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Foreword

Viruses that infect and cause disease in humans might be classified into three broad
groups based on their epidemiologic behavior. The members of the first group are
agents such as measles virus, poliovirus, and influenza viruses—ancient human
pathogens that are transmitted in epidemic waves. These viruses do not persist after
human infection; they must be periodically reintroduced into the human population
in order to provoke an epidemic. The susceptibility of the human population to dis-
ease is, in part, related to the extent of preexisting immunity to the virus, so called
‘‘herd immunity.’’ The second group consists of viruses that have reached humans
directly or indirectly from an animal reservoir. Recent examples are the SARS cor-
onavirus, HIV, and Ebola virus, although rabies virus is an ancient example. Since
humans have not evolved in parallel with these viruses, they are na€��ve hosts; there-
fore, humans are uniquely susceptible to devastating diseases caused by these viruses.
The natural hosts and reservoirs, horseshoe bats for SARS coronavirus or non-
human primates in the case of HIV, are likely to be asymptomatic when infected.
Disease in humans induced by these agents is an example of ‘‘cross-species viru-
lence.’’ The third group is comprised of viruses that establish life-long persistence
once humans are infected. Infection is nearly universal in the human population.
These viruses can be transmitted perpetually from person to person, even in isolated
tribes having no contact with the outside world. Epstein–Barr virus and many other
members of the herpesvirus family are examples of this group. Epstein–Barr virus
has coevolved for millions of years with humans and their nonhuman primate ances-
tors. Both humans and the virus have developed intricate strategies to maintain this
coexistence.

The current volume explores many aspects of the biology and disease-inducing
potential of this remarkable ancient denizen of the human population. Epstein–Barr
virus has developed unique strategies to attach to and penetrate cells, and for its gen-
ome to persist in the cell nucleus, to partition when the cells divide, and to switch
from a latent state, with limited gene expression, to a fully replicative state in which
mature viruses can be synthesized in order to spread among cells and individuals.
Each of these phases of the viral life cycle parasitizes specific host cellular functions.
For example, the virus uses host cell surface proteins as receptors for entry and host
chromosomal proteins as machines for partitioning the viral genome to daughter
cells. Host transcriptional activators and repressors and host encoded epigenic
mechanisms such as DNA methylation and histone modification play essential roles
in the control of Epstein–Barr viral gene expression.
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The virus is large and complex. Despite considerable heroic efforts of many
laboratories investigating the cellular and molecular biology of Epstein–Barr virus
infection, a number of specific details of the viral life cycle at the cellular level
remain to be unraveled. For example, what physiologic signals trigger the virus
to leave latency and begin to replicate? Which cellular functions are needed for
the virus to replicate its DNA? What is the nature of the host cell environment that
is favorable for the manufacture of mature viruses? In what way does the differen-
tiation state of the cell, for example, lymphoid versus epithelial, favor latency versus
lytic replication?

There are those who say that the immune system evolved to control microbial
infection, particularly infection by viruses such as Epstein–Barr virus. Epstein–Barr
virus confronts a broad array of effective host immune responses: antibodies, innate
immunity, such as NK cells and the interferon system, and adaptive T cellular immu-
nity. These immune responses control Epstein–Barr virus replication and the prolif-
eration of B cells infected by Epstein–Barr virus. However, once the virus gains a
foothold in the human host, the immune system never completely eradicates the
virus. Thus, the virus has evolved an elaborate strategy of immune evasion that facil-
itates persistence after infection. Epstein–Barr virus modulates its gene expression
program so that highly antigenic viral proteins are not expressed during the latent
phase of the life cycle. Some viral proteins antagonize the interferon system and
others prevent antigen presentation via the immunoproteosome. Thus, in healthy
individuals, Epstein–Barr virus and the host immune system have reached a standoff.

Many diseases discussed in this book can be understood as manifestations of the
battle between Epstein–Barr virus and the immune system. For example, infectious
mononucleosis is an exuberant immune response to an initial encounter with the
virus. Some Epstein–Barr virus–associated diseases such as demyelinating central ner-
vous system disease (see Chapter 8), and possibly other autoimmune disease, may
represent bystander consequences of the antiviral immune response. Epstein–Barr
virus may induce autoantibodies and self-reactive T cells through the process of
molecular mimicry. Epstein–Barr virus–associated lymphoproliferative disease is
the result of inadequate host immune surveillance contingent on genetic (X-linked
lymphoproliferative disease, see Chapter 16), acquired (AIDS, see Chapter 9), or
iatrogenic (posttransplant, see Chapter 12) immunodeficiency. A dramatic transla-
tional application to medicine of understanding the interactions between Epstein–
Barr virus and the immune system has now made it possible to prevent or treat
Epstein–Barr virus–induced lymphoproliferative disease by adoptive transfer of
Epstein–Barr virus–specific immune cells (Chapter 18).

The history of Epstein–Barr virus is closely linked to its association with the
most common childhood malignancy in Africa, the B-cell lymphoma discovered
by Denis Burkitt during his ‘‘tumor safaris’’ in East Africa. Epstein–Barr virus
was first visualized in electron micrographs of this tumor, but its mere presence in
the tumor did not prove that it was the cause. Epstein–Barr virus is the first human
virus to fulfill the Koch–Henle postulates for a human cancer virus. Epstein–Barr
virus is regularly, if not invariably, associated with certain cancers, such as endemic
Burkitt lymphoma in Africa (see Chapter 10), nasopharyngeal cancer in Asia
(see Chapter 14), and Hodgkin’s disease (see Chapter 11). The virus can immortalize
B cells in culture. It can induce lymphomas in nonhuman primates and SCID
mice. Certain viral oncogenes, such as LMP1, can promote lymphomagenesis in
transgenic mice. All of these are properties that are consistent with, and expected
of, a cancer virus.
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Many Epstein–Barr virus–associated cancers are relatively common, with inci-
dence rates as high as 10 per 105 persons per year. Yet, even in areas of the world
with a high incidence of Epstein–Barr virus–associated cancer, the majority of indi-
viduals infected with the virus do not develop cancer. Thus, those interested in the
link between Epstein–Barr virus and cancer have struggled to provide an explanation
for why the virus is capable of inducing cancers only in a few individuals. In the
majority of infected individuals, viral persistence is not accompanied by clinically
significant signs or symptoms. Many theories have postulated that essential environ-
mental cofactors (e.g., holoendemic malaria in Burkitt lymphoma; exposure of wean-
ing infants to salt-cured fish in nasopharyngeal cancer), age of infection with the
virus, host cell genetic factors, genetic or acquired immune deficiency, or somatic cell
mutations are crucial variables that promote carcinogenesis by Epstein–Barr virus.
Only in the case of the chromosomal translocations involving the Ig and c-myc genes
that are invariable in Burkitt lymphoma do we have clearly defined unique genetic
events in the host that can account for the occurrence of cancer only in some
Epstein–Barr virus–infected individuals. There is little doubt that immunodeficiency
predisposes to certain cancers such as malignant lymphoproliferative diseases. The
benign and malignant smooth muscle cancers are detected especially in children with
AIDS (see Chapter 15). Nonetheless, patients with Burkitt lymphoma, which occurs
within the first decade after viral infection, or patients with nasopharyngeal cancer,
which is usually detected in the third decade of life and after, are not globally immu-
nodeficient.

The readers of this volume will encounter it as the first book largely devoted to
the explication and exploration of the clinical features and pathogenesis of the wide
spectrum of Epstein–Barr virus–associated diseases. The reader will be informed by
more than 40 years of intensive research about the epidemiology, virology, molecular
biology, immunopathogenesis, and pathology of these diseases. Yet a careful reading
will stimulate the reader to continue to ponder and attempt to unravel the many
unresolved questions about the behavior of Epstein–Barr virus in the cell, in the
human, its natural host, and in human populations. Foremost among these crucial
unanswered questions is how the interplay between virus and host determines the
occurrence of the striking array of diverse diseases that follow infection with
Epstein–Barr virus.

George Miller, MD
John F. Enders Professor of Pediatric Infectious Diseases

Professsor of Epidemiology, and Molecular Biophysics and Biochemistry
Yale University, New Haven, Connecticut, U.S.A.
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Preface

Epstein–Barr virus is an important and fascinating human pathogen. A member of
the herpesvirus family, Epstein–Barr virus infects almost all humans worldwide. It is
the direct cause of or a contributing factor to a wide variety of human diseases,
ranging from subacute febrile illness to classic infectious mononucleosis to acute
complications such as encephalitis and, perhaps most intriguing, to several forms
of cancer. There have been numerous recent advances along many lines of investiga-
tion in our understanding of this ubiquitous virus and its myriad pathogenic effects.
The time has come to summarize them in a single monograph.

The story of the discovery of Epstein–Barr virus and its associated diseases is an
epic tale that continues to evolve. The first chapter of the book lays the foundations,
beginning with the story of the discovery of the virus and links to human disease. An
exposition follows of the molecular biology of the virus by Jeffrey Cohen. A compre-
hensive chapter by Warren Andiman details the epidemiology of the virus and its
many associated diseases. These clinical and epidemiological observations were
crucial to the discovery of Epstein–Barr virus and its relationship to disease. Gerald
Niedobitek and Hermann Herbst authoritatively discuss the distinctive pathogenesis
and pathology of Epstein–Barr virus disease in a chapter that includes the character-
ization of persistent and latent infection. The interaction between the virus and the
immune system is an important, indeed crucial, aspect of Epstein–Barr virus disease
that is detailed in a chapter by Scott Burrows and Andrew Hislop.

The next two chapters discuss many of the general clinical aspects of acute
infection. Jan Andersson details the quintessential clinical form of Epstein–Barr
virus infection, infectious mononucleosis, including the differential diagnosis and
the diagnostic criteria. Atypical presentations, clinical complications, and therapy
of the acute infection are included. Greg Storch, Joseph Merline, and Alex Tselis
review the methods of laboratory diagnosis, including characterization of the serolo-
gic response to Epstein–Barr virus, which is an important means of differentiating
recent from remote infection. This chapter also reviews the specific application of
many newer diagnostic methods, including direct detection of viral antigens by
immunohistochemistry and of the viral genome by polymerase chain reaction.

The manifestations of specific organ involvement of Epstein–Barr virus form
the core of the book, beginning with a chapter by Alex Tselis and Kumar Rajamani
detailing the acute neurological complications of Epstein–Barr virus infection,
which have a very broad spectrum of clinical manifestations and can be fatal. The
long-term consequences of Epstein–Barr virus infection are increasingly significant
in this era of immunosuppressed populations. Complications of Epstein–Barr virus,
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including oral hairy leukoplakia, are prominent among persons with acquired immu-
nodeficiency syndrome and are surveyed in the chapter by Richard Ambinder. Many
of the lifelong risks of Epstein–Barr virus infection entail development of Epstein–
Barr virus–associated tumors. Discussions of the oncologic aspects of Epstein–Barr
virus infection are covered in separate chapters, including Burkitt lymphoma by
Jeffery Sample and Ingrid K. Ruf, Hodgkin’s disease by Gerald Niedobitek and
Hermann Herbst, posttransplant lymphoproliferative disease by Lode Swinnen,
T-cell lymphomas by James Jones, nasopharyngeal carcinoma by Sai Wah Tsao
and colleagues, and leiomyosarcoma by Hal Jenson. The intriguing X-linked lym-
phoproliferative disease is thoroughly reviewed by Thomas Seemayer and colleagues.

The remainder of the book addresses issues that are less well understood and
remain to be clarified and conquered. Because Epstein–Barr virus infection involves
so many organ systems in a chronic and sometimes unsuspected, often unpredictable
manner that makes it difficult to distinguish the contribution of persistent Epstein–
Barr virus infection to disease, a number of illnesses are postulated to have a
complete or partial etiologic relationship to Epstein–Barr virus. This has given rise
to some controversy. The issue of how to ascribe the cause of a disease to Epstein–
Barr virus is taken up in a chapter by James Jones, and a number of such diseases
are cataloged. A comprehensive survey of the available and potential therapies of
Epstein–Barr virus disease appears in the chapter by Cliona Rooney and Patrizia
Comoli. This includes not only conventional antiviral medications, but also newer
modes of immunotherapy, particularly adoptive therapy with human leukocyte anti-
gen-matched, Epstein–Barr virus–specific T-cell immunotherapy. The last chapter of
the book, by Andrew Morgan and A. Douglas Wilson, discusses the prevention of
Epstein–Barr virus infection by vaccination, presenting the case for the development
of a vaccine, possible vaccine strategies, and the status of vaccine research.

The book is a broad and comprehensive survey for both clinicians and basic
researchers with sufficient detailed information to serve as a springboard for further
basic and clinical studies, including studies of pathogenesis. The basic science and
molecular virology necessary to understand the manifold manifestations of Epstein–
Barr virus infection are emphasized throughout to facilitate the understanding and
foster further investigations of this important and intriguing human pathogen.

Alex Tselis
Hal B. Jenson
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The History of Epstein–Barr Virus

Alex Tselis
Department of Neurology, Wayne State University, Detroit, Michigan, U.S.A.

The history of the discovery of Epstein–Barr virus (EBV) and its associated diseases
is arguably one of the great medical detective stories of the 20th century. It is a tale of
astute observations and serendipitous stumbles. It begins with the recognition of a
febrile illness affecting affluent young people in the Western Hemisphere, proceeds
to the observations by a missionary surgeon in East Africa of a bizarre facial tumor
among young children, to a chance attendance of a lecture by a young British virol-
ogist, to the isolation of a hitherto unknown virus from tumor cell lines, to a young
woman’s case of infectious mononucleosis (IM) in Philadelphia, and culminates in
the identification of a ubiquitous virus that causes an array of illnesses. The range
of outcomes includes asymptomatic infection, temporary but debilitating illness,
encephalitis, lethal lymphoproliferative syndrome, and several malignancies includ-
ing lymphoma affecting jaws and viscera, Hodgkin’s disease, nasopharyngeal carci-
noma, posttransplant lymphoproliferative syndrome, and leiomyosarcoma.

The syndrome of fatigue, malaise, fever, sore throat, and cervical lymphadeno-
pathy with splenomegaly was first described in the late 1800s by several groups in
Russia, Germany, France, Britain, and the United States (1).

The syndrome was clinically heterogeneous, with much controversy about the
precise characteristics and clinical spectrum of the disease. In fact, it was not even
clear that only one disease was being described. A number of other diseases
resembled the illness very closely, including streptococcal pharyngitis, diphtheria,
various childhood enanthems, acute leukemia, Hodgkin’s and non-Hodgkin’s lym-
phoma, and disseminated tuberculosis. Indeed, there were reports in the early part
of the 20th century of spontaneously resolving leukemia. But, as experience accumu-
lated, a distinct clinical entity with characteristic clinical and laboratory findings
gradually emerged (1).

The first formal descriptions of IM were apparently by Filatov in 1885 and by
Pfeiffer in 1889. They noted that the febrile illness was accompanied by a sore throat,
posterior cervical lymphadenopathy, and hepatosplenomegaly. They described some
pathological findings, such as mediastinal and mesenteric lymphadenopathy. Pfeiffer
noted the possibility of chronic cases of the disease, and possible spread in the house-
hold (1). Other descriptions were published in the late 1800s and early 1900s (1). Tidy
and Morley (2) in 1921 described the leukocytosis seen in one of their patients and
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reviewed the literature, although they did not identify the important observations
of atypical lymphocytes noted later by Sprunt and Evans. The uncertain nature of
the disease is illustrated by the occasional confusion with acute leukemia and
other diseases. Downey and McKinlay noted that some cases of spontaneously
improving leukemia were really examples of ‘‘acute lymphadenosis’’ (3). The credit
to Filatov and Pfeiffer for the original descriptions has been disputed, however,
by Hoagland, who pointed out that the illnesses they described were atypical in
some ways (4).

The next important observation that helped in defining the disease associated
with primary EBV infection occurred in 1920, when Sprunt and Evans introduced
the term ‘‘IM’’ and described the characteristic hematological finding of ‘‘atypical
lymphocytes’’ in patients with febrile lymphadenopathy and eventual spontaneous
recovery. Sprunt and Evans differentiated IM from acute leukemia, which the
illness—with the atypical cells—resembled. They correctly concluded that ‘‘the six
cases presented in this paper exhibited a mononuclear leukocytosis in reaction to
acute infection,’’ although they were unable to decide whether this was an idiosyn-
cratic reaction to any of a number of pathogens or whether it was due to a particular
pathogen (Fig. 1) (6).

An important turning point in characterizing and diagnosing IM was the ser-
endipitous observation that antibodies that coincidentally agglutinated sheep red
blood cells occurred acutely in high titer during primary EBV infection. These anti-
bodies are ‘‘heterophile antibodies’’ because they cross-react with antigens occurring
among several species that do not correspond to the phylogenetic relationships.

It has been known since the work of Forssman in 1911 (7) that human serum
normally contains heterophile antibodies that agglutinate sheep red blood cells. The
antigen on sheep red cells to which these antibodies are directed is the Forssman
antigen, which is a pentahexosyl ceramide. It is widely distributed on sheep and
horse erythrocytes, guinea pig kidney cells, and on cells from certain human malig-
nancies. Most human sera contain antibodies to the Forssman antigen. Hanganutziu
in 1924 (8) and Deicher in 1926 (9) observed that patients with serum sickness also
had heterophile antibodies that agglutinated sheep red cells. The antigen on the

Figure 1 Atypical mononuclear cells in a case of IM. These are large irregular pleomorphic
cells, with a resemblance to neoplastic leukocytes. Abbreviation: IM, infectious mononucleosis.
Source: From Ref. 5.
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sheep erythrocytes to which these antibodies react is called the Hanganutziu–Deicher
(H-D) antigen, which is associated with sialic acid groups on gangliosides and glyco-
proteins. The H-D antigen is different from the Forssman antigen.

In an interesting aside, when Hoagland in the early 1960s referred to the het-
erophile antibody as the Paul–Bunnell (PB) antibody, he was quickly corrected:

Several years ago, I used the latter term (PB test). I received a letter from
Dr. Hanganutziu informing me that he had discovered the heterophile antibody
reaction, in 1924 . . . (4).

Although Hanganutziu and Deicher discovered the presence of sheep aggluti-
nins in serum sickness, the observation that IM also gave rise to heterophile anti-
bodies was made by Paul and Bunnell in 1932 (10). These authors investigated the
specificity of the observation that sheep cell agglutinins occurred in serum sickness
and studied patients with rheumatic fever, which clinically resembled serum sickness.
They tested a number of control sera. One of these, from a patient with IM, gave
extremely high titers of agglutinating activity, as described below:

In the course of this study a number of controls from individuals suffering from
serum sickness and a variety of other clinical conditions were assembled. Quite
by accident it was discovered that heterophile antibodies (demonstrable in the
form of sheep cell agglutinins) were present in a specimen of serum from a patient,
ill with IM, in much higher concentration than has been described in serum sick-
ness or in any other clinical condition which we have studied (10).

The authors extended their testing by comparing the sheep cell–agglutinating
ability of serum from patients with IM with that of normal controls as well as from
patients with various other infectious and neoplastic diseases. The titers were consis-
tently greater among the patients with IM, although there was some overlap with
patients with serum sickness.

These heterophile antibodies also agglutinate horse and goat erythrocytes, and
cause lysis of bovine red cells in the presence of a complement. These so-called PB
antigens on sheep, horse, goat, and beef cells are not necessarily identical. This
observation gave rise to the modern monospot test for EBV-associated IM (see
Chapter 7). The question of how much of the agglutinating activity was nonspecific
(i.e., Forssman antibody) was settled by the observation that incubation with guinea
pig kidney cells removed this nonspecific reactivity, and the agglutinin that was left
was due to heterophile antibodies. Finally, Bailey and Raffel (12) showed that beef
erythrocytes specifically removed IM-associated heterophile antibodies, so that if the
agglutinins left after guinea pig kidney absorption were removed by beef cells, it con-
firmed that these were IM-associated antibodies. This was the basis of the Davidsohn
differential absorption test (Fig. 2) (13).

Thus, with the heterophile test, which served as a confirmatory marker of IM,
the clinical spectrum of IM was broadened to include multiple manifestations of the
disease. Various epidemiologic studies provided greater insight about the illness. A
study noting that cadets at a military academy tended to suffer from IM during
the month or two after returning from leave eventually led to the idea of human-
to-human spread. In fact, Hoagland speculated about the transmission of the disease
by deep kissing and exposure to saliva (14). The initial attempts to isolate the etio-
logic agent were hampered by the primitive state of virology at the beginning of the
20th century. From the 1940s to the 1960s, further attempts to study the disease by
inoculating experimental animals or human volunteers were generally unsuccessful,
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probably because many of the subjects had already been exposed to EBV and were
therefore immune to the acute disease (15). Further subsequent searches for the
etiologic agent remained frustratingly fruitless, despite the accumulation of sugges-
tive epidemiologic facts from the meticulous observations of Hoagland, and others,
about the illness in military personnel (4,16).

One of Hoagland’s contemporaries was a missionary surgeon working with the
British Colonial service in East Africa, named Denis P. Burkitt. As a postwar colo-
nial service surgeon, Burkitt was assigned to Lira, Uganda, in 1946, where with the
help of one other physician, he served a population of more than 250,000 (17). He
became experienced in tropical medicine and studied the effect of climate and geo-
graphy on the distribution of hydroceles, a process he called ‘‘doing geographical
pathology.’’ He was able to connect this condition with infection by Filaria bancrofti
(18). This experience prepared him well for his work on the tumor that was to be
named after him.

In 1948, Burkitt was reassigned to the Mulago Hospital in Kampala, Uganda,
where he shared the surgical duties with another surgeon. He occasionally noticed
and attempted to remove fatal jaw tumors from children, but these did not make
any special impression on him at the time.

One day in 1957, Burkitt was asked by Dr. Hugh Trowell, who had performed
some of the original investigations on kwashiorkor, to see a young boy named
‘‘Africa’’ who had tumors on both sides of the upper and lower jaws. This was
apparently different from what Burkitt had seen before. He examined the patient
carefully but was unable to conclude as to whether the illness was due to a tumor
or infection. He was ‘‘totally baffled’’ (18). Several weeks later, while visiting a col-
league at the Jijoya Hospital, he saw another small child with the same striking
appearance in the hospital courtyard (Fig. 3). The coincidence was astonishing,
and Burkitt returned to Mulago Hospital with a determination to systematically
look for further cases of this illness. He reviewed the medical records of children with
jaw tumors and other cancers, and began to keep track of children coming into the
hospital with similar diseases. The accumulated pathologic data clearly showed that
the jaw tumors were associated with multiple visceral tumors, particularly of the

Figure 2 Heterophile antibody serology of IM showing agglutination of sheep red cells by
positive but not negative sera, with abolition of agglutinin activity by beef red cell stromata.
Abbreviation: IM, infectious mononucleosis. Source: From Ref. 11.
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kidneys, ovaries, liver, lungs, epicardium, and brain (Figs. 4–8). Many such cases
with unusual tumors were noted, and gradually, the idea of a single underlying neo-
plastic process took shape. This scenario is reminiscent of the gradual realization
that all those apparently different febrile cervical lymphadenopathies were the result
of a single underlying disease—IM (Fig. 9).

To quote Burkitt:

The seminal observation made at the outset of the Burkitt lymphoma (BL) inves-
tigation was that two or more tumours that had hitherto been considered totally
different in nature often occurred together in the same patients. This observation
demanded an explanation, and a common cause seemed a reasonable possibility.
Previously, orbital manifestations had been viewed as retinoblastoma, those in the
kidneys or adrenals as neuroblastoma, those involving the ovaries as granulosa
cell tumours, and so on—all these tumours being composed of small round cells.
Subsequently they were shown to be related in the shared but distinctive age dis-
tribution of each tumour, and later still their geographical distribution was shown
to be identical . . . (23).

We had to define a clinical syndrome and for this we needed to apply logic.
All the results of a common cause occur together. Different diseases can occur in
the same individuals and in the same communities if they share the same cause. If
you smoke cigarettes, you get bronchitis, lung cancer and stained fingers. That is
not to say that stained fingers cause lung cancer. Through association, however,
they are an index of the disease (24).

Figure 3 Burkitt lymphoma presenting as a mandibular tumor in a five-year-old boy.
Source: From Ref. 19.
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In 1958, Burkitt published his first paper on the tumor in a surgical journal
(25). Papers describing additional clinical manifestations and the pathology of the
tumor followed several years later (26,27), and kindled great interest regarding the
tumor in the scientific world.

At about the time Burkitt published his first paper, he described these cases to
George Oettle, director of the Cancer Research Unit of the South African Institute
for Medical Research, who had considerable experience with unusual tumors. Oettle
remarked, ‘‘This tumor does not occur in South Africa.’’ This made Burkitt consider
the geographical distribution of the disease, its ‘‘geographical pathology,’’ and the
factors affecting its incidence. On a minimal budget, he designed a survey for the
disease for African physicians (17).

Over the next three years, Burkitt received 300 to 400 replies and gradually
mapped out a rough geographic distribution of the tumor. The resulting ‘‘lymphoma
belt’’ had to be investigated in more detail. Burkitt recruited two medically qualified
friends (Williams and Nelson) to go on a ‘‘safari’’ for the disease.

In 1961, Burkitt obtained a D150 grant to buy a used station wagon and supplies,
and set off with Williams and Nelson on the first of three safaris, during which they
visited various clinics. The 10,000-mile ‘‘Long Safari,’’ from October 7 to December
17, 1961, took a north–south route through areas of both high and low incidence. Two
other later safaris went through specific areas of high and low incidence.

Figure 4 Five-year-old girl with Burkitt lymphoma presenting as an abdominal mass and
left orbital tumor. Source: From Ref. 20.
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During the safaris, Burkitt and his colleagues noted that the tumor was not
seen in areas above a certain elevation, and that this elevation was lower as they went
farther away from the equator. Prof. Haddow, director of the East Africa Virus
Research Institute at Entebbe, Uganda, pointed out that these ‘‘height barriers’’
really corresponded to a (average) temperature barrier of about 60�F. A side safari
to West Africa revealed areas with constant temperature but variable disease preva-
lence. The geographically astute Haddow noted that areas of low disease incidence

Figure 5 Tumor in the right femur in a five-year-old boy. Source: From Ref. 20.

Figure 6 Burkitt lymphoma involving the liver, with scattered tumor nodules, some of which
are centered on veins. Source: From Ref. 21.
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corresponded to areas of low rainfall, thus defining a ‘‘rainfall barrier.’’ The paper
describing the results of the safari was published in 1962 (Fig. 10) (28).

Haddow observed that the distribution of the disease followed that of the tsetse
fly, which suggested the involvement of an insect vector. Furthermore, an epidemic
in 1959 of o’nyong nyong fever, which is caused by a mosquito-transmitted

Figure 7 Burkitt lymphoma involving the kidneys, most of the parenchyma of which has
been replaced by tumor nodules. Source: From Ref. 21.

Figure 8 Burkitt lymphoma involving the heart. Note the subepicardial tumor deposits
along the coronary arteries and the atrioventricular groove. Source: From Ref. 21.
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alphavirus, occurred in the same places as BL. The map of BL closely followed that
of yellow fever, which is also transmitted by mosquitoes. These findings suggested a
viral or other infectious etiology, possibly vectorborne, of BL.

In March 1961, Burkitt returned to England on leave and gave a lecture to the
medical students at theMiddlesex Hospital in London about his experiences in Africa.
M. Anthony (aka M.A.) Epstein, a virologist at the Bland Sutton Institute, who had
an interest in oncogenic chicken viruses (Rous sarcoma virus) (30,31), happened to be
sitting in the audience. Epstein understood the implications of Burkitt’s work imme-
diately and arranged to have biopsy specimens sent to him after the talk (Fig. 11).

Burkitt sent samples of tumor tissue to Epstein, in London, who was able to
establish cell lines from the tumor (32). One of the first shipments contained a cloudy

Figure 9 (A) Denis Burkitt. (B) (From left to right): Clifford Nelson, Williams, and Burkitt
about to embark on the Long Safari. Source: From Ref. 22.
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fluid bathing the tumor sample, which Epstein thought was contaminated with
bacteria (33).

On Friday 5 December 1963, a biopsy sample delayed en route by fog arrived
late in the afternoon. The tissue was floating in transit fluid made cloudy by
what was assumed to have been heavy bacterial contamination, and was there-
fore judged useless for culture, especially with the week-end break just about to
begin. Nevertheless, the cloudy fluid was examined by wet-film microscopy and
surprisingly it was found that no bacteria were evident, but instead that clouds
of round viable tumor cells had been shaken free from the cut surfaces of the
lymphoma sample in transit. This BL-cell suspension appeared remarkably simi-
lar to the malignant lymphoid cells of mouse lymphomas grown as ascites
tumours, with which Fisher had successfully established continuous suspension
cultures. Accordingly, the free BL biopsy cells were cultured in suspension for
the first time, and the first BL-derived line (‘‘EB1’’) readily grew out (33).

In 1964, electron microscopy showed herpes-like viral particles in the cells
(Fig. 12) (35).

However, the virus could not be isolated by any conventional means, and
Epstein turned to Werner and Gertrude Henle, a husband and wife team of

Figure 10 The lymphoma belt in Africa. Source: From Ref. 22.
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virologists working at the Children’s Hospital of Philadelphia (CHOP), who also
had an interest and expertise in the virology etiology of tumors. At that time, they
were trying to detect tumor viruses in clinical samples supplied by C. Everett Koop,
a pediatric surgeon at CHOP. They investigated for a virus by determining if tumor
cells from a tissue sample were resistant to superinfection by vesicular stomatitis
virus, which would imply viral interference by a putative cancer virus. Koop told
the Henles about BL after a trip to Africa, where he had learned about the disease
(Fig. 13).

When Chick Koop returned in 1963 from a conference in Africa, he told us about
Burkitt’s lymphoma and urged us to work on it because the epidemiology of this
most frequent tumor of African children strongly suggested that it was caused by
a virus (36).

Figure 11 (Top) Announcement of Burkitt’s talk at the Middlesex Hospital, London.
(Bottom) M. A. Epstein. Source: From Refs. 22, 29.
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Serum samples were sent to the Henles’ laboratory for further investigation
and, hopefully, identification of the virus. Using an immunofluorescence assay
(see chap. 7), they found that antibodies to the virus were present in sera from
patients with BL, but also from many others, including healthy laboratory staff
(37). The first hint connecting the virus to acute disease came when one of the
Henles’ laboratory technicians, Elaine Hutkin, whose serum was used as a negative
control for antibodies to EBV, developed IM (38). Her serum then became strongly
positive for EBV antibodies (Fig. 14).

Epidemiologic studies stimulated by this observation established the etiologic
link between EBV and IM. The Henles turned to James Niederman, at Yale, who
had collected sera from incoming freshman college students and had data concerning
their subsequent health status. In their cohort of 29 college students who developed
IM during their college years, none had antibodies to the virus before becoming ill,
and all had antibodies afterwards (39). Multiple other such epidemiologic studies
(see Chapter 3) established the etiological relationship between EBV and IM.

Further studies of subjects infected by EBV showed that specific antibodies
persisted indefinitely (40), the virus was shed in saliva both during acute IM and long
after recovery (41), and receptors for the virus were present on B-lymphocytes (42).
The virus was shown to transform B-lymphocytes, which normally do not survive
more than a few days in vitro, leading to outgrowth of cells that grew in perpetuity
[‘‘lymphoblastoid cell lines’’ (LCLs)] (43,44)—a process that was termed immortali-
zation by Miller (45). The immortalized cell lines synthesized polyclonal immunoglo-
bulins (46). The implications for the study of viral oncogenesis were obvious, but this

Figure 12 Immature Epstein–Barr virus virions in an EB1 line cell �127,500. (Inset): EBV
virions in an EB3 cell line �127,500. Note that some of the virions are empty, but others con-
tain central nucleoids. Source: From Ref. 34.
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ability of EBV to transform B-lymphocytes has been widely exploited. For example,
in population genetic studies, B-cells obtained from individuals of various popula-
tions are transformed by EBV to generate sufficient DNA to allow sequencing
and detection of DNA polymorphisms (47).

The question regarding the nature of the persistence of EBV is of considerable
clinical and biological interest. The intermittent presence of EBV in saliva implied
that there is not only active replication but also latent infection from a viral reservoir.
That B-lymphocytes (or their progenitors) form such a reservoir is implied by the
observation that in two individuals who underwent bone marrow transplants, exogen-
ous EBV (in one case from the patient’s husband and in the other from the donor)
replaced the patients’ pretransplant EBV, as detected by immunoblotting detection
of EBV nuclear antigens (EBNAs) from the patients’ pre- and posttransplant LCL
(48). Sixbey et al. showed that lytic replication of EBV probably occurs in oropharyn-
geal squamous epithelial cells, thus providing a route of transmission of the virus (49).

The antibody response to EBV infection was dissected by several groups, includ-
ing the Henles in Philadelphia and George Klein in Sweden. When different EBV-
infected cell lines were used as substrates and samples from the acute and convalescent
phases of IM and other EBV diseases were tested, distinct antibody patterns were
observed. Antibodies to viral capsid antigens (VCAs) were identified by their ability
to coat and agglutinate purified virus (50). Other sera had high titers of antibody that
stained cells, such as Raji and Roswell Park Memorial Institute (RPMI) 64–10 cells,
that were abortively infected with no virion production (51). These antibodies were
distinct from anti-VCA antibodies. The viral antigen is synthesized ‘‘early’’ in the

Figure 13 Gertrude and Werner Henle. Source: From Ref. 22.

The History of Epstein–Barr Virus 13



course of cellular infection, before virions are produced (52). Antibody to early anti-
gen (EA) is not typically present in sera with the highest titers of anti-VCA antibodies,
and is usually momentarily present only in patients with IM (39). When searching for
complement fixing antibodies, Reedman and Klein found that antibodies to EBNA
stained the nuclei of EBV latently infected cell lines and Burkitt-derived cell lines (53).

While the involvement of EBV in IM was investigated, the relation of the virus
to BL was more clearly elucidated. In 1964, Epstein et al. identified EBV in BL cells
(35), but this was not considered proof of causality. After all, the presence of virus in
the lymphoma cells is also compatible with the notion that the tumor cells were
especially susceptible to infection with a ubiquitous virus, with the virus as a mere
passenger. Thus, it was possible that the tumor occurred first, and viral infection
of tumor cells followed. This was tested in a heroic study conducted by Guy de
The (54) in 1978 in which sera from 42,000 children in the West Nile district of Africa
were obtained, tested for EBV antibodies, and the children followed prospectively
for the development of BL. The (geometric mean) titers of anti-VCA antibodies in
subjects who eventually developed BL were much higher than those of the controls,
by a ratio of 4:1. Titers to the other antigens—EA and EBNA—were no different
between pre-BL and control subjects.

In a 1968 survey of various cancers, Old et al. examined the prevalence of
EBV seropositivity and found that, along with the expected high prevalence

Figure 14 The Henles’ laboratory staff. Werner Henle is at the left, Gertrude Henle is in the
background, and Elaine Hutkin, the first person who was demonstrated to Epstein–Barr virus
seroconvert during an attack of infectious mononucleosis, is seated third from left. Source:
From Ref. 22.
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of EBV antibodies in patients with BL, there was an even higher prevalence in
patients with primary nasopharyngeal carcinoma (55). A study published in the next
year confirmed this and showed that elevated EBV antibodies were not seen in geo-
graphic controls who were healthy or had other types of head and neck cancers (56).
Finally, zur Hausen et al. showed the presence of EBV DNA in nasopharyngeal car-
cinoma and BL cells by in situ hybridization in 1970 (57). Thus, EBV was established
as the first virus to be directly associated with human cancers.

Over the next several decades, more and more diseases were shown to be asso-
ciated with EBV. In immunosuppressed populations, EBV-related neoplasms
achieved prominence. As stem cell and solid organ transplants became common so
did posttransplant lymphoproliferative syndrome. The increased incidence of lym-
phomas in transplant patients was noted fairly early (58), and the evidence of an asso-
ciation with EBV followed soon after (59). Starzl et al. added to the evidence by
showing that reversing immunosuppression by discontinuing (or reducing) immuno-
suppressive therapies often resulted in the reduction or resolution of the lymphomas,
in most of which EBV DNA or EBNA could be detected (60). Ho et al. demon-
strated the presence of EBV DNA in posttransplant lymphomas by DNA–DNA

Historical Milestones in Epstein–Barr Virus

Year Milestone

1885 Filatov describes subacute febrile illness which is thought to be IM
1889 Pfeiffer describes subacute febrile illness (Drüsenfieber or glandular fever),

which is thought to have been IM
1911 Forssman reports on the presence of sheep cell agglutinins in human serum
1920 Sprunt and Evans publish their observation of atypical lymphocytes in

glandular fever and introduce the term ‘‘IM’’
1924 Hanganutziu identifies sheep cell agglutinins in humans with serum sickness
1926 Deicher also identifies sheep cell agglutinins in humans with serum sickness
1932 Paul and Bunnell publish observations of heterophile antibodies in IM
1937 Introduction of the Davidsohn differential absorption test
1958 Burkitt publishes first paper on jaw sarcomas in African children
1961 Burkitt and O’Conor publish detailed clinical and pathologic report of

‘‘Malignant Lymphoma in African Children’’
1962 Burkitt publishes report of ‘‘Long Safari’’
1964 Epstein, Achong, and Barr identify herpesvirions by electron microscopy in

BL tissue
1967 Technician in Henles’ laboratory seroconverts to EBV after developing IM
1968 Henle and Henle identify EBV as the etiology of IM
1968 Old identifies high EBV titers in nasopharyngeal carcinoma patients
1970 Zur Hausen et al. report detection of EBV DNA in BL and NPC tissue
1973 Jondal and Klein identify the EBV receptor on lymphocytes
1975 Purtillo et al. describe X-linked lymphoproliferative syndrome
1978 De The et al. publish epidemiologic evidence that EBV causes BL
1988 Jones et al. report EBV-driven T-cell lymphomas arising in patients with

chronic active EBV infection
1994–1995 Prevot et al., McClain et al., and Lee et al. report EBV in association with

leiomyosarcomas among immunocompromised persons with HIV infection
or following organ transplantation

Abbreviations: BL, Burkitt lymphoma; HIV, human immunodeficiency virus; IM, infectious mononucleo-

sis; NPC, nasopharyngeal carcinoma.
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hybridization as well as by detection of EBNA in the nuclei of the tumor cells using
anticomplement immunofluorescence (59).

In 1975, Purtilo et al. reported (61) the case of a boy who died from a fulminant
form of IM characterized by extensive lymphoproliferation. He described the presence
of similar illnesses in many of his male relatives, thus demonstrating that the disease
was X linked. They suggested that the ‘‘fatal proliferation of lymphocytes’’ was likely
triggered by EBV, and that the ‘‘immunological shutoff mechanisms for controlling
the proliferation of lymphocytes . . .were inadequate.’’ Further evolution of our under-
standing of X-linked lymphoproliferative syndrome is found in chapter 16.

In 1988, Jones et al. reported fulminant T-cell lymphomas arising in three
patients with chronic active EBV infection, and found that the neoplastic T-cells
were EBV infected, clonally arising from a single EBV-infected T-cell (62).

The AIDS epidemic has generated an immunosuppressed population which is
particularly susceptible to the development of EBV-related lymphoproliferative dis-
ease. An unusually large number of B-cell lymphomas in AIDS patients were seen
early on in the epidemic in San Francisco, Los Angeles, Houston, and New York
(63). Primary brain lymphoma, a very rare neoplasm, was noted in about 5% of
an HIV clinic population in San Francisco early on in the AIDS epidemic (64). Other
EBV-related lymphomas are not uncommon in this group of patients (see Chapter 9).
The most recent human cancer to be associated with EBV is leiomyosarcoma (see
Chapter 15), but is limited to immunocompromised persons, including persons with
AIDS (61,62) and organ transplant recipients (63).

The story of how EBV was discovered and its causal connections is a fascinat-
ing and dynamic one, continuing to shed light on viral pathogenesis and oncogenesis,
with new disease manifestations evolving almost from decade to decade.
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INTRODUCTION

Epstein–Barr virus (EBV), or human herpesvirus 4, is a member of the herpesvirus
family. EBV is the sole human member of the lymphocryptovirus or gamma 1
herpesvirus subfamily, while Kaposi’s sarcoma–associated herpesvirus (human her-
pesvirus 8) is a member of the rhadinovirus or gamma 2 herpesvirus subfamily. A
number of simian homologs of EBV have been found including rhesus, African green
monkey, chimpanzee, and baboon viruses (1). The rhesus homolog of EBV contains
the identical repertoire of lytic and latent genes that are present in EBV (2). Thus, it
is likely that EBV evolved from a simian counterpart.

VIRUS STRUCTURE AND GENOME

Like other members of the herpesvirus family, EBV DNA is surrounded by an
icosahedral nucleocapsid composed of 162 capsomeres. There are three major capsid
proteins. The nucleocapsid is in turn enclosed by a protein tegument, which is sur-
rounded by the viral envelope that consists of multiple viral glycoproteins.

The EBV genome consists of a linear, doubled-stranded DNA that is 184 kilo-
base pairs in length (3,4). The genome consists of terminal repeats (TR), unique long
domains, and internal repeats (IR) (Fig. 1). The genome encodes nearly 100 proteins.
While many of the genes expressed during lytic infection have homologs in the other
human herpesviruses, genes expressed during latent infection are not present in
other human viruses.

Two types of EBV infect humans. They differ primarily in the sequences of the
latent genes. B-cells transformed with EBV-1 arise more rapidly in vitro than cells
transformed with EBV-2; the viral protein predominantly responsible for these dif-
ferences is EBV nuclear antigen (EBNA)-2 (6). In addition, different strains of
EBV can be distinguished by differences in the number of repeats within the genome.
Over 95% of EBV isolates in the United States, Europe, and Southeast Asia are
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EBV-1. Patients with HIV in the United States and Europe have a much higher fre-
quency of EBV-2. In HIV-positive homosexuals the frequency of EBV-2 is about
30%, while in HIV-positive hemophiliacs the frequency is 10% (7). EBV-1 and
EBV-2 are present in similar frequencies in equatorial Africa and New Guinea (8).
Patients with HIV may be coinfected with more than one strain of EBV-1 or
EBV-2, with both EBV-1 and EBV-2, or with intertypic recombinants (9,10).

VIRUS REPLICATION

EBV infects epithelial cells in the oropharynx (11) and resting B-cells. Infection
of epithelial cells results in a lytic effect with replication of the virus and release of
virions from the cell. During lytic replication, the viral genome is copied by the viral
DNA polymerase and therefore is sensitive to the action of acyclovir.

In contrast, infection of primary B-cells usually results in a latent infection with
expression of only eight proteins without production of virions. These latently
infected B-cells, termed lymphoblastoid cells, are transformed or immortalized and
can replicate indefinitely. The viral genome circularizes to form an episome and the
TR at the ends of the genome join together. There is a fixed number of TR in a given
cell. Analysis of the number of TR in EBV-associated malignancies has been used to
ascertain whether the tumors arose from a single EBV-infected cell and, therefore,
are clonal for EBV. Only a small fraction of latently infected B-cells subsequently
undergo lytic infection. During latent infection the viral genome is replicated by a
cellular polymerase and therefore is insensitive to the action of acyclovir.

Other cells can also be infected with EBV, although the efficiency of infection is
markedly reduced. Burkitt lymphoma B-cells, T-cells, and natural killer (NK) cells
can become latently infected with EBV. The EBV genome can persist as an episome
or become integrated in the chromosome of virus-infected Burkitt lymphoma cells.
In addition, certain epithelial cell lines including gastric and colon carcinoma
cells can be infected.

Figure 1 Map of EBV genome. The genome of EBV (B95-8 strain) contains 184 kilobase
pairs of DNA (top line) consisting of TR, IR, and U regions (second line). The genome encodes
about 90 replication proteins, a few of which are shown (third line) and eight proteins
expressed during latency (fourth line). Abbreviations: EBV, Epstein–Barr virus; TR, terminal
repeats; IR, internal repeats; U, unique. Source: From Ref. 5.
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The receptor for EBV in B-cells is CD21, also known as the C3d complement
receptor (12). The major virus glycoprotein, gp350, binds to this receptor to enter
into B-cells. In addition, the major histocompatibility complex (MHC) class II mole-
cule serves as a coreceptor for EBV, and the viral glycoprotein gp42 binds to MHC
class II (13). Epithelial cells lack CD21, and therefore another receptor, that has not
yet been identified, is presumably present in these cells.

EBV can be obtained from saliva of infected persons or from latently infected
B-cells that have been induced to replicate EBVby treatment with butyrate, azacytidine,
phorbol ester, cross-linking of surface immunoglobulin (Ig), or lethal irradiation. Mar-
moset cell lines infected with EBV, such as B95–8 cells, are a useful source of infectious
virus. Infectionof epithelial cell linesusually results invery low levelsof virus production.

LATENT INFECTION

Only a few of the nearly 100 EBV genes are expressed during latent infection. These
latent genes are the six EBNAs, two latent membrane proteins (LMPs), two EBV
encoded RNAs (EBERs), and transcripts from the BamHI A region of the genome
(Table 1). Only two of these genes, EBNA-1 and LMP-1, are expressed during lytic
infection. Genetic studies have shown that five of these genes are essential for B-cell
transformation by EBV in vitro.

Patterns of Latent Infection

Four different patterns of latency have been associated with EBV infection (Table 2)
(14). In latency 1, EBNA-1 is the only protein expressed in addition to the EBERs
and BamHI A transcripts. This is the pattern of gene expression seen in tissues from
patients with Burkitt lymphoma. In latency 2, EBNA-1, LMP-1, and LMP-2 are
expressed with the EBERs and BamHI A RNAs. This pattern is seen in tissues from
patients with Hodgkin’s disease, peripheral T-cell lymphomas, and nasopharyngeal
carcinoma. In latency 3, all of the EBV-associated latency proteins are expressed as
well as the EBERs and BamHI A RNAs. Latency 3 is seen in EBV-associated

Table 1 EBV Latency Proteins

Protein
Required for
transformation Functions

EBNA-1 Yes Episomal maintenance
Upregulates viral genes

EBNA-2 Yes Upregulates viral and cellular genes
EBNA-3 -A, -C: yes; -B: no Inhibits EBNA-2 activity; upregulates cellular genes
EBNA-LP Probably Augments EBNA-2 activity
LMP-1 Yes CD40 signaling

Activates NF-jB, c-jun terminase kinase
Upregulates multiple cellular genes
Oncogene

LMP-2 No Prevents EBV reactivation from latency

Abbreviations: EBNA, Epstein–Barr virus nuclear antigen; EBNA-LP, Epstein–Barr nuclear antigen

leader protein; EBV, Epstein–Barr virus; LMP, latent membrane protein.
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lymphoproliferative disease, infectious mononucleosis, and in EBV-transformed
B-cells in vitro (lymphoblastoid cell lines). In the fourth latency program, present
in B-cells circulating in the peripheral blood, LMP-2 transcripts and, in some cases,
EBNA-1 transcripts are expressed (15,16).

EBNA-1

EBNA-1 is expressed during latent and lytic infection and the protein is present in all
EBV-associated tumors. EBNA-1 is essential for transformation of B-cells by EBV.
Transgenic mice expressing EBNA-1 develop B-cell lymphomas in some (17) but not
all (17a) strains of mice.

EBNA-1 binds to a sequence on the EBV genome termed oriP (18) and associ-
ates with mitotic chromosomes (19). The oriP sequence is the origin for viral DNA
replication and consists of a number of repeated elements that form the binding site
for EBNA-1. Binding of EBNA-1 to oriP and its association with chromosomes
allows the viral genome to be maintained during division of the cell. The crystal
structure of EBNA-1 has been determined, both alone and bound to DNA
(20,21). EBNA-1 contains a core domain that does not bind DNA even though its
structure resembles that of the DNA-binding domain of the papillomavirus E2 pro-
tein and a flanking domain that binds DNA. The human origin recognition complex
(ORC) is associated with oriP, and replication from oriP requires ORC and is
reduced by geminin, an inhibitor of the replication initiation complex (22,23).

EBNA-1 also transactivates gene expression. EBNA-1 upregulates its own
expression, through its Cp or Wp promoters. EBNA-1 can activate transcription
from episomal DNA, but not from integrated DNA (24).

EBNA-1 can be expressed from one of four promoters (25). These are named
for the BamHI fragments of the EBV genome on which they are located. The Qp
promoter is used in cells that are infected with a latency type 1 or 2 program, the
Cp or Wp promoters [which also drive expression of EBNA-2, EBNA leader protein

Table 2 Patterns of Latent Infection

Latency
type EBER

EBNA-
1

EBNA-
2

EBNA-
3 LMP-1 LMP-2 BARTs Site expressed

1 þ þ � � � � þ Burkitt
lymphoma

2 þ þ � � þ þ þ Nasopharyngeal
carcinoma;
Hodgkin’s
disease

3 þ þ þ þ þ þ þ Infectious
mononucleosis;
lymphoproli-
ferative disease

Other þ � � � � þ ? Peripheral blood
B-lymphocytes

Abbreviations: EBER, Epstein–Barr virus-encoded ribonucleic acid; EBNA, Epstein–Barr virus nuclear

antigen; LMP, latent membrane protein; BARTs, BamHI A rightward transcripts.

24 Cohen



(EBNA-LP), and EBNA-3] are used in cells infected with a latency type 3 program,
and the Fp promoter is used during lytic infection.

EBNA-1 contains a glycine–alanine repeat region that acts in cis to inhibit
protein degradation in the ubiquitin–proteosomal pathway (Table 3) (26). This
pathway is important for cleavage of proteins into small peptides for presentation
with MHC class I molecules to cytotoxic T-cells. The ability of EBNA-1 to inhibit
its own degradation is thought to allow cells expressing the protein to avoid destruc-
tion by class I restricted cytotoxic T-cells. Transfer of the glycine–alanine repeats to
other proteins allows the latter to avoid degradation in proteosomes (27).

EBNA-2

EBNA-2 is required for B-cell transformation by the virus (28,29). EBNA-2 upregu-
lates expression of both viral and cellular proteins. EBNA-2 upregulates EBNA-1
through the Wp and Cp promoters. EBNA-2 also stimulates expression of LMP-1
and LMP-2 (30). EBNA-2 upregulates expression of CD21, CD23, c-fgr, and c-myc
(31–33). CD21 is the EBV receptor and CD23 is expressed on the surface of EBV-
transformed B-cells. A soluble form of CD23 may act as a growth factor for EBV-
infected cells (34) and, therefore, CD23 may act as an autocrine stimulator of B-cell
growth. c-fgr is a tyrosine kinase that may be important for growth of B-cells, while
dysregulation of c-myc is associated with the unregulated B-cell proliferation in
Burkitt lymphoma.

EBNA-2 interacts with a number of cellular proteins to mediate its transacti-
vating function. EBNA-2 binds to Jj, also termed C-promoter binding factor
(CBF-1), to activate the EBNA Cp, LMP-1, LMP-2, and CD23 promoters (35).
Jj recognizes a DNA sequence, GTGGGAA, on EBV and cellular promoters to
activate gene expression. In this regard EBNA-2 is functionally similar to the Notch
receptor which also binds to Jj to activate genes during development (36,37).
EBNA-2 also binds PU-1, a DNA-binding protein, to upregulate the LMP-1 promo-
ter (30) and AUF1 to activate the EBNA Cp promoter (38).

EBNA-2 contains an acidic domain that is critical for transcriptional activation
(39). This domain associates with components of the transcription complex including
transcription factor (TF)IIB, TFIIH, TATA binding protein (TBP) associated factor
(TAF)40, RPA70, p100, and cAMP-response element–binding protein (CREB)
binding protein (CBP)/p300 (40–43).

Table 3 EBV Proteins That Modulate the Immune Response

Protein Cellular homolog Function

EBNA1 None Inhibits degradation by proteosomes
LMP-1 CD40 Inhibits apoptosis
BZLF1 None Inhibits interferon gamma activity
BHFR1 bcl-2 Inhibits apoptosis
BALF1 bcl-2 Modulates apoptosis
BARF1 CSF-1R Inhibits interferon alpha
BCRF1 IL-10 Inhibits interferon gamma and IL-12

Abbreviations: CSF, colony stimulating factor; EBNA, Epstein–Barr virus nuclear antigen; IL, interleukin;

LMP, latent membrane protein.
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EBNA-LP

EBNA-LP is the 50 gene encoded in a transcript with the EBNA–2 gene. While
EBNA-LP has not been proven to be essential for transformation, deletion of
the carboxy terminus of the protein markedly reduces the ability of the virus to
transform B-cells (44).

EBNA-LP augments the ability of EBNA-2 to activate expression of LMP-1,
LMP-2 (45), and cellular proteins (46). While EBNA-LP has been shown to
bind to p53 and the retinoblastoma protein (47), it is unclear what significance
these interactions have for the role of EBNA-LP in B-cell transformation. In addi-
tion, EBNA-LP binds to a number of other cellular proteins including heat shock
protein 70, DNA protein kinase catalytic subunit, HA95 (a nuclear protein that
may be involved in mitosis), and a and b tubulin (48).

EBNA-3

There are three EBNA-3 proteins, EBNA-3A, EBNA-3B, and EBNA-3C, which
show weak homology to each other and are present in tandem in the viral genome.
EBNA-3A and EBNA-3C are required for B-cell transformation by the virus, while
EBNA-3B is dispensable (49,50).

The EBNA-3 proteins bind to Jj with a higher efficiency than EBNA-2.
Binding of the EBNA-3 proteins to Jj prevents the latter from binding to DNA
and inhibits the ability of EBNA-2 to upregulate gene expression (51).

The EBNA-3 proteins also upregulate expression of cellular and viral genes.
EBNA-3C increases the expression of CD21 and LMP-1 (52,53), and EBNA-3B
upregulates expression of CD40 and bcl-2 (54). EBNA-3C interacts with the human
metastatic suppressor protein Nm23-HI and inhibits the ability of the latter to
suppress the migration of Burkitt lymphoma cells (55).

LMP-1

LMP-1 is expressed in both latently and lytically infected B-cells. LMP-1 is
required for transformation of B-cells by EBV (56). LMP-1 functions as an onco-
gene for the virus. Rodent fibroblasts expressing LMP-1 show a transformed phe-
notype with loss of anchorage dependence, markedly reduced requirements for
serum, loss of contact inhibition, and the ability to grow as colonies in agar. Injec-
tion of these fibroblasts into nude mice results in the formation of tumors (57).
Transgenic mice expressing LMP-1 in B-cells develop B-cell lymphomas (58).
Transgenic mice expressing LMP-1 in the skin develop epithelial hyperplasia with
increased expression of keratin 6 (59). LMP-1 has transmembrane domains that
are located in lipid rafts on the membrane of the cell, and the protein is associated
with the cell cytoskeleton (60).

LMP-1 is a functional analog of a constitutively activated form of CD40 and
can complement the activity of CD40 in transgenic mice (61). CD40 is a member of
the tumor necrosis factor (TNF) receptor family. Interaction of CD40 in B-cells
with its ligand results in oligomerization of CD40, binding of the protein to
TNF-associated factors (TRAFs), and B-cell activation and proliferation. LMP-1
binds to TRAFs 1, 2, 3, and 5, TNF receptor-associated death domain (TRADD),
receptor interacting protein (RIP), and Janus-activated kinase 3 (62–65). These inter-
actions result in activation of nuclear factor kappa B (NF-jB), c-jun N-terminal
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kinase, signal transducers and activators of transcription, B7 costimulatory pro-
tein, the p38 mitogen activated protein (MAP) kinase pathway, and stress activated
kinases (66–69). The resultant effect is constitutive B-cell proliferation. LMP-1
also interacts with TRAFs in epithelial cells resulting in increased expression of
epidermal growth factor (70). EBV-associated B-cell lymphomas in humans show
activation of NF-jB, and LMP-1 colocalizes with TRAF-1 and TRAF-3 (71).
Thus, LMP-1 is critical for B-cell proliferation and development of lymphomas
in vivo.

Expression of LMP-1 in cells upregulates a large number of proteins and
results in multiple phenotypic changes. LMP-1 stimulates expression of intra-
cellular adhesion molecules (ICAM)-1, lymphocyte function associated antigen-1
(LFA)-1, and LFA-3. LMP-1 also upregulates expression of Fas, CD23, CD40,
and MHC class II (52,72). LMP-1 induces secretion of IgM and interleukin
(IL)-6 (73,74) and upregulates expression of matrix metalloproteinase-9 (75).
LMP-1 expression in epithelial cells inhibits their differentiation (76) and alters
the morphology of keratinocytes (77). Expression of LMP-1 in lymphoma cells
induces clumping of the cells and increases formation of villous projections (52).
LMP-1 can also inhibit the ability of EBNA-1 to transactivate the EBNA Cp
and LMP-1 promoters (78) and inhibits BZLF1 transcription and induction of lytic
replication (79).

LMP-1 has several antiapoptotic effects on the cell. LMP-1 upregulates expres-
sion of A20, myeloid cell leukemia (mcl)-1, bcl-2, and bfl-1, all of which inhibit apop-
tosis (80–83). Both bcl-2 and A20 are upregulated in transgenic mice expressing
LMP-1 (58). LMP-1 also inhibits expression of c-myc and thereby further protects
cells from apoptosis (84).

LMP-2

Two forms of LMP-2 are expressed in EBV-infected B-cells. LMP-2A and LMP-2B
are colinear, except that they differ in their 50 exons. The resultant proteins are
identical except that LMP-2A is predicted to have an additional 119 amino acids
at its amino terminus compared with LMP-2B. LMP-1 and LMP-2 colocalize in
the membrane of B-cells, and both are present in lipid rafts (60,85). LMP-2 is not
required for B-cell transformation (86).

LMP-2 functions to prevent EBV reactivation in latently infected B-cells.
Cross-linking of immunoglobulin on the surface of EBV-transformed B lymphoma
cells in the absence of LMP-2 can induce lytic replication of the virus. However,
expression of LMP-2 on the surface of the cell blocks this effect. LMP-2 binds to
fyn and lyn, members of the B-cell src family of protein tyrosine kinases, and
to syk. Binding of LMP-2 to these proteins results in constitutive low level phosphor-
ylation of the proteins. This, in turn, is thought to inhibit their ability to activate
phospholipase C, mobilize calcium, and induce lytic replication of EBV in response
to external signals (87–89). LMP-2 is also phosphorylated by the src family of
protein tyrosine kinases.

Expression of LMP-2 in B-cells of transgenic mice allows the cells to survive in
the absence of normal B-cell receptor signaling (90). Expression of LMP-2 in epithe-
lial cells results in transformation of the cells with anchorage-independent growth,
the ability to form colonies in agar, and induction of tumors when inoculated into
nude mice (91). LMP-2 also inhibits differentiation of epithelial cells and activates
the Akt serine–threonine protein kinase.
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EBERs

Two polyadenylated, nontranslated RNAs, EBER-1 and EBER-2, are expressed in
latently infected EBV-transformed B-cells. They are the most highly expressed EBV
RNAs in latently infected cells, and probes to these transcripts have been used exten-
sively for detection of EBV in tissues.

Both EBERs are dispensable for B-cell transformation by the virus (92). How-
ever, expression of the EBERs in EBV-negative lymphoma cells enhances their
malignant phenotype with the ability to grow in soft agar and induce tumors when
inoculated into severe combined immunodeficient (SCID) mice (93). In addition,
expression of EBERs upregulates the bcl-2 gene and enhances the resistance of cells
to apoptosis. Transfection of EBERs into EBV-negative B-cells upregulates expres-
sion of IL-10 and may function as an autocrine growth factor for the cells (94).

The EBERs interact with interferon-inducible oligoadenylate synthetase and
with double-stranded RNA-activated protein kinase (95,96). EBER-1 also inhibits
the protein kinase in vitro (97). Wild-type EBV expressing the EBERs shows no dif-
ference in its ability to block the effects of interferon compared with an EBV mutant
lacking the EBERs (98). The EBERs also bind to the nuclear proteins La and EAP
(EBER-associated protein) (99,100).

Other Latency-Associated Genes

A number of EBV transcripts encoded in the rightward direction from the BamHI A
region of the genome have been detected in EBV-infected B-cells and nasopharyn-
geal carcinomas (101). These BamHI A rightward transcripts include the BARF0
and RPMS1 genes. Transcripts corresponding to the BARF0 gene have been det-
ected in latently infected B-cells (102). At present BARF0 protein has not been
detected in latently infected cells, although antibodies to the protein have been found
in patients with nasopharyngeal carcinoma (103). An alternatively spliced form of
BARF0, termed RK-BARF0, can upregulate expression of LMP-1 in the absence
of EBNA-2, and RK-BARF0 interacts with Notch (104). RPMS1 transcripts are
present in B-cells that are latently infected with EBV and in Hodgkin’s disease tissue.
RPMS1 protein interacts with Jj to interfere with EBNA-2 mediated upregulation of
proteins (105).

Table 4 Selected Epstein–Barr Virus Lytic Proteins

Protein Expression class Function

BZLF1 IE Transcriptional activator
BRLF1 IE Transcriptional activator
BALF5 E DNA polymerase
BXLF1 E Thymidine kinase
BcLF1 L Viral capsid antigen
gp350 L Major viral glycoprotein, binds CD21 on B-cells
gp85 L Important for fusion of virus to B-cells
gp42 L Binds to MHC class II molecules on B-cells

Abbreviations: E, early; IE, immediate early; L, late; MHC, major histocompatability complex.
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LYTIC INFECTION

EBV encodes approximately 90 proteins that are expressed during lytic virus replica-
tion (Table 4). By analogy with other herpesviruses, these are classified as immediate-
early, early, and late proteins. Immediate-early genes are transcribed after infection
in the presence of protein synthesis inhibitors. Early genes are expressed in the
presence of viral DNA synthesis inhibitors, while late genes are not transcribed when
these inhibitors are present. In general, immediate-early genes are important for
regulating gene expression in the virus, early proteins encode enzymes that are
important for viral DNA replication, and late proteins encode structural proteins
of the virion. EBV lytic genes are named by the BamHI fragment in which they
are located, whether they are expressed in a leftward (L) or rightward direction (R),
and the number of their position in the BamHI fragment. For example, BZLF1 is
the first transcript expressed in the leftward direction in theBamHIZ fragment ofEBV.

Immediate-Early Proteins

The major immediate-early proteins of EBV are encoded by BZLF1 and BRLF1.
BZLF1 protein is also termed Z Epstein–Barr replication activator (ZEBRA) or
Zta, while BRLF1 protein is also known as Rta. BZLF1 and BRLF1 proteins
activate transcription of viral early genes (106,107). BZLF1 protein inhibits tran-
scription from the EBNA Cp promoter and may facilitate the switch from latent
to lytic infection (108). Binding of NF-jB or p53 to BZLF1 protein inhibits the abi-
lity of the viral protein to transactivate viral gene expression (109,110). BZLF1
protein also downregulates the interferon gamma receptor and inhibits the ability
of interferon gamma to activate its target genes including IRF-1, CIITA, and
MHC class II (111).

Early Proteins

EBV early proteins include enzymes that are important for viral DNA replication,
inhibitors of apoptosis, a soluble cytokine receptor, and proteins that activate
expression of other early genes. Six viral proteins have been identified as replication
proteins using an in vitro assay to amplify plasmids containing the lytic origin of
replication (ori-lyt) (112). These replication proteins are the viral DNA polymerase
(encoded by BALF5), the DNA polymerase processivity factor (encoded by
BMRF1), the single-stranded DNA-binding protein homolog (encoded by BALF2),
the primase homolog (encoded by BSLF1), the helicase homolog (encoded by
BBLF4), and the helicase-primase homolog (encoded by BBLF2/3). The viral thymi-
dine kinase (encoded by BXLF1) phosphorylates acyclovir and results in activation
of the drug with inhibition of the viral DNA polymerase and viral DNA replication.
Other early viral proteins important for viral DNA replication are the ribonucleotide
reductase proteins encoded by BORF2 and BaRF1 and the uracil DNA glycosylase
encoded by BKRF3.

BHRF1 and BALF1 are homologs of bcl-2, a cellular protein that inhibits
apoptosis. Both proteins have been shown to protect cells from apoptosis. BHRF1
colocalizes with bcl-2 in the mitochondria and inhibits apoptosis in both B-cells
(113) and epithelial cells (114), while BALF1 has been shown to modulate the effect
of BHRF1 in epithelial cells (115).
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BARF1 protein acts as a soluble colony stimulating factor (CSF)-1 receptor.
Although BARF1 has very limited amino acid homology to the CSF-1 receptor, the
viral protein blocks the activity of CSF-1 (116). CSF-1 stimulates expression of inter-
feron alpha by monocytes, and BARF1 blocks the ability of CSF-1 to enhance secre-
tion of the cytokine (117). Because interferon alpha activates NK cell cytotoxicity,
BARF1 may inhibit the ability of NK cells to control virus-infected cells.

The BSMLF1 and BMRF1 proteins activate expression of other early genes
(118). These two proteins make up part of the early antigen–diffuse complex,
because the antigens are found to be present in both the nucleus and the cytoplasm
on immunofluorescence staining. BHRF1 and BORF2 comprise part of the early
antigen–restricted complex because they are restricted to the cytoplasm.

Late Proteins

EBV late proteins include the viral glycoproteins, nucleocapsid proteins, and a viral
cytokine. Most of the viral capsid antigen (VCA) is comprised of the major nucleo-
capsid protein, which is encoded by BcLF1. Antibodies to the VCA are used in the
diagnosis of virus infection.

EBV encodes several glycoproteins including gp350, gp110, gp85, gp42, and
gp25. gp350, encoded by BLLF1, is the major viral envelope protein and binds to
its receptor, CD21, on B-cells. Deletion of gp350 from the virus markedly reduces,
but does not eliminate, infectivity of the virus (119). Purified recombinant gp350 is
being studied as a vaccine candidate (120).

EBV gp110, encoded by BALF4, is the homolog of herpes simplex virus
(HSV) glycoprotein B, which is required for HSV entry into cells. Three EBV gly-
coproteins, gp85, gp42, and gp25, form a trimolecular complex. EBV gp85, encoded
by BXLF2, is the homolog of HSV glycoprotein H (gH). gp85 is important for
fusion of the virus to B-cells and absorption to epithelial cells. gp85 is essential
for infection of B-cells and epithelial cells (121–123). gp25, the product of BKRF2,
is a homolog of HSV gL and acts as a viral chaperone to transport gp85 to the cell
membrane (124). The third component of the complex, gp42 (encoded by BZLF2),
binds to MHC class II molecules (125) and functions as a coreceptor for virus entry
in B-cells (13). In contrast, gp42 is not required for EBV infection of epithelial cells
(126). gp85 and gp25 can also form a heterodimer. EBV also encodes homologs of
HSV gN (encoded by BLRF1) and gM (encoded by BBRF3) that are important for
egress of virus from the cell (127).

BCRF1 protein, also termed viral IL-10, shares over 80% amino acid identity
with human IL-10 (128). Viral IL-10 inhibits interferon gamma secretion by peri-
pheral blood mononuclear cells and release of IL-12 from macrophages (92,129).
These activities may serve to protect virus-infected cells from cytotoxic T-cells. Viral
IL-10 also stimulates growth of B-cells (130) and inhibits the activity of dendritic
cells (131). The viral cytokine has less activity than its cellular homolog for stimulat-
ing expression of MHC class II and for inhibiting expression of IL-2.

CONCLUSIONS

EBV is a highly infective virus that infects over 95% of humans. The virus encodes a
limited number of proteins during latent infection that allow the virus to activate
B-cell proliferation and immortalize B-cells in vitro while avoiding apoptosis. Many
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of these viral proteins upregulate cellular gene expression and engage pathways that
normally occur during B-cell activation. EBV markedly limits expression of viral
proteins during latent infection to minimize the number of targets for destruction
by cytotoxic T-cells. During lytic infection, a large number of viral genes are
expressed. In addition to proteins required for viral DNA replication and for assem-
bly of virions, the virus expresses several proteins that modulate the immune
response. These proteins block apoptosis and inhibit the activity of interferon alpha
and interferon gamma.
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INTRODUCTION

The Epstein–Barr virus (EBV) is a ubiquitous pathogen. It causes infection through-
out the world in all populations. In general, the younger the age at which the primary
infection occurs, the more likely it is to be mild and clinically insignificant. In many
developing countries, almost all infections caused by EBV occur early in life and are
either unaccompanied by symptoms or associated with only minor, nonspecific
illnesses, such as low-grade fever or sore throat. In the more industrialized countries
of the world in which substantial portions of the population enjoy higher socioeco-
nomic status, primary infection is often delayed until adolescence or early adulthood.
Among older adolescents and adults, significant numbers of individuals become ill
during infection, which often takes the form of classic, heterophile antibody–positive
infectious mononucleosis (IM).

EBV infections are not highly contagious, certainly significantly less so than influ-
enza,measles, or chicken pox; intimate contact is necessary for transmission to occur. It
is usually not possible to trace the links among sequential cases. Asymptomatic virus
shedders, individuals experiencing either a primary infection or a recurrence, are the
major sources of infection in the community. Saliva and oropharyngeal secretions
represent the principal vehicles responsible for transmission of infection from person-
to-person. Rarely, infection is transmitted by blood transfusion.

SOURCES OF EPIDEMIOLOGIC DATA

Morbidity and Mortality Associated with IM

Data concerning the epidemiology of IM are obtained almost entirely from special
research projects that have focused on particular and well-circumscribed popula-
tions, such as college health services, community health care providers, military
populations, and laboratories serving these communities. Prevalence and incidence
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data, when analyzed in toto, provide a generally clear portrait of the manifestations
of IM in the population at large. However, some of the data are no doubt flawed as a
result of questions about ‘‘the numerator,’’ i.e., how well the strict diagnostic criteria
for IM are actually met among reported cases, and about ‘‘the denominator,’’ i.e.,
how well the groups of persons being surveyed are a true reflection of much larger
population tracts. Information suggesting that clinical case reports, at least in the
past, were frequently incorrect is available from a study in which as many as one-
third of the serum samples from patients believed to have IM, and sent to a state
laboratory for heterophile antibody tests, were negative (1).

In most countries and in most states in the United States, IM is not a reporta-
ble disease. Exceptions are the State of Connecticut, where the disease had been
reportable for a number of decades (but is no longer a reportable disease), and
the U.S. Armed Forces, but from data collected only on hospitalized cases. Further-
more, because IM is so rarely fatal, a comprehensive analysis of the mortality asso-
ciated with the disease has not been undertaken. A review of fatal complications of
IM was published by Evans in 1967 (2).

Serologic Surveys

Before 1968, the heterophile antibody test was the sole serologic tool available for
confirming the diagnosis of the acute infection, especially in its incarnation as classi-
cal IM. However, the heterophile antibody response is transient and primarily
comprises immunoglobulins of the immunoglobulin M (IgM) class. Furthermore,
heterophile antibody is much less commonly present in younger children with atypi-
cal forms of the disease. Hence, heterophile antibody testing is only useful for pro-
viding incidence (not prevalence) data concerning the more classical infection as it
occurs in adolescents and young adults, and usually only in the course of prospective
studies. The test has great specificity if performed well, utilizing differential absorp-
tions and preserved horse erythrocytes or beef hemolysins. In the past three decades,
the heterophile antibody test has been frequently adapted for use in physicians’
offices and clinics in the form of various rapid ‘‘spot’’ tests. There is often little qual-
ity control in the use of such tests. In addition, the use of office-based rapid tests has
resulted in much less frequent confirmatory testing by state or reference laboratories.
Therefore, an increasing dearth of data are being collected from specialized labora-
tories in which quality control is significantly better.

The discovery in 1968 that EBV was the etiologic agent of IM heralded an era
in which viral-specific antigen tests could be used for diagnosis of IM, as well as for
those subclinical or atypical primary infections that are also caused by EBV. Because
IgG antibody persists for years, serosurveys based exclusively on the presence of IgG
antibody to viral capsid antigen (VCA) in blood samples describe accurately the
overall prevalence of EBV infections in various age groups and populations. In time,
other viral-specific antigens were discovered, including early antigen (EA) and EBV
nuclear antigen (EBNA). When measured in combination with one another, anti-
body responses to these antigens have allowed epidemiologists to more accurately
establish the relationship between atypical forms of mononucleosis and EBV and
to define the prevalence in given populations of current, recent, or past infection.
Tests for measuring IgM antibody responses to VCA and antibodies to EBNA (or
various components thereof) have helped greatly in this regard.

The seroepidemiologic studies that have yielded the greatest insights into the
incidence of EBV infection and the diseases associated with EBV have been those
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that have focused on defined populations followed over time. Sera collected at base-
line establish the number of subjects who are either susceptible or immune at the
study’s onset. Antibody measurements made during the course of such studies help
to define the incidence of infection. When such serologic measurements are com-
bined with careful descriptions of intercurrent illnesses, it becomes possible to deline-
ate more clearly the spectrum of clinical events and syndromes associated with
seroconversion to the virus. Such studies have proven that many seroconversion
events are associated with only minor illnesses, especially in younger children, and
that even among adolescents, primary EBV infection is accompanied by classical
manifestations of IM in only about 50% of instances.

Contribution of Virus Isolation Techniques to Epidemiologic Studies

The transformation assay, which is the basis of the diagnostic method for detecting
infectious EBV in blood or body secretions, is labor intensive and tedious. Therefore,
it has not been used extensively in large epidemiologic studies. Nevertheless, the
unusual capacity of EBV to transform quiescent human umbilical cord lymphocyte
into rapidly growing clumps of cells that can be subcultured indefinitely (‘‘immorta-
lized’’) has been used as a research method. It has been used in well-circumscribed,
smaller studies that were designed to explore in detail aspects of person-to-person
transmission, patterns of oropharyngeal excretion and reactivation in both normal
and specialized hosts (e.g., patients who are either naturally or iatrogenically immu-
nosuppressed or patients with autoimmune diseases), and viral persistence in blood
and lymphoid tissues.

DESCRIPTIVE EPIDEMIOLOGY

Prevalence and Incidence: Primary Infection

Measuring antibody to the VCA of EBV is the principal method by which the
prevalence of infection has been assessed in populations throughout the world (3).
In developing countries, many of which are tropical, the great majority of children
(�75%) between the ages of four and six years have antibodies to VCA in the blood,
demonstrating that they have previously been infected. Because antibody to VCA is,
for all intents and purposes, a marker of lifelong immunity, recurrent or recrudescent
infections due to EBV do not occur in these groups and IM is virtually unknown as a
clinical entity. Conversely, in the countries of Western Europe and in the United
States, only 30% to 50% of children in the early school age years have antibodies
to VCA. However, within these countries, acquisition of infection occurs at higher
rates in certain specific childhood populations. For example, a study was conducted
by Chang et al. (4) in a Washington, D.C., ‘‘nursery’’ that provided domiciliary care
for children who were temporary wards of the state. The nursery housed approxi-
mately 50 children, of ages 6 months to 35 months, and was considered crowded
but sanitary. Of the 115 children tested for EBV antibody on admission, 37% were
seropositive, and 63% of those who were initially seronegative seroconverted prior
to discharge. The proportion of EBV seropositive children increased from 19%
at the age of six months to 68% at the age of 19 to 24 months, an overall seroconver-
sion rate of 9% per month. These rates are as high as those observed in many
nonindustrialized countries of the world. The only identifiable variable that corre-
lated significantly with EBV seroconversion was the duration of time the
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children remained in the nursery. Children residing in the nursery for up to 4.4
months and children residing at home for an equal length of time had similar
seroconversion rates, but for children residing in the nursery for up to 7.4 months,
the seroconversion rates were considerably higher. Neither the age of the children
and their sex nor the season of the year appeared to influence the rate of seroconver-
sion. Another study performed prospectively in an orphanage in Chicago showed
similar rates of seroconversion, but it took as long as a year for the pace of serocon-
version in the institutionalized child nursery to increase (5). Too little is known about
the orphanage environment to explain these differences.

Serosurveys of antibody prevalence to VCA have also been performed among
young adults in many parts of the world; military recruits and college students have
been the groups most commonly studied. Among young soldiers in parts of South
America and the United States and among some groups of college freshmen in Asia,
over 80% of subjects were found to have been previously infected. In the undergrad-
uate and first-year medical students of the University of the Philippines, antibody
prevalence rates hovered around 75% (6). In contrast, among young college students
in the United States, New Zealand, and England, EBV antibody prevalence ranged
from 26% to 64%. Similarly, in a large survey undertaken in English colleges and
universities in 1969, antibodies to EBV were present in 57% of serum samples from
freshmen (7,8). Depending on location, such data indicate that approximately one-
third to three-quarters of these students were susceptible to primary infection at
the time they entered college; it also means that many such students were liable to
develop IM. In some college surveys, the broadening of admission criteria in the late
1960s and early 1970s to permit the matriculation of young adults from a greater
variety of minority and socioeconomic groups was reflected in a greater proportion
of EBV seropositives in the freshman classes of such schools.

Among adults in England and Scandinavia who reach the middle years,
approximately 85% are seropositive (9–11). In contrast, only 60% to 65% of similarly
aged adults in Melbourne, Australia, were found to be seropositive (9). The authors
of the Australian study attributed these lower rates to the lower population densities
found in Australia compared to those in other industrialized countries. Even in the
large cities of Australia, a greater predominance of single-unit dwellings over tene-
ments and flats, the absence of the extremes of poverty and overcrowding, and the
much greater frequency of outdoor activities for much of the year may account
for these differences in the prevalence rate.

Prevalence and Incidence: IM

In most countries and in most states in the United States, IM is not a reportable
disease. Nevertheless, a number of attempts have been made to quantify disease
rates in a few ‘‘open’’ populations in the United States and Western Europe. In
the decades prior to 1975, recorded incidence rates were 45, 48, 60, and 200 cases
per 100,000 populations per year in Atlanta, Georgia; Connecticut; Denmark;
and Olmstead County, Minnesota (which includes the Mayo Clinic), respectively
(12–14). In the 15- to 19-year-old age group in metropolitan Atlanta, Georgia, a rate
of 345 cases per 100,000 per year was ascertained (15). However, the rate of IM
in blacks was only one-thirtieth as high as in whites. During periods when active
surveillance was undertaken, sometimes in combination with simplified reporting
forms, the rate of IM in Connecticut increased to as many as 70 cases per 100,000
persons per year.
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Acomprehensive population-based studywas performed inRochester,Minnesota,
over a period of two decades (1950–1969) (16). A unique data resource made it
possible to review all diagnosed cases of IM. Although the total number of
‘‘recorded cases’’ during the 20 years was 1818, only 776 met the combined criteria
of residency, clinical features, reactive heterophile antibody, and peripheral lympho-
cytosis. Thus, the number of ‘‘diagnosed cases’’ or ‘‘reported cases’’ was approxi-
mately twice as high as the average annual incidence of ‘‘accepted’’ cases—99 per
100,000 persons. The higher incidence rates reported from Rochester, Minnesota,
when compared to other sites probably reflect better ascertainment as well as a
population which, in the years of the study, was almost entirely white and of rela-
tively high socioeconomic status. In both males and females, the highest incidence
occurred among persons aged 16 to 19 years. Few cases occurred below the age of
five years or above the age of 35 years. No seasonal pattern was ascertained. Con-
tact of a patient with another known case was reported in only a handful of cases.
More specifically, in 769 of the 772 families involved, only a single case of IM
occurred prior to the reported case. All four secondary cases (one intrafamilial
and three extrafamilial) were diagnosed within 10 weeks of the index case.

The Centers for Disease Control and Prevention has undertaken surveys of the
incidence of IM in colleges in the United States. Such surveys produced incidence
rates as high as 840 cases per 100,000 students in the years 1971 and 1972 (17).

Occurrence of Mononucleosis in Special Settings

Colleges and Universities

IM is a prominent and commonly observed disease on the college campus. In some
studies, IM is second only to acute respiratory diseases as a cause of admission to
the infirmary (18). The most complete and informative studies of the epidemiology,
incidence, and clinical manifestations of mononucleosis are those derived from
surveys and prospective analyses conducted at schools of higher learning in the
United States and Western Europe. Studies of these kinds benefit from the careful
clinical records kept by many student health services of a population that is nonmo-
bile (‘‘captive’’) for most of the year and an age group that reflects the peak incidence
of the disease.

During the late 1960s and early 1970s, a system of IM case surveillance was
established in nearly a score of American colleges and universities by the American
College Health Association and the Centers for Disease Control and Prevention (19).
The number of undergraduates at the various schools ranged from small (N ¼ 743)
to large (N ¼ 32,277). Specific inclusion criteria were stipulated to define cases.
During the 1969 to 1970 academic year, an overall incidence of 1112 cases per
100,000 students (range: 110–2235 per 100,000) per school year was reported. This
rate was approximately three times higher than that found in similar age groups
in the general population. Rates for blacks were less than one-tenth that for whites.
As in other studies, no definite seasonal pattern was discovered, although the num-
ber of cases declined at the time of school breaks and holidays. No rebound of cases
following school breaks was discovered as had been described in the classic studies
by Hoagland (20). Also, less than 15% of patients gave a history of contact with
other IM cases. However, among all patients who did report contact with a known
case, acquisition of infection from roommates was much less frequent than that
from ‘‘dates’’ or close friends. Attack rates for each academic class could be
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calculated for most of the 19 schools included in the study: overall, incidence
declined from approximately 1600 cases per 100,000 freshmen to 750 cases per
100,000 seniors, undoubtedly reflecting an ever-diminishing pool of susceptibles
among each successive class of students. Incidence rates in females exceeded that
in the males among freshmen and sophomores, but were lower among juniors
and seniors.

The most well-executed prospective study to examine the incidence of inappar-
ent and apparent infection (including IM) in college students was performed at Yale
University by Niederman et al. (6) between 1958 and 1968. Baseline serum specimens
and histories of past infection were obtained from all entering students over a five-
year period. Subsequently, acute and convalescent phase sera were obtained from
many students when diseases consistent with IM developed. Matched blood speci-
mens were also obtained from 150 students four to eight years after the first (fresh-
man) sample was taken. Only 2 of the 150 students had a history of IM before they
entered Yale; both had antibodies to EBV-VCA and they neither developed IM
while in college nor had changes in their antibody titers. Of the 150 students, 34%
had antibodies to VCA at the time of the baseline blood-draw despite having a his-
tory negative for IM; all retained antibody reactivity and none developed IM. The
remaining 65% of the students (N ¼ 97) were both seronegative and had no history
of IM. During the next four to eight years, 28 of these students experienced clinically
apparent IM associated with elevations of both heterophile and EBV-specific anti-
body; 15 other subjects seroconverted without signs or symptoms of IM. Hence,
in these college students, the ratio of apparent to unapparent infection was approxi-
mately 2:1. The total incidence of primary EBV infection in the course of college life
was 44%, or approximately 11% per year, and the prevalence of EBV capsid anti-
body reactivity rose from 35% at 17 to 18 years of age to 64% at four to eight years
later. A progressive yearly increase in the number of cases was noted during the
four years of college life; four additional cases occurred after graduation. A clinical
attack rate of 4.4 per 100 person-years of life occurred in 365 EBV antibody–
negative students, whereas no cases developed in 147 EBV antibody–positive
students. In general, antibody levels were well maintained during this period; over
75% whose sera were examined one to four years following apparent illness main-
tained titers of VCA antibody of 1:40 or greater, and none lost detectable antibody.
Students who experienced subclinical primary infections also maintained VCA anti-
body responses throughout the period of follow-up. This study proved incontrovert-
ibly that antibody to EBV is consistently absent before IM, regularly appears in the
course of the illness, and persists for years after both clinical and subclinical infec-
tions. EBV infections have a spectrum of biologic expression that range from unap-
parent to clinically overt and classical. The ratio between overt and unapparent
disease is conditioned by geography, socioeconomic condition, and the age at which
the primary infection occurs.

A study similar to the one performed at Yale was conducted over a period of
four years in a single class at the United States Military Academy at West Point (7).
In the freshman class of 1401 cadets that matriculated in July 1969, 64% had anti-
body to EBV-VCA on entry and 36% lacked such antibody. The rate of antibody
prevalence varied in relation to the geographic area within the United States from
which the cadet originated—those from the west, north central, and New England
states had an antibody prevalence of about 50% whereas those from the west, south
central, and east south central states had an antibody prevalence that exceeded 75%.
Antibody prevalence also varied with economic status, with rates averaging 77% in
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cadets from families with incomes under $6000, in contrast to rates of 59% in cadets
from families with incomes above $30,000.

Among the 890 cadets who had antibody on entering the Academy, none
developed IM during college (of these, only 5.6% had a prior history of IM). Among
437 cadets without antibody on entry, 54 (12.4%) seroconverted (were infected) in
the freshman year—27 had illnesses compatible with or highly suggestive of IM
and 39 had no IM-like illness. These data are similar to those obtained at Yale.
The calculated annual infection rates were somewhat higher than that observed at
Yale, ranging from 15 to 31 infections per 100 susceptibles per year. Overall, the inci-
dence of EBV infection was 46% over the four-year period (201 infections in 437
cadets). Of these, only 26% had heterophile-positive clinical IM, a proportion smal-
ler than that observed at Yale. As had been observed in multiple other studies, the
EBV infection rate among exposed and susceptible roommates was no higher than in
susceptible roommates not similarly exposed. No clustering in particular dormitory
or military units was apparent.

Viewed in toto, the prospective college studies all support the concept that EBV
is the sole cause of heterophile-positive IM and that in young adults, IM is the
predominant and most widely recognized host response to primary infection. The
presence of antibody to EBV is the most predictable measure of immunity (or
susceptibility) to infection. None of the students who had antibody at the time of
entering college acquire IM. In all studies, the rate of infection in the freshman year
has been remarkably similar, ranging around 12% to 13% per year. The studies differ
in their findings regarding the ratio of apparent to unapparent infection—these
ratios have ranged from 3:1 to 1:3. These differences may reflect the rate at which
students seek medical care, differences in the intensity of clinical surveillance, or
unknown population-specific host factors. The consistent lack of evidence for the
spread among roommates, in light of the known intermittent presence of EBV in
oropharyngeal secretions of many immune individuals, supports strongly the thesis
that the virus is not casually transmitted and requires intense exposure to virus-laden
body fluids.

IM in the Armed Forces

IM is not generally regarded as a characteristic disease of the new military recruit,
among which are commonly included diseases caused by Neisseria meningitidis,
adenoviruses, influenza virus, and Mycoplasma pneumoniae. Nevertheless, IM does
occur and at rates about three times higher than in the general population. Data
made available from surveys undertaken in the Army, Navy, and Air Force in the
1950s and 1960s indicate that 140 to 228 IM-associated hospital admissions occur
per 100,000 persons per year (21). During these decades, the rates were remarkably
steady from year to year. For reasons not explained, the rates were higher still
among U.S. Army personnel based in the Pacific and Far East, when compared to
those at home, in Alaska, or in Europe (21). In the Marine Corps, IM ranked behind
acute upper respiratory diseases, cellulitis and abscesses, pneumonia, and rubella (in
the late 1960s) as the fifth most common diagnosis reported on ‘‘sick lists.’’ IM was
also a major cause of ‘‘lost time,’’ principally because of the need for hospitalization.
Among infections reported in Air Force personnel between 1966 and 1970, IM
ranked behind streptococcal infections (including scarlet fever) and rubella and
ahead of mumps and ‘‘infectious hepatitis’’ as the third most common infectious
disease, with an incidence of 178 cases per 100,000 persons per year.
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Geographic and Temporal Distribution

Infection with EBV as assessed by measurements of antibody to the capsid antigen of
the virus has been detected in all parts of the world, including remote areas of Brazil
and Alaska (5,22).

Clinical IM occurs most often in those countries where exposure to the virus is
delayed until adolescence and young adulthood. The nations where this epidemiologic
phenomenon has been most notably expressed include the countries of Western
Europe, Canada, the United States, New Zealand, and Australia. In contrast, IM is
rarely seen in the developing and nonindustrialized countries of the world. For exam-
ple, one study conducted at the University of the Philippines in the late 1960s revealed
a very high prevalence of pre-existing antibody to EBV, which was associated with a
complete absence of cases of IM among thousands of admissions of students to the
college infirmary. As noted previously, the prevalence of VCA antibody also varied
significantly among freshman cadets entering the U.S. Military Academy, depending
on the part of the country from which the student originated (7).

There is no evidence of temporal fluctuations in the incidence either of asymp-
tomatic primary infections caused by EBV or of IM. No changes in the incidence of
IM could be ascertained either at Yale University between the years 1963 and 1967
or in a population-based study in the midwestern United States conducted over a
20-year period. However results from two studies have shown rises in incidence over
periods varying from two to three decades during the mid-part of the 20th century. A
Swedish study showed a nearly 10-fold increase in hospitalizations with IM over
approximately 20 years (23). A study from Connecticut also demonstrated a slightly
greater than 10-fold increase, from 3.9 cases to 46.7 cases per 100,000 persons (13). It
is likely that such increases reflect a combination of better reporting and the use of
more accurate diagnostic criteria. Unfortunately, the Swedish study did not present
data (the ‘‘denominator’’) regarding the total number of hospitalizations per year.

A number of studies conducted in the United States have come to different
conclusions regarding a seasonal or annual peak in cases of IM. Early studies of
students at the University of Wisconsin and at West Point showed yearly peaks in
February, four to six weeks after the winter break (18,24). It was hypothesized that
these cases occurred at the end of the known incubation period of IM, exposure hav-
ing occurred during winter break when more avid exchange of saliva among good
friends would likely have taken place. A report from Atlanta showed a smaller peak
in early fall and a large one in late winter to early spring; no explanation for these
peaks was presented (15). No seasonal peaks were reported from a surveillance study
of 19 colleges and universities (17) or from the longitudinal study undertaken in
Rochester, Minnesota (16).

