
zaki et ai., 1971). Vaccinal immunity is believed to be lifelong. Waning 
of immunity has been considered as one cause of vaccination failures 
that occasionally occur (see Section VII.D.4), although an attempt to 
demonstrate loss of immunity was unsuccessful (Witter and Offenbecker, 
1978). The mechanism of vaccinal immunity is considered in Section 
VII.F.3. 

2. Effect of Maternal Antibody on Vaccination 

Normally, dams of commercially produced chicks are vaccinated 
against MD, usually with HVT, and are naturally challenged with MDV. 
They will consequently develop antibodies to these viruses that will be 
passed to the chick via the yolk. The question of whether these antibodies 
can interfere with vaccination of the progeny is of considerable practical 
importance. It has been observed that such antibodies can indeed inter
fere, doing so more strongly against the homologous virus than against 
the heterologous virus. Thus, antibodies to HVT, but not to MDV, in
terfere with HVT vaccination, and cell-free HVT is more susceptible than 
cell-associated HVT (Calnek and Smith, 1972; Churchill et al., 1973; 
Spencer et al., 1974; Yoshida et al., 1975; King et al., 1981). The differ
ential effect of HVT antibodies on the two types of HVT is clearly dem
onstrated by the higher PDso value for cell-free HVT in passively immune 
chicks already mentioned (Witter and Burmester, 1979). The interference 
with vaccination is seen as a depression of HVT viremia, neutralizing 
antibodies, and protective effect. Although both cell-free and cell-asso
ciated HVT vaccines are usually highly effective in preventing MD (Eid
son et al., 1976), in some studies rather less protection was afforded by 
cell-free vaccine (Gavora et al., 1977). 

3. Effect of Strain of Chickens on Vaccination 

The differences in susceptibility to MD observed in chickens of dif
ferent genotypes (see Section VI.A) is also observed in vaccinated bir~s. 
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Spencer et al. (1972, 1974) observed that strains generally ranked in the 
same order of relative susceptibility whether they were vaccinated or 
unvaccinated. No differences were observed among strains in develop
ment of neutralizing antibodies to HVT following vaccination (although 
passive HVT antibodies depressed the strain responses), suggesting that 
strain differences in MD incidence in both vaccinated and unvaccinated 
birds depend on differences in response to MDV, perhaps related to im
munosuppressive effects (Spencer and Gavora, 1980). 

4. Failure of Vaccination 

Although vaccination is highly effective in preventing MD, vaccine 
failures or "breaks" occur in some flocks, resulting in unacceptably high 
mortality from MD. Many possible causes of failure can be considered, 
although they are difficult to identify in practice. These possible causes 
include: 

1. Failure to inoculate correct dose of vaccine virus: This may occur 
as a result of errors in the storage or dilution of the vaccine (Hal
vorson and Mitchell, 1979; Colwell et al., 1975) or in chick-in
oculation procedures; they are essentially trivial reasons, and the 
remedies are obvious. Chickens from a number of flocks inves
tigated because of vaccination failure had a lower incidence of 
HVT infection than expected, suggesting that they had not been 
vaccinated (Okazaki et al., 1973; Cho et al., 1976). 

2. Challenge by MDV before normal vaccinal immunity has de
veloped: Since vaccinal immunity takes at least 1 week to de
velop, birds challenged before this time are likely to be susceptible 
to MD and succumb. Hygienic precautions can be taken to avoid 
such early exposure (Section IX), but this may be difficult to pre
vent, particularly on sites with birds of different ages. The failure 
of double vaccination to prevent losses after early exposure is to 
be expected (Ball and Lyman, 1977). Embryonal vaccination pro
vides improved immunity to early challenge (Sharma and Burmes
ter, 1982). 

3. Delayed onset of vaccinal immunity: As discussed in Section 
VII.D.2, maternal antibody may interfere with HVT, particularly 
cell-free, reducing or preventing the establishment of HVT vire
mia, the development of an immune response, and onset of pro
tection. Riddell et al. (1978) observed considerable variation in 
HVT viremia titers in different field flocks of a strain susceptible 
to vaccine failure. Suggested remedies against maternal antibody 
effects are: (a) increase the immunizing dose of HVT or revaccin
ate at 3 weeks when passive antibody has gone; (b) alternate HVT 
and attenuated MDV vaccines from generation to generation (King 
et al., 1981); (c) do not vaccinate parent flock; or (d) use cell
associated HVT. However, controlled field trials to study these 
approaches have not been conducted. 
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Infection with infectious bursal disease virus, which is 
strongly immunosuppressive, will interfere with vaccinal im
munity and increase losses from MD (Giambrone et al., 1976). 

4. Use of nonprotective strains of vaccine virus: A commercial HVT 
vaccine that induced poor viremias and protection was described 
by Thornton et al. (1975), and MDV and HVT can be overatten
uated by continued passage and lose their protective properties 
(Witter and Offenbecker, 1979). Until recently, strains of MDV 
isolated from flocks with vaccination failure appeared no different 
from other pathogenic strains in protection trials with HVT, thus 
providing no evidence for antigenic variants (Okazaki et al., 1973). 
However, highly lymphotoxic strains of MDV have now been 
isolated from HVT-vaccinated commercial broiler chickens ex
periencing excessive MD condemnations, against which HVT vac
cination provided suboptimal protection in laboratory trials (Wit
ter and Fadly, 1980; Witter et al., 1980; Eidson et al., 1981). An 
attenuated strain of a variant virus protected against the parental 
and related strains, and was of value in a polyvalent vaccine 
against various pathogenic strains (Witter, 1982). 

5. Vaccination and Production Traits 

Apart from reducing mortality and carcass condemnation from MD, 
vaccination improves economic performance in broilers and egg layers, 
by reducing subclinical MD and susceptibility to other infections. Ben
efits in vaccinated broilers include increased body weight and food con
version; in layers, increased egg production; and in all birds, decreased 
nonspecific mortality (Purchase, 1975, 1977). 

E. Nonspecific Immunostimulation 

Donahoe et al. (1978) reported a higher incidence of gross MD lesions, 
though not of mortality, in chickens inoculated with Corynebacterium 
parvum. 

Levamisole slightly accelerated MD mortality, apparently by sup
pressing macrophage restriction of MDVreplication (Kodama et al., 1980; 
Payne and Howes, 1980), and increased the responsiveness of lympho
cytes from MDV-infected chickens to PHA (Confer and Adldinger, 1981). 

F. Mechanisms of Resistance 

The various immune responses that have been detected in chickens 
infected with MDV or HVT have been reviewed (Sections VII.A-C). In 
this section are considered the contribution these responses make to the 
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bird's ability to resist the pathogenic effects of virulent MDV, whether 
determined by genetic factors, age, or vaccination. 

1. Genetic Resistance 

Studies on the basis for genetic resistance to MDV (see Section VI) 
involve comparisons of responses between resistant and susceptible 
strains. The differences seen are quantitative in nature, and no mecha
nisms unique to resistant strains have been found. 

Resistance to MDV does not lie at a general cellular level, because 
cultured fibroblasts or kidney cells from susceptible or resistant lines are 
equally susceptible to infection (Spencer, 1969 j Sharma and Purchase, 
1974). 

Various lines of evidence point to genetically controlled differences 
in the lymphoid system as being the basis for differences in susceptibility. 
In the past, it has been usual to consider this evidence as a whole in 
formulating hypotheses about the nature of resistance. However, the 
finding of response differences among resistant lines suggested that two 
types of genetic resistance exist, one present at hatching, as exemplified 
by line 6, and the other developing during the first few weeks of life, and 
believed to be similar to age resistance, as exemplified by line N (Witter, 
1976). Subsequently, the line 6 type of resistance has been associated (see 
Section VI.B.2) with the Ly-4 locus, and is believed to depend primarily 
on differences in susceptibility of the presumed target cell for MDV, the 
T lymphocyte. The line N type of resistance, on the other hand, is as
sociated with the B21 allele at the Ea-B locus (see Section VI.B.l) and 
is believed to depend on differences in immunosurveillance of trans
formed cells. 