Socioeconomic Status, Gender, and Race

EBV infections occur in all ethnic groups without evidence of explainable differences
in antibody prevalence among those from varying genetic or cultural origins.
Although one study in Hawaii reported higher prevalence rates among native
Hawaiians and Filipinos than among whites of the same age, it was reasoned that
levels of hygiene, socioeconomic status, and a host of disparate cultural and domes-
tic practices could not be separated from the facts of pure ethnicity.

In most studies it has been difficult to separate the effects of race and socio-
economic status on the prevalence of infection or the incidence of IM. Although the
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incidence of IM among whites in Atlanta, Georgia, was approximately 30 times
higher than among blacks, this is now known to reflect the earlier acquisition of the
primary infection among African Americans rather than any differential susceptibil-
ity for developing the disease (15). These differences in rates of antibody prevalence
have also been noted at West Point where positive serostatus among blacks was
higher (85%) than that observed in Caucasians (65%) (7).

In studies of antibody prevalence in large populations, no differences have been
found when females are compared to males. A few studies suggest that girls develop
IM at a somewhat younger age (about 16 years) when compared to boys (about 18
years) (15,16).

Age

Primary infection occurs much earlier in life in the poorer and less industrialized
countries of the world than in the more affluent and more industrialized countries.
Within industrialized nations, primary infection occurs at an earlier age among those
in the more socioeconomically compromised sectors of society than in the more
upwardly mobile and wealthy sectors.

When age-specific antibody acquisition to EBV was examined by Evans (3) and
by Jennings (25), there were striking differences among three of the populations
studied. At the age of four years, antibody prevalence was approximately 20%,
45%, and 80% among children in Connecticut, Hawaii, and Barbados, respectively.
By the age of 10 years, the prevalence rates had risen to 58%, 65%, and 90%, respec-
tively, in the same three populations. In two prospective studies done in Ghana by
Biggar et al. over 80% of toddlers had acquired antibody before their second birth-
days and none developed signs of IM later (26,27).

IM has a peak incidence in the age group 15 to 25 years. Data on incidence of
IM have been garnered from surveys of hospitalized patients in Western Europe and
the United States (15,28,29) and from reports prepared by state public health labora-
tories (1,30,31). Information collected from the Wisconsin State Laboratory revealed
rates of approximately 300 cases of IM per 100,000 persons in the age group 15 to
19 years and half that number of cases in the age group 20 to 24 years. Only
several dozen cases occurred in the age group of five to nine years, and less than five
cases in the age group zero to four years. When the peak age frequencies of positive
heterophile tests are recorded, only about 10% of positive reactions occur in serum
samples obtained from five- to nine-year-old children and about 6% from those in
the age group 65 to 69 years.

The entire spectrum of ages at which one is likely to encounter true cases of IM
and bonafide positive heterophile antibody reactions is shifted downward in develop-
ing countries. For example, in one study from Brazil, the average age at which
heterophile-positive cases of IM was encountered was about 13 years; the oldest case
was 15 years (32).

EBV Infections in Childhood

Numerous children from poor environments are known to acquire antibodies to
EBV at an early age. Such children rarely develop classical IM in association with
their early seroconversion events and they fail to develop the disease later in life,
at a time when their more advantaged peers traditionally show signs of the disease.
These observations have led investigators to attempt to answer a number of
questions concerning early childhood infection: (i) Are early antibody conversions
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associated with specific illnesses? (ii) How early in life might some seroconversion
events occur? (iii) How durable and protective are the antibodies that develop early
in life? (iv) How readily and by what means do early infections spread within fam-
ilies? Answers to the first and fourth questions can only be obtained successfully in
the context of prospective, longitudinal cohort studies.

Using serum specimens and detailed clinical data collected over a number of
years as part of the Cleveland Family Study, Gertrude and Werner Henle observed
that none of the early, primary EBV infections ascertained by seroconversion was
accompanied by obvious signs and symptoms suggestive of a diagnosis of IM (33).
It was further determined that among the frequent occurrences of nonbacterial ton-
sillitis and pharyngitis in children aged three to five years, EBV accounts for no more
than approximately 2% of cases. Thus, most EBV infections in childhood remain
silent or are accompanied, at most, by mild discomfort of the throat or upper respi-
ratory tract. It appeared from this dataset that primary EBV infections occur mainly
during two periods, either under the age of six years or over the age of 10 years.
Because many of the children in this study came from the higher socioeconomic
strata, they escaped infection in the first decade of life and sometimes longer. Further
analysis of the data derived from the Cleveland Family Study reaffirmed that, fol-
lowing primary infection, antibodies to EBV tend to persist at readily detectable
and nearly constant levels for as long as 14 years. Whether the durability of the anti-
body responses could be accounted for, in some instances, by superinfections or
recrudescent infections could not be determined. Finally, limited data indicated that
introduction of the virus into a family generally did not lead to its spread to suscep-
tible young siblings of the patient.

Some of these earlier findings were confirmed in a comprehensive seroepidemio-
logic study of a semirural community of sugarcane farmers and petrochemical work-
ers in southern Louisiana (34). Among 209 children assessed, 13 children (6.2%) were
found to be experiencing a current or recent primary EBV infection. The frequency of
these infections was highest in the first decade of life and were almost always asymp-
tomatic. IM-like illnesses did not occur and heterophile antibody responses were not
detected. The occasional association of primary infection with minor illnesses has
been recorded in three other studies: Tischendorf et al. (5) described a number of
minor febrile episodes associated with upper respiratory tract infections, pharyngitis,
tonsillitis, and otitis media in a group of young orphans; Shapiro et al. (35) found that
two of nine infants experienced upper respiratory tract infections in association with
seroconversion events; and Joncas et al. (36) noted that a small number of antibody
conversions occurred in association with poorly differentiated respiratory and enteric
syndromes in 10% of 60 children aged zero to three years.

Joncas et al. (36) also made a concerted effort to attempt to identify EBV infec-
tions in the neonatal period; they studied 112 newborn infants and their mothers, 25
neonates undergoing exchange transfusion, and a convenience sample of 114
hospitalized infants (36). Immortalized cell lines could be established from the blood
of two infants following transfusion. Although both seroreverted (i.e., lost antibody)
by six months of age, the possibility of an abortive infection unaccompanied by
an active antibody response could not be excluded. The finding of significantly
higher newborn than maternal EBV antibody titers in three cases was also suggestive
of abortive congenital infections. In a related study undertaken by Visintine et al.
(37), evidence was sought for the possibility that EBV might be responsible for
some instances of congenital infection. A lymphocyte-transforming agent (LTA)
was recovered from the oropharynx of one 16-day-old premature newborn who
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developed transient hepatosplenomegaly. It is not clear whether this infant was
infected in utero, intrapartum, or as a neonate. However, LTA could not be found
in the oropharyngeal secretions of 82 healthy term infants, 28 infants with cardiac or
other congenital defects, or infants suspected of having the ‘‘toxoplasmosis, other
agents, rubella, cytomegalovirus, herpes simplex (TORCH) syndrome.’’ Also, LTA
could not be found in the cervixes of 125 pregnant or postpartum women. In con-
trast, as in previous studies, EBV was recovered from the oral secretions of 14 of
68 (21%) children with a variety of minor illnesses.

Two studies indicate that, occasionally, either fully or partly expressed IM
occurs in young children. Tamir et al. (38) focused attention on 22 children in whom
atypical mononuclear cells appeared in the peripheral blood, sometimes associated
with splenomegaly, lymphadenopathy, tonsillitis, or hepatomegaly. Of these chil-
dren, 21 had rising titers of EBV antibodies. In contrast, of those in a control group,
only 5 of 27 children were seropositive. It was concluded that in children with febrile
illnesses in whom atypical lymphocytosis occurs, incomplete manifestations of IM
should be suspected even in the absence of a Paul–Bunnell heterophile antibody
response. Ginsburg et al. (39) measured antibodies to EBV in 43 consecutive pedia-
tric patients with signs and symptoms of IM and a positive monospot test. Three-
quarters of such patients showed clear-cut evidence of primary EBV infections. In
specimens from the 13 patients whose virus-specific serologic tests did not confirm
acute infection with EBV, further testing proved that the initial monospot tests were
incorrectly interpreted (i.e., false positives). The study demonstrates that classical,
heterophile antibody–positive IM occurs in young children (in this case in those
2 to 13 years of age; mean, 7.2 years) and, in these instances, the disease is often
indistinguishable from cases in adolescents and young adults.

EBV Infection and IM in Older Adults

Seroepidemiologic studies have demonstrated that 90% to 100% of adults over 60
years of age are seropositive for EBV (40–44). Therefore, up to 10% of older indivi-
duals are susceptible to primary infection. Schmader et al. (45) performed a compu-
ter search for reports in the literature on EBV infection in the elderly host and also
reviewed serology reports at the Duke University Medical Center for heterophile
antibody–positive patients greater than 60 years of age. It was discovered that geo-
metric mean antibody titers to EBV and the proportion of persons with high anti-
body titers to EBV increased with age. These serologic changes were usually not
associated with clinical illness and were thought to reflect recrudescent or repeat
infections with the virus. Twenty-nine reports of IM in elderly adults were uncovered
in the literature search. In general, these reports revealed that elderly persons with
IM have significantly fewer occurrences of pharyngitis, lymphadenopathy, and sple-
nomegaly, but more episodes of jaundice when compared with adolescents and
young adults. Such patients present primarily with constitutional symptoms, includ-
ing fevers, fatigue, arthralgias, myalgias, and weakness, among others. The develop-
ment of atypical lymphocytosis is often the first clue to the diagnosis, although the
appearance of these abnormal cells in the peripheral blood is sometimes delayed for
weeks. In a handful of instances, lymphoproliferative diseases (‘‘atypical mononuc-
lear cell infiltration,’’ ‘‘malignant lymphoma,’’ and ‘‘monocytic leukemia’’) have
been reported in association with serologically confirmed episodes of primary
EBV infection in elderly adults, but in no such instance has EBV genome material
or EBV-associated antigen been sought in the affected tissues (46,47).
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Some of these findings have been confirmed in another review of the literature
that focused on the manifestations of EBV infection in adults over 40 years of age
(48). Although fever (sometimes prolonged), anorexia, headache, fatigue, and non-
specific pain were somewhat more common in this group, older patients experiencing
infection were less likely to present with lymphadenopathy, pharyngitis, spleno-
megaly, or atypical lymphocytosis. It was suggested that among older patients in
whom localized lymphadenopathy, ‘‘unusual’’ blood smears, or thrombocytopenia
dominate the clinical picture, lymphoma and leukemia have to be systematically
‘‘ruled out.’’ Liver involvement (especially hepatomegaly, jaundice, and hyperbiliru-
binemia) appears to be more common in those over 40 years of age than in younger
patients, frequently leading to diagnostic considerations other than IM (e.g., extra-
hepatic biliary obstruction). As in young children, conventional heterophile antibody
tests or ‘‘spot’’ tests tend to be negative in older adults, even though IgM antibodies
to the capsid antigens of the virus can be measured (49).

Finally, in some instances in older adults, neurologic signs and symptoms either
dominate the clinical picture or precede the other more usual manifestations of the dis-
ease. (This sometimes occurs in younger patients too.) The more common neurologic
presentations ofEBV infection that have been reported in the elderly includeBell’s palsy,
acute optic neuritis, distal limb paresthesias, and Guillain–Barré syndrome (45,50–53).

Epidemics, Outbreaks, and Pseudo-Outbreaks of IM

There is no clear evidence that true epidemics or major outbreaks of mononucleosis
have occurred in the last five decades. In earlier times, significant outbreaks of
‘‘glandular fever’’ were reported, as for example in the United States in the latter part
of the 19th century (54) and in the first part of the 20th century (55) and from the
Falkland Islands in 1930 (56). Two possibly legitimate hospital outbreaks were
reported in the British Medical Journal in 1943 and in 1958 (57,58); the first of
these two occurred in an emergency medical hospital during World War II. A very
high incidence of IM was reported in Army posts and military camps; these ‘‘quasi-
outbreaks’’ are likely explained by the high and rapid turnover of men in military
installations under adverse conditions.

Under some circumstances, IM may be more contagious than expected.
Ginsburg et al. (59) reported nine current or recent cases of primary EBV infection,
all occurring in females, among 29 staff members of an obstetrics–gynecology clinic
on an Air Force base. Five affected individuals displayed classical signs and symp-
toms of IM, and all developed antibody responses consistent with a primary infec-
tion. The remaining four had mild symptoms or were asymptomatic. All but one
had a positive monospot test. Three other persons experienced milder, concurrent ill-
nesses but none could be ascribed to EBV. Only two of the involved staff were room-
mates. It was hypothesized that poorly washed coffee cups or airborne dissemination
of virus might be possible sources for this unusual outbreak.

Despite these reports, a considerable body of epidemiologic evidence collected
in the past 40 years weighs heavily against the notion that epidemics of IM can
occur. In many populations, primary infection occurs in a majority of individuals
in the youngest age groups in sporadic fashion; such individuals are not susceptible
to IM later in life. Furthermore, in those age groups and segments of society in
which the incidence of mononucleosis is highest (e.g., on military installations,
in college dormitories, among teenagers living at home, etc.), there is little evidence
of person-to-person spread within the confines of the domiciliary unit.
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Several pseudo-outbreaks of IM have been reported and investigated. In these
instances, a combination of inappropriate ordering of diagnostic tests for mononu-
cleosis and poor laboratory technique accounted for the misdiagnoses and faulty
reports. Two such outbreaks were reported by Armstrong et al. (60). One involved
nine children attending a daycare center, all of whom were tested in physicians’
offices for heterophile antibody using rapid differential slide tests. The tests were
later discovered to have been done incorrectly. The second pseudo-outbreak
involved nearly 300 college students. The diagnosis of infection was inappropriately
attributed to the presence of IgG antibody to the VCA of EBV; heterophile antibody
tests and other viral-specific serologic tests were not done.

A third pseudo-outbreak occurred in 1990 among 57 persons (including outpa-
tients, inpatients, and staff) at a community hospital in Puerto Rico (61). An inves-
tigation determined that during the period when reported cases were at their peak,
50% or more of all blood specimens submitted for heterophile agglutination tests
were interpreted as positive. The false reading of the tests as positive was attributed
to a few newly hired, inexperienced technicians. The findings in this investigation
revealed that reported cases were neither consistent with the incubation period of
IM nor its mode of spread; that the epidemiologic characteristics of persons with
negative tests were similar to those with positive tests; and, most importantly, that
no person had both the clinical and hematologic findings consistent with IM. The
health care professionals who arrived at these diagnoses incorrectly assumed that
a positive test alone meant that their patients had IM, beginning a cycle in which,
as more tests were reported as positive, more tests were ordered. Appropriate clinical
criteria were not applied when ordering and interpreting the diagnostic tests.

Lastly, an epidemic of IM was reported in an Army post in 1946; 556 persons
were admitted or examined over a 14 month period (62). Review of the evidence indi-
cates that Davidsohn absorption tests were performed in only a small proportion of
cases, ‘‘abnormal’’ blood smears were reported in nearly every patient admitted to
the hospital during the period, an unexpectedly large number of cases were reported
in blacks, and many patients who were ‘‘counted’’ as cases presented with skin erup-
tions, meningitic signs, and pneumonia, clinical manifestations rarely associated with
the classical syndrome of IM as we now know it.

Transmission

As first suggested by Hoagland in his landmark study of the mid-1950s, exchange of
saliva and other oropharyngeal secretions during kissing is almost certainly the prin-
cipal activity which leads to transmission of EBV among adolescents and young
adults (20). A later five-year study conducted by Evans at the University of Wiscon-
sin confirmed the earlier findings (18). In infants and toddlers, contamination of the
environment and its objects (e.g., toys, cups, and eating surfaces) with saliva and
activities such as kissing, fondling, and mouth-to-mouth transfer of food lead to
transmission of infection to seronegative youngsters by their parents and adult care-
givers as well as by already-seropositive playmates and peers.

Personal household contact is not sufficient to produce secondary infections
or cases of IM. The Henles assessed data collected as part of the Cleveland Family
Study, whose subjects were comprised principally of closed, Western-style nuclear
family groups (33). In these families where the majority of children lacked antibody
to EBV at the age of 10 years, evidence of new infection could only be found in about
one-third of family groups; transmission from parents to their children was an
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irregular event. Also, spread among siblings was infrequent. A smaller study of four
households, in which the children ranged in age from 6 to 17 years and which was
conducted over an interval of one year, did not demonstrate a single seroconversion
event (63). Three children in two different families failed to acquire infection despite
sharing a bedroom with persistent excretors of the virus. In an extensive study of 67
seronegative members of 75 Canadian families conducted over a period of approxi-
mately two years, only about one-tenth of the susceptibles seroconverted; all infec-
tions were unaccompanied by symptoms (64).

In the most primitive societies, such as among the tribesmen of the New
Guinea Highlands and among the New Hebridean and Solomon Islanders, it has
been suggested that the exceedingly high prevalence of infection, even among the
youngest age groups, can be accounted for by the ‘‘intensity and promiscuity of
interpersonal contact, together with the prevalence of spreaders’’ (65). In some
of these societies, saliva and nasal mucus on the hands are rarely washed off, and
direct mouth-to-mouth sharing of premasticated food, especially with infants, is a
common practice among a wide circle of individuals who care for the youngsters.
Finally, in all these communities, babies are seldom out of the arms of child or adult
caregivers during the day and many relatives (up to a dozen adults) hold, carry, and
kiss the infant and engage in mouth-to-mouth contact. This intense level of interper-
sonal contact with many individuals each day easily increases the opportunity for
transmission of virus, when compared to the rather meager number of such interac-
tions that take place in nuclear Western families. Modern daycare centers obviously
afford a greater opportunity for such interactions to occur, as do cultures or families
in which many adults and children share the care of infants and toddlers.

Comprehensive investigations of military and college populations have also
confirmed the low risk of transmission to susceptible, exposed roommates of index
cases of IM (6–8,66). In a study of Yale University undergraduates, 18 antibody-
negative roommates or close contacts of 17 patients with IM were followed for nine
months; only one contact developed clinical illness and a heterophile antibody
response 41 days after exposure (67). This secondary attack rate, 5.5%, was lower
than the overall university seroconversion rate of 13.1%, suggesting the presence
of routes and of persons responsible for transmission that exist outside the tradi-
tional domiciliary units common to colleges and military institutions.

Clues to the low rates of acquisition of infection among close contacts of
acutely infected persons and the great difficulty in tracing the routes of transmission
of disease (i.e., IM) on a case-to-case basis were forthcoming only after techniques
became available for culturing the etiologic agent from saliva and throat wash mate-
rial (68,69). Such techniques, all based on the capacity of EBV to transform human
leukocytes into continuously dividing cell lines, made it possible to conduct studies
which ultimately revealed why the transmission patterns of EBV were different from
those of highly contagious diseases, such as measles and influenza, infections for
which case-to-case tracing is easily accomplished. Early studies using the transforma-
tion assay revealed that approximately 20% of adults attending an outpatient clinic
excreted the virus from time to time, with no significant differences in prevalence
among age groups, between sexes, by season, or among broad medical categories
of patients (68). In contrast, the rates of excretion of the virus were much higher
among cancer patients, especially those on intensive chemotherapy regimens.
Furthermore, cross-sectional studies of healthy adults have also revealed excretion
in approximately 20% of patients; once again the excretion rates were discovered
to be higher among persons receiving immunosuppressive drugs (70). Excretion rates
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were found to be just as high among those whose primary infection was unaccompa-
nied by symptoms as among those who had experienced IM in the past. Because
shedders of virus are so prevalent in the general population and because so much
shedding occurs asymptomatically, the source of new infections can rarely be traced.

In studies of patterns of shedding of EBV in the saliva and oropharynx of
patients with IM, the majority of infected individuals demonstrate intermittent
excretion over a period of three months, whereas a smaller number shed virus more
regularly; in a few individuals, no virus can be detected (71). Quantitative analyses of
oral secretions have revealed that the amounts of biologically active virus that can be
detected in patients with IM are very small: on the 12th day following the onset of
disease, some patients have as few as 3 to 10 ‘‘50% transforming units’’ in saliva or
throat washings; in some cases, no herpesvirus particles were seen, even in concen-
trated specimens by electron microscopy (71). These patterns of oropharyngeal
excretion of virus help to define the epidemiologic features of this disease. Low titers
of infectious virus account for the low-to-moderate contagiousness of the disease and
the apparent requirement of intimate contact for disease transmission. Intermittent
excretion of EBV, even in those who are currently or recently infected, also accounts
for the relatively low risk of secondary spread. Lastly, prolonged excretion of EBV in
some patients with IM and the relatively high rates of excretion among normal
persons and, most particularly, among those who are immunocompromised help
to explain the wide, but ‘‘low grade,’’ continuous spread of virus from shedders to
seronegatives. Thus, in age groups and societies where salivary exchange and contact
with saliva are high, transmissibility of the disease is high and, conversely, in age
groups and social groups in which this type of contact is uncommon, rates of con-
tagion are low.

Transmission by Way of Blood and Other Body Fluids

In early attempts to trace the various means by which IM might be spread from
person to person, nearly 100 human volunteers received inocula, including blood,
serum, throat and nasal washings, and lymph node and stool suspensions from
acutely ill patients; none of these was successful in transmitting the disease. How-
ever, in 1942, Wising was able to produce the disease in a 23-year-old female volun-
teer who received 250mL of whole blood from a donor during the first week of
IM; the recipient developed full-blown clinical disease three weeks following the
inoculation and, concurrently, a heterophile antibody response (72). Additional
attempts of this sort performed by Evans (73,74) and, later still, by Niederman
and Scott (75), using whole blood, serum, or throat washings, produced inconclusive
results. (Using stored serum specimens, it was later shown that all the recipients had
antibody to EBV in their blood prior to the inoculations and were, therefore, almost
certainly immune.)

A few cases in the literature provide strong evidence that transmission of infec-
tion may occur by the parenteral route. In one instance, transmission occurred after
plasma from a healthy male in the incubation period of IM was transfused into
his leukemic brother (76). The recipient, on the development of signs of the disease
30 days later, mounted a heterophile antibody response and seroconverted to
EBV. In another report, four of five patients undergoing open-heart surgery and
cardiopulmonary bypass seroconverted: two remained symptom free, one had a non-
specific febrile episode, and one developed a mononucleosis-like illness characterized
by fever, splenomegaly, lymphadenopathy, atypical lymphocytosis, and heterophile
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antibody response (77). IM has also been reported to occur after transfusion of
packed red blood cells (78) and following accidental subcutaneous injection of tissue
materials derived from cultured Burkitt lymphoma cells (79).

EBV shedding from the female genital tract has been documented using newer
molecular assays (80–84). The overall rate of detection among these studies is 33%, this
rate must be interpreted cautiously because these studies were among patients with
sexually transmitted infections. Intermittent genital tract EBV carriage was detected
in 5 of 36 (14%) girls followed from 16 to 18 years of age (85). Genital tract shedding
suggests that sexual transmission is a possible, though minor, mode of EBV transmis-
sion. There is no recognized disease associated with genital tract shedding of EBV.
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INTRODUCTION

The Epstein–Barr virus (EBV) is a B-lymphotropic human herpesvirus that infects
over 90% of adults worldwide, including tribal populations in remote areas (1). Pri-
mary infection is usually asymptomatic when it occurs during childhood. Primary
infection during adolescence or early adulthood is associated with a clinical syn-
drome, designated infectious mononucleosis (IM) or glandular fever, which develops
in approximately 50% of individuals (2,3). In either circumstance, primary EBV
infection is followed by lifelong persistence of the infection that is asymptomatic
in the vast majority of individuals.

IM is a self-limiting lymphoproliferative disease usually running a benign course.
However, it can be associated with a number of complications other than those
affecting the lymphoreticular tissues, e.g., hepatitis, interstitial nephritis, hematolo-
gical abnormalities, and neurological symptoms. Rarely, IM may take a fulminant
and rapidly fatal course (fatal IM). This may either occur as a sporadic disease or
associated with the inherited condition, X-linked lymphoproliferative disease (XLPD)
(see Chapter 16). Another rare complication of primary EBV infection is EBV-
associated hemophagocytic syndrome (EBV-AHS). Finally, in some individuals,
IM may not resolve but may evolve into a remitting or chronic disorder, sometimes
known as chronic active EBV (CAEBV) infection.

This chapter discusses the histopathological changes seen in lymphoreticular
and other tissues in IM, fatal IM, EBV-AHS, and CAEBV, and considers possible
pathogenic mechanisms contributing to organ manifestations of these disorders.
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INFECTIOUS MONONUCLEOSIS

Typical symptoms of acute IM include fever, fatigue, sore throat, tonsillitis with
ulceration, cervical lymphadenopathy, and splenomegaly (3–6). Patients commonly
show an absolute lymphocytosis with atypical mononuclear cells (5–7). Not uncom-
monly, there is also evidence of liver involvement as shown by elevated transaminase
levels, while other organ manifestations are comparatively rare (5).

Tonsils and Other Lymphoreticular Tissues

Histopathology and Immunophenotype

Cervical lymphadenopathy and tonsillar hyperplasia are common features of acute
IMwhile splenomegaly is relativelyuncommon (5). In casesof clinically established IM,
lymph node biopsy or tonsillectomy are only rarely performed, the latter usually
because of severe upper airways obstruction. Occasionally, IM may be suspected
in cases without clinically established diagnosis, but presenting typical histopatholo-
gical changes. The tonsils of IM show a striking expansion of the interfollicular areas
that may lead to the impression of a destroyed architecture (Fig. 1A) (8,9). This is
largely due to a massive proliferation of polymorphic lymphoid cells including large
immunoblasts and cells showing plasmacytoid differentiation (8,9). Not uncom-
monly, atypical cells are seen resembling Hodgkin and Reed–Sternberg (HRS)
cells—HRS-like cells (Fig. 1A) (8–10). Histiocytes are regularly present, frequently
forming clusters or microgranulomas (9). Follicular hyperplasia is usually not a
prominent feature, but may develop later in the disease (8,11). In addition, tonsillar
sinuses may contain numerous monocytoid B-cells, the so-called ‘‘immature sinus
histiocytosis’’ (8,11). Necrosis with ulceration may also be present (8). None of these
features is diagnostic of the disease, but in combination they should suggest the pos-
sibility of EBV infection and IM. The diagnosis of lymphoma is generally excluded
by the lack of monoclonal immunoglobulin gene rearrangements (12). EBV studies
may also help in the differential diagnosis. Changes seen in other lymphoreticular
tissues, such as the lymph nodes and appendix, are similar to those seen in tonsils
(13). In lymph nodes, capsular and extranodal infiltration may be observed (9).
The spleen usually shows less dramatic alterations consisting mainly of an expansion
of the red pulp by lymphoid blasts and plasma cells (9,10).

The proliferating extrafollicular lymphoid blasts seen in IM tissues display
mostly a B-cell phenotype (Fig. 1B) (10,14). The larger cells, particularly the
HRS-like cells, also express the CD30 antigen (Fig. 1D) (14). However, in contrast
to HRS cells of Hodgkin’s disease (HD), these cells are CD15 negative (10). Variable
numbers of T-cells are admixed with the proliferating B-cells, including large acti-
vated cells (Fig. 1C) (10,14). Notably, the atypical mononuclear cells characteristi-
cally found in the peripheral blood of IM patients have been shown to be largely
of T-cell phenotype (7).

EBV Studies and Phenotype of EBV-Infected Cells

By in situ hybridization, EBV DNA and expression of the small EBV-encoded
nuclear RNAs (EBER1 and EBER2) are detected in extrafollicular cells (Fig. 1D)
(9,14–16). In IM, these EBV-infected cells are usually quite numerous, exceeding
1000 cells per 0.5 cm2 (16). These cells typically accumulate in the extrafollicular
areas of lymphoreticular tissues, sparing germinal centers (14,16,17). By reverse
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transcriptase polymerase chain reaction and immunohistochemistry, a pattern of EBV
latent gene expression that corresponds to latency III has been identified in IM (see
Chapter 2) (18). Immunohistochemical double-labeling studies, however, have shown
a heterogeneous picture (19). Thus, only a minority of the cells show simultaneous
expression of Epstein–Barr nuclear antigen (EBNA)-2 and latent membrane protein
(LMP)-1 consistent with type III latency (19). A small proportion of cells express
LMP1 but not EBNA2 (latency II), and these cells tend to be larger cells, including
HRS-like cells (Fig. 1E) (19). EBNA2-positive cells are also detected and can be
more numerous than LMP1-expressing cells (Fig. 1F) (19). Double-staining studies

Figure 1 (See color insert.) (A) Expansion of the paracortex with proliferation of lymphoid
blasts is seen in an infectious mononucleosis tonsil (H and E). Note occasional Reed-
Sternberg–like cells (arrow). (B) Immunohistochemistry reveals expression of the CD20 B-cell
antigen in most lymphoid blasts (red membrane staining). (C) There are also numerous
admixed CD3-positive T-cells, including larger, activated cells (red membrane staining,
arrows). (D) In situ hybridization with radiolabeled EBER-specific probes reveals numerous
EBV-positive cells in the paracortex (black labeling), including multinucleated Reed-
Sternberg–like cells (arrow). (D, inset) A proportion of these cells express the CD30 activation
antigen as shown by double labeling (inset red staining). (E) Variable proportions of lymphoid
cells express LMP1 (red membrane staining). Note a LMP1-positive Reed-Sternberg–like cell
(arrow). (F) Variable proportions of lymphoid cells express EBNA2 [red nuclear labeling
(arrows)]. Abbreviations: EBNA, Epstein–Barr nuclear antigen; EBER, EBV encoded RNA;
EBV, Epstein–Barr virus; LMP, latent membrane protein.
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have identified a population of cells positive for EBNA2 but negative for LMP1 (19).
This pattern of viral latent gene expression is observed early in EBV infection when
EBNA2 is expressed before LMP1 and, thus, these cells may represent newly infected
cells (20). Finally, there is a variable proportion of cells expressing the EBERs but not
EBNA2 or LMP1, suggesting type I latency (19). In addition, expression of LMP2A
has been demonstrated in IM (21).

The nature of the lineage of EBV-infected cells in IM has been a matter of
controversy. Double-labeling studies have demonstrated that the vast majority
of EBV-infected cells display a B-cell phenotype (16,19,22). The detection of EBV-
infected T-cells in IM has also been reported; however, these results have been
controversial and EBV-infected T-cells are at best rare in acute IM (17,19,23). Con-
flicting results regarding the possibility of EBV infection in epithelial cells have also
been published. Studies conducted in the late 1970s and early 1980s have reported
the detection of EBV replication in desquamated oropharyngeal epithelial cells
from IM patients (24,25). These results, however, could not be reproduced in two
independent recent studies (22,26). Studies of tissue sections from IM tonsils have
also consistently failed to detect EBV-infected epithelial cells (15,16,27). Thus, the
combined evidence of these studies suggests that B-cells are the primary target of
EBV infection in IM.

Involvement of Other Tissues

Heart

Up to 6% of patients with acute IM may display electrocardiographic abnormalities
suggesting involvement of the heart (28). However, there are only a few reports of
fatal myocarditis associated with primary EBV infection (29). Hebert et al. reported
a single case of a young girl who had recurrent episodes of myocarditis associated
with chicken pox (30). The ultimately fatal episode of myocarditis in this case was
associated with primary EBV infection. Immunohistochemistry revealed a T-cell
infiltration of the myocardium, and EBV DNA was detected by polymerase chain
reaction (PCR) in myocardial tissue suggesting EBV infection of T-cells (30).

Bone Marrow

Anemia may develop in the course of acute IM. It may occur as autoimmune hemo-
lytic anemia (31). Severe aplastic anemia with pancytopenia has also been reported
(32–34). While this may be fatal, most patients appear to recover and may benefit
from treatment with corticosteroids (34). In a case report, Shadduck et al. describe
a 17-year-old girl who developed severe aplastic anemia in the course of IM. The
patient’s bone marrow was shown to suppress colony formation when mixed with
normal marrow. The patient recovered after therapy with antithymocyte globulin
suggesting that the EBV-induced immune response was responsible for bone marrow
damage (33). In support of this notion, bone marrow infiltration by atypical lympho-
cytes, immunoblasts, and plasma cells has been observed in patients with fatal IM
(see below) (35).

Liver

Biochemical evidence of hepatic dysfunction is not uncommon in patients with acute
IM, with over 50% of individuals showing elevated transaminase levels (5,36). Thus,
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minor histological changes in the liver are also common, although there is no indica-
tion to perform liver biopsy in the majority of IM cases. Literature descriptions of
hepatitis associated with IM are rare (37,38). In the cases reported, a polymorphous
lymphoid cell infiltrate has been observed expanding the portal tracts but not breach-
ing the limiting plate (36,39). The lobular architecture is preserved and there are only
small and discrete foci of necrosis (36,39). Typically, there is also sinusoidal leuko-
stasis with an ‘‘Indian file’’ pattern of lymphoid cells (36,39). Cirrhosis does not
develop (36). The mechanism causing liver damage in IM is uncertain. It is generally
agreed that EBV infection of hepatocytes does not occur or is at best a rare event
(38,40). Thus, EBV hepatitis differs from classical viral hepatitis in this respect.
EBV appears to be detectable in infiltrating lymphocytes, but the phenotype of these
cells is uncertain. Feranchak et al. reported the case of a young girl who developed
fulminant hepatic failure in association with primary EBV infection. In this case, the
infiltrate consisted mainly of T-cells with a minor component of EBV-positive B-cells
(40). In another case, Kimura et al. reported that the inflammatory infiltrate con-
sisted mainly of CD8-positive T-cells and that the majority of these cells were
EBV positive (38). Thus, the question remains unresolved. Nevertheless, the absence
of EBV from hepatocytes suggests that liver injury is caused in a nonspecific manner
either by the host T-cell response to EBV-infected B-cells or by an abnormal EBV-
positive T-cell population.

Respiratory Tract

Involvement of the lungs in patients with acute IM has rarely been described.
Andersson et al. reported the case of a 26-year-old woman with primary EBV infec-
tion who developed pulmonary interstitial infiltrates with epithelioid granulomas
and admixed LMP1-positive lymphoid blasts (41). The patient recovered upon ther-
apy with interferon (IFN)-c (41). In another case, development of marked pulmon-
ary edema that improved with corticosteroids was reported (32). A case of interstitial
pneumonia occurring in association with IM has also been reported (42). In this case,
numerous EBV-infected lymphoid cells were detected in a lung biopsy (42). How-
ever, it has not been determined whether these were B or T-cells (42). Most complica-
tions of IM affecting the lungs and the upper respiratory tract, including pneumonia,
pleural empyema, pharyngeal abscess, and mediastinitis appear to be caused by bac-
terial superinfection (43,44).

Kidneys

Renal failure may develop as a rare complication of IM. In such cases, histological
examination usually shows an interstitial nephritis with an infiltration by CD8-
positive T-cells (45,46). Using in situ hybridization, only rare EBV-infected lympho-
cytes have been detected in such cases (45,46). Again, it appears likely that the
kidney is an innocent bystander damaged in the course of the host immune response
to EBV infection (45).

Genital Mucosa

The occurrence of genital ulcers associated with IM has been reported in women, but
not in men (41,47,48). Such ulcers may be the presenting symptom of IM (48). In one
of these cases, shedding of EBV in the lesion was demonstrated using the lymphocyte
transformation assay (47). This would seem to indicate virus replication in the lesion.
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In another case, detection of LMP1- and EBNA2-positive cells by immunohisto-
chemistry was reported (41). However, it is not known which cell type is infected
in these ulcers, and it has not been established to what extent the infection is latent
or replicative. Thus, the pathogenesis of genital ulcers in IM remains unknown.

Nervous System

Some degree of neurological involvement is quite common in acute IM with up to
50% of patients complaining of headache at presentation (49,50). However, serious
neurological complications are rare (49). Domachowske et al. have noted headache,
seizures, and electroencephalographic abnormalities in children with acute IM lead-
ing to the diagnosis of EBV encephalitis (51). In some of these children, long-term
sequelae remained (51). Moreover, meningitis, cranial nerve palsies, and demyelinat-
ing disease have been reported in IM (49,52). Guillain–Barre syndrome can also
occur as a complication of IM (43). A single case of recurrent laryngeal nerve palsy
associated with IM has been reported (53). The pathological basis of these varied
complications remains uncertain. Detection of EBV genomes and anti-EBV anti-
bodies in cerebrospinal fluids from IM patients with neurological complications
has been reported, suggesting a direct involvement of the central nervous system
(CNS) (54,55). However, whether this is due to direct infection of the CNS or
through infiltration of the CNS by EBV-infected lymphocytes remains uncertain.
The occasional detection of mainly perivascular infiltration of EBV-infected lym-
phoid cells of brain and spinal cord in patients with fatal IM and CAEBV infection
would suggest the latter (56,57).

Placenta

Ornoy et al. studied five cases of pregnancy interruption associated with IM (58).
They noted perivascular inflammatory infiltrates in the decidua. The chorionic mem-
branes and placental villi showed stromal infiltration with lymphocytes and plasma
cells, and vascular inflammatory changes. In three cases, the fetuses were studied and
two displayed myocarditis (58). This supports the suggestion that placental transmis-
sion of EBV is possible (59). In further support of this notion, development of an
EBV-associated placental lymphoma of fetal origin in a 20-week stillborn fetus
has been described (60).

PERSISTENT EBV INFECTION

Following primary infection, EBV establishes a lifelong persistent infection that is
usually asymptomatic. It is now generally accepted that persistent EBV infection
is mostly, if not exclusively, mediated by B-cells, and the available evidence points
to memory B-cells as the most likely site of virus persistence (61,62). EBV-infected
memory B-cells are resting and express a very limited set of viral latent genes
(63,64). At the messenger ribonucleic acid level, expression of LMP2A has been
detected regularly, and there is also possibly some EBNA1 expression (18,65,66).
How EBV enters the memory B-cell pool is uncertain. Based on a single cell analysis
of EBV-infected cells, Kurth et al. have concluded that EBV can infect naive and
memory B-cells in acute IM, but that only EBV-infected memory B-cells show evi-
dence of clonal expansion (67). By contrast, Thorley-Lawson et al. have provided
evidence to suggest that EBV may utilize physiological B-cell pathways to gain
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access to the memory B-cell pool (62,68). It has been proposed that two EBV-
encoded LMPs, LMP1 and LMP2A, may substitute for CD40 and B-cell receptor
signaling, respectively; this facilitates the differentiation of EBV-infected cells
into memory B-cells (62,69–71). This notion has been supported by the occasional
detection of an expansion of EBV-positive B-cells in germinal center reactions
(16). Whether this process occurs in an antigen-dependent or -independent fashion
remains uncertain.

The number of EBV-infected B-cells varies among individuals; however, it has
been shown to be remarkably constant in any one individual, suggesting that a level
of homeostasis is maintained (72). Immunosuppressed persons generally show higher
levels of EBV-infected cells in the peripheral blood and tonsils (73,74). However,
these cells are again resting memory B-cells (73). The mechanism contributing to
the elevated numbers of EBV-infected cells in these patients is unknown. In addition
to peripheral blood, EBV-infected cells are detectable in various lymphoid and non-
lymphoid tissues in chronic virus carriers. In general, the number of EBV-infected
cells appears to be higher in tonsils than in lymph nodes and other lymphoid tissues
(75). In addition, EBV-infected cells have been detected in solid organs, e.g., liver,
and at other mucosal sites, e.g., stomach and intestines (76–78). To some extent,
these cells probably belong to the pool of circulating EBV-positive memory B-cells.
There is some evidence, however, that the numbers of EBV-infected cells may be
influenced by certain disease conditions. Thus, elevated numbers of EBV-infected
cells have been detected in intestinal mucosa samples from patients with chronic
inflammatory bowel disease, notably ulcerative colitis (77). By contrast, only rare
EBV-positive cells are detectable in chronic gastritis (78). Different patterns of cyto-
kine expression may, in part, account for this difference. Thus, it is held that ulcera-
tive colitis is characterized by a Th2 milieu (79–81). Some Th2 cytokines have been
shown to be growth factors for EBV-positive B-cells (82–84); this may at least partly
explain the increased number of EBV-infected B-cells at these sites.

EBV REPLICATION IN PRIMARY AND PERSISTENT INFECTION

The site of EBV replication is an unresolved issue. It is well documented that infec-
tious virus is shed into the saliva in primary as well as persistent EBV infection (85).
The source of this virus, however, is uncertain. Several studies have suggested that
EBV may replicate in oropharyngeal epithelial cells, and there is clear evidence
that this is indeed the case in epithelial cells of oral hairy leukoplakia, an AIDS-
associated lesion of the tongue (24,25,86,87). However, the significance of this model
has been questioned. Recent studies have failed to detect evidence of EBV replication
in desquamated oropharyngeal epithelial cells from IM patients as well as from
chronic carriers (22,26). In a large study of autopsy cases, evidence of EBV replica-
tion was detected in tongue epithelial cells in 4 of 168 samples (88). Although there
was no evidence of human immunodeficiency virus infection, all individuals with evi-
dence of EBV replication were either on immunosuppressive therapy for autoim-
mune disease or were terminally ill cancer patients, raising the possibility that an
impairment of the immune system may have allowed EBV replication to occur at this
site (88). Thus, the combined evidence of these studies would appear to suggest that
EBV replication in oropharyngeal epithelial cells is at best a rare event of uncertain
significance for EBV biology. In IM tonsils, a small number of EBV-positive lym-
phocytes with evidence of plasmacytoid differentiation has been shown to enter
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the lytic cycle (19,89,90). Whether this is followed by full-scale virus production or
remains abortive is uncertain. Nevertheless, these results support the notion that term-
inal differentiation of EBV-infected B-cells may trigger entry into the EBV lytic cycle
(91). In addition, a small number of EBV-infected cells showing lytic cycle antigen
expression has been detected in mucosal samples from patients with ulcerative colitis
(77). This observation raises the possibility that fecal transmission may occur in addi-
tion to transmission through the established salivary route. Similarly, patients with
EBV-positive Hodgkin lymphoma (HL) displayed viremia and high titers of BamHI
Z EBV replication activator (ZEBRA/BZLF1) protein–specific antibodies (92).
Because BZLF1 is only infrequently expressed in HL tissues (93), viral replication in tis-
sues outside the Hodgkin’s lymphoma lesions is suggested. Thus, EBV replication may
be favored in conditions of decreased efficacy of the immune system. The occurrence of
genital ulcers in patients with IM and the recovery of EBV from such lesions suggest yet
another route for EBV spread, although this requires further investigation (47).

FATAL IM, CAEBV INFECTION, AND EBV-AHS

Fatal IM

IM may run a fatal course in approximately 1 in 3000 IM cases as a sporadic disease
(94). In addition, fatal IM may occur as a familial disease affecting males in associa-
tion with XLPD (94,95). Patients with XLPD are unable to establish T-cell control
of EBV infection; approximately 65% of patients with XLPD develop fatal IM
following primary EBV infection (94,96). Recently, defects in the SAP [signaling
lymphocytic activation molecule (SLAM)–associated protein] gene have been identi-
fied in XLPD patients (97). It has been proposed that signaling through SLAM may
induce a Th1 immune response, contribute to the activation of natural killer (NK)
cells, and sensitize B-cells to Fas-induced apoptosis (97). Thus, defects in SLAM sig-
naling through SAP mutations could inhibit T and NK cell–mediated clearance of
EBV-infected B-cells (97). Two surface molecules, 2B4 (CD244) and NTB-A, have
been shown to contribute to NK cell activation through interaction with SAP
(98,99). One of these, 2B4 (CD244), is a receptor for the B-cell antigen, CD48,
expression of which is upregulated by EBV infection (98,100). In NK cells from
XLPD patients, both 2B4 and NTB-A inhibit rather than activate NK cell function
(98,99). It has also been suggested that SAP mutations may make B-cells resistant to
Fas-induced apoptosis, thus further increasing the pool of EBV-infected B-cells (97).
However, the B-cells in XLPD patients have been shown to be susceptible to lysis by
EBV-specific T-cells suggesting that B-cell defects do not contribute significantly to
the disease (101).

Histopathology and Immunophenotype

The pathological features of sporadic and XLPD-related fatal IM are similar and
result from an excessive proliferation of B-cells accompanied by variable numbers of
T-cells. Immunophenotypic studies of affected tissues have shown a predominance
of B-cells over T-cells. The infiltrating B-cells are usually polyclonal, but transition
into a monoclonal proliferation is possible (94,102,103). Patients typically present
with lymphadenopathy and splenomegaly. In initial stages, the lymphoreticular
tissues show an expansion of the paracortex with proliferation of immunoblasts, small
and medium-sized lymphocytes, and plasma cells. Germinal centers are usually
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small and prominent necrosis may be present (35). In later stages, lymphoid tissues
may be depleted of lymphocytes with plasma cells and histiocytes remaining (35).
The splenic white pulp is infiltrated by numerous immunoblasts and plasma cells
(35). Again, necrosis may be present, but splenic rupture appears to be rare (35).
The thymus may show extensive lymphocytic infiltration with effacement of the
architecture (104). There is also usually a reduction or even a complete loss of Hassal
bodies (104). The major causes of death in fatal IM relate to liver damage and EBV-
AHS (35,105). The bone marrow changes are initially nonspecific consisting of
granulocytic hyperplasia and only minimal lymphoid cell infiltration. With progres-
sion of the disease, the bone marrow shows a polymorphic lymphoid infiltrate and
necrosis (35). There is also an increase in histiocytes with prominent hemophagocyto-
sis. During the course of the disease, the marrow becomes depleted with only
histiocytes and plasma cells remaining (35). Histiocytes showing evidence of hemo-
phagocytosis may also be seen in the sinusoids of lymph nodes (94). The liver is also
usually affected and displays periportal and sinusoidal infiltration (94). Parenchymal
necrosis may occur in severe cases and hepatic failure is a major cause of death
(94,106). In some cases, bile duct damage has also been observed (106,107). Notably,
in situ studies have detected EBV in infiltrating lymphocytes but not in hepatocytes
(106). The precise mechanism of liver damage in such cases is uncertain, but is believed
to be caused by the infiltrating T and NK cells rather than by the EBV-infected B-cells
(106). Other tissues including the heart, lungs, CNS, kidneys, and gastrointestinal
tract may show perivascular infiltration (94,103,107).

EBV Studies and Phenotype of EBV-Infected Cells

There are only limited studies regarding the phenotype of EBV infected cells and the
pattern of viral latent gene expression in fatal IM. The available evidence suggests
that B-cells represent the major cell population carrying the virus in this condition
(102). Notably, EBV infection has been shown to be absent from hepatocytes in fatal
IM (106). In most cases, the infiltrating B-cells display a phenotype reminiscent of
EBV-transformed lymphoblastoid cell lines with expression of activation markers
in the absence of antigens typically expressed in Burkitt lymphoma (CD10, CD77)
(102). In agreement with this, most cases displayed the full spectrum of EBV latent
gene expression, including EBNA1, EBNA2, and LMP1 (latency III) (102). How-
ever, in some instances, expression of EBNA1 alone was observed, as seen in Burkitt
lymphoma (102). Notably, this pattern was observed mainly in cases with a mono-
clonal B-cell proliferation suggesting transition to malignant lymphoma (102).

EBV-AHS and CAEBV Infection

IM commonly is a self-limiting disease. However, there are occasional reports of
a fulminant and usually rapidly fatal illness developing in primary EBV infection,
mainly in children (108,109). This illness is characterized by fever, hepatosplenome-
galy, pancytopenia, and CNS involvement (108,109). The presence of hemophagocy-
tic histiocytes in bone marrow samples is a defining feature of this disease which has
been termed EBV-AHS. Mutations of the perforin gene have been suggested as a
possible contributory factor (110). Occasionally, a chronic disease termed CAEBV
infection or chronic IM may develop subsequent to primary EBV infection
(111,112). This disease is characterized by symptoms such as fever, lymphadenopa-
thy, splenomegaly, hematological abnormalities, and elevated antibody titers against
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lytic EBV antigens persisting for more than six months (111,112). Mutations of the
SAP gene have not been identified in patients with CAEBV (113).

Histopathology

Patients having EBV-AHS present with fever, hepatosplenomegaly, liver dysfunc-
tion, and pancytopenia (108,109). Even though the disease is usually fatal, there
are only limited autopsy studies on these patients. A histiocytic hyperplasia of bone
marrow with hemophagocytosis and infiltration by small lymphocytes has been
reported (108,109). The liver may also show periportal and sinusoidal lymphocytes
(109). Lymph nodes have been described as showing lymphocyte depletion and sinu-
soidal histiocytes with evidence of hemophagocytosis (109). Organ manifestations of
CAEBV include persistent hepatitis, interstitial pneumonitis, interstitial nephritis,
and uveitis. However, histopathological studies of involved tissues are rare. Several
authors have reported the occurrence of vasculitis with aneurysms involving the cor-
onary arteries and the aortic arch in patients with CAEBV (108,114–116). Myocar-
dial infarction may develop as a complication (115). Recently, a case of CAEBV and
massive myocarditis in a Caucasian patient has been reported (56). This patient also
displayed involvement of other organs showing perivascular T-cell infiltration in the
gastrointestinal tract and the CNS (56). Chronic pericarditis with detection of EBV
in pericardial tissue samples was also reported (117). Kikuchi et al. reported a case of
CAEBV with vanishing bile duct syndrome (118). Interstitial nephritis and even
immune complex–mediated glomerulonephritis have also been reported in CAEBV
patients (115,119). Evidence of hemophagocytosis has also been reported in patients
with CAEBV, and thus distinction from EBV-AHS may not always be clear (113).

EBV Studies and Phenotype of EBV-Infected Cells

Several studies have demonstrated that, unlike in acute IM, T-cells and NK cells are
the major EBV-infected cell population in EBV-AHS and in CAEBV (56,109,
113,114,116). Kasahara et al. have reported the detection of EBV in CD8þT-cells
in patients with EBV-AHS, while patients with CAEBV showed EBV infection
mainly of CD4þ T-cells and in CD16 NK cells (120). In agreement with this, Kimura
et al. identified subsets of CAEBV patients with EBV infection predominantly of
CD3-positive T-cells and CD16-positive NK cells, respectively (113). In that study,
patients with NK cell type CAEBV were reported to have a better prognosis than
those with T-cell type (113). Tissue damage in patients with EBV-AHS or CAEBV
likely results from tissue infiltration by EBV-infected T or NK cells and abnormal
patterns of cytokine expression (111). EBV-infected T-cells were detected in bone
marrow and liver samples from patients with EBV-AHS and around bile ducts in
a case of vanishing bile duct syndrome associated with CAEBV (109,118). EBV-
infected T-cells have been reported to infiltrate vascular walls in CAEBV patients
showing vasculitis and coronary artery aneurysms, and in myocardium and spinal
cord samples of a CAEBV patient with myocarditis and neurological symptoms
(56,116). The detection of EBV in isolated hepatocytes has also been reported in
EBV-AHS (108). Similarly, Joh et al. (119) demonstrated the presence of EBV-posi-
tive renal tubular epithelial cells in interstitial nephritis associated with CAEBV
while there were only rare EBV-infected interstitial lymphocytes detectable. These
observations raise the possibility that, in addition to T-cells, aberrant EBV infection
of parenchymal cells may contribute to the disease process. However, this notion
requires confirmation. Interestingly, Schwarzmann et al. described the isolation of
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an EBV strain with an impaired ability to transform B-cells and an inclination for lytic
replication from a CAEBV patient, suggesting that viral factors may have contributed
to the disease (121). However, the significance of this finding currently remains uncer-
tain. Peripheral blood EBV load has been shown to correlate with disease severity in
CAEBV (113). Viral episomes as well as T-cell receptor gene rearrangements have
been shown to be polyclonal or monoclonal in CAEBV, and there is a clear possibility
of transition to malignant T–cell lymphoma (see Chapter 13) (56,108,109,122,123).

EXPRESSION OF CYTOKINE AND CHEMOKINE GENES IN IM AND

CAEBV INFECTION

The expression patterns of cytokine genes in EBV-associated lymphoproliferative
disorders are only incompletely understood. This is important because some cyto-
kines and chemokines are likely to stimulate the development of T-cell immunity
in response to proliferating EBV-infected B-cells. On the other hand, other cytokines
may serve to inhibit EBV-specific immunity, or even serve as (autocrine) growth fac-
tors for EBV-infected B-cells. The issue is further complicated by the heterogeneity
of the cell populations present, e.g., in IM. Thus, high levels of interleukin (IL)-6
expression have been demonstrated in IM tissues, but this cytokine appears to be
expressed mainly in EBV-negative cells (124). The expression of IL-6 may contribute
to the disease owing to its known immune-modulating functions and its possible role
as a growth factor in EBV-infected B-cells (82). In contrast, lymphotoxin and tumor
necrosis factor-a (TNF-a) are mainly produced by EBV-positive cells in IM (124). In
comparison to reactive lymphoid tissues, elevated expression of monokine induced
by interferon (IFN)-c (Mig), interferon-inducible protein-10 (IP-10), IL-18, as well
as human and viral IL-10 has been observed in IM (125). Expression of IL-10 in
IM tissues and abnormally high levels of circulating IL-10 in IM patients have been
reported (126,127). IL-10 is a known autocrine growth factor for EBV-transformed
B-cells (84). IL-10 may inhibit EBV-specific cytotoxic T-cells, thus contributing to
immune escape of EBV-infected cells (128). However, IL-10 has also been shown
to inhibit apoptotic death of T-cells in IM, suggesting that it may contribute to
the development of T-cell memory (129). Mig and IP-10 are CXC chemokines
induced by IFN-c in monocytes (130). Both Mig and IP-10 are chemoattractant
for activated T-cells through a joint receptor, CXCR3, and both have been suggested
to contribute to tissue damage in EBV-associated lymphoproliferation (130,131).
Together with IL-12, IL-18 is known to promote expression of IFN-c, and thus
may promote the development of a Th1 immune response (132). Recently, expres-
sion of Epstein–Barr virus induced gene 3 (EBI3) has also been reported in IM (133).
EBI3 is an EBV-induced cytokine homologous to the IL-12 p40 subunit (134). EBI3
can be secreted as a monomer or can heterodimerize with IL-12 p35 (135). It has
been speculated that EBI3 may act as an IL-12 antagonist (136). However, EBI3
is also able to heterodimerize with p28 to form IL-27 (137). IL-27 has been shown
to stimulate proliferation of naive CD4 T-cells and, in conjunction with IL-12, to
promote Th1 reactions (137). Thus, the function of EBI3 may depend on the context
of its expression. High levels of human and viral IL-10 have also been reported in
patients with CAEBV (138). Higher expression levels of IFN-c, IL-2, IL-10, and
transforming growth factor (TGF) b have been reported in activated T-cells in
CAEBV than in IM suggesting that expression of both Th1 and Th2 cytokines may
be deregulated in CAEBV (139). Particularly, human and viral IL-10 may contribute
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to the disease by inhibiting host immunity (138). Patients with CAEBV andEBV-AHS
show elevated blood and tissue levels of Th1 and Th2 cytokines capable of macro-
phage activation, e.g., TNF-a, IL-1, and IFN-c (111). It is possible that these are pro-
duced by EBV-infected T-cells (111). However, the full significance of these
observations is currently uncertain, and thorough studies at the single cell level will
be required to define cytokine patterns and the contribution of EBV-infected cells
more clearly.

CONCLUSIONS

Primary EBV infection in children usually is asymptomatic. However, IM may
develop in up to 50% of individuals when primary infection is delayed into adoles-
cence or early adulthood (2,3). What is known about primary EBV infection largely
stems from studies of IM cases and is based on the implicit assumption that what is
seen in IM is also found in asymptomatic primary infection albeit at a lower level.
This, however, is by no means certain. Indeed, fundamental immunological differ-
ences between IM patients and individuals with asymptomatic primary infection
have recently been identified (140). Thus, lymphocytosis with an increase of CD8
T-cells and selective expansions of Vb-expressing T-cells was observed in IM while
these changes were undetectable in asymptomatic primary infection (140–142).
The hallmark of acute IM is the proliferation of EBV-infected B-cells, which in turn
triggers a vigorous EBV-specific T-cell response. This is reflected in the histopatho-
logical changes in lymphoid tissues. EBV infection of other cell types in IM, notably
T-cells, has not been well documented and if at all occurring, is at best a rare event.
Damage in nonlymphoid tissues such as the liver is probably the result of excessive
T-cell infiltration that may or may not be EBV specific. In any case, this is likely to
be a nonspecific side effect of the EBV-specific immune response and not a specific
reaction against EBV-infected non–B-cells. Imbalances in the cytokine milieu in
IM may contribute to this effect. The end result of IM as well as of asymptomatic
primary EBV infection is a lifelong carrier state in which the virus is present in a
small number of resting B-cells (62). A contribution of other cell types, notably T-cells
and epithelial cells, to virus persistence remains doubtful. Virus replication in IM as
well as in persistent infection may occur in plasma cells and/or in oropharyngeal
epithelial cells, resulting in shedding of virus into saliva and renewed infection of
the B-cell compartment. The inter-relationship between epithelial and B-cell–derived
EBV is uncertain. Recently, it has been suggested that B-cell–derived virus may pre-
ferentially infect epithelial cells while epithelial-derived EBV has an increased ability
to infect B-cells (143); whether this mechanism is relevant for EBV infection in vivo
remains to be established. Fatal IM represents an exaggerated form of IM precipi-
tated by an inherited or sporadic failure to mount a sufficient EBV-specific immunity.
In most tissues, a slight predominance of EBV-positive B-cells over T-cells is
observed. Tissue damage is thought to be a nonspecific result of T-cell proliferation,
although an effect of EBV-positive B-cells cannot be excluded (94).

In typical as well as fatal IM, EBV infection of T-cells occurs only rarely if at
all. In contrast, EBV infection of T-cells is a characteristic feature of EBV-AHS and
CAEBV. Interestingly, it appears that different T-cell subsets are infected in EBV-
AHS and CAEBV. Thus, in EBV-AHS, infection of CD8þ T-cells has been
observed, while in CAEBV, EBV has been detected in CD4þ T-cells and NK cells
(120). Moreover, subsets of CAEBV patients showing predominant infection of
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either T-cells or NK cells have been identified, and it appears that patients with
NK cell type CAEBV have a better prognosis than those with a T-cell type (113).
Thus, these findings raise the intriguing possibility that the infected cell type may
influence clinical symptomatology and outcome of EBV infection. The tissue damage
observed in EBV-AHS and CAEBV is likely to be the result of tissue infiltration by
EBV-infected T or NK cells. EBV infection of T or NK cells may induce an abnor-
mal cytokine expression pattern that may contribute to the disease, e.g., by activat-
ing macrophages in EBV-AHS. When and how EBV infection of T-cells occurs
remains uncertain. It has been speculated that this may occur as an accident during
the cytotoxic T lymphocyte (CTL)-mediated killing of EBV-infected B-cells (144). In
any case, it remains unclear at present if accidental EBV infection of T-cells is the
primary event in EBV-AHS and CAEBV, or if it is merely an epiphenomenon reflect-
ing an underlying immune defect.
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INTRODUCTION

Epstein–Barr virus (EBV) is the best known and most widely studied herpesvirus
because of its clinical and oncogenic importance. It is also widely utilized as an
important general model for investigating the antiviral immune response in humans
because of its ubiquity in human populations, the ease with which virus-infected cells
can be maintained in vitro, and the strength of the T-cell response during primary as
well as persistent infection. Early interest in the immune response to EBV revolved
primarily around the seroepidemiology of the virus, particularly in relation to the
EBV-associated diseases. These studies exploited immunofluorescence assays that
quantitatively assessed the antibody responses to various serologically defined viral
antigens including viral capsid antigen (VCA), membrane antigen (MA), and
Epstein–Barr nuclear antigen (EBNA).

The observation that atypical lymphocytes expressed during acute infectious
mononucleosis (IM) are not virus-infected B-cells but lymphoblasts of thymic origin
led to an early suspicion that a cellular response might be important in controlling
EBV infection. The huge increase in CD8T-cell numbers during primary infection
provided further evidence of a critical role for the cellular immune response. More
direct evidence for a strong T-cell response to EBV was provided in the late 1970s
by Moss et al. (1) with their observation that virus-induced transformation of B-cells
from healthy virus carriers was inhibited by T-cells in vitro. This T-cell response
is generally a classic virus-specific response [CD8 human leukocyte antigen (HLA)
class I-restricted] (2), although EBV-specific CD4 class II–restricted cytotoxic
T lymphocytes (CTLs) have also been described (3,4). Following these observations,
considerable interest was directed toward defining the EBV antigens that are the tar-
gets for this potent T-cell response. Although the MAs were initially considered the
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most likely candidates for CTL recognition, attention soon focused on the EBNA
proteins after work with the influenza model demonstrated that nuclear antigens
are frequently the sites of CTL epitopes. Further evidence indicating that the EBNA
proteins are recognized by T-cells was provided by the key observation that EBV-
reactive CTL clones are often specific for autologous B-cells transformed with type
1 but not type 2 EBV strains (3). As outlined in earlier chapters, the EBNA proteins
display EBV–type-specific sequence polymorphism (see Chapter 2). The direct map-
ping of CTL epitopes within the EBNA proteins later supported this indirect evidence
(5–7). More recent work has shown that a wide array of EBV antigens are targeted by
CD8T-cells during primary and persistent infection, including the latent membrane
proteins (LMPs) (8,9) and several early and immediate early proteins of the lytic cycle
(10,11). This basic knowledge of the anti-EBV immune response is now being directed
toward the development of vaccine formulations that might have broad application in
the control of acute infection and EBV-associated malignancies (see Chapter 19).

HUMORAL RESPONSE

The humoral response during acute IM is characterized by a pronounced immuno-
globulin (Ig) antibody response to autoantigens and heterophile antigens presumably
associated with the well-documented role of the virus as a polyclonal B-cell activator
(12). This feature has been exploited as a diagnostic marker for the disease whereby
heterophile antibodies agglutinate sheep and horse erythrocytes in the Paul–Bunnell–
Davidsohn test (see Chapter 7). The EBV-specific antibody response has tradition-
ally been studied with reference to serologically defined ‘‘antigens’’ that have been
found to be a composite of several distinct viral proteins. These include (i) EBNA,
which is a complex of six distinct nuclear proteins; (ii) MA, which is expressed on
the surface of cells late in the lytic cycle and consists predominantly of the glycopro-
tein (gp350); (iii) VCA, which is expressed within cells late in the lytic cycle and con-
sists of the BFRF3, BLRF2, BcLF1, and glycoprotein gp110; and (iv) early antigen
(EA), which is expressed within cells early in the lytic cycle and consists of many viral
proteins including BZLF1, BHRF1, BMLF1, BMRF1, and BALF2.

The combination of antibody reactivities associated with primary EBV infec-
tion is characterized by detectable IgM and IgG antibodies to VCA and EA, a
detectable IgM but relatively weak IgG response to MA, and the absence of a detect-
able IgG response in the EBNA immunofluorescence test. The IgM anti-VCA
response subsequently disappears either during convalescence or over the next few
months. Notably, the anti-MA response is directed primarily toward gp85 rather
than gp350 (13). Because antibody to gp350 is the most potent source of neutraliza-
tion of the virus, this result appears to bring into question the role of the neutralizing
response in the recovery from acute infection. Most patients with acute IM also show
a transient IgG response to the EBNA2 protein, whereas the IgG response to
EBNA1 is not usually detectable until the convalescence phase (14). During conva-
lescence, the IgM response falls while the IgG response to VCA and EBNA1 pla-
teaus without any obvious protective role. It has been suggested that antibody
to gp350 does play an important role in controlling primary infection by binding
to productively infected cells rendering them susceptible to antibody-dependent
cellular cytotoxicity–mediated lysis (15).

There has been considerable interest in using the humoral response to various
EBV proteins in the diagnosis and prognosis of nasopharyngeal carcinoma (NPC).
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Although technical differences among laboratories have prevented a universal agree-
ment on the most accurate serological marker for active NPC, an early observation
that NPC patients frequently present with an IgA response to VCA and EA is widely
accepted (16). Other reports have suggested the possible diagnostic value of antibody
responses to the immediate early proteins of the lytic cycle, BRLF1 and BZLF1
(17,18), to LMP1 (19), and to EBNA2 (20).

T-CELL RESPONSE DURING IM AND AFTER

RESOLUTION OF DISEASE

The cell-mediated immune response to EBV during IM represents one of the most
dramatic examples of a cellular response to an infectious agent. IM is observed in
some primary infections of adolescents and is a self-limiting febrile illness associated
with splenomegaly, lymphadenopathy, and tonsillitis (see Chapter 6).

During the symptomatic phase of the disease, large expansions of CD8T-cells
occur in the peripheral circulation, such that there is an inversion of the CD4 to CD8
ratio and significant disruptions to the T-cell repertoire (21–23). Initially this expan-
sion was thought to be due to stimulation by a virus-encoded or -induced superanti-
gen. However, later studies indicated that a spectrum of Vb T-cell receptors (TCRs)
was used by these expanded cells, suggestive of an antigen-specific response (24).

Further studies on the peripheral blood mononuclear cells (PBMCs) of IM
patients suggested that at least some of these expanded cells were specific for
EBV-encoded antigens. Cytotoxicity assays of IM patients’ PBMCs, where the cells
were used directly in ex vivo assays against targets sensitized with EBV-derived CD8
epitopes, indicated that EBV-specific cytotoxic effectors were present in this popu-
lation of cells (25). Furthermore, in vitro clonal outgrowth and limiting dilution
analysis of IM patients’ PBMCs, where the cells are serially diluted and cultured at
limiting numbers with antigen-specific stimulator cells and subsequently tested for
cytotoxicity against targets sensitized with EBV epitopes allowing quantitation of
the EBV-specific CD8T-cells in the PBMC population, indicated that a substantial
proportion of these cells were specific for EBV-encoded antigens (10,25).

Recently, innovative techniques for analyzing T-cell populations at the single-
cell level have indicated that the majority of the cells that expanded during acute IM
are indeed EBV specific (26–29). The study of CTL responses has been revolution-
ized by the development of novel methods to quantitatively analyze effector and
memory CD8T-cell populations by flow cytometry. These approaches include func-
tional assays in which T-cells are stimulated ex vivo with antigen and recognition of
the antigen is assayed by cytokine secretion (30). Alternatively, direct TCR binding
assays using major histocompatibility complex (MHC)–peptide multimers (tetra-
mers) (31) have demonstrated far larger primary CD8T-cell responses to a variety
of pathogens than that which was generally realized previously. In these assays,
PBMCs are incubated with complexes of four synthetic class I MHC molecules con-
taining EBV epitopes, which are tethered by a fluorescent linker. This allows a suffi-
ciently avid interaction of the MHCs with epitope-specific TCRs to permit stable
binding of the fluorescent complex to the T-cell, making it suitable for flow cytome-
try analysis. Using such reagents, acute infection with EBV, for instance, has been
shown to have a dramatic impact on the composition of the host’s T-cell pool with
epitope-specific T-cell frequencies of up to 44% of the CD8 subset within peripheral
blood being reported (26). The MHC class I–peptide tetrameric complex is arguably
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the most important of these technological advances because of its potential addi-
tional application in sorting live antigen-specific T-cells for adoptive transfer in
the clinic.

The surprisingly high magnitude of individual epitope-specific CD8T-cell
responses within the PBMC populations in acute IM have been shown to be domi-
nated by a limited range of epitope specificities. Of these specificities, immediate early
gene products have been shown to generate potent responses visualized on HLA class
I tetramer staining of PBMCs from IM patients. CD8T-cells specific for the BZLF1-
derived HLA-B8–presented RAKFKQLL epitope can account for up to 44% of the
CD8 response, while the response to the BRLF1-derived A2-presented YVLDHLIVV
epitope can represent 33% of the CD8 population (26,29). Responses to epitopes from
the early gene products, such as the BMLF1-derived HLA-A2-GLCTLVAML
response or the BMRF1-derived HLA-A2-TLDYKPLSV response are generally
smaller than responses to the immediate EA, but can still represent up to 12% of
the CD8 population (26,28,29). Responses to BALF2 and BHLF1 have also been
observed by cloning PBMCs from IM patients; however, the epitope identity and size
of these responses remain to be determined (Steven, Annels, and Hislop, unpublished
observations). The magnitude of responses to epitopes derived from late lytic cycle
proteins has not been as well defined, but preliminary EliSpot analysis of PBMCs from
IM patients suggests that these responses are substantially weaker than those made to
epitopes derived from the early lytic cycle proteins (32). Responses to epitopes from
the latent cycle proteins are generally much smaller than the immediate early and
EA-specific responses, but can contribute up to 3% of the CD8 response during acute
IM (25,26,29).

Circulating EBV-specific CD8 cells examined during IM express cell-surface
markers characteristic of highly activated cells such as CD38, HLA-DR, and
CD69 (26,32). Markers expressed on CTLs that have been associated with a memory
or effector phenotype are also observed; namely, perforin, CD27, CD45RO, and
lack of expression of CCR7 (a homing receptor proposed to discriminate between
a ‘‘central memory’’ and ‘‘effector memory’’ population) (27,29,33). Furthermore,
these cells are in cycle, expressing the proliferation marker Ki-67; they also express
low levels of bcl-2 and high levels of annexin V, and as such are highly susceptible to
apoptosis (27,34–37).

With the resolution of symptomatic infection, viral loads decrease and marked
changes occur in the numbers and relative representation of EBV-specific CTL
within the PBMC population. Dramatic reductions in the representation of highly
expanded immediate early and EA-specific CD8 cells are observed in the aftermath
of IM (26–29,38). Interestingly, the size of some of these responses to lytic cycle anti-
gens following IM is not reflective of their peak sizes during IM; i.e., the burst size of
the response is not necessarily the primary determinant of the long-term response.
Such examples are seen in the response to the two HLA-A2–presented epitopes,
YVLDHLIVV and GLCTLVAML, whereby the response during IM to YVLDH-
LIVV is generally greater than that to GLCTLVAML, and yet after resolution of
the primary infection these responses are codominant (29). Similarly, other examples
are now emerging that support the idea that the CD8 repertoire present during
persistent infection is not reflective of the initial pool of CD8 responses (38). The
longitudinal dynamics of latent-epitope–specific responses are not as clear. Latent-
antigen specificities that have been substantially expanded during IM tend to be
moderately decreased in their representation after IM. However, in cases where
the representation of latent-antigen–specific responses is modest during IM, they
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may increase their representation after resolution of the disease (26). Indeed, some
latent-antigen–specific responses may not be detected during IM but may be subse-
quently found after resolution of acute infection (29,38).

The phenotype of the EBV-specific CTL post-IM can be quite different to that
seen during acute infection. The EBV-specific CD8T-cells no longer express activa-
tion markers such as CD38, MHC class II, or CD69 but contain intermediate levels
of perforin (26,27,32). These cells are mostly no longer cycling as evidenced by no or
low levels of cells expressing Ki-67, but express bcl-2 and as such are much more
resistant to apoptosis (39). These cells still retain their CD27 expression and show
variable expression of CC chemokine receptor 7 (CCR7), thus suggesting that some
of these antigen-experienced cells now constitute part of the ‘‘central memory’’ popu-
lation. Interestingly, a dramatic proportion of CD8T-cells that are specific for EBV
lytic epitopes may downregulate CD45RO expression and upregulate CD45RA, a
marker whose expression has been previously associated with naive lymphocytes
or possibly ‘‘terminally differentiated’’ CTL effectors. The reason why these cells
re-express CD45RA is unclear. This re-expression does not correlate with the degree
of antigen-specific expansion as proposed in other herpesvirus infections [e.g.,
human cytomegalovirus (HCMV)] but rather with the source from which the epitope
is derived, namely lytic versus latent cycle proteins (29).

The reason for such differences in the magnitude of responses to the immediate
early lytic epitopes and latent cycle epitopes is not clear. Certainly, at symptomatic
presentation, both lytic and latent replications are well established (40). It is possible
that the antigenic load of lytic replicating virus is much higher than that of latently
infected cells or that latent-antigen–specific CTL is sequestered in secondary lym-
phoid tissue presumably where latent replication is occurring. The relationship
between virus load and the strength of the immune response remains largely unex-
plored at present, but quantitation of virus levels by real time polymerase chain
reaction analysis, as a surrogate marker for antigen load, and analysis of epitope-
specific responses within donors may clarify this issue.

T-cell responses in IM patients are almost always directed to the immunodomi-
nant epitopes derived from immediate early lytic, early lytic, and latent cycle antigens
(26,29,38). A preliminary analysis of a range of subdominant responses has sug-
gested a link between the breadth of the response to EBV during IM and the clinical
outcome, such that donors who make a broad response targeting multiple epitopes
have a shorter duration of illness (32). This raises the interesting possibility that a
successful immune response to EBV may be broadly based, similar to that seen in
other viral infections such as hepatitis C (41).

During IM, expansions of activated CD4 T-cells are observed; however, relatively
little is known about the specificity of these cells and their importance in containing
EBV replication at this stage of infection. Direct ex vivo cytolytic assays from IM
patients have demonstrated CD4 T-cell–mediated EBV-specific cytotoxicity, and in
one case, this response has beenmapped to an epitope in BHRF1 (42). Given the impor-
tance of CD4 T-cells in maintaining CD8 T-cell responses, it will be of great value to
further characterize these cells and their target epitopes to define their role in IM.

T-CELL RESPONSE IN ASYMPTOMATIC PRIMARY INFECTION

In contrast to the substantial amount of information known about the immune
response to EBV during IM, relatively little is known about the EBV-specific
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response that occurs during asymptomatic primary infection. This is primarily
because of the difficulty in identifying donors undergoing asymptomatic primary
infection, with studies that have been performed mostly relying on retrospective
serological analysis of samples. Early studies on infants undergoing asymptomatic
seroconversion indicated that no lymphocytosis was apparent in these individuals
and that they had a delayed development of EBV-specific antibodies (43).

A recent study of an adolescent EBV-seronegative cohort in which several indi-
viduals were identified as having an asymptomatic primary infection has indeed con-
firmed that such individuals do not have an overt lymphocytosis like that seen during
IM. Furthermore, these individuals did not develop significant disruptions to their
T-cell repertoire, despite having viral genome loads at levels similar to those seen
in IM patients (23). This raises the interesting possibility that the high viral loads,
and thus presumably high antigen loads seen in IM patients, may not be directly
responsible for the profound expansion of EBV-specific CD8T-cells. Similarly it is
possible that the CD8T-cell expansions seen in IM may not be entirely responsible
for the control of the infection but represent an overreaction to the virus, given that
these asymptomatic individuals appear to control primary EBV infection suc-
cessfully without a dramatic expansion of lymphocytes. Further analysis of these
asymptomatic donors is required to clarify how their immune response copes so suc-
cessfully with EBV infection.

T-CELL RESPONSE IN HEALTHY VIRUS CARRIERS

The size and specificity of EBV-induced CTL responses in healthy immunocompetent
individuals have been analyzed in detail. The pioneering experiments of Moss et al.
(1) first demonstrated the existence of a cellular response to EBV with their observation
that PBMCs fromEBV-exposed individuals prevent the outgrowth of EBV-transformed
B lymphoblastoid cell lines (LCLs), or cause the ‘‘regression’’ of growth of LCL cultures.
Further analysis of LCL regression assays demonstrated that CD8T-cells are primarily
responsible for these effects, with a smaller contribution from CD4T-cells.

EBV-transformed LCLs have been subsequently used either to stimulate
PBMCs from EBV-infected donors in an effort to expand these EBV-specific T-cells
and identify their target antigens or to stimulate cells for quantitation of latent-anti-
gen–specific responses using limiting dilution analysis. Initially, such studies used
clones derived from individuals infected with a type 1 strain of EBV and these clones
were screened against peptide-sensitized LCLs transformed with a distinct type 2
strain of EBV to which the clones did not react (3). Such T-cell lines and clones
are predominantly CD8T-cells and have been characterized by assaying first against
target cells infected with recombinant vaccinia viruses that express individual EBV
genes, or target cells sensitized with synthetic peptides (5,44–46). Because LCLs
predominantly express EBV-latent proteins as opposed to lytic proteins, numerous
epitopes have been identified within the EBV-latent gene products (Fig. 1) and a
hierarchy of immunodominance is observed to these products. The EBNA3 family
of proteins appears to be the frequent target of CD8T-cell response, while LMP2 is
less frequently recognized. Responses to EBNA2 and LMP1 are rarely detected and
EBNA1-specific responses are exceptionally rare (45,46). This pattern of immunodo-
minance appears to be conserved across at least several different HLA types,
possibly suggesting that the EBNA3 family proteins may have preferential access
to the class I antigen–processing pathway.
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The use of LCLs to stimulate EBV-specific T-cells has biased the spectrum of
responses identified toward latent cycle epitopes, as only a low proportion of LCLs
contain cells with virus lytic replication occurring in them. Sources of productively
infected cells that express lytic cycle epitopes for use as antigen-presenting cells have
not been found and so identifying and quantifying EBV lytic epitope responses remain
a challenging proposition. LCL stimulation has, however, been used to restimulate
some relatively strong lytic cycle responses from healthy donors, and these are at least
codominant with responses to epitopes derived from the latent antigens (47,48).

Analysis of EBV-specific CD8T-cells from healthy donors using single-cell
analytical techniques such as tetramer staining and cytokine production has allowed
a more direct examination of these responses without excessive ex vivo manipulation.
These assays have demonstrated several important details with respect to the
immune response to EBV, most notably that in healthy carriers the global CD8
T-cell response to EBV is much greater than had been previously estimated (49–51).
These techniques also represent a more convenient way of analyzing responses to

Figure 1 Diagrammatic representation of (A) the episomal form of the Epstein–Barr virus
genome found in latently infected cells and (B) the linear form of the EBV genome found
in cells supporting lytic replication of the virus. Black regions represent open reading frames
that encode the highlighted proteins with the tables indicating the defined epitopes derived
from these proteins and their restriction elements. Source: From Refs. 5, 7–11, 25, 29, 42,
51, 57–59.
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lytic cycle antigens. Using tetramer-staining analysis, up to 5.5% of the total CD8
T-cell population has been described as being specific for the HLA-B8–presented
RAKFKQLL epitope derived from the immediate early BZLF1-encoded protein.
Responses to the latent cycle EBNA3A-derived HLA-B8–presented FLRGRAYGL
epitope can range up to 2% of the CD8 cells and responses to the EBNA3B-derived
IVTDFSVIK epitope presented by HLA-A11 can range up to 3.8% of the CD8 cells
(50). CTL responses made to EBV appear to be relatively stable over time (38). Inter-
estingly, there are differences between the patterns of responses made by healthy
donors and recovered IM donors with respect to the ultimate size of the response
to some epitopes. As noted above, the responses to the HLA-A2–presented
YVLDHLIVV and GLCTLVAML epitopes in recovered IM patients are in general
codominant. In healthy donors who have not been affected by IM, however,
the responses made to YVLDHLIVV are significantly smaller than the responses
detected in recovered IM donors. Furthermore, the YVLDHLIVV-specific responses
made by such donors are significantly smaller than the coresident GLCTLVAML-
specific responses (29).

The pattern of phenotypic marker expression observed on EBV-specific
CD8T-cells is similar to that seen long-term in recovered IM patients. CD8T-cells
specific for latent cycle antigens express CD45RO, CD27, and CD28, with variable
levels of CD62-L and CCR7 expression. Although most lytic cycle epitope–specific
CD8T-cells express CD45RO, substantial numbers may express CD45RA although
not at the dramatic levels observed in some post-IM patients. These EBV-specific
cells are predominantly CD27 and express variable levels of CD28, CD62-L, and
CCR7, usually at lower levels than that observed on latent cycle antigen–specific
CD8T-cells (50,52,53). Neither the latent nor lytic cycle antigen–specific CD8T-cells
express activation markers such as CD38, CD69, or HLA-DR, yet in direct ex vivo
cytotoxicity assays these cells are potent effectors (54).

Single-cell analytical techniques have further highlighted an interesting point
with respect to immune evasion by EBV in that responses to the latent cycle protein
EBNA1 that are very rarely detected after LCL stimulation of PBMCs can be rela-
tively frequent in vivo. The EBNA1 protein includes a glycine–alanine repeat
sequence which interferes with proteosomal degradation and abrogates presentation
of its epitopes on class I MHC molecules, thus rendering endogenously synthesized
EBNA1 immunologically silent to CD8T-cell detection (55,56). Identification of epi-
topes using overlapping peptide mapping techniques has demonstrated the existence
of CD8T-cells specific for EBNA1, and the target epitopes have been used to quan-
tify epitope-specific responses to EBNA1. These responses can be as frequent as
those made to EBNA3-derived epitopes (57,58). Presumably, these responses have
been generated by cross-presentation of EBNA1, whereby protein released by
EBV-infected cells is taken up, reprocessed, and presented by dendritic cells to
T-cells. This raises the question of the relevance of these EBNA1-specific CD8T-cells
in vivo, given that endogenously processed EBNA1 will not be presented to them.

The CD4 T-cell–mediated response to EBV is much less characterized.
Responses to epitopes from BHRF1, EBNA1, and EBNA3C have been described,
and cells specific for epitopes derived from these proteins have been found to be
cytotoxic effectors and to produce cytokines (42,59). Currently CD4T-cell responses
to EBV are being characterized more closely, not just for their capacity to provide
help to CD8T-cell responses, but as effectors that may be useful for targeting
MHC class II positive tumors associated with EBV infection such as Burkitt
lymphoma (BL).
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T-CELL–MEDIATED CONTROL OF EBV-ASSOCIATED TUMORS

Polyclonal Lymphomas

Most of the EBV-associated malignancies arise in individuals whose immune system
is intact. The exceptions to this are the polyclonal lymphomas that emerge from the
uncontrolled expansion of EBV-infected B-cells in patients whose T-cell function has
been impaired. Polyclonal lymphomas frequently present as multifocal lesions within
lymphoid tissue and/or in the central nervous system, and are often seen in organ
transplant patients and individuals infected with HIV. The discovery that these
immunoblastic lymphomas are composed of EBV-transformed LCL-like cells
expressing the full spectrum of virus latent proteins (60–62) suggested the important
role of the immune surveillance in limiting the proliferation of EBV-infected B-cells
in vivo. It also implied that the outgrowth of these EBV-transformed cells would be
reversed by a restoration of CTL control. Indeed, a planned reduction of immuno-
suppression is now the first treatment option in many cases of posttransplant lym-
phoproliferative disease (PTLD) (63). The critical role of CTLs in controlling the
outgrowth of EBV-infected B-cells has now been dramatically demonstrated in both
bone marrow and solid organ transplant patients. Thus in bone marrow transplant
(BMT) patients in whom the lymphomas that arise are of donor origin, the adoptive
transfer of in vitro reactivated EBV-specific CTL preparations from the donor can
rapidly reverse tumor growth (64). Similarly, adoptive transfer of autologous CTLs
into solid organ transplant patients with active PTLD can lead to a very significant
regression of the tumor mass (see Chapter 18) (65).

Burkitt Lymphoma

BL provides a most amenable model for experimental analysis of mechanisms
of immune evasion by tumor cells. The model draws strength from the availability
of BL cell lines carrying the relevant translocation plus LCLs derived from normal
circulating B-cells from the same patient by infection with EBV in vitro. Thus, it is
possible to compare the sensitivity to immune lysis of tumor-derived and non–
tumor-derived tissue from the same patient. Cell lines established in vitro from BL
biopsies at first display the original biopsy cell phenotype and grow as a single-cell
suspension with no intercellular adhesions. On serial passage, some BL cell
lines retain this biopsy cell phenotype (referred to as group I lines), whereas other
lines show a marked phenotypic shift with expression of the full spectrum of B-cell
activation antigens and adhesion molecules (referred to as group II or III lines).

Although only a limited number of BL patients have been studied thus far, no
detectable EBV-specific CTL dysfunction is evident (66). However, it is well estab-
lished that EBV-positive group I BL cell lines are highly resistant to virus-specific
CTL lysis and are poorly immunogenic in their ability to stimulate an alloresponse
(67). Thus, when matched sets of LCL and BL cell lines from the same patient are
compared, it is found that the group I cell lines are not lysed in vitro by polyclonal
EBV-specific T-cell lines or CTL clones (68,69). As EBV-positive BL cell lines switch
from a group I to group III phenotype, they show increased susceptibility to EBV-
specific CTL recognition (69).

There are several mechanisms by which BL cells resist virus-specific CTL lysis in
vitro. One of the first to be highlighted was a selective downregulated expression of
certain HLA class I alleles (70,71). Another suggestion was that the very low expres-
sion of adhesion molecules, especially lymphocyte function associated 3 (LFA3) and
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intra cellular adhesion molecule 1 (ICAM1), plays a major role (72). However, this
factor now appears to be of little importance since BL cells consistently express high
levels of ICAM2. Furthermore, BL cells and normal lymphocytes from the same
patient show equal sensitivity to lysis by EBV-specific CTLs when EBV-peptide
epitopes are added exogenously to the cells (68).

The viral phenotype of BL cells is likely to be a very important factor in redu-
cing tumor susceptibility to EBV-specific CTL surveillance. Viral antigen expression
in EBV-positive BL cells in vivo is restricted to a single protein, EBNA1, with all
other EBNAs and LMPs downregulated (73). As discussed in an earlier section,
the EBNA1 protein is shielded from CD8T-cell recognition because of a glycine–
alanine (Gly-Ala) repeat domain that protects endogenously expressed EBNA1 from
proteosomal processing and presentation (55). Thus it is not hard to realize the
advantage that this highly restricted form of EBV latency offers BL cells in terms
of immune evasion, because EBNA2, EBNA3A–C, and the LMPs, which constitute
important targets of virus-specific CTL recognition (45,46), are not expressed. It
seems unlikely that restricted EBV gene expression in BL cells is a result of immune
pressure in vivo, that is, downregulation of latent protein expression is a key selective
step in the pathogenesis of BL. Indeed, the latency program in BL may reflect that of
its progenitor B lymphocyte, rather than a unique feature of a malignant cell clone
selected for its ability to evade EBV-specific CTL recognition.

Another possible mechanism by which BL cells escape CTL recognition
involves a defect in the endogenous antigen-processing function in these cells. It is
now clear that the class I antigen–processing pathway that delivers peptide from
endogenously synthesized proteins for presentation on the cell surface in association
with HLA class I molecules is much less active in BL cells than in LCLs (74). This is
reflected in very low expression of the transporter proteins transporter associated with
antigen processing 1 (TAP1) and TAP2 in a number of BL cell lines. These proteins
are involved in peptide transport from the cytosol to the endoplasmic reticulum (ER)
(75). Deficiencies in this antigen-processing pathway are generally associated with
reduced stability and surface expression of MHC class I molecules in laboratory-gen-
erated antigen-processing mutant cell lines (such as RMA-S and T2) (76). This
reduction is apparently due to a deficient supply of peptide epitopes into the ER
for MHC stabilization. Indeed, BL cells show a similar phenomenon, with a very
low proportion of the MHC class I molecules expressed in the cytoplasm being trans-
ported onto the cell surface. Furthermore, the endogenous presentation of CTL epi-
topes on BL cells can be restored by transfection with an expression vector encoding
a CTL epitope fused to an ER translocation signal sequence (74). In contrast to the
RMA-S and T2 cell lines, in which the TAP genes are deleted, BL cell lines show a
transcriptional deficiency with significantly reduced levels of TAP1 and TAP2
mRNA protein expression (77). Thus, downregulated expression of both viral anti-
gens and the TAP proteins may contribute to evasion from the normal EBV-specific
CTL response in BL patients.

NPC and Hodgkin’s Disease

Like BL, NPC and Hodgkin’s disease (HD) are seen in relatively immunocompetent
individuals. Very limited information is available on the role of specific T-cells in
controlling these tumors, although IgA-positive NPC patients show a significantly
depressed EBV-specific CTL response (78). However, it is unlikely that this dimin-
ished T-cell response is the sole basis for tumor outgrowth, because a proportion

88 Burrows and Hislop



of the IgA-positive NPC patients showed a normal response. An immunohistochem-
ical analysis of fresh biopsies and laboratory-established tumor lines indicates that
malignant cells in both NPC and HD express normal levels of HLA class I,
TAP1, and TAP2 (79,80).

The effectiveness of the T-cell response is presumably limited by the pattern of
viral gene expression, which is restricted to EBNA1 and in some cases to LMP1
and LMP2 as well. Thus, the EBV proteins that are a rich source of immunodominant
CTL epitopes are not expressed. Indeed, the frequency of CTLs reactive to epitopes
within the LMP1 protein is generally much lower than that of CTLs reactive to the
immunodominant EBNA3A, EBNA3B, and EBNA3C proteins. Furthermore, evi-
dence is emerging that sequence variation within the LMP1 gene can lead to a loss
of immunogenicity. Amurine model used by Trivedi et al. showed that the LMP1 gene
from NPC cells when expressed in mouse carcinoma cells was completely nonimmu-
nogenic, while the LMP1 gene from the B95.8 cell line was highly immunogenic (81).
Interestingly, LMP1 encoded by NPC isolates shows numerous amino acid changes
compared with the B95.8 sequence (82). Similar amino acid changes in the LMP1 gene
have been found in EBV isolates from HD (83). It is therefore possible that mutations
in the LMP1 sequence will render tumor cells nonimmunogenic for CTLs.

LMP2 is a latent antigen that is generally conserved among EBV isolates
worldwide, and is also a common target for the CTL response in healthy Chinese
and Caucasian virus carriers (9). The inability of the CTL response to reject
LMP2-expressing tumors may reflect some local cytokine-mediated suppression of
CTL activation in the vicinity of the tumor itself. This possibility is consistent with
the observation that EBV-specific CTLs could be reactivated from the blood of
patients with EBV-positive HD, but not from the tumor-infiltrating lymphocyte
population (84). Indeed, interleukin-10 is made by EBV-positive HD cells (85),
and this cytokine clearly has the capacity to alter tumor immunogenicity (86).

TCR SELECTION

In common with other acute viral infections in murine and simian models and with
acute HIV infection in man, a dramatic perturbation of the peripheral TCR reper-
toire occurs during the primary T-cell response to EBV infection that subsequently
resolves during convalescence (24). Recent studies of TCR usage have investigated
the clonal composition and dynamic regulation of the EBV-specific CTL response.
These TCR analyses have concentrated on the selection events during IM and on
the repertoire composition in the healthy virus carrier state. Prospective studies
on IM patients have provided an important opportunity to track the developmental
process that T-cells undergo from the primary to memory state, by TCR typing of
CTL clones generated at different stages of the infection (22,87,88). Importantly,
these studies have demonstrated the potential for different levels of TCR diversity
selection depending on the viral epitope that is the target of the response. For exam-
ple, the TCR repertoire utilized in the response to two HLA-B8–restricted epitopes
from the latent antigen EBNA3A (FLRGRAYGL and QAKWRLQTL) was found
to be oligoclonal in one IM patient, with preservation of distinct clonotypes in the
memory T-cell pool (22). In contrast, T-cell populations that rose against an
HLA-B8–binding epitope from the lytic antigen BZLF1 (RAKFKQLL) were highly
diverse in several IM patients, with no dramatic signs of repertoire focusing over
time (87). Overall, the developing picture in IM is that a broad range of TCRs are
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selected and maintained within the composite CTL response against natural EBV
infection. This multiclonotypic T-cell population may be especially important in
the establishment and maintenance of an effective lifelong CTL control.

In the persistent virus carrier state, EBV-specific CD8 CTL responses also
appear to cover a wide spectrum of TCR usage. At one extreme, a single expansion
of a TCR BV6/BJ2S7 clonotype can dominate the response to the HLA-B8–binding
latent-antigen epitope FLRGRAYGL (89), while at the other extreme, a high degree
of clonotype diversity can exist to two different epitopes within the lytic antigen
BZLF1 (87,90). Indeed, the strength and monoclonal nature of the CTL response
to the FLRGRAYGL epitope is such that it dramatically skews the entire memory
repertoire to near oligoclonality leaving a permanent immunological footprint of
previous EBV infection in the T-cell pool of healthy adults (91). This effect was
observed in a number of HLA-B8þ virus carriers because the clonotype response
is remarkably conserved among different individuals at both the TCR-alpha and -
beta chain loci (89).

Detailed analysis of this highly conserved TCR structure that is commonly
utilized in response to the B8-binding FLRGRAYGL epitope revealed that it can
mediate cross-reactive lysis of EBV-positive and EBV-negative target cells expressing
the HLA-B�4402 alloantigen (92). Such is the strength of this EBV epitope–specific
memory response in HLA-B8þ virus carriers that their alloreactive response to
HLA-B�4402 in conventional mixed lymphocyte culture is dominated by CTLs from
virus-specific memory with the relevant cross-reactive TCR. This illustrates how a
prior history of infection with an immunogenic virus such as EBV can influence an
individual’s level of responsiveness to an alloantigen. Such mechanisms may underlie
the observed clinical association between herpesvirus exposure and graft-versus-host
disease in BMT patients (92). Not surprisingly, T-cells with this particular TCR are
not detected within the EBV-induced memory CTL population in individuals who
coexpress HLA-B8 and B�4402 because of their potential for self-reactivity (93). Inter-
estingly, however, such individuals do still make a response to the FLRGRAYGL-B8
complex through a variety of TCRs, thereby illustrating the flexibility and reserve
strength of the TCR repertoire in the response to a target epitope.

CONCLUDING REMARKS AND FUTURE DIRECTIONS

The immune response to EBV represents one of the most intensely studied responses
to a viral pathogen. The high frequency of infected individuals, genetic stability of
the virus, and the immunogenicity of at least some of the viral proteins make it
not only a convenient host–pathogen model to study, but also an attractive model
to address fundamental immunological questions.

Detailed information of the immune response to EBV in healthy infected indi-
viduals is available, and the response that IM patients make is being further charac-
terized. However, basic questions remain relating to the immune response made to
EBV by individuals who undergo asymptomatic primary infection. As these indivi-
duals mount what may be considered a successful immune response in that they are
able to control the virus infection without developing symptoms or dramatic CD8T-
cell expansions like those seen in IM patients, characterization of such responses is
likely to be highly informative. Analysis of the spectrum of epitope-specific responses
made by these individuals and whether it is different from those made by IM patients
may reveal that a broadly based response is more beneficial, as suggested for some
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IM patients with less severe symptoms (32) and in cases of other persistent viral
infections (e.g., hepatitis C infection). It will also be of interest to correlate the
T-cell response with virus or antigenic load at different anatomical sites (such as peri-
pheral B-cells as a measure of latent virus load and oropharynx as a measure of lytic
viral load) in IM and primary asymptomatic donors. Evidence is now emerging that
subtle differences in the patterns of CD8T-cell responses occur many years following
primary infection and are influenced by the severity of disease during the primary
infection. For example, asymptomatic donors have a weak, if any, response to the
BRLF1-encoded YVLDHLIVV epitope, while IM donors can have a relatively
strong response to this epitope during and many years after IM. Whether this repre-
sents a reaction to high levels of lytic virus replication is unknown.

More fundamental immunological questions remain as to how the distinct hier-
archies of CD8T-cell responses to EBNA3 are generated. Such analysis may address
how accessible these proteins are to the antigen-processing pathway, whether the
concentration of the antigen has an effect, or whether the order in which the immune
response is exposed to the antigens affects the preferential response to these proteins.
In a similar vein, responses made to lytic cycle epitopes also appear to be highly
focused, with only a few epitopes apparently constituting most of the lytic cycle
response. So far, a relatively small proportion of the 80 lytic cycle proteins have been
examined as potential targets for T-cells and so it remains possible that other pro-
teins are also targeted by the immune response.

Further analysis of factors controlling the maintenance of these responses is
worthy, especially in the context of CTL responses to the immediate early gene pro-
ducts, and may offer some insight into the maintenance of immunological memory.
IM patients usually make very strong responses to the BZLF1-derived HLA-B8–
presented RAKFKQLL epitope and maintain this response at relatively high levels
after resolution of symptoms (26,29). Interestingly, when responses have been quan-
tified to epitopes derived from this protein and presented by other HLAs, albeit in
different individuals, these responses are extinguished or rarely detected (38). The
reason why the anti-RAKFKQLL response is maintained at higher levels is not
clear; however, self and bacterial antigens that are cross-reactive with this viral epi-
tope have been identified and may have a role in the maintenance of this response
(48). A similar theme of results is now emerging for responses to CTL epitopes
derived from the BRLF1 gene product. IM donors who are HLA-A2þ maintain
sizeable responses to the YVLDHLIVV epitope after IM, while other donors who
initially respond to an HLA-A3–presented epitope appear to poorly maintain this
response (38). Dissection of these responses for cross-reactivity remains to be
performed, yet may cast some light on the fundamental concept of maintenance of
immunological cellular memory.

An understanding of whether all components of the immune response to EBV
are truly effective would help clarify the role of certain epitope specificities. For
example, some doubt exists as to what role EBNA1-specific CD8 CTL play in
immune control of EBV, given that in general, these CTL cannot respond to endo-
genously synthesized EBNA1. Because these CTL are presumably generated by
cross-priming, it is not clear what other epitope specificities are also generated in this
manner and thus whether the immunodominant responses observed are a genuine
reflection of classical antigen stimulation and perhaps represent effective responses.

A much neglected facet of the immune response to EBV alluded to in earlier
sections is the role that CD4 T-cells play in the response to EBV infection. The
paucity of defined HLA class II–binding EBV epitopes is hampering this analysis;
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however, concerted efforts are now under way to define epitopes by the use of
peptide epitope mapping with EliSpot technology. These cells are likely to be critical,
not only for the provision of T-cell help and maintenance of CD8T-cell responses,
but possibly also as effectors. This is of particular interest because some EBV-asso-
ciated malignancies express class II molecules and may be targets for such cells.
Furthermore, such malignancies express the EBNA1 protein which has evolved stra-
tegies to avoid CD8 CTL recognition but may be processed and presented in a class
II context. Further studies are required to determine whether such cells are capable
of endogenous presentation of epitopes to CD4 effectors and whether these effectors
will kill tumor cell targets.

Finally, our understanding of the immune response to EBV allows for the devel-
opment of effective immunotherapeutic interventions to combat EBV-associated dis-
eases as well as the rational development of prophylactic vaccination strategies (see
Chapters 18 and 19). Established immunotherapy regimes that range from a reduction
of immune suppression to allow host cellular immunity to control the lymphoma, to
the adoptive transfer of polyclonal cytotoxic T-cell lines now exist for treating immu-
noblastic lymphoma in BMT and solid organ transplant recipients. Currently EBV
vaccination strategies are being pursued for the prevention of IM in adolescents
and for boosting responses in pretransplant patients prior to immune suppression.
However, the challenge remains to understand how the immune response to EBV
can be used to target EBV-associated malignancies that are associated with a more
restricted pattern of EBV gene expression such as BL, HD, and NPC.
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6
Clinical Features of Infectious
Mononucleosis

Jan Andersson
Division of Infectious Diseases, Karolinska University Hospital, Huddinge,
Stockholm, Sweden

CLINICAL CHARACTERIZATION OF ACUTE

INFECTIOUS MONONUCLEOSIS

The clinical syndrome of infectious mononucleosis (IM) is most frequently mani-
fested during adolescence and young adulthood. After the age of 15, primary infection
with Epstein–Barr virus (EBV) leads to the clinical syndrome of IM in approximately
30% to 40% cases (1). Filatov and Pfeiffer initially described the IM syndrome at the
end of the 19th century (2,3). However, the association between primary EBV infec-
tion and IM was first established in 1968 when a laboratory technician in Dr. Werner
Henle’s laboratory seroconverted to EBV during the course of classical IM (4). The
mononucleosis syndrome includes a clinical triad of pharyngitis, lymphadenopathy,
and fever (5). Patients may experience several days of prodromal symptoms includ-
ing malaise, fatigue, arthralgia, fever, chills, dysphagia, and anorexia (6). As symp-
toms of sore throat and fever worsen, patients typically seek medical attention.
However, the classic symptoms of IM may be mistaken for those of other common
infections including streptococcal pharyngitis. IM is a benign lymphoproliferative
disorder caused by a disseminating EBV infection in B-lymphocytes and mucosal
epithelial cells that may lead to abnormal clinical signs and symptoms involving
almost any organ (7). During the acute phase of IM, roughly one in 103 to 104

circulating B-cells are infected with EBV (8,9). They are proliferating, lymphoblastic
plasmacytoid cells, are highly immunogenic, and can trigger potent cellular immune
activation (10). In fact, EBV replication is predominantly mediated via cellular
DNA polymerase in B-cells, resulting in the transformation of B-lymphocytes
(11). In contrast, epithelial mucosal cells become lytically infected and release
infectious viral particles (12). This results in oropharyngeal EBV shedding as well
as presence of infectious EBV particles in genital secretions (13).

EBV infection is ubiquitous and predominantly occurs during childhood (14).
Thus, most children in underdeveloped countries have had asymptomatic EBV
infection by the age of five and more than 90% of all infants are seropositive by
the age of four (15). However, in developed countries, primary EBV infection and
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the subsequent manifestations vary with socioeconomic class. Epidemiological
studies have revealed that more than 15% of individuals in higher socioeconomic
class remain EBV seronegative at the age of 20 (9). Thus, IM is more prevalent in
areas with higher standards of hygiene. The incidence of IM in these countries has
been estimated at 45 per 100,000 overall. However, a much higher incidence is
reported among adolescents, 15 to 19 years (320–370 per 100,000) (16). The infection
is contracted through saliva or genital secretions but may occasionally be acquired
through blood transfusion or via organ transplantation. The incubation period is
estimated to be around 30 to 50 days (6). Vertical transmission of the virus probably
occurs but has not been definitely associated with any single malformation or pattern
of congenital abnormality. This is in sharp contrast to infection with cytomegalo-
virus (CMV), herpes simplex virus, and varicella. There are, however, rare cases of
virologically verified intrauterine EBV infection with apparent sequelae (17).

Clinical Course of IM

The clinical course of IM is exceedingly variable (Table 1). In one prospective study,
the time to full clinical recovery varied from 6 to 174 days (18). The dominating
clinical picture includes sore throat, generalized lymphadenopathy, tonsillitis, and
fever. The clinical illness normally has a duration of one to four weeks, occasionally

Figure 1 A fulminant case of infectious mononucleosis with periorbital edema and cervical
lymphadenopathy. A tracheotomy was performed because of upper respiratory obstruction.
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lasting for up to six weeks. During the first week of illness, the patient may develop
a generalized rash, which may be morbilliform and transient or occasionally of
urticarial phenotype (1,19). Arthralgia, gastrointestinal symptoms, and headache
are not uncommon. Jaundice may develop in a minority of patients in the second
or third week of illness, and splenomegaly may develop during the same period in
more than 50% of the patients (20). The pharyngotonsillitis may generate difficulties
in swallowing as well as respiration. This is due to a generalized pharyngotonsillar
edema as well as generation of fibrinous membranes not only in the tonsillary region,
but also in the nasopharynx in patients with severe disease (21). Malaise and exhaus-
tion are the most persistent symptoms (6).

Hematological Findings

The clinical entity of IM reflects symptoms generated via extensive activation of both
the humoral and the cellular immune system. Lymphocytosis is a hallmark of IM
and is considered to be a prerequisite for the diagnosis (Table 2). Lymphocytosis,
both relative (>50%) and absolute (>4500 cells/mL), is generally noted between
the 5th and 20th day of illness (22). Many (>5%) of the lymphocytes are atypical

Table 2 Hematological Abnormalities in Infectious
Mononucleosis

Signs Prevalence (%)

Lymphocytosis (>4.5� 103 cells/mL) >80
Atypical lymphocytes (>5%) >80
Granulocytopenia (<3.0� 103 cells/mL) 60–80
Thrombocytopenia (<80� 103 cells/mL) 4–7
Hemolytic anemia (Hb<90 g/L) �5
Lymphopenia (<1.5� 103 cells/mL) �5
Aplastic anemia Rare

Table 1 Clinical Manifestations of Infectious Mononucleosis

Signs Prevalence (%)

Pharyngitis >90
Lymphadenopathy >90
Fever 60–90
Pharyngotonsillitis 50–90
Splenomegaly 50
Periorbital edema 20–50
Skin rash 5–10
Hepatomegaly �10
Jaundice �5
Interstitial pneumonia �2
CNS involvement 1–5
Myocarditis �1
Genital ulcerations �1

Abbreviation: CNS, central nervous system.
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in appearance, characterized by large mononuclear cells with irregular contour of the
cytoplasm and nucleus and the presence of cytoplasmic vacuoles (22). These cells are
significantly increased in size compared to normal cells and have been called
Downey–McKinlay cells after their discoverers in 1923 (23). However, these cells
also can be present in acute infections with CMV, HIV-1, hepatitis B, rubella, and
measles (Table 3).

Lymphopenia in the early onset of IM is a poor prognostic sign and is often
associated with protracted and more extensively disseminated disease (24). Neutro-
penia (neutrophilic granulocyte counts <3000/mL) is common among IM patients.

Figure 2 A transbronchial biopsy performed in an infectious mononucleosis case with inter-
stitial pneumonia. The pathological anatomical description shows peribronchial lymphoid
infiltrates, which is a common finding and may cause obliteration of the bronchioles.

Table 3 Etiologies Demonstrating Signs and Symptoms Similar to Infectious Mononucleosis

Infectious etiological agents
Group A streptococcus
CMV
Adenovirus
Herpes simplex type I
Acute primary HIV-1
Toxoplasma gondii
Chlamydophila pneumoniae
Corynebacterium diphtheriae

Non-infectious etiological agents
Diphenylhydantoin hypersensitivity
Hodgkin lymphoma
Non-Hodgkin lymphoma
Histiocytosis

Abbreviations: CMV, cytomegalovirus; HIV, human immunodeficiency virus.
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Formations of autoantibodies against granulocytes are believed to be the pathogenic
mechanism for this condition. Anemia in IM is usually due to autohemolysis (25).
Although excessive autohemolysis is not uncommon, anemia is a rare manifestation
in IM patients. Autoantibodies are also believed to be the pathogenic mechanism
(26). Mild thrombocytopenia (platelet counts <140,000 cells/mL) is a common
occurrence. However, severe thrombocytopenia with bleeding is rare but does occur
in IM, in particular in patients with disseminated intravascular coagulopathy (7). In
most cases, thrombocytopenia is transient and the platelet levels return to normal
during convalescence �3 weeks from clinical onset. While it is tempting to explain
thrombocytopenia on the basis of the production of the abnormal antibodies against
autologous platelets, not all IM patients with a severe thrombocytopenia have
demonstrable platelet antibodies (7). Abnormal platelet function may reflect a defect
that predisposes to premature platelet destruction.

Diagnosis

Diagnosis of IM is usually based on a combination of clinical, hematological, and
serological findings. The great majority of IM patients (>80%) have absolute
lymphocytosis that peaks during the first and second week of illness. This is often
concomitant with greater than 5% atypical lymphocytes, which can be detectable
for weeks after onset of disease (8,27).

Serologic Diagnosis

Serology testing is the gold standard for confirmation of acute IM in immunocom-
petent persons. Serologic diagnosis is based on the presence of heterophile antibodies
combined with EBV-specific antibodies. The classic EBV-induced heterophile anti-
bodies were first reported by Paul, Bunnell, and Davidsohn in 1932, who observed
erythrocyte agglutinins directed against sheep erythrocytes during acute IM illness
(28). These immunoglobulin M (IgM) antibodies bind to antigens on heterologous
erythrocytes but have no affinity against any EBV-associated antigens. Tradition-
ally, the Paul-Bunnell-Davidsohn test detects production of heterophile antibodies
that generate an agglutination reaction in sheep erythrocytes. More modern com-
mercially available tests use a latex agglutination assay or enzyme-linked immuno-
sorbant assay for detection of IgM heterophile antibodies against horse red blood
cells. Heterophile antibodies are present in the first week after onset of disease but
peak during two to five weeks of illness. However, 10% to 20% of the patients
may remain heterophile antibody negative (28). This occurs particularly in children
younger than 10 years as well as in adults older than 40 years. The use of EBV-
specific serology is unnecessary in patients with typical clinical symptoms, lympho-
cytosis, and positive heterophile antibody response.

EBV-Specific Antibody Response

EBV-specific serology should be performed in IM patients with severe symptoms or
in those with a negative heterophile test result (Table 4). EBV antigens most com-
monly used for serologic diagnosis include viral capsid antigen (VCA), early antigen
(EA) of the anti-D subset (EA-D), and EBV nuclear antigen (EBNA) 1–6 (29). VCA
and EA-D proteins are expressed during the lytic phase of viral infection, and EBNA
is expressed in transformed or latently infected B-cells (29). The development of
EBV-specific antibodies throughout the course of IM is illustrated in Figure 3.
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Table 4 Diagnosis of Primary Epstein–Barr Virus Infection

Acute IM Convalescence

Serology
Heterophil antibodies IgM þ –
Anti-EBV capsid antigens

Immunoglobulin M þ –
Immunoglobulin G þ þ

Anti-EBV early antigens þ –
Anti-EBNA – þ

Virus detection
Virus isolation oropharynxa þ þ(–)
EBV-DNA by PCRb

Blood þ þ

Plasma (>50 EBV-DNA c/mL) þ –
In situ hybridizationc þ –

EBV-antigensd þ –

aEBV isolated from mouthwash samples.
bEBV-DNA detection by PCR from peripheral blood mononuclear cells or plasma.
cDetection of the EBV-gene EBER in tissue biopsies.
dEBV-antigen, LMP-1, EBNA-1 by the use of immunohistochemical technique in tissue biopsy or blood.

Abbreviations: EBER, EBV-encoded RNA; EBNA, EBV nuclear antigen; EBV, Epstein–Barr virus; LMP,

latent membrane protein; PCR, polymerase chain reaction; IM, infectious mononucleosis.

Figure 3 Serologic response determined on 160 patients with infectious mononucleosis.
Source: From Ref. 18.
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VCA IgM antibodies are almost universally present at onset of disease and may be
detected up to three months after contracting the illness (29). False VCA-positive
cross-reacting IgM occurs during primary CMV and in patients with rheumatoid
arthritis (30). The generation of VCA IgG antibodies is almost parallel with the
IgM response (31). However, these latter antibodies persist throughout life in immu-
nocompetent individuals (29). In contrast to anti-VCA, EBNA antibodies tend to
appear later in the course of infection, from 6 to 12 weeks after clinical onset (29).
Thus, the assessment of these antibodies should be combined with VCA-IgG and
VCA-IgM in the diagnosis of primary EBV infection. The presence of anti-EBNA
antibodies early in the course of illness excludes primary EBV infection, while the
presence of anti–VCA IgM combined with lack of EBNA antibodies is consistent
with acute IM. Two subsets of anti-EA antibodies, diffuse (cytoplasmatic anti-D)
and perinuclear restricted (anti-R), are identified based on cellular distribution of
the antigens. The anti-D subset is associated with primary infection. However, more
than 30% of patients never develop antibodies to this antigen. Thus, absence does
not exclude acute infection. Patients rarely have anti-R antibodies in primary EBV
and therefore these antibodies have no clinical significance. In general, it is difficult
to demonstrate a VCA or EA antibody seroconversion or a significant rise in the
antibody titers in patients with a suspected diagnosis of IM, because EBV-specific
antibodies, with the exception of anti-EBNA antibodies, are usually at their peak
around onset of the disease.

Diagnosis in Immunocompromised Persons

Viral DNA Detection

In patients with a selective immunodeficiency against EBV, some or many of the
EBV-specific antibodies may be absent. These patients usually do not develop
anti-EBNA antibodies that normally occur once the affected patient generates a
significant EBV-specific cellular immune response. Diagnosis in these patients

Figure 4 Oral hairy leukoplakia in an HIV-1 infected patient with reactivated Epstein–Barr
virus infection. The lesions are characterized by whitish hyperplastic epithelial ridges a few
millimeters in size on the lateral margin of the tongue.
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may be based on direct isolation of the virus or detection of viral genes (Table 4).
Virus isolation of EBV from mouthwash samples or blood usually has limited
clinical value because EBV shedding in the oropharynx as well as EBV latency persists
in circulating B-cells and continues throughout life following infection. EBV-DNA
detection by the polymerase chain reaction (PCR) may be positive in peripheral blood
samples because of the presence of latent EBV-infected B-cells throughout life (at the
frequency of 1–50 DNA copies/106 cells) (32). In contrast, EBV-DNA positivity in
serum or plasma predominantly occurs in primary infection and in immunocom-
promised individuals with reactivated EBV, which may be associated with lytic repli-
cation in B-cells (33,34). Recently, it has been observed that there is a relation between
the EBV-DNA load in plasma and the infected peripheral blood lymphocytes with
severity of IM as well as with risk for development of EBV-related posttransplant
lymphoproliferative disorder (PTLD) (35). Assessment of plasma viral load by
real-time PCR quantitative assay for detection of EBV-DNA has demonstrated that
healthy immunocompetent EBV seropositive individuals lack detectable EBV-DNA
in plasma while patients with IM had a mean of 64,000 copies/mL (26). There is a
rapid decline in EBV-DNA after onset of clinical symptoms, and thus the timing of
plasma EBV-DNA analysis is critical; positivity is dramatically reduced after more
than 10 days of illness. Use of quantitative EBV-DNA measurement by real-time
PCR or competitive PCR assay is also of value for the determination of clinical effect
of antiviral therapy as well as effects of immune reconstitution in cases with life-
threatening EBV disorders (26). EBV-DNA detection methods should also be used
in cerebrospinal fluid in individuals with suspected EBV-associated central nervous
system (CNS) infection in particular, because assays based on detection of intrathecal
antibody production have failed in these conditions.

In Situ Hybridization

In situ hybridization for detection of the EBV gene EBV-encoded RNA (EBER) is
considered the gold standard for detection and localization of latent EBV in tissue
samples (36). This assay is universally positive in lymphoid tissue biopsies obtained
from patients with IM while it is rarely positive in samples obtained from EBV ser-
opositive healthy carriers. Because EBER transcripts are naturally amplified, they
represent a more reliable target for detecting and localizing EBV in tissue sections
by in situ hybridization. In situ hybridization for detection of the EBV gene Z
Epstein–Barr replication activator (ZEBRA), also known as BZLF1, is a valuable
tool for detection of the lytic EBV replication that occurs predominantly in epithelial
cells (36). ZEBRA complexes with viral proteins that are collectively referred to as
EAs and VCA. These antigens elicit a humoral immune response resulting in abnor-
mal elevated antibody titers that are thus associated with lytic virus production in
the diseased patient (Table 4).

In Situ Viral Antigen Detection

Detection of viral proteins can be achieved by immunohistochemical staining in
tissue sections. In fact, latent membrane protein (LMP)-1 immunostaining is nearly as
sensitiveand specific asEBERin situhybridization for identifyingEBV inIMandPTLD
cases, as well as in Hodgkin’s disease. LMP-1 is reliably expressed in lymph nodes from
IM patients, with some EBER-positive small lymphocytes failing to coexpress LMP-1,
and immunoblasts coexpressing bothmarkers (36). Therefore, EBERandLMP-1 stains
appear to be equally informative in confirming the diagnosis of IM (Table 4).
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Differential Diagnosis

Primary HIV-1 infection is a self-limited viral syndrome characterized by fever, rash,
pharyngitis, and lymphadenopathy, thus resembling the clinical presentation of
IM. Out of 600 patients testing negative for heterophile antibodies, but with clinical
suspicion of IM, 1.2% turned out to be positive for primary HIV-1 infection (37).
Furthermore, false-positive heterophile antibody tests have also been reported in
primary HIV-1 infection (even though reactivation of EBV was not excluded) (38).

Therefore, clinicians considering a diagnosis of IM should review the patient’s
HIV-1 risk behavior and consider the diagnosis of acute primary HIV-1 syndrome
(39). Symptomatic primary CMV and adenovirus infection may resemble the clinical
picture of acute IM (Table 3) (40). False-positive IgM VCA responses have been
noticed in primary CMV infection (40). The latter though has only rarely been asso-
ciated with pharyngotonsillitis, which is a much more common phenomenon in
adenovirus and primary herpes simplex type 1 infection in the adolescent population.
In addition, groupA streptococcal pharyngotonsillitis may present with identical
symptoms of acute IM. Nasopharyngeal endoscopy shows reliable differences in
mucosal pathology between IM and streptococcal pharyngitis—patients with IM
normally present with generalized enlarged lymphoid tissue and fibrinous mem-
branes in the nasopharynx, which do not occur in streptococcal group A-induced
pharyngotonsillitis or peritonsillitis (21). Furthermore, toxoplasmosis and chlamydia
infection as well as diphtheria may generate symptoms and orpharyngeal signs that
are difficult to distinguish from those of acute IM. In addition, fulminant IM cases
often show extensive T-cell lymphoproliferative disorders that may present histolo-
gical pictures of histocytic hyperplasia and erythrophagocytosis, events which
may also be found in histiocytosis, virus-associated hemophagocytic syndrome
(VAHS), and Hodgkin’s and non-Hodgkin’s lymphoma (41–43). Studies on
lymphoid tissue have also demonstrated the presence of large binucleated cells
indistinguishable from the Reed–Sternberg cells in multiple IM cases. Occasionally,

Figure 5 Classic tonsillar enlargement with membranous exudates and edema of the uvula
during the acute phase of infectious mononucleosis.
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drug-induced toxicity or hypersensitivity may generate symptoms associated with
acute IM (43). Detection of EBV-DNA (PCR), EBV genes (hybridization), and
EBV antigens (immunohistological stains) in affected tissue is of clinical importance
in these settings (Table 4) (36).

ATYPICAL PRESENTATIONS OF ACUTE IM

Clinical signs and symptoms of primary EBV infection can be extremely variable. In
particular, children younger than five years and adults older than 40 years may have
unusual presentations of primary EBV infection (44).

Primary EBV Infection in Infants Younger Than Five Years

Primary EBV infection in infants is predominantly an asymptomatic infection (45).
Occasionally, these children develop pharyngitis (45). There are scattered reports of
hepatitis combined with intrahepatic cholestasis. Liver histology shows extensive
lymphoid infiltration and, in a few cases, extensive liver necrosis also.

Primary EBV Infection in Adults Older Than 40 Years

Symptomatic primary EBV infection in this cohort is often associated with fever of
unknown origin (46). Sore throat and generalized lymphadenopathy may be absent.
Heterophile antibodies are not a reliable diagnostic tool in this cohort (47). Fever of
unknown origin is sometimes combined with cholestatic liver involvement and jaun-
dice. Focal lymphadenopathy may be present (46). The diagnosis should be based on
complete EBV serology and/or quantitative assessments of EBV-DNA in serum,
plasma, or peripheral blood mononuclear cells.

Atypical Primary EBV Infection

In spite of the fact that primary EBV infection is a systemic disorder, patients may
present with symptoms emanating from only one organ. Atypical cases may have
isolated meningitis, encephalitis, focal lymphadenopathy, interstitial pneumonia,
myocarditis, or hematological abnormalities including thrombocytopenia, hemolytic
anemia, or granulocytopenia (44). Painful, multiple, superficial genital ulcerations
may occur with severe infection (48). A common finding in these cases is lack of
heterophile antibodies, with only marginal elevation of atypical lymphocytes and
variable degree of lymphocytosis. Therefore, these patients can normally only be
diagnosed after complete EBV serology and/or assessment of EBV genes or anti-
gens. Alternatively, EBV-DNA should be detected by PCR in blood, serum, plasma,
or cerebrospinal fluid. Biopsies obtained from affected organs may be assessed for
the EBV gene expression by in situ hybridization of EBER or EBNA and LMP-1,
utilizing immunohistochemical staining.

Fulminant EBV Lymphoproliferative Disorder

Fatal IM (FIM) is an uncommon presentation of primary EBV infection (42). It pre-
dominately occurs in children younger than seven years, but has also been reported in
adolescents as well as in adults. This entity can be subdivided into several subgroups
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of patients who reflect different mechanisms of an underlying impairment of the
immune system (41,42). There is a high incidence of FIM in patients with the X-linked
lymphoproliferative (XLP) disease (Duncan’s disease) (49), which recently has been
linked to mutation in the src-homology 2 (SH-2) domain-encoding gene (see Chapter 16)
(50). However, FIM also occurs sporadically in female children with a similar clin-
ical presentation, suggesting additional immunodeficiencies yet to be identified.
One subgroup of patients with FIM is characterized by an uncontrolled B-cell lym-
phoproliferation (50). This is due to a defect in the T-cell–mediated EBV-specific
immune control (50). Recently, a fulminant EBV-associated T-cell lymphoproli-
ferative disorder has also been described by several groups (42).

Virus-Associated Hemophagocytic Syndrome

The clinical characteristics of patients with FIM may be acute or insidious in onset.
Most of the cases demonstrate a spiking fever, generalized lymphadenopathy, exten-
sive hepatosplenomegaly, liver failure, and interstitial bilateral pneumonitis (51,52).

CNS involvement with disseminated encephalitis is not uncommon. Death is usually
caused by liver failure or extensive interstitial pneumonia. Chronic cases may
develop lymphoma, agammaglobulinemia, or aplastic anemia (49). These categories
of patients have hematological abnormalities. Lymphocytopenia and histiocytic infil-
tration are common, and thrombocytopenia is often a consequence of a long-lasting
extensive inflammation and is also common (53). Almost all cases show evidence of
erythrophagocytosis (53). A full-blown VAHS develops in more than 80% of the
cases of FIM (42). EBV is the virus most frequently found in VAHS. However,
multiple other viral etiologies including adenovirus, CMV, and hepatitis virus have
also been described.

Figure 6 An acute blood sample from a case with infectious mononucleosis with large aty-
pical lymphocytes, characterized by irregular nucleus, and large granular cytoplasm. These
cells are three times larger than normal nonactivated lymphocytes.
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T-cell–associated lymphoproliferative disorders may develop shortly after
primary, acute EBV infection. These cases are more frequent among Asian children,
and similar cases have also been described on the American continent. Histolo-
gically, two subgroups can be identified. The clinical syndrome of FIM could be
the end result of either uncontrolled polyclonal B-cell lymphoproliferative disorder
(classical form) or a monoclonal proliferation of activated predominantly cytotoxic
T-cells of either CD4 or CD8T-cell phenotype (53–56). Histiocytic hyperplasia
occurs in both cases. Liver biopsies show a prominent lymphoid infiltration and a
striking hemophagocytosis. There is often intracellular and intracanalicular choles-
tatis, steatosis, and focal necrosis (57). Lymphoid tissue may show extensive hyper-
plasia and proliferation of B-cells and/or T-cells combined with sinus histiocytosis
and erythrophagocytosis. Pulmonary tissue typically shows extensive peribronchial
lymphoid infiltration combined with extensive edema in the matrix (53–56). These
patients often lack EBV-specific antibodies to one or several of the commonly
expressed antigens, including VCA and EA. They universally lack expression of
anti-EBNA antibodies. Heterophile antibodies are also lacking. The diagnosis should
be based on the detection of EBV-DNA in blood, often demonstrating excessively
high viral load, in addition to identification of EBV gene expression in B-cells
and/or T-cells by in situ hybridization (36). Detection of EBER-1 or other EBV
antigens (LMP-1 and EBNA) utilizing an immunohistochemical technique may be
an alternative. There are scattered cases presenting only with fatal myocarditis, inter-
stitial pneumonia, or acute liver failure in a subgroup of these patients. The develop-
ment of these clinical conditions may be due to selective impairment of EBV-specific
immunity, and patients may, therefore, have contracted a number of infections in the
past without demonstrating abnormal symptoms or disease patterns. Underlying
genetic disorders responsible for this broad entity of VAHS need to be further
characterized (53–56).

ACUTE COMPLICATIONS OF EBV IM

The vast majority of patients with IM recover uneventfully without any complica-
tions. However, due to the disseminated nature of the disease with generalized
spread of infected B-cells combined with reactive infiltrating lymphocytes and histio-
cytes, virtually all organs in the body may be affected (Table 5). Therefore, IM may
be associated with a vast number of symptoms and complications (58). Because of
lack of systematic prospective studies, a direct cause of association of IM with unu-
sual symptoms or complications is sometimes weak. In addition, many studies were
performed during the 1960s and 1970s when molecular-based detection techniques of
the virus were unavailable, which limits the interpretations of these data. There is,
however, a vast cumulative clinical experience and, in some cases, also experimental
data that supports the causal association of many complications described in the
literature with EBV-induced IM, which is summarized in Table 5.

Skin Complications

Approximately 10% of patients with clinical signs of IM develop skin rash that resem-
bles mild rubella but is more morbilliform and transient. Urticaria, erythema multi-
forme, and even erythema nodosum have also been reported. A great majority of
patients treated with ampicillin develop skin rash. The rash first appears on the trunk
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Table 5 Acute Complications in Primary Epstein–Barr Virus Infection

Complication Frequency (%)

Skin
Rash �10
Ampicillin rash 90
b-Lactam antibiotics 30–40

Hepatitis
Elevated transaminases 50–80
Jaundice 5–7
Fulminant hepatitis Rare

Splenomegaly 50–80
Splenic rupture Rare (< 0.1–0.5%)

Upper respiratory tract
Airway obstruction 1–3,5

Lower respiratory tract
Interstitial pneumoniae Rare
Pleuritis Rare

Cardiologic
ECG abnormalities 5–8
Myocarditis Rare
Pericarditis Rare

Neurologic
CNS pleocytosis 25
Meningoencephalitis Rare
Encephalitis Rare
Transverse myelitis Rare
Cranial neuritis
Bell palsy Rare
Opticus neuritis Rare

Mono- or polyneuritis Rare
Guillian Barré syndrome <1

Hematologic
Hemolytic anemia 3–5
Aplastic anemia Rare

Thrombocytopenia (early) 30–50
Severe (<20,000 cells/mL) Rare

Neutropenia (early) 50–80
Severe (<1000 cells/mL) <2

Agranulocytosis Rare
Pancytopenia Rare
Agammaglobulinemia Rare
Lymphoproliferative disorders Rare
Psychological
Fatigue (�6 months) 5–8
Depression Rare
Psychosis Rare

Fatal IM (historical data) Rare (<1/3000 cases)

Abbreviations: CNS, central nervous system; ECG, electrocardiogram; FIM, fatal infectious mono-

nucleosis.
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5 to 14 days after intake of ampicillin and becomes generalized, involving the face and
palm, within the next few days (59,60). It is a pruritic, florid maculopapular rash
sometimes accompanied by fever. Use of other b-lactam antibiotics has also been
associated with a similar type of rash (Table 5).

Liver Complications

Abnormal liver function characterized by elevation of hepatic transaminases is a
common phenomenon occurring in 50% to 80% of patients. A much lower propor-
tion of the patients develop jaundice from cholestatic hepatitis. This type of hepatitis
is a benign condition with complete recovery as a general rule. However, there are
rare cases of fulminant hepatitis, in children younger than 10 years and in patients
older than 40 years (61,62). A few of these patients also develop ascites (62). Severe
life-threatening hepatitis is particularly prevalent in IM cases associated with
impairment of cellular EBV-specific immune responses (Table 5).

Splenic Complications

Splenomegaly is common, occurring in 50% to 80% of patients with IM. However,
due to the roundish enlargement of the organ it may be missed on simple palpation
but can be verified by ultrasound (63). King first reported spontaneous splenic rup-
ture in 1941. In a large series of proven cases of IM, the incidence of spontaneous sple-
nic rupture was between 0.1% and 0.5% (63). Estimates for mortality have varied
between 30% and 60%. Splenic rupture in children is much less common than in ado-
lescents and young adults (64,65). The peak incidence is during the second and third
week of illness. Abrupt or insidious onset of acute left upper quadrant abdominal
pain, which may radiate to the left shoulder, suggests the possibility of splenic hemor-
rhage. This may be accompanied by development of circulatory shock. The mechan-
ism of spontaneous rupture of the spleen in IM remains unclear (65). Grossly, the
spleen appears edematous and often shows signs of subcapsular hematoma. Histolo-
gically, there are extensive lymphoid infiltrates characterized by excessive numbers of
atypical lymphocytes extending through the trabeculae, capsule, and blood vessel
walls. Laboratory findings include leucocytosis with a large number of atypical lym-
phocytes and anemia (63). However, anemia may not be detectable within the initial 6
to 12 hours following hemorrhage. Potential splenic rupture can be investigated by
computed tomography, magnetic resonance imaging, or ultrasonography. However,
direct transfer to the operating room may be indicated in the presence of hemody-
namic compromise. There is a debate on surgical versus conservative treatment for
splenic rupture. A diseased spleen may remain susceptible to delayed rupture
for several weeks. Therefore, a patient considered for conservative treatment should
be advised to avoid physical contact activities for a considerable time (Table 5).

Upper Respiratory Tract Complications

Patients with extensive pharyngotonsillitis have an increased risk of developing sec-
ondary bacterial tonsillitis for several months after the acute disease. Upper airway
obstruction may result from palatal and nasopharyngeal tonsil hypertrophy and
inflammatory edema of surrounding soft tissue (64). This can result in odynophagia,
dysphagia, dehydration, and toxicity associated with secondary bacterial infection.
The incidence of upper airway obstruction complicating acute IM has been reported
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to be between 1% and 3.5% (64–66). It is difficult to identify a standard clinical
definition of upper airway obstruction or consensus guidelines with respect to
monitoring, management, and decision-making for potential acute tonsillectomy,
endotracheal intubation, or acute tracheotomy. The cardinal signs of severe upper
airway obstruction include stridor predominantly in inspiration, dyspnea, intercostal
and substernal retraction, tachypnea, and cyanosis (67). However, it is clear that most
of these symptoms can be absent until late in the disease process. Continuous pulse
oximetry and nasopharyngeal endoscopy add to reliability as adjunctive measure-
ments. An electrocardiogram is recommended to evaluate for concomitant myocardi-
tis because even mild hypoxemia secondary to upper airway obstruction may lead to
arrhythmia and secondary progressive hypoxemia in these patients. Pharyngeal com-
plications are the most common indications for hospitalization in IM, and younger
children appear to be at a greater risk (64–66). Conservative treatment includes ele-
vation of the head of the bed, intravenous hydration, ventilation with humidified
air, and potential addition of systemic corticosteroids. Temporary nasopharyngeal
stenting to bypass the lymphoid hyperplasia and soft tissue edema may be warranted.

Lower Respiratory Tract Complications

Pulmonary infiltrates are not an uncommon finding in routinely performed radio-
graphs in IM patients. However, most of these cases are completely asymptomatic.
Symptomatic lower respiratory tract infection is uncommon and occurs predomi-
nantly in FIM and in persons with impairment of EBV-specific cellular immunity
(68). Bilateral interstitial infiltrates are frequently associated with unilateral or bilat-
eral pleural effusions (42). Histologically, the pulmonary tissue is infiltrated with
lymphocytes and histiocytes predominantly generating peribronchial infiltrates.
The secondary edema may lead to occlusion of bronchioles with increased risk for
secondary bacterial infections (Table 5).

Cardiac Complications

Asymptomatic electrocardiogram abnormalities are the most frequent cardiac
complications occurring approximately in 5% of cases within the first two weeks
of illness (58). It normally resolves without any sequelae. Symptomatic myocarditis
or pericarditis is a rare complication. It predominantly occurs in fatal and fulminant
IM cases (69). Histologically, histiocytes and lymphoid infiltration of the myocar-
dium may affect the conductivity and generate arrhythmia (69). Chest pain is a warn-
ing sign that should prompt urgent medical attention (Table 5).

Neurological Complications

More than 25% of patients with EBV-associated IM have cerebrospinal fluid
abnormalities, in particular, pleocytosis (70). The great majority of these patients
have asymptomatic or nonspecific CNS symptoms. The nervous system is, however,
clinically involved in IM patients in 0.5% to 5% of all cases (70). There is a vast
spectrum of neurological manifestations that includes meningitis, encephalitis,
cranial nerve palsies (especially Bell’s palsy), optic neuritis, transverse myelitis, poly-
radiculitis, and Guillain–Barré syndrome (70–72). The prognosis is good in more
than 85% of the cases. However, encephalitis cases with severe polyradiculitis may
be fatal due to autonomic dysfunction with cardiac arrhythmias as complications.
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Seizures are not an uncommon complication in encephalitis. The acute neurological
manifestations include combative behavior in 50%, seizures in 35%, headache in
35%, and focal involvement in 25%. Approximately 15% of all patients develop
persistent neurological abnormalities including global impairment, perseverative
autistic-like behavior, or persistent pareses (73,74). Lumbar puncture and magnetic
resonance imaging combined with electroencephalography are valuable methods in
addition to single photon emission computed tomography, which detects the abnor-
mal perfusion more precisely in a substantial number of patients with CNS involve-
ment. Pathology is generated most likely via both infectious and immunological
mechanisms. EBV-DNA can normally be detected by PCR of cerebrospinal fluid,
while evidence of intrathecal antibody production is absent in most of the cases.
Encephalitis is sometimes accompanied by myelitis, which may present as paraplegia
or quadriplegia. The prognosis of spinal cord involvement is normally good. Cranial
nerve involvement in patients with IM has been reported frequently (70). Facial
nerve involvement has been reported most often, but neuropathies of cranial nerve
I, II, III, IV, V, VI, VIII, and XII have also been described (Table 5).

Hematological Abnormalities

Anemia

Excessive autoimmune hemolytic anemia is relatively rare in IM (71–74). It normally
occurs during the first weeks of illness and lasts for another four weeks. Aplastic
anemia and agranulocytosis are much less common and occur three weeks after
the onset of illness with usual recovery within 4 to 10 days (75,76). Both conditions
are believed to be due to autoantibody formation (Table 5).

Thrombocytopenia

Mild thrombocytopenia is a common occurrence among IM. In contrast, severe
thrombocytopenia with bleeding manifestations is rare. In most cases, thrombocyto-
penia is transient with platelet levels returning to normal during convalescence (77).
Both hypersplenism and antiplatelet antibodies may contribute to this condition.
Purpura, epistaxis, gingival bleeding, hematuria, splenic hemorrhage with rupture,
and cerebral hemorrhage are warning signs (Table 5).

Neutropenia

Neutropenia, defined as an absolute neutrophil count less than 3000 cells/mL, is
common among IM patients. This is particularly found in the early onset of illness
but may occasionally persist for several weeks. Severe neutropenia at less than
1000 cells/mL typically lasts only a few days even if it has been reported two weeks
after onset and is probably caused by antineutrophil antibodies and leucoagglutinins
(78–80). In addition, these antibodies may arrest promyelocyte or myelocyte differ-
entiation. Toxic changes in neutrophils are common findings in these cases. Agranu-
locytosis has been described in a few cases (Table 5).

Lymphocytes

Even if lymphocytosis is a cardinal sign of IM, lymphophenia may be present at
the onset of disease. This is a prognostic bad sign and these patients often develop
protracted IM (24). Lymphoproliferative disorders of either B-lymphocyte or
T-lymphocyte origin may occur in fulminant IM (42). These cases may sometimes
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be difficult to distinguish from Hodgkin lymphoma, T-cell lymphoma, or malignant
histiocytosis (Table 5).

Psychological Complications

Fatigue occurs initially in the great majority of IM patients. The duration of this
condition is extremely variable, ranging from 5 to 180 days (81). Several studies
have reported a prevalence of up to 25% of postinfectious fatigue lasting for up to
six months after acute IM. A longitudinal study observed persistent fatigue after six
months in 9% of the patients, and is thus much more common than after viral upper
respiratory tract infections (82). One additional report confirmed failure to recover at
two months in one-third of the patients, while 12% had not completely recovered
at six months (83). Predictors of psychological stress included severity of symptoms
during the first two weeks of illness, excessive elevation of hepatic transaminases, as
well as poor social functioning in the month prior to diagnosis (83). The long-term
prognosis, however, is good with few reported chronic disabilities. Depression or
psychosis is exceedingly rare in the convalescence period of the illness (Table 5).

Fatal Infectious Mononucleosis

Death is exceedingly rare in IM and historically is estimated to occur in less than 1
per 3000 cases (84). However, more recent improvements in diagnosis have resulted
in a number of case reports of fulminant atypical primary EBV infection associated
with a fatal outcome (42). These patients often present with a persistent or intermit-
tent fever, a generalized lymphadenopathy, excessive hepatosplenomegaly, initial
lymphopenia, and extremely high antibody production of anti-VCA, anti-EA with
lack of EBNA antibodies, and a high viral burden (41,42,50). Most of these cases
have VAHS and a generalized histiocytic proliferation combined with infiltration
of abnormal activated lymphocytes, resulting in pulmonary infiltrates, rash, liver
dysfunction, and myocarditis (41,42,50).

THERAPY OF ACUTE INFECTION

Antiviral Treatment

A total of five placebo-control trials of treatment of IM with acyclovir have been
performed in 340 patients between 1990 and 1999. These studies show no statisti-
cally significant clinical benefit or effectiveness of acyclovir treatment (Table 6).
Acyclovir has been administered via peroral or intravenous routes. The studies have
shown a significant reduction in the rate of oropharyngeal EBV shedding during
therapy (18,85–88). However, within two weeks after cessation of treatment, no
difference in shedding was apparent. Thus, there is no evidence that antiviral ther-
apy with acyclovir leads to resolution of symptoms or prevents development of
complications of IM. These results suggest that IM symptoms are predominantly
caused by the immune response to EBV-infected activated B-lymphocytes, rather
than as a direct result of virus replication. However, another plausible explanation
might be that EBV replicates through cellular DNA polymerases in the great major-
ity of infected B-lymphocytes (89). This is a process that would be resistant to
current antiviral drugs. Furthermore, in vitro studies have shown that nucleoside
analogues and DNA polymerase inhibitors do not prohibit EBV-induced transfor-
mation of B-lymphocytes, again an action mediated via cell-specific DNA
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enzymatic activity (90). There are, however, specific IM-associated subsets of life-
threatening events, which may be considered for treatment as outlined in Table 6.
More recently, in the mid-1990s, a placebo-controlled study of combined predniso-
lone and acyclovir therapy in the early onset of IM showed no significant reduction
in duration of symptoms or signs of IM (87). This therapeutic approach may be of
some clinical value in patients with autoantibody-induced cytopenia including leu-
copenia, thrombocytopenia, and hemolytic anemia. Potentially, it may also be
worth considering combination treatment to reduce swelling in patients with severe
upper respiratory tract obstruction. However, no such prospective study has been
performed as yet.

Corticosteroids

Corticosteroids are unnecessary in uncomplicated cases and should not be routinely
administrated to IM patients. Throughout the 1970s and 1980s, several studies,

Table 6 Suggested Treatment Strategies in Primary Epstein–Barr Virus Infection

Clinical condition Recommended treatment

Uncomplicated infectious
mononucleosis

None

Generalized meningo-encephalitis Acyclovir 10mg/kg� q8 hr/tid i.v.þ prednisolone
0.6mg/kg� 1 p.o. for 7–10 days

Post-infectious astheniaa Serotonin blockade, escitalopram 10–20mg/day p.o.
Obstructive pharyngotonsillitis Acyclovir 5mg/kg� q8 hr/tid i.v.þ prednisolone

0.6mg/kg� 1 p.o. for 7–10 days
Hypoxic pneumonia (interstitial) Acyclovir 5mg/kg� q8 hr/tid i.v.þ prednisolone

0.6mg/kg� 1 p.o for 7–10 daysþ IFN-c 2� 106

U/m2 three times/wk s.c.
Cholestatic hepatitis Plasmapheresis, IVIG 0.5 g/kg every two days until

clinical improvement
Hematological abnormalities
Thrombocytopenia Prednisolone 1mg/kg� 1 p.o. or IVIG 0.5 g/kg� 1 for

2–4 days
Hemolytic anemia Prednisolone 0.6mg/kg� 1 p.o. for 2–4 days
Disseminated coagulopathy Plasmapheresisþ IVIG 0.5 g/kg every two days until

clinical recovery
Immunosuppressed persons Adoptive transfer by LAK cells (in vitro, IL-2

treated HLA-matched EBV-specific T cells) until
clinical recovery or IFN-c 2.0MU/m2 s.c. three
times/wkþ acyclovir 10mg/kg� q6 hr/tid p.o.
daily

XLP disease Prophylaxis; IVIG 0.5 g/kg i.v. every four
wksþ valacyclovir 10mg/kg� q8 hr/tid p.o. until
BMT procedure. Therapeutic; bone marrow
transplantation

aSustained post-infectious asthenia is defined as mental asthenia persisting more than six months from

onset of IM.

Abbreviations: BMT, bone marrow transplant; HLA, human leukocyte antigen; i.v., intravenous; IFN-c,

interferon gamma; IM, infectious mononucleosis; IVIG, intravenous immunoglobulin; LAK, lymphokine-

activated killer cells; p.o., peroral; s.c., subcutaneous; tid, three times daily; XLP, X-linked lympho-

proliferative.
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including prospective placebo-control trials, evaluated the use of oral prednisolone
in uncomplicated IM (64,65,71,72,91). It did not significantly shorten the time to
complete resolution of symptoms. The benefit of corticosteroids in complications
of IM has been advocated based on anecdotal experience, without well-conducted
prospective studies. Conditions requiring potential treatment include incipient upper
respiratory tract obstruction, autoimmune hemolytic anemia or neutropenia, throm-
bocytopenia with hemorrhage, and meningoencephalitis plus other neurological
complications. Intravenous dexamethasone 0.25mg/kg every six hours, methylpred-
nisolone 1mg/kg every six hours, or oral prednisolone 40mg/day given for one to
three days have each been used with similar results. Dramatic subjective improve-
ments within one to two days and objective improvements within three days have
been reported (64,65,71,72,91). Care should be exercised in using corticosteroids
because of the unknown long-term effects of using an immunosuppressive drug
for a virus that invariably establishes intracellular latency. It has clearly been shown
that normal immune responses are of vital importance for effectively preventing
disease progression. Furthermore, EBV-specific cellular immune responses have
clearly been associated with the control of the long-lasting EBV infection. Thus,
use of corticosteroids in the initial setting of IM may possibly affect the risk for
subsequent development of later EBV-associated malignancies (Table 6).

Alternative Treatment Strategies

Severe isolated thrombocytopenia with hemorrhage may be treated with intravenous
immunoglobulin or prednisolone (92). Polyspecific intravenous IgG has been shown
to have significantly more rapid effect compared to steroids and also may be effec-
tive in steroid-resistant conditions (92). Plasmapheresis, combined with pooled
human intravenous immunoglobulins, has also been shown to be effective in some
patients with severe cholestatic hepatitis and disseminated intravascular coagulation
(Table 6) (93,94).

When IM is complicated by interstitial, symptomatic pneumonitis, potential
selective immunodeficiencies contributing to this complication should be considered
(95). Anecdotal reports exist of EBV-specific downregulation of interferon (IFN) -c
in T-cells affecting development of EBV-specific cytotoxic T-lymphocyte (CTL).
Combination therapy of subcutaneous recombinant IFN-c 2� 106 U/m2, three
times per week in combination with oral steroids (prednisolone 0.6mg/kg) and acy-
clovir (800mg, five times daily) may be an alternative, although it has never been
carefully evaluated (95). In patients with severe encephalitis, meningoencephalitis,
or transverse myelitis, intravenous acyclovir (10mg/kg, three times daily) may be
combined with prednisolone (0.6mg/kg, once daily) for 10 days (96). Steroids have
been shown to have a positive effect on some EBV-associated neurological disorders.
However, in other studies, prednisolone has been associated with increased risk for
neurological complications in IM (96,97). Low dose serotonin-blockade (citalopram)
has been shown to result in response rates of 50% in an open label study of patients
with sustained postinfectious asthenia (Table 6) (7).

Treatment of Acute EBV Infection in Individuals with Cellular Immune

Deficiency Disorders

XLP syndrome, polyclonal lymphoproliferative disorders, and fulminant acute
IM have anecdotally been treated with acyclovir, IFN-a, IFN-c, or intravenous
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immunoglobulins (98). Although these treatment strategies have reported positive
effects in scattered cases, there are no published prospective studies demonstrating
100% significant effect on EBV-induced symptoms. Some patients with VAHS have
been treated with intravenous podophyllin derivatives, such as etoposide (53,99).
There are no conclusive results as to whether this should be the treatment of choice
(Table 6).

Future Directions

Adoptive transfer of EBV-specific immunity via infusion of unmodified lymphocytes
from human leukocyte antigen (HLA)-matched healthy EBV-seropositive donors or
of in vitro expanded HLA-matched reactivated EBV-specific CTLs are the future
treatments of choice (100). Exposing T-cells to autologous EBV-infected B-cells
in the presence of interleukin (IL)-2 may generate CTLs (101). This approach has
shown clinical efficacy, not only in the treatment of PTLD, but also prophylactically
in T-cell–depleted allogeneic bone marrow–transplanted patients (102,103). In addi-
tion, adoptive transfer of EBV immunity has been used for treatment of EBV-
associated malignancies (102). Use of adoptive therapy, however, requires strategic
planning, either by generating cell lines prospectively from individuals with risk of
severe EBV infection, or from HLA-matched donors (104) (Table 6).

Monoclonal Antibody Therapy in EBV-Induced

Lymphoproliferative Disorders

The monoclonal antibody (mAb) therapy approach has mainly been used for treat-
ment of monoclonal PTLD in allogeneic B and T-cells and in solid organ–transplanted

Table 7 Treatment and Prevention of Polyclonal and Monoclonal
Lymphoproliferative Diseases

Diagnosis Treatment

Prophylaxis for primary EBV Acyclovir 10mg/kg, maximum 4 times/day p.o. or
ganciclovir 5mg/kg� once/day i.v.

Polyclonal PTLD Reduce the immunosuppression to a minimal
levelþ acyclovir 10mg/kg maximum 4 times/day
p.o. or ganciclovir 5mg� 2 times/day i.v.

Monoclonal PTLD Adoptive T-cell immunotherapy: MHC-matched donor
lymphocyte infusions 2–10� 105 cells/kg every wk

Or in vitro stimulated MHC-matched PBMC
stimulated with IL-2þEBV-infected B-lymphocytes
to induce EBV-specific T-cells. Give 107 to 5� 107

cells/m2 every other wk
Monoclonal PTLD Anti-CD20 mAb. Rituximab i.v. every wk or

anti-CD21þ anti-CD24 mAb 0.2mg/kg i.v.
every wk

Abbreviations: EBV, Epstein–Barr virus; i.v., intravenous; mAb, monoclonal antibody; MHC, major

histocompatibility complex; p.o., peroral; PBMC, peripheral blood mononuclear cells; PTLD, post-

transplant lymphoproliferative disorder.
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patients (30,105). A recent multicenter study using anti-B-cell mAb treatment by
combining anti-CD21 and anti-CD24 reported a remission rate of 61% (106). Similar
results have also previously been shown for the use of anti-CD20 mAb (Rituximab1)
therapy. However, currently there are no reports of use of mAb therapy in acute EBV
or in IM-associated polyclonal proliferative disorders. Furthermore, one may consider
a combined approach of adoptive therapy of EBV-specific CTL and anti–B-lympho-
cyte monoclonal treatment (Table 7).

Vaccines Against EBV Disease

There is currently no licensed vaccine against EBV infection. However, vaccine trials
aiming to control IM, PTLD, nasopharyngeal carcinoma, and Hodgkin’s disease are
warranted. Multicenter trials are now evaluating the potential prophylactic efficacy
of an EBV vaccine candidate designed around the structure of the EBV antigen
glycoprotein 350 (gp350) (see Chapter 19) (107).

CONCLUSIONS

The prognosis for IM is very favorable. There is, however, a variety of acute com-
plications. Therapy in these patients must be individualized, depending on the type
of complication. Fatal cases of IM result from uncontrolled lymphoproliferative
disorders. Immune EBV-specific reconstitution is a potential, future therapeutic
option in this setting. There is no evidence for the benefit of antiviral therapy in
uncomplicated cases. Even though corticosteroids may reduce duration of upper air-
way obstruction and appear to improve resolution of immune-mediated anemia and
thrombocytopenia, they should be used with caution in IM.
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INTRODUCTION

The Epstein–Barr virus (EBV) is a member of the herpesvirus family that infects
more than 90% of the world’s population. The consequences of infection with this
virus depend on age and degree of immunocompetence and can lead to a broad
spectrum of disease manifestations, from a subacute febrile illness with pharyngitis
and lymphadenopathy to viral encephalitis, to posttransplant lymphoproliferative
diseases (PTLDs).

To confirm if EBV infection is the cause of specific symptoms, a careful choice
among a variety of laboratory tests is required. The choice, in turn, is based on the
manifestations that require the identification of an etiological diagnosis.

HETEROPHILE ANTIBODIES

Early History

The syndrome of fatigue, malaise, fever, sore throat, and cervical lymphadenopathy
with splenomegaly was first described in the late 1800s. While the syndrome was etio-
logically heterogeneous, as experience accumulated, a distinct clinical entity with
characteristic clinical and laboratory findings gradually emerged. The first formal
descriptions of infectious mononucleosis (IM) were given by Filatov in 1885 and
by Pfeiffer in 1889 (1). In 1920, Sprunt and Evans introduced the term ‘‘infectious
mononucleosis’’ and described the characteristic hematological finding of ‘‘atypical
lymphocytes’’ (2).
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It has been known since the work of Forssman in 1911 that normal human serum
contains antibodies that agglutinate sheep red blood cells (3). The antigen on sheep red
cells to which these antibodies are directed is the Forssman antigen. The Forssman
antigen is a pentahexosyl ceramide and is widely distributed in sheep and horse ery-
throcytes and in some human cancer cells, as well as in the guinea pig kidney. Most
human sera contain antibodies to the Forssman antigen. Hanganutziu in 1924 and
Deicher in 1926 observed that patients with serum sickness also had antibodies that
agglutinated sheep red cells (4,5). The antigen in the sheep erythrocytes to which these
antibodies react is called the Hanganutziu–Deicher (H-D) antigen, which is associated
with sialic acid groups in gangliosides and glycoproteins. The H-D antigen is different
from the Forssman antigen.

The observation that IM also gave rise to antibodies that coincidentally agglu-
tinated sheep red blood cells (heterophile antibodies) was reported by Paul and
Bunnell in 1932 (6). These authors investigated the specificity of the observation that
sheep cell–agglutinins occurred in serum sickness, and tested a number of control
sera. One serum sample taken from a patient with IM gave extremely high titers
of activity. The authors followed this up by comparing the sheep cell–agglutinating-
ability of IM sera with that of healthy persons as well as patients with various other
infectious and neoplastic illnesses. The titers were consistently greater in the IM
patients, although there was some overlap with serum sickness patients. These anti-
bodies also agglutinate horse and goat erythrocytes and cause lysis of bovine red
cells in the presence of a complement (7). Because these antibodies agglutinate anti-
gens of different origins, they are known as heterophile antibodies. These so-called
Paul–Bunnell (PB) antigens found on sheep, horse, goat, and beef cells are not
necessarily identical.

Formally, heterophile antibodies were defined as those that were elicited by one
type of infectious antigen and reacted to a different, completely unrelated antigen.
Probably the most famous example is that of the rapid plasma reagin test, which
detects infection by Treponema pallidum by the measurement of antibodies against
cardiolipin. Other examples include antibodies (‘‘cold agglutinins’’), elicited by
Mycoplasma pneumoniae, that react with certain human red cell antigens (I antigens)
and antibodies induced by the scrub typhus rickettsia, which agglutinate the OX-K
strain of the bacillus Proteus (Weil-Felix test) (8).

Acute EBV infection is usually accompanied by heterophile (or PB) antibodies
that agglutinate sheep erythrocytes, as well as horse and goat erythrocytes. The PB
antigens on these erythrocytes have been isolated (from red cell membranes by a hot
ethanol extraction procedure) and purified by various methods, including ion
exchange chromatography and immunoabsorption chromatography. The PB anti-
gens on erythrocytes from different species are only partially cross-reactive, as shown
by Ouchterlony precipitin arcs and cross-absorption of IM sera, and therefore not
identical. The precise nature of the PB antigen is unknown, although purified frac-
tions contain a sialoglycopeptide with cross-reactivity to erythrocyte glycophorin
(Fig. 1). The PB antigen is not an EBV-encoded antigen. Indeed, if sheep red cells
are used to absorb heterophile-positive serum, there is no change in antibody titers
to the usual EBV antigen complexes [viral capsid antigen (VCA) and early antigens
(EAs)] or in neutralizing antibody titers (9). In a study of nine volunteers who were
inoculated with sheep red cells, one had negative previous serology for EBV infec-
tion. The serum from this subject was used to test for antibodies to EBV-specific
antigens (VCA and EA) by the method of immunofluorescence. No such antibodies
could be found despite the presence of very high titers of antibodies that bound to
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sheep erythrocytes. This suggests that the heterophile antibody is not directed to the
usual EBV antigens elicited during primary infection (9). Indeed, acute EBV infec-
tion is known to lead to the production of a number of antibodies, some of which
are autoantibodies, probably resulting from the generalized nonspecific activation
of B-cells that occurs with this infection.

PB heterophile antibodies are mainly of the immunoglobulin M (IgM) class,
but most patients will have heterophile antibodies of the IgG, IgA, and IgE classes,
although the titers are much lower than those of the IgM class (10,11).

PB Test

The PB test was historically performed using sheep erythrocytes. In this test, serial
twofold dilutions of the patient’s serum are tested against a standard amount of
sheep red cells that is added to each dilution of serum. The highest dilution of serum
that agglutinates the sheep red cells is the reported titer. While high titers strongly
imply the diagnosis of IM, lower titers can be nonspecific because there are nonspe-
cific antibodies to sheep red cells in normal serum (antibodies to Forssman antigen,
as mentioned above) and in the serum of those persons with serum sickness (H-D
antibodies, more common historically than now) (Fig. 2). A more specific test is
the Davidsohn differential absorption test.

Davidsohn Differential Absorption Test

This test is more specific than the PB test for the IM or PB heterophile antibody (12).
The test is based on the fact that sheep cells have the Forssman antigen as well as the
PB antigen. Guinea pig kidney contains the Forssman antigen as well as the H-D
antigen, while beef cells express PB and H-D antigens, and horse cells express
Forssman and PB antigens. These different types of cells are used to test the speci-
ficity of the sheep cell agglutinins in the patient’s serum (Fig. 2).

Serial dilutions of the test serum are made as for the PB test. Standard amounts
of guinea pig kidney are added to each aliquot of serum and incubated, which

Figure 1 Model of Bovine Paul–Bunnell determinant. Abbreviation: PCA, 2-pyrridolinone-
5-carboxylic acid (a cyclized glutamine residue). Source: From Ref. 7.
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absorbs Forssman and H-D antibodies. The serum samples are centrifuged and the
supernatants are tested with sheep red cells. If the sheep cells agglutinate, then PB
heterophile antibodies are present. Duplicate aliquots are treated with beef erythro-
cytes. Because beef erythrocytes absorb PB heterophile antibodies, the ability of the
heterophile-positive sera to agglutinate sheep red cells is abolished, thus confirming
the specificity of the finding.

Current Tests for Heterophile Antibodies

Current tests with high sensitivity for IM-specific heterophile antibodies include latex
agglutination slide tests, in which the IM-specific heterophile antigen (PB antigen) is
obtained from bovine red cell membranes. This antigen is coated onto latex particles,
which are mixed with the patient’s serum (or plasma) that is to be tested. A positive
test is indicated by agglutination of the latex particles. Bovine-based material used
for screening tests is more sensitive than that obtained from horse, which in turn
is more sensitive than that from sheep. Indeed, testing for heterophile antibody
(by the Davidsohn differential absorption test) in the sera of children with acute
EBV infection (confirmed by specific EBV antibody testing) showed that the use
of horse cells gave greater sensitivity than sheep cells. Interestingly, these tests were
relatively insensitive in younger children: 83.6% of sera from children aged over four

Figure 2 This shows the distribution of different antigens among different types of cells used
in detection of red cell agglutinating heterophile antibodies.
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years were positive while for children aged less than four years only 31.8% of the sera
were heterophile positive. A rapid slide test was even less sensitive (13).

Tests that use purified or selected sialoglycopeptide with PB activity are more
sensitive and specific than whole red cell or stroma-based assays (14). Furthermore,
preabsorption with guinea pig kidney to remove nonspecific Forssman and H-D
antibodies is not necessary. These tests can be used to semiquantitate the titer of het-
erophile antibodies by using serial dilutions of the serum that is to be tested (15).

CONVENTIONAL EBV SEROLOGIC TESTS

After an infection by EBV, an immune reaction, both cellular and humoral, develops
against EBV antigens. Historically, EBV-specific antibodies have been extensively
studied in this disease because detection of antibodies against viral antigens is sim-
pler than lymphocyte proliferation tests. The spectrum of antibodies expressed dur-
ing particular clinical situations has been defined (9). Specifically, antibodies to
several antigens (or antigen complexes) are measured: antibodies to the proteins
expressed during lytic viral infection that develop acutely during infection—VCA
and EA—and antibodies to proteins expressed during latent viral infection that
develop later—Epstein–Barr nuclear antigen (EBNA).

In the original work of Werner and Gertrude Henle (16), total anti-EBV antibo-
dies were detected by indirect immunofluorescence. EB-3 cells (an EBV producer cell
line) were smeared onto a glass slide and fixed. Serial dilutions of the serum to be tested
were overlaid on the slide, incubated, and then washed off. The slides were then
overlaid with fluorescent dye–conjugated antihuman IgG. This would detect any
IgG molecules in the test sera that specifically bind to the EBV antigens expressed
in the EB-3 cells. After washing, the slides were examined under a fluorescent micro-
scope. The highest dilution of the test serum showing fluorescence was defined as the
EBV antibody titer. Defined this way, anti-EBV antibody titers varied from 1:40 to
1:640 during the acute illness, and decayed slowly over months to years.

Different groups of antibodies were subsequently characterized based on their
immunofluorescent detection in different cell lines. These different antibodies were
noted to occur at different times of infection (with blood samples obtained serially
from patients recruited in the original studies of IM), as defined by immunostaining
of particular cell lines in vitro. Thus, three types of antigen were defined using indirect
immunofluorescence assays (IFAs) (Fig. 3). The antigens are VCA, EA, and EBNA.

EBV VCA IgM and IgG

The VCA consists of several proteins that constitute the structural capsomers of the virus.
These are expressed late, after viral DNA replication, in cells undergoing lytic infection.
Both IgG- and IgM-specific tests are commonly used for VCA detection. VCA IgG
increases rapidly in the acute stage, peaks, and then declines to a steady state level.
VCA IgM is present only transiently in the acute stage and disappears within weeks.

Early literature descriptions of VCA reactivity were based on IFAs that mea-
sured antigen complexes using producer cell lines such as EB-3 or HR-1, which
undergo lytic infection (and therefore express VCA, a lytic antigen complex). Unfor-
tunately, the fluorescence-based tests are technically demanding and require highly
trained personnel for interpretation, not easily standardized, and not amenable to
large volume testing.
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Newer enzyme-linked immunosorbent assays (ELISAs) that use viral lysate
proteins, recombinant proteins, or synthetic peptides are now available, but are
not directly comparable with fluorescent antigen complexes. The major antigens in
the VCA complex are p150 (BcLF1), p18 (BFRF3), p23 (BLRF2), and the glycopro-
tein gp110, also known as gp125 (BALF4). In ELISA tests, diluted serum is added
to microwells containing antigen (the Wampole Laboratories kit uses BALF4) fixed
to a plastic substrate. The wells are washed, and goat antihuman IgM globulin con-
jugated with horseradish peroxidase is added. This will bind to any test serum IgM
that is bound to the antigen in the wells. The wells are washed and a chromogen is
added (e.g., tetramethylbenzidine), which turns blue in the presence of horseradish
peroxidase. The reaction is allowed to continue for a standard period and is then
stopped. The change in optical density of the wells is measured by a spectropho-
tometer and compared with the positive controls.

Three recombinant proteins are currently available to represent VCA in
ELISA: p18, p23, and gp125. Studies of assays using the synthetic peptide VCA
p18 have shown 95% correlation with fluorescent IgG tests and 95% correlation with
VCA IgM presence in confirmed IM cases. The lack of p18 sequence homologues
with other human herpesviruses should limit cross-reactivity.

Serum samples tested using VCA p23 in an immunoblot showed a delay in
p23 detection during the early phase of infection (17). An enzyme immunoassay
developed using a fusion protein of p18 and p23 has been shown to closely match

Figure 3 Steps in the procedure for an indirect immunofluorescence assay for the detection
of EBV-specific antibodies to VCA and EA in test serum. The antigen can be VCA or EA. See
text. Abbreviations: EBV, Epstein–Barr virus; EA, early antigen; VCA, viral capsid antigen.
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results of the VCA IFA antigen that are still considered the gold standard by
many experts (18). gp125, another capsid antigen, is similar to other herpesvirus
proteins and may be more problematic for use in diagnosis because of decreased
specificity (19). Tests using smaller fragments of gp125 were found to be insensi-
tive in diagnostic use (18). The development of a VCA IgG p150 commercial assay
is unlikely because studies have shown a low sensitivity to the assay in patients
with recent or acute EBV infection (20).

The presence of VCA IgM antibodies is used as a marker of recent EBV
infection. VCA IgM antibody is usually positive at the time of presentation with
IM and persists for only a few weeks. Because most EBV infections occur in child-
hood and are not associated with IM, it is difficult to determine if the antibody pat-
terns are similar in inapparent versus symptomatic disease. Some studies have shown
that testing for antibodies to p18 may be insensitive in early IM, and therefore, may
be less suitable for use in an IgM test (19,21). Tranchand-Bunel reports the opposite
using a p18-based VCA IgM test that has increased reactivity than the traditional
ELISA IgM tests. False positive EBV IgM tests can occur as a heterologous response
due to cytomegalovirus infection (22). IgA assays for VCA have utility in nasophar-
yngeal carcinoma (NPC) where they are used along with EA IgA tests as markers of
elevated tumor risk and treatment effectiveness (23,24).

Another approach used to distinguish recent seroconversion from long-
standing antibodies is avidity of the antibody. The early antibody response consists
of antibodies with low avidity binding to EBV. Over time, the avidity of the antibo-
dies increases. Low avidity antibodies can be determined in both IFA and ELISA
tests by the decrease in the strength of the reaction following treatment with a
reducing agent such as urea. Along with ELISA, a 50% decrease in optical density
post-treatment is an indicator of recent infection (25). On comparing supplementary
immunoblot and avidity assays in the testing of problematic sera that could not be
classified by the commonly used EBV markers, IgG avidity assays differentiated
between acute and past infections, whereas the use of immunoblots alone left some
specimens unresolved (26).

EBV EA IgG

EAs are expressed prior to viral DNA replication. These antigens are expressed in
nonproducer cell lines (e.g., Raji cells) that have been superinfected with EBV.
The infection is abortive and only EAs are synthesized, but not EBV VCA and vir-
ions. Originally, anti-EA antibodies were detected by indirect immunofluorescence in
which Raji cells were superinfected with EBV several days before titration, smeared
onto a glass slide, and fixed. Serial dilutions of the serum to be tested were overlaid
on the slides, incubated, and washed off. The slides were then overlaid with fluores-
cein isothiocyanate–conjugated antihuman globulin, incubated, washed, and exam-
ined under fluorescent microscope. The highest dilution yielding fluorescence was
read as the titer (Fig. 3) (27). In that study, anti-EA titers were compared with
anti-VCA titers that were measured in the same way, except that a producer cell line
EB-3 was used. There was no correlation between the titers to VCA and those
to EA. The EA titers were generally transitory, with 75% being at levels of 1:5 to
1:320 during the acute illness, and then decreasing from their peak at three to four
weeks after illness onset, although they could persist for years. Indeed, 12% of
patients had titers of level greater than 1:40 when measured at 40 to 104 months after
the initial infection (28).
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The EAs that were originally described using fluorescent antibody methodolo-
gies were labeled as: diffuse (EA-D), with a nuclear and cytoplasmic distribution,
and restricted (EA-R), presenting as cytoplasmic aggregates. In addition, EA-R
was methanol sensitive. Anticomplement fluorescent methods and EBV lysate–
derived ELISA commonly use the Raji cell line, which is an active producer of
EA following exposure to DNA inhibitors.

The active components of EA-D are p54 (BMRF1), p44 (BSMLF1), and p138
(BALF2), which function as DNAase polymerase processivity factor, DNA bind-
ing protein homolog, and promiscuous transactivator, respectively. In IM infection,
IgG antibodies are produced mostly to EA-D. Antibody to EA-D arises at the
onset of IM symptoms and peaks within a few weeks. The p54 recombinant antigen
is commonly used in ELISA EA-D IgG kits (29). EA-R IgG is seen in only a small
number of patients (10–15%) with acute IM and has been associated with severe
disease (30). Using p90 (BORF2) as the recombinant protein representing EA-R,
Ginsburg found a good correlation with NPC (20 of 33 serum samples positive),
and no correlation with Burkitt lymphoma (BL) (0 of 15) (31). This contrasts with
early data from immunofluorescent studies showing high levels of EA-R with BL
(32). In an evaluation of 11 EBV kits for IgM, Weber et al. found little clinical rele-
vance for EA IgM (33).

The presence of EA has often been used as an indicator of active infection
because it is usually a short-lived antibody. However, EAs are found in low levels
in 10% to 20% of the healthy population. In addition, long-term follow-up of
patients has shown that EAs may persist for 30 to 104 months, which lessens their
use as a sole active infection indicator (28).

Another EA that has diagnostic significance is Z Epstein–Barr replication acti-
vator (ZEBRA) (BZLF1), which is also termed as ‘‘immediate EA’’ because it is pro-
duced very early in viral replication. ZEBRA is a transactivator that is involved in
the activation of EBV from its latent to productive cycle. Recent studies have
demonstrated that antibodies to ZEBRA and EA IgA in NPC patients may be more
valuable biomarkers than the commonly used VCA IgG and EA IgG assays (34).

EBNA IgG

EBNA was discovered when there was an attempt to localize EBV-associated anti-
gens that induced complement-fixing (CF) antibodies (35). Briefly, indicator cells
were smeared and fixed on a glass slide. Serial dilutions of the test serum were
applied to the slide, incubated, and washed off. Serum from EBV-negative subjects
was obtained and layered on the slide; this served as a source of complement. After
incubation, this was washed. Any CF antibody would have bound to the relevant
antigen in the indicator cells (Raji cells), and the complement in the EBV-negative
serum would have bound to the CF antibody from the test serum. The slides were
then overlaid with fluorescent-conjugated antihuman complement antibody, incu-
bated, washed, and examined under a fluorescent microscope (Fig. 4). The antibo-
dies to EBNA were found to occur late in IM; most of them became positive
between two and three months after onset, and persisted indefinitely (36).

Multiple EBNAs exist (EBNA-1, EBNA-2, EBNA-3A, EBNA-3B, EBNA-3C,
and EBNA-LP). EBNA-1 is the major protein in this group and functionally appears
to tether EBV DNA to the host chromosome, as well as plays a vital role in cell
transformation. Most antibody response to EBNA in humans is toward EBNA-1
and EBNA-2 (36,37). Antibodies to EBNA-1 increase slowly. Following acute IM,
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most patients do not respond serologically to EBNA until one to two months after
acute infection (36). EBNA antibody is long lasting in most individuals. A subpopu-
lation of EBV-infected individuals (5%) do not make EBNA-1 antibody (38).
Because the presence of EBNA-1 antibody is commonly used as a marker of past
infection, this subpopulation can be misclassified as recently infected. EBNA-2 can
be present early in the primary infection in 30% of those studied, thus leading to mis-
classification when tests that do not discriminate between EBNA-1 and EBNA-2 are
used (39). To avoid this problem, EBNA-1 recombinant protein and synthetic pep-
tide ELISA using p72 (BKRF1 corresponds to EBNA-1) are used.

Membrane-Associated Antibodies

Membrane-associated antibodies are formed in response to antigens found in
the envelope of the virion. Their location on the surface makes them targets for

Figure 4 Steps in the procedure for an indirect immunofluorescence assay for the detection
of EBV-specific antibodies to EBNA in test serum. The antigen is EBNA, and is detected by
using its property of fixing complement. See text. Abbreviations: EBV, Epstein–Barr virus;
EBNA, Epstein-Barr nuclear antigen.
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neutralizing antibodies. The EBV glycoprotein gp350 is the predominant membrane
antigen, as well as the attachment protein that binds to CD21. Antibody to gp350
has neutralizing activity and has been used as the antigen in experimental vaccines
(40,41). Two other membrane antibodies have been described, gp250 and gp85.
Fluorescent tests use unfixed cells that limited antibody reaction to surface compo-
nents. Diagnostic use of EBV membrane antibodies has little utility at this time.

DETERMINING EBV STATUS BASED ON SEROLOGICAL PANELS

A number of different antibody patterns have been used to determine the stage of
EBV infection. For determining acute disease, the factors that are commonly taken
into account are the presence of EBV VCA IgM and the absence of antibodies to
EBNA-1. Additional markers such as VCA IgA have also proved useful. Reacti-
vation of virus is not clearly defined clinically and is more difficult to establish sero-
logically, and definite criteria have not been established. Newer molecular methods,
such as viral load, may be more appropriate. Reactivation may cause significant rises
from the VCA IgG steady state level, with higher antibody titers suggestive of
increased levels of replication. Because individuals vary in the level of their immune
response and baseline levels are rarely available, it has been proposed that geometric
mean titers be used as the norm with values 8 to 10 times normal indicating signifi-
cantly higher titers (32). Very strong reactions on immunoblotting were seen with
VCA p23 and/or EA p54 IgG with serological reactivations, which were not seen
during primary infections (17). Other early studies have shown that VCA and EA
titers at the upper limit of normal do not always correlate with virus levels from
throat washing measured by culture transformation (42). High titers may have some
role in the determination of reactivation in immunocompetent individuals, but they
are probably insensitive in immunocompromised individuals. Polymerase chain reac-
tion (PCR) viral loads, which will be discussed below, may offer the best solution
once lower limits of normal are established in various patient populations.

Limitations

Conventional EBV serology has its limitations, the most serious of which may be
the unreliability of measurements in immunocompromised patients. Fluorescence-
based methods are labor intensive, involve serum titration, and are subjective in
reading of the results. Enzyme immunoassays can be automated, objectively read,
and standardized with the use of recombinant proteins or synthetic peptides. The
available number of EBV proteins that can be selected as antigens is enormous.
Commercial products continue to undergo modification and are used widely in
clinical diagnostic laboratories.

DETECTION OF EBV BY VIRAL CULTURE

The seminal discovery in 1964 by Epstein et al. of a herpes group virus in BL cells
using electron microscopy was the first indication of the cell types favored for growth
by EBV (43). By 1967 Pope and associates had shown that lymphoblastoid cell lines
(LCL) from the peripheral leukocytes of IM patients could be readily established (44).
Similar LCL were shown in the same year to harbor EBV-specific antigens (45).
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At about the same time Glade described continuous cell culture suspensions for EBV
and bone marrow methods were also developed (46,47). In 1971, Nillson et al. (48)
found EBV in the peripheral cells of normal adults without recent IM. In the same
paper they described their inability to establish EBV-infected cell lines from fetal
tissue unless they were exposed to cell-free extracts from EBV-carrying cell lines.
By this time it was clear that EBV transformed lymphocytes and permitted their
continuous culture in perpetuity. Because this transformation is not to malignancy,
it is termed immortalization.

Cell culture of EBV is performed using the original procedures with minor var-
iations for establishing LCL. The method involves collecting peripheral blood using
heparin as an anticoagulant. Leukocytes are separated by dextran solution or other
column materials. After washing in buffer, the cells are suspended in Roswell Park
Memorial Institute (RPMI) 1640 medium with 20% fetal calf serum at a concentra-
tion of 106 cells/mL, and placed in cell culture. The cell cultures are examined twice
weekly for change. EBV-transformed cells will show clumped cells at the periphery
due to loss of cell contact inhibition. Over time, the transformed cells will increase
in number, and the mass of cells will increase. These changes occur gradually over
a period of two to eight weeks. Cells must have the medium changed at least twice
weekly, which is best accomplished by removing half the depleted medium and add-
ing an equal volume of fresh medium. Once a rapid increase in the size of the cell
pellet is observed, the cells can be stained with EBV fluorescence to identify EBNA
antigen, which predominates in this type of EBV-infected cells (35).

The use of culture methods for diagnosis is compromised by the ability to grow
the virus from many seropositive individuals if a large enough inoculum of cells is
used. Dilution studies using 103 to 106 lymphocytes/mL per tube may be used to sort
those patients with a higher proportion of infected cells, but viral load studies using
PCR are more useful (49).

EBV has been shown to be periodically present in throat washings of a propor-
tion of healthy individuals at any given time (50). Successful culture of EBV from
saliva or throat washings requires cord blood lymphocytes as the cell substrate.
The addition of fibroblasts or placental cells has been shown to enhance the isolation
rate (51). Tissue such as lymph nodes can also be examined for the presence of EBV.
The tissue is supported on a moist matrix, such as sterile tea paper on an elevated
stainless steel screen, and placed in a petri dish containing RPMI 1640 with 20% fetal
calf serum. Within days, the lymphocytes fall to the bottom of the dish. After suffi-
cient cells have accumulated they are transferred to a tube and the culture proceeds
in the same manner as with LCL. The long time required to confirm the presence of
EBV and the low specificity render these methods impractical for most diagnostic
situations.

DETECTION OF EBV GENOME

Viral Load Determination

The most sensitive way of detecting EBV DNA is by PCR; studies of EBV by PCR
were initiated soon after its description (52). In these studies, primers from the
EBNA-1 gene were used to detect EBV DNA from a variety of specimens including
blood from acute IM patients and seropositive controls and from cell lines
established from Hodgkin’s lymphoma (HL), lymphomas from transplant and
AIDS patients, and lymphomas from immunocompetent persons; EBV was not
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detected in the latter group. Controls consisting of other viruses were negative. No
EBV DNA could be amplified from other negative controls. DNA obtained from
formalin-fixed specimens of HL (known to contain EBV by Southern blot)
embedded in paraffin was also amplified, showing that archival tissues could be
successfully tested for EBV.

In another early study, DNA extracted from clotted blood from five patients
with IM, 25 transplant patients, 13 healthy controls (11 of whom were seropositive
for EBV), and 29 patients with various lymphoproliferative disorders was tested for
EBV DNA by amplification using primers to the genes for EBV capsid protein gp220
(BamHI L region) and to EBNA-1 (BamHI K region). The PCR products were
detected by two methods: agarose gel electrophoresis with ethidium staining and
by Southern blot. EBV was detected in all five IM patients, in no healthy controls,
in 11 of the 25 (44%) transplant patients, and in 11 of the 29 (38%) patients with lym-
phoproliferative disease (LPD). Of the patients with LPD, those with an immunode-
ficiency-related lymphoproliferation had EBV DNA in the blood, along with one
patient with B-cell lymphoma (out of seven), but EBV DNA was found in none of
the six other patients with B-cell lymphoma, the seven patients with Hodgkin’s dis-
ease, or the four patients with T-cell lymphocytic leukemia. It was found that EBV
DNA was detected more sensitively with the gp220 primers and with Southern blot-
ting than with gel electrophoresis and ethidium bromide staining (53). In another early
study, EBV was detected in mononuclear cells of 17 healthy EBV-seropositive donors
by PCR using primers generated from the BamHIW region of the EBV genome. This
consists of the repeating unit of the long direct internal repeat IR-1 (see Chapter 2) and
is repeated up to 11 times, thus conferring sensitivity to the probe (54). The finding that
EBV DNA can be detected in the blood of some EBV-seropositive normal and many
EBV-seropositive immunocompromised individuals who are not ill emphasizes the need
for quantitative tests to distinguish those individuals with significant EBV disease.

Viral load is determined by quantitative polymerase chain amplification of
EBV genomes. The optimal blood component for determining EBV viral load is con-
troversial. Testing may be performed on DNA extracted from either whole blood or
from plasma, and the outcome is expressed as genome copies per milliliter of which-
ever component is being tested. Testing may also be performed on DNA extracted
from isolated leukocytes, and the outcome is expressed as genome copies per micro-
gram of leukocyte DNA or as genome copies per 100,000 leukocytes. While differ-
ences in specimen type and preparation make it difficult to easily summarize the
literature, viral load generally appears to be proportional to the severity of disease
regardless of which component is tested. Elevated EBV viral loads may predict
EBV-related complications in immunosuppressed patients, especially transplant
patients, who are at risk of posttransplant LP. Using primers to the BamHI W
region, Yamamoto et al. were able to determine viral loads in plasma of patients with
acute IM, EBV-related acute hemophagocytic syndrome, fatal IM, and chronic
active EBV (CAEBV) disease (see section ‘‘Chronic Active EBV’’) (55). The sensitiv-
ity of their assay was 1000 copies/mL. In acute IM, serial determinations showed
mean loads of 6 � 104 copies/mL in the acute phase (less than seven days after
onset), 104 copies/mL in the second week of illness (8–14 days after onset), and less
than 103 copies/mL in early convalescence (greater than 15 days after onset of illness
in the 6 of the 12 subjects for which data were available). Mean viral loads in other
clinical situations were as shown in Table 1.

Different PCR methods have been used and these methods vary in sensitivity.
There are no standard primers for detection of EBV DNA and various genes, such as
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EBNA, VCA-p23 region, the BamHI W segment and BZLF1, and the BNRF1
membrane protein has been targeted with specifically designed primers.

EBV Clonality Assay by Southern Blot Analysis

The detection of EBV in a tissue, particularly a neoplasm, does not necessarily imply
that the virus has an important pathogenetic role in the disease. However, if the virus
population in the tumor is shown to be monoclonal, the inference is that EBV infec-
tion preceded the onset of the neoplastic process. An assay to establish the clonality
of the virus in such circumstances was devised by Raab-Traub and Flynn in
1986 (56).

The clonality assay is based on the presence of variable numbers of terminal
repeat sequences at the end of each EBV DNA molecule. Assuming that each cell
is initially infected with a single EBV genome, a population of cells arising from a
single EBV-positive progenitor will each have an exact copy of the original EBV
DNA molecule, with the same number of terminal repeats as the original. If the cells
in the population have been infected with different strains of EBV, then it is likely
that several viral populations, with different numbers of terminal repeats, will be pre-
sent in the tissue sample. The assay can also detect whether the EBV DNA is present
in circular form (latent infection) or linear form (lytic infection).