Compared with the susceptible line 7, the resistant line 6 develops 
lower levels of viremia (Sharma and Stone, 1972), and the difference in 
susceptibility to infection is seen even in chick embryos (Longenecker 
et al., 1975). VN-antibody levels are higher in line 6 (Sharma and Stone, 
1972), but resistance is still expressed after bursectomy, indicating that 
antibodies are not essential for resistance (Sharma, 1974). It is likely that 
immunosuppression in the susceptible line 7 was responsible for the 
lower VN-antibody levels. Strong evidence for the target-cell difference 
between lines 6 and 7 was provided by Gallatin and Longenecker (1979), 
and Powell et al. (1982), who transplanted line 7 thymuses into thymec
tomized line 6 chickens and made them susceptible to lymphoma for
mation. However, in reciprocal experiments, line 7 chickens were not 
made resistant. A greater susceptibility of line 7 lymphocytes to infection 
by MDV is believed to be partly responsible for the line differences (Gal
latin and Longenecker, 1981 j Powell et al., 1982). Immunosurveillance 
also appears to have a role in line 6 resistance, because thymectomy (plus 
irradiation) enhanced lymphoma formation in the line (Sharma et al., 
1975). This finding implicates cell-mediated immunity in resistance. 
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Recently, higher antiviral and anti-tumor-cell cell-mediated immunity 
has been observed in line 6 compared with line 7 (Confer and Adldinger, 
1980; Lee et al., 1981) accompanied by disappearance of MATSA·bearing 
(possibly transformed) cells in the spleen of line 6 chickens. These results 
suggest that although cell-mediated immune mechanisms playa role in 
resistance of line 6, they are effective because of the lower level of lym
phocyte infection, transformation, and immunosuppression in that line. 

It may be noted that thymectomy and other adjunctive treatment in 
line 7 decreased lymphoma formation (Sharma et al., 1977). Here, it may 
be speculated that the effect of thymectomy is to decrease the number 
of target cells for transformation. The differential effect of thymectomy 
on lymphoma formation in susceptible and resistant lines may be antic
ipated when T cells provide both targets for transformation and effectors 
for destruction of transformed cells (Payne et al., 1976). 

Some of the characteristics of MDV-infected chickens, such as those 
of line N, resistant to MD by virtue of possessing the B21 allele, are 
similar to those shown by line 6, although the mechanism is not the 
same. Thus, compared with susceptible line P, infected line N birds have 
higher VN antibodies (Calnek, 1972a), the resistance is not abolished by 
bursectomy (Sharma and Witter, 1975), and lymphoma incidence is in
creased by thymectomy (Shieh and Sevoian, 1978). The lower VN-anti
body levels in line P are due to immunosuppressive effects of MDV, 
because both lines P and N developed similar levels of VN antibodies 
when infected with a nonpathogenic virus; in other words, the suscep
tibility of line P was not due to an inherent defect in ability to produce 
VN antibodies (M.W. Smith and Calnek, 1973; Higgins and Calnek, 1975). 

Findings with line N differ from those with line 6 in several impor
tant respects. Levels of early infection by MDV, and severity of the acute 
cytolytic infection, were similar in lines Nand P (J. Fabricant et al., 
1977), although later virus levels in line N were lower (Murthy and Cal
nek, 1979a). MATSA-bearing cells appeared at a similar time in the two 
lines, but disappeared in the resistant line (Murthy and Calnek, 1979b). 
Contrary to the findings of Gallatin and Longenecker (1979) with lines 
6 and 7, Shieh and Sevoian (1978) reported that transfer of P line thymus 
(susceptible) to thymectomized N line (resistant) chicks did not influence 
lymphoma formation, whereas thymectomized P line chicks that re
ceived N line thymus were rendered more resistant. 

These results suggest that B21 -associated resistance is mediated by 
superior ability to reject transformed lymphoid cells. A role for NK cell 
activity in the resistance of line N has been suggested (Sharma, 1981b). 

2. Age Resistance 

It is well established that older chickens are often more resistant to 
MD than young birds (Witter et al., 1973). This resistance depends on 
the development of cell-mediated immunity, since it is abolished by 
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thymectomy but not by bursectomy (Sharma et al., 1975; Sharma and 
Witter, 1975). Age resistance was regarded by Calnek (1973) as being at 
least partly dependent on genetic resistance (of the B21-linked type), be
cause age had little or no influence on the tumor response of the genet
ically susceptible strain P, whereas chicks from resistant strain N, if free 
from maternal antibody, were susceptible to clinical MD when infected 
at 1 day old, but developed resistance over a period of several weeks. The 
semiproductive infection of lymphoid organs occurred in resistant birds 
irrespective of age, suggesting that resistance operates on a later stage of 
the disease. This seems to be the multiplication of transformed lymphoid 
cells, since age resistance depends on regression of lymphoproliferative 
lesions (Sharma et al., 1973b), and seems to be associated with increased 
cytotoxic activity by lymphocytes against tumor cells (Confer et al., 
1980). 

3. Vaccinal Immunity 

Chickens vaccinated with any of the live virus vaccines (Section 
VILD.l) develop resistance to lymphoma formation or other clinical dis
ease following exposure to MDV, but become persistently superinfected 
by the challenge virus. Vaccinal immunity thus involves an altered re
lationship between oncogenic MDV and the host, and available evidence 
indicates that this is a consequence of immune responses: (1) vaccinal 
immunity may be abrogated by the immunosuppressive drug cyclophos
phamide (Purchase and Sharma, 1974); (2) various immune responses 
against viral and tumor antigens develop in vaccinated birds (Sections 
VII.B and VILC); (3) immunity against MD can be successfully induced 
by use of inactivated antigens, as discussed below. 

Vaccination with HVT or nononcogenic MDV (SB-l strain) is fol
lowed within 1 week by localization, but limited replication, of virus in 
the spleen, thymus, and bursa, unaccompanied by the acute cytolytic 
changes seen with oncogenic virus (Calnek et al., 1979). MATSA-bearing 
cells, possibly transformed, appear in these organs at about the same 
time, and may persist for many weeks (Powell and Rennie, 1978; Calnek 
et al., 1979). Unchallenged HVT-vaccinated birds develop a persistent 
viremia and mild, transient lymphoproliferative lesions in the nerves and 
gonads, suggesting a limited transformational event (Witter et al., 1976). 
Various immune responses against viral and tumor antigens have been 
recognized in such birds, including development of VN antibodies, and 
of antiviral and antitumor cytotoxicity (Sections VII.B.l, VII.B.2, and 
VILC2). Following challenge, the early cytolytic infection of lymphoid 
tissue, and consequent immunosuppression, MDV viremia, and the lym
phoproliferative response, are all suppressed (Witter et al., 1976) (Figs. 27 
and 28). The MDV in turn will stimulate antiviral and antitumor immune 
responses that can be expected to reinforce the vaccinal responses (Sec
tions VII.B and VILC). 
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These findings are consistent with the "two-step" hypothesis of vac
cinal immunity IPayne et al., 1976), which postulates that the resistance 
of vaccinated birds to MD depends on 11) immune responses directed 
against viral antigens, which reduce the level of MDV replication, im
munosuppressive effects, and malignant transformation of lymphocytes, 
and 12) immunological rejection of transformed cells. 

The hypothesis has gained further support from experiments in which 
inactivated viral or tumor antigens have been successfully used to im
munize against MD and in which it has been possible to dissociate the 
immune responses to the two types of antigen. Inactivated soluble or 
insoluble MDV or HVT antigens extracted from productively infected 
cultured cells, or inactivated whole infected cells, are protective IKaaden 
et al., 1974; Lesnik and Ross, 1975; Powell et al., 1980b), as are inactivated 
lymphoblastoid-line cells, although less strongly so IPowell, 1975; Powell 
and Rowell, 1977; Murthy and Calnek, 1979a). 

In these studies, the immunity induced by viral antigens is charac
terized by development of VN antibodies, lowering of MDV viremia, 
inhibition of virus replication, and early degenerative changes in lymph
oid organs, but absence of lymphocytes cytotoxic against tumor cells. 
Immunization with tumor-cell antigens, on the other hand, does not 
influence early MDV replication and produces no lymphoid degeneration, 
VN antibodies, or lowering of viremia, but does stimulate development 
of lymphocytes cytotoxic against tumor cells. Both types of inactivated 
vaccine inhibit the appearance of MATSA-bearing cells, which are pos
sibly transformed cells, and prevent lymphoma formation, but apparently 
by different mechanisms. Further evidence for induction of antitumor 
immunity by vaccine viruses has come from studies in which HVT, 
attenuated MDV, and nononcogenic MDV have been shown to immunize 
chickens against transplantable MD lymphomas ISpencer et al., 1976; 
Schat and Calnek, 1978c). These viruses all stimulate the appearance of 
MATSA-bearing cells and of lymphocytes cytotoxic against tumor cells 
ISharma et al., 1978; Powell and Rennie, 1980b; Schat and Calnek, 1980). 
In addition, cells productively infected with HVT, attenuated MDV, or 
nononcogenic MDV are unable after inactivation to immunize against 
the JMV transplant ISchat and Calnek, 1978c; Powell and Rennie, 1980a), 
supporting the importance of tumor-specific antigens in this type of pro
tection. The only finding to date that impugns the clear dissociation 
between antiviral and antitumor immunity is that of Powell 11978), who 
reported that inactivated cells infected with oncogenic MDV protect 
against the JMV transplant, indicating a shared, but as yet unidentified, 
antigen present in MDV-infected cells and JMV tumor cells. 

The contribution made by humoral and cell-mediated immune re
sponses in vaccine protection seems to depend on the type of vaccine. 
Else 11974) observed full protection in agammaglobulinemic, bursectom
ized birds vaccinated with attenuated MDV, whereas Rennie et al.11980) 
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observed only partial protection in similar experiments with HVT. Thus, 
humoral immunity appears to be more important in HVT-induced im
munity than in that produced by attenuated MDV. The impairment of 
HVT-induced vaccinal immunity by cyclophosphamide (Purchase and 
Sharma, 1974) was found to be transierit, development of protection ap
parently being related to recovery of the thymic system (Payne et a1., 
1978); however, partial recovery of the bursal system also cannot be 
excluded. A possible involvement of NK cells in vaccinal immunity has 
been suggested (Sharma, 1981b). 

VIII. EPIZOOTIOLOGY 

A. Spread of Infection 

As discussed in Section m.B, Marek's disease virus (MDV) and her
pesvirus of turkeys (HVT) are widely distributed in chickens and turkeys, 
respectively. Marek's disease (MD) is highly contagious, and the virus 
spreads from infected to uninfected chickens by direct or indirect contact 
(Biggs and Payne, 1967). The question of whether vertical transmission 
occurs was argued for many years, although confusion between MD and 
leukosis obscured experimental findings. Sevoian (1968) presented evi
dence for egg transmission, but Solomon et a1. (1970) were unable to 
confirm this in extensive tests on embryos and isolator-reared chicks 
from infected flocks. Furthermore, no evidence of MDV infection was 
found in chicks hatched from eggs containing blood or meat spots (Sol
omon and Witter, 1973). It is common experience that progeny chicks 
of infected hens remain free of infection if hatched and reared in isolation, 
and the consensus is that vertical transmission rarely if ever occurs. 

The major source of MDV in the environment is feather debris and 
dander from infected birds (Calnek et a1., 1970a), although virus has been 
reported to be present in feces and in oral and nasal washings (Kenzy and 
Biggs, 1967; Witter and Burmester, 1967; Eidson and Schmittle, 1968b). 
Infected birds remain carriers and shedders for life. Poultry house dust 
is a potent source of infection owing largely to the presence of infected 
epithelial cells and cell-free virus (Beasley et a1., 1970; Jurajda and Klimes, 
1970; Carrozza et ai., 1973), and the infection is readily transmitted by 
the airborne route (Sevoian et a1., 1963; Colwell and Schmittle, 1968). 

At room temperature, the infectivity of droppings and litter was 
found to persist for up to 4 months (Witter et a1., 1968) and of dust or 
feathers for 7-8 months (Calnek and Hitchner, 1973; Carrozza et a1., 
1973). The virus was found in larval or adult darkling beetles (Alphitobius 
diaperinus), which are commonly present in poultry litter (Eidson et 
a1., 1966), but insect vectors are considered to be relatively unimportant 
as reservoirs of virus. The virus was also found in mosquitoes fed on 
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infected birds, although they did not transmit the infection by biting 
(Brewer et al., 1969). Coccidial oocysts from MDV-infected chickens did 
not transmit the virus (P.L. Long et al., 1968). 

The shedding and transmission of HVT in turkeys are similar to 
those of MDV in chickens. Witter and Solomon (1971) demonstrated 
infectivity in dirty cages previously used to rear infected turkeys and in 
air from isolators containing such birds. Infectivity of litter and dust 
could not be demonstrated. Egg transmission of HVT does not occur 
(Witter and Solomon, 1971; Paul et al., 1972). HVTspreads by the airborne 
route from turkeys to turkeys, and from turkeys to chickens (Witter and 
Solomon, 1972), but only poorly from chickens to chickens owing to poor 
replication in feather-follicle epithelium of this species (Cho, 1975, 
1976b). 

B. Development of Flock Infection 

Because of the prevalence and persistence of MDV in the environ
ment, chicks placed in commercial poultry houses usually become in
fected within the first few weeks of life. In four flocks studied by Witter 
et al. (1970a), chick infection occurred as early as 9 days of age. The virus 
spread progressively, infecting virtually all birds by 8 weeks. Acquired 
precipitating antibody appeared at 6-7 weeks and also increased in in
cidence; the interval between 50% virus infection and 50% antibody 
response was 14-17 days. The incidence of microscopic lesions closely 
followed that of virus isolation and was high (78%) over all birds at 8 
weeks (Fig. 29). 

Biggs et al. (1972, 1973) and Jackson et al. (1976) found that most if 
not all flocks were infected by strains of MOV of varying pathogenicity 
during the first 8 weeks of life and that eventual mortality from MO was 
significantly influenced by events that occurred while birds were in the 
rearing pens (up to 8 weeks of age), and not by subsequent events in the 
production houses. They postulated that the most likely factor in the 
rearing pens accounting for variable MO mortality was the pathogenicity 
of the strain of infecting MOV and that where infection by a nonpath
ogenic strain preceded that by a pathogenic strain, natural vaccination 
occurred, reducing the incidence of clinical disease. 

c. Factors That Affect Epizootiology 

The major factors that influence the incidence of clinical MO, as 
opposed to MDV infection, were discussed earlier, and include genotype 
and age of the chicken (Sections VI and VII.F.2), strain of virus (Section 
IV.D.1), and presence of maternal antibody (Section VII.B.1). Sex of the 
bird has an influence, with a tendency to a higher incidence of lymphomas 
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FIGURE 29. MD antibody, virus, and lesions in two flocks naturally exposed to MDV. From 
Witter et al. 1 1970a) by kind permission. 

in females than in males, depending on the strain of virus (see Payne et 
ai., 1976; J. Fabricant et ai., 1978). The basis for the sex effect is not 
known. A number of stresses associated with commercial poultry prac
tice, such as handling and movement of birds, vaccination against other 
diseases, debeaking, and dietary changes, have been anecdotally associ
ated with increased MD incidence. Gross and Colmano (1971) exposed 
chickens to social stress and from them selected lines for high and low 
plasma corticosterone levels. When placed in MDV-contaminated high
stress and low-stress environments, the line selected for low corticos
terone had MD incidences of 18 and 7%, respectively, whereas the high
corticosterone line had incidences of 41 and 40%, respectively. Thus, 
failure to react to stress was associated with resistance to MD. Feeding 
of dichlorodiphenyl-dichloroethane (DOD), which reduces the production 
of corticosterone by the adrenal, markedly lowered the incidence of MD 
(Colmano and Gross, 1971). Compared with the low-corticosterone-re
sponse line, the high-response line had a lower lymphocyte-transfor
mation response to phytohemagglutinin and a bovine serum albumin 
complex, and lower mitogen-induced cellular cytotoxicity associated 
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with increased tumor incidence (Thompson et al., 1980). Metyrapone, 
another adrenal inhibitor, caused regression of tumors. 