The procedure is as follows. DNA is extracted from the lesion and digested
with BamHI restriction enzyme. This cuts the genome at sequences right next to
the terminal repeats. The DNA fragments are separated by electrophoresis through
a gel and then transferred to a nylon membrane (or other such solid support). A
labeled internal DNA probe is applied to the blot, and the result is visualized by
standard means (Fig. 5). Internal DNA probes include the restriction fragments
XhoI and EcoRI I, which label the EBV genome near the right and left termini,
respectively. The molecular weights of the fragments can be obtained as follows.
The distance between the BamHI restriction site at the right side of the EBV genome
and the first terminal repeat is 4.0 kb. Supposing that the number of terminal repeats
at the right end of the genome is TR, each of which has a length of 0.5 kb, then the
total length of the fragment generated from the right side of the genome is 4.0 þ 0.5
(TR) kb. On the left side of the genome, the distance between the BamHI cut site and
the beginning of the terminal repeats is 3.5 kb and if the number of terminal repeats
(each of length 0.5 kb) is TR, then the total length of the fragment generated from
the right side is 3.5 þ 0.5 (TR) kb (Fig. 6). The number of terminal repeats can be

Table 1 Plasma EBV viral load in various EBV-related diseases

PTS EBV-related illness Plasma load (copies/mL)

20 Acute IM 6�104

4 Acute EBV-AHS 5�105

4 Convalescent EBV AHS 2�104

2 Fatal IM 3�107

4 CAEBV disease 6�104

Deteriorating CAEBV 106

Abbreviations: AHS, associated hemophagocytic syndrome; CAEBV, chronic active

Epstein–Barr virus; EBV, Epstein–Barr virus; IM, infectious mononucleosis.
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Figure 5 EBV clonality assay by Southern blot. This shows the steps in this procedure in
which the clonality of EBV is tested by detecting the number of terminal repeats in the viral
DNA. The viral DNA is digested with a restriction enzyme and electrophoresed through a gel.
It is then transferred to nylon paper and a DNA probe which anneals to the nucleotide
sequences of choice is added. This results in a pattern which can give information about the
clonality of the virus in the sample as well as its configuration (linear vs. circular). Abbrevia-
tion: EBV, Epstein–Barr virus. Source: From Ref. 57.
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estimated from the results and depending on the number of bands detected, mono-
clonality can be differentiated from oligoclonality. This assay has been used to
demonstrate the monoclonality of EBV in some cases of primary gastric carcinoma
in Japanese patients (59).

DIRECT DETECTION OF LATENT EBV INFECTION

Latent EBV infection forms the pathogenetic basis of a number of lymphoprolifera-
tive disorders and epithelial neoplasms. Demonstration of EBV presence in neoplas-
tic cells is useful because this confirms EBV involvement in lymphoproliferation and
has important diagnostic and therapeutic implications. An example of this cited by
Gulley is that the finding of latency-associated EBV antigens in a metastatic carci-
noma of unknown primary would direct the search for primary tumor in the naso-
pharynx, because 75% of NPCs in North America are associated with EBV (57).
Furthermore, PTLD involving the liver can resemble recurrent viral hepatitis or
acute rejection pathologically, and the demonstration of EBV infection in the infil-
trating lymphocytes differentiates between these possibilities. This is an important
point because the usual treatment for PTLD is decreased immunosuppression (at
least initially) while rejection requires increased immunosuppression. Stereotactic
biopsy of a possible brain lymphoma in an AIDS patient can yield a specimen which

Figure 6 This shows the EBV genome in linear and circular configurations, explicitly show-
ing the terminal repeats and binding sites for the EcoRII and XhoI restriction fragment
probes. Abbreviation: EBV, Epstein–Barr virus. Source: From Ref. 58.
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is too small to show specific histopathology (lymphoma vs. reactive inflammation),
but positive staining for certain EBV nucleic acids would support the diagnosis.

EBV Latency–Associated Antigens by Immunostaining

The latency-associated proteins of EBV include the six members of the EBNA com-
plex, latent membrane protein LMP-1, LMP-2A, and LMP-2B. These are expressed
in latently EBV infected cells, which are prevented from proliferating by an intact
immune system. Conversely, in EBV-driven LP, many of the cells will stain for these
antigens, and this staining can be used to differentiate EBV-driven neoplastic disease
from viral-induced inflammation and transplant rejection.

There are three basic patterns of latency that are found in EBV-infected lym-
phoid cells in different milieux. These patterns (Patterns I, II, and III: see Table 2 of
Chapter 2) are found in hosts presenting with decreasing immunocompetence. Thus,
Pattern I is found in the infected B-cells in a normal healthy carrier or in BL
patients, who are relatively immunocompetent. EBNA-1 is a relatively poorly
immunogenic protein (for cell-mediated immunity), and thus is expressed in
infected lymphocytes in those patients with intact immune systems. The other pat-
terns are not seen in such patients because cells expressing Patterns II and III are
quickly eliminated by competent immune systems. Pattern II is found in those who
are moderately immunosuppressed, such as patients with Hodgkin’s disease.
Finally, Pattern III is found in the most immunosuppressed patients, particularly
transplant patients, although it can be found in peripheral blood lymphocytes in
acute IM, before the host develops immunity.

It may be noted that all EBV-driven LP lymphocytes express EBNA-1, and at
first glance, this would be a reasonable marker to look for. However, EBNA-1 is
expressed at a low level, the protein is sensitive to the effects of common fixatives,
and reagents to detect it after fixation are not easily available (60). The next most
commonly expressed latency protein is LMP-1. While immunostaining for LMP-1
tends to be sparse, if enough microscopic sections are carefully examined, it can
be found that most EBV-driven lymphomas stain positive for it and nonlymphoma-
tous inflammatory infiltrates do not (61). However, methods such as in situ hybridi-
zation (ISH) and PCR are more sensitive, though technically more demanding. In
one study, all methods of EBV detection (EBV RNA, EBV-encoded RNA (EBER)
ISH, and LMP immunostaining) were sensitive (all were positive in four cases of
PTLD) and specific (all were negative in control sections from patients with acute
cellular rejection) (62). Both staining for LMP-1 and EBER ISH are used for detec-
tion of latent EBV in lymphoid neoplasms and lymphoproliferations (see Chapter 1).

EBV-Encoded RNA by ISH

In all latent EBV infections, two different EBER species are transcribed but not
translated (EBER-1 and EBER-2, together known as ‘‘EBERs’’). These are short
transcripts of unknown function and limited homology to cellular RNA species,
and are expressed at very high levels (106–107 copies per cell) in latently EBV-
infected cells making them attractive targets for in situ detection (60). ISH is used
to detect EBERs in latently infected cells. Labeled antisense riboprobes can easily
be made in vitro, and signal-recorded according to the label that is used (3H,35S,
digoxigenin, biotin, and fluorescein). The hybridization target is robust to various
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treatments and can be detected in fixed archival tissues and autopsy specimens.
EBER ISH has been used to detect latent EBV in samples from PTLD and in gastric
carcinomas (59,62).

USE OF EBV DIAGNOSTIC TESTS IN SELECTED

CLINICAL CIRCUMSTANCES

Infectious Mononucleosis

A diagnosis of acute IM requires only lymphocytosis with atypical lymphocytes and
a positive heterophile test in a patient with a subacute malaise, fever, cervical lym-
phadenopathy, and sore throat. For a clinical illness compatible with acute IM,
but with a negative heterophile test, EBV-specific serologic testing can be used.
The most useful test is an assay for EBV VCA IgM, because the presence of these
antibodies indicates current or very recent infection. Likewise, for an illness that
has prominent atypical lymphocytosis, but unusual clinical features (see Chapter
6), an EBV panel (EBV VCA IgM and IgG, EBV EA IgG, and EBNA IgG titers)
may be helpful in documenting an acute simultaneous EBV infection to which
the illness may be attributable. EBV-specific serology, especially EBV VCA IgM,
is useful in young children in whom heterophile antibody testing may yield false
negatives (13).

Posttransplant Lymphoproliferative Disease

EBV viral load testing of blood is useful in predicting PTLD. Liver transplant
patients at risk for PTLD were followed with serial determinations of EBV in whole
blood by quantitative PCR using primers detecting EBNA-1 gene sequences (63).
With this assay, levels were considered significant only when they exceeded 2000
copies/mL, because levels below that could be detected in healthy EBV-seropositive
individuals. Patients who developed PTLD had significantly higher viral loads than
those who did not. The blood EBV loads overall (from 141 blood samples tested) in
six PTLD patients were in the range 2000 to 308,000 copies/mL, while in patients
without PTLD the maximum level was 6600 copies/mL. In the PTLD patients, viral
loads before PTLD developed were above the cutoff value (2000 copies/mL) in 50 of
the 64 (78%) samples, while in the non-PTLD group only 4 of the 117 (3.4%) samples
had viral loads above the cutoff value. Similar results have been found by other
investigators who performed tests on plasma or on leukocytes. This information
has been used in deciding on preemptive therapy with a B-cell depleting monoclonal
antibody, rituximab (64).

Burkitt Lymphoma

BL (see Chapters 1 and 10) is a lymphoid neoplasm existing in endemic and sporadic
forms. The pathogenesis of the tumor involves one of several chromosomal translo-
cations which dysregulated the c-myc proto-oncogene. The endemic cases of BL
occur in Africa and are strongly (and monoclonally) associated with EBV while only
about 20% of sporadic BL, in the rest of the world, contain EBV (65).

Patients with endemic BL were found to have higher titers of total anti-EBV
antibody than controls matched for age, gender, and geography (32). A large epide-
miologic prospective study of a pediatric African population in an endemic area
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identified high titers of antibodies to VCA, but not EA or EBNA, as risk factors for
the development of BL (66). The data on the relation between antibody titers and
disease burden is very meager. Titers have been noted to increase just before clinical
relapse of BL (32).

Nasopharyngeal Carcinoma

EBV-associated NPC is endemic in Southeast Asia, but uncommon in North
America and Europe. The epithelial tumor cells contain EBV in episomal form,
and occasionally the EBV DNA is integrated into cellular DNA. Infiltrating lympho-
cytes do not contain EBV (67).

Serology can be used to help define NPC tumor burden and response to
therapy. In patients with EBV-related NPC, serum titers of both IgG and IgA
antibodies directed against VCA and EA are considerably increased compared to
controls (23,68). In normal subjects, serum IgA antibodies to EBV antigens are rare
and present only in low titer (23). The high levels of IgA antibody to VCA and EA
that are seen in NPC patients are not seen in patients with other cancers of the
head and neck (68). The antibody titers are proportional to the tumor burden,
and decrease with successful therapy of the tumor (29). Persistent high titers indi-
cate residual or relapsing tumor.

Serological methods can be predictive for the development of NPC in popula-
tions at risk of the disease. Recently, it was shown that the presence of EBV VCA
IgA antibodies and neutralizing antibodies to EBV DNAase are highly predictive
for the development of NPC in Taiwanese men, with a relative risk of four in those
subjects positive for one marker and 33 in those with both markers (69).

Detection of cell-freeEBVDNAbyPCR in serumhas also been used to define the
extent of NPC and its response to therapy (70,71). In a recent study, a 35-cycle PCR
technique was used to detect cell-free EBV DNA, and compared with a 50-cycle
method (71). While EBV DNA can be detected in normal controls (positive in 10.7%
of subjects with 50 cycles), the probability of detection inNPC ismuch higher (positive
in 75% of patients with 50 cycles). Reduction of tumor burden is accompanied by a
decrease in the detection rate of EBV DNA (36.5% of patients with 50 cycles), while
local recurrence of NPC and distant metastases were associated with the detection of
EBV in 88.9% and 100% of patients, respectively.

Tissue diagnosis is dependent on detection of EBV (most easily and sensitively
by PCR) in tumor samples obtained at biopsy of a nasopharyngeal tumor or of cer-
vical lymph nodes in the case of an unknown primary (72,73).

Thus, serologic methods can be used to define those at risk of NPC and to fol-
low the response of the disease to therapy, and may possibly be useful for detection
of relapsed disease and distant metastases. The use of PCR methods for EBV detec-
tion remains to be validated.

Chronic Active EBV

CAEBV is characterized by a severe, unremitting, IM-like illness possibly encom-
passing two (and possibly more) pathogenetic entities; in one, T-cells are infected
and proliferate, and in the other, natural killer cells are involved (74). This illness
can resemble autoimmune diseases such as lupus erythematosus and rheumatoid
arthritis, and neoplastic diseases such as leukemia, Hodgkin’s disease, or other lym-
phoid neoplasms (75). This illness can become life threatening, with a mortality rate
of 50% in 14 years (74). Some cases evolve into a lymphoproliferative disorder.
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Diagnostic criteria have recently been proposed by Okano et al., and are listed in the
Table 2 of Chapter 2 (75). EBV viral load in the blood is high in CAEBV patients (55).

EBV Reactivation

EBV reactivation is a term used to describe ill-defined clinical scenarios in which
there is an increase in antibody titers to EBV antigens, an increase in viral shedding
in saliva or other secretions, or an increase in EBV viral load.

In immunocompetent-seropositive adults, serologic reactivation as defined by
an increase in anti-EA antibodies appears to be asymptomatic. In a community sur-
vey, Sumaya studied EBV antibody panels in adults (76). In this group of 462 adults,
95% were VCA IgG seropositive, indicating recent or remote infection with EBV.
The sera from some of the patients were further tested for VCA IgM (to detect recent
infection), EA IgG (to detect serologic response to active lytic infection), EBNA IgG
(which is positive in patients infected with EBV in the remote past), and heterophile
antibody (to test for acute infection). Twenty patients were seropositive for EA anti-
bodies, which were compared to a matched group of EA-seronegative persons. All of
the EA-seropositive subjects had anti-EBNA antibodies, indicating that their pri-
mary EBV infection had occurred in the remote past. Most of these subjects had high
titers of VCA IgG and were VCA IgM positive. In contrast, the EA-seronegative
subjects had lower titers of VCA IgG and none were VCA IgM positive. None of
the subjects had heterophile antibodies. Two months before the antibody testing,
the EA-seropositive and EA-seronegative subjects had similar rates of mild, nonspe-
cific illnesses. Thus purely serologic reactivation does not necessarily appear to cor-
relate with disease, although it is possible that it may be associated with a minor
illness. Thus, in a small series of cases of recurrent tonsillitis, EA reactivation with
no other evident microbial etiology was noted (76).

Reactivation can also be defined by the detection of EBV DNA in the blood by
PCR, as discussed above (see Chapter 12) in the context of PTLD. Serial monitoring
of viral load in the blood in such patients appears to be useful in detecting those at
risk for PTLD.
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EBV-RELATED NEUROLOGICAL DISEASES

The clinical manifestations of Epstein–Barr virus (EBV) infection depend on factors
such as age and state of immunocompetence, and include an astonishing array of
multisystemic involvements (see Chapter 6). The neurological manifestations of
EBV infection were first noted by Epstein and Dameshek (1), who reported a case
of encephalitis, and then by Johansen (2), who reported aseptic meningitis, in
patients with acute infectious mononucleosis (IM). Since then, a large number of
neurological manifestations of EBV infection that affect both the central nervous
system (CNS) and the peripheral nervous system have been documented.

Neurological complications of IM are not rare, and are occasionally the basis
for hospitalization of patients with EBV infection. In a series of 109 cases with IM
admitted to a London hospital between May 1957 and May 1964, neurological
manifestations were seen in eight (7.3%) (3). Of these, five patients had encephalitis,
one had meningitis, and two had polyneuropathy and mononeuropathy. In another
series of 144 hospitalized IM patients, 5.5% had neurological problems as the promi-
nent or major presentation (4). In a Mayo Clinic series of 1285 cases of IM, 12 had
confirmed neurological problems directly attributed to EBV infection (5). In a series
of 10 children hospitalized with EBV infection collected from among all infection-
related neurologic admissions to the University Hospital Rhine-Westphalia Institute
of Technology (RWTH), Aachen, Germany during 1999–2000, two had acute EBV
infection with cerebellitis and cranial neuropathies, and one had chronic active
EBV infection with lymphomatous cranial neuropathy (6). Seven were described
as having ‘‘reactivated infections,’’ including three with ‘‘Alice-in-Wonderland’’
syndrome, one with facial nerve palsy, one with progressive macrocephaly, and
two with a prolonged encephalitic illness that resulted in prolonged seizures and cog-
nitive deficit. Some of these seven patients had baseline neurologic deficits, with
unclear relationship to EBV (6).

Aseptic Meningitis

Aseptic meningitis is a common complication of acute EBV infection, and is prob-
ably underappreciated in IM. Headaches are not uncommon in the acute illness,
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and it is likely that some of these are due to mild aseptic meningitis. One of the first
mentions of a neurological complication of EBV infection was the report by
Johansen (2) of a case of aseptic meningitis. In a review of the neurological complica-
tions of IM, 14 of 34 cases (41%) reported in the literature as of 1950 had associated
aseptic meningitis (7). The presentation is similar to that of other causes of aseptic
meningitis with headache, fever, and stiff neck, and usually, but not always, occurs
in the context of the other common manifestations of IM. The meningitis associated
with acute EBV infection is self-limited.

EBV Encephalitis

EBV-associated encephalitis is characterized by fever, headache, confusion, seizures,
and paresis, as in the other forms of viral encephalitis. The encephalitis often occurswith
other manifestations of clinical IM, but it also has been reported without systemic signs
(4,5,8–10). Focal features are often seen, and occasionally EBV encephalitis resembles
herpes encephalitis (11). Of the three cases of brainstem encephalitis that have been
reported, one recovered completely, another was left with mild residual gait ataxia
and nystagmus, and the third died. However, all these cases were diagnosed by serology
(12–14). Occasionally, the onset of EBV encephalitis is slow and insidious, and can con-
sist of behavioral and focal neurological deficits (15). A few rare cases of relapsing–
remitting disease, satisfying the criteria of multiple sclerosis (MS), following acute
EBV infection with neurological manifestations have been described (16). The relation
between acute EBV disease and the subsequent MS-like illness is not clear, but recent
serological studies have suggested a contributory role of EBV in MS (17).

A broad spectrum of CNS disorders is associated with acute EBV infection.
One reported patient developed opsoclonus, myoclonus, and unsteadiness 10 days
after a febrile rash and sore throat. The patient had EBV in the cerebrospinal fluid
(CSF), which was detected by polymerase chain reaction (PCR), and a serology
appropriate for acute EBV infection [high viral capsid antigen (VCA)-immunoglobulin
M (IgM) as well as a positive early antigen (EA)]. However, the EBV nuclear antigen
(EBNA) antibody titers were not listed, and a negative EBNA antibody would have
clinched the issue of it being a primary case of EBV infection. The patient was treated
with intravenous methylprednisolone followed by intravenous immunoglobulin for five
days. The patient improved gradually, and was able to return to work as a barber
five months later and was completely normal at one year (18). Four other cases of
EBV-associated opsoclonus–myoclonus were reviewed and the prognosis was generally
benign, unlike paraneoplastic opsoclonus–myoclonus syndrome (18).

Reports of pathological findings are scarce because death from EBV encepha-
litis is rare. Variable findings obtained on pathological examination of the brain have
been described, which point to several possible pathogenetic processes including
typical viral encephalitis and postinfectious acute disseminated encephalomyelitis.
Perivascular infiltrates of lymphocytes as well as diffuse parenchymal infiltrates con-
sisting of both lymphocytes and microglia have been found in the cortex, as is typical
with viral encephalitis (19). In one patient, both meningeal and diffuse parenchymal
white matter perivascular infiltrates of lymphocytes and lymphoblastoid cells were
found, some of which showed mitotic figures reminiscent of neoplasm. Most of
these cells were EBV-infected B-cells, but a few T-cells and microglia or macrophages
were also found (10). Some patients have had typical histopathological findings of
acute disseminated encephalomyelitis with perivenular infiltrates of lymphocytes in
the white matter, with lipid-laden macrophages and demyelination (20,21).
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The pathologic data suggest several possible pathogeneses, although there
appears to be no direct effect of the virus on neural cells. Indeed, as far as is known,
EBV does not infect neurons or other specifically neural cells, so that the damage to
neural tissue is probably of a ‘‘bystander’’ type, similar to that in HIV dementia. As
is known to happen with IM (see Chapter 4), there is systemic infiltration of B-cells
in multiple organs, and the brain is likely no exception. A particularly heavy infiltra-
tion of infected B-cells and reactive T-cells in the brain might therefore give rise to
encephalitis associated with EBV mononucleosis. Indeed, activated CD8 cells [expre-
ssing CD45RO and the activation antigens CD29 and human leukocyte antigen
(HLA)-DR] were found in the CSF of a patient with EBV-associated meningoence-
phalitis (22). Similarly an infiltration of the meninges may cause aseptic meningitis
(which is seen in EBV mononucleosis) or cranial nerve palsies coinciding with or fol-
lowing the acute febrile illness. It is tempting to speculate that the timing of the insult
to neural tissues from the local immune activation resulting from B-cell–T-cell inter-
action may be variable and so the same basic immunopathologic mechanisms may
underlie an acute EBV neurologic manifestation as well as a postinfectious neurolo-
gic disease. Furthermore, there are possibilities of molecular mimicry between EBV
antigens and myelin that can initiate and possibly sustain an attack on CNS myelin,
in the midst of an acute EBV infection (see the discussion of the possible relation of
EBV to MS that follows). Thus, ‘‘infectious’’ and ‘‘postinfectious’’ may not be com-
pletely distinct from each other, and ‘‘parainfectious’’ may be the best description.

A peculiar case of a fatal EBV-associated acute encephalopathy in an adult was
described with pathological findings of scattered neuronal pyknosis, diffuse cortical
edema, and visual cortical perivascular edema, but no perivascular infiltrates or
microglial nodules (23). These findings are reminiscent of what has been called a
‘‘toxic encephalopathy,’’ which is a poorly understood parainfectious process mostly
seen in children (24).

Radiographic and Electroencephalographic Findings

The imaging findings reported with EBV encephalitis are nonspecific. In one case,
the brain magnetic resonance image (MRI) showed normal parenchyma, but there
was leptomeningeal enhancement, particularly in the basal cisterns (9). Abnormal
signal in the basal ganglia has also been described (15).

Electroencephalography (EEG) of EBV-associated encephalitis usually shows
nonspecific abnormalities, such as focal and diffuse slowing (5). Periodic EEG com-
plexes have been described, reminiscent of those seen in herpes encephalitis (25,26).

CSF Findings

The CSF in EBV encephalitis typically shows variable pleocytosis and normal to
mildly increased protein. Occasionally, the atypical lymphocytes characteristic of
IM are also seen in the CSF (9,27). The CSF glucose is normal. Oligoclonal bands
(OCBs) in the CSF have been reported, and in one case, these appeared about three
weeks after the onset of IM (9). Specific antibodies against EBV VCA have been
detected in the CSF in a case of EBV encephalitis (28). Similar CSF abnormalities
can be seen in other EBV-associated neurologic disease.

EBV has been cultured from CSF of patients with EBV encephalitis, but this
is a tedious process with unknown sensitivity for EBV encephalitis (29,30). PCR
methods have also been used to identify EBV in CSF. EBV PCR is often positive
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in primary CNS lymphoma patients with AIDS. PCR of CSF has also been used for
patients with EBV encephalitis, although this has not yet been validated as a diag-
nostic test. EBV detected in the CSF may reflect contamination with EBV-infected
lymphocytes rather than reflecting a causal role. However, several cases in which
EBV was detected by PCR in the CSF of patients with CNS disease and serologic
evidence of acute EBV infection have been reported, including two patients, one with
encephalopathic illness (9), and the other with myelitis (31). These cases suggest that
the best means to diagnose EBV-associated encephalitis is with an EBV serologic
profile that shows acute EBV infection and also EBV PCR–positive in the CSF, sup-
porting CNS involvement. Indeed, in a very informative study of 528 CSF samples
from patients with an acute neurologic disease, 39 (7.4%) had EBV DNA in the CSF
detectable by PCR (32). The patients were divided into three groups: acute EBV
encephalitis, primary CNS lymphoma, which is frequently EBV-driven, especially
in immunocompromised patients, and postinfectious complications of acute systemic
EBV, which include Guillain–Barré syndrome (GBS), acute transverse myelitis,
polyradiculomyelitis, and acute disseminated encephalomyelitis (Table 1). In the
patients diagnosed with EBV encephalitis, the viral burden and leukocyte count were
both high, while in those with primary CNS lymphoma the viral burden was high but
the leukocyte count was low. In the patients with postinfectious complications, the
viral load was low, but the CSF leukocyte count was high. This makes sense because
EBV encephalitis is an acute infection of the brain with significant viral presence and
an inflammatory reaction, while primary CNS lymphoma is a neoplasm without
significant inflammation. Postinfectious complications are primarily inflammatory
and not particularly driven by EBV. It would not be unreasonable to do a simulta-
neous PCR for other viruses, such as herpes simplex virus (HSV), to help exclude the
possibility of nonspecific viral reactivation.

Cranial Nerve Palsy

The classical cranial nerve palsy associated with EBV infection is facial nerve palsy, or
Bell’s palsy. In three cases of young adults with IM who were diagnosed serologically,
unilateral peripheral facial palsy was noted (33). Bell’s palsy in very young children
has also been reported in association with IM (34). In several of these patients, facial
nerve palsy was the presenting and sole symptom of IM, and the findings of lympha-
denopathy and splenomegaly led to blood studies that confirmed the diagnosis. Bell’s
palsy can be bilateral. In one case, a facial diplegia occurred two weeks after clinical
IM with fever, malaise, and cervical lymphadenopathy (35). Bell’s palsy can occur
with involvement of other cranial nerves. In one patient, clinical IM was followed
by left-sided deafness, and then by left-sided Bell’s palsy. Examination revealed left

Table 1 Comparison of Relative CSF Pleocytosis and EBV Viral Burden in EBV-Related
CNS Diseases

CSF white cell count CSF EBV viral load

Acute EBV encephalitis High High
Primary CNS lymphoma Low High
EBV postinfectious complications High Low

Abbreviations: CNS, central nervous system; CSF, cerebrospinal fluid; EBV, Epstein–Barr virus.
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facial numbness as well, confirming involvement of the left cranial nerves V, VII, and
VIII. Nine months later, the patient had recovered completely (36). Hypoglossal nerve
palsy was reported in one patient six days after the onset of a febrile pharyngitis and
malaise, with IM diagnosed by a positive heterophile antibody test (37). Other cranial
palsies occasionally have been reported to occur with IM.

Optic neuritis has also been reported to occur with EBV infection, with several
cases of bilateral optic nerve involvement (38–40). Several of these cases occurred
before IM was diagnosed.

Transverse Myelitis

Transverse myelitis is a rare complication of EBV infection. The myelitis may be very
rapid in onset. In one case, a young woman had a two-week history of fever, sore
throat, and malaise, followed by dysesthesias in the legs thus making them weak
(41). Three days later she was unable to walk. Examination showed a spinal sensory
level, and upgoing toes. The patient’s CSF had a protein of 100mg/dL and a cell
count of 2/mL. CSF viral culture was negative. The heterophile screen was positive,
and a blood film showed atypical lymphocytes. She was treated with adrenocor-
ticotropic hormone (ACTH) and prednisone and had a slow, almost complete reco-
very over six months. In another case, a young woman noted difficulty in voiding,
which was followed by paresthesias and weakness in the legs within 24 hours, leading
to flaccid paraplegia two days later with a thoracic sensory level. There was no sys-
temic illness. The CSF had an increased protein of 106mg/dL and pleocytosis of
249 cells/mL. Recent EBV infection was diagnosed by the presence of very high anti-
EBV antibody titers in the blood. A slow recovery over several months ensued (42).

Recently, EBV DNA has been detected in the CSF of a patient with EBV-asso-
ciated myelitis (43). In another case, a young man was diagnosed with IM 10 days
before developing a transient tetraparesis. Examination showed a spinal sensory
level, a bilateral Babinski sign, and normal gait. Serology was consistent with an
acute EBV infection. The CSF showed a minor pleocytosis of 27 cells/mL and a nor-
mal protein. EBV was detected in the CSF by PCR, in a higher concentration than in
blood or saliva. A month later, there were only mild residua.

Cerebellar Ataxia

Cerebellar ataxia has been reported to occur with EBV infection, although acute
varicella-zoster virus infection is the most common cause of acute cerebellar ataxia
in children. While cerebellar ataxia has typically been thought to involve children
(44,45), it has been reported in both young and older adults (46–48). In most cases,
the patients had a systemic illness, which was often mild, before developing gait ataxia
and dysarthria. All those patients were found to have atypical lymphocytes in the blood
and a positive heterophile screen. Pleocytosis was absent ormild, up to 15 cells/mL, and
CSF protein was at most modestly elevated. Recovery was complete within a few
weeks. One of the patients who was treated with ACTH improved. Usually remission
is permanent, but relapses have been reported. One patient developed scanning speech,
ataxic gait, and dysmetria coincident with a positive EBVVCA-IgM that resolved after
a course of oral prednisone (49). A year later, these symptoms recurred and then
resolved spontaneously after two months. Given the uniformly good prognosis of
the neurological complications of EBV infection, it is likely that these patients with
cerebellar ataxia would have improved without treatment.
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No pathological findings are available to explain the pathogenesis of EBV-
associated cerebellar ataxia. It is unknown whether this is a manifestation of a direct
viral cerebellitis or a postinfectious demyelination, or whether there is even a clear
distinction between the two. Indeed, two cases of documented EBV infection fol-
lowed by cerebellar ataxia responded to plasmapheresis therapy (50).

Psychiatric Manifestations and the Alice-in-Wonderland Syndrome

Occasionally, EBV infection is complicated by prominent psychiatric symptoms that
occur in the course of the illness. One such patient, a 25-year-old married college stu-
dent, developed aggressive, impulsive, unpredictable, and sexually inappropriate
behavior, delusional thinking, and auditory and visual hallucinations during the
course of clinical IM, which was diagnosed by a positive heterophile test. Atypical
lymphocytes were found in the blood. The patient was fully oriented, and the CSF
examination was normal. His clinical picture was thought to resemble an acute schi-
zophrenic episode (51). Two other patients, both teenagers, developed severe depres-
sion during acute IM (52). Neither of these patients had any premorbid psychiatric
history and both were well adjusted and doing well in school. The depression
persisted after the clinical illness resolved but led to suicidal ideation in both. The
neurological examination was remarkable for normal cognition in both patients.
One of them had minimal left-sided clumsiness and hyperreflexia, and trace bilateral
intention tremor. The EEG showed diffuse slowing during the depression in both
patients. The depressions resolved in a few months in one case, and in several years
in the other. Two other patients with acute depression coincident with IM that
required electroconvulsive therapy have been reported (53). The pathogenesis of this
depression is unknown.

A very interesting and characteristic neuropsychiatric syndrome has been
reported to occur with IM, the so-called Alice-in-Wonderland syndrome in which
metamorphopsia (bizarre distortions of spatial sense) occurs, similar to that of
migraine. This was first reported in three patients, two teenagers and one nine-
year-old boy (54). The syndrome consisted of several anxiety-provoking episodes a
day, each lasting up to half an hour, with distortions in the size, shape, and orienta-
tion of objects in the environment. These episodes were coincident with or shortly fol-
lowed acute IM. One of the patients reported bumping into objects while she walked.
EEG was normal in one case, and only minor abnormalities were reported in another.
Neurologic examination was usually normal. One patient was given a single dose of
corticosteroids that caused improvement in the IM but did not affect the metamor-
phopsia. Another patient who was put on phenytoin did not show any improvement.
The metamorphopsia resolved after several weeks in all the patients. In another case,
a six-year-old boy had similar intermittent episodes of metamorphopsia beginning
several days after the onset of a fever accompanied by sore throat (55). He was
noted to have fever, a reddened throat, lymphadenopathy, and hepatosplenomegaly.
Neurologic examination was normal. Liver function tests were mildly abnormal and
atypical lymphocytes were found in the blood. EBV serology showed acute EBV
infection. The metamorphopsia gradually resolved over the next three weeks.

The resemblance of the Alice-in-Wonderland syndrome to hemiplegic migraine
is noteworthy. A study of the visual evoked responses in five children with Alice-
in-Wonderland syndrome showed high amplitude of the P100-N145 wave complex,
when compared to normal controls (56). Another study of children with Alice-
in-Wonderland syndrome (in some of whom it was associated with EBV infection),
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using hexamethylpropylene amine oxime single-photon emission computed tomo-
graphy (which measures cerebral perfusion), showed decreased perfusion near the
visual tract and visual cortex (57).

Acute Hemiplegia

Acute hemiplegia resembling an acute vascular event has been reported in EBV
infection. Hemiplegia of childhood, a recognized clinical entity, often does not have
a clear etiology. A few such cases have been associated with acute EBV infection. In
one case, a 14-year-old girl had a left-sided hemiplegia that developed over several
hours accompanied by right-sided headache, photophobia, and emesis (58). Exami-
nation showed left hemiplegia, left-sided numbness, and left hyperreflexia. These
resolved over several hours, but recurred later on the same day, and then resolved
again. Two days later, she had two seizures accompanied by fever and cervical lym-
phadenopathy. CSF examination showed a moderate pleocytosis of 103 cells/mL.
Several days later, the patient became confused and ataxic, with diffuse slowing in
the EEG. EBV serology was consistent with acute primary EBV infection. She recov-
ered completely after three months. In another case, a nine-year-old girl with fever
and sore throat developed a right-sided headache, fever, vomiting, and left-sided
hemiparesis with left hyperreflexia and left homonymous hemianopsia (59). CSF
examination showed 63 cells/mL and brain computed tomography (CT) was normal.
EEG showed diffuse slowing. EBV serology was consistent with acute primary EBV
infection. The hemiplegia resolved completely over the next few days. A similar case
has been reported in an adult (60). A 32-year-old man had fever, sore throat, and
headache, and developed left-sided weakness several days later. Examination showed
mild left hemiparesis with hyperreflexia as well as fever, lymphadenopathy, and sple-
nomegaly. A slide test for heterophile antibodies was positive. A CT scan of the
brain was normal. He was given oral dexamethasone, and the hemiparesis resolved
over the next 24 hours.

GBS and Other Peripheral Neuropathies

EBV infection can be associated with the GBS, which was first described by Zohman
and Silverman (61). Grose and Feorino (62) compared EBV antibody titers of five
patients with GBS to those of age-matched controls, and found that the GBS
patients had considerably higher titers, which are usually seen with acute IM. Two
of the patients had positive heterophile antibodies that indicated acute EBV infec-
tion. Both patients had generalized lymphadenopathy, and one had a pleocytosis
of 8 cells/mL. While EBV-associated GBS is well documented, it is not a common
complication of IM. In a series of 109 hospitalized patients with IM, only one had
GBS coincident with fever, headache, lymphadenopathy, and appropriate serology
(3). However, GBS as a complication of EBV infection can be fatal. In one fatal case,
the patient’s illness was characterized by cranial nerve palsies progressing to areflexia
and complete flaccid paralysis necessitating intubation after three days. Autopsy
showed inflammatory demyelination of both dorsal and ventral roots, as well as
the cranial nerves and cauda equina (63).

Several other forms of peripheral nerve involvement have been reported in con-
junction with EBV infection. Lumbosacral radiculoplexopathy, with pain and lower
extremity weakness, has been reported in five patients (64). In all cases, pain in the
gluteal area and the thigh was an early complaint, followed by leg weakness that was
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severe enough for the patients to require ambulatory assistance, and two patients
were wheelchair bound. Electromyography (EMG) showed acute denervation and
mild slowing of motor nerve conduction. Serology showed acute EBV infection in
all patients. CSF was examined in the five patients and showed mild elevation in pro-
tein in three patients and a very mild pleocytosis in two. Two patients received oral
prednisone and seemed to improve. All patients recovered completely or nearly com-
pletely, and were independently ambulatory several months after onset.

IM has also preceded brachial radiculoplexopathy. In one case, a 19-year-old
man developed acute pain in the shoulders about two weeks after developing IM,
which was diagnosed by a positive heterophile test (65). Several days later, he was
unable to lift his arms above his head, developing atrophy of the shoulder girdle
muscles. Electromyography showed bilateral brachial plexopathy. Complete recov-
ery occurred over the next four months. Another patient developed a bilateral bra-
chial plexopathy with pain and weakness of the arms along with unilateral facial
nerve palsy, about a week after a febrile pharyngitis with IM diagnosed by a positive
heterophile test (66). Two siblings who had an acute EBV infection within weeks
of one another developed acute shoulder pain and weakness within 10 days of onset of
symptoms (67). One had bilateral shoulder weakness. EMG showed severe axonal
loss in both patients. Because of the rapidly progressive weakness, one was treated
with intravenous methylprednisolone, without apparent benefit, followed by intrave-
nous immunoglobulin, which appeared to improve both pain and weakness signifi-
cantly. The other was treated with intravenous acyclovir, which had no effect. She
was then treated with intravenous immunoglobulin, which had little immediate
effect, but considerable improvement was noted a year later.

Mixed central and peripheral nervous system disease has also been reported
with acute EBV infection. Majid et al. (68) described four patients with various
combinations of myeloradiculitis, encephalomyeloradiculitis, and meningoencepha-
lomyeloradiculitis showing involvement of multiple parts of the neuraxis simulta-
neously. The CSF was abnormal in all four patients with elevated protein and
mononuclear pleocytosis but normal glucose. Serum and CSF antibodies to EBV
were detected, with the diagnosis confirmed in all four patients by the presence of
EBV DNA in the CSF and the demonstration of intrathecal synthesis of EBV anti-
bodies, based on serum-to-CSF ratios. None of the patients died, although they were
all left with residual leg weakness and two patients with additional sensory changes.

Acute autonomic neuropathy with blurred vision, orthostatic hypotension,
constipation, and burning dysesthesias has also been reported in IM (69). Besnard
et al. (70) reported a case of a boy with acute pandysautonomia resulting in intestinal
pseudo-obstruction. The 13-year-old presented with pharyngitis and acute ileus.
Histological examination of the appendix and rectum showed destruction of gang-
lion cells, and a mononuclear cell infiltrate in the myenteric neural plexus. EBV
PCR was positive in the blood as well as the CSF. The virus was demonstrated in
the inflammatory cells in the gut, but not in enteric neurons, by in situ hybridization.
The authors proposed that the pathogenesis is immune mediated rather than due to
direct infection of intestinal cells by EBV.

A very rare form of T-cell lymphoproliferative disease (LPD) has been reported
to affect peripheral nerves causing paresthesias and motor weakness of the arms and
legs, as well as progressive dilated cardiomyopathy in a young man without any pre-
vious history of immune disease (71). He was treated with acyclovir, methylpredni-
solone, cyclophosphamide, and immunoglobulin, which resulted in improvement of
the neuropathy and ejection fraction. At autopsy, multiple organs were found to be
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infiltrated by monoclonal and polyclonal atypical T-cell populations that were
shown to contain EBV. The relationship between this disorder and systemic EBV-
driven T-cell lymphomas (see Chapter 13) is unclear. A precedent for such a disease
may be the Marek’s disease of chickens in which a herpesvirus infects B-cells acutely
followed by infection of T-cells, and results in neoplastic transformation and T-cell
lymphoma. The neoplastic T-cells characteristically invade and proliferate in periph-
eral nerves, causing a neurolymphomatosis that may resemble GBS (72).

Neurologic Manifestations of EBV-Driven LPDs

There is a broad distinction to be made between neurological disease associated with
or shortly following acute EBV infection, and neurological disease caused by lym-
phoproliferation that is driven by EBV. In LPD, the neuropathology is related to
the lymphoproliferation per se, rather than the EBV infection underlying it. For
example, endemic or African Burkitt lymphoma (BL) is well known to affect the
nervous system, and is always driven by EBV. However, sporadic BL may also affect
the nervous system, though it is not EBV driven. This is also true of posttransplant
lymphoproliferations. Although a lymphoma may manifest independent of whether
it is EBV driven or not, the presence or absence of EBV may have prognostic and
therapeutic implications.

Primary CNS Lymphoma

Primary CNS lymphoma (PCNSL) is a neoplasm of the brain usually seen in
the elderly and in immunocompromised persons. With the emergence of HIV and the
AIDS epidemic, PCNSL has become much more common, especially in patients with
advanced HIV disease. In a series of 20 cases of PCNSL reported in 1986, all but
one patient had one or more opportunistic infections or neoplasms such as Kaposi’s
sarcoma (73). The known oncogenic effects of EBV and its association with systemic
lymphomas suggest that the virus may play an important role in this tumor. In fact,
the virus is found in all AIDS-associated PCNSLs (74,75), but only in about 50%
of systemic lymphomas in HIV patients. In situ hybridization studies have shown
that all the neoplastic cells express the latency molecules, EBV encoded RNA
(EBER) and latent membrane protein (LMP) which are associated with immortaliza-
tion of infected lymphocytes. Control tissues from brains of both HIV positive and
negative patients with other diagnoses showed no such expression (74). In another
study, PCNSL samples from 26 patients with AIDS and 22 HIV-negative patients
were tested for EBV by in situ hybridization for EBER and immunostaining for
LMP-1. All the cases with AIDS-associated PCNSL were positive for EBV infection,
but none from the HIV-negative patients (75). Rare instances of EBV positive
PCNSL in HIV-negative patients have been reported (76).

Clinically, PCNSL presents with subacute, progressive mental status changes
such as apathy and confusion with a variable combination of focal weakness, sei-
zures, and headaches. The MRI typically shows a deeply situated ring-enhancing
lesion (Fig. 1) with a thick rim of enhancement (Fig. 2) and a nodularity of the
rim (Fig. 3). Often the lesion is periventricular, and occasionally there is periventri-
cular spread with a lumpy-bumpy appearance (77). In HIV-infected persons, the
lesions can strongly resemble those seen in toxoplasmic encephalitis caused by
the protozoan Toxoplasma gondii. Points of possible differentiation include the pre-
sence of multiple, contrast-enhancing lesions in toxoplasmosis, while a single lesion
is more suggestive of lymphoma. HIV-infected persons with toxoplasmic encephalitis
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are usually seropositive for antitoxoplasma IgG antibodies. Seronegative status for
antitoxoplasma antibodies makes toxoplasmosis extremely unlikely. Clinical or radi-
ologic deterioration during the first week of therapy, or lack of clinical improvement
within weeks to Toxoplasma therapy, usually a combination of pyrimethamine plus
sulfadiazine plus leucovorin, strongly suggests another diagnosis, with lymphoma
becoming more likely. In these circumstances, a biopsy of the lesion is necessary
to confirm the diagnosis.

The detection of EBV DNA in the CSF by PCR is very strongly suggestive of
PCNSL in HIV-infected patients (78). Recently, thallium-201 single-photon emission
CT scans have been used to differentiate between PCNSL and toxoplasmosis (or
other ring-enhancing mass lesions). Thallium is a potassium analog that is taken
up by tumor, but not inflammatory, cells. Typically, PCNSL ‘‘lights up’’ on thallium
scans, but toxoplasmosis or other types of brain abscesses do not (Fig. 4) (77).
Biopsy of the lesions typically shows an angiocentric distribution of neoplastic cells
(Fig. 5), which stain positively for B-cell markers (Fig. 6) and for latency-associated
proteins such as LMP-1 (Fig. 7).

Figure 1 MRI of brain of AIDS patient with primary CNS lymphoma, T1 weighted, non
contrast. Note area of decreased intensity in the anterior corpus callosum, medial to the right
frontal horn, with perilesional edema. The CSF was positive for EBV DNA by PCR.
Abbreviations: MRI, magnetic resonance image; EBV DNA, Epstein–Barr virus DNA;
PCR, polymerase chain reaction. Source: Courtesy of Dr. I. Zak, Division of Neuroradiology,
Department of Radiology, Harper University Hospital, Detroit, Michigan, U.S.A.
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The prognosis of PCNSL is poor. In the days before highly active antiretroviral
therapy (HAART), the average survival reported for 20 patients with AIDS PCNSL
was less than two months (73). Whole brain radiation therapy may increase survival;
10 patients with AIDS who underwent whole brain radiation had amedian survival of
5.5 months. Deaths were due to progression of disease and to development of other
AIDS-associated complications (79). Cases of significant improvement after treat-
ment with hydroxyurea (80) and HAART (81) have also been reported. One small
study demonstrated that decrease in the burden of EBV in the CSF, as measured
by quantitative EBV PCR, correlated with clinical improvement (82).

Burkitt Lymphoma

African BL (see Chapter 10) was first described as a ‘‘sarcoma’’ involving the four
quadrants of the jaw, but further pathologic studies showed this to be a systemic
lymphoma involving multiple viscera, including the nervous system. In early autopsy
series, 21 of 25 patients had tumors involving the CNS or the meninges (83). Clinic-
ally, paraplegia was the most common manifestation of nervous system involvement,

Figure 2 T1 weighted MRI showing contrast enhancement of the lesions shown in Figure 1.
Note that two dintinct lesions, one anterolateral and the other posteromedial, are resolved on
this image. Abbreviation: MRI, mechanical resonance image. Source: Courtesy of Dr. I. Zak,
Division of Neuroradiology, Department of Radiology, Harper University Hospital, Detroit,
Michigan, U.S.A.
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affecting 10% to 18% of patients. Intracranial involvement was usually the result of
direct extension of maxillary or orbital tumors. Extension usually causes facial or
ocular motor palsies, but occasionally visual loss, hearing loss, and dysphagia may
result (Fig. 8).

Approximately 25% of patients were found to have neoplastic cells in the CSF
on admission (83). Mass lesions forming in the brain manifest, as would be expected,
with increased intracranial pressure and altered consciousness (Fig. 9) (83). In a
more recent report of BL in 1005 Kenyans, 39% of cases had CNS involvement (84).

X-Linked LPD

X-linked LPDs (XLPDs) (see Chapter 16) occur in males in affected families. Most
XLPDs manifest as a systemic illness such as fatal IM and systemic lymphoprolifera-
tion, as well as aplastic anemia. Neurologic disease in the context of severe systemic
illness is not unknown. In one of the first cases reported, a 16-year-old boy died of ful-
minant IM. Autopsy showed extensive lymphoproliferation, with extensive perivascu-
lar infiltration of mitotic immature cells with plasmacytoid differentiation in the brain,
as well as systemically (85). In one of the original papers describing this disease, autop-
sies of several patients who had died of severe systemic illness showed lymphoid

Figure 3 FLAIR image of the lesions shown in Figures 1 and 2. Abbreviation: FLAIR, fluid
attenuated inversion recovery. Source: Courtesy of Dr. I. Zak, Division of Neuroradiology,
Department of Radiology, Harper University Hospital, Detroit, Michigan, U.S.A.
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proliferation in the brain identical to that present systemically (86). One of the patients
had presented with facial twitching and convulsions in the context of a progressive
febrile illness with pharyngitis and lymphadenopathy, and occasionally neurologic
symptoms occurred during life. There appeared to be no specific neurologic manifesta-
tions of XLPD, but these were part of a severe systemic illness affecting all the viscera.

Posttransplant Lymphoproliferative Disease

Posttransplant lymphoproliferative disease (PTLD) is an EBV-driven polyclonal B-
cell proliferation seen in patients who were immunosuppressed after solid organ
transplants (see Chapter 12). The early form of the disease, beginning between 6
and 12 months posttransplant, presents as a rapidly progressive severe form of IM
that can evolve into a sepsis-like syndrome. CNS involvement appears to be uncom-
mon, and is present primarily among patients with very advanced disease (87). How-
ever, in a series of 1332 transplant patients examined at the University of Cincinnati

Figure 4 Thallium-201 SPECT image of the lesions seen in Figure 2. There is an increased
uptake of the tracer in the locations coinciding with the lesions seen in Figures 1–3. The lesion-
to-background ratio of tracer uptake in the posteromedial lesion is 4.9 while that in the
anterolateral lesions is 2.1. Any ratio greater than 2.0 suggests malignancy. Abbreviation:
SPECT, single photon emission computed tomography. Source: Courtesy of Dr. Larry Davis,
Division of Nuclear Medicine, Department of Radiology, Harper University Hospital,
Detroit, Michigan, U.S.A.
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Figure 6 (See color insert.) Primary central nervous system lymphoma in an AIDS patient.
Same patient as in Figure 5. (A) Stained for L26, a B lymphocyte marker. (B) Stained for CD3,
a T lymphocyte marker. This shows that the neoplastic cells are B lymphocytes, in accord with
the known tropism of Epstein–Barr virus. Source: Courtesy of Dr. William Kupsky, Division
of Neuropathology, Harper University Hospital, Detroit, Michigan, U.S.A.

Figure 5 Primary central nervous system lymphoma is an AIDS patient. Biopsy specimen.
Note the angiocentric distribution of the neoplastic cells. Hematoxylin and eosin stain.
100�. Source: Courtesy of Dr. William Kupsky, Division of Neuropathology, Harper Univer-
sity Hospital, Detroit, Michigan, U.S.A.
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medical center, 289 (22%) had CNS involvement, but it is not known how many of
these were EBV driven (88). In a series of 12 cases of primary CNS PTLD who devel-
oped the disease a mean of 31 months after solid organ transplantation, most
showed multiple enhancing lesions within the CNS. The pathology of the disease
was characterized by perivascular infiltration by large malignant lymphocytes that
were positive for CD45 (leukocyte common antigen), CD20 (B-cell marker), and
EBV, with light chain restriction or Ig gene rearrangement (89).

Any posttransplant patient with new clinical complaints involving the nervous
system is at risk for CNS PTLD. The evaluation should include MRI of the brain,
examination of the CSF for EBV by PCR, and probably also biopsy because the sen-
sitivity and specificity of MRI and CSF alone are not known.

Other LPDs

A 14-year-old girl with a febrile illness and multifocal deficits, including ataxia and
paraparesis was found to have diffuse areas of increased signal on T2-weighted
images in the cerebral and cerebellar hemispheres and brainstem and initially
improved with intravenous methylprednisolone (90). She had several relapses and
remissions over the next few years. Four years later, a chest X-ray showed changes
compatible with interstitial pneumonitis. Six years later, she had disseminated
intravascular coagulation and hemophagocytic syndrome, which were treated with
cyclophosphamide. A lung biopsy showed changes consistent with lymphomatoid
granulomatosis. Her initial EBV titers were compatible with acute EBV infection,
with positive EBV VCA IgG and VCA IgM, but negative EBNA antibodies. Later,

Figure 7 (See color insert.) Primary central nervous system lymphoma in an AIDS patient.
Same patient as in Figure 6. Immunostained for the EBV-antigen LMP-1, which is a marker of
latent infection. Note expression in the cytoplasm of the neoplastic cells. Source: Courtesy of
Dr. William Kupsky, Division of Neuropathology, Harper University Hospital, Detroit,
Michigan, U.S.A.
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the EBV serology also became positive for EBNA antibodies, with no change in
EBV VCA IgG and VCA IgM titers. In some proportion of cases of lymphomatoid
granulomatosis in which there is a partly inflammatory and partly neoplastic
pathogenetic involvement of multiple organ systems, particularly the lung and
brain, atypical lymphocytes are found with staining for EBV antigens (91). Brain
MRI in patients with lymphomatoid granulomatosis shows multiple diffusely
scattered lesions in the white matter of the cerebral and cerebellar hemispheres with
enhancement. These lesions can be distributed in the periventricular region and even
be present in the corpus callosum (92). Some patients have appeared to respond to
cyclophosphamide (90) and to rituximab (93). Other patients have apparently
responded to full chemotherapy and radiation as in the case of lymphoma (90).

TREATMENT

There are no randomized, controlled trials of the use of any antiviral or immunosup-
pressive drugs for the treatment of neurological complications of EBV. Clearly, sup-
portive care is important. Death due to neurological complications of EBV is
uncommon, although residual deficits are not rare. The role of antiviral drugs in

Figure 8 Burkitt lymphoma involvement of the oculomotor nerves (star). Note the enlarge-
ment of the nerve bilaterally. Source: From Ref. 84.
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the treatment of uncomplicated or complicated IM is unclear, because the pathogen-
esis of the disease and the neurological complications are not very clear. A brief dis-
cussion follows, with emphasis on neurological aspects of EBV disease; more details
may be found in Chapters 6, 12, and 18.

Corticosteroids and acyclovir have been used to treat uncomplicated IM.
Studies of the use of acyclovir alone in IM have shown little benefit apart from
reduction of viral shedding in the treatment groups, although the studies tend to
have small numbers of patients (94). Acyclovir inhibits EBV DNA polymerase in
vitro, although viral production returns to control levels after discontinuing the
drug, even after 11 months (95,96). Furthermore, while inhibiting viral (lytic) replica-
tion in productive infection, acyclovir did not affect latent viral burden, implying
that latent virus replicates by host-dependent enzymes (95). The effects of latent
virus are probably pathogenetically relevant, and therefore it is no surprise that
acyclovir has little overall effect on acute EBV infection. Indeed, a meta-analysis of
five randomized controlled clinical trials involving 339 patients found only a nonsta-
tistically significant trend toward clinical improvement, and a significant reduction in
viral shedding in the oropharynx (97). The role of ganciclovir, another nucleoside

Figure 9 Burkitt lymphoma as a mass lesion (star) involving the left parietal lobe of the
brain. Source: From Ref. 84.

Epstein–Barr Virus and the Nervous System 163



analog, is even less well established. Two cases of EBV encephalitis in transplant
patients (one a renal transplant and another a bone marrow transplant), who were
diagnosed by a positive EBV PCR in the CSF were treated with ganciclovir and
had good clinical recoveries. One patient was given ganciclovir 100mg intravenously
twice a day for four weeks followed by four weeks of oral ganciclovir. The other
patient was given ganciclovir 5mg/kg intravenously for two weeks. Both patients
had resolution of CSF and MRI abnormalities (98,99). While these reports are
encouraging, the role of the drug in a disease the natural history of which is not
completely known is unclear.

The combination of corticosteroids and acyclovir has been examined in one
study in which 11 patients with fulminant IM requiring hospitalization were treated
with a combination of acyclovir and prednisolone. There was a reduction in viral
shedding and oropharyngeal symptoms compared to historical acyclovir and pla-
cebo-treated controls (100). In another study, it was demonstrated that acyclovir
reduces oral viral shedding, but immortalized B-cells were still readily isolatable
from the blood and there was little apparent effect on clinical symptoms (101). These
results suggest that the pathogenesis of IM is due not simply to direct infection of
B-cells, and that immunopathology plays a role in the pathogenesis of the disease.
It is probably reasonable to treat significant EBV infections with acyclovir with
the possible addition of prednisone, after a careful consideration of the risks and
benefits of the use of these drugs. It must be emphasized, however, that there is
no randomized controlled study that shows significant clinical benefit from the use
of any drug or regimen in the neurological complications of EBV infection.

For the treatment of LPD which can rarely affect the nervous system, the opti-
mal regimen is unknown. Reduction of immunosuppression can result in regression
of disease (102). More recently, immune-based approaches have been explored in
preliminary clinical trials (see Chapter 18), in particular the use of EBV-specific cyto-
toxic T-cells infused intravenously (103). In vitro proliferation of B-cells infected
with EBV has been shown to be inhibited by mycophenolate, although there are
no reports of its clinical use (104). Other modalities such as monoclonal antibodies,
etoposide, and cyclosporine have been tried in individual cases of systemic LPD with
apparent benefit (105). Rituximab is a promising therapeutic option for CNS LPD
(see Chapters 12 and 18).

RELATION BETWEEN EBV AND MS

MS is an inflammatory demyelinating disease of the CNS. The etiology of MS is
multifactorial, and may include infectious and genetic factors. The characteristic
geographic distribution, nonfamilial clustering of cases, migration studies, and
possible epidemics (e.g., the appearance of MS in the Faroe Islands after British
troops were stationed there in World War II) suggest an infectious etiology (106,107).
Studies of identical twins show concordance of 30%, which indicates more than
simply genetic susceptibility. Finally, infectious demyelination is not unprecedented:
progressive multifocal encephalopathy is a viral infection of oligodendrocytes.
Recent studies have focused on infectious agents such as measles, herpes simplex
virus, varicella-zoster virus, human herpesvirus 6, human T-cell lymphotropic virus
(HTLV)-1, and EBV, each of which is recognized to interact strongly with the
immune system. A role for EBV in MS was first suggested by Warner and Carp,
based on these considerations (108).
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Interestingly, several cases of postinfectious demyelinating disease, which
would satisfy the criteria for MS following neurologically complicated primary
EBV infection, have been described. Bray et al. (16) reported five patients with acute
neurological syndromes over a six-year period presenting with laboratory evidence
of primary EBV infection. Four of these patients went on to develop relapsing
neurological deficits over the next 4 to 12 years and were ultimately diagnosed
with MS. The fifth patient had a neurological syndrome akin to acute disseminated
encephalomyelitis.

We give here a brief personal survey of the evidence linking EBV to MS. This is
intended to convey the flavor of the arguments given, but the whole notion of the
etiologic relation between the virus and disease is subtle and nuanced (see Chapter
17). This is well illustrated by a study of pediatric MS patients, in which children
with MS were more likely to show evidence of remote EBV infection than controls,
suggesting a link, but in which five MS patients had no antibodies to any of EBV
VCA, EBNA, or EA (109).

Epidemiologic Evidence for the Role of EBV in MS

MSpatients are more likely to have had symptomatic IM than non-MS controls, even if
years before the onset ofMS. In a case–control study,Marrie et al. (110) found thatMS
patients had a prior history of symptomatic IM more commonly than controls (odds
ratio 5). Operskalski et al. (111) found a higher proportion of prior IM in MS patients
(13%) compared to controls (2%). Haahr et al. (112) compared a list of all Danish pati-
ents with sera positive for heterophile antibody and matched them with the DanishMS
registry. Subjects who were positive for heterophile antibody, which indicates acute IM,
were about three times more likely to eventually be listed in the MS registry than those
who were negative for heterophile antibody. Lindberg et al. (113) reported similar find-
ings in Swedish patients. The odds ratio for subsequent development ofMS in IM cases
was 3.7, which was statistically significant when compared to those who did not have
IM. Thus, symptomatic IM frequently precedes the onset of MS.

EBV-seropositive status is more common among MS patients than among con-
trols. Several studies show that the frequency and titers of antibodies to EBV are
higher among MS patients than among controls (114–117). In an interesting study
that compared antibody prevalence and titers in the serum and CSF of MS patients
and controls, Sumaya et al. (118) found that these were higher in MS patients than in
controls, both in the serum and (in a limited number of subjects) in the CSF.
Ascherio and Munch (119), in a meta-analysis, identified 1005 MS cases and 1060
controls who were studied for EBV seropositivity. Less than 1% (8 out of 1005) of
the cases were seronegative compared to 10% (103 out of 1060) of controls, with
an odds ratio of more than 13. This relationship between EBV seropositivity and
MS was affirmed in a study of pediatric MS patients, in which 83% of 30 patients
and only 42% of 90 matched controls (all 4–18 years of age), while positivity to con-
trol viruses were the same (120).

Higher titers of EBV antibodies in healthy persons appear to be a risk factor
for the development of MS in the future. Ascherio et al. (17) found that increased
baseline titers of EBNA-2 were significantly predictive of the development of MS
among participants in a Nurses’ Health Study. High titers of EBNA-1 and EA were
found among those who subsequently developed MS, but these trends were not sta-
tistically significant. Levin et al. (121) reported a case–control study of U.S. military
personnel whose blood samples had been collected every two years between 1988 and
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2000. Serum antibody titers to EBV VCA and EBNA were significantly and consis-
tently higher among individuals who later developed MS, when compared to
matched controls, and with the risk increasing as the titers increased. Some errors
were later noted in this paper, but a reanalysis confirmed the results (122).

Several studies suggest that reactivation of EBV occurs during a relapse of MS.
Wandinger et al. (123) followed 19 MS patients serially over a year. Eleven of these
patients had active MS disease with relapses or progression, while eight were clinically
stable. All the patientswith activeMShad ‘‘EBV reactivation,’’ as definedby either posi-
tive EA IgM or EA IgA, positive serum EBV PCR, or either threefold increase in EA
IgG or threefold decrease in EBNA IgG, while only half of the stable patients did so.

Biological Evidence

The biological evidence for the involvement of EBV in MS is indirect and conflicting,
and often involves some speculation. There are some interesting and suggestive
observations regarding the involvement of EBV in MS pathogenesis.

In many MS patients, there is a humoral immune reaction against EBV anti-
gens in the CNS. OCBs develop in the CSF of over 95% of clinically definite MS
patients. Such bands are usually seen in viral infections of the brain, such as subacute
sclerosing panencephalitis, HIV disease, HTLV-associated myelopathy or tropical
spastic paraparesis, and HSV encephalitis, as well as bacterial infections such as neu-
rosyphilis, Lyme neuroborreliosis, and neurotuberculosis. The OCBs are intrathe-
cally synthesized antibodies directed against the offending infective agent. The
target of the OCBs associated with MS is not well characterized; however, OCBs
in MS have usually been considered as ‘‘nonsense antibodies,’’ which are not speci-
fically directed to any particular agent but may be found acting against several
agents simultaneously (124,125). Some of these antibodies are directed against
EBV antigens. Rand et al. (126,127) showed that the OCBs found in 5 of the 15
MS patients were targeted toward a specific RRPFF sequence found on the
EBNA-1 molecule. Because EBNA-1 and myelin basic protein (MBP), a major com-
ponent of myelin, have sequence homologies in at least two pentapeptide sequences
(128), a role for the EBV in the pathogenesis of MS suggests itself. CSF antibodies to
EBV EBNA-1 are not the whole story because they are seen only in 30% of MS
patients. Because the antibody indices in these patients were extremely high, reminis-
cent of other viral CNS infections, this suggests an etiologic role of EBV in at least
some MS patients (127).

Cell-mediated immunity against myelin antigens is also seen in MS patients.
T-cell–mediated immune reactivity is an important aspect of MS pathogenesis (129).
T-cell clones specific for myelin antigens are obtained more easily from MS patients
than controls (130). There are several lines of evidence suggesting involvement of
EBV in this process. The proposed mechanisms are not mutually exclusive, of course.

First, there may be cross-reactivity between EBV and myelin antigens.
Epitopes obtained from EBV DNA polymerase expressed during the lytic phase of
the virus life cycle can effectively activate MBP-specific T-cell clones, allowing them
to cross the blood–brain barrier (131). Sequence homology between several regions
of MBP and epitopes on EBV, as well as measles and influenza A and B viruses have
also been demonstrated (132). Lang et al. (133) have shown significant structural
similarity between a major histocompatibility complex (MHC) class 2 molecule
EBV-peptide fragment and another MHC class 2 molecule MBP-peptide fragment.
T-cells obtained from an MS patient were highly cross-reactive with the structurally
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similar areas on the MBP class 2 and the EBV DNA polymerase class 2 complexes,
thereby providing evidence of functional as well as structural cross-reactivity.
EBV-specific CD4T-cells may be concentrated in the CSF. In one patient, T-cells
cross-recognizing an MBP epitope and an EBV polymerase-peptide epitope were
present in the CSF (1:10,000) at a 10-fold higher concentration than in the blood
(1:100,000) (134).

Second, EBV may induce synthesis of a myelin antigen in such a manner as to
stimulate a cell-mediated response. After infection with EBV, human B-cells express
a group of small stress proteins called aB-crystallin, which is normally absent from
lymphoid tissue in humans but present in many other species (135). aB-crystallin has
previously been shown to be a dominant CNS myelin antigen for T-cells in MS
patients (136). This is a potential mechanism whereby a viral infection such as
EBV could trigger myelin-directed autoimmunity and may explain why humans,
but not other species, develop MS.

It is not likely that EBV directly invades the CNS in patients with MS. Martin
et al. (137) from Sweden report on the CSF and serum studies on patients with MS
and optic neuritis using nested PCR for detection of viral DNA. They found no
evidence of EBV or any other herpesvirus. Morre et al. (138) reported similar nega-
tive findings not only in the CSF, but also in active demyelinating lesions obtained
from autopsied brain specimens of clinically definite MS patients. They found no
evidence of EBV DNA in any of the specimens.

Thus, there is considerable evidence to suggest that MS is an autoimmune
disease that may be triggered or accentuated by viruses such as EBV. The epidemio-
logical evidence linking MS to EBV includes the high seropositivity, which is
virtually 100% in MS patients. However, EBV probably does not directly infect brain
cells to cause MS. It is more likely that any role that EBV plays is a more indirect
role in the pathogenesis of MS by way of triggering an aberrant immune response,
possibly due to molecular mimicry.

CONCLUSION

EBV plays a role in a spectrum of neurological illnesses, spanning all of the
components of the central and peripheral nervous systems. Although uncommon,
involvement of EBV in acute and subacute neurological illnesses of unknown nature
must always be considered. For acute infectious and parainfectious illnesses, the
outlook is generally favorable, but EBV-associated LPDs (e.g., XLPD, PCNSL)
present a greater challenge. This is especially true in the era of iatrogenic immuno-
suppression for cancer chemotherapy and transplantation. The full spectrum of neu-
rological illnesses associated with EBV and their pathogenee still awaits elucidation
of their mechanisms.
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Epstein–Barr Virus and HIV

Richard F. Ambinder
Department of Oncology, Johns Hopkins School of Medicine, Baltimore,
Maryland, U.S.A.

INTRODUCTION

The gammaherpesviruses play a key role in the malignancies that led to the recogni-
tion of HIV infection. The occurrence of rare cancers—Kaposi’s sarcoma and
aggressive B-cell lymphoma—in men who have sex with men and who also devel-
oped opportunistic infections attracted attention to the acquired immunodeficiency
syndrome (AIDS) and ultimately gave it a definition (1–6). Among the aggressive
B-cell lymphomas that were recognized early on as AIDS defining, primary central
nervous lymphoma was ultimately recognized to be nearly uniformly associated with
Epstein–Barr virus (EBV). Since that time, much has been learned about EBV in
HIV-infected patients. EBV is linked with benign and malignant diseases. The asso-
ciations are often not what might be predicted. This chapter summarizes what is
known about EBV and EBV-associated disease in HIV-infected patients (Table 1).

HIV INFECTION, EBV ANTIBODY RESPONSES,

AND EBV COPY NUMBER

HIV infection leads to an increase in EBV antibody titers even before HIV serocon-
version (7). This increase in titers is distinct from, and does not correlate with, the gen-
eralized hypergammaglobulinemia and polyclonal B-cell activation associated with
HIV infection. EBV titers also vary independently of titers to cytomegalovirus anti-
gens. With HIV disease progression, titers to viral capsid antigen (VCA) rise and titers
to EBV nuclear antigen (EBNA) fall (8). In infants congenitally infected with HIV,
antibodies to EBNA2 arise after antibodies to EBNA1 appear and tend to persist;
whereas in HIV-uninfected infants, antibodies to EBNA2 often appear before antibo-
dies to EBNA1 (9). In adults, with the initiation of highly active antiretroviral therapy
(HAART), antibody levels against EBV antigens rise further, often accompanied by a
rise in EBV copy number as measured in peripheral blood mononuclear cells, while
antibodies directed against HIV antigens fall (10).

EBV copy number, as measured by limiting dilution spontaneous outgrowth
studies or by quantitative polymerase chain reaction, is increased in HIV-infected
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patients (11,12). Viral load in whole blood is highest in patients with high immuno-
globulin G (IgG) anti-VCA and low IgG anti-EBNA1 titers, perhaps owing to poor
control of lytic infection (13). In contrast to the situation with solid organ and bone
marrow or hematopoietic stem cell transplant recipients, EBV copy number in per-
ipheral blood mononuclear cells does not predict the development of non-Hodgkin’s
lymphoma in AIDS patients (12). In patients with other cancers such as nasophar-
yngeal cancer and EBV-associated nasal lymphoma, viral copy number in serum
or plasma has been useful as a marker of clinical disease and prognosis (14,15). In
nasopharyngeal carcinoma, evidence has been presented that the viral DNA detected
is free DNA that is released from apoptotic tumor cells rather than being packaged
in virions (16). The character of DNA detected in HIV patients has not yet been
reported, but detection of a combination of circulating virions and viral DNA
released from cells undergoing apoptosis would not be surprising.

VIRAL STRAINS IN HIV-INFECTED PATIENTS

Type 1 (or A) EBV infection predominates in most EBV-associated malignancies
including nasopharyngeal carcinoma, Hodgkin’s lymphoma, and posttransplant
lymphoma (17). However, type 2 (or B) infection is detected in tumors, particularly
those arising in men who have sex with men and are HIV infected (18). Although
initially the increased relative frequency of type 2 virus in AIDS lymphomas was pre-
sumed to reflect HIV immunocompromise, study of HIV-infected patients with
hemophilia showed that type 2 virus is less common in this population than in
men who have sex with HIV positive men (19). Furthermore, the risk of type 2 virus
infection in men who have sex with men can be expressed as a function of the num-
ber of sexual partners (20). Men with more than 500 partners have greater risk of
infection with type 2 virus than men with fewer partners. In this context, it is perhaps
worth noting that EBV has been detected in anal swabs, and transmission by anal
penetration or oral–anal sexual activities has been suggested (21).

The seroprevalence of Kaposi’s sarcoma–associated herpesvirus (KSHV) is
much higher among men who have sex with men than in the general population.
The incidence of Kaposi’s sarcoma is also much higher among men who have sex
with men than in other risk groups in North America and Europe (22).

NON-NEOPLASTIC MANIFESTATIONS OF EBV INFECTION IN

HIV-INFECTED PATIENTS

Several non-neoplastic manifestations of EBV infection in HIV patients are well
recognized (Table 1). Oral hairy leukoplakia affects the lingual epithelium and is
characterized by white patches typically occurring along the lateral margins of the
tongue and is associated with intense replication of EBV (23). The absence of
EBV encoded RNA expression, the frequent presence of intertypic recombinants,
and the coexpression of lytic and latent genes in the lesion have attracted particular
attention (24–26). Nonetheless, the pathogenesis of oral hairy leukoplakia remains
poorly understood. In particular, the possible contributions of immunodeficiency
per se versus specific interactions with HIV are essentially unknown. The condition
is not often symptomatic, but usually responds to acyclovir or valacyclovir therapy
(Table 2) (23). Therapy is suppressive rather than curative and recurrence following
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discontinuation of therapy is common. Lymphoid interstitial pneumonia is another
process that is more common in HIV-infected patients, particularly children, that has
also been linked with EBV although the relationship remains ill defined (27).

HIV AND LYMPHOMA

Aggressive B-cell lymphomas occur in all populations of HIV-infected people world-
wide (28,29). The HIV-associated lymphomas include Burkitt lymphoma, diffuse
large B-cell lymphoma, immunoblastic B-cell lymphoma, primary central nervous
system lymphoma, primary effusion lymphoma, plasmablastic lymphoma, and
Hodgkin’s lymphoma. Primary central nervous system lymphoma occurred with a
3600-fold greater incidence among people with a diagnosis of AIDS than in the gen-
eral population in the era before effective antiretroviral therapy (30). With the
advent of effective antiretroviral therapy, the incidence of many HIV-associated lym-
phomas and Kaposi’s sarcoma has declined (31–35).

Roughly 50% of lymphomas arising in HIV patients are EBV associated (36–
39). EBV is present in the tumor cells of virtually all primary central nervous system
lymphomas in HIV patients, most immunoblastic lymphomas, some diffuse large B-
cell lymphomas, most primary effusion lymphomas, and most Hodgkin’s lympho-
mas. The primary effusion lymphomas also harbor KSHV (40). Curiously, Burkitt
lymphomas arising in AIDS patients are less likely to be EBV associated than other
B-cell lymphomas (41,42).

Immunocompromise must be an important contributing factor to EBV-driven
lymphomagenesis in HIV-infected patients. Primary central nervous system lympho-
mas typically present in the end stages of AIDS in patients with CD4þ T-cell counts
less than 20/mL (43). In AIDS patients with marked CD4þ T-cell lymphopenia, the
EBV-associated lymphoma cells tend to express the full spectrum of EBV latency
genes (39,44–46). However, progressive immunocompromise may not be the sole
contribution of HIV to lymphomagenesis in EBV-associated tumors. Some EBV-
associated lymphomas in HIV patients such as Hodgkin’s lymphoma are not asso-
ciated with marked CD4þ T-cell lymphopenia (38).

Table 2 Epstein–Barr Virus–Targeted Therapies Suggested in HIV Patients

Intervention Suggested mechanism Status

Acyclovir, valacyclovir for
oral hairy leukoplakia

Effective Accepted

Acyclovir, ganciclovir for
lymphoma prevention

Inhibition of EBV DNA
polymerase

Conflicting data

Azidothymidine, interferon,
and ganciclovir

Activation of cellular apoptotic
pathways in lymphoma

Limited
anecdotal data

Hydroxyurea Disruption of episomal
maintenance in lymphoma

Limited
anecdotal data

Allo or auto EBV-specific
T-cell infusion

Immune-mediated killing Not yet tested

Azacytidine for EBV
lymphoma

Reactivation of lytic or latency
genes to increase susceptibility
to immune surveillance

Failed in
anecdotal report
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Those lymphomas that are associated with profound CD4þ T-cell lymphopenia
such as primary central nervous system lymphomas are those that have declined most
with HAART. Among patients receiving antiretroviral therapy, the highest incidence
of lymphoma was reported in those with a poor ‘‘immunologic response’’ to antiviral
therapy as measured by CD4þ T-cell count and a poor ‘‘viral response’’ as measured
by HIV load (31).

Despite the evidence that immunocompromise contributes to the pathogenesis
of AIDS lymphoma, these lymphomas only very rarely regress in response to restora-
tion of immune function and in this regard must be regarded as quite distinct from
lymphomas that develop in organ transplant recipients. In patients with AIDS and
Kaposi’s sarcoma, the paradigm of using organ transplant for restoration of immu-
nity as the first therapeutic intervention (rather than cytotoxic chemotherapy) is
appropriate, although it is not appropriate in AIDS lymphoma.

HIV AND OTHER MALIGNANCIES

Leiomyosarcomas have been reported in HIV-infected patients and in organ trans-
plant recipients, mostly but not exclusively in children (see Chapter 15) (47). Plasma
cell and related B-cell malignancies may also occur with increased frequency in HIV
patients (48). U.S. and Australian registry linkage studies suggest that multiple mye-
loma is increased in HIV patients (49,50). The U.S. linkage study found an odds
ratio in AIDS patients of 2.6-fold, whereas Italian and South African studies invol-
ving an AIDS and cancer registry linkage did not find an increased risk of myeloma.
Although these malignancies are often EBV associated in immunocompromised
populations, they are not so in nonimmunocompromised populations.

Although several very different malignancies are associated with EBV in
HIV-infected patients, other EBV malignancies do not seem to occur with increased
frequency. Thus nasopharyngeal carcinoma, gastric carcinoma, EBV-associated
peripheral T-cell lymphoma, and nasal type natural killer cell lymphomas have
not been reported to occur with increased incidence.

EBV DETECTION AND CLINICAL DECISION MAKING

In two instances, EBV detection in HIV patients has specific clinical significance. The
first and best studied is the detection of viral DNA in the cerebrospinal fluid of HIV-
infected patients with intracranial masses (43,51–53). Many etiologies of such masses
have been recognized but the majority are associated with toxoplasmosis—a disease
treated with antibacterial antibiotics. A large fraction of the masses that are not
caused by toxoplasmosis are primary central nervous system lymphomas, which
are treated with radiation therapy or possibly chemotherapy or combined modality
therapy. The most widely available imaging techniques, magnetic resonance imaging
or computed tomography, do not reliably distinguish among these processes
although thallium-201 scanning of the brain may help (see Chapter 8). Thus brain
biopsy, typically stereotactic, is often required (43). This is a procedure associated
with some morbidity and occasional mortality in AIDS patients, particularly those
with primary central nervous system lymphoma. Detection of EBV DNA in the cere-
brospinal fluid provides an alternative diagnostic modality. In AIDS patients with
primary central nervous system lymphomas, more than 80% will have EBV DNA
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detectable in the cerebrospinal fluid. In contrast, EBV DNA is almost never found in
the cerebrospinal fluid of patients with toxoplasmosis.When viral DNA is detected, its
precise origin is not yet entirely clear (Fig. 1). Primary central nervous system lympho-
mas are typically located deep in brain parenchyma often in close proximity to the ven-
tricles. How often viral DNA detected in cerebrospinal fluid reflects the presence of
intact tumor cells (which are rarely detected by cytologic techniques), DNA shed by
apoptotic tumor cells or free virions has not been characterized. However, it is clear
that with tumor response, viral DNA generally clears from the cerebrospinal fluid.

EBV is usually associated with other lymphomas that spread to the central ner-
vous system in AIDS patients (54). Detection of EBV in the systemic tumor or viral
DNA in the cerebrospinal fluid appear to identify patients at high risk for central
nervous system involvement and suggest the need for intrathecal prophylaxis with
methotrexate or cytosine arabinoside.

PREVENTION OF EBV-ASSOCIATED LYMPHOMA

Several investigators have considered the possibility that antiherpesviral agents
might prevent non-Hodgkin’s lymphoma. In a retrospective study, HIV patients
with lymphoma were matched with control subjects with HIV but without lym-
phoma (55). Cases were much less likely to have used high-dose acyclovir than the
controls did. However, attempts to replicate the findings in a larger and different
cohort were unsuccessful (56). Meta-analysis of studies also failed to suggest a pro-
tective effect of antiviral therapy (57). Thus, the case for the use of acyclovir or gan-
ciclovir to prevent EBV-associated malignancies remains weak at best.

TREATMENT OF EBV-ASSOCIATED LYMPHOMA

In contrast to the uncertainty with regard to prevention, there is no uncertainty with
regard to established malignancy. EBV-associated tumor cell lines and tumors will

Figure 1 Sources of Epstein–Barr virus DNA detected in cerebrospinal fluid. At least two
sources must be considered: virions produced by infected cells and free DNA released from
cells. In addition tumor cells may also be present in cerebrospinal fluid in some instances. Free
DNA is indicated as fragmented consistent with an origin in apoptotic cells.

180 Ambinder



proliferate in the presence of acyclovir, ganciclovir, and their congeners. None of
these agents is appropriate as an alternative to aggressive cytotoxic chemotherapy.

Therapies that target EBV, such as adoptive cellular immunotherapy, have
been extensively studied in the bone marrow transplant setting and studied to a lesser
extent in organ transplant recipients (58,59). There has been considerably less work
in HIV-infected patients with lymphoma. This in part reflects the difficulties in iden-
tifying an appropriate source for EBV-specific T-cell expansion and difficulties in
achieving long-term survival of infused cells. Expansion of patient cells is sometimes
problematic, perhaps reflecting the ravages of HIV on immune function. Adoptive
cellular transfer in the absence of myeloablative chemotherapy to make ‘‘space’’
for the infused cells has also been disappointing.

There have been anecdotal reports of successful therapy with combinations of
zidovudine, ganciclovir, and interferon, which may activate cellular apoptotic path-
ways, as well as with hydroxyurea, which may interfere with episomal maintenance
(60–64). A demethylating agent, 5-azacytidine, has also been used in an attempt to
reactivate EBV genes silenced by CpG methylation (65). Although target viral genes
were demethylated, no clinical response was observed. Reactivation of the repressed
thymidine kinase gene by treatment with butyrate followed by ganciclovir therapy
has also been proposed (66). Finally, several gene therapy approaches relying on
selective expression in EBV-infected cells have been proposed, but have not yet been
assessed clinically (67–69).

Monoclonal antibodies now have a well-established role in the management of
lymphomas in the general population (70). Studies on rituximab, an antibody directed
against the CD20 B-cell antigen, suggest a role for it in the management of a broad spec-
trum of B-cell lymphomas including EBV-associated lymphomas arising in organ trans-
plant patients (see Chapter 12) (71,72). Rituximab is being actively studied in
combination with conventional cytotoxic chemotherapy in AIDS lymphomas. This anti-
body leads to a depletion of circulating B-cells for approximately six months. There is
little or no impact on immunoglobulin levels because long-lived plasma cells that secrete
most of the immunoglobulins do not express CD20. Given the evidence that EBV
requires a B-cell latency compartment for persistence, there is the possibility that
patients at high risk for developing EBV-associated B-cell malignancies might be treated
with rituximab as prophylaxis similar to that done in organ transplant recipients (73).

CONCLUSION

EBV-associated problems remain an important issue for HIV-infected patients, par-
ticularly EBV-associated malignancies. Most are B lineage malignancies including
non-Hodgkin’s lymphomas, Hodgkin’s lymphoma, and plasma cell–related neo-
plasms. Their annual incidence has declined in the wake of antiretroviral therapy,
particularly those lymphomas associated with profound lymphopenia such as
primary central nervous system lymphoma. The impact of HAART on lifetime inci-
dence of EBV-associated malignancies remains uncertain. At present, measurements
of EBV antibody titer and EBV copy number in peripheral blood mononuclear cells
have not been shown to identify HIV patients at risk for EBV-associated malignan-
cies. However, the possibility remains that monitoring viral copy number in plasma
or serum may be useful. Several strategies for specifically targeting EBV-associated
tumors in HIV patients have been suggested but none has yet become a standard
therapy, nor is there general agreement as to their efficacy in the HIV setting.
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INTRODUCTION

Burkitt lymphoma (BL) is a tumor of B-lymphocytes that, by definition, carries one
of three reciprocal chromosomal translocations that juxtapose the coding region of
the MYC proto-oncogene located on chromosome 8 to an immunoglobulin (Ig)
gene locus from either chromosome 2, 14, or 22 (1). The consequence of these trans-
locations is constitutive transcription of the affected MYC allele, ultimately resulting
in malignant transformation of the B-cell. In addition to the classic endemic, or
African, form of BL (eBL) initially described by Dr. Dennis Burkitt in 1958 (2),
which is virtually always associated with latent (nonproductive) Epstein–Barr virus
(EBV) infection, at least two additional forms of BL, sporadic (sBL) and HIV or
AIDS associated, are formally recognized by the World Health Organization (1,3).
Unlike eBL, nonendemic forms are less frequently associated with EBV. Because
the distribution of eBL coincides with the malarial belt of Central Africa, infection
with malarial parasites has long been believed to be an important cofactor for the
development of EBV-positive BL in this region.

Although it has been four decades since the discovery by Epstein and collea-
gues of EBV particles within cultured BL cells (4), the etiologic role of EBV in BL
is far from being fully understood. On the one hand, the high association of clonal
EBV infection with EBV-positive cases of BL (5), in conjunction with the potent
B-cell immortalizing capability of the virus, provides a strong argument for a causal
role. Yet, the absence of EBV infection in a majority of the cases of nonendemic
forms of the disease and the general lack of expression of the so-called ‘‘transform-
ing’’ genes of the virus in EBV-positive cases of BL have raised the possibility that
while EBV may be an important factor in the development of BL, particularly
eBL, it is not necessarily an essential one. Ongoing analyses employing transgenic
mouse models of c-myc–induced lymphomagenesis, which obviously lack an EBV
component, have revealed some striking similarities between human BL and the
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B-cell tumors that arise in mice as a consequence of deregulated c-myc expression.
However, at least one specific difference has been noted. Moreover, recent studies
have indicated that EBV genes expressed in BL, but which are not essential for B-cell
immortalization by the virus in vitro, can contribute significantly to the tumorigenic
potential of BL cells. It is evident, therefore, that BL should not be considered a sin-
gle entity, but a family of similar but distinct tumors for which the role of EBV varies
and is linked to other cofactors of infectious, genetic, or environmental nature.

CLASSIFICATION AND CHARACTERISTICS OF BL

BL is defined as a small noncleaved cell lymphoma of B-cell origin that contains a
reciprocal chromosomal translocation that joins an MYC allele located on the long
arm of chromosome 8 (q24) with either an Ig heavy chain (IgH) locus (chromosome
14), or a j or k light chain locus (chromosomes 2 and 22, respectively) [Fig. 1;
reviewed in Ref. (1)]. The t(8;14) is the most frequently occurring translocation
(80%), and results in transfer of at least the protein-coding portion of the MYC gene
(exons 2 and 3) to the IgH locus on chromosome 14. By contrast, the variant translo-
cations t(2;8) and t(8;22) occur at frequencies of approximately 15% and 5%, respec-
tively, and result in placement of an Ig light chain (IgL) locus onto chromosome 8,

Figure 1 Chromosomal translocations that target the MYC gene in BL. (A) Positions of
typical breakpoints (vertical arrows) that involve the IgH locus in t(8;14) translocations within
eBL (JH) and in sBL and HIV-associated BLs (Sm). Transcriptional orientation is shown rela-
tive to the MYC gene on chromosome 8; note that within t(8;14), the transcriptional orienta-
tion of the IgH locus is opposite to that of MYC. Breakpoints within chromosome 8 in eBL
commonly occur 100 kbp or more upstream of the MYC gene, which consists of three exons,
of which only exons 2 and 3 encode for MYC as indicated by the dark fill. The Em heavy chain
enhancer is believed to promote MYC transcription in such translocations, whereas transloca-
tions that involve the Sm locus result in loss of Em, and presumably transcriptional regulation
of MYC through a 30 Ig enhancer (e.g., Ea). (B) Variant translocations involving either the j
or k IgL loci on chromosomes 2 and 22, respectively, that can occur in any of the BL classifica-
tions. These translocations place IgL enhancers, such as Ei, E30, or HuEk, downstream of the
MYC gene. Figure is not to scale. Abbreviations: BL, Burkitt lymphoma; eBL, endemic Burkitt
lymphoma; Ig, immunoglobulin; sBL, sporadic Burkitt lymphoma. Source: From Ref. 6.
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downstream of the MYC gene (6). Regardless of the translocation involved, the out-
come is a deregulated expression of MYC, which is now under the influence of an Ig
gene transcriptional enhancer. The disruption of the normally tightly regulated tran-
scription of this proto-oncogene is without doubt the critical founding event in the
development of BL, though as discussed below, it alone is not sufficient to cause BL.

BL Subgroups, Clinical Presentation, and Geographical Distribution

As indicated above, there are three formally recognized classifications of BL: ende-
mic, sporadic, and HIV or AIDS associated. These subgroup classifications primarily
take into consideration the presence of EBV within tumor cells, clinical presentation,
geographic location, and the HIV status of the patient. However, there is certainly
some overlap among the BL subgroups with respect to these criteria. For instance,
while the majority of sBL and HIV-associated BL are EBV-negative, approximately
10% to 30% of sBL and a slightly higher percentage of HIV/AIDS-associated BL are
in fact EBV-positive (6,7). Additionally, the clinical presentation of BL most com-
monly seen in Northeastern Brazil (abdominal tumors) is similar to sBL; yet these
tumors have a much higher association with EBV infection (70–90%) than typical
sBL in the United States and Western Europe (8–10). There are also nonclinical
characteristics that tend to be characteristic of one form of BL over another, e.g.,
a general difference between eBL and sBL in the breakpoint position within the
MYC gene in t(8;14) (Fig. 1) (1,11,12).

The most common clinical descriptors of BL are the anatomical site of the pri-
mary tumor mass (e.g., jaw-associated or abdominal), and the involvement of bone
marrow and the central nervous system (CNS). While abdominal tumors are not
infrequently associated with eBL, jaw-associated tumors are the most common
(1,2,13). This is in stark contrast to sBL and HIV-associated BL, which rarely pre-
sent as a jaw tumor (13–16). Furthermore, even between sBL and eBL tumors occur-
ring within the abdomen, differences have been noted in the organ sites at which
the tumors predominately occur (1). Involvement of bone marrow, as opposed to the
CNS, is less frequent in eBL (though not uncommon), whereas among sBL patients
a higher frequency (perhaps as many as two-thirds) present with marrow involve-
ment, and bone marrow and CNS involvement is common in HIV-associated
BL (1,6,17).

The study of BL has historically focused on eBL, perhaps in large part due to
its long-known association with a transforming virus. Additionally, there has been
increasing attention on sBL as a subset of non-Hodgkin’s lymphoma in patients
within the United States and Western Europe, as well as immunodeficiency-asso-
ciated BL in response to the worldwide rise in AIDS. Our knowledge of other poten-
tial forms of BL, particularly in developing countries outside of Africa, is relatively
limited. The most detailed information for such cases comes from analyses of BL
from Northeastern Brazil, a region with socioeconomic and climatic conditions simi-
lar to Central Africa. Of 54 cases of BL from Bahia studied by Stein and colleagues
(8), 87% were found to be positive for EBV, slightly lower than the frequency of
EBV association with classic eBL. Unlike eBL, however, the predominant anatomi-
cal site of these tumors was abdominal (90%), and therefore similar to sBL. A similar
frequency of EBV association (i.e., intermediate between sBL and eBL) and a
prevalence of abdominal tumors have also been observed for BL in Northern Africa
(i.e., outside of the malaria belt) (18), perhaps suggesting a common biology that is
distinct from currently recognized BL classifications. Among the Bahia cases, EBV
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gene expression was found to be identical to that seen in other cases of EBV-positive
BL. Unlike classic eBL, the high association with EBV infection among the Brazilian
cases could not be linked to a regional prevalence of malaria (8). However, all of the
cases evaluated were from areas in which Schistosoma mansoni infection is endemic,
raising the possibility that, as for eBL, chronic parasitic infection may be a predis-
posing factor. It will be interesting to learn if a similar trend of increased EBV asso-
ciation is observed for BL within other developing countries with comparable
socioeconomic and climatic conditions, e.g., India (19), that favor infection with
EBV early in life [a factor long known to correlate with EBV involvement in BL
(1)] and exposure to chronic parasitic infections.

INFECTIOUS COFACTORS

Even before the association between eBL and EBV was identified, it was clear that
the distribution of BL in Africa corresponded to climatic conditions favorable to
arthropod vectors of malaria parasites, primarily Plasmodium falciparum, suggesting
that malaria is a predisposing factor in the development of BL (20–22). A causative
connection between malaria and EBV in the development of eBL is strongly favored
to this day, and though it is well supported by epidemiological studies (1,23), there is
yet no direct evidence that malaria predisposes one to BL as a consequence of EBV
infection. The absence of scientific evidence to either support or dispel cooperation
between malaria and EBV infection, however, can be attributed to the unavailability
of an appropriate animal model to test the validity of this proposal. This is also true
for BL in other geographic regions in which EBV positivity may be linked to non-
malarial parasitic infections endemic to these locales, e.g., S. mansoni infection in
Northeastern Brazil (8). The relatively recent development of nonhuman primate
models representative of human malaria and EBV infection could be used to address
this question.