IX. CONTROL OF MAREK'S DISEASE 

MD is controlled by a combination of three methods: (1) Vaccination 
(discussed in Section VII.D) is the principal means of control under com
mercial conditions. (2) Selection of genetically resistant stock, particu
larly when this can be achieved by means of easily detected markers such 
as the B21 allotype, is a valuable control method in the absence of vac
cination, and may be helpful as an adjunct to vaccinal control (see Section 
VII.D.3). (3) Hygienic control measures, which were particularly impor
tant before the advent of vaccination, but are also required with vacci
nation to prevent exposure to MDV in the first 1-2 weeks of life before 
vaccinal immunity has developed. 

Great efforts were made by the poultry industry before the use of 
vaccines to eliminate infection from the environment of the young chick 
by vigorous cleaning and disinfection by spraying or fumigation. Several 
common disinfection solutions inactivate MDV in dried feathers within 
10 min; formaldehyde gas fumigation destroys most but not all infectivity 
(Calnek and Hitchner, 1973). To be successful, such control measures 
must eliminate all infection, the chicks must be free of infection when 
introduced, and subsequent introduction of infection must be prevented. 
These are demands difficult to meet under commercial conditions, and 
hygienic control had limited success. Controlled-environment houses 
with filtered air and positive pressure (FAPP principle) together with 
disinfection were used with some success by some operators to prevent 
infection of houses from the outside (Anderson et al., 1972). The effi
ciency of commercial air filters against airborne MDV was studied by 
Burmester and Witter (1972) and Calnek and Hitchner (1973). 

X. CONCLUDING REMARKS 

As a result initially of agricultural needs, and more recently of the 
adoption of Marek's disease as a biological model system, a sizeable body 
of information on Marek's disease virus (MDV), and to a lesser extent 
herpesvirus of turkeys, now exists. Many, although by no means all, 
literature sources are given in this review. The disease has been brought 
under control, and the broad features at least of its natural history are 
understood. Nevertheless, much still needs to be done to provide detailed 
understanding of many important facets of the disease. 

Application of the techniques of molecular biology (see Chapter 7) 
promises to provide information on virus-cell interactions, needed par
ticularly for understanding the nature of latent or neoplastic nonprod-
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uctive infections, and the basis for differences between oncogenic and 
nononcogenic strains of MDV. These methods will overlap with more 
classic approaches to disease investigation; for example, the use of in 
situ hybridization techniques for detection of viral genome in cells should 
provide information much needed in understanding some aspects of pa
thology, such as the nature of neural and atherosclerotic lesions. 

Many other notable gaps in knowledge exist: transformation of lym
phocytes with MDV in vitro cannot yet be readily achieved, viral antigens 
have not been fully characterized, the nature of Marek's disease tumor
associated surface antigen (MA TSA) is unknown, and the immunological 
mechanisms involved in genetic and vaccinal immunity are known only 
in broadest outline. The nature of vaccination failure needs investigation, 
and recent work on the influence of stress on disease resistance has 
important theoretical and practical implications. 
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cultured lymphocytes, 155 
EBV-induced nuclear antigen, 3-33, see 

also Epstein-Barr intranuclear antigen 
in BL tumor cells, 51-52 

EBV-infected lymphocytes, cultures of, 106 
EBV markers, tumor cells and, 75-76 
EBV polypeptides, common components 

of, 109 
EBV-specific antibody-dependent cellular 

cytotoxicity, 53 
EBV-specific immune response, 52-53, 76, 

217-237 
EBV-specific killer T cells, 275 
EBV-specific serodiagnostic tests, 221 
EBV-transformed CTM cells, enhanced 

virus release by, 189 
EBV-transformed lymphoid cells 

absorption and penetration in, 159-160 
biology of, 151-191 
chromosomal abnormalities and, 174 
cloning in semisolid medium and 

heterotransplantation of, 175-176 
converted cell lines in, 
early transformation events in, 159-162 
EBV antigen expression in, 184-189 
HLA antigen expression by, 163-164 
immune-associated-like antigens and, 

164 
immunoglobulin synthesis by, 168-172 
morphology and growth characteristics 

of, 172-177 
permissive cell and, 178 
producer cell lines and, 178-179 
superinfected, 180 
surface glycoproteins on, 167-168 
tumorigenicity of, 175-177 
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EBV -transformed lymphoid cells (cont.I 
viral genome expression in, 177-192 

EBV viral antigen, spontaneous expression 
of, 185-186 

Elephant herpesvirus, 7 
Eosinophilic intranuclear inclusion bodies, 

in ll. saimiri, 281 
Epidemic, defined, 25 
Epidemiological strategy, 28-30 
Epidemiology 

analytical, 29 
defined,25-26 
of Epstein-Barr virus and associated 

diseases, 25-88 
experimental, 29-30 
province of, 25-30 

Epizootiology, in MDV or HVT, 407-410 
Epstein-Barr intranuclear antigen, 

120-121,214 
antigen-antibody reaction and, 184, 214 
and chromosomes of infected cells, 

161-162 
concentration in latently infected cells, 

130 
detection of in B-cell-enriched fractions, 

154 
as DNA-binding protein, 160 
RANA activity and, 131-132 

Epstein-Barr viral antigen, expression 
following infection of lymphoid cells, 
188-189 

Epstein-Barr viral genome 
host-determined differences in 

spontaneous induction of, 186 
lymphoid cell lines containing, 162 
nonproducer cell lines and, 179 
producer cell lines and, 178-179 
replication of by cellular polymerase, 

125 
Epstein-Barr viral genome expression 

genome complexity in, 182-184 
genome content and, 181 
induction of in established lines, 

187-188 
in transformed cells, 177-192 

Epstein-Barr viral polypeptides, mapping 
of, 141 

Epstein-Barr virus 
additional antigens coded by, 217 
age distribution in high and low 

socioeconomic groups, U.S., 36 
antigenic determinants of, 110 
biochemistry of, 105-141 
biological properties of, 190-192 
Burkitt lymphoma and, 28, 55-58, 87, 

209 

INDEX 

Epstein-Barr virus (cant. I 
in Burkitt lymphoma biopsies, 51 
in Burkitt lymphoma pathogenesis, 

46-63 
causality relationship with 1M, 43 
core of, 108 
detection or discovery of, 105, 209 
epidemiology of, 25-88 
evidence for causal relationship with BL, 

55-58 
history of, 105-106 
IgA VeA as warning signal in 

nasopharyngeal carcinoma, 84 
immune response to primary infection 

in, 36-39 
immunology of, 209-238 
latency period of, 31, 88 
molecular biology of, 140 
morphology of, 107-108 
naming of, 3 
in nasopharyngeal carcinoma, 31, a8-39, 

7a-87, 152, 210, 2a3-2a7 
natural history of, 30-41 
and nonendemic Burkitt-type 

lymphomas, 62-63 
nontransforming and transforming 

strains of, 188-189 
in humans, 30-34 
polyclonal activation of B cells by, 

171-172 
polypeptides of, 108-111 
population of cells transformed by, 

157-158 
in populations, 34-41 
prevalence within 4- to 6-yr age group, 35 
release of, 189-192 
serological problems at different ages 

and conditions, 34 
silent infections by, 218-220 
similarities with ll. saimiri, all, a20 
and small RNAs in latently infected 

cells, 129 
specific immune responses to, 217-237 
structural components of, 107-120 
surface antigens of, 110 
target cells of, 156-159 
transmission of, aO-31 
in Uganda, 37, 5a-57 

Epstein-Barr virus antigens, serological 
tests, 32-a3 

Epstein-Barr-virus-associated nuclear 
antigen, antibodies to, 214, see also 
Epstein-Barr intranuclear antigen 