Immune Suppression as a Predisposing Factor for EBV Involvement

Given the strong epidemiological link between malaria and the presence of EBV in
eBL, how might malaria and potentially other parasitic infections promote an etio-
logic role for EBV in BL? The most attractive theory is that as a consequence of the
immunosuppressive effects of these parasitic infections, there is a breakdown in
the maintenance of an effective anti-EBV immunosurveillance (24–26). Therefore, if
one assumes that the BL progenitor is a cell that is at increased risk for chromosomal
translocation or subsequent outgrowth as a consequence of EBV infection, a break-
down in immunosurveillance would, logically speaking, result in an increase in the
pool of potential BL precursors—namely EBV-infected B-cells. Consistent with this
prediction, a study on children with acute malaria in Gambia found that the levels of
EBV-positive cells in peripheral blood was five times higher than in convalescent
malaria patients and normal healthy adult controls from the United Kingdom
(27). The potential for an increase in EBV load associated with immunodeficiency
is of course well established in AIDS and in patients undergoing immunosuppressive
therapy related to solid organ or hematopoietic cell transplantation (28), and almost
certainly accounts for HIV infection as a predisposing factor for development of
AIDS-associated BL, a variable but significant percentage (30–80%) being EBV-
positive. Additionally, a general B-cell expansion in acute malaria (29) could
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randomly add to the expanding pool of EBV-positive B-cells to further increase the
risk for a critical lymphomagenic event, presumably the translocation of MYC.

MOLECULAR PATHOGENESIS OF BL

Historically, elucidation of the molecular pathogenesis of BL, i.e., the sum of events
both genetic and biochemical that give rise to BL, has been approached from
two basic directions. First are studies that have primarily focused on delineating
functions of the MYC proto-oncogene (or its mouse equivalent, c-myc) and its con-
tributions to cell transformation and lymphoma development. The second approach
comprises complementing studies seeking to define the natural biology of persistent
(latent) EBV infection and the specific contributions of EBV latency to BL. To better
understand known and potential roles of EBV in BL, it is important to have an
appreciation for the specific cellular environment of BL. It is in this context that
the virus presumably makes its contributions, and it may also be true that the specific
genetic and biochemical milieu of the BL cell, or its progenitor, dictates whether
EBV will be required to progress to an actual tumor. Therefore, in this section we
will review the current status of our collective understanding of the role of MYC
in BL, as well as the contribution of a number of other cellular genes, i.e., compo-
nents of the p53 and retinoblastoma protein (pRb) tumor suppressor pathways, fol-
lowing their altered expression, deletion, or mutation. The involvement of these
‘‘accessory’’ genes to MYC, particularly those within the p53 pathway, has been rea-
lized primarily from studies of a mouse model of c-myc–induced lymphomagenesis—
the Em-myc transgenic mouse—which has provided enormous insight in recent years
that is directly relevant to BL in man.

The MYC Oncoprotein

MYC is one of three members of the MYC family of oncoproteins (the others being
MYCN and MYCL), and is the cellular homolog of the viral Myc oncoprotein
(v-Myc) encoded by the avian MC29 myelocytomatosis transforming virus (30,31).
It is one of the most intensely studied transforming proteins, and at current
count activation of MYC family members (through translocation, amplification,
enhanced translation, or protein stability) occurs in nearly 70% of human cancers
(32). MYC (c-Myc in the mouse) belongs to the basic helix-loop-helix leucine zipper
(bHLH-Zip) family of transcription factors and binds to the DNA element CAYGTG
(the so-called E-box) as a heterodimer with MAX, another member of the bHLH-Zip
family (33–37). MYC:MAX heterodimers activate gene expression by targeting tran-
scriptional coactivators and their associated histone acetyltransferases and/or
ATPase/helicases toMYC-responsive genes containing an E-box within their promo-
ter (38–42). However, as is true for a growing number of transcriptional activators,
MYC can also contribute to repression of transcription [for a discussion of the tran-
scriptional properties of MYC, see Ref. (32)]. The number of genes whose expression
is affected by MYC continues to grow and is substantial [currently approximately
1400, though most of these are indirect targets (43)]. Thus, it is highly unlikely that
the list of MYC-responsive genes can be reduced to a limited number of candidate
genes that are most important for MYC’s role in transformation, because these genes
contribute to a vast array of cellular processes important for tumorigenesis, not the
least of which are those that directly promote cell proliferation (6).
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Activation of MYC in BL

Cell proliferation and the transformed state in BL are, without doubt, the direct
result of activated MYC expression, initiated by chromosomal translocations that
place MYC under the control of B-cell specific transcriptional regulatory elements,
namely Ig gene enhancers. Although mutations within MYC and increased protein
half-life (the latter a consequence of a subset of these mutations) in some BL tumors
may contribute additionally to the oncogenic potential of MYC (44–47), it is the
deregulated expression of MYC that is central to the pathogenesis of all forms of
BL. Identification of the factors that predispose a MYC allele to translocation and
the mechanism through which this occurs is, therefore, of great interest.

Within BLs containing t(8;14), the breakpoint positions within both chromo-
somes involved tend to correlate with clinical classification (1,11,48–52). Specifically,
in eBL the breakpoint on chromosome 8 most often occurs at a considerable distance
(as much as 100 kb or more) upstream of the MYC exons, and commonly within the
IgH joining (JH) regions on chromosome 14 (Fig. 1). Within sBL and HIV-asso-
ciated BL, breakpoints generally fall between the first and second exons of MYC
(only exons 2 and 3 encode protein), and the IgH Sm region. In the variant transloca-
tions, breakpoints within chromosome 8 occur downstream of the MYC gene, and
upstream of the j and k gene constant region segments on chromosomes 2 and
22, respectively (Fig. 1) (1,6,12,53).

Breakpoints within the IgH switch locus in sBL and HIV-associated tumors
suggest that these translocations are a consequence of attempted Ig class switching.
Because Ig class switching is a normal occurrence only within germinal centers
(GCs), this is viewed as further evidence of a GC-cell origin for BL. Another form
of Ig remodeling that occurs specifically in GC B-cells is somatic hypermutation of
Ig variable (V) regions during affinity maturation of the B-cell antigen receptor.
A consequence of hypermutation is the generation of deletions/duplications that
appear to be associated with double-strand breaks in DNA that are potentially
recombinogenic (54,55). Within BL, IgH and IgL breakpoints often occur through-
out the regions targeted by hypermutation (56), suggesting that somatic hypermuta-
tion may also contribute to the generation of MYC/Ig translocations, particularly
those involving the IgL loci (class switching only occurs within the IgH locus).

The mechanism by which the IgH breakpoints involved in eBL are targeted is
less clear. While it has been noted that these sometimes have characteristics of Ig
V(D)J recombination (57,58), GC B-cells as a rule do not express the recombination
activating genes (RAG) 1 and 2 that mediate V(D)J recombination (an event
normally confined to immature B-cells), and breakpoints are rarely flanked by the
canonical recombination signal sequences recognized by RAG proteins (56).
However, there have been reports of ‘‘reactivated’’ RAG expression in GC cells
(59–61), which could conceivably promote inappropriate V(D)J recombination, lead-
ing to breakpoints seen in eBL containing the t(8;14) translocation. Alternatively, it
has been proposed that these translocations could occur in immature B-cells, i.e.,
RAG-positive cells, prior to their arrival within GCs (6). Of particular interest with
respect to a reactivation of RAG expression and potentially variant V(D)J recombi-
nation leading to t(8;14) in eBL are earlier reports that EBV and, specifically, the
viral protein EBV nuclear antigen (EBNA)-1 can induce RAG gene expression in
B-cells (62,63). Although one group found no detectable RAG gene expression
in eBL (64), increased RAG expression has been observed in preneoplastic lymphoid
samples but not tumors in EBNA-1 transgenic mice (see below) that develop B-cell
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lymphoma (65). Induction of RAG gene expression by EBNA-1, therefore, may be
restricted to the early stages of lymphomagenesis.

Unlike for the Ig breakpoints, the mechanisms that result in the chromosomal
breaks on chromosome 8 are less clear because they do not exhibit hallmarks of
V(D)J recombination, class switching, or somatic hypermutation. In addition to
the question of what events predispose MYC for translocation, the equally perplex-
ing question is ‘‘What determines the selection and frequency of translocation to the
three different Ig loci?’’ A provocative answer to the latter question may have been
provided by a recent report from Misteli and coworkers (66), who contest that gene
loci frequently have nonrandom and gene-specific distribution patterns within the
nucleus, and that proximity of translocation-prone genes may influence the fre-
quency at which certain alleles are involved in translocation—basically, the closer
the two alleles, the greater the possibility that they will be recurrently translocated.
With respect to MYC/Ig translocations in BL, the mean separation values deter-
mined in B-cells (this apparently does not hold true for all cell types) forMYC alleles
and the three Ig loci reflected the frequency of the MYC/Ig translocations for the
population of BL tumors cited in this report: IgH> Igk> Igj. One caveat is that
the relative frequencies of the two variant translocations as reported (8% Igk, 3%
Igj) differ from commonly reported values of either equivalent frequencies (10%)
or a preference for Igj (15%) over Igk (5%). However, this discrepancy could be
due to the relatively low number of BLs containing either variant translocation in
a single sample population. If the conclusions of this study are correct, then one
could predict that the combination of increased recombinogenic potential associated
with Ig gene remodeling and active MYC gene transcription (and thus an open chro-
matin configuration) occurring in close proximity within vigorously proliferating GC
B-cells underlies the propensity for the characteristic MYC/Ig translocations in BL.

MYC—Purveyor of Cell Proliferation, Immortality, and Death

As would be expected of an oncoprotein, MYC has a dominant influence on cell-
cycle progression and is required for sustained cell proliferation in tumors in which
it is activated (67,68). Often referred to as the ‘‘master regulator’’ of the cell cycle,
MYC drives cell proliferation through its effects on genes that directly regulate
the cell cycle. This includes, for example, upregulation of D cyclins, their associated
cyclin-dependent kinases (CDKs) 4 and 6, and cdc25A (a protein phosphatase that
activates CDK2 and CDK4), and downregulation of the CDK inhibitors p21Cip1 and
p27Kip1 (6,43,69–72). MYC also influences a number of ancillary processes central to
tumorigenesis, e.g., inhibition of terminal differentiation and the induction of telo-
merase activity and angiogenesis (68,73–75). Additionally, overexpression of MYC
in B-cells can impose a nonimmunogenic phenotype as a result of reduced expre-
ssion of human leukocyte antigen (HLA) class I and II molecules and several compo-
nents of the class I antigen processing and presentation pathway (76). This has obvious
implications for the evasion of anti-tumor and -EBV immunity by preneoplastic and
neoplastic B-cells that overexpress MYC.

Despite the many positive influences of MYC on processes that directly and
indirectly promote cell proliferation and tumorigenesis, MYC is also a potent indu-
cer of programmed cell death (apoptosis) (77,78). This apparent paradox to MYC’s
role in cell transformation actually represents a safeguard mechanism in the host to
eliminate those cells that support inappropriate expression of potentially oncogenic
proteins, of which MYC is a prototypical example. Not surprisingly, disablement of
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MYC-activated apoptotic pathways has proven to be critical for the progression to
malignancy. This now common theme in tumorigenesis has been most effectively
demonstrated in mouse models of c-Myc–induced cancer.

Mouse Models of c-Myc–Induced Lymphomagenesis

Given the timing of the identification of MYC as a likely transforming protein in
human tumors, it was one of the first proteins evaluated for its oncogenic potential
in transgenic mouse models of cancer (79–81). Of these, the Em-myc mouse in which
a mouse c-myc transgene is under transcriptional control of the Em IgH enhancer (79)
has been a particularly insightful model of MYC-induced lymphomagenesis. More
recently, an alternative mouse model of BL has been described (k-MYC) in which
a MYC transgene is under the control of an Igk transcriptional regulatory domain
[mimicking t(8;22)] (82). This model appears to accurately recapitulate features of
BL-specific MYC activation, perhaps more so than the Em-myc mouse, though it
is yet to be as thoroughly studied.

At approximately four to six months of age, Em-myc mice develop clonal pre-B
and B-cell lymphoma (tumor latency varies among mouse litters, but within a litter
spans approximately two weeks), similar to BLs bearing the t(8;14) translocation (79).
Crosses of Em-myc with either Em-bcl-2 transgenic (83) or p53�/þ mice significantly
accelerates lymphoma development, suggesting that inactivation of proapoptotic
mechanisms is critical for MYC-induced lymphomagenesis (84,85). Concordantly,
within tumors that arise in Em-myc mice, there is a selection for disruption of the
p53-mediated pathway of apoptosis (see below) in a majority of tumors. This occurs
by loss of either p53 function through mutation or (rarely) deletion (28%), bi-allelic
deletion of the p19ARF locus (24%) (ARF is an antagonist of murine double minute
2 (Mdm2), a negative regulator of p53), and frequent overexpression of Mdm2,
notably in tumors that retain a wild-type (wt) p53 gene (86). The importance of inac-
tivation of the ARF-Mdm2-p53 tumor suppressor pathway to c-Myc–induced lym-
phomagenesis is further highlighted by Em-myc crosses with mice deficient in ARF
or Mdm2—on an ARF�/– background lymphomagenesis is rapidly accelerated (86),
whereas it is profoundly inhibited by Mdm2 haplo-insufficiency (87). Moreover, loss
of the proapoptotic protein Bax, which is important for p53-dependent and c-Myc–
induced apoptosis, circumvents the selection of p53 mutations during lymphoma-
genesis in Em-myc mice (88).

Undoubtedly, significant insight into c-Myc–induced lymphomagenesis has
been obtained from studies of the Em-myc mouse, but with a question of ‘‘how much
of this information is relevant to human BL?’’ The Em-myc mouse model has proven
to be remarkably representative of BL in general, particularly with respect to the sta-
tus of the ARF-HDM2-p53 pathway (HDM2 is the human equivalent of the mouse
Mdm2 protein). However, whereas the frequencies of p53 loss-of-function and over-
expression of HDM2 in BL tumors are very similar to those observed in Em-myc
lymphomas, ARF is targeted to a much lesser degree (see below). The frequent dele-
tion of the ARF locus in the Em-myc system may reflect the absence of EBV, which
has been demonstrated to provide a survival function in maintenance of the BL
tumor phenotype (89,90). Thus, this function of the virus may potentially supplant
a need to target ARF, though it is unclear how this may be accomplished. Unfortu-
nately, insufficient numbers of BL tumors (adequately classified according to sub-
type and EBV status) have been assessed to date to permit definitive identification
(by comparative analyses) of features common among or unique to the three
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subgroups of BL and Em-myc tumors and to find if there are properties that are more
likely to occur in EBV-positive versus EBV-negative cases of BL. Nonetheless, the
Em-myc mouse model has proven immensely valuable in demonstrating the need
for inactivation of apoptotic pathways to promote the tumorigenic properties of c-
Myc, which is certainly applicable to BL.

Alterations in the p53 Tumor Suppressor Pathway

and Its Modifiers in BL

The p53 protein is a transcription factor that is active in response to numerous pro-
apoptotic stimuli, notably DNA damage (and thus potential genome instability) and
inappropriate expression of proto-oncogenes such as MYC, which can contribute to
tumorigenesis. Depending on the nature and severity of the insult to the cell, p53
either enforces a cell-cycle arrest until the damage to the cell can be repaired (i.e.,
in the case of DNA damage) or initiates apoptosis. At least 50% of all human tumors
have acquired mutations in p53. Most commonly, these mutations cluster in the so-
called core domain, resulting in loss of DNA binding capability and thus inhibition
of p53 target gene transactivation. Mutations in p53 have been reported to occur in
approximately 30% of BL tumors (28% in the Em-myc mouse) (91–93), and these
mutations cluster at a number of ‘‘hot spot’’ residues and result in functional inacti-
vation of p53 (94). In addition to eBL, mutations in p53 were found in 50% to 60% of
HIV-associated cases of BL (95). The mutation rate of p53 among BL-derived cell
lines, regardless of EBV status, is even higher–70% to 80% of lines analyzed
(92,96–99)–suggesting that there is continual selection for disruption of p53 function,
even when other components of this tumor suppressor pathway are inactivated (see
below). However, this may be viewed as a consequence of long-term growth in
culture, and not necessarily critical to lymphomagenesis.

In addition to mutation of p53 itself, other components of the p53 tumor
suppressor pathway are commonly altered in BL (Fig. 2). Specifically, the ARF
protein, which binds to and inhibits the p53 antagonist HDM2 (an E3 ubiquitin
ligase that targets p53 for degradation via the 26S proteosome) (100), is lost as a
consequence of homozygous deletion of the genetic locus encoding ARF in
12.5% of BL tumors and 6% to 7% of BL cell lines analyzed (98,101,102). In Ger-
many, a recent analysis of sBL tumors, however, found no loss of ARF expression
(103). Interestingly, in cases in which ARF is deleted, p53 is wt, a situation also
found in tumors within Em-myc mice, though the frequency of ARF deletion in
the mouse tumors is notably higher (24%) (86). Likewise, BL lines that are found
to harbor wt p53 and to retain the ARF locus are prone to overexpression of
HDM2 (16–20%) (96,98), similar to Mdm2 in tumors from Em-myc mice. HDM2
overexpression in these cell lines is apparently due to enhanced translation. Thus,
while alterations in either ARF or HDM2 expression in BL are less frequent than
mutations in p53, together they may account for an equivalent number of known
hits within this tumor suppressor pathway in BLs in which p53 is wt. In summary,
therefore, the ARF-HDM2-p53 tumor suppressor pathway is inactivated in
approximately 55% to 65% of BLs (approximately 90% in BL cell lines), and is
impacted by p53 mutation, homozygous deletion of ARF, or overexpression of
HDM2, which appear to be mutually exclusive events within the primary tumor.
Inactivation of this pathway leads to inhibition of p53-dependent apoptosis in
response to MYC overexpression and, as demonstrated in the Em-myc mouse model,
undoubtedly provides a strong selective advantage during development of BL.
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In addition to events that directly target components of the p53 pathway,
mutations also occur within BL in genes that modulate the activity of this pathway
(Fig. 2). These include deregulation of B-cell lymphoma gene 6 (BCL-6), a transcrip-
tional repressor and multifunctional regulator of cell-cycle control, B-cell activation
and differentiation, apoptosis, and inflammation (104). In 29% of sBL and 50% of
eBL, BCL-6 expression is reported to be upregulated as a consequence of point
mutations within the first intron that are believed to arise during B-cell transit
through the GC (105,106). This may lead to inhibition of p53-induced senescence,
in addition to influencing other aspects of BCL-6 function. However, others have
reported that although mutations do occur within the BCL-6 gene in BL cells
(71.4%), there is no obvious correlation between the presence of mutations and pro-
tein levels or clinical outcome (107). Death-associated protein kinase (DAP-kinase)
and p73 (see below) have been shown to be targets of epigenetic silencing in BL.
DAP-kinase is a novel proapoptotic serine/threonine kinase whose expression is
necessary for interferon-c–induced apoptosis (108). The tumor suppressive proper-
ties of DAP-kinase appear to act at two apoptotic checkpoints: an early onco-
gene-activated apoptotic checkpoint mediated by the ARF-p53 pathway, as well
as a p53-independent checkpoint (109,110). The DAP-kinase gene has been found
to have hypermethylated CpG islands in 100% of BL tumors examined (111,112). This

Figure 2 Disruption of proapoptotic and cell-cycle–regulatory networks in Burkitt lym-
phoma. Shown are common events resulting in inactivation of the p53 and pRb tumor sup-
pressor pathways in BL. See text for discussion. Abbreviations: ARF, p14ARF (human
homolog of murine p19ARF); BCL6, B-cell lymphoma gene 6; CDK, cyclin-dependent kinase;
DAPK, death-associated protein kinase; E2F, adenovirus E2 gene regulatory factor; HDM2,
human homolog of murine double minute 2 protein (Mdm2); pRb, retinoblastoma protein.
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is in contrast to normal B-cells and those immortalized in vitro that show no evidence
of DNA hypermethylation. p73 encodes a protein with structural homology to p53
and similar functional characteristics, including the ability to promote apoptosis upon
its overexpression and to transactivate p53-responsive genes (113). Epigenetic silen-
cing of p73 via DNA methylation of a 50 CpG island has been demonstrated in 30%
of BL tumors (114). As mutation of p53 has a lower than average incidence in BL
as compared to other tumors, silencing of p73 may serve as an alternative event that
contributes to abnormal cell cycle and apoptotic regulation in BL.

Mutation of the pRb Pathway

The retinoblastoma tumor suppressor protein pRb and the related p107 and p130
(also referred to as pRb2) interact with specific members of the E2F family of pro-
teins to negatively regulate E2F-mediated transcription of genes important for entry
into and progression through the cell cycle (115,116). Direct regulation of E2F mem-
bers by these proteins is coordinated primarily through their phosphorylation by
CDKs—hypophosphorylated forms of pRb inhibit E2F function, whereas hyper-
phosphorylation of pRb releases E2F factors from this negative regulation. Given
the integral role played by pRb proteins in regulating cell-cycle progression, it is
not surprising that components within the pRb regulatory pathway (p16INK4a-
CDK4,6/cyclin D-pRb-E2F) are frequently compromised in human cancers, includ-
ing BL (Fig. 2). One target of alterations is the cyclin-dependent kinase inhibitor 2A
(CDKN2A) locus that encodes the tumor suppressors ARF (see above) and
p16INK4a (p16). p16 inhibits the phosphorylation of pRb by the cyclin D/CDK4
complex. Homozygous deletion of this locus has been reported in a wide variety
of human primary tumors (117), and deletion of this locus dually impacts both
the p53 and pRb pathways (118). Though deletion and mutation of the p16 locus
is a relatively rare event in BL (101,102,119), silencing of the p16 gene by DNA
methylation of exon 1 occurs in 42% of primary BL tumors and in the majority of
BL cell lines (101,119).

Alterations in this pathway leading to dysregulation of cell-cycle control also
occur downstream of p16. Downregulation of the CDK inhibitor p27Kip1 is an
essential step in the transition of cycling cells into S phase. Consequently, prolifer-
ating lymphoid cells typically exhibit undetectable levels of p27. Additionally, the
degree of malignancy of a variety of tumors, including numerous B-cell lympho-
mas, has been shown to be in inverse correlation with the level of p27 expression,
such that low p27 levels correlate with a high degree of malignancy (120). BL repre-
sents an exception to this in that anomalously high levels of p27 are present in cells
despite their high proliferative index. In BL, it appears that elevated p27 levels are
accompanied by overexpression of cyclin D3. Further work has demonstrated that
p27 is sequestered within an inactive complex, likely in part by cyclin D3, resulting
in the ability of these tumor cells to overcome a potential p27-mediated growth
arrest (121,122).

Frequent mutations in the pRb-related tumor suppressor pRb2/p130 gene have
also been reported in both BL tumors and cell lines (Fig. 2) (123). Under normal
conditions, quiescent cells in G0 contain an E2F-pRb2/p130 complex in the nucleus
that is responsible for active repression of a number of cellular gene promoters.
Upon entry into the cell cycle, pRb2 is phosphorylated by the G1 CDKs, resulting
in degradation of pRb2 through the proteosomal pathway and derepression of
E2F-responsive promoters. Often in BL, the nuclear localization signal (NLS) in
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pRb2 is mutated, resulting in a cytoplasmic localization of pRb2 and thus functional
inactivation of the protein (124). Mutations in the NLS are most common in eBL,
occurring in 84% of studied cases. Mutation of pRb2 in sBL is also fairly common,
but appears to occur at a lower frequency (46%). Interestingly, mutations in pRb2 have
not been found in HIV-associated BL (3). It has been postulated that in these cases,
functional inactivation of pRb2 occurs as a result of the physical interaction of the
HIV-1 transactivating (Tat) protein with the pocket domain of pRb2/p130 (125).
Despite the finding that HIV-1 is not commonly found in B-cells in AIDS-associated
lymphoma, a diffuse nuclear stain has been observed in tissue sections probed with
an anti-Tat monoclonal antibody. This is likely the result of soluble Tat, which can
be released from infected cells and subsequently taken up by uninfected cells (125,126).

EBV IN BL—CAUSAL ROLE OR B-CELL COHABITATION?

Two theories, not mutually exclusive, are currently favored to explain the contribu-
tions of EBV to BL. One provides for a direct role of the virus in maintenance of the
tumor phenotype and is supported by observations that in at least one commonly
studied BL cell line (Akata, see below), tumorigenic potential is dependent on
EBV infection despite absence of the expression of viral genes critical to the
growth-transforming properties of EBV. The second theory invokes the active estab-
lishment of a persistent latent infection as a process that, though not tumorigenic by
itself, predisposes the infected B-cell to a lymphomagenic event, notably the chromo-
somal translocations that juxtapose MYC and an Ig locus. This is predicated on the
belief (for which there is ample scientific evidence) that EBV, to sustain a lifelong
infection of its host, must gain entry into a pool of memory B-cells that serve as
the primary reservoir of latent EBV within healthy virus carriers (127,128).
To effectively establish a critical mass of this long-lived population of latently
infected B-cells, it has been proposed that the virus is able to drive, through the
actions of its latency-associated genes, a GC reaction that functionally mimics this
normally antigen-driven process leading to establishment of long-lived B-cell mem-
ory (129). The critical connection to BL here is the observation that BL cells have
characteristics of a GC cell, namely, they express GC-specific cell-surface markers
and have either undergone or continue to undergo somatic hypermutation of their
Ig variable–region loci (130,131). An illustration linking the establishment of EBV
latency to development of BL is shown in Figure 3.

Is Viral Latency a Prerequisite for EBV-Induced Lymphomagenesis?

EBV-associated tumors characteristically maintain a latent EBV infection that is
associated with the expression of a distinct set of viral genes, and effectively repress
virus replication, which is cytolytic and thus incompatible with long-term cell growth
and survival. Further, within BL and other tumor cells, the episomal or latency-asso-
ciated configuration of the EBV genome is present in clonal form (5). This suggests
that latency is established prior to the outgrowth of the BL progenitor cell, and thus
any direct contribution of EBV to BL would appear to require the establishment of a
latent infection. Although the establishment and maintenance of latency within
B-lymphocytes was once believed to closely mimic that which occurs in in vitro
infections, it is now evident that this is a more complex and multistep process that
is influenced as much by the B-cell as it is by the virus.
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In vitro, EBV infection of B-lymphocytes (predominantly resting cells, com-
monly isolated from umbilical cord or peripheral blood) induces cell proliferation
and immortalization through the concerted actions of several of the 12 known viral
latency genes (28). The resulting B lymphoblastoid cell lines (LCLs) sustain expression
of the full complement of EBV latency–associated genes (Table 1). However, this
pattern of EBV gene expression, referred to as either the growth or type III program
of latency, cannot normally be sustained in vivo as it predisposes the infected B-cell to
elimination by the host cellular immune response, primarily through the actions of
CD8þ T-cells directed toward peptide epitopes within several of the latency proteins
(see Chapter 5). Not surprisingly, then, B-cells that serve as the long-term reservoir of
EBV within the persistently infected host express a very limited repertoire of EBV
proteins (129,132,133).

EBV Latency in BL

The first indication that EBV-infected B-cells might actually restrict viral latency-gene
expression in vivo came from analyses by Rickinson and coworkers of the cytotoxic
T-lymphocyte (CTL) response to BL cells (134). Specifically, in 51Cr-release assays,
some BL lines, often derived from the same tumor, demonstrated intermediate (group
II) or complete resistance to CTL killing (group I), whereas other early-passage BL
cell lines (group III) were comparable to HLA-matched LCLs in their sensitivity to
CTL lysis. The group III BL lines, furthermore, displayed the same propensity as
LCLs to form large multicellular aggregates in culture, with group II lines being
intermediate in this regard [a phenotype subsequently attributed to EBV-induced
expression of cellular adhesion molecules (135)]. A comparative analysis of the

Figure 3 Model for establishment of long-term EBV latency in B lymphocytes and conse-
quential initiation of lymphomagenesis leading to BL. Dashed lines depict limited ability of
CTLs to kill B-cells maintaining the EBV latency II program relative to those maintaining
the latency III or growth program. Abbreviations: CTLs, cytotoxic T-lymphocytes; BL, Burkitt
lymphoma; EBV, Epstein–Barr virus. Source: From Refs. 158, 159.
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expression of known latency proteins (for which antibody reagents were available)
revealed that little or no EBNA-2 and latent membrane protein (LMP)-1 could be
detected in the BL lines resistant to CTL killing, whereas EBNA-1 expression was evi-
dent in all BL groups (136,137). Subsequent analyses indicated that the other mem-
bers of the EBNA (EBNA-LP, EBNA-3A, EBNA-3B, and EBNA-3C) and LMP
(LMP-2A and LMP-2B) latency-gene families were likewise downregulated in the
group I BL cells (138,139). Thus, the only latency-associated genes of EBV consis-
tently expressed in BL tumors and group I BL cell lines, commonly referred to as
the type I latency program, are the genome-maintenance protein EBNA-1, the small
noncoding RNAs [EBV encoded RNA (EBER)-1 and EBER-2] and the BamHI-A
rightwards transcripts (BARTs) (Table 1). Other EBV-associated tumors, most nota-
bly nasopharyngeal carcinoma and Hodgkin’s lymphoma, display a similar but less
restricted program of latency-gene expression that includes the LMP genes and is
often referred to as the type II latency program (not to be confused with the group
II classification described above) (140–146). Although these tumors at least express
the oncogenic LMP-1, none of the viral genes expressed within the type I latency
program in BL had been shown to possess either overt transforming activity or be
essential for B-cell immortalization by EBV—the exception being EBNA-1, required
for replication and maintenance of the EBV episome in dividing cells (147–150).

Is Establishment of Latency a Potentially Lymphomagenic Event?

B-lymphocytes that serve as the long-term reservoir of EBV in the periphery are
predominantly resting memory B-cells (IgD–/CD20þ) (127,128,132). These B-cells,
similar to their BL-cell counterparts, express a very limited repertoire of the
latency-associated genes (Table 1), which undoubtedly contributes to immune eva-
sion (132). The elucidation of how EBV gains entry into this long-lived population

Table 1 Epstein–Barr Virus Latency–Gene Expression Within B Lymphocytes and
B Cell–Derived Tumors

Latency
programa EBNAs LMPs BARTsb EBERs B-cell type/tumor

Latency �1c 2A þ þ Memory B-cells in
peripheral blood

Latency I 1 – þ þ BL
Latency II/
default

1 1/2A/2B þ þ Tonsillar GC and
memory B-cells;
HL

Latency III/
growth

1/2/3A/3B/
3C/LP

1/2A/2B þ þ Naive B-cells;
immunoblastic
lymphoma; LCL

aLatency I, II, and III are alternative designations for type I, II, and III latency programs, respectively.
bBART expression has been confirmed in peripheral blood B-cells (CD19þ CD23�; 211) and EBV-asso-

ciated tumors, but has not been specifically determined for specific B-cell populations.
cEBNA-1 expression is activated upon division of infectedmemory B-cells within the peripheral blood (132).

Abbreviations: BL, Burkitt lymphoma; HL, Hodgkin’s lymphoma; LCL, lymphoblastoid cell line; EBNAs,

EBV nuclear antigens; LMPs, latent membrane proteins; BARTs, BamHI-A rightwards transcripts;

EBER, EBV encoded RNA; GC, germinal centers.
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of B-cells promises to provide substantial insight into EBV biology, and may also
provide significant clues to the role of EBV in BL (151). As stated above, a cur-
rently favored hypothesis is that EBV gains entry into the memory B-cell pool
by directly promoting a GC reaction. Given that BL cells have features common
to a GC cell, it is presumed that the founding event in BL—the translocation
and consequential deregulated expression of a MYC allele—most likely occurs
within a GC B-cell (130,151). Therefore, EBV in its quest to establish a long-lived
persistent infection within the memory B-cell population may simply promote BL
by increasing the pool of BL progenitor cells. Additionally, as discussed earlier, this
target pool of EBV-infected B-cells may be further expanded as a consequence of
immunosuppressive parasitic infections, e.g., malaria, possibly explaining the much
higher incidence of EBV involvement in BL in geographical locations where such
infections are prevalent.

An alternative (or complementary) role to the indirect one in which EBV sim-
ply expands the pool of BL progenitors would be the direct influence of a viral gene
product(s) on a potentially lymphomagenic event or process. The reported induction
of RAG 1 and 2 expression by the EBV EBNA-1 protein suggested a scenario in
which EBV may contribute to BL by directly promoting translocation and, thus,
activation of the MYC gene (62,65). However, this currently seems unlikely given
that translocations in BL involving MYC and Ig loci typically do not bear the hall-
marks of classic RAG-mediated V(D)J recombination, but that of Ig class switching
and recombinogenic events associated with somatic hypermutation of Ig V regions
(56). Alternatively, survival functions provided by EBV during primary infection
may indirectly increase the chance for a MYC/Ig translocation by merely expanding
the window of opportunity for this event in a GC cell that is programmed for recom-
bination and is prone to mistakes. In this respect it is interesting to note that MYC/
Ig translocations have been detected within the blood of mice and 2% of healthy
humans, suggesting that mistakes normally occur during Ig remodeling, and that
cells carrying these inappropriate translocations can survive (152,153). This raises
the possibility that EBV infection of a B-cell that already carries a translocated
MYC allele may provide a critical step needed to advance the targeted cell along
the lymphomagenesis pathway. However, given the extremely low frequency of these
MYC/Ig-bearing cells, this particular mechanism would seem unlikely to be a viable
means for EBV to contribute to BL.

The current ‘‘working’’ model for the establishment of a normal persistent
infection is that upon infection of a naive B-cell, the growth or type III program
of EBV latency (Table 1) drives an expansion of infected B-cells, which subsequently
are able to enter a GC reaction (Fig. 3). This would enable further expansion of the
infected-cell pool, perhaps upon downregulation of growth-promoting EBV genes,
as expression of the LMP-1 protein appears to be incompatible with GC formation
(154). Ultimately, establishment of latency within a long-lived B-cell population
would occur upon differentiation of infected GC B-cells into memory B-cells, which
limit EBV gene expression to LMP-2A and the EBER RNAs, though upon periodic
division, activation of EBNA-1 expression ensures against loss of the EBV genome
(Table 1) (127,132,133).

Conclusive evidence that EBV primarily enters the memory cell pool by promot-
ing a GC reaction, however, has been elusive, and is confounded by several observa-
tions that are inconsistent with such a function mediated by EBV. This problem has
been addressed primarily by assessment of EBV gene expression and the B-cell type
infected within tonsils obtained from acute infectious mononucleosis (IM) and
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non-IM patients (129,155–157). First, it is clear that naive cells are not the only B-cells
infected by EBV during primary infection, and that the resulting pattern of EBV
latency–gene expression is complex and depends on the differentiation state of the
infected cell, with the growth program of latency probably occurring only upon infec-
tion of a resting na€��ve (IgDþ) B-cell (158,159). Further, two observations argue
against direct involvement of EBV in a GC reaction: (i) EBV-positive B-cells
infrequently appear within the GCs themselves, but instead predominate within
the interfollicular region and (ii) those that are present and expanding within GCs
are not undergoing somatic hypermutation of Ig V genes (156), and thus are not
participating in a classic GC reaction (151). Despite the observation that EBV-posi-
tive B-cells within the GC do not support ongoing hypermutation, they do harbor
somatically mutated V gene rearrangements, suggesting at least that EBV may gain
entry into GC (or memory) B-cells by direct infection, and that this pool of infected
cells expands without further hypermutation (156). The latter observation also sug-
gests that EBV may actually interfere with the GC reaction by suppressing somatic
hypermutation, though one study employing BL cell lines that constitutively hyper-
mutate their Ig gene V regions has demonstrated that EBV is unable to inhibit this
process (131). An obvious caveat to these interpretations is that EBV infection of such
tonsillar B-cells during either acute IM or the tonsillitis that prompted their resection
may not be representative of the normal pathway through which EBV gains entry into
the memory B-cell pool, if that is indeed through direct participation in aGC reaction.

Evidence for Direct Contribution to the Tumorigenic Phenotype

Active participation of EBV in lymphomagenesis leading to BL would, by definition,
require the action of at least one EBV gene product, presumably one that is expre-
ssed during latent infection. Although BL cells themselves express a limited repert-
oire of EBV genes, this does not necessarily exclude important contributions from
other viral genes that may have contributed to the founding events of lymphomage-
nesis, e.g., inhibition of MYC-induced apoptosis prior to inactivation of the p53
tumor suppressor pathway, but whose expression is ultimately silenced. Because
the identity of the true BL progenitor cell and the EBV genes that are expressed
within it are currently unclear, evaluation of the direct contribution of EBV to BL
has focused on those genes expressed in group I BL cell lines, namely, EBNA-1,
the EBERs, and the BARTs.

The Akata BL Cell System

Some of the most informative studies of late to address the role of EBV and indivi-
dual EBV genes in BL have come from analyses of the Akata BL cell line. For rea-
sons unknown, Akata cells spontaneously lose the EBV genome and their
tumorigenic potential (160). Importantly, upon reinfection and establishment of a
type I latency program in EBV-negative Akata cells, tumorigenicity is restored, pro-
viding definitive evidence that this subgroup of EBV genes thought not to directly
contribute to growth transformation of B-cells in vitro can contribute to oncogenic
potential, at least in the setting of BL (89,90). The Akata cell system, therefore, offers
a unique cell model to directly address contributions of the EBV genes expressed
during type I latency to the malignant phenotype of BL.

Two events, both with antiapoptotic consequences, have been identified in ana-
lyses of Akata BL cells that could contribute to their EBV-dependent tumorigenic
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potential. These are an apparent virus-mediated upregulation of Bcl-2 expression,
and a downregulation of MYC levels under growth-restrictive conditions (89,90).
Stable expression of higher levels of Bcl-2 in EBV-negative Akata cells at levels com-
parable to that seen in their EBV-positive counterparts increases tumorigenic poten-
tial (161) (Ruf IK, Sample JT, unpublished observation). However, the tumorigenic
potential of these cells does not rise to the level maintained by their EBV-positive
counterparts, suggesting that an additional event(s) (perhaps the downregulation
of MYC expression under proapoptotic conditions) is required to obtain their
full tumorigenic potential associated with EBV infection. Increased tumorigenic
potential of BL cells as a result of Bcl-2 overexpression is consistent with the early
observations of Strasser et al. (83) that the antiapoptotic Bcl-2 protein can comple-
ment c-Myc in B-cell tumorigenesis in vivo. Whereas one group has reported that
reinfection of EBV-negative Akata cells promotes higher Bcl-2 expression (90), we
have found that reinfection does not consistently result in higher Bcl-2 levels, though
it does regularly increase their resistance to apoptosis induced by serum withdrawal,
even in the absence of an apparent Bcl-2 induction (89). Further, Akata cells are
somewhat unique in this respect as Bcl-2 levels within group I BL lines are typically
very low or undetectable. Thus, it would seem unlikely that induction of Bcl-2
expression is a mechanism through which EBV consistently contributes to mainte-
nance of the tumorigenic phenotype of BL.

The EBV-dependent downregulation of MYC levels in Akata and other
group I BL cell lines under growth-restrictive culture conditions (88) could contri-
bute to tumorigenic potential by limiting the proapoptotic tendencies of MYC
under conditions, such as those in a growing tumor, that would otherwise favor
apoptosis. Although the mechanism through which the virus accomplishes this
has yet to be defined, it does appear to be mediated post-transcriptionally and is
not the result of a decrease in the t1/2 of MYC (89). Directly targeting MYC
expression to reduce its apoptotic potential, as opposed to upregulating antiapop-
totic proteins, e.g., Bcl-2 family members, would clearly be a novel mechanism to
promote the tumorigenic phenotype, though the finding that the ARF-HDM2-p53
pathway is frequently disrupted in BL indicates that this may be more of a fine-
tuning mechanism than a pivotal event in BL lymphomagenesis. Nonetheless,
due to a missense mutation, Akata cells are null for p53 (97), and, thus, inhibition
of p53-independent mechanisms of apoptosis would also appear to be critical to
development of BL.

EBNA-1

Of the six-member family of EBNAs, EBNA-1 is the only one that is routinely
expressed in BL. Furthermore, it is the only known EBV protein expressed in all
EBV-associated tumors, potentially implicating a role for EBNA-1 in tumorigenesis.
While the genome-maintenance functions of EBNA-1 are unquestionably essential
for sustaining latent infection in BL cells, whether EBNA-1 contributes directly to
the oncogenic potential of EBV has been a longstanding question within the field,
and one with often-conflicting answers. Through its ability in part to bind to
DNA in a sequence-specific manner within the EBV origin of episomal DNA replica-
tion (oriP) (162), EBNA-1 is also able to activate transcription of latency-gene pro-
moters, including the promoter Cp that regulates transcription of the multicistronic
EBNA gene (163–165). EBNA-1 is also able to negatively regulate its own expression
through two EBNA-1 binding sites within the EBNA-1–specific promoter Qp that is
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silent during the type III or growth program of EBV latency (Cp active), but respon-
sible for driving EBNA-1 expression in all EBV-associated tumors and proliferating
normal B-cells in which Cp has been silenced (166–168). Theoretically, as a transcrip-
tion factor, EBNA-1 could contribute to tumorigenesis by either positively or nega-
tively regulating cellular gene expression. There are conflicting reports, however, of
whether EBNA-1 is able to directly activate transcription of nonepisomal templates
(i.e., cellular genes) (169,170), and recent mRNA profiling experiments have failed
to identify significant effects of EBNA-1 on cellular gene expression (170), though
EBNA-1 has been demonstrated to increase expression of RAG, Bcl-XL, and CD25
(note that RAG and CD25 genes were not represented on the arrays used in the profil-
ing study quoted) (62,65,170).

In EBV-negative Akata BL cells, stable expression of EBNA-1 fails to confer
the survival functions associated with EBV infection of these cells and, perhaps con-
sequently, does not enhance their tumorigenic potential (89,90). Thus, it would seem
that EBNA-1 alone does not contribute significantly to the EBV-dependent tumori-
genic potential of Akata BL cells through antiapoptotic or other means. A recent
report from Sugden and coworkers, however, suggests that EBNA-1 can provide a
survival (antiapoptotic) signal to Akata and other BL cell lines (172). These effects
of EBNA-1 were observed following ectopic expression of a dominant negative form
of the protein that interferes with EBNA-1 activation of transcription. Although it
seems unlikely that this survival function contributes significantly to the tumorigeni-
city of BL cells given previous demonstrations that EBNA-1 does not increase the
tumorigenic potential of EBV-negative Akata cells, it could conceivably play an
important role earlier in lymphomagenesis.

The strongest evidence to date to support a direct role of EBNA-1 in tumori-
genesis would appear to come from the analyses of EBNA-1 transgenic mice by
Wilson and coworkers (173,174). In 10 lines of mice generated on the C57BL/6
background in which B-cell–specific expression of EBNA-1 is under control of the
Em heavy chain enhancer, two lines developed B-cell lymphomas at 4 to 24 months
of age (the remaining eight lines did not detectably express the transgene, and exhib-
ited no pathology) (174). The two transgenic lines that did develop tumors (desig-
nated 26 and 59) were considerably different in terms of penetrance and latency
period prior to onset of disease: line 26 was fully penetrant with mice succumbing
to lymphoma within 4 to 12 months (mean: 200 days, median: 235 days), whereas
within line 59, 43% of all mice developed lymphoma by 24 months (6% of control
mice also developed lymphoma during this time interval). Notably, while levels of
steady-state transgene RNA correlated with the degree of the neoplastic phenotype,
an inverse relationship between the levels of EBNA-1 protein and the penetrance of
the disease was found to exist, raising the possibility that lymphomas were not a
direct consequence of EBNA-1 function but of transgene insertion. Subsequent stu-
dies performed to investigate potential oncogenic mechanisms in these EBNA-1
transgenic mice found that while EBNA-1 and Bcl-2 are redundant in lymphomagen-
esis, EBNA-1 and c-Myc appear to cooperate, implying a survival role for EBNA-1
that is consistent with the apparent upregulation of Bcl-XL in these studies (65,173).
Evidence of an oncogenic role for EBNA-1, however, has not been observed in three
independently derived transgenic lines (on the FVB genetic background) that express
EBNA-1 in mature B-cells near levels seen in latently infected B-cell lines (Kieff E,
personal communication, 2003). Thus, whether EBNA-1 plays any role in BL other
than through its requirement for maintaining the EBV genome within tumor cells is
an unresolved question.
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EBER-1 and EBER-2

EBER-1 and EBER-2 are small noncoding RNAs of 167 and 172 nucleotides, respec-
tively, whose tandemly arranged genes are transcribed by cellular RNA polymerase
III (Pol III) (175–177). They are expressed within latently infected cells at approxi-
mately 107 copies per cell (EBER-1 levels are roughly 10-fold EBER-2 levels) and
are present predominantly within the cell nucleus in complexes with the cellular
protein La/SS-B (175,178). The EBERs are expressed in all latently infected cell lines
and tumors, and are detectable as well within the memory B-cell pool that normally
serves as the long-term reservoir of EBV in healthy individuals (132,179). Most
importantly, the EBERs are able to significantly enhance the tumorigenic potential
of EBV-negative Akata BL cells (180,181), as well as the EBV-negative B-lymphoma
cell line BJAB (182). Whether one or both EBER species are required to achieve this
effect has not been determined, and the mechanism(s) through which these small
RNAs contribute to tumorigenic potential is currently unclear.

There are conflicting reports as to whether the EBERs enhance tumorigenic
potential by promoting cell survival. One group has attributed the higher levels of
Bcl-2 expression and enhanced cell survival demonstrated by EBV-positive relative
to EBV-negative Akata cells to expression of the EBERs (180). These conclusions
are based on the observation of these apparent EBV-dependent effects in two
EBV-negative Akata cell lines that stably express both EBERs. In contrast, after
examining approximately one dozen independently derived EBV–/EBERþ Akata
cell lines, we found no consistent upregulation of Bcl-2 that could be attributed to
the EBERs, because vector-control lines were as likely as the EBER-expressing lines
to have elevated levels of Bcl-2 (181). Although modest upregulation of Bcl-2 as
observed in EBV-positive versus EBV-negative Akata cells can promote cell survival
and tumorigenic potential (see above), whether this is an EBER-dependent mechan-
ism seems doubtful. Perhaps consistent with this conclusion is the finding that the
EBERs, when expressed in EBV-negative Akata cells, do not affect MYC levels or
enhance cell survival under growth-restrictive conditions as demonstrated for EBV
infection (181). Moreover, the effect of EBER expression on the tumorigenic poten-
tial of EBV-negative Akata cells, like that of elevated Bcl-2 levels, is partial relative
to EBV infection (181). Thus, multiple EBV gene products likely contribute to
maintenance of the tumorigenic phenotype of Akata and presumably other EBV-
positive BLs.

If the EBERs do not contribute to tumorigenic potential by promoting cell sur-
vival, upregulation of Bcl-2, modulation of MYC expression, or through other
means, then what might their contribution be? Three EBER–protein interactions
have been described that may shed light on this question. The cellular proteins tar-
geted are the nuclear protein La/SS-B (178), the ribosomal protein L22, also known
as EBER-associated protein (183–185), and the double-stranded RNA (dsRNA)-
dependent/activated protein kinase, PKR (186,187). La is critical for the nuclear
processing of small cellular transcripts generated by Pol III, e.g., transfer RNAs
(tRNAs) (188–190). By binding to the UUU-OH component at the 30 termini of
these RNAs, the transcripts are protected from exonucleolytic digestion and retained
within the nucleus until processing is complete. Unlike some cellular Pol III tran-
scripts bound by La (e.g., tRNAs), the EBER transcripts stably associate with
La, which presumably serves to retain the EBERs within the nucleus (175,191). La,
a fraction of which is believed to shuttle to the cell cytoplasm, has also been impli-
cated in translation of several cellular and viral messenger RNAs (mRNAs) (188),

Burkitt Lymphoma 205



e.g., cellular Mdm2 and X-linked inhibitor of apoptosis (XIAP) synthesis is
enhanced through the interaction of La with the 50 untranslated region (UTR) of
the mdm2 mRNA and promotion of internal ribosome entry–mediated translation
of XIAP, respectively (192,193). It has also been proposed that La enhances the
synthesis of ribosomal and other proteins involved in protein synthesis through an
interaction with the 50-terminal oligopyrimidine motif in their mRNAs (194).
Whether EBER interaction with La significantly affects La-mediated cellular pro-
cesses is unknown, though we have observed no effect on XIAP expression in the
presence of the EBERs under conditions reported to influence XIAP regulation by
La (Ruf IK, Sample JT, unpublished observations).

The ability of the EBERs, which have extensive secondary structure (175),
to interact with PKR and inhibit its activation in vitro is well documented
(186,187,195,196). However, it is unclear whether EBERs significantly influence PKR
activity in vivo. Specifically, the predominantly nuclear localization of the EBERs dur-
ing latent infection (191) would argue against significant inhibition of the activation and
thus function of PKR,which is primarily cytoplasmic and requires a relatively high con-
centration of dsRNA to saturate its dsRNA-binding sites to prevent dsRNA-mediated
autoactivation. Recent experiments have demonstrated that within cell lysates or in cells
transiently overexpressing PKR following transfection by electroporation, EBERs are
able to inhibit PKR activation and phosphorylation of its primary known target, the
translation initiation factor eukaryotic initiation factor 2a (eIF-2a) (182,197). Unfortu-
nately, interpretation of these results is confounded by either an obvious (in cell lysates)
or likely (following electroporation) corruption within these assays of the nuclear
localization of the EBERs.

As dominant negative forms of PKR are tumorigenic (198,199), the promotion
of tumorigenic potential by the EBERs could occur through their inhibition of PKR
function. PKR is best known for its antiviral role, mediated through inhibition of
cap-dependent initiation of mRNA translation as a consequence of eIF-2a phos-
phorylation (200). PKR expression and activation are also inducible with interferon
(201). EBER inhibition of PKR activation during an antiviral interferon response to
latent EBV infection, therefore, could have important implications for EBV persis-
tence, in addition to maintenance of a tumor phenotype. However, replication of
vesicular stomatitis virus, which is sensitive to the actions of PKR and interferon-
alpha, is equivalent within LCLs that carry either a latent infection with wt EBV
or a recombinant EBV that lacks the EBER genes, in either the absence or presence
of interferon-alpha (202). Thus, whether the EBERs truly inhibit PKR function
in vivo, either in response to interferon or during normal latency within BL cells,
awaits definitive demonstration.

Within latently infected B-cell lines, interaction of the L22 ribosomal protein
with the EBER-1 RNA results in redistribution of approximately 50% of the cellular
pool of L22 from the cytoplasm and nucleolus (the site of ribosome biogenesis) to
the nucleoplasm (185). Because this is a selective interaction of L22 with the third
and possibly fourth stem-loop of the EBER-1 molecule, i.e., it is sequence and/or
secondary-structure specific (184,203), it would appear that this EBV RNA has
evolved to specifically target L22. Presumably, this would affect the ability of L22
to perform its normal function in protein synthesis, though attempts thus far to con-
sistently demonstrate a significant decrease in polysome-associated L22 within
latently infected B-cells have been inconclusive (185). L22 lies within the exit tunnel
of mature ribosomes, and within the Escherichia coli ribosome, acts as a discriminat-
ing gate to regulate the passage of nascent polypeptides containing the amino acid
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sequence FXXXXWIXXXXGIRAGP (X is any amino acid) in the secretion monitor
protein, secM (204,205). An attractive hypothesis, therefore, is that redistribution of
L22 (from the ribosome fraction) by EBER-1 results in altered synthesis of a subgroup
of cellular proteins, the collective consequence of which is an enhanced tumorigenic
potential in the setting of BL and perhaps other EBV-associated tumors. Although
searches of the protein database have failed to identify mammalian polypeptides con-
taining themotif present in theE. coli secM protein targeted by L22, this is not entirely
unexpected given the evolutionary divergence between mammalian and prokaryotic
L22 proteins, and predictably their respective target polypeptides.

Alternatively, interaction of EBER-1 with a subfraction of the cellular L22 pool
may serve to influence a nonribosomal function of L22. In this respect, it is interesting
to note that L22 also interacts with the immediate-early proteins ICP4 and ICP22 of
the alphaherpesvirus herpes simplex virus-1 (HSV-1) and the ICP4 homolog encoded
by the equine herpesvirus 1 (206–208). Because of the transcriptional regulatory
nature of these viral proteins, these interactions may imply that L22 has functions
distinct from its role in protein synthesis. It is also conceivable that an interaction
of a viral gene product with L22 could impart a gain-of-function upon L22. Regard-
less, the fact that L22 is specifically targeted by at least four herpesvirus gene
products—three of which are proteins and one an RNA—suggests that modulation
of L22 function(s) plays biologically relevant, though likely distinct, roles in herpes-
virus lifecycles. For EBV, this role may influence the tumorigenic potential of BL
and other EBV-associated tumors.

BARTs

The BARTs are a family of alternatively spliced, polyadenylated RNAs, whose pro-
tein-coding potential is currently a matter of some debate. Although they appear to
be most highly expressed within nasopharyngeal carcinoma cells, in which they were
first identified (209,210), they are detectable in all latently infected cell lines, EBV-
positive tumors, and normal peripheral-blood B-cells that harbor EBV (139,211–
213). Like the EBERs, they are nonessential for EBV immortalization of B-cells in
vitro (214) and thus a contribution of the BARTs to tumorigenesis is not necessarily
intuitive. The finding that the EBERs and EBNA-1 together do not confer the same
degree of tumorigenic potential as EBV infection on Akata BL cells (181) suggests
the contribution of an additional EBV gene product. Because the BARTs are the
only other EBV gene products known to be consistently expressed in BL, they are
obvious candidates.

The fact that these transcripts encode protein is supported indirectly by two
forms of experimental data. First, antibodies have been detected in the serum of naso-
pharyngeal carcinoma (NPC) patients to a polypeptide encoded by the BARF0 open
reading frame (ORF) within the common 30 termini of the BARTs (215). Unfortu-
nately, it has not been possible to definitively identify this or other endogenous
BART-encoded proteins within infected cells, and attempts thus far to stably express
these proteins in EBV-negative Akata cells have not been successful, as they appear to
not be tolerated at levels readily detected by standard immunodetection techniques.
Second, studies employing two-hybrid screens to identify cellular proteins that inter-
act with the putative protein products of three BART ORFs have demonstrated that
two, RPMS1 and RK-BARF0, interact with components of the Notch signaling path-
way: RBP-Jj and its associated corepressor CIR, and Notch4, respectively (216–218).
The third BART protein, encoded by the A73 ORF, interacts with the cellular protein
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receptor for activated protein kinase C (RACK1), a scaffolding protein that serves as
the cytoplasmic receptor for protein kinase C (216).

While demonstration of a protein–protein interaction itself does not confirm
that any of these proteins are actually expressed during EBV infection, the interac-
tion of BART-encoded proteins with components of the Notch pathway may be par-
ticularly relevant given that it is targeted by four known EBV latency–associated
proteins. The EBNA-2, EBNA-3A, EBNA-3B, and EBNA-3C proteins all interact
with the DNA-binding protein RBP-Jj (alternatively known as CBF1 (219–222),
which targets transcriptional coactivators and corepressors to the promoters of
Notch-regulated genes. Analogously, interaction of these EBNA proteins with
RBP-Jj permits positive and negative regulation of transcription of the EBNA
and LMP genes (the promoters for which have RBP-Jj binding sites) by EBNA-2
and the EBNA-3 proteins, respectively, during the growth or type III program of
EBV latency (220,221,223–227). Based on promoter studies in transient transfection
assays (228), EBNA–RBP-Jj interactions are also likely to regulate cellular target
genes of the Notch pathway, though this largely awaits the identification of
Notch-regulated genes.

First described as a developmental network in Drosophila, the Notch pathway
is now known to control diverse aspects of mammalian cell development and tissue
homeostasis, including a role in antiapoptosis, and is often subverted in cancer
(229,230). Various signaling components within this pathway are targeted by no
less than four EBV latency proteins, strongly suggesting that regulation by EBV
is critical to latency. This lends credence to the likelihood that the RPMS1 and
RK-BARF0 ORFs do indeed encode proteins and that they may be critical for reg-
ulation of events within the Notch pathway. The interaction of the RPMS1 protein
with RBP-Jj and CIR has been proposed to repress promoters containing RBP-Jj
binding sites by stabilizing this repressor complex on the DNA (217). By contrast,
EBNA-3 proteins are believed to repress transcription by interfering with RBP-Jj
binding to the promoter (220,221), thus preventing recruitment of activators, e.g.,
EBNA-2 and its associated coactivators, to the promoter. The interaction between
RK-BARF0 and Notch4 results in translocation of the unprocessed form of Notch4
directly into the nucleus (218). This complex is believed to bind to and activate the
LMP-1 promoter in the absence of EBNA-2, e.g., in tumors such as Hodgkin’s lym-
phoma and nasopharyngeal carcinoma, which must express LMP-1 independently
of EBNA-2 during type II latency. Although the capacity of the BARTs to encode
proteins that interact with and usurp or redirect the function of cellular proteins in
the Notch pathway may underlie their potential contribution to tumorigenesis, this
awaits formal confirmation. Finally, the normal cellular pathways mediated
through RACK1, a scaffold protein that links protein kinase C to many of its sub-
strates, may be disrupted as a result of the demonstrated interaction between the
BART-encoded A73 protein and RACK1 (216). Furthermore, RACK1 has been
shown to interact with the tyrosine kinases Lck and Src and to inhibit their activ-
ities (231), suggesting a possible mechanism for A73 promotion of BL tumorigenic
potential.

Alternatively, it has been proposed that the BARTs may negatively regulate,
through transcriptional interference or an antisense mechanism, the expression of
EBV transcripts that originate from the DNA strand complementary to that which
encodes the BARTs—hence their alternative designation of complementary-strand
transcripts (232). These potential gene targets of the BARTs are characteristically
expressed during the EBV lytic cycle, implying that any negative effect on their
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expression by the BARTs is for the purpose of interfering with reactivation of the
virus in latently infected cells that would be counterproductive to tumorigenesis.
However, currently there are no published studies to support such a mechanism of
BART function.

PROSPECTS FOR FUTURE DISCOVERY

Clearly there is still much to learn about the biology of BL—from the role of EBV
and other infectious agents that most certainly play a part in pathogenesis, to the
factors that underlie the differences among the various BL subtypes. From the per-
spective of EBV infection, the elucidation of EBER functions promises to provide
significant insight into EBV’s unexpected role in maintenance of the tumorigenic
phenotype and whether this role will be important in EBV-positive BLs as a rule,
or only in a subset of these tumors. Furthermore, there is good reason to believe that
additional EBV genes play significant roles. Will these prove to be the BARTs—long
studied but poorly understood—or a latency gene, possibly a novel one, whose
expression in BL has thus far gone unrecognized? Moreover, this need not be a
strictly latency-associated gene, but perhaps an aberrantly expressed gene of the
EBV lytic cycle. Through the use of viral DNA microarrays, it should be a relatively
straightforward endeavor to address these possibilities by screening the entire EBV
genome for expression within group I BL lines and tumor biopsies.

Another area of research that could potentially yield significant insight into the
role of EBV involves an innovative use of two available animal models that have not
been previously exploited for this purpose. Firstly, the Em-myc transgenic mouse has
provided a wealth of information on the genetic and biochemical pathways critical
for c-Myc–induced B-cell lymphomagenesis. Importantly, much of this information
acquired thus far is consistent with human BL given the striking parallels, for exam-
ple, in the frequency and manner in which the ARF-HDM2/Mdm2-p53 tumor sup-
pressor pathway is targeted. However, as we have discussed, there are differences
that, potentially, could reflect the absence of the EBV component of BL in mouse
tumors. It is technically feasible to test this by introducing the candidate EBV genes
into the B-cells of this mouse model or into the more recently described Igk-MYC
transgenic mouse model of BL (82). Although there is the possibility that EBV genes
will not function appropriately in the context of a mouse B-cell, the opportunity for
a significant payoff is inviting. Secondly, a combination of the rhesus macaque mod-
els of malaria and EBV infection could test the long-standing hypothesis that
malaria and EBV infection are important cofactors in the development of eBL. This
model of EBV infection employs the endogenous Lymphocryptovirus of macaques
(Cercopithecine herpesvirus 15), which is the biological equivalent to EBV in this pri-
mate model (233). Although macaque models of malaria that employ various simian
Plasmodium species may not display clinical courses completely identical to P. falci-
parum malaria in man (234), and the cost of such studies could be substantial given
the number of animals that may have to be coinfected to establish whether there is a
significant correlation, a successful test of this hypothesis would be particularly satis-
fying given the 40 or so years that have passed since the link between malaria and
EBV infection in eBL was first conceived.

Finally, what is the basis for the different subtypes of BL? The collective
answer to this question will likely provide the ‘‘big picture’’ of BL pathogenesis,
and will only come from a much better understanding of the contributions of
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EBV and other environmental cofactors, and a thorough knowledge of the genetic
and biochemical differences exhibited by the different tumor subtypes. As has now
been demonstrated for a number of human cancers, much of the latter information
could be extracted through the use of mRNA (and also protein) profiling of actual
tumor material. A thorough evaluation of all BL subtypes for the alterations in
tumor suppressor pathways previously noted in BL is also warranted, because this
information is currently incomplete, particularly for the nonendemic BLs. Moreover,
many of these analyses have been primarily restricted to cell lines that are not neces-
sarily representative of the tumors from which they had been derived. We expect,
furthermore, that the mouse models of c-Myc–induced B lymphomagenesis will con-
tinue to play an important role here, particularly in defining the contributions of
newly implicated disease mechanisms and molecular networks in BL.

FURTHER READING

This chapter represents our attempt to cover what we believe are currently the most
salient aspects of BL, with an emphasis on the role of EBV. We suggest the following
works for additional reading, as they cover in considerable detail a number of points
of interest and importance to BL that could only be touched upon here.

Hecht JL, Aster JC. Molecular biology of Burkitt’s lymphoma. J Clin Oncol 2000;
18:3707–3721.

Küppers R, Dalla-Favera R. Mechanisms of chromosomal translocations in B-cell
lymphomas. Oncogene 2001; 20:5580–5594.

Magrath I. The pathogenesis of Burkitt lymphoma.AdvCancerRes 1990; 55:133–270.
Nilsson JA, Cleveland JL. Myc pathways provoking cell suicide and cancer.

Oncogene 2003; 22:9007–9021.
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INTRODUCTION

Prior to the demonstration in situ of Epstein–Barr virus (EBV) genomes and anti-
gens in Hodgkin’s lymphomas (HLs), several lines of evidence already pointed to
the involvement of EBV in its pathogenesis. In particular, seroepidemiological inves-
tigations showed an increased risk of HL following infectious mononucleosis (IM)
(1,2). Until the late 1980s, however, attempts had failed to unequivocally demon-
strate EBV particles or gene products in HL tissues. Methodological advancements
and development of EBV-specific probes and monoclonal antibodies made it possi-
ble to establish a firm association of EBV with HL. In 1997, a working group of the
International Agency for Research on Cancer categorized the EBV as a group I
carcinogen and concluded that there was sufficient evidence to consider the associa-
tion between EBV and HL as causal (3).

An association of HL with EBV was originally suggested on the basis of sero-
logical findings and because of a threefold increase in the risk of developing HL in
young adults following acute IM (1,2). Unexpectedly, Sleckman et al. reported that
a history of IM was not predictive of EBV-positivity in the Hodgkin and Reed–
Sternberg (HRS) cells (4). In contrast, two subsequent studies investigating larger
numbers of patients have indicated that IM increased the risk of developing
EBV-associated HL in young adults (5,6). On the basis of these findings, Jarrett
has proposed that HL cases fall into four different categories, including EBV-
associated pediatric HL, EBV-positive HL in young adults, EBV-positive HL in
older individuals, and EBV-negative HL, the latter representing most cases occurring
in young adults (7).
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HISTOLOGY OF HL

According to the recent World Health Organization (WHO) classification, malignant
neoplasms of lymphoid tissues are divided into two large groups, HL and non-HL
(NHL) (8). HL, previously designated Hodgkin’s disease or lymphogranulomatosis,
a term now obsolete, is considered a lymphoma because of growing evidence that the
atypical cells are truly lymphoid in nature. HL is divided into two major entities:
nodular lymphocyte-predominant HL (NLPHL) and classical HL (cHL). These
forms differ in their clinical and histopathologic features and other characteristics.
Lymphoid tissues of NLPHL display small numbers of atypical tumor cells known
as ‘‘popcorn’’ or ‘‘L&H’’ (lymphocytic and/or histiocytic) Reed–Sternberg (RS) cell
variants on a background of numerous non-neoplastic small lymphocytes arranged
in a nodular, or nodular and diffuse, growth pattern, and associated with meshworks
of follicular dendritic cells. cHL is characterized by the presence of characteristic
atypical cells, Hodgkin cells and RS cells, which are collectively designated as HRS
cells. These large cells display one (Hodgkin cells) or several to numerous (RS cells)
atypical large nuclei with large eosinophilic nucleoli. They are embedded in an abun-
dance of reactive cells without cytological atypia comprising lymphocytes, plasma
cells, macrophages, and neutrophilic and eosinophilic granulocytes, as well as fibro-
blasts. RS cells arise from Hodgkin cells by endomitosis. The evidence for their deri-
vation from the same cell population stems from their virtually identical phenotypic
and genotypic features. Based on the composition of the nonmalignant cell admix-
ture and the presence or absence of annular fibrosis, four histological types, or
histotypes, of cHL are distinguished: (i) lymphocyte-rich HL (LRHL), (ii) nodular
sclerosing HL (NSHL), (iii) mixed cellularity HL (MCHL), and (iv) lymphocyte-
depleted HL (LDHL) (8, Table 1). Most cases comprise the histotypes of NSHL with
encirclement of cellular nodules by a fibrosing mesenchymal response, or MCHL that
displays typical HRS cells in a reactive cellular admixture of variable composition.

BIOLOGY OF HRS CELLS

The variant RS cells of NLPHL are recognized as B-cells by virtue of their dis-
play of B-lymphocyte antigens such as CD19, CD20, and CD22. Moreover,
they often express immunoglobulin (Ig) transcripts with a monotypic pattern
of light chain expression. In fact, rearrangement analysis of Ig genes at the sin-
gle-cell level showed rearrangements and signs of somatic hypermutation char-
acteristic for germinal center and postgerminal center B-cells, in some cases
even with intraclonal V gene diversity due to continuing somatic mutations in
the tumor cell clones (9,10). In agreement with this, the lymphocytic and histio-
cytic cells frequently express the activation-induced cytidine deaminase (AID),

Table 1 Hodgkin’s Lymphoma

Nodular lymphocyte-predominant Hodgkin’s lymphoma (NLPHL)

Classical Hodgkin’s lymphoma (cHL)
� Lymphocyte-rich HL (LRHL)
� Nodular sclerosing HL (NSHL)
� Mixed cellularity HL (MCHL)
� Lymphocyte-depleted HL (LDHL)
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a protein structurally related to RNA-editing enzymes, which is required for
somatic hypermutation and Ig class switching (11).

HRS cells of cHL share a number of phenotypic characteristics with antigen- or
mitogen-activated lymphocytes, such as expression of interleukin (IL)-2 receptor
CD25, CD70, and members of the nerve-growth factor receptor family [CD30, CD40,
tumor necrosis factor (TNF)-receptor], in addition to downregulation of CD45 anti-
gens. A similar phenotype can also be found in EBV- or human T-lymphotropic virus
type I–transformed cells (12). However, typical B-cell markers such as CD19, CD20,
and CD22 are expressed in only a minority of cases, and then in only a small propor-
tion of tumor cells. In HRS cells of some cHL cases, most often of NSHL histotype,
expression of T-cell markers such as CD3, T-cell receptor (TCR)b chains, or CD4 was
observed and considered evidence for a T lymphoid origin of such tumor cells (13).
The lymphoid origin of HRS cell in cHL was obscured by inappropriate lineage
marker expression, characteristic of macrophages and dendritic cells such as CD15,
CD83, fascin, restin, and thymus and activation-regulated chemokine (TARC), leav-
ing room for continued speculation about the exact origin of HRS cells (14–16). More
recently, the lymphoid nature of HRS cells became clear when individual cells were
isolated and analyzed for their Ig and TCR gene rearrangements (9). Most of these
cases, the number of which is still limited, displayed clonal Ig gene rearrangements
with evidence of somatic hypermutation. However, HRS cells of cHL lack signs of
ongoing somatic hypermutation and generally do not express AID, pointing to a post-
germinal center B-cell origin of HRS cells (11,17). In some cases, the mutations are
‘‘crippling,’’ i.e., leading to mutations abolishing the binding potential of the Ig heavy
or light chain (17). This however, does not seem to be biologically relevant because
HRS cells of cHL typically do not express Ig. This is most likely due to the relative lack
or absence of transcription factors that regulate Ig gene expression, such as Oct-2,
Bob-1, or Pu-1 (18,19), or epigenetic mechanisms such as promoter methylation
(20). The B-cell nature of HRS cells in most cHL cases is further confirmed by the
expression of Pax-5, a transcription factor required for establishment and mainte-
nance of B-cell identity (21). However, paradoxically, most B-cell–specific genes
upregulated by Pax-5 are not expressed in HRS cells (21). The basis of this phenom-
enon is currently unclear. In a smaller number of cases, clonal TCR gene rearrange-
ments were discovered, supporting previously published patterns of TCR b and
CD3 expression by HRS cells and providing unequivocal evidence for a T-cell nature
of HRS cells in some cases (22,23). Expression of various cytokine, chemokine, and
other growth factor genes by HRS and the reactive cellular admixture is held to
explain many of the characteristics of the different histotypes of cHL, systemic symp-
toms such as fever, and immune evasion of HRS cells expressing neo-antigens (24).

EBV DNA AND RNA IN HLs

After EBV gene probes became available in the late 1980s, EBV DNA was detec-
ted in HL tissue extracts by the application of direct filter hybridization techniques
using probes for the internal repeat sequences (25–29). Southern blots probed for
the EBV terminal repeats most frequently displayed viral episomal genomes in
monoclonal composition (27,28,30). Application of this technique to metachronous
(i.e., detected more than one month apart) HL manifestations also supported
these conclusions (31). In concert with the visualization of EBV DNA in HRS
cells, these findings provided evidence for the monoclonal nature of the atypical cells:
EBV DNA was found in HRS cells of up to 40% of HL cases when in situ
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hybridization was used with radioactive (27,28) or biotinylated probes specific for
the internal repeat sequences (32,33).

In HL involving several anatomic localizations, HRS cells at all sites were virus
infected (31,34). Similarly, EBV persisted in the HRS cell population of EBV-posi-
tive HL cases in virtually all cases of relapsed disease, with maintenance of the clonal
episomal and strain characteristics (35). Disappearance of EBV during relapse seems
to be a very rare event (36). Moreover, EBV-encoded RNA (EBER)–specific in situ
hybridization revealed EBV infection of virtually all HRS cells (37). All of these
observations imply that EBV infection occurs before clonal expansion of the HRS
cell population and suggest that HRS cells represent monoclonal proliferations, at
least in EBV-positive HL cases. Thus, these findings are not easily reconciled with
previous reports on the detection of polyclonal Ig gene rearrangements in HRS cells
obtained by micromanipulation of frozen sections (38).

The application of the polymerase chain reaction (PCR) to amplify unique or
repetitive EBV DNA sequences from HL tissue samples resulted in a considerably
increased frequency of EBV detection ranging from 40% to 80% of the cases in dif-
ferent series (39–42). These findings led to the conclusion that EBV genomes may be
present not only in HRS cells but in cells of the reactive admixture as well. These and
many other problems regarding the cellular sources of EBV DNA could be resolved
by in situ hybridization with EBER-specific probes. Because EBER transcripts are
present in very high copy numbers within latently EBV-infected cells, they may be
detected with high sensitivity and specificity by nonradioactive procedures in paraffin-
embedded archival tissue samples, and even in autopsy materials. Thus, their
detection has quickly become routine practice for the study of latent EBV infection,
replacing PCR for the mere demonstration of the virus and producing a large body
of data from different regions of the world.

By EBER-specific in situ hybridization, variable, but usually small numbers of
nonmalignant small lymphocytes were found in the majority of the HL cases, regard-
less of the EBV status of the HRS cells. Increased numbers of small EBER-positive
lymphocytes were observed in only a few cases, providing an explanation for the
higher frequency of EBV-positive cases in most PCR studies and emphasizing
the value of morphological analysis of EBV infection in HL (37,42). Double-labeling
experiments revealed that the population of EBER-positive small, reactive cells was
largely composed of B-lymphocytes (37). As opposed to the monoclonal nature of
the neoplastic cells, reactive EBER-positive cells expressed Ig light chains in a poly-
typic, mosaic-like pattern, thus displaying the phenotype of mature B-cells of oligo-
clonal origin (37). This conclusion was substantiated by the analysis of the Ig gene
rearrangement patterns of EBER-positive small lymphocytes in HL that showed
functional rearrangements and a heterogeneous clonal composition strongly con-
trasting with the findings in neighboring HRS cells of monoclonal origin (43). The
same conclusion was drawn from EBV strain analysis that showed the presence of
different EBV strains in HRS cells and admixed lymphocytes (44). EBER-positive
small B-cells with similar cytomorphologic and immunophenotypic characteristics
were also found in lymph nodes from normal healthy controls and are likely to be
part of the pool of circulating latent EBV-infected B-cells in virus carriers (45).

EBV infection of HRS cells is not evenly distributed among the different
histotypes of HL. The largest proportion of EBV-positive cases, with up to 80% in
Western series, was consistently found in MCHL, whereas the smallest proportions
were seen in NLPHL and LDHL. HL arising in HIV-infected patients was exclu-
sively of MCHL histotype and in virtually all cases associated with latent EBV
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infection of HRS cells (46). The literature is not yet informative as to LRHL, because
this entity has only recently been defined.

More importantly, the frequency of HL cases with EBER-positive HRS cells
showed considerable geographic variability: overall, EBER is present in 47% in
North American cases of cHL (42), 50% (37) and 45% (47) in European cases,
57% in China (48), 60% and 85% in Korea (49), 72% in Algeria (50), 54% in
Argentina (51), 64% in Brazil, 70% in Mexico (52), 96% in Peru (53), and even
100% in cases of pediatric HL in Honduras (54). In all of these studies, EBV was
most prevalent in MCHL, less commonly associated with NSHL, and only rarely
found in NLPHL and LDHL. Although rare in some developing countries, on a
worldwide scale, the majority of HL cases are associated with EBV because of the
larger populations in the developing compared to Western countries. The association
of MCHL and EBV is also reflected in the age distribution. The MCHL histotype is
more frequent in HL arising in patients younger than 15 years as well as in those
patients over 50 years old, as opposed to NSHL, which predominates in young
adults and is less frequently associated with EBV (55–57). HL originating in neck
lymph nodes, i.e., close to the putative site of primary infection with EBV, is more
frequently associated with the virus (58).

The prevalence of HL in immunosuppressed and HIV-infected individuals is
increased compared to appropriate control populations. Virtually all of these cases
are associated with EBV and are of the MCHL histotype (59). Interestingly, HL tis-
sues of patients with AIDS displayed monoclonal EBV episomes by Southern blot
analysis, which points to the fact that even in situations where expansion of EBV-
positive clones may be expected, the EBV genomes of HRS cells remain dominant
(59). This implies that even in a situation where immunodeficiency would be
expected to allow the development of a multiclonal EBV-infected population, HL
remains a clonal disease. HLs arising in the background of ulcerative colitis are
EBV positive, indicating that the immunological disturbance underlying this form
of inflammatory bowel disease may be relevant for the development of HL, which
again were of the MCHL histotype in all reported cases (60). The close association
of EBV with virtually all HL cases arising in states of immunocompromise contrasts
with the situation in immunocompetent individuals and raises the possibility that all
or most HL cases are initially EBV-positive, and selection against the virus in immu-
nocompetent individuals results in the appearance of EBV-negative HL. This sce-
nario would favor a ‘‘hit-and-run’’ mechanism, attributing a role to EBV even for
EBV-negative HL. However, in at least some of such secondarily EBV-negative
cases, the virus would have left traces in the host genome. A recent PCR and
PCR in situ hybridization study on detection of heterogeneous EBV DNA in
EBER-negative HL cases seemed to support this idea (61). However, a different
group using fluorescence in situ hybridization with probes spanning the entire
EBV genome on latent membrane protein (LMP) 1–negative HL found no hybridi-
zation to HRS cells, indicating that remnants of EBV genomes were not present (62).

PCR was also used to distinguish EBV strains present within HL lesions, in
most cases revealing type A EBV (40). However, type B EBV sequences were also
found in a proportion of cases, most of which were related to a clinical setting of
immunodeficiency (63). In addition, by PCR, polymorphisms were detected within
the LMP1 open reading frame. Some cases characterized by particularly bizarre
tumor cells presented with LMP1 sequences identical to those previously detected
in cases of nasopharyngeal carcinoma (64). These LMP1 variants are characterized
by a 30 base pair (bp) deletion at the 30 end of the gene resulting in the loss of amino
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acids 343 to 352 from the carboxy terminus of the LMP1 protein (65,66). Transfec-
tants expressing this LMP1 deletion variant displayed an increased tumorigenicity
and proved less immunogenic than the wild-type protein (65,67,68). The finding of
two HL cases with wild-type, full length LMP1 at diagnosis and the presence of addi-
tional deletion variants of LMP1 at relapse suggested that progressive accumulation
of mutations during the course of the disease might have occurred (34). However, the
relevance of the LMP1 deletion variant for the pathogenesis of HL remains uncer-
tain. In studies comparing virus isolates from tumors and from the corresponding
background population, full length and deleted forms of LMP1 were similarly pre-
valent in normal healthy carriers in European studies (69,70), suggesting that LMP1
deletions do not confer an increased risk of developing EBV-positive HL. Analysis of
Danish Hodgkin’s disease cases for mutations within the LMP1 promoter indicated
a selection pressure against EBV strains with weak promoter activity (71).

EBV ANTIGEN EXPRESSION IN HLS

Application of polyclonal and monoclonal antibodies on tissue sections revealed EB
nuclear antigen (EBNA)-1 and LMP1 in the absence of EBNA2 in EBV-positive
HRS cells, a pattern previously established for undifferentiated nasopharyngeal
carcinoma, i.e., latency type II (72–74). Whereas EBNA1 may also be found in occa-
sional cells of the lymphoid cell admixture, LMP1 is exclusive to HRS cells (72–74).
As predicted from studies at the transcriptional level, HRS cells express the LMP2
(terminal protein) gene in addition to LMP1 in a proportion of cases (75,76).
Furthermore, it was established that EBNA1 transcripts initiate at the Op promoter,
but not at the Cp and Wp promoters, indicating the absence of EBNA2-6 open read-
ing frame transcripts in HL (75).

This pattern of latent viral antigen expression is strictly maintained in the vast
majority of HRS cells. Expression of lytic cycle antigens such as the membrane gly-
coprotein, gp350/250 (72,77), viral capsid antigen (32,77), and early antigen (77) was
not detected in most studies. Latency is disrupted by expression of the BZLF1 trans-
activator protein, which precedes expression of all other late EBV proteins. BZLF1
immunoreactivity was found in the nuclei of a very small proportion of neoplastic
cells in few EBV-positive cases in two studies, which is consistent with an abortive
lytic infection in only occasional HRS cells (77,78). In only one of the cases was
BZLF1 reactivity accompanied by the expression of late EBV proteins, although
BZLF1-specific antibodies were detected frequently in sera from HL patients (78,79).

EBV INFECTION AND THE PHENOTYPE OF HRS CELLS

LMP1 is a 63 kDa transmembrane protein with a short amino terminus and a
long carboxy terminus, both cytoplasmic, and six membrane-spanning domains
(80). Following oligomerization at the membrane to produce characteristic patches,
LMP1 activates signaling through two distinct domains in its cytoplasmic termi-
nus, carboxyl-terminal activating region 1(CTAR1) and CTAR2, both of which
interact with TNF-associated factors (TRAF) (81). Ultimately, signaling involves
the nuclear factor (NF)-jB, Jun N-terminal kinase (JNK)/activator protein-1
(AP-1), and mitogen-activated protein kinase pathways (82,83). TRAF molecules
are physiologically recruited by membrane receptors like TNF-R, and this binding
leads to a rise in NF-jB levels (84). Thus, by molecular mimicry, LMP1 utilizes
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and potentiates signaling mechanisms common to the TNF receptor/CD40 family of
receptors to elicit its pleiotropic effects (85).

LMP2A and LMP2B are encoded by the same viral gene, with the exception of
the first exon, which is unique to LMP2A (86). LMP2B is considered a negative reg-
ulator of LMP2A function. Like LMP1, LMP2 is an integral membrane protein,
with 12 transmembrane domains, that forms patches and interferes with cell signal-
ing pathways (87). At variance with LMP1, LMP2A is present in healthy individuals
and is apparently not required for transformation of B-lymphocytes. The LMP2A
cytoplasmic tail contains an immunoreceptor tyrosine–based activationmotif (ITAM)
domain that can recruit the Src and Syk family of kinases, which are physiologically
involved in signal transduction from the B-cell receptor (88,89). Binding of the tyr-
osine kinases to the phosphorylated LMP2A ITAM sequences suppresses the acti-
vating signal normally generated by the B-cell receptor (90). Alternatively, LMP2A
can replace a functional pre–B-cell receptor in B-cell development in mice (91,92).
Thus, LMP2A seems to interfere with Ig signal transduction.

EBV infection of lymphocytes and epithelial cells in vitro is associated with a
variety of immunophenotypic changes, most notably, the induction of some lympho-
cyte activation antigens, e.g., CD23, CD25, CD30, and CD70, and adhesionmolecules
such as intercellular adhesion molecule 1 (ICAM-1), leukocyte function-antigen
molecule 1 (LFA-1), and LFA-3 (93–95). In attempts to define the role of EBV in
the pathogenesis of HL, several investigators have studied EBV-positive and EBV-
negative cases for phenotypic differences. Although expressed in most HL cases, the
CD30 molecule was significantly more frequently detectable in EBV-positive cases
(96). At least one of the TRAF molecules, TRAF1, is induced by LMP1 in vitro in
an NF-jB–dependent manner and might protect lymphoid cells from apoptosis. In
HL and EBV-positive non-Hodgkin’s lymphoma (NHL), TRAF1 is strongly
expressed, indicating that interference with proapoptotic pathways may be a distinct
function of LMP1 in HRS cells (97). However, NF-jB is constitutively active in HRS
cells independent of EBV status and expression of TRAF1 has been observed in EBV-
positive and EBV-negative HRS cells (98). Bcl-2 and A20, both of which are proteins
with antiapoptotic function, are induced by LMP1 in vitro. LMP1 and A20 both
protect epithelial cells from p53-mediated apoptosis induced by serum withdrawal
(99). In B-cells, LMP1 has been shown to upregulate Bcl-2 protein expression, which
prevents cells from undergoing programmed cell death (95). There are no data
as to A20 expression in HL, but Bcl-2 and p53 expression have been studied in
EBV-positive and -negative HL. No significant differences were seen distinguishing
EBV-associated and EBV-negativeHLwith respect to p53 and Bcl-2 (100). Expression
of CD99, a molecule with putative functions in cell–cell interactions, apoptosis, and T-
cell activation, is downregulated in EBV-positive HRS cells. This downregulation was
considered attributable to LMP1, specifically to its NF-jB activation domains (101).

A statistically significant effect related to the presence of EBV in HRS cells was
also observed with respect to the CD20 B-cell antigen (96,102) and the CD3T-cell
antigen (102). However, CD20 and CD3 were less frequently detectable in EBV-posi-
tive than in EBV-negative cases. In contrast to the upregulation of CD30, this effect
is not evidently related to LMP1 expression as a reduced CD20-specific staining has
also been observed for LMP1-negative EBV-infected lymphocytes in chronic virus
carriers (37). Another LMP1-mediated phenotypic change that may be relevant in
HRS cell biology is the association of LMP1 with the intermediate filament,
vimentin (103,104). Thus, EBV may modulate the expression of some leukocyte dif-
ferentiation antigens and other gene products in HRS cells. Because some of these
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markers are often used for lineage assignment of HRS cells in paraffin sections, the
presence or absence of EBV should be considered when evaluating immunostaining
patterns in HL.

Several cytokines have been shown to be expressed in EBV-transformed lym-
phoblastoid cell lines and to act as autocrine growth factors in this cellular environ-
ment. For this reason, the expression of cytokines in HRS cells in the context of EBV
infection is of interest. Although some cytokines, such as lymphotoxin and TNF, are
expressed in most HL cases regardless of the EBV status (105), studies of large HL
series have recently demonstrated some potentially important differences between
EBV-negative and EBV-positive cases. IL-6 (106,107) and, in particular, IL-10 are
significantly more often expressed in EBV-positive than in EBV-negative HRS cells
(106–108). Interestingly, this feature is also shared by EBV-infected blasts in IM
(106,109). Because IL-6 as well as IL-10 expression are upregulated in LMP1-trans-
fected epithelial cells, it is likely that this effect is also LMP1-mediated in HRS cells
(110). In support of this idea, LMP1 has been shown to activate NF-jB signaling
pathways (111,112) and an NF-jB–binding site was located in the IL-6 promoter
(113). The BCRF1 open reading frame of EBV, which codes for a cytokine with
IL-10 homology (‘‘viral IL-10’’) is not transcribed in latent infection. Accordingly,
BCRF1 transcripts were not found in HRS cells either by in situ hybridization or
by real time or reverse transcriptase (RT)-PCR (114,115). Thus, HRS cells express
cellular IL-10 and not ‘‘viral IL-10.’’

IL-12, which has functions in Th1 cell differentiation, (116) was detected by
immunohistology in reactive cells but not in HRS cells in 28 of 33 (85%) HL cases
(117). IL-12–positive cells could be detected within the reactive infiltrate in all 22
EBV-positive cases, but in only 5 of 10 EBV-negative cHL cases of that study
(117). However, these authors did not differentiate sufficiently between the subunits
of the IL-12 system. In HL-derived cell lines, expression of the p35 subunit of IL-12
but not of the p40 subunit has been observed; thus, functional IL-12 should not be
expressed (118). EBV-induced gene 3 (EBI3), an EBV-induced cytokine homologous
to the IL-12 p40 subunit, was found to be strongly expressed by HRS cells in 32 of 33
cHL cases independent of the EBV status (118). It has been suggested that EBI3 may
function to antagonize IL-12 and to inhibit the development of a Th1 immune
response. On the other hand, EBI3 together with p28 form a novel cytokine—termed
IL-27—that cooperates with IL-12 in the induction of Th1 reactions (119). Thus,
interpretation of IL-12 subunit expression in HL requires detailed knowledge of
the cellular context. The Th1-associated chemokines, inducible protein (IP)-10,
Mig-1, and macrophage inflammatory protein (MIP)-1a, were expressed at higher
levels in cHL compared to benign lymphoid tissues (120,121). Elevated expression
of these chemokines was also associated with EBV-positive cHL (120). In particular,
expression of IP-10, a putative Th1 chemokine, in HRS cells is associated with EBV
infection (120,122). Finally, expression of the Th2 chemokine TARC is a unique and
consistent feature of HRS cells regardless of the EBV status (107,123).

Thus, these studies suggest that the presence of EBV and, particularly, LMP1
expression may contribute to the phenotype of HRS cells. This notion has been
further underlined by the demonstration that HRS-like cells arising in some EBV-
negative–B-cell NHL of low malignancy are often EBV-infected, suggesting that
superinfection of tumor cells may induce an HRS-like cytomorphology (124,125).
Also, non-neoplastic HRS-like cells are frequently found in IM (126,127). Pheno-
typic similarities between these blasts and HRS cells include the expression of
LMP1 and CD30 as well as cytokines such as TNF-a, lymphotoxin, IL-6, and IL-
10 (109,114,126,127). Together with the observation that HL frequently arises in
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cervical lymph nodes close to the site of primary EBV infection, these findings have
been taken as evidence to suggest that HRS-like blasts in IM may represent HRS cell
precursors (58). This idea has been further supported by the fact that HL arising in
the lymphoreticular tissue of the Waldeyer’s ring is more frequently EBV-associated
than HL arising at other sites (128). Although IM patients may be at increased risk
of developing HL, the question as to whether HL arising in temporal relationship to
IM is indeed EBV-associated is controversial (4,57). Furthermore, HRS-like IM
blasts are CD15 negative, but may display EBNA2, and whereas chromosomal
abnormalities are a consistent feature of HRS cells, no cytogenetic alterations seem
to be associated with IM. Thus, phenotypic similarities between the malignant HRS
cells in HL and morphologically similar cells in IM should not be overemphasized.

HL AND EBV-SPECIFIC IMMUNITY

The development of EBV-associated lymphoproliferations with expression of poten-
tial cytotoxic T-lymphocyte (CTL) targets in transplant patients is easily understood
in view of the iatrogenic suppression of T-cell immunity in these patients. In the
absence of an intact T-cell system, tumors expressing viral antigens such as LMP
and EBNA are not eliminated by CTLs (129,130). Thus, viral antigen expression pat-
terns of tumor cells may reflect not only cell type–specific gene expression, but also
the host’s immune status.

In contrast, it has been much more difficult to understand how EBV-positive
tumors develop in the face of an apparently normal immune system. In Burkitt lym-
phoma, the downregulation of all virus-encoded latent proteins with the exception
of EBNA1 seems to help lymphoma cells escape immunosurveillance (131). HL
patients frequently suffer from an impaired immune system, although they are often
able to mount high anti-LMP1 antibody titers indicating the presence of an intact
humoral immune response against this antigen (132). In this context, it is of interest
that cHL lesions are commonly infiltrated by numerous small T-cells, mainly of CD4
phenotype, frequently forming rosettes around HRS cells. CD8-positive T-cells make
up a small proportion of the T-cell infiltrate and are typically not in close contact with
HRS cells (133). They do not appear to be directed against a common antigen (134).
The numbers of CD8-positive T-cells are higher in EBV-associated cases of cHL than
in EBV-negative cases and, paradoxically, indicate a poorer prognosis (135–137).

Several authors studied EBV-specific CTL responses from peripheral blood
and tumor infiltrating lymphocytes from both EBV-negative and EBV-positive HL
patients. In general, as in healthy EBV carriers, LMP-specific CTL precursors
occurred only at low frequencies in the blood of HL patients, and less frequently
in the EBV-negative HL lesions, whereas no EBV-specific CTL could be reactivated
in vitro from EBV-related HL lesions (138–140). These data indicate that EBV-spe-
cific CTL that could potentially target the HRS cells either fail to penetrate the
tumor site or fail to function within the tumor microenvironment. Anti-inflamma-
tory cytokines and immunosuppressive factors produced by the tumor cells and/
or the reactive cellular admixture may be responsible for this effect.

The association between EBV-infection and IL-10 expression by HRS cells sug-
gests one potential mechanism to explain this phenomenon. IL-10 is a pleiotropic Th2
cytokine with numerous inhibitory effects on cell-mediated immunity. IL-10 inhibits
T-cell growth, blocks IL-2 and interferon-c production by Th1 cells, and downregu-
lates proinflammatory cytokine production by lipopolysaccharide-stimulated mono-
cytes. In addition, IL-10 is a growth and differentiation factor for B-cells (141).
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Conceivably, IL-10 secretion by EBV-positive HRS cells may not only provide
another growth factor for EBV-infected B-cells (142), but may also contribute to
suppression of EBV-specific immunity in the HRS cell microenvironment (143).
Numerous other mechanisms that may not necessarily be restricted to EBV-related
HL seem to contribute to this immunological scenario, such as secretion of proteinase
inhibitors or chemokines. In addition to being sources of granzyme themselves (144),
HRS cells of a small proportion of HL cases express the granzyme inhibitor, protein-
ase inhibitor 9 (145). Tissue inhibitor of metalloproteinases (TIMP)-1 is expressed by
varying numbers of HRS cells in a large proportion of HL cases (146). In the latter
study, it was further shown that TIMP1 may efficiently block T-cell activation.

In addition to secretion of IL-10, LMP1-positive HRS cells seem to influence the
local immune response by another, distinct mechanism. It was previously shown that
EBVmay have functions of a superantigen (147). This superantigen was recently iden-
tified as a gene product of the human endogenous retrovirus (HERV)-K18, and it was
shown that HERV-K18 expression is induced by LMP1 (148). Moreover, LMP1
shares distinct peptide sequences and immunosuppressive properties with a retroviral
protein, p15E, which derives from the env gene of certain animal endogenous retro-
viruses (149). Thus, EBV seems to utilize phylogenetically ancient mechanisms to
manipulate the host immune response in its favor. In addition, LMP1 seems to induce
regulatory T-cells that have the ability to inhibit effector T-cells, suggesting a mechan-
ism by which EBV-positive HRS cells may escape EBV-specific T-cell immunity (150).

CONCLUSIONS

Application of molecular biological methods has substantiated the previous seroepi-
demiological identification of EBV as a major candidate etiologic agent in the devel-
opment of HL. The combined evidence from PCR, EBV DNA, and EBER in situ
hybridization as well as LMP1 immunostaining studies clearly demonstrates that
EBV is present in the tumor cell population of up to 50% of HL cases in Western
countries. The bulk of viral genomes are found in monoclonal form in most of these
cases, indicating that the virus had entered the tumor cells prior to their clonal
expansion. Furthermore, altered EBV serology preceding the onset of the disease
places the virus in the appropriate time frame to have a role in the pathogenesis
of HL. All histological types of HL are represented among these EBV-positive cases,
though in varying proportions. These findings support a monoclonal origin of the
HRS cell population and, by implication and in conjunction with studies demon-
strating monoclonal Ig gene rearrangements in HRS cells and clonal karyotypic
abnormalities, suggest that HL represents a true neoplasm. These observations are
reinforced by the detection of LMP1, the only EBV gene with established oncogenic
potential, in HRS cells of EBV-positive HL cases. By interference with CD40/TNF
receptor signaling pathways, LMP1 may confer an apoptosis-resistant phenotype to
HRS cells and modulate expression of numerous gene products including lineage
markers and certain cytokines. In addition, LMP2A may substitute for the lack of
functional Igs in HRS cells. These proteins may jointly provide the necessary
survival signals for germinal center B-cells with ‘‘crippling’’ Ig gene mutations.
EBV infection of lymphoid cells may provide a growth advantage to these cells by
circumventing mechanisms resulting in apoptosis of lymphoid cells without func-
tional antigen receptors. Thus, present evidence strongly suggests that the virus is
more than a ‘‘silent passenger,’’ but rather supports the notion of an etiologic role
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for EBV in the pathogenesis of a significant proportion of HL cases. Today, many of
the mechanisms by which EBV contributes to the development of EBV-associated
tumors are known, but it is also evident that EBV alone is not sufficient for the
induction of HL (nor of any other EBV-associated malignancy) but has to be com-
plemented by genetic factors and an impairment of antiviral immunity.

The consistent expression of LMP1 and LMP2 in HRS cells has been difficult
to understand in view of studies showing that these proteins may provide target epi-
topes for EBV-specific cytotoxicity. Analyses of EBV-specific cytotoxic T-cells from
HL lesions and peripheral blood from patients with EBV-positive and -negative HL
have indicated that HL patients do not suffer from a generalized deficiency of EBV-
specific immunity. However, virus-specific cytotoxic T-cells do not seem to be active
in HL lesions despite the local presence of sufficient numbers of CD8- and granzyme
B–positive cells. These results would seem to suggest that a disturbed EBV-specific
immunity in the microenvironment of HRS cells may contribute to the pathogenesis
of virus-associated HL. The observation of an association between the detection of
EBV and the expression of IL-10 in HRS cells may explain some aspects of this
phenomenon. Further studies will be required to substantiate these observations
and to elucidate the underlying mechanisms. In any case, these factors have to be
taken into account when embarking on studies aimed at treating HL patients with
EBV-specific CTLs.
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INTRODUCTION

Epstein–Barr virus (EBV)–associated lymphoproliferative disorders were first identi-
fied as a complication of immunodeficiency in the setting of organ transplantation.
Similar lymphoproliferations have since been recognized in a variety of acquired and
congenital immunodeficiency states. The clinical, pathologic, and molecular features
of these disorders differ significantly from those of non-Hodgkin’s lymphomas (HLs)
encountered in immunocompetent individuals. Initially, these EBV-associated lym-
phoproliferations were viewed as EBV-associated B-cell tumors, but proliferations
of T-cell origin and EBV-negative tumors have become increasingly common in such
patients after survival for many years with immunodeficiency. The high prevalence in
pediatric organ transplant recipients and following the use of intensive immunosup-
pressive regimens has also contributed to growing concerns about these disorders.
Despite the curability of a proportion of patients, mortality from the disease has
typically been high. Newer diagnostic and screening techniques and therapeutic
advances such as monoclonal antibodies and adoptive T-cell therapy are likely to
result in a lower prevalence and better treatment outcome.

EPIDEMIOLOGY

Transplant Type

Although several factors independently influence the risk for posttransplant lym-
phoproliferative disorder (PTLD), the type of transplant is clearly significant.
The reason for the differences is unknown and may relate to the intensity of immu-
nosuppression, factors specific to the graft, or to both (Table 1). An incidence of
3.4% following heart transplantation and 7.9% following lung transplantation was
reported from the University of Pittsburgh (3). Large-scale registry data indicate a
cumulative incidence of 5% by seven years in heart recipients, and of 1% by 10
years in renal recipients (2,4). The incidence of PTLD following allogeneic bone
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marrow transplantation is generally low, of the order of 1%, unless the graft is mis-
matched or T-cell depleted. An analysis of data reported to the International Bone
Marrow Transplant Registry (IBMTR) indicates a cumulative PTLD incidence of
1.0%� 0.3% at 10 years (1). However, one year following allogeneic bone marrow
transplantation, a stable drop to a very low incidence rate of 120 cases per 10,000
patient-years was evident. That observation sharply contrasts with the unbroken
rise in cumulative incidence seen after solid organ transplantation, and is likely
due to the fact that immunosuppressive therapies are discontinued by the end of
the first year following bone marrow transplantation, while they usually must be
maintained indefinitely in solid organ recipients.

Immunosuppressive Drugs

Significant increases in PTLD incidence have repeatedly been linked with specific
immunosuppressive drugs or regimens. A risk as high as 12% was associated with
the use of cyclosporin prior to the advent of blood level monitoring (5). Agents
specifically targeting or depleting T-cells result in the highest risk, with the effect
at least partially dependent on the intensity and duration of T-cell suppression.
The immunosuppressive antibody OKT3, a potent anti–T-cell agent, resulted in
a ninefold higher incidence of PTLD in cardiac transplant recipients receiving
induction immunotherapy, with an incidence of 35.7% in patients who had received
two courses of the drug (6). In a recent analysis of the United Network for Organ
Sharing (UNOS) registry data for 2713 renal transplant recipients, the use of var-
ious immunotherapy induction agents was compared with no induction therapy.
The use of monoclonal antilymphocyte antibodies resulted in a 72% increase in
risk, from an incidence of 0.51% to an incidence of 0.85%. The use of polyclonal
antilymphocyte antibodies or of anti–interleukin-2 receptor antibody resulted in
nonsignificant increases of 29% and 14%, respectively (7). Many other observations
are consistent with the conclusion that the intensity of immunosuppression and,
particularly, the use of selective anti–T-cell agents highly correlates with the risk
for PTLD (8,9).

Analysis of the IBMTR data showed that the risk of PTLD following allo-
geneic bone marrow transplant (BMT) was strongly associated with donor–recipient
mismatch (RR¼ 4.1), T-cell depletion of the allograft (RR¼ 12.7), prophylactic use
of polyclonal antithymocyte globulin (RR¼ 6.4), and particularly administration of
monoclonal antilymphocyte antibodies (RR¼ 43.2). The presence of two of these
risk factors correlated with a PTLD incidence of 8%, and three or more risk factors
with a 22% incidence. Selective depletion of T-cells was associated with a much
higher risk than were approaches that removed both T- and B-cells, such as

Table 1 Incidence of PTLD by Type of Organ Transplant

Type of transplant (Ref.) Incidence (%)

Bone marrow (1) 1
Kidney (2) 1
Liver (3) 2.2
Heart (2) 5
Lung (3) 7.9

Abbreviation: PTLD, posttransplant lymphoproliferative disorder.
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Campath-1 monoclonal antibody or elutriation (1). The effect of the composition of
the long-term maintenance immunosuppressive regimen on the risk of PTLD has
been studied less extensively than that of induction regimens, other than observing
that calcineurin inhibitors such as cyclosporin and tacrolimus require blood-level
monitoring, and that the PTLD incidence with tacrolimus is comparable to that with
cyclosporin (10,11). Interestingly, the UNOS database analysis showed that the use
of mycophenolate mofetil maintenance immunosuppression correlated with a statis-
tically significant 36% reduction in PTLD risk relative to azathioprine (7).

Although most common after solid organ transplantation, identical or very
similar lymphoproliferations have been described in many other immunodeficiency
settings and following the use of drugs other than the immunosuppressive therapies
typically used in organ transplantation. These include methotrexate used in patients
with rheumatoid arthritis (12), and fludarabine for non-HL (13) and following non-
myeloablative allogeneic bone marrow transplantation.

Age and EBV Seropositivity

Pretransplant EBV seronegativity is perhaps the single greatest risk factor for PTLD
(Table 2). Seronegative recipients almost universally seroconvert within one year of
transplantation (19). Over 90% of adults in the general population are seropositive
for EBV with children comprising the majority of seronegative persons. The likeli-
hood of seronegativity is determined by age and by social and geographic factors
(14,15). The incidence of PTLD in the pediatric age group is not as well defined
as among adults, but is clearly appreciably higher with up to 15% incidence after
heart transplantation; a series from the University of Pittsburgh identified a four
times higher risk of PTLD for pediatric transplant recipients than for adult trans-
plant recipients (14,20). The exact level of risk for pretransplant EBV seronegative
patients is difficult to determine. Several single-institution data sets exist (14,16,17).
A Mayo Clinic study found the risk of PTLD in EBV-seronegative recipients to
be 76 times higher than in seropositive recipients (15). Among a cohort of adult
heart recipients, a much higher proportion of patients who went on to develop
PTLD were EBV seronegative prior to transplantation than were patients who did
not develop the disease (30% versus 5%) (6), comparable to findings that have been
reported in pediatric liver recipients (17). A retrospective study identifying a ninefold
greater incidence of PTLD in pretransplant EBV seronegative renal recipients is of
particular interest in that the risk appeared to extend to late onset PTLD as well
as to PTLD occurring early after transplantation. The median interval from trans-
plant for these late cases was more than five years, and many occurred at around
10 years (21).

Table 2 Populations at High Risk for PTLD and References

Pretransplant EBV seronegative/pediatric age group (14–17)
Administration of monoclonal anti-CD3 antibodies (1,7,18)
Mismatched BMT (1)
T-cell depleted BMT (1)

Abbreviations: BMT, bone marrow transplant; EBV, Epstein–Barr virus; PTLD, posttransplant lympho-

proliferative disorder.
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Association with EBV

Disease Model Based on T-Cell Function

Although EBV-negative PTLD is increasingly seen as a very late complication of
solid organ transplantation, the majority of cases are EBV associated. The virus
plays a central role in the pathogenesis of this disease. The role, if any, of EBV in
EBV-negative tumors is unknown.

One of the earliest observations was that clinical or serologic indications of pri-
mary or reactivated EBV infection were frequently observed around the time of clinical
appearance of the disorder (22). Tumor tissue was subsequently found to contain EBV
DNA inmuch larger quantities than normal tissue, and to actively express viral proteins
(23–25). Suppression of T-cell function or numbers, to prevent graft rejection, is
believed to result in uncontrolled EBV-driven proliferation of B-cells (22,26). Continued
proliferation would then result in clones with a growth advantage, giving rise to one or
more clonal populations. Although the specific mechanisms that produce all the clinico-
pathologic entities constituting the PTLD spectrum remain unclear, themodel is consis-
tent with many of the unusual clinical and pathologic features of the disease.

Tumor-associated EBV is clonal, further supporting an etiologic role for the
virus, rather than incidental subsequent infection of an already expanded neoplastic
B-cell proliferation. The virus is usually of type A (type 1) (27). Clonality of the virus
can be determined on the basis of the specific number of terminal repeat sequences
formed when the linear EBV genome circularizes upon infection of a B-cell. Viral
clonality corresponds to B-cell clonality as determined by immunoglobulin gene
rearrangement analysis. In addition, lesions consisting of polyclonal or multiclonal
B-cell proliferations contain multiple EBV clones, whereas monoclonal prolifera-
tions show evidence of a single infectious event (28,29).

Subclinical EBV-related changes can be identified prior to the appearance of
clinical disease. Analysis of prior archived liver biopsy specimens in liver transplant
recipients has shown the presence of EBV, as determined by polymerase chain reaction
(PCR) or by in situ immunohistochemical staining for EBV-encodedRNA (EBER), in
70% of cases who subsequently developed PTLD. Of the cases that did not go on to
develop the disease, only 10% had such findings (25). A preclinical phase for PTLD
is also suggested by observations that viral load as determined in peripheral blood
mononuclear cells increases prior to the appearance of clinically detectable disease
(30,31). It is not clear whether such rises in EBV load necessarily indicate EBV-driven
neoplasia, or are reflective of severe immunodeficiency at that point in time. The clin-
ical observations of increased PTLD risk following primary EBV infection and in
association with progressively more potent anti–T-cell drugs are very consistent with
a disease model based on insufficient or inadequate T-cell surveillance of EBV-driven
lymphoproliferation. This model is less informative in cases of PTLD that occur late
after transplantation and in cases of T-cell or EBV-negative PTLD.

EBV Latency in PTLD

EBV infection of resting B-cells in vitro results in immortalized lymphoblastoid cell
lines that express the full range of latent viral cycle proteins [six nuclear antigens:
Epstein–Barr nuclear antigen (EBNA)-1, EBNA-2, EBNA-3A, EBNA-3B, EBNA-
3C, and EBNA-LP, and three membrane proteins: latent membrane protein
(LMP)-1, LMP-2A, and LMP-2B]—the so-called latency III pattern. In the presence
of adequate EBV-specific immunity in vivo, only the nonimmunogenic EBNA-1 is
expressed in tumors (latency I) as exemplified in endemic Burkitt lymphoma (BL).
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It is often stated that expression of viral latency proteins in PTLD is essentially
the same as that seen in lymphoblastoid cell lines, consistent with severely diminished
EBV-specific T-cell function. Unlike oral hairy leukoplakia in immunodeficiency,
PTLD has not been associated with a fully productive viral lytic cycle (32–34).
Restoration of T-cell surveillance by withdrawal or reduction in immunosuppressive
therapy can in fact result in permanent regression of PTLD, particularly those pre-
senting early after transplantation.

However, in many instances PTLD will not regress with such measures despite
expression of immunodominant EBNA proteins in the tumor. Varying degrees of
restriction of antigenic expression have been identified in tumor tissue, possibly
reflecting varying degrees of immune control or evolution over time to proliferations
with structural genetic alterations (32,35). A recent study identified some correlation
between the pattern of viral latency antigen expression, the cell of origin of the
tumor, and both the time since transplant and tumor responsiveness to reduced
immunosuppression. PTLD of postgerminal center origin expressing the latency pat-
tern seen in Hodgkin’s disease (HD) (EBNA1, LMP-1, and LMP-2) was identified
(36). Such cells may have been rescued from apoptosis by EBV, with chromosomal
or structural gene alterations sustaining growth in the face of T-cell surveillance.

LMP-1 is the viral protein of greatest importance for EBV-induced transforma-
tion of B-cells, and it has been considered equivalent to an oncogene in that respect. In
vitro, LMP-1mimics the effects of ligand-induced aggregation of CD40, activating the
transcriptional activators nuclear factor-kappa B and activator protein 1 (37,38). This
activation is mediated by tumor necrosis factor-receptor associated factor (TRAF)
signalingmolecules that interact directly with a portion of LMP-1 (39). These observa-
tions have been extended to PTLD in vivo by showing physical localization of LMP-1
and TRAF1 and TRAF3 (40). Much more frequent TRAF1 protein expression was
found in LMP-1 positive than in LMP-1 negative tumors in one series of PTLD cases
(41), while in another study no correlation could be found between TRAF1, TRAF2,
or TRAF3 expression and either LMP-1 or EBER (42). Overexpression of bcl-2 might
confer resistance to apoptosis, and bcl-2 overexpression was in fact identified in all
PTLD tumors expressing LMP-1 in one series, while absence of LMP-1 expression
was always associated with a lack of bcl-2 expression. Interestingly, the viral homo-
logue of bcl-2, BHRF1, was not overexpressed in these tumors. Viral induction of
human bcl-2 therefore appears to be the case (34).

PATHOLOGY OF PTLD

Marked variability is characteristic of the pathology and molecular features of
PTLD. A spectrum appears to exist, with polymorphic, polyclonal proliferations
at one end, and monomorphic, predominantly monoclonal tumors closely resem-
bling aggressive non-HLs at the other. Whether transition along this spectrum
occurs in vivo, or whether the different entities are reflective of an individual patho-
genesis in each case, remains an open question. PTLD following solid organ trans-
plantation is most often of recipient origin, while it is typically of donor origin
following allogeneic bone marrow transplantation (43–46). The disease is typically
extranodal or involves visceral rather than superficial nodes.

Tissue biopsies are usually necessary for a diagnosis of PTLD, because of
the challenging histology and the frequent need for additional studies such as
immunohistochemical stains for EBV and immunoglobulin gene rearrangement
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analysis to determine clonality (47). Multiple clones may exist within a lesion, and
lesions at separate anatomic sites may have a different histologic appearance and clo-
nal composition (48–50). Several pathologic classifications have been used, the most
recent being that of the World Health Organization (Table 3) (51–56).

PTLD Presenting Early After Transplantation

Although considerable overlap exists between the clinicopathologic entities most
often seen early after transplantation and those presenting at later time points, the
concept of early versus late PTLD does appear to be valid and is of some clinical
utility. The terms early and late refer to the time following transplantation rather
than to an evolution of the disease over time, which has not been described with
any frequency. The early pattern of disease is most likely to occur in the first one
to perhaps two years following transplantation.

Histologically, the lesions are polymorphic and are classified as plasmacytic
hyperplasia and infectious mononucleosis (IM)-like PTLD (IM-PTLD). The prolif-
erations are typically polyclonal or show only small clonal components. IM-PTLD
closely resembles IM, and may simply be IM in an immunocompromised host.
Whether this represents a true PTLD with the same potential for morbidity is contro-
versial. With the exception of bcl-6 mutations seen in somewhat less than half of the
cases, additional genotypic abnormalities are not expected. The vast majority of
PTLD presenting early after transplantation are EBV associated. PTLD characteris-
tically contains an admixture of reactive T-cells. Polymorphic PTLD especially can
have greater than 50% T-cells with some monomorphic PTLD, also reported to be
T-cell rich (57,58). The nature of these T-cells is variable and has not been extensively
studied, with some cases showing a predominance of CD8þ cells and others predomi-
nantly CD4þ cells (58,59). Cytokine profiles have been investigated and appear to be
consistent with a Th2 cytokine environment that promotes B-cell growth (60).

PTLD Presenting Late After Transplantation

The histology of lesions presenting late after transplantation tends to be mono-
morphic and may closely resemble non-HL, multiple myeloma, or HD. This need

Table 3 WHO Classification of PTLD

Early lesions
Plasmacytic hyperplasia
IM-like PTLD

Polymorphic PTLD
Monomorphic PTLD
Diffuse large B-cell lymphoma
BL or Burkitt-like lymphoma
Plasma cell myeloma
Plasmacytoma
Peripheral T-cell lymphoma
Other types

HL and Hodgkin-like PTLD

Abbreviations: BL, Burkitt lymphoma; HL, Hodgkin’s lymphoma; IM, infectious mononucleosis; PTLD,

posttransplant lymphoproliferative disorder; WHO, World Health Organization.

Source: From Ref. 56.
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not mean that the biology or clinical behavior of such lesions is the same as that
of the histologically equivalent lesions seen in the general population. There is con-
siderable heterogeneity in immunophenotype, with some cases having a phenotype
like follicular center cells (CD10þ, bcl-6þ, melanoma associated antigen (muta-
ted) (MUM)-1�, CD138�), and others being clearly postfollicular (CD10�, bcl-6–,
MUM-1þ, CD138þ). Lesions are predominantly clonal, and most will have bcl-6
mutations; various genotypic abnormalities have been described, including c-myc
rearrangements, neuroblastones RAS (N-RAS) mutations, and p53 mutations
(52,61,62). Plasmacytoid differentiation can be very pronounced, resembling multi-
ple myeloma or, more frequently, an extramedullary plasmacytoma. Data regarding
cytogenetic abnormalities in PTLD are limited. Abnormalities have been identified,
usually in tumors with monomorphic histology, but no characteristic abnormality
has been found. In a series of 28 patients, no clonal cytogenetic abnormalities were
identified among 10 polymorphic tumors, all of which were either polyclonal or oli-
goclonal. Analysis of 12 monomorphic cases revealed a variety of abnormalities in 10
cases: chromosome 8 translocations involving the myc gene, trisomy 9, trisomy 11,
and 11q27 (61). Occasional extranodal marginal zone B-cell lymphomas have also
been described in the posttransplant setting (63,64).

Overall, 15% to 30% of PTLD show no evidence of EBV even with EBER in
situ hybridization. The LMP-1 immunostain is less sensitive than the EBER stain,
but is less likely to be positive in lesions other than PTLD. EBV-negative PTLD
is mostly found among monomorphic lesions presenting late, often very late, after
transplantation (65–67).

T-Cell and Hodgkin-Like PTLD

T-cell PTLD frequently resembles peripheral T-cell lymphoma (68,69). Hepatosplenic
lymphomas have been reported (70), as have been cases of anaplastic large-cell lym-
phoma or extranodal natural killer cell/T-cell lymphoma of nasal type (68,71). Post-
transplant lesions that meet the criteria for classic HD occur. In the clearest cases, the
Reed–Sternberg cells should be CD45�, CD15þ, and CD30þ with either negative or
variable CD20 expression. With less typical phenotypes, the term ‘‘Hodgkin-like
PTLD’’ is sometimes used. Interestingly, as many as one third of T-cell PTLDs are
EBV associated. HD in the posttransplant setting is usually EBV positive (68,72).

CLINICAL FEATURES AND MANAGEMENT

It is not only the pathology of PTLD that is heterogeneous. The variability in clinical
behavior manifested by this disease is striking. This, coupled with the retrospective
nature and small size of most published series, makes it difficult to generalize. Cer-
tain clinical patterns and associations have nevertheless been recognized, and can be
of clinical utility. The literature does, however, remain very variable and on certain
issues, even contradictory.

Disease Early After Transplantation

Certain clinical features are seen most often early after transplantation, usually at
less than one year. A clinical presentation with marked constitutional symptoms
and rapid enlargement of the tonsils and/or extranodal lesions is frequent (73,74).
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Highly immunosuppressed patients may present with rapidly progressive, wide-
spread disease, diffusely infiltrative multiorgan involvement, and a systemic sepsis-
like syndrome, sometimes within weeks of transplantation (75). The diagnosis can
be difficult to distinguish from sepsis alone, because fever is frequent, the disease
is typically extranodal, and mass lesions may not be evident. Multiorgan failure is
often the outcome, and the diagnosis may not be evident until autopsy (76,77).
The disease is usually polyclonal or oligoclonal with polymorphic histology and is
EBV associated. The histologic category of polymorphic hyperplasia appears to be
the one most likely to regress with decreased immunosuppression (78).

Disease Late After Transplantation

PTLD presenting later than about a year after transplantation is likely to be more
circumscribed anatomically, manifest few or no systemic symptoms, and progress
less rapidly. The disease is usually extranodal, or involves visceral nodes. Gastroin-
testinal involvement is frequent; about 25% of patients in one series presented with
gastrointestinal disease manifesting as acute abdominal pain, obstruction, or hemor-
rhage (76). The transplanted organ itself may be affected in up to 20% of cases, in
either the early or the late setting, and may be the only site of disease. Central ner-
vous system (CNS) involvement is mainly seen as part of very extensive disease, but
may occur in isolation. Unlike classic systemic non-HLs, parenchymal CNS involve-
ment is not rare. Multiple pulmonary nodules have been commonly described, and
must be differentiated from infectious etiologies in an immunocompromised host
(77,79). Although multiple studies have indicated that polymorphic or reactive-
appearing PTLD is more likely to respond to reduction in immunosuppression than
are the monomorphic histologic categories (78,80–83), this distinction can be very
difficult to make on clinical or histologic grounds and in some series, no correlation
between histology and clinical behavior could be found (84,85). Mutations of bcl-6
have been found to correlate with refractoriness to decreased immunosuppression
and with a poor outcome in general in one study (61). The number of patients in this
series was small, and the clinical data were retrospective and subject to many vari-
ables. The finding of a c-myc rearrangement or other genotypic abnormality has also
been found to correspond with clinical behavior that more closely resembles that of
malignancies seen in immunocompetent patients, although the numbers studied are
again small (52,62).

Prognostic Categories

The prognosis for PTLD is again highly variable, determined in part by clinical vari-
ables in the individual patient and by response to the treatment modality used.
Attempts at identifying factors predictive of outcome have been made; one large ret-
rospective series of 61 patients identified EBV-negativity in the tumor or T-cell phe-
notype as a negative tumor-related prognostic factor. The International Prognostic
Index as used in immunocompetent patients was less predictive in PTLD than was
a specific index using two risk factors: performance status 0 or 1 versus 52, and
number of involved sites (1 versus >1) (86). A similar retrospective review of 54
cases with analysis for prognostic variables revealed advanced stage, involvement
of the allograft, poor performance status, and CD20 negativity to be statistically sig-
nificant negative prognostic factors (87). In view of the therapeutic value of the anti-
CD20 antibody rituximab, it is important not to underestimate CD20 positivity
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because many of the cells in a PTLD may be infiltrating benign T-cells. Only a
minority of the cells present in a biopsy specimen may actually be neoplastic CD20þ
B-cells, with only a few scattered CD20þ cells that are observed pathologically (88).

Treatment Approach

Initial Therapy

There is no clear or generally accepted approach to the treatment of PTLD other
than a widely held view that a reduction in immunosuppressive agent therapy should
be the initial treatment (Table 4). It is worth noting that unlike non-HL, PTLD can
be permanently resolved in some cases by surgical resection or by irradiation of
unresectable but strictly localized lesions (3,76). Reduction in immunosuppression
can clearly result in regression of PTLD in some cases, with permanent resolution
in a proportion of them (3,76).

The probability of a response to reduction in immunosuppression appears to
correlate with the interval since transplantation, perhaps because the interval also
shows a degree of correlation with the morphology and clonality of lymphoprolifera-
tions. As many as 80% of patients presenting at less than one year following trans-
plantation were found to respond to reduction in immunosuppression (though not
all durably), while none presenting at more than one year did so (3). Differing results
have been reported in other series, namely, lower response rates and greater variabil-
ity in terms of the interval since transplantation (89,90). A detailed study of 11 renal
recipients with PTLD reported an 82% durable complete response (CR) rate with
reduced immunosuppression and simultaneous acyclovir. Peripheral CD8þ T-cell
numbers increased significantly in responding patients, and CD8þ cells from two
such patients were found to specifically recognize an immunodominant peptide from
the EBV lytic gene BZLF-1 (91). When studied prospectively in a cooperative group
trial for adult organ transplant recipients with PTLD, complete remission was
achieved in none out of 20 patients despite an aggressive immunosuppressive reduc-
tion algorithm. Moreover, 38% of patients experienced rejection and 50% progres-
sive disease during the period of reduced immunosuppression (92). Rapid disease
progression, rejection of a vital organ, or the loss of a renal allograft complicating
subsequent management are all valid concerns. The extent and duration of a reduc-
tion in immunosuppression is furthermore subjective and poorly defined in most
reports. The efficacy and toxicity profile of rituximab are such that a strong case
can be made for combining rituximab therapy with some reduction in immunosup-
pressive agents as the initial management of PTLD in all adult cases. Experience with
rituximab in the pediatric setting is more limited.

Table 4 Therapies in Use for PTLD

Reduction in immunosuppressive therapies
Rituximab
Surgical resection or limited field irradiation
Cytotoxic chemotherapy
INF-a
Donor leukocyte infusion (for PTLD after T-cell depleted allogeneic BMT)
EBV-specific adoptive T-cell therapy (primarily for PTLD after allogeneic BMT)

Abbreviations: BMT, bone marrow transplant; EBV, Epstein–Barr virus; INF, interferon; PTLD, post-

transplant lymphoproliferative disorders.
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Regression of lymphoproliferations has been attributed anecdotally to the use
of high-dose acyclovir, but the therapeutic value of antiviral drugs remains unproven
(79,93). Acyclovir and ganciclovir are of unproven value as prophylaxes for PTLD,
with anecdotal observations suggesting a lack of efficacy (94–96). Regression of
PTLD following foscarnet therapy has been reported in three cases (97). The role
of antivirals in the management of PTLD remains very unclear, although a course
of acyclovir has often been included in the initial treatment of PTLD.

Anti–B-Cell Monoclonal Antibodies

The large-scale availability of rituximab, with its significant activity and, to date,
minimal toxicity, has changed the management of PTLD. In fact, two anti–B-cell
monoclonal antibody preparations have been studied and have been shown to be
effective. The first was a mixture of anti-CD21 and anti-CD24 anti–B-cell monoclo-
nal antibodies found to be effective in patients with polyclonal or oligoclonal disease
in a European multicenter trial reported in 1991 involving both organ transplant and
BMT recipients with PTLD (98). Long-term follow-up on this study was reported
seven years later (99). Fifty-eight patients with PTLD (27 following bone marrow
and 31 following organ transplantation) had been treated. The overall CR rate
was 61%. The relapse rate was low at 8%. The long-term overall survival was 46%
(BMT 35%, organ transplant 55%) at a median follow-up of 61 months. Complete
remission was achieved in 46% of monoclonal and 80% of oligoclonal cases
(p¼ 0.05). Multivisceral disease, CNS involvement, and late onset PTLD (>1 year
posttransplant) were identified as predictive of poorer response on multivariate
analysis. Only 29% of patients with CNS involvement and 22% of patients presen-
ting later than one year posttransplant achieved complete remission. Toxicity was
mild, consisting of transient fever, hypotension, and neutropenia. The antibodies
used are unfortunately not clinically available. This is an important study because
it not only first demonstrated the efficacy of anti–B-cell monoclonal antibody ther-
apy against PTLD, but also showed that the remissions were durable. PTLD is
currently the only malignancy known to be curable with anti–B-cell monoclonal
antibody monotherapy.

The commercially available anti-CD20 antibody rituximab has shown definite
efficacy in PTLD, and has come to be widely used as treatment for the disease. Initial
data consisted of anecdotes and information obtained from a retrospective study of 32
patients (100,101). Immunosuppressive therapies had beenmodified in a variable fash-
ion; among 26 evaluable patients, 54% CR and 15% partial response (PR) was
reported. A prospective multicenter study of rituximab for PTLD following solid
organ or bone marrow transplantation has been reported in preliminary fashion.
Fifty-five patients (19 renal, 11 cardiac, 7 lung or heart-lung, 7 liver, and 11 hemato-
poietic stem cell transplant recipients) were recruited from 19 centers. Rituximab was
given as four weekly doses of 375mg/m2; solid organ transplant recipients had not
responded to prior tapering of immunosuppressive therapies. The median interval
from transplant was 25 months (0.4 months to 17 years). Twenty-five patients (45.5%)
had responded, and of these, 18 (33%) had a CR or an unconfirmed CR by 80 days;
on reassessment at 360 days, the CR rate remained 33%, and overall survival 63%.
Median survival was 454 days (102,103). Toxicity as reported to date has usually been
minor and does not appear to differ from that seen with the use of this drug in the
immunocompetent population. The long-term follow-up data from the earlier study
using anti-CD21/CD24 antibodies suggest that CRs following antibody therapy
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can be durable in many patients. Rituximab therefore has significant efficacy against
B-cell PTLD at the cost of minimal toxicity. However, a significant proportion of
patients do not achieve complete remission and require other therapy.

Cytotoxic Chemotherapy

Cytotoxic agents have traditionally been viewed as a last resort in the treatment of
PTLD because of early reports of very high mortality with such treatments (3,79).
Sepsis and other complications of chemotherapy have been the major problems in
some centers, while others have found refractory disease to be common (3,79,89).
A number of regimens have been used.

The regimen most commonly used for aggressive lymphomas in the immuno-
competent population, CHOP (cyclophosphamide, doxorubicin, vincristine, and
prednisone), has not been studied very extensively in the treatment of PTLD. Early
small series suggested poor results. A multicenter retrospective series of CHOP for 25
patients with PTLD refractory to reduced immunosuppression showed a 48% CR
rate. Median survival was one year for the group as a whole; 50% of patients achiev-
ing CR relapsed, with a median time to progression of less than one year. A 36%
mortality from treatment toxicity was seen (104). The combination of rituximab
and CHOP (R–CHOP) may be more efficacious, but remains to be studied.

An aggressive multiagent regimen, prednisone, doxorubicin cyclophosphamide,
etoposide, cytarabine blcomycin, vincristine, methotrexate, leucovorin (ProMACE-
CytaBOM), has been studied retrospectively, and in a prospective trial. Initially, a
75% durable complete remission rate was achieved with a median follow-up of 64
months (77). In a prospective multicenter trial conducted prior to the advent of ritu-
ximab in patients refractory to reduced immunosuppression, this regimen resulted in
a CR rate of 67% and 57% durable CR at more than two years follow-up (92). The
advent of better supportive care measures, granulocyte colony-stimulating factor,
and preventive antibiotics has likely reduced the toxicity of intensive chemotherapy
in this patient population.

Exceptionally good results have been reported in a study of pediatric organ
transplant recipients treated with low-dose chemotherapy. Thirty-six patients (17
liver, 6 liver/bowel/pancreas, 5 renal, 3 heart, 3 bowel, and 2 lung recipients) were
treated with cyclophosphamide 600mg/m2 IV on day 1 and prednisone 2 mg/kg on
days 1 to 5, repeated every three weeks for a total of six cycles. All patients had failed
prior modification of immunosuppressive therapies; immunosuppressive agents were
not re-escalated during chemotherapy. Median age was 4.9 years, and median time
from transplant was 5.3 months. The overall response rate was 86% (77% CR, 9%
PR). Four (11%) patients experienced progressive disease, while two died of treat-
ment-related causes. Median follow-up was 32 months, and only 5 patients have
relapsed (105). Preliminary data on six pediatric patients treated with this regimen
in combination with rituximab indicate no additional toxicity and complete remis-
sion in five of the six patients.

These pediatric studies show better results than what has been seen in the adult
studies, and this was achieved with considerably less therapy. A large proportion of
patients in the pediatric study are likely to have had PTLD following primary EBV
infection early after transplant; polymorphic, polyclonal, or oligoclonal proliferations,
with few structural genetic abnormalities, would be expected in that setting. The treat-
ment may have controlled EBV-driven lymphoproliferation during the time required
for EBV-specific immunocompetence to develop. Although this study represents an
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excellent result in a pediatric population, it is unclear howwell low-dose therapywould
work in adult patients, against tumors presenting later after transplant and in the face
of established EBV-specific immunity, or against tumors withmore malignant histolo-
gic and biochemical features.

Other Therapies for PTLD

INF-a. Durable CRs have been achieved with low-dose interferon (INF)-a
2b, usually a dose of 3million units/m2 given daily or three times a week. Toxicity
has generally been low, and rejection has not emerged as a major problem with this
drug in patients suffering from PTLD. Neither the response rate nor the mechanism
of action is well defined at this point. The drug might exert an antiviral and/or an
antitumor effect; both early polyclonal proliferations and late-presenting monoclo-
nal lesions have been reported to respond (94,106). In a series of 18 pediatric liver
recipients treated with INF and concurrent discontinuation of immunosuppressive
agents, a 77% CR rate was achieved. The extent to which these responses were attri-
butable to the immunosuppressive reduction, to the INF, or to both, is unknown.
Median survival was poor at only six months, primarily because of infectious com-
plications (107). A study of INF in 16 adult PTLD patients refractory to reduced
immunosuppression resulted in 50% CRs, the durability of which was unclear
(108). On the other hand, 12 adult PTLD patients who were treated in a prospective
study and had disease refractory to reduced immunosuppression showed only a 17%
CR rate, with 17% PRs also (92). INF-a clearly has activity in PTLD, but the
response rate may be lower than that of rituximab. Whether INF might be useful
in cases refractory to rituximab is unknown.

T-cell therapy. In a disease model where PTLD is the result of inadequate
T-cell control over EBV-driven lymphoproliferation, infusion of EBV-specific T-cells
would be expected to cause regression or resolution of the proliferation. EBV-specific
immunocompetence can rapidly be restored in T-cell–depleted allogeneic bone mar-
row recipients by the infusion of a limited number of peripheral blood leukocytes from
the donor. PTLD could be controlled in these cases without incurring a more general
and nonspecific graft-versus-host disease, probably because of the high frequency of
EBV-specific effector cells in the relatively small number of leukocytes transfused
(109). Adoptive transfer of more selective T-cell immunity has been achieved using
in vitro expanded EBV-specific T-cells as treatment and prophylaxis for PTLD in
BMT recipients (110,111). Polyclonal T-cell lines containing both CD4þ and
CD8þ cells were used because it is not presently clear which antigens expressed by
EBV-infected cells are important in generating an effector response. Adoptive transfer
of EBV-specific T-cell immunity in solid organ recipients is constrained by the major
histocompatibility complex–restricted nature of the T-cell response, and the fact that
the majority of cases of PTLD arise from recipient rather than donor lymphocytes in
the organ transplant setting. Encouraging preliminary data obtained from the use of
autologous EBV-specific T-cells expanded in vitro have been reported in pediatric
liver recipients (112). In a different approach, eight patients were treated with infu-
sions of partly human leukocyte antigen–matched allogeneic EBV-specific cytotoxic
T-cells derived from normal blood donors. Three complete remissions occurred.
Responses were predominantly seen in patients with localized, polyclonal disease pre-
senting early after transplantation. Graft-versus-host disease did not occur (113).

Several challenges remain: most notably the elaboration of suitable cytotoxic
T-cells for patients experiencing primary EBV infection posttransplant, a particular
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problem in pediatric recipients, and demonstration of efficacy in patients with
malignant tumors having a monomorphic histology that usually does not respond
to reduction in immunosuppressive therapies and may or may not be amenable to
EBV-specific immune control.

EARLY DIAGNOSIS AND SCREENING

PTLD can be subtle and easily overlooked or misdiagnosed as infection or rejection.
A definitive diagnostic test for clinically evident disease would clearly be desirable, in
view of the poor prognosis attached to extensive disease or declining performance
status. Of even greater value would be a reliable test for subclinical lymphoprolifera-
tion, which might allow identification of a state of overimmunosuppression, or per-
mit early preemptive treatment for PTLD. There are extensive data supporting the
existence of a detectable subclinical phase to the disease. Analysis of prior liver
biopsy specimens in liver transplant recipients has shown that the presence of
EBV, as determined by PCR or by in situ immunohistochemical staining for EBER
expressing cells, could be detected in 70% of cases who subsequently developed
PTLD. Only 10% of cases who did not go on to develop PTLD had such findings
(25). More accessible indications of a preclinical phase of the disease are evident
from observations that circulating viral load, as determined in peripheral blood
mononuclear cells or in serum, increases prior to the appearance of clinically
detected disease. These increases in viral load resolve following eradication of the
PTLD. Some transplant centers already perform routine EBV viral load determina-
tions and attempt to integrate that information into the clinical management of
patients. However, many uncertainties exist. It is not clear when such rises in EBV
load are indicative of EBV-driven neoplasia, and when they might only reflect the
degree of immunodeficiency at the time. Pediatric cases are particularly challenging
because viral load may be chronically high in patients who develop a posttransplant
primary EBV infection (114). Multiple questions still need to be resolved before an
effective test for routine posttransplant screening is achieved, including determina-
tion of the best compartment (peripheral blood mononuclear cells, serum, or whole
blood) to sample, the most suitable probes and methodologies for detection, and the
establishment of stringent parameters of sensitivity and specificity in specific patient
populations. Existing data are generally from small series with, at times, conflicting
results (30,31,90,115–122).
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T-Cell Lymphomas Associated with
Epstein–Barr Virus
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Atlanta, Georgia, and Department of Pediatrics, National Jewish Medical and Research
Center, Denver, Colorado, U.S.A.

INTRODUCTION

In 1988, three patients undergoing evaluation for severe, chronic, active Epstein–
Barr virus (EBV) infection developed peripheral T-cell lymphomas, which were sub-
sequently shown by in situ hybridization to contain the EBV genome. The T-cells
were CD4+ and had undergone clonal T-cell receptor gene rearrangements. The clin-
ical course was fatal in each case despite aggressive chemotherapy. Each of the
patients had markedly elevated immunoglobulin G (IgG) antiviral capsid antigen
(>1:10,000) and anti-early antigen (EA) titers (>1:640), but low (<1:40) to zero
anti-EBV nuclear antigen (EBNA) titers by the immunofluorescent technique (1).

The tropism of EBV has long been recognized for B-cells and epithelial cells. The
attempts to detect EBV in these T-cell neoplasms were stimulated by the cluster of a rare
tumor type in the context of a rare disease known to be driven by EBV. Furthermore,
the cellular receptor for the complement component, C3d [now known as complement
receptor 2 (CR2)], which is known to subserve binding of EBV by B-cells, was also iden-
tified on T-cells (2). An early study identified the presence of this receptor on human
thymic cells using complement-coated erythrocytes (3).More recently, direct EBV bind-
ing and entry into thymic cells have been demonstrated (4), with subsequent activation
of the infected cells (5).

Following this initial observation, archived specimens of T-cell lymphomas as
well as newly acquired tumors from around the world have been examined for the
presence of EBV DNA, RNA, and protein expression. In the many studies per-
formed so far, EBV has been found in a wide variety of T-cell tumors. However,
the nomenclature of the tumor types and the methods used to query the presence
of EBV have created a somewhat confusing picture.
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CLASSIFICATION OF T-CELL LYMPHOMAS ASSOCIATED WITH EBV

A new, detailed classification scheme of lymphomas (Table 1) delineated by theWorld
Health Organization (WHO) in 2001 (6) attempted to rectify some of the previous
overlapping classifications such as Lukes, Kiel, Working Group, and Revised
European-American Classification of Lymphoid Neoplasms (REAL). The WHO
classification scheme is based on morphologic, genetic, immunophenotypic, and clin-
ical parameters. Key points of the WHO classification include distinctions between

Table 1 The WHO T-Cell Tumor Classification Scheme

WHO classification (2001) Presentation EBV

Leukemic/disseminated
T-cell prolymphocytic leukemia Hepatosplenomegaly, lymphadenopathy �

T-cell large granular lymphocytic leukemia Neutropenia, lymphocytosis,
hepatosplenomegaly

�

Aggressive NK cell leukemia Fever, B-symptomsa, leukemic bloodb þ

Adult T-cell leukemia/lymphoma HTLV-1 �

Cutaneous
Mycosis fungoides Truncal patches/plaques þ

Sézary syndrome Erythroderma, lymphadenopathy þ

Primary cutaneous anaplastic large cell
lymphoma

Localized skin lesions þ

Lymphomatoid papulomatosis Recurrent papules or nodules �

Other extranodal
Extranodal NK/T-cell lymphoma,
nasaltype

Nasal/midface mass or destructive lesion þ

Enteropathy-type–T-cell lymphoma Celiac disease, abdominal pain, intestinal
perforation

þ

Hepatosplenic T-cell lymphoma Hepatosplenomegaly, thrombocytopenia,
anemia, leukocytosis

þ

Subcutaneous panniculitis-like–T-cell
lymphoma

Subcutaneous nodules over the trunk,
extremities and B-symptomsa

þ

Nodal
Angioimmunoblastic T-cell lymphoma Systemic symptoms, polyclonal

gammopathy
þ

Peripheral T-cell lymphoma, unspecified Lymphadenopathy, B-symptomsa þ

Anaplastic large cell lymphoma B-symptomsa, advanced lymphadenopathy þ

Neoplasm of uncertain lineage and stage of differentiation
Blastic NK cell lymphoma Skin tumors, disseminated

lymphadenopathy
�

Precursor T-cell lymphoma
Precursor T lymphoblastic leukemia/
lymphoblastic lymphoma (precursor
T-cell acute lymphoblastic leukemia)

High leukocyte count, mediastinal/other
mass

þ

aB-symptoms––B refers to the presence of systemic symptoms (significant fever, night sweats, and/or unex-

plained weight loss of greater than 10% of normal body weight) in a clinical staging system in which A repre-

sents clinical illness without systemic symptoms, and B represents presence of these systemic symptoms.
bLeukemic blood–circulating leukemic cells; larger than normal large granular lymphocytes with irregular,

hyperchromatic nuclei, and/or increased azurophilic granules.

Abbreviations: EBV, Epstein–Barr virus; WHO, World Health Organization; NK, natural killer; HTLV-1,

human T-cell lymphotropic virus-1.

Source: Modified from Ref. 6.
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precursor T-cell tumors and peripheral tumors, differentiation among anatomical
sites, cytotoxic versus noncytotoxic cells by phenotype, and comparisons of names
to those in previous classifications. Peripheral T-cells are post-thymic (or mature)
T-cells, whereas precursor T-cells are pre-thymic (or developing) T-cells.

There is considerable overlap in the classification scheme. For example, tumors
classified as ‘‘extranodal’’ are frequently associated with nodal tumors. Cutaneous
tumors may be of several types. Thus, the anatomical site is only one consideration
in identification of tumor behavior.

The interpretation of the presence of EBV in tumor cells is still evolving. As
with other diseases, identification of EBV within cells should have a purpose, and
the methods used for identification must be sensitive and specific. The significance
of the detection of EBV is illustrated by the different tabulations of the association
of EBV with T-cell lymphomas. A useful summary of T-cell lymphomas published in
2001 based on morphology, cell surface phenotypes, and genotypic characteristics (7)
that was prepared prior to the availability of the WHO classification identified 12
types of T-cell lymphomas and three types of natural killer (NK) cell tumors
(Table 2). The modifications included a numerical identifier of the existing WHO
name for T-cell lymphomas for the sake of comparison. Of these 15 tumor types,
EBV was noted as being present in only three types: nasal/nasal-type (‘‘angiocentric
lymphoma’’) T-cell lymphoma, aggressive NK lymphoma, and nasal/nasal-type NK
lymphoma. None of the cutaneous tumors were characterized as containing EBV.

The classification published in 2001 by the WHO, however, lists five T-cell
tumors as carrying EBV DNA: aggressive NK cell leukemia, extranodal NK/
T-cell lymphoma nasal type, enteropathy-type T-cell lymphoma, angioblastic T-cell
lymphoma, and peripheral T-cell lymphoma, unspecified (Table 1).

The sensitivity for detection of EBV in these tumors is dependent on the target
used for detection [e.g., DNA, EBV encoded RNAs (EBERs), antigens] and the tech-
nique used [e.g., polymerase chain reaction (PCR), in situ hybridization]. For exam-
ple, a closer examination of cutaneous T-cell tumors in which EBV is normally
not considered to be present is instructive. Reports by Iwatsuki et al. (8) from Japan,
Jumbou et al. (9), and Dreno et al. (10) from France, and others using both RNA and
DNA PCR techniques describe the presence of EBV in several cutaneous tumor types
including mycosis fungoides and Sézary syndrome. Several of the studies that failed to
identify EBV in these lesions used only probes for EBERs, which is a potential meth-
odological limitation. EBERs are small, untranslated RNA molecules expressed only
during latent EBV infection. Therefore, if the neoplastic cells harbor EBV in the repli-
cative state, EBERs will not be detected, and the neoplasm will be misclassified as being
EBV-negative. Foulc et al. (11) provide support for this scenario by showing the
presence of the EBV gene BHLF1 by in situ hybridization in Sézary syndrome speci-
mens that were EBER-negative. They went on to show a poorer prognosis for patients
with EBV-positive tumors. Another possible reason for the apparent inability to iden-
tify EBV in other tumors is a lack of uniformity in classification systems at the time of
publication of many of these reports. Thus, it is likely that additional EBV-positive
T-cell lymphomas may be identified in the future, which will need to be reclassified.

TYPES OF T-CELL LYMPHOMAS AND THEIR ASSOCIATION WITH EBV

Among the leukemic or disseminated T-cell lymphomas, EBV has not been found in
T-cell prolymphocytic leukemia and T-cell large granular lymphocytic leukemia.
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However, previous studies that used different nomenclature continue to confound the
question of the presence or absence of EBV in these cells. Matsuo and Drexler (12)
observed EBV in cell lines established fromNK andNK/T leukemia–lymphomas that
share morphological characteristics with T-cell large granular lymphocytic leukemia.

Cutaneous T-cell lymphomas include mycosis fungoides and a subtype known
as Sézary syndrome; angiocentric lymphomas, currently known as extranodal
NK/T-cell lymphomas, nasal type; and angiolymphoblastic lymphomas (13,14).
Angiocentric tumors may occur in other sites, including the bowel, in association
with ischemia and subsequent perforation. Angiolymphoblastic lymphomas are
more serious and are associated with fever and generalized lymphadenopathy. This
grouping also includes primary cutaneous anaplastic large cell lymphomas, in which
the tumor cells express a protein recognized by the CD30 antibody Ki-1. Most
attempts to identify EBV in these tumors have used EBER or latent membrane pro-
tein 1 (LMP1) detection methods and have been negative. de Bruin et al. (15) found
EBV by DNA PCR in one tumor sample, but assumed that because in situ hybridi-
zation for EBERs was negative, the PCR result was a false-positive. This issue is
clouded by the presence of EBV in these tumors that arise in sites other than the skin.

Peripheral T-cell lymphomas may occur in virtually any organ system includ-
ing the gastrointestinal tract, skin, nasal passages, and in blood vessels and aortic
aneurysms (16,17). These tumors continue to be associated with severe, chronic,
active EBV disease with expression of viral genes associated with active replication,
while in some instances the tumor cells express type II latency (EBNA1, LMP1, and
LMP2A) (18). These tumors also appear in patients following transplantation (19).
It is likely that some of these tumors would be classified under different names using
the current WHO classification.

In Lennert’s (lymphoepithelial) lymphoma (currently classified as peripheral
T-cell lymphoma, unspecified), the malignant cells may be either helper or cytotoxic
T-cells. The tumor is likely to occur in lymphoid organs of older patients, associated
with systemic symptoms, and contains infiltrating histiocytes. The disease course
may be aggressive or indolent. In one study, EBV was found in one case out of a
series of 10, but only in situ testing using EBER probes was used (20).

T/NK-cell lymphomas are associated with midline lymphomas. Skin involve-
ment is associated with a poor prognosis, whereas coexpression of CD30 is asso-
ciated with a better prognosis (21). In one series, 69% of upper respiratory tract
lymphomas (NK/T) were of T-cell origin, with 53% being EBV-positive (22). Amer-
ican patients are less likely to have EBV-positive tumor cells when compared to Chi-
nese patients, but the more frequent association of EBV with tumors in Southeast
Asia is not universally accepted as different methodologies may influence the results.
T/NK tumors are one type of several non-Hodgkin’s lymphomas (NHLs) found to
have free viral DNA by PCR in serum or plasma, suggesting that virus replication
may be present. This observation is in contrast to their observation of likely being
EBER-positive because free viral DNA is thought to be a consequence of ongoing,
productive viral replication. Type A EBV was found to be dominant in these tumors
in China (23). This form expresses the same latency pattern (type II) as nasopharyn-
geal carcinoma and Hodgkin’s disease (EBNA1 with QUK splice, LMP1 and LMP2
proteins, BamHI A reading frame, and absence of EBNA2 message) (24). The distri-
bution of type A EBV is worldwide. Chan et al. (25) identified an unusual patient in
whom the disease presented as a testicular tumor.

Two-thirds of immunosuppression-related NHL are T-cell in origin in some
series (26). However, tumors containing EBV occurred among healthy persons as
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frequently as among immunosuppressed individuals in Japan (27). Therefore, immu-
nosuppression does not appear to be a prerequisite for the development of T-cell
lymphomas in general or of those containing EBV.

Enteropathy caused by celiac disease with an human leukocyte antigen (HLA)
DQA1�0501, DQB1�0201 phenotype may be associated with virus-positive T-cell
lymphomas (28). The frequency of intestinal NHL appeared to be particularly high
in Mexico, as well as among post-transplant tumors (29).

Intravascular lymphomatosis, a proliferation of tumor cells in vascular space
without tissue involvement, was found to contain EBER-positive cells (30). This dis-
ease is rare, and the clinical consequences depend on the anatomic site of the infil-
trate in the vessel lumen.

c/d T-cell tumors are peripheral T-cell lymphomas with cytopenia that are
CD2þ, CD3þ, T-cell receptor d-1þ, b F�, and EBER-positive, which are frequently
found in the liver and spleen (31). These lymphomas were also described in fatal
cases, occurring in subcutaneous tissue, vocal cords, gastric mucosa, and the central
nervous system (32). Apparent primary c/d tumors of the larynx (33), intestinal tract
(34), and the lung need to be added to this list (35). Familial cases have also been
described (36). Gaulard et al. (37) reviewed these tumors in 2003.

The hemophagocytic syndrome is characterized by fever, malaise, myalgia,
lethargy, and hepatosplenomegaly, and may be familial or sporadic. The sporadic
form is associated with infections, particularly EBV, and is found in hepatosple-
nic c/d tumors, peripheral T-cell lymphomas, and NK cell peripheral–T-cell lym-
phomas, all of which may carry the EBV genome (35,37). Anaplastic large cell
lymphomas, which were not included in the WHO classification as containing
the EBV genome, were subsequently described as being EBV-positive in the pre-
sence of the hemophagocytosis syndrome (38,39).

Richter syndrome is the conversion of chronic lymphocytic leukemia to a dif-
fuse large cell lymphoma of either B- or T-cell origin. The lymphoma cells of both
cell types have been found to be EBV-positive (40).

Patients undergoing immunosuppressive therapy for rheumatoid arthritis and
other inflammatory diseases with low dose methotrexate and other drugs have been
reported to develop EBV-positive, large T-cell lymphomas (41). Other immunosup-
pressive conditions, such as human immunodeficiency virus infection and the
acquired immunodeficiency syndrome (AIDS), predispose to central nervous system
T-cell lymphomas that frequently contain EBV (42). Usually, primary central ner-
vous system lymphomas in patients with AIDS are B-cell lymphomas.

Discordant lymphomas occur when B-cell tumors change to T-cell tumors,
T-cell tumors become B-cell tumors, and B-cell and T-cell tumors coexist. EBV
was found in coexisting B-cell and T-cell tumors and in the B-cell to T-cell tumor
transitions (43).

Several T-cell lymphomas have been misidentified as malignant histiocytosis.
These cases had a fulminant course associated with pancytopenia, liver dysfunction,
and disseminated intravascular coagulopathy. The pathology has included extrano-
dal, histiocytic infiltrates in multiple tumor types (38,44).

FUTURE CONSIDERATIONS

Methods used for identification of EBV in T-cell lymphomas include probes
that detect EBNA1, EBNA2, BamHI H, BamHI W, BamHI Z, and antibodies that
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identify specific EBV proteins. Both in situ and PCR molecular techniques, along
with histochemistry, have been used in the study of T-cell lymphomas, and the per-
centages of positive T-cells in the varying studies are somewhat different. For exam-
ple, one study identified EBV DNA in 59% of archived T-cell lymphomas using
EBNA1 probes versus 47% positive using EBER probes by in situ hybridization,
while another showed similar differences using primers for the glycoprotein gp220
as compared to presence of EBER (45).

Other markers have been used to characterize the EBV-positive tumor
cells. Peripheral T-cell lymphomas contain anaplastic large cells in 73% of cases.
Pleomorphic cells were present in 18% of these cases. Interleukin-10 was expressed
in 43% of nasal NK tumors, but in none of angioimmunoblastic and c/d tumors.
Nodal T-cell lymphomas with EBNA1-expressing tumor cells were associated with
an aggressive course and hepatosplenomegaly (15). Fulminant CD8þ extranodal
T-cell lymphomas (NK and cytotoxic T-cell types) were identified using TIA-1
and granzyme B as markers (46).

Epidemiologic studies show ethnic differences between the West and the East,
as well as within the two regions. Peh and Quen (47) identified the incidence of T-cell
lymphomas, in general, with decreasing incidence from Indian>Chinese>Malay
backgrounds, with the overall incidence higher in Asia than in the West. In one study
from Japan in 1996, it was recognized that T-cell lymphomas were more frequently
EBV-positive than were B-cell tumors, even though B-cell lymphomas were more
common (48). The same phenomenon was observed in Denmark (49). Differential
diagnoses have not been studied in depth, but include EBV-positive T-cells in viral
lymphadenitis occurring with infectious mononucleosis and other multicentric lym-
phadenopathy syndromes (50). It was also noted in these reports that T-cell tumors
with EBV were associated with a poorer prognosis and significant constitutional
symptoms (B-symptoms of night sweats, fever, metabolic wasting, and 10% loss of
body weight within six months).

The discussion of the role of EBV in the development of T-cell tumors varies
from none at all to hypothesized infiltration of tumor with cytotoxic T-cells that then
become infected and contribute to additional tumor development (51). Enteropathy-
associated T-cell lymphomas demonstrate decreased HLA expression on tumor cells
(52). The unsatisfactory status and incomplete explanations of the role of EBV in the
pathogenesis of B-cell and epithelial tumors extends to T-cell lymphomas.

Because some overlap in phenotypic and genotypic characteristics of mature
T-cell leukemias on using the new WHO classification were reported by Herling
et al. (53), it is not surprising that the EBV status of these and other T-cell tumors
is unclear. The role of EBV in T-cell lymphomas in the assignment of causality,
understanding of tumor biology, need for specific therapy, and clinical prognosis
continues to evolve (31), but as observed in 1996 (54), the distribution of EBV in
T-cell tumors is quite variable.

This statement continues to describe the field and is exemplified by a need for
additional studies of the incidence and causal role of EBV in T-cell lymphomas.
These tumors as a group account for almost 15% of NHL throughout the world
(6), but accurate percentages of T-cell tumors that carry the EBV genome are not
available for various reasons. In particular, viral genome detection methods must
include analysis of viral DNA and RNA and not use of only selected methods.
The most common association of EBV is with NK/T-cell tumors, where a majority
of tumors carry the viral genome even though the NK cell is not thought of
as a primary cell target for EBV infection. Thus, understanding of EBV in T-cell
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lymphomas requires a broad, perhaps new approach to evaluate EBV and its
relationships to humans.
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INTRODUCTION

Epstein–Barr virus (EBV) is a highly successful human pathogen, with greater than
95% of the world’s population harboring latent EBV in their B-cells. This remarkable
infection rate is achieved by the highly efficient transmission route of the virus from
persistently infected persons to na€��ve individuals, most likely through saliva. Infection
with EBV most frequently occurs in early childhood and is usually asymptomatic.
Infection during early adulthood is frequently associated with infectious mononucleo-
sis which is a benign and self-limiting lymphoproliferative disease. Seroepidemiological
evidence suggests that EBV infection is widespread in China and that practically all
Chinese children in Hong Kong are EBV positive before 15 years of age (1).

In most individuals, EBV establishes a harmonious relationship with the host
with no major pathology. However, in immunocompromised patients including
those who underwent transplantation and among patients with AIDS, this intricate
balance is tipped, resulting in posttransplant lymphoproliferative disease (PTLD)
and oral hairy leukoplakia (OHL), a benign replicative disorder of oral tongue
mucosa in AIDS patients (2).

The transformation potential of EBV is demonstrated by the efficient transfor-
mation of B-cells to generate lymphoblastoid cell lines in the laboratory. EBV has
been implicated in the pathogenesis of lymphoproliferative tumors, including Burkitt
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a In fond memory of our teacher, friend and colleague, Prof. Dolly P. Huang, who passed
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lymphoma (BL) and Hodgkin’s lymphoma, as well as epithelial tumors including
nasopharyngeal carcinoma (NPC) and gastric carcinoma (3). The highest association
of cancer with EBV is observed in NPC where the EBV genome can be detected in
practically every NPC cell (4). Furthermore, EBV infection is closely related to the
differentiation status of epithelial cancers (5). EBV infection is present mainly in
the undifferentiated type carcinoma of the nasopharynx and stomach. EBV is not
commonly detected in other head and neck cancers that are predominantly squa-
mous cell carcinoma with various degrees of differentiation. EBV infection is absent
in normal nasopharyngeal epithelium but can be detected in premalignant lesions,
particularly in high-grade precancerous lesions and carcinoma in situ (6–8). A role
of EBV in transforming premalignant nasopharyngeal epithelial cells into invasive
cancer cells has been proposed (9). EBV infection has also been reported in breast
(10) and liver cancers (11), but there is controversy about the involvement of EBV
in the development of these cancers (12). Notably, the EBV genome copy numbers
detected in breast and liver cancers are low, and the characteristic expression of
EBV-encoded RNAs (EBERs) and Epstein–Barr nuclear antigen (EBNA)1, which
are commonly detected in all EBV latent infections, is absent (3,13).

EBV GENE EXPRESSION DURING LATENT INFECTION

Latent EBV infection is associated with several human malignancies. Expression of
the EBV proteins during latent infection triggers a host immune response, and thus
only a restricted number of EBV proteins are expressed (14). In BL, only the EBNA1
protein is expressed in addition to EBERs and BamHI A RNAs (type I latency).
In NPC, the EBV genes expressed include EBNA1, LMP1, LMP2A, and LMP2B
in addition to EBERs and BamHI A RNAs (type II latency). Interestingly, BamHI
fragment, right forward open reading frame 1 (BARF1) which was previously classi-
fied as an early EBV gene, was detected in about 85% of North African NPC biopsies
(15). BARF1 is able to transform rodent fibroblasts and immortalize simian epithelial
cells (16,17). In EBV-mediated transformation of B-cells in vitro and lymphoproli-
ferative diseases in immunocompromised patients, the full range of latent genes that
includes EBNA1, EBNA2, EBNA3A, EBNA3B, LMP1, LMP2A, and LMP2B in
addition to EBERs and BamHI A RNAs (type III latency) are expressed. The precise
regulatory mechanism of gene expression in different types of EBV latent infection is
not fully understood and likely involves feedback regulatory mechanisms of EBV
proteins on the usage of various promoters in the EBV genome, as well as specific pro-
moter methylation (14,18). The functions of EBV genes expressed in latent infection
and their involvement in human cancers have been recently reviewed (3).

GENETIC SUSCEPTIBILITY OF NPC

NPC is commonly observed in Hong Kong and the Southern provinces of China. The
worldwide incidence of NPC is low in most countries (approximately 1/100,000 per
year) (19), but in Hong Kong and Southern China the incidence rate of NPC is 25 to
50 per 100,000 per year (20). The male-to-female ratio is 2–3 to 1. The
histopathology is mainly of the undifferentiated type (5). Multiple etiological factors
are believed to be involved in NPC development including EBV infection, genetic
susceptibility, and diet.
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The ethnic clustering of NPC in Southern Chinese strongly suggests the involve-
ment of genetic susceptibility and environmental factors in its development. Migrant
and association studies of genetic markers and familial aggregation of the disease
strongly indicated that genetic predisposition plays an important role in NPC
development (21–23). Cellular susceptibility to the transformative action of EBV
oncogenes may be one of the genetic predisposition factors to NPC in Southern
Chinese. An earlier study identified a genetic risk factor for NPC and mapped it
to the human leukocyte antigen (HLA) locus (24). An association of NPC with
HLA alleles, A2, B14, and B46, was observed among Chinese patients. The candi-
date gene closely linked to HLA for increased risk of NPC has not yet been identi-
fied. The involvement of HLA in NPC may be related to the activity of cytotoxic
T-cell recognition and host immune response to EBV infection.

Genetic polymorphisms for genes involved in metabolism of carcinogens may
also play a role in the increased risk of NPC among Southern Chinese. For example,
one genetic predisposition factor may be related to the metabolism of nitrosamine, a
known carcinogen that is present in salt fish, a common part of the diet of Southern
Chinese (Cantonese) living in Hong Kong in earlier days (25,26). The CYP2E1, one
of the cytochrome P450 genes, is responsible for the metabolic activation of nitrosa-
mines and the related carcinogens. Case–control studies have shown a strong associa-
tion of the C2 allele of CYP2E1 with increased risk of NPC in Chinese (27). Salt fish is
no longer a major component in the daily diet in present-day Hong Kong, which might
alter the incidence rate of NPC in the population of Hong Kong. Indeed, there is a
decreasing trend of incidence rate of NPC in Hong Kong over the past 20 years (28).
The incidence rates of NPC for males and females in Hong Kong decreased by 29%
and 30%, respectively. The glutathione S-transferase M1 (GSTM1) gene is involved
in the detoxification of several carcinogens in tobacco smoke. A twofold increase in risk
for NPC was also observed to be associated with the GSTM1 null genotype (29).

The close community and sharing of microenvironment and similar diet among
Chinese living in Hong Kong and Southern China present immense difficulties in dis-
tinguishing the influence of environmental factors from the bonafide predisposing
genetic factors involved in the development of NPC. Nevertheless, an recent study
using a genome-wide linkage analysis approach was able to map an NPC susceptibil-
ity locus to chromosome 4 (D4S405 and D4S3002 loci) in 20 familial NPCs in the
Cantonese population (30). The cloning and identification of the NPC susceptibility
gene will help in the understanding of the pathogenic mechanisms of NPC.

ASSOCIATION OF EBV INFECTION WITH NPC

Detection of EBV in NPC

The indication that EBV infection is linked with NPC was first suggested by the sero-
logical detection of antibodies in NPC patients against the EBV antigen (31). In situ
hybridization also demonstrated the presence of EBV DNA in NPC biopsies (32).
The complete EBV genome is maintained in the NPC cells. There are 1 to approxi-
mately 30 copies of EBV genome per NPC cell, most of which are episomes and not
integrated into the chromosomes. Analysis of the number of terminal repeat ele-
ments in the circularized EBV DNA in NPC showed that the EBV episomes within
an NPC tumor are all derived from one copy of EBV, strongly indicating that NPC
is derived from clonal expansion of a singly EBV-infected cell (see Chapter 7) (9).
In situ hybridization of EBERs, which are present at high copy in EBV-infected cells,
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is a reliable marker of EBV infection. EBER can be detected in most high-grade pre-
cancerous nasopharyngeal lesions but not in low-grade lesions or histologically nor-
mal nasopharyngeal epithelium (6–8). This suggests that other changes or genetic
events in the precancerous lesions might be present in nasopharyngeal epithelium
prior to EBV infection.

Serology of EBV in Patients with NPC

EBV infection in NPC induces an immunological response. The typical serological
profile of NPC patients consists of an increase in both immunoglobulin G (IgG) and
IgA antibodies against the viral capsid antigen (VCA) and early antigen (EA)
and IgG antibodies against EBNA (33,34). Antibodies against ZEBRA (replication
activator of EBV) can also be detected (35). The presence of antibodies against both
latent and replication (lytic) antigens of EBV suggests that both latent and lytic EBV
infections are present in NPC patients. The infiltrating lymphocytes in NPC may
contribute significantly to the elevation of antibodies to the lytic antigens of EBV.
The serological titers of antibodies against various EBV antigens have been used
clinically to monitor tumor burden, remission, and recurrence in NPC (36).

Serum EBV DNA in Patients with NPC

The EBV genome is present in serum and can be easily detected by polymerase chain
reaction (PCR) amplification. With the advance of real-time (RT) and quantitative
PCR, it is possible to accurately quantitate the levels of circulating EBV DNA in
the serum of NPC patients. The quantitation of EBV DNA as a tumor marker for
NPC has a lower false positive rate compared to the antibody-based serological mar-
kers (37). EBV DNA can be detected in the plasma of 96% of NPC patients but only
in 7% of healthy individuals (38). Furthermore, the EBV DNA concentrations are
positively correlated with the clinical staging of the NPC patients (39). The median
plasma levels of EBV DNA in advanced-stage NPC (stages III and IV) were approxi-
mately eight times higher than those with early-stage NPC (stages I and II), suggest-
ing that the plasma concentration of EBV DNA in NPC patients reflects tumor load.
In addition, the persistence of EBV DNA after radiotherapy is associated with poor
prognosis. Furthermore, plasma levels of EBV DNA is higher in NPC patients with
recurrence than in those remaining in clinical remission.

GENETIC ALTERATIONS IN NPC

Early Genetic Events in the Development of NPC

EBV latent infection, Bcl-2 overexpression, and telomerase activation are early events
in NPC development (9,40,41). We have examined the relationship of EBV infection
and genetic alterations in early stages of NPC development. By microdissection and
microsatellite analysis, we have examined EBER expression with genetic changes in
the histological normal epithelia, low- and high-grade dysplastic lesions, and invasive
carcinoma of the nasopharynx (Fig. 1). The nasopharyngeal epithelium in Southern
Chinese appears to be prone to allelic deletion of chromosomes 3p and 9p, which can
be detected by a loss of heterozygosity (LOH) study (7,8).

LOH study involves the detection of loss of one of the two heterozygous alleles
at a specific chromosomal locus, indicating inactivation of one functional copy of a
gene(s) mapped to that specific locus. LOH at a specific locus is a hallmark for the
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presence of a tumor suppressor gene mapped to that locus. High frequencies of LOH
on chromosomes 3p and 9p (80% and 45%, respectively) were detected in both low-
and high-grade dysplastic lesions and even in histologically normal epithelia of the
nasopharynx from Southern Chinese living in an area known to be endemic for
NPC (7,8). A much lower LOH rate was observed in normal nasopharyngeal epithe-
lium in low-risk Northern Chinese. Moreover, we have also detected the aberrant
methylation of the tumor suppressor gene located at 3p21.3, RASSF1A, in some dys-
plastic lesions and adjacent epithelia (unpublished observation). These findings imply
that losses of 3p and 9p are earlier events in NPC development. Inactivation of the
target tumor suppressor genes on these regions may confer a growth advantage on
the initiated cells. Interestingly, EBV infection was not detected in low-grade lesions
harboring LOH of 3p and 9p, suggesting that these genetic alterations are early
events in NPC development and precede EBV infection. The postulate is that the
latent EBV infection and expression of viral oncogene, such as LMP1 and other
EBV viral gene products, in the high-grade dysplastic nasopharyngeal epithelium
may transform the genetically altered cells into invasive cancer cells (9).

Global Genetic Changes in NPC

Knowledge of the genetic and epigenetic changes in NPC and their interaction
with EBV oncogenes is crucial for the understanding of the molecular basis of
development of NPC. EBV-infected cells may drive the clonal expansion of premalig-
nant nasopharyngeal epithelial cells, resulting in further genetic alterations detected
in NPC.Multiple genomic-wide studies have defined important tumor suppressor loci

Figure 1 (See color insert.) Expression of EBER in premalignant nasopharyngeal epithelium
carrying allelic deletion of chromosomes 3p and 9p. Note the expression of EBER in the high-
grade precancerous lesion but its absence in the low-grade precancerous lesion. Allelic deletion
of chromosomes 3p (at locus D3S1076) and 9p (at loci IFNA and DS9161) could be detected
in both high- and low-grade precancerous lesions of nasopharyngeal epithelium, suggesting
that the deletions occur before EBV infection. Abbreviations: EBER, Epstein–Barr virus
encoded ribonucleic acids; EBV, Epstein–Barr virus.
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and amplicons of NPC (42–45). High-resolution allelotyping and comparative
genome hybridization (CGH) studies have identified, in addition to the losses on
3p and 9p, losses on chromosomes 9q, 11q, 13q, 14q, and 16q, and gains on 1q,
3q, 12p, and 12q. Common regions of loss were 3p14–21, 14q24-qter, and 11q21-qter,
while common regions of gain were 3q21–26 and 12q13–15 (42–45). Recent array-
based CGH analyses have further identified cryptic amplification at the chromosomal
region 3q26 (46,47). The highest frequencies of allelic losses were found in chromo-
somes 3p (96.3%), 9p (85.2%), and 14q (85.2%). Multiple minimally deleted regions
including 3p14–24.2, 11q21–23, 13q12–14, 13q31–32, 14q24–32, and 16q22–23 have
been identified, which may harbor multiple tumor suppressor genes (42). Monochro-
mosome transfer studies have provided functional evidence for the involvement of
tumor suppressors at chromosomes 3p, 9p, 11q, and 14q in NPC (48–50).

Candidate Tumor Suppressors and Oncogenes Identified in NPC

Dysfunction of Rb and p53 antioncogene regulatory pathways plays a major role in
human carcinogenesis. However, mutational inactivation of the Rb and p53 genes are
rare events in NPC (51,52). Disruption of the Rb and p53 functions in NPC may be
achieved by indirect mechanisms. The p16 gene, a cyclin-dependent kinase (CDK)
inhibitor located within 9p21 region, has been reported to be a target tumor suppres-
sor in NPC. Inactivation of p16 genes disrupts the cell cycle entry regulated by Rb
(53,54). The p16 gene was inactivated in about 80% of primary tumors by either
homozygous deletions or promoter methylation. NPC cells transfected with wild-type
p16 showed in vitro growth inhibition, fewer colonies in soft agar, shifting of G2
phase to G1 phase in cell cycle, and suppressed tumorigenicity in athymic nude mice
(55). The p14/ARF gene, which is also located in 9p21 region, was inactivated in about
54% of primary tumors of NPC (53,56,57). The p14/ARF binds to the Mdm2 and
inhibits the ubiquitination and degradation of p53 protein. Mutation of p53 is rare
in NPC (52). The p14/ARF loss may facilitate p53 degradation in NPC cells. Recent
study in transgenic animals showed that the loss of the p16INKA/p14ARF locus
facilitates the transformative action of LMP1 in epithelial cells (58). Another study
has shown that overexpression of the deltaN-p63, which has dominant negative func-
tion to p53, may disrupt p53 function in NPC cells (59). The deltaN-p63 transcript as
well as protein is consistently overexpressed in NPC and may be one of the target
oncogenes on the 3q26 amplicon. These findings suggest that inactivation of both
Rb and p53 pathways are critical genetic events in NPC tumorigenesis.

The chromosome 3p region is commonly lost in NPC. The RASSF1A gene at
3p21.3 is a target tumor suppressor of NPC. A high frequency of RASSF1A inactiva-
tion was found in the NPC cell lines and primary tumors (75% to 100%) (60). Exo-
genous expression of RASSF1A in a RASSF1A-deficient NPC cell line C666–1
inhibited tumor cell growth. Reduced colony formation of the RASSF1A-expressing
clones was noted in both anchorage-dependent and -independent assays while tumor
formation in nude mice was remarkably suppressed (61). The RASSF1A protein
might function as an effector of the Ras signaling pathway (62). Recent study has
demonstrated that RASSF1A is a microtubule-binding protein that can stabilize
microtubules and prevent their depolymerization in vivo (63). Another report sug-
gests that RASSF1A may be involved in cell cycle regulation in lung cancer cells
through the inhibition of cyclin D1 accumulation (64); neither significant change
in expression of cyclin D1 nor G1 arrest was found in the RASSF1A-transfected
NPC cells (61). Our microarray study revealed multiple candidate RASSF1A target
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genes suggesting that RASSF1A may be involved in multiple cellular pathways,
including the transforming growth factor (TGF)-beta superfamily and G-protein sig-
naling in NPC (unpublished observations).

In addition to potential tumor suppressor genes and oncogenes on chromosome
3p and 9p, mutations of the RB2/p130 gene, overexpression of the bcl-2, and c-met
oncoproteins and reduced expression of p27 andMAD2 cell cycle regulatory proteins
have also been reported in NPC (65–69). Furthermore, epigenetic studies on NPC
have also identified multiple gene targets transcriptionally silenced by promoter
hypermethylation (56). Widespread hypermethylation of CpG islands over the entire
genome implies a methylator phenotype in NPC. Epigenetic inactivation of these
genes may cause disruption of retinoid signaling pathway [e.g., retinoic acid receptor
beta (RARB)] (56), endothelin-1 pathway [e.g., endothelin B receptor (ENDRB)]
(70), cell cycle and apoptosis control [e.g., death associated protein (DAP)-kinase,
retinomablastoma interacting zinc-finger protein 1 (RIZ1)] (71), cell adhesion [e.g.,
E-cadherin, tumor suppressor in lung cancer-1 (TSLC-1)] (72,73), and other novel
pathways [e.g., harpin-induced (HIN), BLU] (74,75). The functional interaction of
these genetic alterations and EBV oncogenes remains to be determined.

EBV INFECTION IN EPITHELIAL CELLS AND B LYMPHOCYTES

Cell Types Involved in Primary and Persistent EBV Infection

The spread of EBV in humans is efficiently achieved through salivary transmission,
with B-lymphocytes in the oropharyngeal mucosa believed to be the cell type
involved in the spread of primary EBV infection (76). The presence of mature B-cells
is required to establish persistent EBV infection. This is indicated by the absence of
EBV infection in patients with X-linked agammaglobulinemia, a rare disease affect-
ing B-cell development (77). The pharyngeal epithelium covering the lymphoid tissue
is loose and disrupted in places where the underlying B-cells can be exposed to EBV
transmitted by saliva (76). Infection of the pharyngeal epithelial cells may be a secon-
dary event that involves migration of EBV-infected B-cells into the pharyngeal epithe-
lium. The expression of CD48 on the surfaces of B-cells is dramatically upregulated
after EBV infection (78). The CD48 can bind to a heparan sulfate proteoglycan on
the surfaces of epithelial cells, which facilitates the homing-in of EBV-infected B-cells
to the epithelial cells in the pharynx. In patients with AIDS, epithelial cells at the
lateral borders of the tongue can be infected with EBV, resulting in OHL, a benign
lesion with EBV undergoing lytic replication in proliferative epithelial cells (79).
Another important observation is that persistent EBV infection is not maintained
in bone marrow transplantation patients whose bone marrow cells but not the
epithelial cells have been eradicated, hence suggesting that latently infected memory
B-cells in the bone marrow, instead of epithelial cells, are the pool for persistent
EBV infection (80).

Switches in Receptors for EBV Infection and Tropism

EBV infection of B-lymphocytes is facilitated by the presence of complement recep-
tor 2 (CR2) or CD21, which interacts with the glycoprotein gp350/220 protein of
viral envelope of EBV and mediates viral entry (81). EBV infection of B-lymphocytes
readily gives rise to lymphoblastoid cell lines that can be propagated in vitro. Infec-
tion of normal nasopharyngeal epithelial cells is rare in vivo and difficult to
accomplish in vitro.
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Different viral receptors are believed to be involved in the infection of B-
lymphocytes and human epithelial cells (82). In addition to the gp350/220 protein
of EBV envelope, entry of the virus into the B-lymphocytes requires three additional
viral envelope glycoproteins: gH, gL, and gp42. EBV infection in B-lymphocytes
involves interaction of gp42 with the HLA class II complex on infected cells. In
epithelial cells, which do not express HLA class II complex, EBV infection involves
only gH and gL, and not gp42. EBV virus which does not express gp42 can only infect
epithelial cells but not B-cells. Addition of the gp42 to the gH and gL complex
produces a virus that can only infect B-cells. This provides a molecular switch in
EBV to change its tropism. Interestingly, the presence of the HLA class II in the
virus-producing cells can alter the ratio of the three-part envelope protein complex
(gH, gL, and gp42) to a two-part (gH and gL) complex and hence will alter the trop-
ism of the virus (82). As a consequence, virus originating from the infected epithelial
cells and B-cell–derived EBV efficiently infect B-cells and epithelial cells, respectively.
This suggests a cycle of infection and reinfection of EBV when they switch host cell
type from epithelial cells to B-cells and cause reinfection of pharyngeal epithelial cells.

EBV INFECTION IN NASOPHARYNGEAL EPITHELIAL CELLS

Routes of Entry

EBV infection is commonly detected in NPC but not in healthy nasopharyngeal
epithelium (83). The route of EBV entry and maintenance of EBV infection in naso-
pharyngeal epithelial cells are poorly understood. The high rate of LOH of 3p and 9p
in nasopharyngeal epithelium of Southern Chinese may be a predisposing factor for
EBV infection. Several routes of entry of EBV into nasopharyngeal epithelial cells
have been implicated.

An early study demonstrated that EBV could enter human epithelial cells via
IgA-mediated endocytosis (84). Polymeric IgA (pIgA) specific for EBV, isolated
from acute infectious mononucleosis, was shown to promote EBV infection in a
human epithelial cell line, HT-29. Presumably, the plasma cells at the mucosa secrete
pIgA that binds by means of the J (joining) chain to the secretory component (SC), a
transmembrane protein expressed on the basolateral surface of epithelial cells. IgA
against EBV-VCA and gp350 can be detected at high titers in patients with NPC
(33,85). Expression of SC could be detected in the pseudostratified columnar epithe-
lium and intermediate epithelium covering the lateral nasopharyngeal walls includ-
ing the fossa of Rosenmüller, where NPC commonly develops. Binding of EBV to
the pIgA/SC receptor complex and endocytosis of the EBV/IgA/SC complex may
facilitate the entry of EBV into nasopharyngeal epithelial cells. This route of EBV
infection has been demonstrated in vitro using NPC cells (86). It is well known that
NPC cells established in culture commonly lose the EBV genome on prolonged pro-
pagation (87,88). Treatment of two of these EBV-negative NPC cell lines (TW01 and
TW06) with serum of NPC patients containing high titers of IgA against EBV-VCA
facilitated their reinfection by EBV. The expression of EBV-encoded proteins,
including LMP1 and EBNA1, in EBV-reinfected NPC cells could be detected 10 days
after EBV infection. Increased expression of epithelial growth factor receptor,
TGF-a, interleukin (IL)-1b, IL-6, and granulocyte–macrophage colony–stimulating
factors were observed in NPC cells within one to two weeks after reinfection with
EBV. However, the EBV genome was not retained in the EBV-reinfected NPC cells.
The EBV genomes in the infected NPC cells were eventually lost by exocytosis after
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three to four weeks. This is reminiscent of the continuous loss of EBV in cell lines
established from NPC biopsies. The switch of growth condition from in vivo to
in vitro environment may trigger lytic replication and exocytosis of EBV. Propaga-
tion of NPC biopsies in athymic nude mice, however, allows retention of the EBV
genome, resulting in the establishment of an EBV-positive NPC cell line, C666–1
(89), and several EBV-positive NPC xenografts (90), suggesting the importance of
cellular factors in supporting latent infection of EBV.

Direct cell-to-cell contact between the EBV-producing B-cells (Akata) and tar-
get cells was recently shown to be highly efficient in transmission of EBV into a vari-
ety of human epithelial cells. The introduction of a G418-resistant (neomycin
resistance) gene into the EBV genome allows selective growth of EBV-infected
epithelial cells. EBV transmission by cell-to-cell contact occurs independently of
the CR2 receptor that mediates EBV entry in B-cells. EBV infection of NPC cells
was achieved by cell-to-cell contact in the NPC cell lines TW03 (91), TW01, and
HONE1 (92) and CNE1, CNE2, HK1, and TW04 in our laboratories with different
degrees of infection efficiency.

Polarization of the epithelial cells was shown to be a major determining factor
for EBV infection by cell-to-cell contact (93). A recent study examined the binding
and entry of EBV into tongue and oropharyngeal epithelial cells that do not express
the CR2 receptor. The epithelial cells were cultured on microporous membranes to
form polarized monolayers with tight junctions at the apical regions. Incubation of
these polarized monolayers of cells with EBV-producing B-cell lines results in high
efficiency of EBV infection (7% to 16% infection rate) suggesting that primary
EBV infection in polarized cells occurs at the apical surface by direct cell-to-cell con-
tact with EBV-infected B-cells. EBV infection of these polarized pharyngeal epithe-
lial cells could also be achieved by attachment of cell-free EBV virions to the lateral
and basal surfaces of the polarized epithelium. The attachment of virus to cell is
mediated by the interaction of the arginine-glycine-aspartate (RGD) motif of the
EBV BMRF-2 glycoprotein and the b1 or a5b1 integrins of the cell membrane at
the lateral and basal surfaces of the polarized epithelial cells. Antibodies against both
BMRF-2 and b1 integrins neutralize binding and entry of EBV into pharyngeal
epithelial cells but not in CR2 positive BJAB cells. In addition, the polarized epithe-
lial cells that were previously infected with EBV by cell-to-cell contact at the apical
surface could release EBV virions from the apical as well as the basolateral surfaces
to achieve spreading of EBV infection to adjacent cells. This study clearly demon-
strated the route of CR2-independent infection of EBV into pharyngeal epithelial
cells and its subsequent spread to adjacent epithelial cells.

Maintenance of the EBV Genome in Nasopharyngeal Epithelial Cells

While the EBV genome can readily be detected in NPC in vivo, maintenance of the
EBV genome in NPC, generally, is not supported in vitro. It is well known that
NPC cell lines established fromNPC commonly lose their EBV genomes on prolonged
culture. This is distinct from human papillomavirus (HPV) infection in cervical carci-
noma cells where HPV16 and HPV18 genomes are retained as integrated forms in
established cervical carcinoma cell lines such as HeLa and CaSki. In contrast,
the EBV genome could be maintained in NPC xenograft maintained in nude mice. The
C666–1 cell line, which retains the EBV genome in culture, was derived from a xeno-
grafted NPC that has been passed for a long time. It would be interesting to examine
the cellular factors important for the maintenance of the EBV genome in C666–1 cells.
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Several factors have been proposed to be involved in the maintenance of the
EBV genome. The contribution of cellular signal transducers and activators of tran-
scription (STAT) signaling activity has been implicated in the maintenance of EBV
infection in NPC cells. The STAT proteins are latent in the cytoplasm and are critical
in mediating cytokine-driven signaling. In response to the binding of ligand to the
cytokine receptors, the tyrosine residues on the STAT proteins are phosphorylated
by Janus activated kinase (JAK) family kinases. The STAT3 and STAT5 proteins
are associated with cell proliferation and prevention of apoptosis through upregula-
tion of the antiapoptotic proteins Bcl-xL, Bcl-2, and Mcl-1, and cell cycle regulators
such as cyclin D1, cyclin D2, and c-Myc (94). Maintenance of the EBV episome is
dependent on the expression of EBNA1, which involves the usage of BamHI-Q pro-
moter (Qp). The observation that STAT can regulate Qp activity suggests that STAT
activation may play a role in maintaining the EBV genome in cells (95). Expression
of BZLF1, which codes for Zta expression, induces lytic EBV infection that is asso-
ciated with downregulation of Qp activity. Interestingly, increased tyrosine phos-
phorylation of STAT3 and STAT5 were observed in EBV-infected HeLa cells.
Increased phosphorylation of STAT3 and STAT5 could be observed in NPC cell
lines expressing LMP1. Activation of STAT3 by LMP1 is mostly mediated by IL6
secretion that forms an autocrine loop to maintain the EBV genome in cells (96).
The STAT3 and STAT5 proteins are commonly activated in human cancers, includ-
ing NPC (97), which would support the Qp activity and contribute to the mainte-
nance of EBV genome in NPC cells in vivo.