Epstein-Barr-virus-carrying B lymphocytes, 
224-225 



INDEX 

Epstein-Barr-virus-detennined cell
membrane antigens, 215-216 

Epstein-Barr virus DNAs, see also DNA 
in BL biopsies, 51 
comparative analysis of, 112-120 
complement-fixation and acid-fixed 

chromosome assays of, 131 
general features of, 113-116 
general structure of, 113 

HVPapio and HVPan DNAs, 118-119 
integration into Raji cell DNA, 125 
internal repeats in, 115 
in lymphoid cell transformation, 161 
methylation at CG sites, 123, 133 
P3HR-1 cells and, 116-117 
restriction endonuclease maps of, 124 
structural map of, 114 
variability range in, 116 

Epstein-Barr virus gene expression 
in infected cells, 140 
restrictive and asynchronous nature of, 

141 
Epstein-Barr-virus-induced early antigens, 

212-214, see also Early antigen 
Epstein-Barr virus infection 

abortive and productive types of, 
132-139 

age-specific prevalence variations in, 
35-36 

antigen expression by lymphocytes in, 
106 

B lymphocyte transformation and 
latency following, 120-132 

deadly lymphocyte proliferations during, 
44-45 

event sequence in, 223 
infectious mononucleosis and, 41-43 
as initiating event for BL, 58-59 
viral latent state, 121 
permanent latent viral carrier state in, 

219 
reactivation of in certain diseases, 39-41 
restringent, 121 

Epstein-Barr virus intranuclear antigen, 
see EBNA 

Epstein-Barr-virus-neutralizing antibodies, 
216 

Epstein-Barr virus nuclear antigen, see 
EBNA 

Epstein-Barr virus re!lctivities, geometric 
mean titers of, 82 

Epstein-Barr virus receptors, detection of, 
156-157 

Epstein-Barr-virus-related agents, in 
primates, 117-120 
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Epstein-Barr-virus-related precancerous 
conditions, in NPC, 83-84 

Epstein-Barr virus serological tests, 32-33 
Epstein-Barr-virus-specific antigen, 

211-217 
viral capsid antigen as, 211-212 

Epstein-Barr-virus-specific 19A antibody, 
before and after NPC, 85 

Epstein-Barr-virus-specific serology, in 
NPC, 235-237 

Epstein-Barr virus target cells, 
physiological state of, 158-159 

Epstein-Barr-virus-transformed surface, 
162-168 

Equine abortion virus, 7 
Equine rhinopneumonitis, 7 
European ground squirrel cytomegalovirus, 

8 
Experimental epidemiology, 29-30 
Extracellular Epstein-Barr virus, factors 

affecting yields of, 189-190, see also 
Epstein-Barr virus 

Falcon inclUSion-body disease virus, 9 
"Fowl paralysis," 349 
Frog virus, 9 

Gallid herpesvirus I, 352, see also Marek's 
disease virus 

Gallid herpesvirus 2, 9, 14 
Gammaherpesvirinae, 13-16, 352 
Gene expression, in EBV-infected cells, 

140-141 
Genetic resistance, to MDV, 402-403 
Genome content and complexity, in EBV 

genome expression, 181-182 
Genome expression, 181-182 
Genome copy number, defined, 181-182 
Genome structure, herpesvirus grouping 

by, 14 
Geometric mean titers 

of EBV reactivities, 82 
of viral capsid antigen, 35-37 

Glucose-6-phosphate dihydrogenase, 
isoenzyme patterns in, 170 

Glycoprotein, EBV receptors and, 162 
GMTs: see Geometric mean titers 
Gray patch disease agent, of green sea 

turtle, 9 
Green iguana virus, 9 
Green lizard virus, 9 
Green sea turtle, gray patch disease agent 

of,9 
G-6-PD: see Glucose-6-phosphate 

dihydrogenase 
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Guillain-Barre syndrome, 41, 221 
Guinea pig cytomegalovirus, 7 
Guinea pig herpesvirus, 7 

Hamster herpesvirus, 7 
Hartebeest herpesvirus, 7 
Heavy-chain synthesis, by lymphoblastoid-

cell lines, 170-171 
Hepatosplenitis virus of owls, 9 
Herpes, meaning of term, 3 
Herpes M, 6: see Marmoset herpesvirus 
Herpes saimiri, 6: see Herpesvirus saimiri 
Herpes simplex virus 

naming of, 3 
type 1,106 

Herpes T, 6 
Herpesviridae family, 1-17, 352 

description of, 1-3 
provisional designation and 

classification of viruses in, 4-10 
Herpesvirus aotus, 4-5 
Herpesvirus ateles, 253-321 

defined, 253-254 
detection and isolation of, 259-260 
genome organization in, 275, 320-321 
in humans, 293 
neoplastic diseases caused by, 285-294 
oncogenicity of in New World monkeys 

and rabbits, 286 
in rabbits, 293-294 
replication in, 294 
in spider monkeys 292-293 
in tamarin marmosets, 289-290 
T lymphocytes and, 301 
ultrastructure of, 280-282 
viral DNA and, 305-306 
virus particles in, 260-282 
wild-type strains of, 256 

Herpesvirus ateles DNA 
restriction endonucleases in, 275 
in tumor induction studies, 306 

Herpesvirus ate1es strain 810, 5 
Herpesvirus ateles-transformed cell lines, 

308-310 
Herpesvirus ateles tumors, T-cell 

breakdown in, 321 
Herpesvirus classification, 12-17, 284 
Herpesvirus cuniculi, 8 
Herpesvirus cyc1opsis, 6 
Herpesvirus cytopathic effect, 260 
Herpesviruses 

grouping by biological properties, 12-13 
grouping by genome structure, 14 
naming of, 3-12 
oncogenic primate, 282-285 

Herpesviruses (cont.) 
subfamilies and genera of, 16 

Herpesvirus hominis, 3 

INDEX 

Herpesvirus of turkeys, see also Marek's 
disease virus 

biology of, 347-411 
cell culture of, 357-358 
commonly studied isolates of, 360 
defined, 352 
detection of, 356 
distribution of, 351, 361 
gross lesions in, 370-373 
immunosuppressive effects of, 391-407 
interferon, 395 
MDL and, 333 
morphology of, 352 
replication of, 353 
spread of infection, 407-408 
vaccinal immunity, 404-407 
as vaccine for chickens, 351 
vaccine viruses, 397-399 
viremia, 375 

Herpesvirus of turkeys DNA 
homology with Marek's disease virus, 

335 
Southern-blotting hybridization between 

MDV DNA and, 336-337 
Herpesvirus-of-turkeys-induced thymidine 

kinase, 340-341 
Herpesvirus pan, 6 
Herpesvirus papio, 6 
Herpesvirus platyrrhinae, 6, 283 
Herpesvirus pottos, 6 
Herpesvirus saimiri, 253-321 

antibody reactions against, 299 
in capuchin monkeys, 297 
defined, 253 
DNA replication, 277 
in epithelial kidney cells, 257 
genome organization in, 262 
genome structure of, 262-268, 320-321 
H-DNA sequences of, 268 
in humans, 293 
insect transmission of, 257 
intranuclear material of, 281 
L-DNA regions of, 267-269 
in marmosets, 297 
M-DNA of, 268 
morphogenesis of, 280-282 
natural history of, in New World 

primates, 254-258 
neoplastic diseases caused by, 285-294 
oncogenicity of, in New World monkeys 

and rabbits, 286 
in owl monkeys, 290-292, 297 



INDEX 

Herpesvirus saimiri (cont.) 
pathogenicity of, 258 
plaque assays of, 261 
protein synthesis in, 278-279 
in rabbits, 293-294 
recombinant strains in, 271-274 
repetitive H-DNA strain of, 266 
replication in, 294-295 
similarities with EBV, 311, 322 
SMHI strain of, 304 
in spider monkeys, 292 
strain II of, 266 
strain variability in, 268-271 
T lymphocytes and, 301 
transmission in squirrel monkeys, 

255-256 
tumor induction by, 298 
vaccination and chemotherapy against 

tumor disease in, 302-303 
viral DNA of, 305-306 
virion proteins of, 275-277 
virus particles in, 260-282 
virus replication in, 277-280 
virus strain attenuation in, 303-305 
in white-lip marmosets, 288 
wild-type strains of, 256 

Herpesvirus saimiri DNA, in 1670 cell 
line, 311-316 

association with chromosomes, 311 
high-density DNA methylation of, 316 
of attenuated strains, 305 
partial denaturation, 311-312 

Herpesvirus saimiri-induced tumors, RNA 
tumor viruses in, 298 

Herpesvirus saimiri-infected owl monkeys, 
cell-mediated immunity in, 301-302 

Herpesvirus saimiri recombinants, 
schematic representation of, 272 

Herpesvirus saimiri RK 42, DNA sequence 
representation in, 274 

Herpesvirus saimiri-transforrned cell lines, 
308-310 

Herpesvirus saimiri tumors, T-cell 
breakdown in, 321 

Herpesvirus saimiri virions, SDS-PAGE of, 
275-276 

Herpesvirus salmonis, 10 
Herpesvirus scophthalmus, 10 
Herpesvirus Study Group, 3, 11 
Herpesvirus sylvilagus, 8 
Herpesvirus tamarinus, 6 
Herpesvirus virion, architectural elements 

of, 1 
Herpes zoster virus, naming of, 3 

439 

Hierarchical classification, viral properties 
in, 14-17 

High-density DNA, 282-283 
in H. saimiri, 262-265, 304, 316-318 
methylation of, 317 

HLA antigens, expression in EBV
transformed cell lines, 163 

Hodgkin's disease 
high-anti-VCA titers in, 229 
infectious mononucleosis as risk factor 

in, 45-46 
Host genetics, in Marek's disease virus, 

386-391 
Howler monkeys, H. saimiri in, 293 
HR-1 virus, EA induction by, 191 
Hsuing-Kaplow virus, 7 
HSV -1: see Herpes simplex virus type 1 
Human herpesvirus, 4, 15 
Humans, H. saimiri and H. ateles in, 293 
HVPan DNAs, EBV DNAs and, 118-119 
HVPapio DNAs, EBV DNAs and, 118-119 
HVT: see Herpesvirus of turkeys 
Hybrid cell lines, in cell-virus 

relationship, 180-181 

ICTV: see International Committee for the 
Taxonomy of Viruses 

19A antibodies, in NPC, 78-79 
19A EBV capsid antibodies, as NPC 

warning signal, 84 
IgG antibodies, EBV-specific, 77 
IgM immunoglobulins, on BL cells, 

168-169 
1M: see Infectious mononucleosis 
Immune associated-like antigens, EBV

transformed cells and, 114 
Immune responses, EBV-specific, 217-237 
Immunodeficiencies 

anti-VCA and anti-EA enhancement 
from, 229 

changes in viral carrier antibody patterns 
due to, 227-230 

primary EBV infections in patients with, 
226-227 

Immunoglobulin M, antibodies to, 31 
Immunoglobulin production, by 

lymphoblastoid cell lines, 170-172 
Immunoglobulin synthesis 

in Burkitt lymphoma cells, 168 
by EBV-transforrned lymphoid cells, 

168-172 
Immunologically compromised 

individuals, primary and persistent 
EBV infections in, 226-230 
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Immunosuppressive conditions, effect on 
primary and persistent EBV infections, 
230 

Incidence rate, defined, 29 
Inclusion body, in MDV-induced plaque, 

358 
Inclusion-body rhinitis virus, 8 
Indian Cobra virus, 9 
Infectious bovine rhinotracheitis virus, 7 
Infectious laryngotracheitis virus, 9 
Infectious mononucleosis, 220-226 

age distribution of, in Georgia, 42 
causal relationship to EBV, 43 
clinical, histopathological, and 

epidemiological characterization of, 
41-43 

EBVand, 41-43, 53 
EBV-specific serology in, 43, 220 
lymphoblastoid cell lines for patients 

with, 154-156 
mitotic EBNA-positive cell detection in, 

155 
in older individuals, 221-222 
pathogenesis of, 222-226 
as risk factor for Hodgkin's disease, 

45-46 
serodiagnosis in, 43, 220-222 
socioeconomic group and, 42 
susceptibility in, 220 
temperate countries and, 42 

Infectious pustular vulvovaginitis virus, 7 
Infectious rhinotrachetiis virus, 8 
International Agency for Research on 

Cancer, 53, 230 
Interferon, in MDV or HVT, 395 
International Committee for the 

Taxonomy of Viruses, 3, 11 
In vitro transformation, lymphoblastoid 

cell lines establishment by, 156-162 
5-Iodo-2-deoxyuridine IIUdRI, 31, 75 

Jaw tumor, in Ugandan Burkitt lymphoma, 
47 

Jijoye Burkitt-tumor-cell line, 108 

Killer T cells, EBV-specific, 225 
Kinkajou herpesvirus, 8 

Latently infected B lymphocytes, viral 
replication in progeny cells of, 132 

Latently infected growth-transformed cells 
EBNA concentration in, 130 
proteins and antigenic reactivities in, 

130-132 
viral RNA in, 126-130 

INDEX 

LCLs: see Lymphoblastoid cell lines 
Lectin mitogens phytohemagglutinin, 

depressed responses to, 391-392 
Leporid herpesvirus 1, 13 
Leukemia, in owl monkeys, 290-292 
Levamisole, in tumor-developing owl 

monkeys, 302 
Light-chain synthesis, by LCLs, 170-171 
Liverpool vervet monkey virus, 5 
Long-interval-repeat DNA, 123 
Low-density DNA, in H. saimiri strains, 

304 
Loxodontal herpesvirus, 7 
Lucke virus, 9 • 
L YDMA-sensitive T-cells, 225, see also 

Lymphocyte-detected membrane 
antigen 

Lymphoblastoid cell lines 
antigens in, 166-167 
vs. Burkitt lymphoma lines, 172-173 
EBV latency and, 31 
establishment of from in vitro 

transformation, 156-162 
establishment from patients, 151-156 
heavy- and light-chain synthesis by, 

170-171 
immunoglobulin production by, 170-172 
MDV genome in, 369 
from patients with infectious 

mononucleosis, 154-156 
from patients with lymphoproliferative 

disease and from normals, 153-154 
specific antibody production of, 172 
typing of, 163 

Lymphocrytovirus, 16 
Lymphocyte-detected membrane antigen, 

121 
Lymphocyte-detected membrane antigen, 

EBV-associated, 166-167 
Lymphocyte surface markers, 162-163 
Lymphoepithelioma, classification of, 64 
Lymphoid cells 

biology of, 151-192 
EBV-transformed, see EBV-transformed 

lymphoid cells 
Lymphoid tissues 

acute cytolic infection of, 373-375 
spontaneous growth of cell lines from, 

152 
Lymphoma 

in Marek's disease, 371-372, 378 
in owl monkeys, 290-292 

Lymphoproliferative disease 
lymphoblastoid cell lines from patients 

with, 153-154 
X-linked recessive, 45 
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MA: see Membrane antigens 
Malaria, as Burkitt lymphoma causal 

factor, 59-61 
Man 

EBV-transformed cell tumorigenicity in, 
176-177 

II. saimiri and II. ateles in, 293 
Marek's disease, see also Marek's disease 

virus; Herpesvirus of turkeys 
adoption of term, 349 
age resistance in, 403-404 
atherosclerosis in, 385-386 
atrophy of bursa and thymus in, 372 
control of, 410 
defined, 333, 347 
economic importance of, 347, 352 
genetic resistance to production traits 

in, 391 
gross lesions in, 370-373 
host range and prevalence of, 350-351 
"lymphogranulomas" in, 349 
lymphoid follicle loss in, 375 
lymphoma formation in, 371-372, 

378-380 
major histocompatibility locus in, 

389-390 
microscopic lesions in, 373-386 
modern research on, 348-349 
natural occurrence of, 349-352 
nonproductive infection in, 366-370 
nonspecific immunostimulation in, 401 
productive infection in, 365-366 
public health significance of, 251-252 
retroviruses in, 364-365 
susceptibility to, 388 
three forms of, 349-350 
transplantable lymphomas in, 369-370 
vaccination in, 397-401 
vaccination failure in, 400-401 
Virology of, 352-365 
virus-associated antigens of, 361-362 
virus-cell relationships in, 365-370 