A recent study showed that high levels of nuclear factor jB (NF-jB) inhibit lytic
replication of gamma-herpesviruses, including EBV (98). The inhibition of virus repli-
cation protects the cell from the cytopathic effects of viral protein synthesis and pro-
motes the establishment of latent infection. Inhibition of NF-jB in latently infected
cells leads to lytic protein synthesis. The EBV-encoded LMP1 is a potent activator
of NF-jB. The expression of LMP1 upregulates intracellular NF-jB activity and
further inhibits lytic gene expression which stabilizes the latent infection. Details of
the mechanism by which NF-jB inhibits lytic promoters of gamma-herpesvirus are
unknown but involves both the N-terminal DNA-binding/dimerization domain
and the C-terminal activation domain of p65.

Biological Properties of EBV-Infected Nasopharyngeal Epithelial Cells

EBV infection of human epithelial cells was achieved in an earlier study by first
expressing the CR2 receptor in an SV40-immortalized keratinocyte cell line (SVK)
followed by infection with EBV containing supernatant harvested from Akata cells,
an EBV-producing cell line (99). About 50% to 90% of CR2-expressing SVK (SVK-
CR2) cells could be infected by EBV via this method. The EBV-infected SVK-CR2
cells expressed the EBV gene characteristic of latency type II infection that includes
EBNA1, LMP1, LMP2A, and LMP2B, in addition to EBERs and BamHI A RNAs.
The EBNA1 transcripts in SVK-CR2 infected with EBV mainly used the Qp instead
of the C promoter/W promoter (Cp/Wp). The expression level of LMP1 was low and
could only be detected by RT-PCR. This is reminiscent of LMP1 expression in NPC
in vivo, which is often heterogeneous and low in expression. EBV infection in the
SVK-CR2 cells was unstable. At 24 days postinfection, only 10% of the EBV-infected
SVK-CR2 cells retained the EBV genome (100). The lytic cycle proteins of EBV infec-
tion, such as BZLF1 and EA-D, can be detected in EBV-infected SVK-CR2 cells.
Lytic infection of EBV is enhanced by stimulating the EBV-infected SVK-CR2 cells
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to undergo epithelial differentiation using 12-O-tetradecanoyl-phorbol-13-acetate.
Cloning of SVK-CR2 cells stably infected with EBV showed that they become refrac-
tory to differentiation-inducing agents. EBV lytic proteins are not detectable in these
EBV stably infected clones. These findings suggest that stable latent infection of EBV
can only be established in undifferentiated epithelial cells. This is reminiscent of the
common detection of EBV genome in undifferentiated NPC and less frequent detec-
tion in other head and neck carcinomas, which are largely squamous cell carcinomas
with more differentiated histology.

While the earlier studies using SVK have been highly informative about EBV
infection in human epithelial cells, the presence of SV40 gene products in the SVK
cells may interact with the actions of EBV genes. Recent studies have employed
the genetically recombinant EBV carrying G418-resistant (neomycin resistance) drug
selection marker that allows selective growth of EBV-infected epithelial cells for
long-term functional analysis (101). EBV infection was achieved by direct cell-to-cell
contact of EBV-producing cells and target epithelial cells without the involvement of
the CR2 receptor. This clearly indicates that EBV infects epithelial cells via an entry
route distinct from that of B-cells, which is dependent on the CR2 receptor. As men-
tioned earlier, most of the NPC cell lines established in culture eventually lost their
EBV genome upon prolonged propagation. These resulting EBV-negative NPC cell
lines can be reinfected with EBV using the cell-to-cell contact method. Functional
studies of EBV reinfection of NPC cells have been reported in TW01, HONE1
(92), and TW03 cells (91). In our laboratories, we have also successfully infected
HONE1, CNE1, CNE2, HK1, and TW04 cells with EBV using supernatants from
the Akata cells (unpublished results). In addition, two immortalized but nonmalig-
nant nasopharyngeal epithelial cell lines (NP69 and NP39) immortalized by
SV40T and HPV16E6E6 were also successfully infected with EBV. There are varia-
tions in the efficiency of EBV infection among the NPC and immortalized NP cell
lines. EBV infection was highly efficient in HONE1 cells and less efficient in
HK1 and immortalized NP cells. The ease of EBV infection may be related to
the stage of differentiation of the epithelial cells. The HK1 was established from a
well-differentiated NPC (102) while the immortalized nasopharyngeal epithelial cells
retain many differentiation properties of normal nasopharyngeal epithelial cells
(103). These observations are in line with the earlier studies that showed that latent
EBV infection is better supported in undifferentiated cells. The presence of EBV in
these reinfected NPC and immortalized nasopharyngeal epithelial cell lines was con-
firmed by in situ hybridization of EBER. Examination of EBV latent gene expression
in these EBV-infected NPC cells revealed latency type II gene expression with
EBNA1, LMP1, LMP2A, and LMP2B, in addition to EBERs and BamHI A RNAs
in all the EBV-infected cells. The transcription of EBNA1 was predominantly from
the Qp. We also detected expression of BARF1 in all EBV-infected NPC and immor-
talized NP cells (unpublished observations). Interestingly, EBV reinfection of NPC
cells did not appear to result in growth stimulation in cultured NPC cells (unpub-
lished observations); this was also reported by others (91). This is not surprising
as the EBV genome in SVK-CR2 cells as well as primary NPC cells is continuously
lost upon prolonged culture, suggesting the lack of selective growth advantage for
EBV-infected NPC cells in culture (100). One explanation is that the established
NPC cell lines are highly adapted to growth in culture conditions and may not be
responsive to stimulation of cell growth by EBV infection. The in vitro culture envir-
onment may also trigger lytic infection of EBV. However, enhancement in invasive
properties and tumorigenicity in nude mice was reported in EBV-infected NPC cells
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(100). These observations suggest that EBV infection may play a more important
role in induction of invasive property in premalignant nasopharyngeal epithelial cells
in vivo. It should be noted that all the studies reported involved the use of recombi-
nant EBV generated from Akata cells that are originated from B-lymphocytes and
may not fully represent the biological properties of EBV isolated from NPC. None-
theless, they have provided insights into the role of EBV infection in NPC.

The transformation ability of EBV in epithelial cells was demonstrated in EBV-
infected simian kidney epithelial cells (104). EBV infection could lead to immortali-
zation of nonmalignant gastric epithelial cell lines (GT38 and FT 39) (105,106). EBV
infection of a nonmalignant gastric epithelial cell line (PGE-5) resulted in enhanced
population doubling, higher saturation density, anchorage-independent growth in
soft agar, and tumorigenicity in SCID mice (107). All these observations support
a role of EBV infection in human epithelial malignancies.

TRANSFORMATION PROPERTIES OF GENE PRODUCTS

ENCODED BY EBV

The transformation properties and intracellular signaling activity have been exam-
ined in several gene products encoded by EBV during latent infection.

LMP1

Transformation and Cell Signaling

The signaling pathways and transformation properties of LMP1 have been inten-
sively investigated. LMP1 is essential for EBV-induced immortalization of B-lym-
phocytes. The significance of LMP1 in NPC has been recently reviewed (108).
Expression of LMP1 transforms Rat-1 fibroblasts (109) and induces various
phenotypic changes in epithelial cells (110), including loss of contact inhibition,
anchorage-independent growth in soft agar, and the ability to grow in reduced serum
concentration. LMP1 expression is common in EBV-positive NPC, although the
level of expression is generally low and heterogeneous. Expression of LMP1 in
immortalized nasopharyngeal epithelial cells induces an array of genes involved
in growth stimulation, enhanced survival, and increased invasive potentials (111).
LMP1 is an integral membrane protein consisting of a short N-terminal cytoplasmic
domain, a six-transmembrane-spanning domain, and a 200-residue-long C-terminal
cytoplasmic domain (112). Aggregation or oligomerization of LMP1 in the mem-
brane is essential for activation of cell signaling. LMP1 functions as a constitutively
active tumor necrosis factor receptor, activating a number of signaling pathways in a
ligand-independent manner (113). Two distinct functional domains have been iden-
tified within the C-terminal regions: C-terminal activation regions 1 and 2 (CTAR1
and CTAR2). The CTAR1 region (residue 194–231) has been shown to initiate cell
proliferation, and the CTAR2 region (residue 351–386) is essential for permanent
lymphoblastoid cell line outgrowth. Several major signaling pathways from the
C-terminal regions of LMP1 including NF-jB, the mitogen-activated protein kinase
(MAPK) family (extracellular signal–regulated kinases, p38, and c-Jun N-terminal
kinases), the JAK/STAT protein, and recently the phosphatidylinositol 3-kinase
have been identified (114).

LMP1 is a potent activator of NF-jB activation in cells, which mediates many
downstream events of LMP1 expression (112,115). Both the CTAR1 and CTAR2
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domains of LMP1 are responsible for activation of NF-jB (115). LMP1 activates
expression of myriads of cellular genes involved in cell growth [e.g., epidermal
growth factor receptor (EGFR)], antiapoptosis [e.g., Bcl-2, Bfl-1, A20, and cellular
inhibitor of apoptosis proteins (cIAPs)], proinflammatory cytokines (e.g., IL6 and
IL8), cell surface antigens (e.g., CD40, CD54, and CD95), angiogenesis factors
[e.g., vascular endothelial cell growth factor (VEGF) and cyclo-oxygenase (COX) 2],
and invasion [matrix metalloproteinases (MMPs)].

LMP1 Variants

There are controversies over the association of LMP1 variants with specific types of
human diseases (116). The predominant LMP1 strain in China (China 1) (117) is char-
acterized by 13 nucleotide changes with respect to the prototypic B95–8 LMP1, includ-
ing a point mutation resulting in the loss of anXho1 restriction site. The China 1 strain
is also distinguished by changes in the C-terminal region of LMP1, notably the dele-
tion of amino acids 343 to 352. It has been postulated that the LMP1 variant isolated
from Chinese NPC may have distinct functional and possibly transformation proper-
ties (118). The LMP1 fromNPC is shown to be more potent in activation of NF-jB, a
major cell-signaling pathway activated by LMP1 (119,120). Activation of NF-jB
induces an array of downstream events facilitating cell survival and invasion. There
is a great deal of interest in whether specific sequence variations of LMP1 may be
associated with different EBV-associated diseases, including NPC. A comprehensive
study on the sequences of LMP1 variants from 92 EBV-positive NPC specimens
collected from different geographical regions of China was analyzed using a phyloge-
netic analysis method (121). Seven strains of LMP1—B95–8, Med, China 1, China 2,
China 3, Alaskan, and North Carolina strains—could be identified. China 1 LMP1 is
the prevalent strain that makes up 85% of the LMP1 variants surveyed in published
literature. The China 1 strain carries a 30-base pair (bp) deletion at the C-cytoplasmic
region at codon 346 to 355, and other specific amino acid sequence differences.

The biological properties of the CAO-LMP1 have been compared with the pro-
totype B95–8 LMP1 by stable expression in SCC12F human squamous epithelial
cells, which revealed distinct biological properties (122). The CAO-LMP1 is less
toxic than the B95–8-LMP1. Significant functional differences between these two
variants with respect to cellular toxicity, production of IL6 and IL8, and expression
of CD40, CD44, and CD54 were observed. An enhancement of signaling activity of
NF-jB and activator protein (AP) was mapped to the transmembrane domain of the
CAO-LMP1 but not to the region of C-cytoplasmic domain where a 30-bp deletion
is present (119). This agrees with other studies indicating that the 30-bp deletion may
not be the major effector of functional differences between variant LMP1 genes in
human lymphocytes (123). Apart from the 30-bp deletion at the C-cytoplasmic term-
inal, there are also multiple sequence variations in the transmembrane domain of
the CAO-LMP1 variant, which are not present in the prototype B95–8-LMP1. The
sequence variations in the transmembrane domain of CAO-LMP1 may account for
the enhanced ability to activate cell signaling by enabling a long intracellular half-life
of CAO-LMP1.

We have also examined the sequence variations of LMP1 isolated from NPC
patients and healthy subjects in Hong Kong (89). More than 80% of NPC patients
in Hong Kong harbor a specific variant of LMP1 (2117-LMP1). The sequence
of 2117-LMP1 is similar to that of CAO-LMP1, including a 30-bp deletion at
the C-terminal cytoplasmic domain. There are amino acid variations between the
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2117-LMP1 in Hong Kong NPC (HK NPC) and CAO-LMP1. The 2117-LMP1 car-
ries a unique substitution at codon 335 (replacing a glycine with an aspartic acid)
that is absent in the prototypic B95–8-LMP1 and in the two LMP1 variants isolated
from Chinese NPC patients (CAO-LMP1 and C1510-LMP1). The codon 355 is
located outside the known functional domains involved in cell signaling. The
2117-LMP1 is more efficient in stimulating NF-jB activation and displays a distinct
functional difference from the prototypic B95–8 LMP1 (120).

LMP2

The LMP2 gene encodes two structurally similar proteins, LMP2A and LMP2B.
Neither protein is essential for B-cell transformation in vitro (124). The LMP2A
has been shown to block the B-cell receptor–stimulated lytic cycle of EBV in B-cells
(125). Expression of LMP2 abrogates normal B-cell development in a transgenic
mouse model and drives the proliferation and survival of B-cells (126). LMP2A
may function in maintenance of EBV latency in B-cells. Recent studies showed that
LMP2 could augment many transformation properties of LMP1, including activa-
tion of NK-jB (127). Oncogenic effects of LMP2A have also been demonstrated
in HaCaT-cells (128). Activation of the phosphoinositide 3 (PI3) kinase–Akt path-
way and the MAPK pathway resulting in the phosphorylation of c-Jun are believed
to be involved in the transformation process.

BARF1

The BARF1 gene is transcribed early after the EBV infection from the BamHI A
fragment of the EBV genome and encodes a 33-kDa protein homologous to the
human colony-stimulating factor-1 (hCSF-1) receptor (129). The BARF1 protein
is functional and can neutralize the activity of hCSF-1 in vitro, suggesting a role
in the support of cell growth in EBV-infected cells. The BARF1 protein inhibits
alpha interferon secretion from mononuclear cells and may modulate the innate host
response to the virus. The transformation properties of BARF1 have been demon-
strated in rodent fibroblast (130), monkey salivary epithelial cells (131), and EBV-
negative Akata cells (132). Expression of BARF1 is detected in greater than 85%
of nasopharyngeal biopsies (15) and in greater than 80% of EBV-positive gastric
carcinoma (131). Expression of BARF1 appears to be epithelial specific, and it is
rarely expressed in lymphoid neoplasias such as Hodgkin’s disease and T-cell
lymphoma (132,133).

The transformation mechanism of BARF1 is poorly understood. Transfection
of primate tissue explants with a specific subfragment (p31) of EBV DNA results in
immortalization of primate epithelial cells (134). The gene for BARF1 is encoded
within the p31 fragment. BARF1 expression was detected in early as well as late pas-
sages of p31-immortalized primate epithelial cells. Expression of BARF1 in the p31-
immortalized primate epithelial cells results in enhanced growth rate and clonal
expansion of cells with multiple double minutes (amplified chromosomal sequences).
All of these studies support a role of BARF1 in EBV-induced epithelial cancers.

EBERs

The EBERs are small, unpolyadenylated RNAs encoded by EBV upon infection of a
cell (135). The expression of EBERs is detected at a high level in most EBV-associated
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human malignancies and is used as a reliable marker for latent EBV infection.
Expression level of EBER is the highest among the viral genes expressed in latently
EBV-infected cells. The EBERs are localized to the cell nucleus and in the cytoplasm,
where they form complexes with cellular proteins La (136), EBER-associated protein
(EAP)/L22 (137), and the double-stranded RNA–dependent protein kinase (PKR)
(138). Activation of PKR is a cell defense mechanism against viral infection (139).
PKR is an interferon-induced protein kinase that can be activated by double-
stranded RNA and other cytokines, including IL-2 and TNFa. Activation of PKR
involves autophosphorylation of the PKR protein which then induces phosphoryla-
tion of eukaryotic initiation factor 2a (eIF2a) (a translation initiation factor). The
phosphorylation of eIF2a inhibits protein synthesis in cells and induces apoptosis.
EBERs can bind to PKR and block its activity and may thereby prevent apoptosis
in EBV-infected cells (140). In BL, EBERs were shown to play a key role in the main-
tenance of malignant phenotype (see Chapter 10) (141). Expression of EBERs con-
fers clonability on soft agarose, tumorigenicity on nude mice, and resistance to
apoptotic stimuli in BL. EBERs induce transcription of IL-10, which may function
as an autocrine growth factor of BL.

Very little is known about the functions of EBER expression in nasopharyn-
geal epithelial cells. EBER expression could be detected at high level in dysplastic
nasopharyngeal epithelium (9). It remains to be determined if EBERs may inactivate
PKR activation in premalignant nasopharyngeal epithelial cells and inhibit apopto-
sis in cells during EBV infection. EBER-1 expression in rodent fibroblasts slightly
increased their ability to form colonies in soft agar (142). However, clones containing
a high concentration of EBER-1 were not invariably tumorigenic in nude mice.
A recent study showed that EBERs may induce autocrine growth of EBV-positive
gastric carcinoma by induction of insulin-like growth factor-1 (IGF-1) (143). The
functional role of EBER in EBV-positive NPC remains to be explored.

PROPOSED SEQUENCE OF EVENTS FOR NPC DEVELOPMENT

In summary, a sequence of events involved in the development of NPC is proposed
(Fig. 2). The development of NPC is the result of a unique interaction of environmen-
tal factors, predisposing genetic factors, and latent EBV infection, which drive the
progression of a clonal cell population to evolve from normal nasopharyngeal epithe-
lium, eventually progressing to preinvasive lesions and invasive cancer. Some of the
genetic and epigenetic changes involved in this transformation process have been
identified. Early genetic events include allelic loss on chromosomes 3p and 9p, invol-
ving the inactivation of RASSF1A and p16/INK4 on the respective chromosomes,
facilitating the expansion of multiple clonal cell populations in nasopharyngeal
epithelium. EBV infection in these genetically altered nasopharyngeal epithelial cell
clones appears to be critical in NPC development. EBV entry into nasopharyngeal
epithelial cells may be achieved through pIgA-mediated mechanisms or direct cell-
to-cell contact with infiltrating EBV-bearing lymphocytes in nasopharyngeal epithe-
lium. Alteration of cellular environments in premalignant nasopharyngeal epithelial
cells, including STAT3 activation, may support the establishment of latent infection
of EBV. Expression of the latent gene products of EBV drives the clonal expansion of
EBV-infected nasopharyngeal cells. Activation of telomerase protects the telomere
ends of continuously dividing cells and sustains the clonal expansion of EBV-infected
precancerous clones. Accumulation of further genetic and epigenetic alterations
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eventually converts these EBV-infected premalignant epithelial cells into invasive
cancer cells. These later genetic changes may involve deletion of 11q, 13q, 14q, and
16q, inactivation of the TSLC1 and ENDRB genes, downregulation of E-cadherin,
and other perturbations.
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Leiomyosarcoma
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INTRODUCTION

The emergence of the epidemic of the acquired immunodeficiency syndrome (AIDS)
resulting from infection with human immunodeficiency virus (HIV) brought the con-
sequences of many uncommon or previously unrecognized secondary infections to
the forefront of clinical infectious diseases. This included an expansion of the recog-
nized role of Epstein–Barr virus (EBV) in human disease (see Chapter 9). In addition
to its role in oral hairy leukoplakia and lymphoid interstitial pneumonitis, EBV was
linked with an increased risk of lymphoma, especially of the central nervous system.

The experience of AIDS patients with EBV infection also led to the most recent
identification of an EBV-associated human cancer, and simultaneously led to an
extraordinary new finding about the biology of EBV. In the mid-1990s, investigators
identified the causal association of EBV with leiomyosarcomas, or smooth muscle
tumors, and the role of host immune status as the primary determinant for this rare
cancer. These findings also showed the ability of EBV to infect smooth muscle cells,
expanding the range of cell types that have been shown to be infected with EBV.

Immunocompromised persons, whether the underlying cause of immunocom-
promise is congenital or acquired, have an approximately 10- to 100-fold higher inci-
dence of malignancies than immunocompetent persons, with higher frequency of
unusual tumor types (1). Because of their sentinel role, some cancers, including
the rare Kaposi’s sarcoma and the more common non-Hodgkin’s lymphoma (HL)
and cervical carcinoma, are included as AIDS-defining conditions (2). Several other
types of cancers, including Hodgkin’s disease, squamous cell carcinoma, testicular
neoplasms (seminoma and nonseminoma), and, as recently demonstrated, leiomyo-
sarcoma, are seen with increased frequency but are not AIDS defining.

Many of the cancers associated with immunosuppression are also associated
with viral infections. These include non-HL, which is also associated with EBV;
Kaposi’s sarcoma, which is causally linked to Kaposi’s sarcoma–associated herpes-
virus (KSHV), also known as human herpesvirus type 8 (HHV8); hepatocellular carci-
noma, which is linked to hepatitis B and C viruses; cervical cancer, which is linked to
humanpapillomaviruses types 16 and 18; and squamous cell carcinomaof the skin,which
is linked to human papillomaviruses types 5 and 8 (3,4). Leiomyosarcoma associated
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with EBV is the most recent addition to the list of tumors associated with immuno-
suppression that are also linked to a specific viral etiology.

EPIDEMIOLOGY

Leiomyosarcomas are rare. They present in a wide spectrum of anatomic locations,
and are reflected in a wide variety of clinical presentations. Despite the number of
individual cases of leiomyosarcomas reported in the medical literature, the rarity
and isolated occurrence has impeded the advancement in understanding their basic
biology and pathogenesis.

The overall incidence of leiomyosarcomas in the general population is one to
two cases per million (5). They occur most frequently in the uterus of adult
women, and also in the gastrointestinal and hepatobiliary tracts of both sexes.
Smooth muscle tumors have been reported in every organ and appendage, reflect-
ing the ubiquitous distribution of smooth muscle in blood vessels. Clinical classifi-
cation of leiomyosarcomas based on anatomic location (i.e., superficial soft tissue,
deep soft tissue, and visceral) are arbitrary and have not been shown to provide
prognostic significance.

Leiomyosarcomas account for approximately 2% to 9% of all soft tissue sarco-
mas in adults, and are among the more common sarcomas of adults (6–10). The peak
incidence is from 40 to 50 years of age (11–13). There is no racial or sexual difference,
except for the obvious limitation of uterine leiomyosarcoma to women (5,6,14).
Leiomyosarcomas are rarely reported in children, accounting for only 2% of soft tis-
sue sarcomas, which as a group are fifth in order of the most common types of
tumors in children (15,16). The three largest series of smooth muscle tumors in chil-
dren reported only 10 original cases each (16–18).

Epidemiology in Immunocompromised Persons

Before 1985, rare leiomyosarcomas were reported in immunocompromised persons,
including renal transplant recipients (19,20) and patients who received gastric
irradiation as therapy for peptic ulcer disease (21), and in association with Alport’s
syndrome (22). From 1985 to 1990, five cases of leiomyosarcoma associated with
HIV-1 infection, all of which occurred in children, were reported (23–25). Eleven addi-
tional cases of leiomyomas and leiomyosarcomas in HIV-1–infected persons were
subsequently reported by others (26–34), including nine children (26,27,29–34), one
adolescent (28), and one adult (32) from 1991 through 1994. [One case reported
in the series by Chadwick et al. (25) was also reported separately (35,36); the imag-
ing studies of the case reported by Sabatino et al. (26) were reported by Balsam
and Segal (37)].

During this period, leiomyoma and leiomyosarcoma were also being reported
with increasing frequency in patients following kidney or liver organ transplantation
(1,38,39). Similar to leiomyosarcomas associated with HIV-1 infection, there was a
surprisingly high proportion of cases in children, despite the fewer number of organ
transplants in children. In a review of 8724 malignancies that developed in 8191
organ allograft recipients, 5 of 15 (33%) leiomyosarcomas that were reported
occurred in children (1). In all the 15 transplant recipients with leiomyosarcoma,
the allograft or the surrounding tissues was the major site of tumor involvement.
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PATHOGENESIS

Histopathology

Tumors of smooth muscle may be benign, as hamartomas and leiomyomas, or
malignant, as leiomyosarcomas (40,41). Hamartomas are the disorganized over-
growth of mature cells. Leiomyomas are well-differentiated neoplasms of histologi-
cally normal cells without cytologic atypia. They are composed primarily of smooth
muscle cells and occasionally of some myofibroblasts, fibroblasts, and incompletely
differentiated mesenchymal cells. Leiomyomas are well circumscribed and have little
or no predilection for malignant transformation. Soft tissue leiomyomas typically
occur in women in the pelvic retroperitoneum, and bear histologic similarity to uter-
ine leiomyomas, and they occur in both sexes in deep somatic soft tissues (41).

Smooth muscle cells have an elongated, fusiform, or spindle-shaped appear-
ance with centrally placed nuclei and a fibrillary, deeply eosinophilic cytoplasm.
Myofilaments are well developed throughout the cytoplasm, with continuous basal
lamina, which differentiate smooth muscle cells from myofibroblasts, which have
an appearance between smooth muscle cells and fibroblasts. Smooth muscle tumors
are sometimes identified as spindle-cell tumors based on the characteristic cell mor-
phology. Individual cells align in bundles or fascicles that intersect at right angles or
align in palisades (Fig. 1, panel B). Smooth muscle cells, including leiomyomas and
leiomyosarcomas, express characteristic cell markers. The smooth muscle cell form
of calponin is restricted to smooth muscle cells in the adult but is also expressed
in the early cardiac tube in embryos (42). Smooth muscle a-actin is also detected
in skeletal and, to a lesser degree, in cardiac muscles (43). Smooth muscle cells also
express desmin. They do not express skeletal muscle myosin heavy chain—a skeletal
muscle marker.

The histopathologic identification of smooth muscle is straightforward based
on the typical cellular morphology, with confirmation by identification of smooth
muscle elements by immunohistochemical staining. However, the distinction
between leiomyoma and leiomyosarcoma, and, occasionally, among other spindle-
cell tumors, can be obscure (6,40). Poorly differentiated smooth muscle tumors
may be difficult to distinguish from fibrosarcoma, neurogenic sarcoma, malignant
fibrous histiocytoma, or undifferentiated sarcoma. Definitive histopathologic criteria
defining benign (leiomyoma) and malignant (leiomyosarcoma) smooth muscle
tumors are not well established. Increased tumor size, poorly differentiated cellular-
ity, cytologic atypia, infiltration, necrosis, hemorrhage, and multifocal lesions
roughly correlate with smooth muscle cell malignancy. The mitotic index has been
frequently used to define leiomyosarcoma, but this has not been standardized. Pro-
posed criteria include a mitotic index of �5 mitoses per 10 high-power microscope
fields for uterine tumors (44), �2 mitoses per 50 high-power fields for gastrointestinal
tract tumors (14,45), and �5 mitoses per 50 high-power fields for pulmonary tumors
(46). However, malignant behavior of smooth muscle tumors does not correlate well
even with the degree of mitotic activity (14,47,48). Some smooth muscle tumors with
a benign histology, and even devoid of mitoses, have been reported to behave as
malignant leiomyosarcoma (14,48,49).

The uncertainty between benign and malignant smooth muscle tumors
has resulted in many reported cases of ‘‘smooth muscle tumors’’ that are not
further classified. Capricious and unpredictable biological and clinical behavior
characterize leiomyosarcomas. Metastatic spread may be the only certain indicator
of malignancy.
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Association of EBV with Leiomyosarcoma

The identification of EBV infection of smooth muscle cells of leiomyosarcoma was
first reported in a single case of an adult with HIV-1 infection, by Prévot et al. (50)
in 1994, and, in two subsequent series published together in early 1995, of six
HIV-1–infected persons (51), and three organ transplant recipients (52). These initial
reports have been substantiated by many additional reports of cases of EBV-asso-
ciated leiomyosarcomas in immunocompromised persons, including 11 adults and
six children with HIV-1 infection (49,53–64), and nine patients following organ trans-
plants (65–72), including four children (65,69,71), one adolescent, and four adults
(66–68,72,73). A peculiar aspect is the development of large cysts associated with hepa-
tic leiomyosarcomas in the two adult patients following kidney transplant (66–68).

Figure 1 (See color insert.) Photomicrographs of tumor specimens studied to detect EBV.
Panel (A) (�630) shows in situ hybridization of a leiomyosarcoma specimen from an HIV-
positive patient (Patient 1). When tested with the EBER probe, the sample shows bright-red
nuclear staining, indicating prominent hybridization of the biotinylated probe. Panel (B)
(�250) shows immunoperoxidase staining of the tissue from Patient 1 with antibody to the
EBV receptor (CD21). The golden-brown precipitate observed on staining with DAB perox-
idase reveals masses of tumor cells that bound the CD21 antibody. Under identical conditions,
a pan-B cell antibody, CD20, did not react with the tissue. Panel (C) (�630) shows in situ
hybridization of a leiomyoma specimen from an HIV-negative patient (Patient 10). When this
sample was tested with the EBER probe as in Panel A, there was no detectable hybridization
of the probe. Panel (D) (�250) shows immunoperoxidase staining of the tissue from Patient 10
with antibody to CD21. There are moderate numbers of golden-brown precipitates in the mus-
cle fibers on staining with DAB peroxidase. Abbreviations: DAB, 3,30-diaminobenzidine; EBV,
Epstein–Barr virus; EBER, EBV-encoded ribonucleic acid; HIV, human immunodeficiency
virus. Source: From Ref. 51.
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In addition to HIV-1 infection and posttransplant immunosuppression, other
forms of immunosuppression also facilitate development of EBV-associated leio-
myosarcoma. A leiomyosarcoma originally reported in 1976 (74), in a five-year-old
boy, three years after remission of acute lymphocytic leukemia that was treated with
chemotherapy and radiation, was subsequently tested and found to contain EBV
(75). EBV-associated leiomyosarcomas have also been reported in a 14-year-old girl
with common variable immunodeficiency syndrome (49,76) and in a 10-year-old
girl with ataxia-telangiectasia (77).

One of the sentinel findings of EBV-associated leiomyosarcomas is that all of
the smooth muscle cells harbor EBV (Fig. 1). Using in situ hybridization for
EBV-encoded ribonucleic acid (EBER), reports consistently document the EBV
EBER in all or greater than 90% of the smooth muscle cells of the tumor, but not
in adjacent normal tissues. A series of seven smooth muscle cell tumors from four
patients with AIDS near or at the time of tumor diagnosis by semiquantitative poly-
merase chain reaction (PCR) amplification, showed EBV levels from 170,442 to
659,668 EBV copies per 100,000 cells, with an average of 451,140 copies per
100,000 cells. If all cells are uniformly infected with EBV, as indicated by the uniform
staining for EBER by in situ hybridization, this equates to an average of 4.5 EBV
genome copies per cell (55), consistent with the amounts of EBV in lymphoblastoid
cell lines, which characteristically have 10 or fewer episomes per cell (78). These
results are also consistent with the semiquantitation of EBV reported in smooth mus-
cle cell tumors from patients with organ transplant (52). There are no lymphocytic
infiltrates in, or surrounding, leiomyosarcomas that might account for the high levels
of EBV detected by PCR (59,79). The extraordinarily high copy numbers of EBV in
the tumor cells, as determined by semiquantitative PCR, are consistent with and sup-
portive of the in situ hybridization results for the presence of EBV in all tumor cells.
High levels of cell-free EBV present in plasma of three patients tested (16,740,
12,440, and 3973 genome copies/mL) also support the hypothesis of high levels of
EBV replication in immunosuppressed patients with EBV-associated leiomyosar-
coma (57). The presence of HIV-1 has been tested by in situ hybridization and by
semiquantitative PCR, and has not been found in the smooth muscle cells of
HIV-1–associated leiomyosarcomas (30,51,57).

Leiomyosarcomas in one adult heart transplant recipient and three adult renal
transplant recipients, and a laryngeal leiomyosarcoma (80), that have been studied
for the presence of EBV have been reported as EBV-negative (80–83). One leiomyo-
sarcoma in a child with HIV-1 infection was tested for EBV in 1992 and reported as
being EBV-negative (30). The absence of centralized testing for EBV and adequate
controls in all cases leaves open the possibility that these are false-negative results.
Another leiomyosarcoma in a child with HIV-1 infection was reported after the
association with EBV was identified, but the tumor was not tested for EBV
infection (84).

The results of the EBV serologic testing are consistent with remote EBV infec-
tion in all patients with smooth muscle cell tumors that have been reported. There is
not a characteristic serologic profile such as that often found in nasopharyngeal car-
cinoma and Burkitt lymphoma, which are also associated with EBV but which occur
primarily in immunocompetent persons (85).

The growing number of these cases that consistently show uniform EBV infec-
tion of leiomyosarcoma cells provides clear evidence of the ability of EBV to infect
smooth muscle cells. This recent discovery is a remarkable new finding. The contri-
bution of EBV to the development of leiomyosarcomas appears to be limited to
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the milieu of immunodeficiency, which may be congenital (e.g., common variable
immunodeficiency, ataxia-telangiectasia) or acquired (e.g., HIV-1 infection, immu-
nosuppressive therapy following organ transplant). EBV has not been found in
smooth muscle cells from healthy individuals, in leiomyomas, or in leiomyosarcomas
in the absence of HIV-1 infection or other immunocompromising conditions
(49,51,56,79,86). The absence of EBV in the leiomyosarcomas of immunocompetent
persons, coupled with its consistent presence in leiomyosarcomas of immunocom-
promised persons lends support to the hypothesis that EBV has an etiologic role
in the increased incidence of soft tissue tumors in immunocompromised persons
but that other mechanisms of smooth muscle tumorigenicity exist.

Pathogenesis of EBV-Associated Leiomyosarcoma

The sequence of events in the transformation from normal smooth muscle cells to
EBV-infected leiomyosarcomatous cells has been studied. A critical finding of evi-
dence of EBV infection of the muscle cells prior to malignant transformation is the
finding of EBV monoclonality of leiomyosarcomas (51,52,66), even in individuals
with multiple tumor nodules, which are common in immunocompromised persons
who develop leiomyosarcoma. In the tumors that have been tested, only monoclonal
episomal EBV has been found, confirming that EBV infection precedes malignant
transformation. Viral integration into the cell genome, which might account for
malignant transformation, has not been found. The most striking case is that of a
five-year-old female with two separate tumors taken at different times and from dif-
ferent sites, with each tumor demonstrating different EBV monoclonality, demon-
strating that these two tumors developed independently (51). A 15-year-old male
with multiple leiomyosarcomas following heart–lung transplant, was found to have
pulmonary tumors of donor origin and hepatic tumors of host origin (70).
A 24-year-old male had equimolar biclonality of EBV in a leiomyosarcoma, consis-
tent with dual EBV infection of tumor cells or a uniformly mixed cell population
derived from two independent EBV infection events (51). Either scenario is strong evi-
dence of causal linkage of EBV to the tumor. It appears that the principal factor that
predisposes to leiomyosarcoma—impaired host immunity—facilitates the simulta-
neous development of multiple primary tumors. The critical role of the immune
system is underscored by a recent case report, which suggests that posttransplant
EBV-associated leiomyosarcoma can be controlled by surgical intervention and
reduction of immunosuppression (73).

The presence of EBV in both a leiomyoma and leiomyosarcoma occurring in
an eight-year-old girl (51) suggests that EBV infects the smooth muscle cells before
they undergo malignant transformation, and thus plays a pivotal role in the progres-
sion to malignancy. High levels of EBV, as shown in the leiomyoma by in situ
hybridization and semiquantitative PCR, is supportive of such an scenario. Taken
as a whole, the evidence of multiple discrete EBV cell infection events associated with
the tumors of these patients demonstrates that EBV infection of smooth muscle cells
and proliferation is probably not an infrequent occurrence under circumstances of
impaired immunity.

The increased numbers of cases of leiomyosarcomas in children compared to
adults is even more remarkable considering the much greater number of adults com-
pared to children with HIV-1 infection or organ transplant. After non-HL, leiomyo-
sarcoma is the second leading cancer in children with HIV-1 infection (87,88).
Children may be more susceptible to developing EBV-associated tumors because
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primary EBV infection occurs in childhood (89–91). The host may be less well pre-
pared to limit primary EBV infection and the contribution of EBV to malignant trans-
formation than under the typical scenario that is present in adults, with development
of impaired immunosurveillance in the setting of previously established but well-
controlled, latent EBV infection.

EBV Receptor Studies in Leiomyosarcomas

The presence of the EBV receptor CD21 [also known as complement receptor 2
(CR2)], which is also the receptor for the C3d component of complement (92,93),
on smooth muscle cells would appear to be a prerequisite for EBV infection of
smooth muscle cells. The EBV receptor has been identified on a variety of nonlym-
phoid cells including smooth muscle cells, striated muscle cells, epithelial cells of the
parotid gland and tonsil, skin, lung, esophagus, jejunum, colon, pancreas, kidney,
and adrenal cortical cells and hepatocytes from healthy persons (57,94).

The EBV receptor has been found to be present at relatively higher levels on
the cells of both leiomyomas and leiomyosarcomas of HIV-1–infected patients but
at lower levels in tumors from HIV-1–uninfected patients (Fig. 1) (51,57).
The CD21 receptor is detected best with biotin–streptavidin procedures using the
OKB7 (95) monoclonal antibody, and is undetectable using the hepatitis B surface
antigen antibody (HB5) (96) monoclonal antibody (97), which may account for
reported differences in identification of the CD21 on smooth muscle cells
(51,57,70). This also suggests that the CD21 antigen on smooth muscle cells (97)
may not be identical to that found on epithelial cells or lymphocytes (98,99).

Alternatively, the presence of CD21 may not be required because the mecha-
nism of EBV entry into different cell types may be by different routes (100,101). It
is possible that the fusion of smooth muscle cells with EBV-infected lymphocytes
could be the route of cell entry into nonlymphoid cells by EBV-induced formation
of polykaryocytes of EBV-superinfected lymphoblastoid cells with cells devoid of
EBV receptors (102).

The presence of EBV in the leiomyosarcomas of HIV-1–infected persons but
not in those from immunocompetent persons suggests that the entry of EBV into
muscle cells is directly or indirectly influenced by HIV-1 infection. In HIV-1–infected
patients, EBV infection of smooth muscle cells may be facilitated by switching-on or
increased expression of the EBV receptor, and by the much higher circulating levels
of EBV. However, given the increased incidence of leiomyosarcomas in organ trans-
plant recipients as well as persons with HIV-1 infection, it is likely that the contribu-
tion of HIV-1 to leiomyosarcoma is also the result of a common effect of decreased
immunity rather than a direct gene effect of HIV-1 infection. Although the CD21
receptor is present in low amounts on leiomyomas and leiomyosarcomas from
immunocompetent children (51,57), EBV infection of these cells is not found. This
also emphasizes the important role of immunity, which normally controls circulating
EBV levels and may target EBV-infected smooth muscle cells if such infection should
occasionally occur. Under any scenario, previous EBV infection and impaired immu-
nity are sufficient prerequisites for development of leiomyosarcoma.

In Vitro Cell Studies of EBV-Associated Leiomyosarcoma

The biology of EBV infection of smooth muscle cells has been studied best in
explanted cells from a single leiomyosarcoma of a woman with HIV-1 infection (97).
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The cells exhibited very slow growth in vitro with unusual elliptical and spindle-shaped
morphology, and fragmentation of the cytoplasm into long, tapering cytoplasmic pro-
cesses. Greater than 90% of cells expressed diffuse distribution of the smoothmuscle iso-
form of actin by immunoperoxidase staining. Approximately 25% of cells expressed
very bright fluorescence to the smooth muscle isoforms of calponin and actin by immu-
nostaining. The majority of cells demonstrated a weak signal for CD21, and approxi-
mately 5% to 10% of cells showed a strong signal confined to cell surfaces. The
cultured cells harbored EBV, and infectious EBV continued to be detected by PCR
and virus culture through several passages in vitro. Several EBV antigens including
latent antigen Epstein–Barr nuclear antigen-1, immediate early antigen BZLF1, early
antigen EA-D, late antigens including viral capsid antigen p160, glycoprotein gp125,
and membrane antigen gp350. Human umbilical cord lymphocytes, transformed with
virus isolated from cultured cells, yielded immortalized cell lines that expressed EBV
antigens similar to other EBV-transformed lymphocyte cell lines. These findings con-
firm that EBV is capable of lytic infection of smooth muscle cells with expression of a
repertoire of latent and replicative viral products, and production of infectious virus,
and may contribute to the oncogenesis of leiomyosarcomas.

The inability to derive immortalized, EBV-infected smooth muscle cell lines
that are tumorigenic is, in many ways, similar to the inability to establish non-
lymphoid cell lines from Kaposi sarcoma harboring KSHV. The biology of these
two gamma herpesviruses in these two tumors may have many similarities.

CONCLUSIONS

Leiomyosarcomas expand the spectrum of EBV-associated malignancies, and also of
malignancies associated with impaired immunity. Immune dysfunction appears to
facilitate EBV infection of smooth muscle cells, which is followed by malignant
transformation and proliferation.
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THE DISCOVERY OF THE DISEASE

The disease to be described was discovered neither by serendipity nor accident. Rather
it was brought to light over the course of years by the persistence and unquenchable
curiosity of David T. Purtilo, a young pathologist marked in his formative years by the
brilliant and stimulating Robert A. Good at the University of Minnesota.

The story begins in 1969 in the autopsy suite of Children’s Hospital, Boston.
Under the supervision of Gordon Vawter, a premier pediatric pathologist, Purtilo,
a pathology resident, performed an autopsy on an eight-year-old boy who died after a
virulent (31 days duration) illness that produced symptoms one month following
exposure to the child with infectious mononucleosis (IM). The deceased had clinical
and laboratory features of IM: positive heterophile antibodies, atypical lymphocyto-
sis, hypergammaglobulinemia, and massive hepatosplenomegaly. At necropsy, a dis-
seminated lymphoid infiltrate permeated the spleen, liver, bone marrow, brain,
kidney, pancreas, adrenals, and esophagus. The child was thought to have died from
hepatic and medullary failure. In due course (see below), the findings were inter-
preted to represent fulminant IM (FIM). At the time, FIM was regarded as a very
rare outcome of the natural disease (1).

Purtilo sought to determine whether other family members had incurred
similar illnesses. He learned that a brother had died in 1961 (eight years earlier) at
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three years of age following a two-week history of sore throat, fever, and cervical
lymphadenopathy, terminating with convulsions and death. The child was diag-
nosed to have had ‘‘acute lymphoblastic leukemia.’’ The autopsy report delinea-
ted hepatosplenomegaly and a disseminated lymphoproliferative process affecting
diverse viscera. No laboratory studies had been performed, as the child died two
hours following hospitalization. Regrettably, the autopsy slides were not available
for review.

In 1973, Dr. Vawter notified Purtilo that a third brother had developed a similar
fulminant lymphoproliferative condition and died 30 days after the onset of symp-
toms. The necropsy findings were similar to that in the other two siblings. On the
mother’s side, Purtilo learned that three maternally related male cousins had died: a
nine-year-old boy with aplastic anemia following IM and hypogammaglobulinemia;
a three-year-old boy with lymphoma of the ileal-cecal region; and a 19-year-old boy
with cerebral lymphoma. The central nervous system lymphoma was histopathologi-
cally identical to the intestinal lymphoma in his half-brother. Lastly, an 11-year-old
maternally related male cousin was found to have hypo-immunoglobulin G (IgG)
and hyper-IgM. This boy developed generalized vaccinia following a smallpox vacci-
nation, but survived.

A preliminary communication on this kindred appeared in 1974 (2). In the
same year, an abstract describing acquired agammaglobulinemia in three related
males following IM was reported (3), as was a publication describing fatal IM in four
related males (4).

The seminal paper describing this unique family, surname Duncan after the
original kindred, was published in The Lancet in 1975 (5). Of 18 boys in the Duncan
kindred, six died of a lymphoproliferative disease. At the time, the disease appeared
to bridge the gap between IM and lymphoma. A common thread [Epstein–Barr virus
(EBV) infection] in four of the six boys suggested that a viral infection had triggered
the uncontrolled proliferation of lymphocytes, the latter stemming from ‘‘inadequate
immunologic shut-off mechanisms.’’

Following The Lancet publication, Purtilo devoted his life to study this disease,
which over the course of time came to be known as X-linked lymphoproliferative
(XLP) disease. He relentlessly scoured the literature, contacted authors of reports
which might be describing patients with XLP, and traveled extensively to interview
physicians, patients, and family members. In these venues, he synthesized the clini-
cal, laboratory, and pathologic data and, above all, obtained precious DNA to bank
for the eventual quest of the gene.

THE XLP REGISTRY

Not long after the discovery of XLP, Purtilo recognized that it was important that an
XLP Registry be established. The XLP Registry was established in 1980 (6), its rai-
son d’être to serve as a referral center for clinical (family/physician) counseling rele-
vant to the investigation, diagnosis, and treatment of XLP and, above all, to
orchestrate research to better understand the disease. Initially based at the University
of Massachusetts Medical Center in Worcester, the Registry was brought to Omaha
in 1981 when Purtilo was appointed Chairperson in Pathology at the University of
Nebraska Medical Center.

For years, the XLP Registry, while retained in assorted files, was stored
in Purtilo’s memory. He knew, in no small detail, each affected male and kindred.
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Following his untimely sudden death (at age 53) in 1992, the XLP Registry data were
entered into a computer database created and maintained by Jack R. Davis, M.T.
American Society for Clinical Pathology (ASCP).

Over the past 22 years, well over 2500 individuals have been studied and entered
in the XLP Registry. Ninety-one kindred have been defined with 314 affected males
(Table 1). Over three-quarters of the affected males have died, many prior to the
age of 10 years. The oldest living affected male is 49 years old. Initially, Registry stud-
ies were a reflection of the times and related to the patients’ EBV status, heterophile
serology, serum immunoglobulin (Ig) levels, white blood cell count, and differential
and Monospot test. Later on, assessments for T/B-lymphocyte populations, natural
killer (NK) cells, and cytokines were performed. Whenever possible, surgical and
autopsy histological sections were reviewed to complement the clinical and laboratory
data. As time passed, DNA analysis utilizing restriction fragment length polymorph-
isms was offered to attempt to delineate the genetic status of a putative XLP male or
female carrier. Following the cloning of the XLP gene, the Registry has offered
sequence analysis of the gene to identify affected males and female carriers. For many
of these studies, the costs were absorbed by the William C. Havens Foundation and
the Lymphoproliferative Research Foundation at the University of Nebraska.

THE DIAGNOSIS OF XLP

XLP is a rare disorder, affecting an estimated one out of every million male indivi-
duals (7). Prior to the isolation of the XLP gene, SH2D1A, it was difficult to make a
diagnosis of XLP based solely on clinical and/or laboratory features. Laboratory
studies of lymphocyte numbers, immunophenotype, and function were generally
not helpful, because results were either normal or hard to interpret due to immune
depletion resulting from primary EBV infection or lymphoma treatment (8–10).
Evaluation of humoral responses led to inconsistent results with some patients dis-
playing normal values and others demonstrating increases in IgA and/or IgM, as
well as variable deficiencies in the levels of total IgG, or the IgG1 and IgG3 sub-
classes (11). Studies of EBV-specific immunity have been controversial, as well.
Initial results suggested that XLP patients could not mount an effective anti-EBV
immune response, as demonstrated by deficient production of EBV-specific antibo-
dies, (12,13) and defective killing of EBV-infected B-cells by autologous T or NK
cells (9,14–16). Other studies, however, demonstrated that some XLP patients can
generate normal anti-EBV responses during both acute and latent infection (9,17).
The only consistent findings are as follows: the lack of anti-EBNA response in
EBV infected males many months (or several years) later and the inability to
undergo isotype IgM ! IgG switch following secondary challenge with MX174 bac-
teriophage. Regrettably, (18) both of these aberrations can be seen in other inherited
T-cell deficiencies; hence they are not diagnostic of XLP.

Table 1 Summary of XLP Registry Data (as of 2002)

Total affected males 314
Alive 73 (23%)
Dead 241 (77%)

Abbreviation: XLP, X-linked lymphoproliferative.
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Establishing a definitive XLP diagnosis until recently was based on the clinical
identification of two or more maternally related males demonstrating an XLP phe-
notype following EBV infection (7,19). The definition was clinical, since no labora-
tory test was judged to be diagnostic.

Now the diagnosis can more easily be made based on the identification of an
abnormal SH2D1A gene sequence (20) or protein expression (21). Based on clinical
similarities, the differential diagnosis for XLP is broad and includes sporadic FIM,
hemophagocytic lymphohistiocytosis that may or may not be EBV associated,
X-linked hyper-IgM syndrome, X-linked agammaglobulinemia, autoimmune lym-
phoproliferative disease syndrome, common variable immunodeficiency, and chronic
active EBV infection (22–24). Because distinguishing among these conditions can be
difficult, we suggest that males suspected as having one of these disorders undergo
genetic testing for the SH2D1A gene. Establishing the correct diagnosis of XLP is
important, as it may heighten patient/family surveillance for early signs of the dis-
ease, but more importantly promote studies to explore the potential value of hema-
topoietic stem cell transplantation (HSCT) as curative therapy (25,26).

In female XLP carriers, only 50% of their lymphocytes express SH2D1A due to
random X chromosome inactivation (27). Because carriers display no overt clinical
manifestations, normal lymphocytes must compensate for those for which the gene is
nonfunctional. Despite this observation, abnormalities in serum Ig and anti-EBV
antibody titers have been reported in carriers (28,29). Molecular analysis should
be pursued in females at risk of being a carrier to provide accurate genetic counsel-
ing. Recent genetic studies have also demonstrated that SH2D1A mutations can
arise in affected boys whose mothers do not have a mutated gene (24).

CLINICAL MANIFESTATIONS OF XLP

Initially, three phenotypes were described in XLP patients, and these continue to char-
acterize the majority of patients: FIM, malignant lymphoma [lymphoproliferative
disease(LPD)], and dysgammaglobulinemia (DYS) (7). Less commonly reported
manifestations include disorders such as vasculitis, pulmonary lymphomatoid granu-
lomatosis, and hematologic cytopenias (HC), including aplastic anemia and pure red
cell aplasia (7,30–32). The ‘‘disease state’’ is capricious, as it may feature a single phe-
notype (Table 2) or two or more phenotypes (Table 3) which may develop sequentially
in susceptible individuals.

Table 2 Single Phenotype (as of 2002)

# # Alive # Dead

FIM 141 3 (2.1%) 138 (97.9%)
DYS 34 27 (79%) 7 (21%)
Lymphoma/lymphoproliferative
disease

53 12 (22%) 41 (78.1%)

HC 6 1 (16%) 5 (84%)
Total 234

Abbreviations: FIM, fulminant infectious mononucleosis; DYS, dysgammaglobulinemia; HC, hematologic

cytopenias.

314 Seemayer et al.



The clinical features affecting XLP patients can vary among kindreds, as well
as among different members within the same family, suggesting that environmental
or genetic factors influence the clinical expression of the disease (20). The cumulative
data of XLP phenotypes and survival are presented in Table 4.

Fatal Infectious Mononucleosis

Reflecting the ubiquitous nature of EBV infection, FIM (usually with a concomitant
virus-associated hemophagocytic syndrome) is the most common XLP phenotype
affecting approximately 46% of patients in the XLP Registry (7,30,31). FIM is deci-
sively the most lethal of the XLP phenotypes, as most of the boys die within one
month and only 7% of FIM patients have survived. The median age of XLP-
associated FIM onset is five years, but the condition has occurred up to 40 years
of age. This contrasts with sporadic (non-XLP-associated) FIM which occurs in
approximately 1:3000 IM cases (50 cases annually in the United States), at a median
age of 13 years (30).

Table 4 Total XLP Phenotypes and Survival

# Total %
Median age
at onset (yrs) # Alive %

FIM 182 46 5 13 7
DYS 92 23.3 9 47 51
Lymphoma/
lymphoproliferative
disease

88 22.3 6 23 26

HC 17 4.3 8 3 18
Genetic diagnosis
(asymptomatic
children)

11 3 11 100

Vasculitis 4 1 7 0 0
Total 394

Abbreviations: XLP, X-linked lymphoproliferative; FIM, fulminant infectious mononucleosis; DYS, dys-

gammaglobulinemia; HC, hematologic cytopenias.

Table 3 Multiple Phenotypes (as of 2002)

# # Alive # Dead

FIM 41 10 (24%) 31 (76%)
DYS 58 20 (34%) 38 (66%)
Lymphoma/lymphoproliferative
disease

35 11 (31%) 24 (69%)

HC 11 2 (18%) 9 (82%)
Vasculitis 4 0 (0%) 4 (100%)
Total 149

Abbreviations: FIM, fulminant infectious mononucleosis; DYS, dysgammaglobulinemia; HC, hematologic

cytopenias.
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In contrast to the well-orchestrated normal immune response (likened to a
Mozart divertimento) to EBV, boys with XLP mount a dysregulated, exuberant
response to the virus, with CD8þ T-cells, EBV-infected B-cells, and macrophages
infiltrating body tissues. This results in extensive parenchymal damage, most vividly
in the liver (as fulminant hepatitis) and bone marrow (as medullary destruction).
Other tissues, and even vessels, are affected, as mononuclear cellular infiltrates and
cell injury are manifest in the spleen (extensive necrosis of white pulp), brain (peri-
vascular mononuclear cell infiltrates), heart (mild mononuclear cell myocarditis),
and kidneys (mild interstitial nephritis) (7,32–37). The thymus incurs thymocyte
depletion and necrosis of thymic epithelia, reminiscent of that observed in experi-
mental and human graft-versus-host disease and AIDS (38–40). Excessive release
of interleukin (IL)-2 and interferon (IFN)-gamma (c) by activated T-lymphocytes
contributes to uncontrolled macrophage activation, and culminates in the hemopha-
gocytosis, tissue destruction, and cellular depletion of FIM (37,41,42). Interestingly,
39% of XLP patients with evidence of current or prior EBV infection never develop
FIM (20). This latter observation remains unexplained.

Dysgammaglobulinemia

Affecting 23% of patients, DYS is the second most common XLP phenotype
(7,20,30). Most boys developing this phenotype demonstrate global decreases of
serum Ig levels. However, some feature increased levels of IgM and/or IgA, as well as
variable deficiencies in IgG1 and IgG3 subclasses (11). The median age at the time of
DYS diagnosis is nine years. The pathogenesis of DYS is not understood. Although
hypogammaglobulinemia often occurs after EBV infection, some XLP patients deve-
lop hypogammaglobulinemia without prior evidence of EBV infection (20). SH2D1A
knockout mice (the murine XLP model) can manifest progressive hypogammaglobu-
linemia (J. Sumegi, personal communication). These observations suggest that muta-
tions of SH2D1A contribute to a defect in humoral memory responses and the
maintenance of lifelong ability to produce appropriate humoral immunity.

Lymphoproliferative Disease

Lymphomas develop in 22% of XLP patients at a median age of six years, and half of
them occur following EBV infection (7,20,30). Most lymphomas are of B-cell immu-
nophenotype and are characterized by a small noncleaved (Burkitt lymphoma) or dif-
fuse large cell histology (41,43). Karyotypic analysis has not been extensively
performed; however, the t(8;14) associated with conventional African Burkitt lym-
phoma has been identified twice (44,45). Approximately 10% of LPD are not of B-cell
phenotype. Small numbers of patients with Hodgkin’s disease or T-cell lymphoproli-
ferative disorders, including lymphoblastic lymphoma, lymphomatoid granulomato-
sis, or angiocentric immunoproliferative lesions have been reported to the XLP
Registry (30,41). Relapses are common and may be of different clonal origins (46).
Together, these observations suggest that the SH2D1Amutation affects immune func-
tion that provides immunosurveillance against LPD or lymphoma development.

Hematologic Cytopenia

Distinct from the marrow depletion seen with FIM, a limited number (4%) of
boys have developed isolated HC (Table 1) (7,30). Most manifest with two or more
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hematologic cell lines suppressed or worse, with aplastic anemia. Curiously, pure red
cell aplasia has also been observed (7,47). EBV infection is more often associated
with aplastic anemia in patients without XLP, yet 40% of cases observed in XLP
have occurred without evidence of prior EBV infection (20). Therefore, whether
the mutations of SH2D1A contribute to the pathogenesis of this marrow suppression
remains an unsettled issue.

GENOTYPE–PHENOTYPE CORRELATION

One might predict that mutations which delete the XLP gene or truncate the protein
would be more likely to be associated with a severe phenotype, whereas missense
mutations would occur preferentially in mildly affected patients. A study was per-
formed to define the correlation between the mutations found in the SH2D1A gene
and the clinical manifestations of XLP (20). The results were startling, namely, that it
was not uncommon to observe different phenotypes with identical mutations, even
within the same family. No significant differences were observed in the phenotypes
or in severity of disease based on the type (missense, nonsense, and truncating) or
in localization of SH2D1A mutations (Table 5). The age of onset of clinical manifes-
tations of XLP varied considerably, from younger than 1 to 40 years, as did survival,
but there was no correlation with the type of mutation. The clinical significance of
these results was clear: genetic analysis did not predict the phenotype or the severity
of disease.

THE ROLE OF EBV INFECTION IN XLP

Initially, it was thought that males affected with XLP manifest symptoms following
primary EBV infection. While IM is, by definition, caused by EBV, other XLP phe-
notypes, including lymphoma and hypogammaglobulinemia, occasionally developed
in EBV-seronegative patients (20,48). Hence, this early assumption was proved to be
incorrect over time.

Data from the XLP Registry suggest that as many as 12.5% of affected boys
will manifest symptoms of XLP prior to exposure to EBV (7). Although FIM is
always associated with acute EBV infection, the frequencies of the other major
XLP phenotypes are similar, regardless of EBV status (Table 5) (20).

The effect of EBV infection on outcome of XLP has been studied (Table 6) (20).
There is no difference in the age of onset of clinical symptoms between males who
have or have not been previously exposed to EBV. But in general, survival is slightly
better in patients who manifest clinical symptoms of XLP prior to EBV infection.
Therefore, prevention of EBV infection in boys with XLP may not avert clinical
manifestations of the disease but may slightly prolong survival. These data suggest
that other genetic and/or environmental factors influence host susceptibility to
EBV and are important in the determination of the clinical phenotype of XLP.

TREATMENT AND PROGNOSIS

XLP is highly lethal, as most (75%) patients die by 10 years of age, though the oldest
known survivor is 49 years old (7,30). Antiviral therapies, including acyclovir,
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ganciclovir, intravenous Ig, and IFN-a have been used to treat primary EBV infec-
tion; none have been particularly effective (7,49).

The only therapy that has been consistently beneficial for males with FIM
includes etoposide, a topoisomerase II inhibitor that is cytotoxic against activated
macrophages, complemented with glucocorticoids or cyclosporine to suppress reac-
tive T-lymphocytes (7,50). Recently, a patient with FIM was successfully treated
with corticosteroids and monoclonal anti–B-cell antibody (K. Nichols, personal
communication). While symptoms may have initially resolved, relapses are invari-
able. Therefore, an allogeneic HSCT (umbilical cord blood, adult blood, or bone
marrow) is recommended once the patient’s condition is stabilized and a suitable
donor has been identified (25,50).

Patients with XLP hypogammaglobulinemia require regular Ig supplementa-
tion to prevent bacterial and viral infections. However, Ig infusions do not offer
the guarantee of protection from primary EBV infection in an EBV seronegative
patient (20,30,51).

For patients with lymphoma or HC, standard therapeutic protocols suffice.
Although treatment can induce disease remissions, relapses and other XLP pheno-
types invariably occur.

For definitive treatment, a new immune system has to efface the old one. This
involves the replacement of defective immune system with an allogeneic HSCT (25).
In the literature, a total of 15 male XLP patients have undergone an allogeneic bone
marrow transplant (BMT). Although usually successful, four died from infectious or
therapy-related causes. All were over 15 years of age at the time of BMT, suggesting
that treatment at a younger age may be beneficial for XLP. It is estimated that there
have been over 50 males with XLP who have undergone BMT. However, the number
of boys treated is too small to make specific recommendations regarding the optimal

Table 6 The Effect of EBV Infection on Clinical Outcome in XLP

Median age of first
manifestation (yrs) Median survival age (yrs)

EBV positive
Overall 4 (0.5–40) 6 (0.5–40)
FIM 3 (0.5–40) 4 (0.5–40)
DYS 6 (0.5–32) 14 (0.5–38)
Lymphoma/lymphoproliferative
disease

5 (2–19) 6 (2–32)

HC 6 (2–24) 12 (2–27)
EBV negative
Overall 6 (0–34) 16.5a(1-41)
DYS 4.5 (0.1–34) 19 (4–41)
Lymphoma/lymphoproliferative
disease

8 (3–33) 17 (4–39)

HCb 1, 11 7, 14

aP value < 0.05 comparing EBV-positive versus EBV-negative cohorts.
bTwo cases of HC reported. Ages in each column represent age at the time of diagnosis and age at the time

of death, respectively.

Abbreviations: XLP, X-linked lymphoproliferative; FIM, fulminant infectious mononucleosis; DYS, dys-

gammaglobulinemia; HC, hematologic cytopenias; EBV, Epstein–Barr virus.

Source: From Ref. 20.
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timing of the transplant, the source (umbilical cord blood, adult blood, or bone mar-
row) of the graft, and other specifics concerning the patient and the procedure.

Wiskott–Aldrich syndrome (WAS), another X-linked immunodeficiency, is
similar to XLP in that the vast majority of affected males have clinical manifesta-
tions of the disease before age 10, and life expectancy is less than 20 years. Over
30 years of experience has demonstrated that BMT for treating WAS, as in the case
of XLP, is best when performed before significant problems with infections or lym-
phoma develop. Even boys with WAS without symptoms, who receive BMT at an
earlier age, i.e., less than five years, do better with BMT (52). These data lead us
to recommend that BMT be performed as early as possible for XLP. BMT has been
performed successfully in two XLP boys with a genetic diagnosis prior to the onset
of EBV infection and clinical symptoms other than hypogammaglobulinemia (26).
To conclude, given the dismal results in older XLP and WAS patients, i.e., greater
than 20 years of age, BMT of older patients should be undertaken only in those
who are in good physical condition and after extensive counseling regarding the
involved risks.

An approach that may offer a better outcome for older patients is nonmyelo-
ablative HSCT. Because lower doses of radiation and chemotherapy are used,
nonmyeloablative BMT is anticipated to cause less transplant-related toxicity. To
date, only one XLP patient has reportedly undergone nonmyeloablative transplanta-
tion (53). The patient succumbed to recurrent disease following transplantation.
Clearly, although novel, additional studies of nonmyeloablative therapy in this clin-
ical setting should be explored.

THE XLP GENE

The gene absent or mutated inXLP patients, SH2D1A (also known asDSHP or SAP),
is located in the chromosomal Xq25 region between DXS1001 and DXS8057 in the
vicinity of the Tenascin-M gene (54–56). The human gene, spanning 25 kb, consists
of four exons and three introns which are transcribed into two messenger RNA
(mRNA) species of 2.5 and 0.9 kb, respectively. These mRNAs code the same open
reading frame (ORF), but their 30 untranslated sequences are different. Homologues
of the human SH2D1A have been identified in murines (Mus musculus), primates
(Macaca rhesus and Sanguineous oedipus), and turkeys (Gallus gallus) (57). Themurine
gene has a similar exon/intron structure as the human counterpart but expresses only
a single mRNA transcript of 790 nucleotides, shorter than the human mRNAs.

SH2D1A is expressed in the thymus in CD8þ and CD4þ cells. The expression
is prevalent in Th1 cells, but Th2 cells also express the gene. SH2D1A expression is
downregulated upon anti-CD3 stimulation of both CD4þ and CD8þ cells. The
mouse gene, Sh2d1a, is expressed in low levels in resting NK cells, but increases upon
infection with murine cytomegalovirus or lymphocytic choriomeningitis virus. IL-2
activates Sh2d1a expression in cultured NK cells. Sh2d1a is expressed in some
B-cells (58).

The human SH2D1A has an ORF of 462 nucleotides flanked by untranslated 50

and 30 sequences. The protein translation initiation site (AUG for methionine) is
78 nucleotides downstream from the start of the ORF, and therefore the length of
the protein encoding sequence is 384 nucleotides. The SH2D1A mRNA encodes a
protein of 128 amino acid (aa) residues that consists of a SH2 domain and a 25
aa C-terminal tail. The murine gene SH2D1A expresses a transcript of 790
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nucleotides, which encodes a protein of 127 aa, which we will denote as SAP [signaling
lymphocyte activating protein (SLAM)–associated protein]. The conceptual transla-
tion of the M. rhesus and Sanguineus oedipusSH2D1A cDNA results in proteins of
127 and 137 aa, respectively. The SH2D1A protein, SAP, is conserved during evo-
lution; there are but few positions in the protein with deviations in the aa sequence.

A close homolog of SH2D1A EAT-2, has been found in humans and mice (59).
The human and mouse EAT-2 genes encode a protein of 132 aa consisting of a single
SH2 domain and a short sequence at the C-terminal of the protein. The gene was first
identified as a transcript induced by the EWS/FL11 fusion oncogenic protein (60).
SH2D1A and EAT-2 represent the first members of a family of genes that contain
only a single SH2 domain and are expressed in various tissues.

THE XLP PROTEIN

The XLP protein SAP is a cytoplasmic protein, and it interacts with the cytoplasmic
tail of cell surface proteins of two distinct classes: the CD2 family of proteins, such as
SLAM, 2B4, and Ly-9 and the Dok family of cytosolic adaptor proteins (see below).

SAP is not detected in the nucleus, but rather physically and functionally links
SLAM and other immune cell receptors to the Src-related protein kinase Fyn. The
relevant domain of the protein is an SH2 domain (Src-homology region 2) that
recognizes phosphotyrosine residues.

The single SH2 domain is unusual among SH2 domain–containing proteins
(61). The SH2 domain is typically found in signaling and adapter proteins with mul-
tidomain architecture in association with SH1, SH3 (another type of phosphotyro-
sine recognition sequence which recognizes phosphotyrosine residues imbedded in
aa sequences containing multiple proline residues, in contrast to SH2 domains), or
phosphatase domains. The lack of these domains in SH2D1A and EAT-2 suggests
that they function as signaling molecules blocking or regulating the binding of other
SH2 domain–containing proteins to their particular docking sites.

SAP has a characteristic SH2 fold, which includes a central b-sheet with a-
helices packed against either side (61). The classical SH2 domains bind phosphopep-
tides in a ‘‘two-pronged’’ fashion; the phosphorylated tyrosine binds in a pocket on
one side of the central sheet, and the three to five residue C-terminal binds to the
pocket or groove on the opposite side (61). The SH2D1A protein interacts via its SH2
domain with a motif (TIpYXXV/I) in the cytoplasmic tail of SLAM (CD150), 2B4
(CD244), Ly-9, and CD84, suggesting that the combinations of dysfunctional signal-
ing pathways initiated by these four cell surface receptors may contribute to the com-
plex phenotypes of the disease. The SH2 domain in SAP is unusual among SH2
domain–containing proteins for its ability to bind to nonphosphorylated proteins.
All other SH2 domain–containing proteins bind with high affinity only to sequences
containing phosphorylated tyrosine. Indeed, SAP has been shown to block recruit-
ment of the SHP-2 phosphatase to the tail of SLAM (55,61). SHP-2 is responsible
for maintaining the optimal level of tyrosine phosphorylation.

The CD2 Family of Cell Membrane Receptors

SAP binds to the cytoplasmic tails of all of the CD2 family of surface molecules. At
present, the CD2 subfamily of membrane receptors includes CD2, CD48, CD583,
SLAM, CD84, Ly-9, 2B4, (62–69) and two recent members, BLAME, (70) expressed

322 Seemayer et al.



in activated monocytes and dendritic cells, and CS-1 (71), a new receptor found on
NK cells. CD48, SLAM, CD84, Ly-9, 2B4, BLAME, and CS-1 map to a gene cluster
on the chromosome 1q21–24 region, suggesting that the CD2 receptor family devel-
oped from an ancestral gene via multiple gene duplications (72). CD2 and CD58
reside at chromosome 1p13. Interestingly, the ligands for these receptors are within
the same receptor family; CD2 and CD58 (73) or 2B4 and CD48 (74). SLAM, CD84,
and Ly-9 are homophilic receptors (55).

The extracellular region of these receptors consists of an N-terminal Ig-like
variable (V) domain and two Ig-like constant domains (C2) stabilized by two intra-
chain disulfide bonds (75). In Ly-9, these domains are duplicated, and they adopt a
V/C2/V/C2 structure (67,76). The cytoplasmic domains of 2B4, SLAM, CD84, and
Ly-9 all contain multiple copies of the consensus binding site (TxYxxV/I) for SAP
and the tyrosine phosphatase SHP-2. The cytoplasmic domain of CD2 is unique
in that it lacks tyrosine residues that upon phosphorylation could make contact with
SH2 domains (59).

SLAM is expressed inCD45ROhigh peripheral bloodmemoryT-cells, CD4þ and
CD8þ immature thymocytes, in B-cells, in some EBV-transformed lymphoblastoid
cell lines (LCLs), tonsillar B-cells, and in activated dendritic cells (65,77–82). Engage-
ment of SLAM by a SLAM-specific antibody can potentiate antigen or anti-CD3–
induced T-cell proliferation, or directly induce proliferation of preactivated T-cells
or CD4-positive T-cell clones (70). In addition, the same stimuli can induce IFN-c pro-
duction in CD4 positive Th0 cells and in polarized Th1 and Th2 cells. Polarized Th2
cells can be reverted to the Th0 or Th1 phenotype by SLAM/SLAM ligation, indicat-
ing that SLAM is important in the maintenance of the Th1/Th2 balance. In activated
B-lymphocytes, SLAM engagement by specific antibody or by soluble SLAM can
induce proliferation and Ig synthesis. SLAM augments CD95-induced apoptosis in
certain B-cell lines. These results indicate that SLAM can transmit CD28 or CD40
independent costimulatory as well as inhibitory signals in lymphoid cells.

The cytoplasmic domain of SLAM contains two copies of the T/SIYxxV/I con-
sensus sequence for high affinity binding of SAP (83). Y281 can bind SAP in both its
phosphorylated or nonphosphorylated forms, while Y327 can only engage in SAP
binding upon phosphorylation. Phosphorylated Y281 and Y327 of SLAM motifs
are essential in binding the phosphatase SHP-2, both in T and B-lymphocytes (84).
The N-terminal SH2 domain of SHP-2 is instrumental in regulating the phosphatase
activity of SHP-2 and in binding SHP-2 to its targets (85–89). The N-terminal SH2
domains of SHP-2 and SAP share significant homology with 30% identity at the pro-
tein level. Overexpression of SAP in COS-7 cells blocks SHP-2 binding to SLAM, indi-
cating that SAP and SHP-2 compete for the same phosphotyrosine on SLAM.

In T-cells, two distinct signaling SLAM complexes may exist with fundamen-
tally different functions: one complex in which SLAM is bound to SHP-2 and
another which binds to SAP. The details of the molecular events following SAP
binding to SLAM are unknown, but it is likely that preventing SHP-2 from binding
to SLAM may facilitate the phosphorylation of the SLAM cytoplasmic domain by
tyrosine kinases. Y281 can bind SAP in its nonphosphorylated form at relatively
high affinity. On the other hand, Y327 needs to be phosphorylated to bind to SAP.
SAP binding to Y281 may render Y327 available for phosphorylation by cytoplasmic
protein–tyrosine kinases. Phosphorylation of Y327 renders the SLAM cyto-
plasmic domain accessible for SH2 domain–mediated protein interactions. Whether
SAP is able to block SH2 domain proteins from binding to SLAMY327 may depend
on the actual concentration of SAP.
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The kinetics of SLAM and SAP expression are regulated differently following
T-cell activation, significantly changing the stoichiometry of SLAM and SAP in the
cell. SLAM expression is quickly induced by T-cell activation, and its level gradually
decreases with time. However, SAP levels first drop sharply following T-cell activa-
tion by a-CD3, and expression increases later. It is conceivable that during T-cell
activation both forms of SLAM signal complex with or without SAP may exist.
Alternatively, SAP binding to SLAM may be regulated by post-translational
modifications of SAP.

In B-cells, SLAM has been found to associate with SH2 containing inositol
phosphatase (SHIP), an SH2 domain containing inositol phosphate 50-phosphatase.
The binding of SHIP to SLAM seems to be regulated by SH2D1A/SAP. SLAM was
found to be associated with SAP and SHIP in LCLs that expressed SAP, while in
SAP-negative LCLs and SHP-2, SHIP was not associated with SLAM. SHIP bind-
ing was dependent on the presence of pY281 and pY327. It was proposed that SAP
would act as a ‘‘switch’’ that regulates the association of SLAM with SHIP or
SHP-2. Phosphorylation of SLAM in B-cells is controlled by Fgr and Lyn and the
phosphotyrosine phosphatase CD45. Ligation of SLAM by a specific antibody
resulted in rapid dephosphorylation of SHIP mediated by SLAM-associated
CD45. Dephosphorylation of SHIP could affect its binding to the phosphotyro-
sine-binding domain of Shc and affect downstream signaling toward p21ras (90).
It is important that the model we described for SLAM signal transduction in T-cells
is consistent with experimental data obtained in B-cells. Because SLAM impacts on
the regulation of IFN-c production by CD4þ T-cells, on the induction of Th1 cyto-
kines in polarized Th2 cells, and on the CD95-induced apoptosis in B-cells, the data
suggest that the absence of the SLAM/SAP signal transduction could account for
some of the immune defects seen in XLP. 2B4 is a receptor present on all NK cells
and T-cells that mediate non–major histocompatibility comlex–restricted cytotoxi-
city (69). 2B4 is also expressed on the surface of cd T-cells, monocytes, some
CD8þ thymocytes, and a subset of peripheral CD8þ T-cells (75). Engagement of
2B4 via specific antibody or its high affinity ligand CD48 augments lysis of a variety
of target cells by 2B4 bearing cells. Signals via 2B4 also induce increased cytokine
release, Ca2þ influx, and degranulation in NK cells (74,91,92). In CD8þ T-cells,
however, 2B4 seems to function as an adhesion molecule, as these cells are not
directly activated by 2B4 engagement (92).

The extracellular region of 2B4 adopts the Ig-like structure characteristic of the
SLAM family. Within the 120 aa cytoplasmic region, four tyrosines are part of a
putative consensus binding site for SAP and SHP-2. In agreement with this, mutually
exclusive binding of SAP or SHP-2 to 2B4 was demonstrated by immunoprecipita-
tion in stable transfected, pervanadate treated pre-B (BAF3) cell lines (77). Unlike
that of SLAM, 2B4 phosphorylation is essential for SAP binding. Induction of
SAP in NK cells would result in SHP-2 displacement and increased signaling by
2B4. Recent observations suggest that in the absence of functional SAP, the 2B4/
CD48 signaling pathway is altered, resulting in the failure of XLP patients to control
EBV-infected B-cells in the early phase of the infection (93–95).

In polyclonal or clonal populations of XLP-derived NK cells, engagement of
2B4 by specific antibody or via CD48 failed to augment killing of a variety of
cells. In addition to the lack of an activating 2B4-mediated signal in XLP-derived
NK cells, in the absence of SAP, 2B4 engagement via CD48 mediated inhibitory sig-
nals rather than activating signals. Importantly, this suppressor effect was resolved by
interrupting the 2B4/CD48 interaction by specific antibody. These data not only shed
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light on a previouslyunknown inhibitory functionof2B4,butalsoopenawindowonhow
EBV-infected B-cellsmay escapeNKandCD8þT-cell surveillance inXLPpatients (95).

SAP, besides its interaction with the members of the CD2 family of receptors,
can interact with the RasGAP adapter protein p62Dok. p62Dok [downstream of
kinases-1 (Dok-1)] is a member of a new family of adapters that includes p62Dok
(Dok-1), p56Dok (Dok-2), and Dok-3 (96–99). While Dok-1 and Dok-2 are expre-
ssed in T-cells at high levels, Dok-3 is expressed in B-cells, macrophages, and myeloid
cells, but not in T-cells (99). Dok-1 is also expressed and was shown to function in B-
lymphocytes, in vivo (100). SAP binds weakly to Dok-2 in transfected 293T-cells.
There are no data on the binding of SAP to Dok-3.

The Dok Family of Cytosolic Adapter Proteins

Dok-1 was first identified as a major phosphoprotein in cells transformed by the
oncogenes v-src, v-fps, and v-abl (101–103). Besides viral oncogenes, it is also the tar-
get for a host of receptor tyrosine kinases as well as nonreceptor tyrosine kinases
(99,100,104). Upon phosphorylation, Dok-1 binds the SH2 domains of RasGAP
and recruits C-terminal Src kinase to the membrane (105,106). The function of
Dok-1 in B-cells in FcR-cRIIB and BCR-mediated signals is well documented
(99,100,107,108). In primary B lymphocytes, cross-linking the FcR-cRIIB fragment
with the BCR inducedDok-1 phosphorylation by the Src kinase Lyn andwas followed
by a decrease in the MAP kinase activity and growth inhibition. B-lymphocytes from
Doc-1 deficient mice, however, continue to proliferate under the same conditions,
indicating that this strong inhibitory signal, presumably via the inhibition of the
Ras pathway, is delivered by Doc-1. The function of Dok-1 in T-lymphocytes is not
yet established. Recent reports have indicated that, in Jurkat T-lymphocytes, as in pri-
mary B-cells, Dok-1 may also transmit inhibitory signals (108,109). Overexpression of
Dok-1 in Jurkat cell clones inhibited CD2-mediated signals, including increase in
intracellular [Ca2þ], phospholipase C-g activation, and activation of MAP kinases.
Similarly, pretreatment of Jurkat cells with CD3-specific antibody prior to activation
via CD2 amplified the CD2-induced tyrosine phosphorylation.

SAP binds to one of the C-terminal phosphotyrosines (pY449) on Dok-1 (110).
The process requires both the C-terminal 35 aa region and the pleckstrin homology
domain of Dok-1. How SAP can regulate Dok-1 is yet to be defined. By inhibiting
SHP-2 binding, SAP may prolong the phosphorylation of Dok-1 and promote inhi-
bitory signals. Many alternative mechanisms can be envisioned, as Dok-1 has at least
seven tyrosines that can potentially interact with SH2 domain proteins (111). The
possibility that Dok-1 is recruited to SLAM-family receptors should also be investi-
gated. Because Dok-1 transmits inhibitory signals in both T and B-lymphocytes, the
lack of SAP-controlled Dok-1–mediated signals may contribute to the development
of unchecked T-cell and B-cell proliferation in XLP.

In T-cells the SLAM receptor molecule is capable of triggering SH2D1-dependent
protein tyrosine phosphorylation. SAP promotes the recruitment of Fyn into the
SLAM/SAP complex, activating a signal transduction pathway that involves inositol
phosphatase SHIP, the adaptor molecules Dok-2, Dok-1, Shc, and RasGAP. Because
SAP facilitates the recruitment of T-cell–specific Fyn it is essential for this pathway (111).

In conclusion, interactions of SAP with the members of the SLAM family of
receptors and Dok-1 may mediate signals that ensure proper surveillance of EBV-
specific T-cell and B-cell proliferation or appropriate control of EBV-negative
B-cell proliferation.
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XLP MUTATIONS

Since the identification of the SH2D1A gene, several forms of functional mutations
have been described in XLP families (112–117):

� macro- and micro-deletions;
� mutations interfering with transcription and splicing;
� mutations interfering with protein synthesis or affecting protein function;
� missense mutations

– mutations that affect the stability of the SH2D1A protein,
– mutations that disrupt the specific actions between SH2D1A and target

proteins.

Macro- and micro deletions: The most common mutations are deletions ranging
from several nucleotides to several megabase pairs of DNA leading to a complete or
partial loss of the gene and truncation or absence of a functional SH2D1A protein.
These deletions account for 40% to 50% of the SH2D1A mutations.

Mutations interfering with normal transcription and splicing: These mutations
account for 10% to 15% of all SH2D1A mutations.

Mutations interfering with protein synthesis or affecting protein function: The
replacement of methionine by isoleucine interferes with translation and precludes
the initiation of translation. The consequence is an absence of the SH2D1A protein.

Missense mutations: Eleven missense mutations identified in XLP families were
analyzed in vitro and in vivo. The missense mutations can be assigned to two cate-
gories: mutations which alter the stability of the protein by substantially decreasing
its half-life and mutations which disrupt the specific interactions between SH2D1A
and target proteins.

Examination of the missense mutations in XLP patients suggests that the full
complement of binding interaction(s) is critical for SH2D1A function. These point
mutations are distributed evenly along the SH2-domain structure, and mutations
have been found in N-terminal seven aa sequences and the 25 aa long C-terminal tail
sequence of the protein.

Mutations that affect the stability of the SH2D1Aprotein: The wild-type SH2D1A
protein has a half-life of 18 hours. When the stability of the mutated SH2D1A pro-
teins was analyzed it was found that missense mutations (Y7C, S28R, R32T, Q99P,
P101L, V10G, and X128R) that affect the structure of the backbone of the SH2D1A
SH2 domain and disrupt hydrophilic and hydrophobic bonding shorten the half-life
of the protein. Interestingly, one of the mutations observed outside of the SH2
domain, X129R, dramatically shortened the half-life of the protein (118).

The R32T mutation affects the stability of the protein by introducing a change
in the most conserved aa among various SH2 domains (118). This arginine located in
betaB5 is required for phosphotyrosine recognition and binding. An identical muta-
tion in the SH2 domain of Btk causes X-linked agammaglobulinemia (XLA) when
mutated to glycine or threonine (119). There are no reports describing the stability of
the Btk wild-type or mutant proteins. In vitro mutagenesis of the arginine has led to
impaired function of SH2 domains.

The E67D and T68I mutations change the conformation of the loop connecting
the beta 5 and beta 6 strands. The T68I mutation changes the half-life of the protein
(118). Although the SH2D1A protein with an E67D mutation was not assayed for
protein stability, the position of this aa relative to T68 may impart the same effect.
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The aa residue in Btk corresponding to T68 of SH2D1A is alsomutated, leading to XLA
(120). E67 as well as T68 are located near amino acids involved in residue þ3 binding.

P101 at the C-terminus of the SH2 domain is strongly conserved. This residue
is located in the short loop connecting the last two beta strands. Substitution of the
peptide backbone turning proline by isoleucine will most likely affect folding,
because the tangle formed by proline is hardly preserved by the other residue.

Mutations that disrupt the specific interactions between SH2D1A and target pro-
teins: The SH2D1A/R32Q mutant protein is unable to bind both phosphorylated
and nonphosphorylated SLAM proteins and block the recruitment of SHP-2 to
the cytoplasmic tail of SLAM. The R32Q mutation also affects the half-life of the
protein. Therefore, it is most likely that an inability of SH2D1A to bind to SLAM
is central to both impairments.

The cytosine at aa position 42 plays an important role in the interactions with ty-
rosines.Themutationat thispositionresults inSH2D1A/C24W,arelatively stableprotein
which shows a reduced binding to both phosphorylated and unphosphorylated SLAM.

The SH2D1A protein/T68I maintains its ability to bind to phosphorylated
tyrosine of SLAM but is unable to bind to nonphosphorylated SLAM. The threonine
68 is involved in the interaction with valine in the þ3 position of the SLAM peptide.
SH2D1A/T53I fails to bind to nonphosphorylated SLAM. Mutant SH2D1A/R32T
was greatly compromised in its ability to bind to SLAM, whereas the SLAM-binding
properties of mutants 2 (T68I, G93D, and Q99P) were less affected. Interestingly, the
ability of mutant P101L to bind SLAM was actually enhanced. Mutants P101L,
Q99P, and T68I are unable to displace SHP-1 or SHP-2 (118). This might be either
due to an altered affinity for the competing site on the receptor or due to a reduced sta-
bility of the SAP protein, as has been previously postulated. Another possibility is that
the mutations may disrupt interactions with other, as yet unknown, proteins.

CONCLUSIONS

Although the first XLP patient was encountered in 1969, it took six years to define
and present the disease entity to the medical community. Fourteen more years
passed until the chromosomal location of the disease gene was established. In
1998, the gene mutated in XLP was identified and cloned, and the various inactivat-
ing mutations responsible for the disease were subsequently described. A mouse
model of the disease was created by targeted mutagenesis.

The crystal structure of the protein product has been defined, and interacting
proteins have been identified. Based on the structure of the XLP protein, a single
SH2 domain with a short C-terminal tail sequence, it may act as a natural blocker
(inhibitor) or as a regulator (adaptor) in the critical events in T-cell and NK cell sig-
nal transduction. The role of the protein in B-cell signal transduction was also
explored but requires further study.

The gene, the protein, and the identified disease-causing mutations have not
only opened a window to the molecular etiology of the disease but will also teach
us about fundamental events in the T-cell and B-cell immunoregulation during
EBV infection. All of this illustrates that a very rare condition can lead to the acqui-
sition of very fundamental knowledge. This, of course, is not new, as many rare
genetically determined immune deficiencies have contributed greatly to our under-
standing of the immune system.
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INTRODUCTION

With the ready availability of sophisticated laboratory procedures and inquiring
physician minds, an increasing array of uncommon illnesses and diseases are being
attributed to infection with Epstein–Barr virus (EBV). This is part of the expanding
phenomenon and the advent of research programs supporting the evaluation of new
and emerging infectious diseases. Just as the expanded scope of possible diseases
attributed to EBV is unlikely to represent ‘‘new’’ illnesses, emerging infections are
only likely to reflect pre-existing illnesses whose identification is made possible with
advances in molecular epidemiology. The illnesses described in this chapter are puta-
tively caused by EBV, but the principles that form the association can be applied to
many infectious agents.

Infectious diseases are generally characterized by a pattern of recognizable
symptoms and typical illness course (Table 1). Confirmation of the microbiologic
etiology of a clinical diagnosis, however, requires corroborating laboratory evidence.
Classical infectious mononucleosis is a prime example of the historical evolution of
the understanding of a clinically distinct infectious disease. Infectious mononucleosis
carried the moniker ‘‘infectious’’ based on its epidemiology, long before the viral
etiology was known. EBV is now readily appreciated as the causative agent of almost
all cases of the typical constellation of severe pharyngitis, cervical lymphadenopathy,
a marked lymphocytosis with atypical lymphocytes, and the presence of heterophile
antibodies. Without precise knowledge of the etiology and the defined spectrum
of disease that has been proved to be caused by EBV, many infectious agents and non-
infectious illnesses would have to be considered if cataloging all of the symptoms and
signs of classical infectious mononucleosis, and many more etiologies if the myriad of
uncommon manifestations that are not part of the classical syndrome were included.

Approaches to identifying infectious agents as causative factors of disease are
to identify readily recognizable specific illness patterns and propose a definition of
commonly reported symptoms, or to set criteria for detection of unexplained
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illnesses or deaths and to explore their possible origins (1). Historically, application
of Koch–Evans postulates (Table 2) is required to establish a cause-and-effect
relationship between a microorganism and a disease (2). This set of criteria for causa-
tion of disease contains requirements in the areas of prevalence, exposure, incidence,
timing of exposure, host responses, experimental reproduction of the disease, conse-
quences of modification of the etiology, prevention, and biological plausibility. How
these criteria are met in the era of molecular and genetic diagnosis remains to be
determined. One additional component of many of the EBV-associated conditions
is identification of a reactivated infection, a process not addressed in the Koch–
Evans postulates, nor uniformly defined.

Besides deciding upon the method by which patients are identified, detection
of diseases that are or may be caused by EBV requires selection and application of

Table 2 Koch–Evans Criteria for Causation: A Unified Concept

1. Prevalence of the disease should be significantly higher in those exposed to the putative
cause than in cases controls not so exposed.a

2. Exposure to the putative cause should present more commonly in those with the disease
than in controls without the disease when all risk factors are held constant.

3. Incidence of the disease should be significantly higher in those exposed to the putative
cause than in those not so exposed as shown in prospective studies.

4. Temporally, the disease should follow exposure to the putative agent with a distribution of
incubation periods on a bell shaped curve.

5. A spectrum of host responses should follow exposure to the putative agent along a logical
biologic gradient from mild to severe.

6. A measurable host response following exposure to the putative cause should regularly
appear in those lacking this before exposure (i.e., antibody and cancer cells) or should
increase in magnitude if present before exposure; this pattern should not occur in persons
so exposed.

7. Experimental reproduction of the disease should occur in higher incidence in animals or
humans appropriately exposed to the putative cause than in those not so exposed; this
exposure may be deliberate in volunteers, experimentally induced in the laboratory, or
demonstrated in a controlled regulation of natural exposure.