Marek's disease lymphomas, lymphoid-cell 
lines derived from, 366-369 

Marek's disease neuropathy, suggested 
nature of, 384 

Marek's disease tumor, lymphoblastoid 
cell lines established from, 341-343 

Marek's disease tumor-associated surface 
antigen 

ADCC responses to, 396 
antibodies against, 395 
existence of, 364 
immune responses to, 395-397 
nature of, 411 
T-cell-mediated response in, 396 
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Marek's disease tumor-associated surface 
antigen Icont.l 

T markers and, 368 
Marek's disease tumor-associated surface 

antigen-bearing cells, in spleen, 375 
Marek's disease virus, 9, 333, 347-348, see 

also Herpesvirus of turkeys 
acute cytolytic infection of lymphoid 

tissues in, 373-375 
ADCC responses to, 394-396 
antigens of, 361-364 
biology of, 347-411 
cell culture of, 357-358 
chick inoculation assays for, 356 
commonly studied isolates of, 360 
controlled contact exposure to, 388 
in cytoplasmic inclusion bodies, 356 
defined, 352 
DNA polymerase of, 340 
electron micrographs of, 354 
embryonated eggs infected water, 

358-359 
epizootiology of, 407-410 
feather-follicle epithelium infected with, 

376-378 
flock infection by, 408 
genetic resistance and control in flocks 

exposed to, 386-391 
histological changes in, 380-381 
homology with herpesvirus of turkeys 

DNA,335 
host genetics and, 386-391 
immune responses to viral antigens in, 

393-395 
immunosuppressive effects of, 391-407 
interferon effect on cells infected with, 

395 
isolation and cultivation of, 355-359 
macrophagesin, 394-395 
maternal antibody vs. vaccination in, 

399 
molecular biology of, 333-343 
morphology and morphogenesis of, 

352-353 
naming of, 3 
neural lesions in, 381-385 
ovarian lymphoma in chicken infected 

with,379 
pathology of infection with, 365-386 
physical and chemical properties of, 354 
primary infection with, 373 
proteins of, 339-341 
resistance mechanism of chickens 

infected with, 401-402 
serotypes of, 361 
spread of, 407-408 
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Marek's disease virus Icont.) 
T-cell-mediated responses infectious 

with,394 
viremia in, 375-376 
virus strains in, 359-361 

Marek's disease virus DNA, 334-339 
Southern-blotting hybridization between 

HVT DNA and, 336-337 
Marek's disease virus genome expression, 

341-343 
Marek's disease virus DNA polymerase, 

340 
Marek's disease virus-induced tumors 

immunologically defined antigens in, 
339 

transcription pattern of resident 
genomesin, 342-343 

Marmoset cytomegalovirus, 5 
Marmoset herpesvirus, 6, 295 
Marmoset lymphomas, 285-290 
Marmosets 

cottontop, see Cotton top marmosets 
H. saimiri in, 295 

MATSA, see Marek's disease tumor-
associated surface antigen 

MD, see Marek's disease 
MDV, see Marek's disease virus 
MDV DNA, see Marek's disease virus 

DNA 
Medical Lake macaque herpesvirus, 6 
Melagrid herpesvirus I, 13 
Membrane antigens 

EBV-determined, 215-216 
viral particle formation and, 185 

Meningoencephalitis, 221 
Metylation of viral DNAs 

of Epstein-Barr virus, 123, 133 
of H. saimiri, 316-318 

M genomes, H- and L-DNA arrangements 
in, 263-265 

~2"Microglobu1in, EBV cell line expression 
of, 163-164 

Mitotic EBNA-positive cells, detection of 
in acute infectious mononucleosis, 
155 

Mixed lymphocyte culture, antigens 
recognized in, 166 

MKT-1 nomeproductive lymphoblastoid 
cells, RAJI cells and, 343 

Monkeys, lymphoproliferative diseases in, 
292-].93, see also Capuchin monkeys; 
Cottontop marmosets; Owl monkeys; 
Primate herpesviruses; Spider 
monkeys; Squirrel monkeys; Tamarin 
marmosets 

INDEX 

Mononucleosis, infectious, see Infectious 
mononucleosis 

Mouse cytomegalovirus, 8 
Mouse thymic virus, 8 
Mulago Hospital, Uganda, 47 
Muromegalovirus,'16 
Mycobacterium tuberculoSiS, 26 
Myeloblastic leukemia, 116 

Namalwa-cell DNA, hybridizing of, 122 
Nasopharyngeal carcinoma, 233-237 

antibodies to EA-D in, 219 
antibody-dependent cellular cytotoxicity 

and,79-80 
antiherpesvirus chemotherapy in, 86-87 
causality and prevention of, 84-87 
clinical characteristics of, 65-66 
clinical classification and staging of, 

68-69 
development interval in, 233-234 
EBVand, 27, 31, 63-87 
EBV reactivities and prognosis in, 81-82 
EBV -related precancerous conditions 

from, 83-84 
EBV serology in, 39, 80-81, 235-237 
EBV -specifiC IgA antibody before and 

after, 85 
environmental factors and life style in, 

73-74 
epidemiology of, 67-70 
as epithelial tumor, 87-88 
genetic factors in, 74-75 
high-risk populations for, 38 
histogenesis of, 64 
IgA antibody profile in, 78-79 
IgA in early detection of, in China, 

80-83 
IgA EBV-VCA antibodies in, 80-81 
IgG antibody profile in course of, 76-78 
invading type, 66 
keratizing squamous-cell carcinoma and, 

65 
management of, 80-83 
metastatic type, 66 
nonkeratizing carcinomas and, 65 
pathological, clinical, and 

epidemiological characteristics of, 
64-75 

sex and age factors in, 71-72 
UCNT and,65 
vaccine in control of, 86 

Nasopharyngeal-carcinoma DNA, viral 
DNA and, 122-123 

NEBL: see Nonendemic Burkitt-type 
lymphoma 
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Neoplastic disease 
humoral immunity in, 299-301 
immune reactions in, 299-302 

Neural lesions, in Marek's disease, 
381-385 

Neurolymphomatosis, atherosclerosis and, 
385 

New World primates, EBV tumorigenicity 
in, 176, see also Monkeys; Owl 
monkeys; Squirrel monkeys 

Nonendemic Burkitt-type lymphomas, 
EBV and, 62-63 

Nonproducer cell lines, defined, 179 
Nonproductive infection, in Marek's 

disease, 366-370 
NPC: see Nasopharyngeal carcinoma 

Onchorhynchus masou virus, 10 
Oncogenic transformation, pathogenesis 

in, 294-320 
Organ cultures, 154 
Owl hepatosplenitis virus, 9 
Owl monkey cytomegalovirus, 5 
Owl monkey kidney cell cultures, 260 
Owl monkeys 

cellular immunity in, 301 
H. saimiri in, 297-299, 302 
leukemia and lymphoma in, 290-292 
T-cell responsiveness of in tumor 

development, 302 
tumor-resistant, 300 

P AA: see Phosphonoacetic acid 
Pacheco'S disease virus, 9 
Pacific pond turtle virus, 9 
Painted turtle virus, 9 
Parma wallaby herpesvirus I, 8 
Parrot herpesvirus, 9 
Partial denaturation mapping, of H. 

saimiri DNA, 311-312 
Patas monkey herpesvirus, 5 
Paul-Bunnell-Davidsohn heterophil 

antibody response, 41, 221 
Permissive cell, defined, 178 
Permissive infection, in tumor-developing 

primates, 294-299 
PFA: see Phosphonoformic acid 
P3HR-1 cells, EBV DNA of, 116-117 
Phosphonoacetic acid, 121 

EBV -transformed lymphoid cells and, 
160-161 

Phosphonoformic acid, 121 
Phytohemagglutinin response, in MDV 

and HVT, 391-392 
Pig cytomegalovirus, 8 

Poikilovirus, 16 
Polyadenylated RNAs, size of, 127 
Polyribosomal RNAs, from latently 
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infected growth-transformed cells, 12:6 
Pre-nasopharyngeal carcinoma, EBV and, 

31, see also Nasopharyngeal 
carcinoma 

Prevalence, defined, 29 
Primary Epstein-Barr virus infections, see 

also Epstein-Barr virus infections 
in immunologically compromised 

individuals, 226-230 
scheme of events in, 223 

Primary lymphocytes, EBNA synthesis in, 
160 

Primate EBV-related agents, 117-120, see 
also Monkeys 

Primate herpesviruses, oncogenic, 282-285 
Producer cell lines, defined, 178-179 
Productive infection, in Marek's disease, 

365-366 
Proteins, in Marek's disease virus, 

339-341 
Protein synthesis, in H. saimiri and H. 

ateles, 278-279 
Pseudo-lumpy skin disease virus, 7 
Pseudorabies virus, 3, 8 

Rabbits 
H. saimiri in, 296 
immune response against H. saimiri and 

H. ateles, 301 
neoplasias in, 293-294 

Raji cells 
DNA-encoding polyribosomal RNA in, 

135 
EA induction in, 191 
EA level in, 187 
EBV genomes, DNA in, 123-125, 182 
growth inhibition of, 212 
MKT-1 cells and, 343 
as prototype in viral DNA studies, 123 
superinfection and, 111, 133 

RANA: see Rheumatoid-arthritis-
associated nuclear antigen 

"Range paralysis," 349 
Rat cytomegalOVirus, 8 
Recombinant strains, in H. saimiri, 

27l-274 
Renal transplant patients, antithymocyte 

globulin injection in, 228 
Restriction endonucleases, in L- and H

DNA of H. saimiri and H. ateles 
strains, 264-265 

Restringent EBV infection, 121 
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Rhadinovirus, 16 
Rhesus monkey cytomegalovirus, 5 
Rhesus monkeys, ADLC reaction in, 299, 

see also Monkeys 
Rheumatoid-arthritis-associated nuclear 

antigen, 131 
EBNA and, 140 
in EBV-transformed cells, 184-185 

RNA 
cytoplasmic polyadenylated, 137 
iodinated cytoplasmic, 129 
polyribosomal, 126 
viral, see Viral RNA 

Saimiriine herpesvirus 2, 6, 15, see also 
Herpesvirus saimiri 

Saimiri sciureus, 254 
Sheep herpesvirus, 7 
Siamese cobra virus, 9 
Silent infections, 218-220 
Simian herpesvirus, 5 
Simian varicella virus, 6 
Simplexvirus, 16-17 
Slow-growing "cytomegalovirus"-like 

virus, 7 
SMHIatt strain, of H. saimiri, 304 
Spider monkeys, see also Monkeys 

H. ate1es in, 259-260 
H. saimiri in, 292 

Squirrel monkey herpesvirus, 6 
Squirrel monkeys, H. saimiri in, 254 
Superinfection of, EBV-transformed cells, 

180-181 
Suppressor T cells, and anti-EBV antibody, 

229 
Surface antigens, in lymphoblastoid cells 

lines recognized by T lymphocytes, 
164-167 

Surface glycoproteins, in EBV-transformed 
lymphoid cells, 167-168 

Tamarin marmosets, see also Monkeys 
immune response of in H. saimiri 

neoplasias, 300 
H. ate1es in, 289-290 

lymphatic tumors induced by H. saimiri 
and II. ate1es in, 285-286 

viral DNA in, 305-306 
T cells, see also T lymphocytes 

in defense against tumor cells, 301 
Lymphocyte-detected membrane 

antigen-sensitive, 224-225 
Terminal repeats, in intracellular DNA 

joined-end fragments, 124 

INDEX 

12-0-Tetradecanoyl phorbol-13-acetate, 31, 
132-133 

Theta1ymphocryptovirus, 16 
Thymidine kinase, HVT-induced, 340-341 
Thymus-dependent lymphocytes, as H. 

saimiri and II. ate1es targets, 296 
T lymphocytes, see also T cells 

surface antigens on lymphoblastoid cell 
lines recognized by, 164-167 

as targets of H. saimiri and H. ate1es, 
296 

in tumor cell defense, 301 
Toxoplasma gondii, 43, 221 
TPA: see 12-0-Tetradecanoyl phorbol-13-

acetate 
Transformed cells and tumors, viral 

genome in, 335-339 
Transitional-cell carcinomas, classification 

of,64-65 
Transplantable lymphomas, in Marek's 

disease, 369-370 
Transeverse myelitis, 221 
Tree shrew herpesvirus, 6 
Tumor cells 

DNA circularization and sequence 
rearrangements in, 311-316 

nuclear antigen in, 318-319 
viral DNA in, 307-311 

Tumor-developing primates, permissive 
and transforming infection in, 
294-299 

Tumor induction, pathogenesis in, 
294-320 

Turbot herpesvirus, 10 
Turkey herpesvirus, 9, see also 

Herpesvirus of turkeys 

UCNT: see Undifferentiated carcinoma of 
nasopharyngeal type 

Uganda, EBV and VCA in, 37 
Uganda prospective study, in Burkitt 

lymphoma and EBV, 53-57 
Umbilical cord lymphocytes, 

transformation by EBV, 159 
Undifferentiated carcinoma of 

nasopharyngeal type, 65 

Vaccinal immunity, in chickens, 404-407 
Vaccination 

failure of in MDV and HVT, 400 
in H. saimiri-induced lymphoma, 

302-303 
in Marek's disease, 397-401 

Vaccine viruses, in MDV and HVT, 397 
Varicellavirus, 16 
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veA: see Viral capsid antigen 
Viral antigens 

detection of in MDV, 376 
immune responses to in MDV or HVT, 

393-395 
Viral capsid antigen 

antibodies to, 219 
detection of in cytoplasm, 133 
EBVand,32 
in EBV-BL relationship, 54-57 
as EBV-specific antigen, 211-212 
GMTs of, 37 
IgG antibodies specific for, 76 
viral particle formation in, 185 

Viral capsid antigen-positive individuals, 
prevalence curve for, 36-37 

Viral carriers, antibody pattern changes in 
due to immunodefiCiencies, 227-230 

Viral diseases, causation criteria and, 
27-28 

Viral DNA, see also DNA 
in abortive and productive EBK 

infection, 134 
infectivity of, 305-306 
in latently EBV-infected cells, 122-125 
methylation of in transformed cells, 

316-318 
Raji cell line and, 123 
in tumor cells, 307-311 

Viral early antigen, viral gene expression 
and, 141, see also Early antigen 

Viral gene expression, early antigen and, 
141 

Viral genes, persistence and expression of 
in tumor cells and cell lines, 306-309 

Viral genome 
in EBV transformed cells and tumors, 

134, 181-184 
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Viral genome Icont.l 
in H. saimiri, 306-313 
in MDV transformed cells and tumors, 

335-339 
Viral polypeptides, mapping of, 141 
Viral properties, in hierarchical 

classification, 14-17 
Viral proteins 

in abortive and productive infection, 
137-139 

in H. ateles transformed lymphoid-cell 
lines, 319 

of Epstein-Barr virus, 108-110, 130-132 
of H. saimiri and H. ateles, 1, 275-277 
of Marek's disease virus, 339-341 

Viral replication 
in H. saimiri and H. ate1es, 294-295 
from latently infected cell lines, 133 

Viral RNA, see also RNA 
in abortive and productive infection, 

135-136 
in latently infected growth-transformed 

cells, 126-130 
Virus-associated antigens, in Marek's 

disease virus, 361-364 
Virus-cell relationship, in Marek's disease, 

365-370 
Virus particles, in H. saimiri and H. ateles, 

260-282 

Wally epidermal hyperplasia virus, 10 
Wildebeest, malignant catarrhal fever virus 

of, 7 
World Health Organization, 26 

X-irradiated cells, cocultivation of from 
BL-cell line, 252 
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