8. Elimination or modification of the putative cause or of the vector carrying it should
decrease the incidence of the disease (control of polluted water or smoke or removal of
the specific agent).

9. Prevention or modification of the host’s response on exposure to the putative cause should
decrease or eliminate the disease (immunization, drug to lower cholesterol, and specific
lymphocyte transfer factor in cancer).

10. The whole thing should make biologic and epidemiologic sense.

aThe putative cause may exist in the external environment or in a defect in host response.

Source: From Ref. 2.

Table 1 Spectrum of Illness Due to Infection

Infectious agent
Host expected Altered

Expected Classical diseasea Atypical disease
Alteredb Atypical disease Atypical disease

aThe prototype of ‘‘textbook’’ example.
bAltered host may result from human intervention or critical genetic variation.
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laboratory procedures that support the clinical suspicion. Methods by which this
goal can be achieved include detection of isotype-specific antibodies by immunofluores-
cent techniques, enzyme-linked techniques, or Western blotting; detection of neutra-
lizing antibodies using a neutralization assay based on interference of lymphocyte
transformation; detection of viral proteins by immunohistochemical methods, by touch
preps, or direct detection; the transformation assay, a time-consuming culture method
involving growth of EBV-transformed naive B-lymphocytes, and virocyte assay,
which is an endpoint dilution assay to estimate the number of virus-containing cells
(virocytes) in peripheral blood; detection of viral RNA or viral DNA detection by
dot blotting, Southern blotting, gene amplification, or in situ hybridization; and
clonality assay to identify circular (episomal) and linear forms of EBV (3–7). The
list of laboratory methods used for establishing a causal role of EBV has changed
considerably from a similar list published in 1984 (8). These procedures may be applied
to serum, plasma or other body fluids, isolated cells, and tissue samples. Fresh
material is only required for examination of some types of viral gene expression.
Noticeably missing from these approaches are conventional primary and secondary
virus culture techniques because EBV cannot be cultured using standard virologic
culture methods incorporating tissue monolayers. Use of nonspecific antibody
responses, such as the heterophile antibody, does not establish causality because it
does not identify EBV-specific proteins. These antibodies may be present in condi-
tions in which EBV is not playing a pathogenic role. Use of EBV-specific antibodies
to establish causality is problematic for EBV and other herpesvirus infections
because these viruses establish lifelong infection in the host with enduring antigen
exposure and lifelong detectable antibody responses.

Associations of illnesses or diseases with EBV are often initially based on the
observation of individual or clustered clinical findings that may or may not occur
in typical infectious mononucleosis. The pathways by which certain specific, uncom-
mon manifestations were considered to be associated with EBV are often unclear,
but these manifestations were frequently noted before or after identification of clas-
sical infectious mononucleosis. Because some clinical illnesses caused by infectious
agents require a measured host response as well as the agent itself, host factors
obviously play a role in illness expression. An important question to be asked of
any manifestation attributed to EBV infection is whether a host factor affects the
clinical illness as much or more than the virus itself. This issue is perhaps particularly
important when a manifestation is rare, and most of the diagnostic procedures are
designed to identify the infectious agent. The host immune responses associated with
infectious mononucleosis are fairly well understood (see Chapters 4 and 5), but other
than antibody levels directed against selected marker proteins, immune responses are
not assayed in routine diagnostic testing. As more is learned about the genetics of the
host response, for example, the Vb repertoire expressed on T-cells during the differ-
ent stages of ongoing EBV infections, application of such tools may be helpful in
identifying true, active infection versus past exposure (9).

Determination of ongoing infection or the host response as the principal
mechanism of causing symptoms is especially important from the standpoint of
recommending specific antiviral treatment. If the infection produces new virions
and the symptom is a direct consequence of the productive infection and the ongoing
host response, interruption of active, productive replication is a reasonable goal, such
as with an antiviral agent. Active host responses to an infection associated with new
virion production may also be amenable to therapy. If the illness is simply associated
with the presence of the virus in its latent state, it is important to query whether this
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state is influencing cell function and directly or indirectly contributing to the illness
in question, such as with lymphoproliferative disease in the immunosuppressed
host. In the latter case, it is uncertain if it is more important to try and affect the
virus, the involved cell, or the process allowing uncontrolled growth of the cell. In
the not so distant past, attribution of a disease to a specific virus was viewed as
an academic exercise or as provision of epidemiologic information. The time for
consideration of therapy of these diseases is now at hand.

LABORATORY DETECTION OF EBV INFECTION

Several recommended practices including characterization of antibody patterns, mag-
nitude of the antibody response, and the presence and quantity of EBV in cells, tissues,
serum, or plasma may greatly affect the determination of whether the virus is a parti-
cipant in disease production. Interpretation of antibody patterns as determined by
either the immunofluorescent antibody assay (IFA) technique or by identification of
specific viral proteins on a solid base is based on the responses first observed by Henle
et al. (10) utilizing IFA. The standard interpretation is that anti–viral capsid antigen
(VCA) antibodies of the immunoglobulin M (IgM) class, with or without IgG anti-
VCA, reflect acute, active infection. The presence of anti–early antigen (EA) antibodies,
and simultaneous absence of anti–Epstein–Barr nuclear antigen (EBNA) antibodies,
suggests and supports an active infection. Because anti-EBNA-2 antibodies precede
anti-EBNA-1 antibodies, this pattern also suggests an early EBV infection (6).

Another assumption that affects the determination of disease causality is the
magnitude of specific antibody levels. This concept for EBV infections is based on
studies that utilized IFA titers as the measurement technique as applied to ‘‘severe
active disease.’’ However, the magnitude of such values, often expressed in geometric
mean titers, does not seem to be of importance prognostically in the course of infec-
tious mononucleosis, the disease in which their presence is of primary significance.
Few studies have compared the current commonly used methods such as enzyme-
linked immunosorbent assay (ELISA) to the IFA correlation; of those comparisons,
the results are mixed (11).

Detection of either viral DNA or RNA by a variety of means is now a very
important diagnostic tool. Two of the commonly used procedures rely upon the nat-
ural superabundance of certain viral genomic elements. The detection of RNA is fre-
quently based on identification of EBV-encoded RNAs (EBERs), which are present
in levels of up to 106 copies per cell, while BamHI W (the large internal repeat)
restriction fragments are repeated six to eight or more times in each EBV genome.
EBERs are primarily, if not only, expressed when the virus is in one or all of its latent
states (12). Viral DNA is obviously present in both the actively replicating form, with
new virion production, and the latent form of infection. The prevailing assumption is
that the EBV genome is in its latent form in tissue, and therefore identification by
detection of EBERs or by the presence of proteins associated with latency, such as
latent membrane protein 1 (LMP-1), will best identify the virus in all clinical speci-
mens. There are two glaring exceptions to this approach—hairy cell leukoplakia and
some EBV genome–bearing T-cell lymphomas (13,14). EBERs are not detected in
these two conditions. Likewise, biopsy specimens of other tissues have been negative
for these two markers in conditions where a clinical illness consistent with an active
infection is present. Some of these conditions also lack diagnostic changes even in the
presence of anti-EBV antibodies. Thus a number of observations suggest that if
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the primary purpose of performing these assays is detection of the virus, a sensitive
system that allows detection of virus per se is desirable (15).

Examination of peripheral blood by polymerase chain reaction (PCR) is another
tool that is being used increasingly in attempts to identify EBV infection. Quantitative
techniques using whole blood are particularly helpful for the detection of cell-
associated virus in lymphoproliferative diseases. Questions still remain whether quan-
titation of free viral DNA in serum or plasma is necessary to determine if an active
infection, with new virion replication and release, is present. Free viral DNA is pre-
sent during acute infection in plasma and serum and in cavity fluids containing
EBV-associated malignant cells (16,17). Yamamoto et al. measured viral DNA by
densitometry of Southern blots following PCR (18). The amount of virus varied in
the following clinical diagnoses: infectious mononucleosis, fatal infectious mononu-
cleosis, EBV-associated hemophagocytic syndrome, chronic active EBV, and healthy
seronegativity and seropositivity in subjects. Only the plasma and serum of both sero-
positive and seronegative children were free of viral genomes. There was considerable
overlap among the positive groups, and no statistical analyses were applied. Quanti-
tative techniques based on competitive inhibition have also been described (19).

METHODOLOGICAL ISSUES AND THEIR APPLICATIONS

Gene amplification principles were in use prior to PCR techniques in detection of
EBV DNA by exploiting the internal repeat in BamHI W as the probe because
of multiple copies of this repeat in each viral genome (3). The amplification techni-
que using EBERs may be more sensitive but detects virus only in the latent state.
Thus, the assumption that a very sensitive technique can be utilized in every circum-
stance without an understanding of the viral replicative state—latent or lytic—
presents potential problems.

Another issue is to determine whether the pattern of antibody response or the
reference level of specific antibodies is most meaningful in the establishment of a cau-
sal relationship between the virus and disease. For instance, are there factors that
influence the magnitude of response in large segments of the population in which
hypothesized disease relationships may be uncommon? For example, elevated
anti-EA levels are seen in the elderly, in women in the latter stages of pregnancy,
and in individuals with IgE-mediated allergy. Do these or other conditions contri-
bute to the elevated titers seen in the populations under study?

CLINICAL ILLNESSES

A review of some of the illnesses that have been associated with EBV illustrates the
application of various diagnostic tools to previously described illnesses. As of 1976
and 1980, reviews of diseases caused by EBV (20,21) discussed only Burkitt lym-
phoma, nasopharyngeal carcinoma (NPC), and infectious mononucleosis as being
definitely associated with EBV. Of 11 possible conditions listed by Andiman (8) in
1984, seven illnesses were identified by serological means alone—Gianotti–Crosti
syndrome, Guillain–Barré syndrome, virus-associated hemophagocytic syndrome,
Kawasaki syndrome, selected lymphomas, postperfusion syndrome, and Reye’s syn-
drome. The others, including acquired immunodeficiency syndrome in children,
malignant histiocytosis, primary central nervous system lymphoma, Parinaud’s
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oculoglandular syndrome, and pneumonia, were suspected on the basis of serologic
and either molecular or virologic techniques. This expanded list of virus-associated
diseases began to appear in 1979. Several of these entities continue to have tenuous
associations with EBV, including Kawasaki syndrome, postperfusion syndrome,
Reye’s syndrome, and malignant histiocytosis. The remainder continues to share a
close association.

Diseases of the Oral Cavity

Several of the possible associations of oral lesions with EBV are based on established
observations. Benign salivary gland lesions in patients with and without human
immunodeficiency virus (HIV) infection were evaluated only for EBERs. Only tis-
sues from HIV-infected individuals were positive (22). Another study of oral lesions
associated with HIV—oral hairy leukoplakia, pseudo-oral hairy leukoplakia, aphth-
ous ulcers, and oral Kaposi sarcoma—found that Southern blot analysis for EBV
replication was frequently negative in pseudohairy leukoplakia, aphthous ulcers,
and Kaposi sarcoma, but DNA PCR was positive in all samples. The lack of speci-
ficity and extreme sensitivity of the procedures led the authors to conclude that con-
tamination was responsible for the PCR findings (23).

A new association was proposed in the case of oral lichen planus. Patients with
this condition were found to have a higher prevalence of anti-EA antibodies, but
there was a negative correlation between duration of oral lichen planus symptoms
and IgG anti-EA (24).

Molecular techniques have also been applied in some studies with apparent
negative results. In an attempt to identify conditions leading to NPC in a geographic
area of high prevalence, tissue specimens from workers in a newspaper-printing com-
pany who had chronic pharyngitis and sinusitis were evaluated. The presence of
EBERs and colocalization with secretor protein were not found to predict NPC
(25). Because EBERs are only expressed primarily during latency, the absence of
EBERs may not exclude the absence of EBV in tissues.

Diseases of the Gastrointestinal Tract

Gastrointestinal involvement of EBV has been sought in variety of conditions.
Recently, EBV was found in liver tissue by RT-PCR and in situ hybridization in a
case of acute/chronic infection accompanied by vanishing bile duct syndrome in
which anti-EBNA values were only 1:10, and cell-free EBV DNA was present
in serum. The patient also had hemophagocytosis and perforations in the small
bowel, but survived the illness (26). A very thorough review by Markin (27) in
1994 did not identify EBV involvement in diseases affecting the liver that are outside
of known conditions.

Several reports identified EBV in involved tissue obtained from patients with
Crohn’s disease and ulcerative colitis. In one report, the virus was detected in
DNA isolated from these diseased sites. EBV was more frequently seen in ulcerative
colitis, but cytomegalovirus DNA and human herpesvirus type 6 (HHV-6) DNA
were present only slightly less frequently. Control specimens were also positive,
but less often than any of the patient samples. Virus-positive cells in peripheral blood
were uncommon (28). This topic was addressed further by Yanai et al. (29) who per-
formed in situ evaluation for EBERs and immunochemistry for cell identification.
EBERs were found in B-cells or histiocyte-shaped cells in 60% of cases with each
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condition. The virus-containing cells were limited to diseased portions of the colon.
Causality was not demonstrated in either report.

In another probative study, EBV was not found to be associated with either
idiopathic megarectum or idiopathic megacolon (30).

Diseases of the Nervous System

Many of the cases of nervous system disease considered to be due to EBV have their
counterparts in typical infectious mononucleosis (31,32). In some cases, only the cen-
tral nervous system appears to be involved (see Chapter 8). Cerebellitis was identified
clinically by severe headache, swollen hemispheres, and consequences of transforam-
inal herniation, but with an otherwise normal neurological examination. The asso-
ciation with EBV was based only on positive IgM anti-VCA antibodies at the
time of admission to the hospital, with subsequently decreasing levels (33). Other
cases are reported in conjunction with previously described central nervous system
involvement. Two such instances accompanied meningoencephalitis. One was tran-
sient global amnesia and oscillopsia or jumbling phenomenon. In each instance,
serological changes from acute to postinfection status were recorded (34). Optic
neuritis has also been reported.

Several types of peripheral nerve involvement have been reported and include
cranial nerve palsy, radiculopathy, plexopathy, and peripheral neuropathy. The
cases are associated with either development of primary infectious mononucleosis
or immediately follow the typical syndrome, with confirmation based on serological
tests. The peripheral neuropathies per se consisted of subacute sensory neuropathy
or inflammation of dorsal columns (35). This association was made based on simply
the presence of an antibody pattern of past exposure.

A few cases of combined central and peripheral involvement have been identi-
fied using serological and molecular techniques. Myeloradiculitis and/or encephalo-
myeloradiculitis was identified by the presence of stiff neck, mental changes,
weakness, and sensory loss. Two of the four cases had magnetic resonance image
(MRI) abnormalities. The cerebrospinal fluid (CSF) demonstrated a pleocytosis
and an increased total protein, but normal glucose levels. Diagnostic antibody
changes were present in serum and CSF (36,37). Fisher syndrome, consisting of
external ophthalmoplegia, ataxia, and areflexia, has also been associated with
EBV. Eye findings included impaired vertical and horizontal movements, no pupil-
lary reflexes, and enhanced ptosis (from a baseline of mild ptosis). Serology during
an acute mononucleosis-like illness was positive for anti–EBV IgM that persisted
until the Fisher complex appeared two months into the illness. No anti-EBNA
was present initially, but IgG anti-VCA was present throughout the course (38).

Involvement of the autonomic nervous system is not commonly appreciated,
but such an association was noted as early as 1972 based on serological tests (39).
One form of presentation, as reported in an adult, is with burning pain, skin sensi-
tivity, pupillary enlargement, trouble focusing visually, decreased taste sensation,
prolonged urination, and constipation. The physical examination in this case identi-
fied decreased pinprick, allodynia, and vibration sense. Laboratory findings included
EBV DNA in CSF and a serum antibody pattern that suggested remote infection.
The authors queried a reactivated infection (40). Another case questioned a cause-
and-effect relationship in a child with a previous history of persistent intestinal
obstruction. After a febrile illness associated with pharyngitis, he developed an
acute abdominal pain and underwent a laparotomy. He developed postoperative
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pancreatitis, hepatitis, orthostasis, altered consciousness, and seizures. He developed
anti-EBNA antibodies in serum, and EBV was detected in the CSF by PCR.
His peripheral B-cells underwent spontaneous transformation, and he was EBER-
positive in mesenteric lymph nodes, appendix, and stomach. He was presumed to
have a diagnosis of acquired hypoganglionosis. The histological evaluation did not
show inflammation or preexisting obstruction. The authors were hesitant to label
this situation as being caused by EBV (41).

Diseases of the Lungs

Pulmonary involvement in EBV-associated conditions appears to be quite diverse.
The proposed illnesses can be divided into those with lymphoid cell infiltration or
fibrosis. A case of interstitial lymphoid and granulomatous pneumonia was accom-
panied by acute serological changes (without anti-EBNA), the presence of EBNA
protein in biopsy specimens, and the presence of DNA as observed by PCR and
by Southern blot analysis. This patient also displayed presumed granulomatous
lesions in the brain and genital ulcers, as observed using MRI. The patient was
unable to inhibit outgrowth of EBV-infected autologous B-cells and had no sponta-
neous interferon (IFN) gamma production. Clinical resolution was associated with
IFN gamma therapy (42).

Follicular bronchitis–bronchiolitis characterizes hyperplasia of the bronchus-
associated lymphoid tissue and is considered to be part of the spectrum of lymphoid
interstitial pneumonitis. The latter has been shown to be associated with EBV infec-
tion in HIV-infected patients and also in immunocompetent persons, whereas the
follicular form has not been studied as a distinct entity (43,44).

Pulmonary lymphomatoid granulomatosis has been recognized as a pathologi-
cal diagnosis for many years. Early studies in the 1980s questioned a role for EBV,
but were based only on serologic testing. EBV DNA was found by Southern blot
analysis and in situ hybridization, but the cells containing the virus were not identi-
fied. A T-cell origin of the infection was proposed. In a study that did double label
cells in situ, the virus was found to reside solely in B-cells, but a marked T-cell
response surrounded the granulomata. There were no serological studies in the
report (45).

Pulmonary fibrosis identified on clinical grounds was associated with elevated
IgG anti-VCA titers compared to controls. This study also found increased IgG anti-
cytomegalovirus (CMV) and anti-herpes simplex virus (HSV) antibodies (46). In
cryptogenic fibrosing alveolitis, an association had been made with serological and
DNA findings. A second exploration of the question could not find a correlation
with the presence of viral proteins, DNA, or EBERs in affected lung tissue. Similar
amounts of viral proteins were identified in normal lungs and with other illnesses not
thought to be associated with EBV (47).

Diseases of the Skin

Gianotti–Crosti syndrome continues to appear in the literature in conjunction with
possible EBV infection. It begins with the acute onset of symmetrical, 2- to 3-mm
flesh-colored or red papules on face and limbs, with truncal sparing. At least four
other agents—Mycoplasma pneumoniae, cytomegalovirus, hepatitis B, and HIV—as
well as measles and influenza immunizations have been associated with the syndrome.
An outbreak of the syndrome was proposed in five out of twelve 13- to 15-month-old
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children in childcare. The authors identified both IgM anti-VCA and IgM anti-EBNA
in all five affected children. Two healthy control children had only IgG anti-EBV (48).

Erythema multiforme frequently occurs in association with infections. An
adult with chronic fatigue syndrome (CFS), itching, and erythema of hands and fin-
gers 10 years ago had a diagnosis of infectious mononucleosis. Viral serologies had
positive anti-VCA, EA, and low (1:2) anti-EBNA antibody titers. Several months
into the illness, skin biopsies were positive by in situ hybridization utilizing a probe
for BamHI W. After a long course, the skin cleared following treatment with acyclo-
vir (49). Cytophagic histiocytic panniculitis tissue during a nonmalignant infiltrative
stage was EBER-negative. As the process evolved into a fatal, subcutaneous T-cell
lymphoma, the samples became EBER-positive. No antibody testing was performed
(50). Patients with chronic urticaria, as defined by urticaria of more than two months
and no other explanations, had EBV with low to absent anti-EBNA (<1:40). Plasma
or serum specimens were positive for EBV by PCR, and patients had a positive
clinical response to antiviral therapy (Jones JF, unpublished).

Diseases of the Lower Genitourinary Tract

Genitourinary tract involvement with EBV is a relatively recent concept (51). Penile
skin lesions as detected by application of acetic acid have a histological appearance
similar to lesions associated with human papillomaviruses (HPV). PCR analysis for
EBV and HPV yielded 15% of subjects with both viral DNAs, 45% with HPV DNA
only, 5% (one case) with EBV DNA only, and 35% with the DNA of neither agent
(52). EBV carriage detected by PCR in asymptomatic individuals was 28% on the cervix
and 13% in the sulcus coronus in uncircumcised subjects (53). Two observed cases of
genital ulcers in women and five in the literature were recently summarized (54). Five
cases had IgM anti-VCA in the first week of illness; a tissue sample from the genital
ulcers of one of the two cases was found to be positive for EBV by PCR. A systemic
illness was present in all cases. A positive heterophile antibody and atypical lympho-
cytes were present in five subjects, but only two had pharyngitis. Painful ulcers were
present in all cases. The ulcers had purple borders and were associated with distal
lymphadenopathy. Resolution of the illness occurred after two to five weeks.

Association with urogenital tumors has been suggested. Vaginal malakoplakia
and non-Hodgkin’s lymphoma have been observed. Malakoplakia is an inflamma-
tory disorder with histiocytes containing Michaelis–Gutman bodies. Two such cases
with only the inflammatory lesions and a third with the inflammation and lymphoma
containing immunoglobulin heavy chain gene rearrangements and EBV have been
reported (55). Because the epidemiology of testicular tumors is similar to that of
Hodgkin’s disease, a study of untreated, stage 1 germ cell tumors compared antibody
titers for EBV, CMV, hepatitis A, and hepatitis B. The tests showed that 80% of
subjects were EBV seropositive with ‘‘elevated titers’’ (>1:128), compared to the
laboratory mean values. Only 20% of control subjects’ values were elevated (56).

Diseases of the Kidneys

Renal disease associatedwithEBV is amixed story. Previous reports based on serology
include IgAnephropathy,minimal change nephrotic syndrome, hemolytic-uremic syn-
drome, interstitial nephritis (most common in infectious mononucleosis), and post-
transplant lymphoproliferative disorder (PTLD). A patient with mesangial disease
had EBV in the blood and spleen, but there was no evaluation of renal parenchyma.
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In addition, the patient was EBV seronegative, but had normal serum immunoglobulin
levels. Another patient with PTLD did have virus in the transplanted kidney detected
by both PCR and in situ hybridization, but also had negative serology (57).

Diseases of the Eyes

Descriptions of ophthalmologic disorders attributed to EBV appear to comprise a
disproportionately high number of these reports. A retrospective review of inter-
mediate uveitis described undocumented serological findings in a small patient popu-
lation with only two of 83 patients with a history suggestive of EBV infection (58).
Conjunctival lymphocytic infiltrates appear to have a specific relationship to EBV.
One patient with pharyngitis, tender preauricular lymph node, and a bulbar conjunc-
tival mass had both IgG and IgM antibodies (presumably anti-VCA). The excised
mass was positive for B and T-cell markers and for EBV LMP-1 by immunocyto-
chemistry. An eight-year-old patient with bilateral progressively enlarging conjunc-
tival masses was found to have clonal B-cells by immunophenotyping and heavy
chain PCR analysis. Cells in the masses were positive for LMP-1, but no antibody
testing was performed. There was no recurrence after excision (59).

Two other conditions are based on antibody result alone. First, aqueous tear
deficiency, with decreased tearing, was suggested with the only finding of importance
being higher anti-VCA IgG and anti-EA than control subjects, though overlap for
VCA titers was considerable. True Sjögren syndrome patients had a more severe
reduction in tear production (60). Second, multifocal choroiditis and panuveitis, pre-
senting with blurred vision, were suggested based on positive IgM anti-VCA or
anti-EA, but all patients had anti-EBNA, thus suggesting old EBV infection. Eight
control subjects with other eye diseases had no anti-EA antibodies (61).

Chronic Mononucleosis

In the early 1980s, there were several reports of ‘‘chronic mononucleosis’’ (62–64)
that described prolonged clinical courses of mononucleosis-like illnesses. The clinical
symptoms included fatigue, low-grade fever, myalgias, depression, headaches, recur-
rent pharyngitis, impaired cognition, sleep disorder, anxiety, lymphadenopathy, nau-
sea, arthralgias, and paresthesias. The putative association was based on clinical
symptoms and EBV serologies, particularly the presence of anti-EA in patients,
but not in control subjects. Jones et al. (65) and Straus et al. (66) described similar
patient cohorts and also based the relationship to EBV on the presence of anti-EA
antibodies, but considered these patients to be having an active EBV infection in
the absence of findings typical of classical infectious mononucleosis. Anti-EA anti-
bodies of the IgG class with titers greater than 1:40 were considered to be abnormal
if outside of the acute infection period, and consistent with an ongoing infection. In
each of these reports the attribution of the illnesses was based on the clinical syn-
drome and an antibody pattern associated with active infection, therefore the name
‘‘chronic active EBV infection.’’ Because such an illness was only thought to occur in
an immune compromised host, immune function was tested, but was found to be
normal. Other studies that questioned a relationship between this symptom complex
and EBV soon followed (67).

A more severe form of chronic active EBV was proposed if IgG anti-VCA titers
were greater than 1:10,000, anti-EA titers were greater than 1:640, and anti-EBNA
titers were less than 1:40 (68). These individuals shared symptoms with the pre-
viously described group but were more apt to have altered hematological tests and

344 Jones



immunoglobulin values (69). Some of this latter group was found to have elevated
levels of anti-DNAase antibodies (70), T-cell lymphomas (3), and, more recently, ele-
vated anti-gp350/220 antibodies (71).

The severe chronic form of EBV infection has remained an important clinical
entity (72).Milder forms of chronic EBV infection per se appear to occur sporadically,
but without definitive diagnostic criteria. Some of these individuals experienced a pro-
longed course of convalescence following typical infectious mononucleosis, while
others present with hematological problems that subsequently are found to have
EBV as their basis. An absence of anti-EBNA antibodies may herald this form of ill-
ness. Some individuals with such a process have been found to have circulating free
viral DNA, utilizing a semiquantitative assay along with frequent positive sponta-
neous transformation (Xu JW, unpublished data).

Chronic Fatigue Syndrome

Many of the illnesses subsequently diagnosed as CFS were initially considered to be
‘‘chronic mononucleosis’’ or chronic active EBV. The chronic active infection con-
cept was based on the presence of anti-EA titers that were above titers of 1:80. In
the early 1980s, such levels were thought to be indicative of an active EBV infection.
Not all patients with the syndrome had elevated anti-EA titers, however, and many
normal control subjects demonstrate such levels (67). In addition, the concept that
elevated anti-EA levels are indicative of active infection has been shown to be incor-
rect in longitudinal studies. This set of symptoms now falls under the name of CFS.
This designation followed a number of studies that could not show a definite rela-
tionship between the symptom complex and EBV or other infectious agents (73).
The 1988 version of the definition relied upon six months of fatigue, 50% reduction
in activity, two of three signs and 6 of 11 symptoms or 8 symptoms in the absence of
signs. Studies that identified patients on the basis of the syndromic criteria still found
patients with elevated anti-EBV antibody titers compared to control populations
(74). The definition was changed in 1994 to address concerns that the numbers of
symptoms included in the 1988 version may identify subjects with somatizing disor-
ders and the failure to substantiate the presence of the three signs (75). The emphasis
was placed on fatigue in general as a morbid process, and no laboratory criteria were
proposed. The 1994 version requires fatigue of greater than six months, no other
medical or psychiatric diagnosis that might explain the fatigue, and four of the fol-
lowing eight problems accompanying the fatigue: pharyngitis, cervical or axillary
lymph node swelling or pain, arthralgias, myalgias, sleep disturbance, cognitive pro-
blems, headache, or an increase in symptoms andmalaise following exertion. It should
be emphasized that CFS, in general, is not related to EBV or any other infectious
agent. However, infectious agents (including EBV) may produce prolonged illnesses
that can account for the symptoms seen in occasional patients that would otherwise
fulfill criteria for CFS. The syndrome should only be considered if other disease pro-
cesses have been excluded during a careful evaluation of the patient in question.

IDENTIFICATION OF EBV AS A POTENTIAL CAUSE OF

AUTOIMMUNE DISEASE

Most studies have attempted to either identify EBV as the etiology of a clinical
syndrome or link an uncommon manifestation with EBV using the laboratory or
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epidemiologic tools available at the time of the research, and the understanding
generated by use of the available tools. Now those and newer tools are being used
in attempts to link EBV with a myriad of other clinical presentations. Two of the
conditions that are receiving renewed interest are systemic lupus erythematosus
(SLE) and multiple sclerosis (MS).

The activation of B-cells and the potential for alteration of T-cell function that
occurs in primary EBV infection are interesting prospects in the etiology of autoim-
mune diseases. The early questions positing a relationship between EBV and SLE
began to appear in the 1970s (76). An excellent example is the onset of SLE during
the course of infectious mononucleosis. A case described by Dror et al. (77) is
instructive. The patient produced autoantibodies, had evidence of complement acti-
vation, and developed SLE nephritis with renal tissue that was positive for
complement and EBV VCA protein. Only anti-VCA IgG and IgM antibodies
were obtained, and both were positive. No molecular studies were obtained. This
case is similar to another case before the advent of readily available molecular tech-
niques (Jones JF, unpublished). In that case, a teenaged girl with typical infectious
mononucleosis developed arthritis in both knees and skin lesions with malar and
knee distribution that are typical of SLE. She continued to have elevated anti-EA
titers and absence of anti-EBNA for many months, along with antinuclear antibody
(ANA) titers greater than 1:1280. Her peripheral blood lymphocytes underwent
spontaneous transformation, and she responded rapidly to a course of oral corticos-
teroids. SLE became the dominant disease.

Another set of observations is based on population studies. For example, ser-
ological and virological studies were performed on a group of adolescents previously
diagnosed with SLE. All were EBV seropositive. Some had patterns considered to be
primary or ‘‘active,’’ with positive IgM anti-VCA or negative EBNA, while others
had a ‘‘reactivated’’ pattern, with all EBV antibodies positive except VCA-IgM as
determined by an ELISA system (78). The cells of two ‘‘reactive’’ subjects underwent
spontaneous transformation, but no subjects’ cells were found to be PCR positive
using DNA probes.

A second autoimmune disease that has been associated with EBV is MS. This
concept is also not new (79). Most early studies were based on antibodies to EBV in
either serum or CSF. More recently, no viral genomes were found in the brain of MS
subjects or control subjects by PCR (80). The serological data reviewed above
showed 100% prevalence of EBV antibodies with higher anti-VCA and anti-
EBNA-1 antibody levels in MS than in control persons. It also appeared that MS
patients had a higher frequency of having had clinically apparent infectious mono-
nucleosis. There also appeared to be an increased relative risk based on infection
alone. In a recent prospective population study, the magnitude of antibody levels
as compared between MS patients and healthy control persons continues to be used
to support a relationship between the virus and MS (81). The apparent higher titers
in MS were present before the onset of the neurological symptoms and findings. The
authors interpreted these findings to show a specific response to EBV in patients and
not a nonspecific response as a consequence of disease. However, no explanation is
given for ‘‘why ‘high’ anti-EBV titers support a relationship to the pathogenesis of
MS.’’ High anti-EA titers are seen in a number of situations, and there are very
few data regarding levels of anti-EBNA 2 antibodies in population-based studies.

Recent reports have hypothesized a link between infection and the pathophy-
siology of atherosclerosis (82). The list of agents includes Chlamydia pneumoniae,
Helicobacter pylori, cytomegalovirus, herpes simplex virus, and EBV. Microorganism
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DNA in plaques and serological evidence of inflammation by the presence of
C-reactive protein support the concept of an infectious component in the development
of atherosclerosis. Attempts to identify EBV in plaques has yielded conflicting results.
One report suggests that antibody evidence of multiple infections, including EBV, is
associated with vascular disease. The magnitude of the response to this virus alone,
however, was not predictive (83).

SYNTHESIS

Deciphering the cause and effect of infectious diseases is a complex process. It is par-
ticularly difficult if the infectious agent remains in the host in a latent state but can
undergo reactivation, as is the case for EBV and other herpesviruses. The host devel-
ops responses to each stage of infection.

Can these myriad observations of EBV and clinical manifestations be incorpo-
rated into Evans’ modifications of Henle–Koch’s postulates? For example, are dif-
ferent viral promoter regions (e.g., Fp, Qp, and Cp promoter use) expressed in
tissue or lymphoid cells in identifiable clinical conditions (84)? Katz et al. (85) asked
a similar question using the structure of EBV termini. Thus, not only would the ge-
nome be identifiable, but also its stage of replication would be of importance. Accom-
panying genome presence and stage of replication should be evidence of the host
response to that process. Are there viral peptides that evoke a measurable response
that is specific to the various stages of replication? Should we be evaluating antibody
responses to these peptides as a means of identifying active infections? Measure-
ments of EBV viral load using semiquantitative and quantitative techniques could
be applied if they truly allow establishment of widely applicable criteria for recogni-
tion of disease (86,87).

Reactivation of EBV infection needs to be universally defined, and the definition
needs to be applied uniformly. Should such a definition depend on identification of
replicating virus? If so, where should replicating virus be sought? Because it is unusual
to find free viral DNA in any body cavity in the absence of replication, free viral DNA
detected quantitatively or semiquantitatively may be considered to be a component of
such a definition. This concept does not include lymphoproliferative diseases in which
there are an increased number of cells carrying latent state forms of the genome. The
quantity of the latent viral genomes appears to be of importance here. In this case, is
the clinical entity a reactivation of infection or is the problem purely secondary to
diminished host responses or evolving tumor development? Which aspect of the host
response might be the most important for tumor development?

Are there specific host responses that are important for discerning reactivation of
infection? For example, loss or decrease of anti-EBNA-1 antibodies accompanies the
presence of free viral DNA. The concept that reactivation of infection is accompanied
by the reappearance of IgM anti-VCA antibodies is poorly documented, and is difficult
to reconcile with the last of Koch–Evans postulates—the causation data make biologic
and epidemiologic sense. Rather than assuming that the reappearance of such antibo-
dies represents reactivation, acquisition of a different strain of EBV that expresses a
different EBNA-1 protein is also possible. The presence of a different pattern of anti-
body responses as determined byWestern blot analysis was seen in reactivated varicella
infections (88). There do not appear to be any studies of the cell-mediated response as it
pertains to differentiation between primary and reactivated responses.
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The clinical examples vary widely as being supporting evidence of EBV being
the causative agent in the various syndromes. These examples teach us that we must
have purpose and rigor in the identification of EBV (or any infectious agent) in clin-
ical settings. We must also have an understanding of the virus and its mode and tim-
ing of replication—its ‘‘life cycle’’—along with knowledge of the host responses to
infection. We must decide early in the course of the patient’s evaluation whether
we are seeking information to be used therapeutically in treating the infection, the
host response, or both. We must be willing to rigorously apply widely accepted diag-
nostic criteria for the situation. We cannot assume that simply sending a specimen to
the laboratory for the newest test will answer the question of causality.
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INTRODUCTION

Epstein–Barr virus (EBV) has developed a relationship with its human host that
allows it to persist throughout the life of the infected individual without pathology.
However, disruptions of the highly evolved balance between the virus lytic and latent
life cycles and host immune control result in a range of EBV-associated diseases
involving B-cells, epithelial cells, T-cells, natural killer (NK) cells, or muscle. In
the simplest case, iatrogenic immunosuppression occurring after stem cell or organ
transplantation leads to the outgrowth of virus-transformed B-cells resulting in post-
transplant lymphoproliferative disease (PTLD) (1). While PTLD clearly results from
severe T-cell dysfunction, subtler and less well understood immune defects, such as
cytokine imbalance, may also play a role in the etiology of PTLD (2,3). Loss of con-
trol of the lytic life cycle of EBV is associated with chronic active EBV (CAEBV)
infection and oral hairy leukoplakia in AIDS patients. However, the immunological
defects underlying these diseases are not understood, because less is known about the
control of the lytic cycle of EBV than of its latent cycle. EBV may also cause disease
by subverting the immune response, not directly as do other herpesviruses, but by
interaction with the infected cell. For example, the malignant growth of EBV-
infected germinal center B-cells in EBV-positive Hodgkin’s disease (HD) occurs in
individuals with no known preexisting immunological defect. EBV-infected malig-
nant Hodgkin–Reed–Sternberg (HRS) cells secrete cytokines and chemokines that
are inhibitory to the activation and function of cytotoxic T-lymphocytes (CTL)
resulting in an ineffective immune response (4). The EBV latent membrane protein 1
(LMP1) that is expressed in EBV-positive HRS cells induces cytokine expression
through activation of the NF-jB pathway and may have an important role in this
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cytokine activation. However, because EBV-negative HRS cells also secrete inhibi-
tory cytokines, the role of EBV is unclear (5). The cytokines produced by HRS cells
are likely the cause of the generalized immune suppression seen in Hodgkin patients
and may impede the efficacy of immunotherapies for this disease (6,7). Viral charac-
teristics may also disrupt the virus–host balance, and much research has gone into
identifying virological differences that might result in a more virulent virus. However,
no clear association between virulence and genetic change has been found (5,8,9). EBV-
associated diseases are generally difficult to treat because specific antiviral drugs influ-
ence only the lytic cycle (10,11). However, the viral antigens expressed in the involved
cells provide target antigens against which immunotherapies and molecularly targeted
drugs may be directed. Improved understanding of the defects, virological or immuno-
logical, underlying each disorder is key to developing rational and effective treatments.
The immunological features of most of the diseases associated with EBV suggest that
immunotherapeutic remedies may be appropriate, and it is the focus of this chapter
to discuss possible immunological solutions.

EBV infection is controlled by both cellular and humoral immune responses.
Virus-neutralizing antibodies control the spread of infectious virus particles and
virus-specific CTL control virus-infected cells. CTL specific for viral latent cycle
proteins prevent the outgrowth of cells latently infected with EBV, while CTL
specific for the early lytic cycle proteins kill cells entering the lytic cycle before they
are able to release infectious virus particles (12,13). B-cells transformed with EBV
in vitro express at least nine latency-associated proteins, the virus nuclear antigens,
EBV nuclear antigens (EBNAs) 1, 2, 3A, 3B, 3C, and leader protein (LP), and the
membrane proteins, LMP1 and LMP2 as well as a protein product from the BamHI
A region of the genome (RK-BARF) (14,15). Of these proteins, EBNA3A, 3B, and
3C dominate the immune response in most normal individuals. Fewer CTL clones
are directed against LMP2 and EBNA2, and CTL clones against the other proteins
are undetectable in most individuals (12,16). Expression of all nine proteins has been
termed type 3 latency and is highly immunogenic, and tumors expressing type 3
latency are found only in severely immunosuppressed individuals. Tumors that arise
in normal individuals express a much more restricted array of less immunogenic
proteins. Thus nasopharyngeal carcinoma (NPC) and HD express a type 2 latency
in which only EBNA1, LMP1, LMP2, and RK-BARF are expressed, and Burkitt
lymphoma (BL) and gastric carcinoma cells express the least immunogenic type 1
latency with only EBNA1 and RK-BARF being expressed. EBNA1 is not presented
to the immune response by human leukocyte antigen (HLA) class I molecules
because of its glycine/alanine repeat sequence that prevents its binding to the peptide
transporter proteins required for peptide loading (17). RK-BARF–specific CTL can
be generated in vitro, using peptides or vaccinia virus–expressed proteins, but they
do not kill tumor cells that naturally express the protein (18). Thus while type 2
tumors may have intermediate immunogenicity, tumor cells expressing type 1 latency
appear to be invisible to HLA class I–restricted complementarity determinant-8
(CD8) CTL. Recently, however, much interest in the role of virus-specific CD4
T-cells has been generated by observations that a high frequency of EBNA1-specific
CD4 T-cells circulate in normal individuals and that CD4T-cells are able to cause
regression of lymphocyte cultures infected with EBV (19,20). As a result it has been
postulated that EBNA1-specific CD4 T-cells may have some therapeutic potential
against type 1 tumors. A high frequency of CTL with specificity against the early
lytic cycle proteins of EBV has also been demonstrated, implying that killing of cells
entering the lytic cycle plays an important role in virus control.
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TREATMENT OF DISEASES ASSOCIATED WITH EBV INFECTION

Infectious Mononucleosis

When primary infection with EBV is delayed until adolescence, symptoms of inf-
ection may be more severe than those experienced in childhood, with 50% of infec-
tions resulting in infectious mononucleosis (IM) (see Chapter 6). In IM, replicative
infection in oropharyngeal epithelial cells and/or B-cells results in infection of
circulating B-cells expressing the full array of nine latency-associated genes, which
in turn are responsible for a massive expansion of EBV-specific and nonspecific
T-cells. The reason that primary infection sometimes results in IM is not under-
stood, but may be related to the infecting virus dose or the maturity of the immune
response, which is responsible for the symptoms. Thus, if a previous infection
with an unrelated organism results in T-cell memory that cross-reacts with EBV
antigens (molecular mimicry), then the cross-reactive response to EBV may be
stronger or may interfere with the natural response to EBV, either resulting in
IM. It has been suggested that the severity of disease may be controlled by the
qualitative breadth of the T-cell repertoire elicited by primary infection, with a
broad repertoire of T-cells being able to control disease more rapidly than a nar-
row repertoire (21).

The prognosis for IM is very favorable, and although a variety of acute com-
plications, including rare life-threatening complications, may occur, most patients
experience an uneventful and complete recovery (22,23). Consequently, the role of
drug therapy for IM is limited, and treatment is mostly supportive.

Specific antiviral therapy with acyclovir, an inhibitor of viral replication, has
been evaluated in double-blind, placebo-controlled studies for treatment of patients
with acute IM (24–27). These studies showed that, although oropharyngeal shedding
of EBV was significantly reduced during therapy, the effect was only transient.
Moreover, no evidence was provided that acyclovir hastened the resolution of symp-
toms or prevented the development of complications, these being mostly the conse-
quence of proliferation and activation of T-cells in response to infection rather than
direct viral damage (22).

The anti-inflammatory effects of corticosteroids may shorten the duration of
fever, oropharyngeal symptoms, and lymphadenopathy, although a study of com-
bined therapy with prednisolone and acyclovir in uncomplicated IM showed that
this treatment did not affect overall illness duration (26). However, use of cortico-
steroids in uncomplicated cases is not recommended, based on the consideration that
its immunomodulatory effects during acute primary infection may prevent establish-
ment of normal immune response and latency surveillance, and ultimately lead to the
development of EBV-associated diseases (22). Thus, indications for corticosteroids
are limited to severe complications of IM such as incipient upper airway obstruction,
autoimmune hemolytic anemia or neutropenia, thrombocytopenia with hemorrhage,
and neurologic complications (23).

Lymphoproliferative Disease

Lymphoproliferative disorders associated with EBV infection are seen in congenital
or acquired immunodeficiency (see Chapters 9 and 16), and PTLD has emerged as
a significant complication of both hematopoietic stem cell (HSC) and solid organ
transplantation (see Chapter 12). The severe impairment of cellular immunity seen
after transplantation allows uncontrolled proliferation of polyclonal B-cells latently
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infected with EBV. With time, isolated B-cell clones may acquire additional struc-
tural alterations leading to autonomous growth and escape from immune sur-
veillance. The onset of PTLD is preceded by a preclinical phase characterized by
elevated EBV-DNA titers in the peripheral blood as measured using the polymer-
ase chain reaction (PCR) (28–30). EBV-DNA analysis represents a fundamental
tool for early diagnosis and application of preemptive treatment. In addition,
because successful treatment is associated with disappearance of detectable EBV
DNA, the assessment of viral load by PCR is useful to monitor the response to
treatment (31,32). However, while there is an unequivocal correlation between
high viral load and PTLD in HSC transplant (HSCT) recipients, after solid organ
transplantation, patients may persist with high viral loads for many months
without developing PTLD, and not every case is associated with elevated EBV
DNA (33). Further, it has been shown that disappearance of peripheral EBV DNA
may not always reflect remission, and disappearance of virus DNA in peripheral
blood may mask persistent disease in the brain, eye, or gut (our unpublished
observations) (34).

The therapeutic options for PTLD are varied, ranging from reduction of
immunosuppression to aggressive chemotherapy. Many reports are anecdotal, and
case series vary considerably for diversity of pathologies included under the heading
of PTLD, heterogeneity of treatments, response, and mortality rates. Given the
lack of controlled trials, and difficulty in dissecting the respective role of therapeutic
agents in the numerous combined-treatment series, it is difficult to define a standard
approach to the treatment of established PTLD. In this section we will try to outline
the available options for different clinical presentations and illustrate the latest
advances in the treatment of PTLD.

Reduction of Immunosuppression

Reduction of immunosuppressive agents is the standard initial treatment for
PTLD in the setting of solid organ transplantation. The reduction schedule generally
applied consists of discontinuation of azathioprine or mycophenolate mofetil (in
patients receiving a ‘‘triple’’ immunosuppressive regimen) followed by progressive
reduction of calcineurin inhibitors. The reported response rates range from 10% to
80% according to the different case series (35–39). The probability of complete
response rests mainly on the clinicopathologic features of PTLD: Patients with plas-
macytic hyperplasia, polymorphic hyperplasia, and polymorphic lymphomas, pre-
senting within the first year after transplantation, are more likely to respond.
Conversely, diseases with B-cell or immunoblastic lymphoma morphology, usually
presenting more than one year following allograft, often require additional therapy
(37). Notwithstanding this general trend, disease behavior is unpredictable, and stud-
ies are warranted to identify predictors of response.

The extent and duration of immunosuppression reduction must balance ‘‘opti-
mal’’ therapeutic effect with minimal risk of allograft rejection, and it is difficult to
derive definitive answers from reported data. However, a schedule of progressive
stepwise reduction, maintaining the lower therapeutic ranges of calcineurin inhibi-
tors (e.g., tacrolimus, sirolimus, and cyclosporin A) and adjusting immunosuppres-
sive drug dosage based on blood level monitoring, may avoid onset of acute
rejection. Consequently, the low-level immunosuppressive regimen may be main-
tained for a longer time-span, to allow emergence of EBV-directed T-cell popula-
tions and recovery of specific T-cell function.

356 Comoli and Rooney



Antiviral Agents and Interferon-a

Virostatic drugs have not been evaluated in controlled clinical trials. Acyclovir,
which inhibits the replication of linear EBV DNA and virion production but has
no effect on the replication of EBV episomes in latently infected cells, is generally
ineffective in PTLD (40). Regression of lymphoproliferation has been reported in
a small number of cases, but reduction of immunosuppression and/or some other
form of treatment were almost invariably associated, and therefore the role of acy-
clovir remains obscure (41,42). Anecdotal cases of complete response to PTLD with
foscarnet or cidofovir treatment have also been reported (43,44). A recent clinical
trial has evaluated the use of ganciclovir combined with arginine butyrate, a phar-
macological inducer of the latent viral thymidine kinase (TK) gene and enzyme in
tumor cells, to render them susceptible to antiviral therapy. Complete response
was obtained in four of six patients, but adverse effects and toxicity were observed
(45). Because PTLD in solid organ recipients almost always involves recipient B-cells
and donor virus, there is clearly a phase in which productive replication in donor
cells results in infection of recipient B-cells. This phase should be receptive to acyclo-
vir derivatives and, indeed, the incidence of PTLD in pancreas recipients was drama-
tically reduced by acyclovir or ganciclovir.

Complete PTLD responses have been obtained with interferon-a, whose
mechanism of action is yet undefined, but available data are limited. Stable remis-
sions were obtained in both polyclonal and monoclonal lymphoproliferations
occurring after HSCT (46). In a study of 14 solid organ transplantation recipients,
eight patients treated with interferon-a experienced total regression of PTLD,
although two had a subsequent relapse with a different neoplastic clone (47). How-
ever, reduction of immunosuppression was the associated first-line treatment in all
patients and could have had a role in both induction of remission and onset of
acute rejection (observed in four patients). Marrow suppression was an observed
adverse effect, and infectious complications were one of the main causes of death
in the treated cohort.

Surgical Resection, Radiotherapy, and Cytotoxic Chemotherapy

Surgical removal or irradiation of localized lymphoproliferative lesions has been
employed and proved beneficial in certain cases, as first-line therapy or on residual
lesions after reduction of immunosuppression (37,42). Debulking of extensive
tumors may also be useful before application of other therapeutic agents.

Chemotherapy should be considered with caution for immunosuppressed
patients, and has been viewed as the final option for patients with aggressive lympho-
proliferations refractory to other first-line treatments. The mortality rates reported
for standard combination chemotherapy regimens such as Children’s Hospital of
Philadelphia are very high (70%) and the response rate unsatisfactory (37,42,48).
In a study conducted on heart transplant recipients, aggressive chemotherapy based
on ProMACE-CytaBOM regimen was administered to eight patients unresponsive
to reduction of immunosuppression and acyclovir, and results obtained were more
encouraging: complete remission was obtained in 75% of treated patients, with no
relapses at a median follow-up of 38 months; therapy-related mortality was 25%
(36). The main toxicity observed was myelosuppression, responsible for the many
episodes of neutropenic sepsis, and subclinical cardiac toxicity due to doxorubicin.
Despite discontinuation of all immunosuppressive agents throughout the duration
of chemotherapy, no treated patient experienced rejection episodes. A low dose
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chemotherapy regimen of cyclophosphamide (600mg/m2) and prednisone (2mg/kg
per day for five days) given every three weeks for six cycles produced good results in
children (49). The complete remission rate was 82%, with graft survival of 90% and a
relapse rate of 22%.

In Vivo Use of Anti–B Cell mAbs

The initial in vivo experience with anti–B-cell monoclonal antibodies (mAbs) included
26 recipients of HSC or solid organ transplantation treated with a combination of
murine antibodies, anti-CD21 (EBV receptor on B-cells), and anti-CD24 for PTLD
(50). The indications that emerged from this early study suggested that the treatment
was effective only in oligoclonal disease (89% of complete responses and 11% partial
responses, comparedwith no response in themonoclonal lymphoproliferations) and in
tumors not involving the central nervous system. These observations were extended
in a larger update of the trial (51). Treatment of 58 patients (31 organ transplantation
recipients and 27 HSCT recipients) presenting with aggressive PTLD resulted in 61%
complete responses, with only 8% relapse and an overall survival of 46% at 61 months
(HSCT 35% and organ transplant 55%). Most of the solid organ transplant recipients
in this trial were first given reduction of immunosuppression, so that recovery of
immune surveillance may have influenced the response rate. Factors that contributed
to complete response were presentation less than one year, localized disease, polyclo-
nal or oligoclonal process, and no central nervous system involvement.

More recently, a humanized monoclonal antibody directed against the B-cell
antigen CD20 has been approved for the treatment of low-grade B-cell non-Hodgkin’s
lymphomas, and clinical trials have also started in the setting of PTLD. This anti-
body is able to fix human complement and has produced complete remissions of
PTLD in both HSCT and solid organ recipients (52–54). A retrospective study con-
ducted on 32 patients with PTLD (26 solid organ transplantation and six HSCT)
receiving humanized anti-CD20 mAb after reduction of immunosuppressive treat-
ment reported a response rate of 83% in HSCT patients and 65% in solid organ
transplant (58% complete responses), with a relapse rate of 18%, higher than that
observed in the CD21/CD24 trial (51,55). However, in a much larger cohort and
with longer follow-up, the overall response rate was markedly lower, with a high
percentage of additional patients either progressing or dying on study (56).
Recently, it has been suggested that anti-CD20 mAb efficacy may augment with
use as first-line treatment, and with a more prolonged treatment duration (57).
Moreover, preliminary studies in the animal model seem to indicate that the Bcl-2
antisense oligonucleotide G3139 may potentiate the antitumor response of PTLD
to rituximab in vivo and augment its antiproliferative and apoptotic effects in vitro
(58). In addition, because it appears from studies on large patient cohorts that
single-agent treatment with either chemotherapy or anti–B-cell mAbs does not result
in a satisfying event-free patient and graft survival in the setting of disseminated
monoclonal PTLD occurring after solid organ transplantation, efforts are currently
underway to define new treatment protocols based on combination of the different
available therapeutic agents, with the aim of augmenting efficacy while reducing
overall toxicity and treatment-related adverse events by modulating therapy load.
The preliminary results obtained in a pilot trial of chemoimmunotherapy including
rituximab and cyclophosphamide/prednisone, with 83% disease-free survival at a
median follow-up of 14 months, are encouraging, though they need to be confirmed
in a controlled trial (59).
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Toxicity does not seem to be a major concern with mAb treatment for early dis-
ease. However, with bulky tumors the decision to use an immunological method or a
pharmacological method of tumor reduction is complicated, because a greater ‘‘cyto-
kine storm’’ may be associated with the immunological method. Either way intensive
care should be provided during the period of tumor lysis. It has been suggested that
optimal results can be obtained by tumor debulking with chemotherapy or radiother-
apy, followed by rituximab (60). Additional disadvantages of rituximab reported in
the literature suggest that the B-cell depletion observed after rituximab therapy may
be profound and prolonged in some patients, requiring substitutive immunoglobulin
infusions (54,61). Moreover, severe IgM deficiency has been described following anti-
CD20 mAb treatment (62). The risks of profound B-cell depletion in patients immu-
nocompromised by transplant procedures are unknown, and require evaluation in
studies with longer follow-up. Recently, cases of rituximab-associated immunemyelo-
pathy have also been described (63). In HSCT recipients endogenous immune res-
ponses usually recover before the return of B-cells and EBV, and therefore relapse
may be uncommon. However, after solid organ transplant, improvement of EBV-
specific immunity cannot be expected and when the B-cell compartment recovers,
virus load frequently returns to pretreatment levels, sometimes accompanied by
PTLD (Savoldo, unpublished observations). However, the four to six months of
remission produced by rituximab may allow the preparation of EBV-specific CTL
as therapy or consolidation (as described below).

Ex Vivo B Cell Depletion of Donor Marrow in HSCT Recipients

In stem cell recipients, the risk of PTLD is related to T-cell depletion of the donor
marrow infusion used to prevent graft versus host disease in recipients of HLA-
mismatched or unrelated stem cells. The more rigorous the T-cell depletion, the
higher the risk for EBV lymphoma. However, if B-cells as well as T-cells are removed
from the donor marrow, as occurs with the Campath 1 antibody for immunodeple-
tion, the risk for PTLD is reduced to levels seen in patients who receive T-cell–replete
marrow (64). This is because the major source of virus during the posttransplant per-
iod, even in EBV-carrying recipients, is the mature B-cell population carried with the
donor stem cell product. Newer protocols to make the procedure of stem cell trans-
plant (SCT) less toxic are currently in development (65). Some of these employ
in vivo T- and B-cell depletion with antibodies, and chemotherapy may impart
new risks for EBV lymphoma (66).

Cellular Immunotherapy

The use of cellular immunotherapy to prevent and/or treat herpesvirus-related comp-
lications is particularly attractive, as the primary defect contributing to the pathogen-
esis of progressive disease appears to be the inability to mount adequate virus-specific
T-cell responses (67,68). There is ample evidence, derived from animal studies, and,
more recently, from the first trials in humans, that adoptive transfer of the relevant
antigen-specific T-cells can restore protective immunity and control established infec-
tion (69–72). Increased understanding of the mechanisms underlying the activation,
targeting, and function of the cellular populations involved in the protective immune
response to viruses, and the acquisition of expertise for cellular manipulation have led
to significant achievements in cell-based virus-specific immunotherapy.

Because EBV-associated lymphoproliferative disease in immunocompromised
hosts is unequivocally associatedwith adeficiency of virus-specific cytotoxicT-cells (12),
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it was reasonable to hypothesize that an adoptive immunotherapy approach with
virus-specific T-lymphocytes could prevent lymphoproliferation and eradicate estab-
lished disease. Because lymphoproliferative disease in HSCT is donor derived,
therapeutic EBV-specific lymphocytes would most usefully be obtained from the
donor. In 1994, the Memorial Sloan Kettering group first demonstrated remission
of PTLD in five HSCT recipients after infusion of unselected donor leukocyte infu-
sions (DLI) (71). However, this treatment was associated with graft-versus-host dis-
ease (GVHD) and two patients died of inflammatory-mediated lung damage, leading
to respiratory failure. In an update of this study, 17 of 19 patients responded posi-
tively to DLI (73). However, other studies have been less successful and only four
of 13 patients at the University of Indiana responded, and only two survived (74).
To overcome the problem of alloreactivity-related complications, Bonini et al. adop-
tively transferred donor lymphocytes transfected with a retroviral vector encoding
both a truncated nerve growth factor receptor and the herpes simplex suicide gene
(75). The latter renders transduced cells susceptible to the cytotoxic effects of ganci-
clovir and the former allows for selection of transduced cells. After infusion of trans-
duced cells, GVHD developed in three patients, and ganciclovir administration
reversed the alloreactive response in two. The major concern of this approach relates
to the immune response to the viral TK transgene, which developed in many of the
patients and likely affected the longevity of transferred lymphocytes. More recently,
suicide genes based on a chimeric Fas molecule linked to FK506-binding proteins in
which Fas-mediated suicide can be induced by a dimerizing drug (76). Because both
parts of this chimeric molecule are derived from human proteins, this offers a poten-
tially nonimmunogenic alternative.

Further progress in this field was achieved by the first trial of adoptive immu-
notherapy with gene-marked EBV-specific CTL lines, reactivated from the periph-
eral blood of HSCT donors and infused as prophylaxis against EBV-PTLD in
patients given T-cell depleted, HLA-disparate, unrelated HSCT (72,77). The infusion
of these polyclonal CTL proved to be safe and effective in both prevention and treat-
ment of EBV-related PTLD. This experience was confirmed in over 60 patients, none
of whom developed PTLD after prophylactic CTL infusions, compared to seven out
of 61 transplanted patients not receiving the prophylactic treatment (more recent
unpublished data) (78). Moreover, three of three patients with early disease and
two of three with aggressive disease who received CTL as treatment achieved com-
plete remission after CTL therapy, with selective accumulation of gene-marked cells
in tumor lesions. This experience showed that cellular immunotherapy with specific
polyclonal CTL containing both CD4 and CD8 lymphocytes was effective in restor-
ing antigen-specific long-term immunological memory. Indeed, gene-marking studies
have shown the persistence of these donor-derived EBV-specific T-cells in patients’
peripheral blood for up to six years after infusion. The re-expansion of marked
T-cells during episodes of viral reactivation further emphasizes the importance of
helper T-cell function for the persistence of transferred CD8 cells. A recent study
confirmed the efficacy of EBV-specific CTL in reducing viral load in patients with
high EBV-DNA levels early after HSCT (79).

Given the recipient origin of PTLD after solid organ transplantation, applica-
tion of an immunotherapy approach in this setting at first appeared difficult, because
an HLA-identical donor is rarely available, and it seemed unlikely that fully func-
tional autologous CTL could be obtained from patients receiving pharmacological
immunosuppression. The first attempt at immunotherapy for PTLD in solid organ
transplant recipients was conducted with autologous lymphokine-activated killer
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(LAK) lymphocytes (80). The seven patients treated in this trial had reduction
of immunosuppression, followed by a single LAK-cell infusion (in the order of
109–1010 cells). In the four patients with EBV-associated PTLD, LAK infusion
induced complete remission, but rejection was observed in two patients. The immu-
nological effect of LAK cells requires infusion of high cell numbers, and the protec-
tion conferred is limited in time, because interleukin-2 (IL-2)–activated cells may not
induce protective EBV-specific T-cell memory.

However, another strategy for treating PTLD in patients with solid organ
transplants is to use partially HLA-matched allogeneic cytotoxic T-cells, because
viral antigens may be presented—and recognized by T-cells—through a single
HLA class I–matched allele. This is because the response to EBV has a very
restricted pattern, and the single relevant epitope is presented by a single allele. Suc-
cessful treatment of a PTLD with central nervous system presentation was achieved
in a lung graft recipient with infusion of unmanipulated HLA-identical donor lym-
phocytes (81). Haploidentical or partially HLA-matched allogeneic EBV-specific
CTL induced remission in a renal transplant and a small bowel and liver allograft
recipient, respectively (82,83). However, the transient response in the former and fail-
ure to detect donor lymphocytes in the peripheral blood of the latter patient after
CTL infusion suggest that allogeneic CTL did not survive long term in allograft
recipients, probably due to a rapid immunological clearance of CTL secondary to
allorecognition. Thus, regression of PTLD lesions in these patients may have been
due to the direct effect of allogeneic CTL transiently homing at the tumor site,
but a ‘‘helper’’ effect of allogeneic CTL lines on emergence of endogenous CTL
populations cannot be entirely ruled out. These preliminary data were confirmed
in a cohort of eight HSCT and solid organ transplant recipients with PTLD treated
with partly HLA-matched allogeneic CTL (84).

Cell therapy with autologous in vitro generated EBV-specific CTL is a more
appealing strategy in solid organ transplant patients, because PTLD in these patients
is of recipient origin. Haque et al. reactivated virus-specific CTL from pretransplant
blood samples of solid organ transplant recipients, which were effective in reconsti-
tuting specific immune function and controlling high virus loads posttransplant (85).
Generation and storage of cytotoxic lines for each patient undergoing solid organ
transplantation, however, require high levels of funding, extensive laboratory facil-
ities, and a large workforce. Reactivation of autologous EBV-specific CTL after
transplantation, from the peripheral blood of the patients at the time of PTLD diag-
nosis or, better, upon detection of increased EBV-DNA levels (the preemptive
approach) is a more cost-effective strategy. The feasibility of the latter approach
was supported by an early report that demonstrated how EBV-specific CTL could
readily be generated from solid organ transplant recipients, even those with active
PTLD, and that these CTL were effective in controlling EBV-DNA levels and indu-
cing remission of clinical symptoms in three patients with evidence of PTLD (30,86).
Khanna et al. generated an EBV-specific CTL line from a renal transplant patient
with PTLD, and succeeded in inducing regression of the disease, though secondary
PTLD developed at a different site 2.5 months after CTL infusion, reiterating con-
cerns about the functional survival of CTL in patients (87). Autologous EBV-specific
CTL have been recently used as prophylaxis of EBV-related lymphoproliferative dis-
orders in seven solid organ transplant recipients, following a strategy of preemptive
therapy guided by EBV-DNA levels (88). CTL transfer was well tolerated and
none of the patients showed any evidence of rejection. An increase of EBV-specific
immunity was observed after infusion, despite continuation of immunosuppressive
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therapy, and EBV-DNA levels decreased by 1.5 to 3 logs in five patients, whereas in
the other two patients CTL transfer had no apparent stable effect on EBV load. These
preliminary experiences underscore the possible requirement for a higher frequency of
infusion in PTLD emerging after solid organ transplants, because it is not possible to
discontinue immunosuppression in many of these patients, and CTL must persist and
function in the presence of drugs specifically designed to suppress them.

The patients at highest risk of PTLD after SCT are seronegative children, who
usually receive EBV with their graft and then must mount a primary immune
response while receiving immunosuppression. While CTL infusions would be of most
benefit for this group, standard methods have failed to generate EBV-specific CTL
from seronegative individuals because of their low EBV-specific T-cell precursor fre-
quency. Khanna et al. were able to generate CTL from transplant recipients shortly
after seroconversion, but PTLD may occur and progress during the time taken to
generate CTL lines (87). Savoldo et al. were able to generate EBV-specific CTL from
seronegative children awaiting transplant by selecting CD25T-cells on day 9 after
stimulation of peripheral blood mononuclear cells (PBMCs) with autologous lym-
phoblastoid cell lines (LCL) (89). Interestingly, all of these CTL lines were composed
predominantly of HLA class II–restricted CD4 CTL and while the efficacy of purely
CD4T-cells has not been demonstrated in vivo, CD4 CTL have been shown to be
essential and sufficient for the regression of EBV-transformed B-cells after EBV
infection of PBMC in vitro (20).

Failures in the treatment of established PTLD have been reported (78). The
HSCT recipient who did not respond to CTL therapy and died of disease progression
was shown to harbor in tumor cells a deletion in the EBNA3B gene that removed
immunodominant epitopes, thereby inducing resistance to killing by CTL (90).
Escape mutants such as the one described could represent a problem in patients with
large tumor burden. In addition, danger of inducing massive inflammatory reactions
argues for caution in the use of CTL therapy in patients with bulky disease (78,87).

Finally, cell culture protocols for EBV CTL reactivation and expansion are
being implemented with new immunological techniques. The 10 to 12 weeks required
to generate LCL/CTL precludes their use as standard treatment, and so there is
great interest in the activation of CTL with professional antigen-presenting cells
(dendritic cells) pulsed with relevant immunogenic peptides derived from virus-
encoded latent proteins (12,91,92).

The occurrence of EBV-related lymphoproliferative disease is still associated
with a high mortality rate, notwithstanding the use of specific therapeutic approa-
ches. In the view of all data available, at the present time the optimal approach to
PTLD management is clearly to prevent the development of overt lymphoprolifera-
tive disease through a preemptive therapeutic intervention. To this end, peripheral
blood viral DNA monitoring is an essential part of patient management. As to
the choice of therapeutic agent, those which have displayed minimal toxicity and
fewer side effects are to be preferred, although all treatments may have toxicity in
advanced disease. CTL are, when available, the more ‘‘physiologic’’ choice: their
efficacy after HSCT is amply proven, while the encouraging data emerging in the
setting of solid organ transplant need confirmation in larger trials. The benefits of
anti-CD20 for prophylaxis must be weighed against the prolonged profound B-cell
depletion and hypogammaglobulinemia that may exacerbate immunodeficiency in
transplant recipients. Moreover, repeated use of rituximab may select a population
of CD20-negative EBV-transformed proliferating B-cells. Gradual, controlled reduc-
tion of immunosuppression is a good option for prophylaxis of PTLD after solid
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organ allograft, but risks of inducing rejection must be counteracted by immunosup-
pressive agent dosage adjustments on the basis of peripheral blood virus load.

CAEBV Infection

Rarely, the symptoms of IM continue for many months or years. This heterogeneous
syndrome varies in severity from mild to severe or fatal forms. In mild disease
patients experience mild to debilitating fatigue accompanied by depression, low-
grade fever, and myalgia. In these cases, CAEBV is difficult to diagnose but is char-
acterized by the presence of high serum antibody titers to virus lytic cycle antigens
[virus capsid antigen (VCA) and early antigen], the absence of antibodies to EBNA,
and the presence of free virus in serum or other body fluids (93,94). The virus load in
peripheral blood is often low or undetectable, suggesting that the disease is asso-
ciated with lack of control of the lytic cycle rather than the latent cycle. In its more
severe form, CAEBV may be associated with EBV genome–positive T and NK cell
lymphomas and hemophagocytic syndrome. In these cases the latent virus load is
also high and commonly associated with the T and NK cell compartments. This
form of the disease is most common in Japan, but whether the cause is genetic or
environmental is unknown. Lack of understanding of the immunologic basis of
CAEBV hinders the development of appropriate treatments. For the milder forms,
treatment is usually symptom driven, but for the severe forms, only allogeneic
SCT is curative.

Antiviral or immunomodulating agents with acyclovir, ganciclovir, vidarabine
(95), interferon-a (96), and recombinant IL-2 (97) have all been tried. Decrease of
peripheral NK cells and viral DNA was observed after vidarabine therapy (98), while
interferon-a seemed to restrain clonal proliferation of T-cells in one patient, without
apparent effect on EBV genome load (96). These agents produced temporary
improvement or resolution of symptoms, but relapses were observed soon after treat-
ment discontinuation. A recent trial involving 17 patients with EBV-associated
hemophagocytosis treatment with a combination of etoposide and corticosteroids
succeeded in inducing complete remission in 15 patients, with only one relapse
and two nonresponses (99).

NK/T-cell lymphomas developing in CAEBV patients show a very aggressive
clinical course, and a recent report of 34 cases, mostly treated with chemotherapy
based on CHOP, BACOP, or ProMACE-CytaBOM regimens, describes a mortality
rate of 85% with very short median survival (100). Allogeneic HSCT has been per-
formed in cases unresponsive to immunomodulatory agents or combined chemother-
apy (101,102). However, despite success in inducing decrease of viral load in all
patients and cure in some, HSCT represents a risk in these patients due to the high
transplant-related mortality (102,103).

Adoptive transfer of virus-specific CTL is also an option in this setting. One
patient with severe CAEBV was treated with allogeneic CTL from an HLA-identical
sibling, and experienced a reduction of EBV-DNA levels accompanied by increase of
virus-specific immunity (104). Unfortunately, the patient died of a streptococcal sep-
sis one month after the last infusion, and long-term efficacy could not be established.
We have treated five patients with mild to severe disease using autologous EBV-spe-
cific CTL. These produced increases in the precursor frequency of EBV-specific CTL
in peripheral blood, normalization of serological findings (decrease in VCA and
reappearance of EBNA titers), decreases in virus load, and complete remission of
symptoms in three patients and partial remissions in two (105). This included
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normalization of splenomegaly and lymphadenopathy in one patient and complete
regression of oral and genital ulcers in the second. Confirmatory studies are war-
ranted to assess the possibility of obtaining durable remissions with this approach.

Other Cancers Associated with EBV Infection

EBV infection is associated with a number of human malignancies including endemic
BL, NPC, and HD. All three tumors are considered successes in the history of oncol-
ogy, because they are characterized by a very favorable prognosis:Most patients in the
first stages of disease are long-term survivors, and the percentage of cure for patients in
advanced-stage disease reaches 70% to 75%. The most effective therapeutic approach
for advanced-stage disease is intensive cyclophosphamide-based combination che-
motherapy for BL and combined chemoradiotherapy regimens for NPC and HD
(106–108). However, the prognosis for recurrent and refractory disease is generally
poor, despite the efforts to prolong survival by means of high-dose regimens with
or without autologous or allogeneic HSCT. Furthermore, a number of successfully
treated patients develop severe late toxicities (106,108). Consequently, the current
challenge is to delineate predictors of treatment failure to identify patients who require
a novel or more intensive treatment approach and to develop therapies equally or
more effective in rescuing refractory disease, but with less toxicity.

Novel strategies for the treatment of EBV-associated malignancies include the
use of immunotherapeutic approaches such as antibody-directed cell targeting and
development of CTL therapy. Phenotype-specific immunotoxins (109,110), NK
cell–activating CD16/CD30 bispecific antibodies (111), or labeled anti-CD30 mAbs
(112) are being developed, and both experimental results in animal models and early
clinical trials have provided encouraging results.

Adoptive transfer of polyclonal CTL specific for viral latency antigens in the
context of other EBV-associated malignancies is limited by the latency phenotypes
displayed by tumor cells. Indeed, the immunodominant EBV-encoded antigens
belong to the EBNA3 family, while CTL precursors (CTLps) to LMP2 are found
with low frequency and to LMP1 are largely undetectable (12). Moreover, EBNA1
and LMP1 are not ideal targets for CTL therapy, as (i) EBNA1 cannot enter the
HLA class I processing pathway because of its glycine–alanine (Gly–Ala) repeat,
which inhibits its binding to the transporter associated with antigen processing
(TAP) transporter proteins and (ii) frequent mutations of LMP1 have been described
in EBV-related cancer patients (17,113). Thus, LMP2 may be the best available
target for a CTL therapy in HD and NPC.

Another barrier to the function of infused CTL in immunocompetent hosts is the
use of tumor-mediated immune evasion strategies. Thus tumors may downregulate
molecules required for antigen processing and recognition, as found in BL (114,115),
or inhibit antigen-presenting cell and T-cell function as in Hodgkin’s lymphoma (4).
The success of cell therapy–based treatments for these malignancies is dependent on
the presentation of appropriate viral antigens by the type I MHC molecules of the
tumor cells and the resistance of the infused cells to tumor-derived inhibitory mole-
cules. It has been demonstrated that tumor cells in bothHD andNPC show high levels
of HLA class I alleles on the cell surface and have normal expression of the major his-
tocompatibility complex (MHC)-encoded putative peptide transporters TAP-1 and
TAP-2, as well as of other components of the class I processing pathway (116,117).
These studies provided a rationale for focusing on cellular immunotherapy.
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The first clinical trial of cell therapy for HD (118) demonstrated that polyclo-
nal virus-specific CTL could be generated from most patients with EBV-positive
HD, which displayed antiviral effect in vivo: two of the three patients treated with
autologous EBV CTL had a temporary alleviation of stage B symptoms, while the
third patient had an initial improvement and then a stabilization of the disease,
before developing disease progression. Similar results in a total of 13 patients have
since been observed with improved clinical responses to higher CTL doses. Although
no complete responses were seen in patients with advanced disease, complete remis-
sion was produced in one patient whose disease was stabilized after receiving
autologous CTL, allowing eventual allogeneic HSCT followed by donor-derived
EBV-specific CTL. Further, CTL produced a remission in one patient with residual
disease after autologous HSCT (unpublished data).

The encouraging data obtained with polyclonal CTL prompted further efforts
aimed at expanding the subdominant component of the EBV-specific immune
response directed toward LMP2, by stimulation with dendritic cells genetically mod-
ified to express the antigen (119–121). To improve the resistance of CTL to tumor-
derived inhibitory cytokines, Bollard et al. have shown that EBV-specific CTL made
transgenic for a dominant-negative transforming growth factor (TGF)-b receptor, in
which the intracellular signaling domain is truncated, are rendered resistant to the
devastating effects of TGF-b, secreted by Hodgkin’s tumor cells (122,123). Thus
CTL cultured in the presence of TGF-b fail to secrete cytokines and proliferate
and lose their cytotoxic potential, while the transgenic CTL remain unaffected. Simi-
lar genetic modifications, tailored to the tumor type, may be necessary to allow func-
tional persistence of CTL specific for the majority of human tumors that arise in
immunocompetent individuals.

EBV-specific CTL were also used for the treatment of refractory NPC. A
recent report showed an increase in EBV-specific CTLp frequency after infusion
of autologous virus-specific CTL in three patients with NPC, but the lack of appar-
ent clinical benefit may have been due to the advanced stage of disease (124). A
patient with relapsed NPC refractory to conventional therapy was treated with poly-
clonal EBV-specific CTL from an HLA-matched sibling donor, and showed a partial
regression of the intracranial tumor mass. The disease remained stable for a few
months, but then progressed (125).

The phenotype expressed by BL tumor cells renders immunotherapeutic con-
trol of this malignancy particularly difficult. EBNA1, the only antigen expressed
by BL cells, is devoid of class I CTL epitopes, and HLA molecules and TAP-1
and TAP-2 expression appear to be downregulated (126). Thus, immunotherapy
strategies in BL have been directed toward reversing the phenotype to latency III
tumor, by exploiting CD40 engagement (114,115). The cross-linking of CD40 was
shown to upregulate expression of HLA molecules and TAP proteins, and though
unable to cause presentation of endogenously processed viral antigens to CTL, it
has succeeded in enhancing sensitivity to NK cells (127). An alternative approach
is based on the finding of efficient processing function through the class II pathway
in BL cells, which renders them susceptible to lysis by CD4 EBV-specific CTL (128).
Munz et al. have demonstrated that HLA class II–restricted, EBNA1-specific CTL
are able to kill BL cells in vitro and Nikiforow et al. have demonstrated the impor-
tance of CD4 killer cells in the inhibition of outgrowth of B-cells infected with EBV
in vitro in the regression assay (19,20). Thus interest in immunotherapy of BL with
CTL has been rekindled.
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PREVENTION OF EBV INFECTION OR EBV-ASSOCIATED DISEASE

Prevention of the development of EBV-related complications (preemptive therapy)
or prevention of EBV infection in seronegative individuals could be a safe and effec-
tive approach to reduce the risks of treatment for EBV-associated disorders.

Because EBV-related PTLD in recipients of HSCT is due to the outgrowth of
donor B-cells, physical or pharmacological depletion ofmatureB-cells from the stem cell
inoculum may reduce the incidence of lymphoproliferative disease in this group of
patients. Hale et al. (129) demonstrated that the use of mAbCampath-1, which removes
both T and B-cells, for T-cell depletion in unrelated or mismatched donor transplants
was associated with a very low risk of developing PTLD. In HSCT recipients at risk,
and who did not receive B-cell depleted transplant, the prophylactic or preemptive infu-
sion of donor EBV-specific CTL is effective in preventing PTLD onset (78,79).

Data on preemptive antiviral treatment with acyclovir and ganciclovir in the
setting of solid organ transplantation are conflicting. Some studies described a
decrease in the incidence of PTLD after either acyclovir or ganciclovir preemptive
therapy (130,131), while others did not find any significant benefit from the prophy-
lactic treatment with antiviral agents (132). The efficacy of preemptive autologous
EBV-specific CTL in this setting needs to be confirmed in a larger clinical trial
(88). Relevant to PTLD prevention in allograft recipients is the demonstration of
feasibility to generate a primary response in virus-naive solid organ transplant
patients, who are at high risk of EBV-driven lymphoproliferation, through selective
expansion of CD25-expressing T-cells, 9 to 11 days after activation with EBV-
transformed LCL (89).

Vaccination against EBVmight be an option for EBV-seronegative individuals at
risk of developing EBV-associated complications, such as HSCT or solid organ allo-
graft recipients, patients with X-linked lymphoproliferative disease, and people living
in areas where BL or NPC is endemic. There are two approaches to EBV vaccine devel-
opment currently under consideration (123,133): The first is based on the use of the
major envelope glycoprotein gp350, the principal target of the virus-neutralizing anti-
bodies, in various formulations as subunit antigen, or expressed from recombinant viral
vectors (134). The alternative strategy is based on the development of a subunit vaccine
that incorporates EBV CTL epitopes from latent antigens, with the aim of inducing
EBV-specific CTL immunity (133). An overview of EBV vaccination strategies and
clinical trials may be found in a separate chapter of this volume (see Chapter 19).

SUMMARY

In summary, the safety and efficacy of standard therapies for EBV-associated malig-
nancies and diseases can be improved upon by targeting the unique viral proteins
expressed using immune based or molecularly targeted therapies. This has been
clearly demonstrated by the use of EBV-specific CTL in HSCT recipients. However,
other diseases and malignancies provide more difficult challenges for immunother-
apy, because the patient is receiving iatrogenic immunosuppression that may inhibit
the survival and function of infused CTL, or the virus-infected cell secretes immuno-
suppressive factors that inhibit CTL function, or the immune defect underlying the
disease is not understood. Genetic modification of T-cells offers an exciting challenge
for the future, because CTL may be rendered resistant to immunosuppressive drugs
and tumor-derived factors. Such CTL may have high specific activity and little
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toxicity. Molecular targeting of viral proteins is at an early stage, but the wealth of
knowledge that has been gathered about the function of EBV genes provides an
array of possible approaches. Modulation of virus gene expression in BL or HD
to switch them from their poorly immunogenic type 1 or type 2 expression to an
immunogenic type 3 expression or to induce viral kinases to render tumor cells sen-
sitive to nucleoside analogs is already under consideration. Finally, increased under-
standing of the pathogenesis and immune control of EBV together with recently
developed technology to harness the most potent antigen-presenting cells of the
immune system should provide vaccine strategies, if not to protect against infection,
then to protect against the diseases associated with EBV.
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WHAT IS THE DEMAND FOR EBV VACCINES?

Epstein–Barr virus (EBV) is a ubiquitous human herpesvirus that is carried by more
than 95% of the human population as a lifelong latent infection [reviewed in (1) and
Chapter 3]. EBV immortalizes, or transforms, B-cells in vitro. A combination of six
viral nuclear gene products and two membrane-associated viral proteins in trans-
formed B-cells is primarily responsible for the changes in cell growth and phenotype.
Expression of the growth-transformed phenotype has only been detected in the B-cell
follicles of tonsils (2), while in peripheral blood, EBV is detected in a very small num-
ber of resting memory B-cells. EBV gene expression in these cells is restricted to, at
most, one or two viral genes that are probably invisible to the immune system. A
normal immune response appears to be essential in maintaining the asymptomatic
carrier-state, as demonstrated by the occurrence of posttransplant lymphoprolifera-
tive disease (PTLD) in immunocompromised persons.

Primary infection usually occurs in the first few years of life and is asymptomatic
(3). Symptomatic infectious mononucleosis (IM) arises in about half of individuals
who have a primary infection during adolescence (4).While IM is uncommon in devel-
oping countries because primary infection invariably takes place early in childhood, it
is common in the developed countries. Following primary infection, lifelong latent
EBV infection in vivo is asymptomatic in the vast majority of individuals but is asso-
ciated with a number of important cancers including undifferentiated nasopharyngeal
carcinoma (NPC), endemic Burkitt lymphoma (BL), certain forms of Hodgkin’s dis-
ease (HD), and PTLD. There are around 100,000 new cases of NPC annually, mainly
in southern China and southeast Asia, making it a significant global health problem
(5). HD is a common cancer in the Western world with an incidence of about 8000
cases annually in the United States. Vaccine approaches are being devised whereby
the incidence of these EBV-associated cancers could be reduced.

The biology of EBV poses significant challenges in the development of EBV vac-
cines different to those faced in the successful development of more conventional
vaccines such as for polio, measles, and smallpox. Almost the entire human
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population is infected with EBV, and for the vast majority there are no clinical man-
ifestations. The long period of coevolution of primates and their respective c-herpes-
viruses has led to stable host–virus relationships that, in the main, amount to a
peaceful coexistence. It is not clear whether advantages are conferred to humans by
lifelong EBV infection, but it seems possible that some immunological effects, such
as bias of the T-cell receptor repertoire (6), are present on a population-wide basis.
Any adverse effect arising from unselective mass vaccination of healthy individuals
to prevent or modify EBV infection may affect this balance and cause more problems
than it solves. The long period of coevolution, which probably preceded primate spe-
ciation, means that the interaction between virus and host has become very sophisti-
cated in terms of the mechanisms deployed by the virus to evade innate and adaptive
immune responses. EBV persists in the face of a range of antibody responses, some of
which are virus-neutralizing in vitro (7), and a multitude of cell-mediated responses,
including virus-specific CD8þ T-cells (8), CD4þ T-cells (9,10), and natural killer
(NK) cells (11). EBV is now formally classified as a Grade 1 carcinogen (12), because
several of its genes can independently transform certain cell types (13). The composi-
tion of an EBV vaccine for use in humans is therefore somewhat restricted because a
licensed human vaccine can only contain viral elements that are nontransforming.
However, this need not exclude nontransforming derivatives of virus-transforming
gene products such as synthetic peptides. Because EBV infection is nonpermissive
except under special circumstances, it is still not technically feasible to produce
EBV on a scale large enough to support even a small vaccine trial using killed or
attenuated forms.

The justification for developing EBV vaccines to prevent or ameliorate EBV-
associated diseases is self-evident from the scope of the disease burden, including
that of EBV-associated cancers. The development of EBV vaccines has been a
long-term objective since its original suggestion more than 25 years ago (14). Since
then, however, our understanding of EBV biology has been profoundly altered at
both the molecular and cellular levels. Furthermore, vaccine development has always
lagged behind scientific development for a variety of practical, commercial, and
other nonscientific reasons, and the original rationale put forward in support of
work on EBV vaccines must now be viewed from a different perspective. Initially,
the apparent association between EBV and endemic BL (15,16) and undifferentiated
NPC (17,18) led to the proposal that the development of a vaccine to prevent EBV
primary infection should be the goal. A view was taken that whatever the complex-
ities of the associations between EBV and BL or NPC, preventing infection would
remove a link in the chain of events that gives rise to tumors. It has been clear for
many years that EBV cannot be the single causal factor of NPC or BL. Holoendemic
malaria has been identified as a probable cofactor for BL (19) but the cofactors
involved in NPC remain unidentified (17). The absence of a clear immunological
basis for EBV vaccine development, because of a limited understanding of the biol-
ogy and immunology of the virus and less knowledge about immunological criteria
that are important in preventing EBV-associated disease, has resulted in slow pro-
gress. Furthermore, the cost of developing an EBV vaccine together with the lack
of a strong commercial incentive to produce a vaccine against BL and NPC has also
delayed vaccine development. The increasing recognition of the significance of IM in
the developed countries, offering greater commercial incentives for EBV vaccine
development, gave rise to a renewed interest in this area (20). Any vaccine developed
to prevent IM might also have more widespread application in the prevention of
other EBV-associated diseases.
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The early observation that serum EBV neutralizing antibodies largely recog-
nized a major viral envelope glycoprotein, gp350 (7,21,22), set the scene for subse-
quent work over a number of years. This involved the characterization and puri-
fication of tractable quantities of the gp350 viral envelope glycoprotein from natural
sources (23–25) and by recombinant DNA methods (26–30). These materials have
been extensively evaluated in a primate model of EBV-induced B-cell lymphoma
(31), and two derivatives of these experimental vaccines have entered small-scale
human trials. Another approach using synthetic peptides based on the EBV latent
antigen EBV nuclear antigen (EBNA)-3, to induce cell-mediated immune respon-
ses, has been developed in parallel and has been the subject of small-scale human
trials (32).

PROGRESS WITH OTHER HUMAN HERPESVIRUS VACCINES

It is worthwhile to consider the progress made in the development of other human
herpesvirus vaccines to ascertain if any lessons relevant to EBV vaccine development
can be learned. One of the key shared characteristics of herpesvirus infection in
humans is that despite there being widespread infection with herpes simplex virus
(HSV), cytomegalovirus (CMV), and varicella zoster virus (VZV) in the human
population, there is much less disease than might be expected. While the proportion
of those who develop disease following infection may be small, the number of
affected individuals is still substantial. Why some individuals develop herpesvirus dis-
ease and others do not is partly a consequence of the immune response. Altered
immunity, by illness or treatment, may have serious clinical consequences with exist-
ing herpesvirus infections as well as newly acquired infections. That herpesvirus infec-
tions are normally controlled by the immune system suggests that vaccine-induced
immune responses could be effective in preventing herpesvirus-associated disease.
Apart from the relatively small group of immunocompromised persons, few other
groups, if any, can be assigned a higher or lower risk of contracting herpesvirus
disease except on a demographic basis. Modification of herpesvirus infection to pre-
vent disease is clearly possible, as has been demonstrated with the varicella Oka strain
vaccine (33). Furthermore, the validity of the concept that herpesvirus tumors can be
prevented by vaccination was first demonstrated with Marek’s disease of chickens
(34) andHerpes saimiri in nonhuman primates (35). What is not clear is the immuno-
logical basis for disease prevention in these models. However, the herpesviruses each
have quite different biological behaviors. It is very difficult to make generalizations
from one herpesvirus to another that could contribute to the rational design of an
EBV vaccine. The differences between the human herpesviruses in terms of host eva-
sion mechanisms, portals of entry, target tissues for primary infection, cells in which
latent infection is established, and gene products and mechanisms involved in estab-
lishing a latent infection are considerable.

Of all herpesvirus vaccines, HSV vaccines have probably received the greatest
attention. A range of wild-type live HSV virus and inactivated HSV vaccines have
been produced and tested in large numbers of individuals for their ability to reduce
recurrent disease, but almost all of these trials have been inadequately controlled
(36). A tentative conclusion from these studies might be that some short-term ben-
efits can be achieved in terms of reducing the recurrence of HSV disease, but with
no demonstrable long-term benefits. At the time when this type of HSV vaccine was
being evaluated, it was perceived that genital HSV infection might be associated
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with cervical carcinoma, and the move toward using whole live or killed virus was
abandoned in favor of subunit and other recombinant product vaccines. Despite
showing promising results in animal models, subunit vaccine formulations using
HSV envelope glycoproteins failed to protect human uninfected sexual partners
from contracting genital HSV infections from their infected partners (37). Now that
the perceived association between genital HSV infection and cervical carcinoma has
receded, a renewed effort has been applied to developing live HSV vaccines. In
general, live virus vaccines are more effective than killed virus vaccines because the
vaccine virus replication is capable of generating a more broad-based immune
response with a corresponding memory element. Clearly, a complication of using live
herpesvirus vaccines is that they may infect persons other than those vaccinated and
the live virus vaccine is also likely to establish a lifelong infection that can never be
eradicated.Modernmolecular genetics has allowed recombinant HSV to be produced
in studies where genes important in neurovirulence, transformation in cell culture, pri-
mary infection, and reactivation can be deleted or attenuated (38). Other approaches
have involved the production of a recombinant HSV from which the gH gene has
been deleted. HSV gH is an essential viral envelope glycoprotein in the fusion of the
HSV envelope with the target cell membrane (39). The HSV deletion mutant, other-
wise known as a disabled infectious single cycle (DISC) virus, is propagated in a cell
line that provides the gH gene in trans. On inoculation in humans or animals, the
DISC virus is able to replicate only once and produces noninfectious progeny
virus (40–42).

No CMV vaccines have been licensed for human use, and it may be some time
before any are. Whether the presence of CMV antibodies reduces CMV disease or
not is controversial (43). Passively administered antibodies appear to reduce CMV
disease in renal transplant patients but not prevent CMV infection (44). The CMV
Towne strain was created by extensive serial passage in culture to achieve attenua-
tion prior to use as a live virus vaccine. However, inoculation of this strain into var-
ious groups of patients has yielded mixed results. CMV seronegative renal transplant
patients were apparently protected against severe CMV disease although not against
infection (45), while there was no evidence of protection among a group of healthy
seronegative female adults of childbearing age (46). Recombinant subunit glycopro-
tein vaccine formulations based on the CMV gB glycoprotein and the oil-in-water
adjuvant MF59 have been developed more recently (47,48). These preparations
induce virus-neutralizing antibodies and proliferative T-cell responses in humans
but results of phase II human trial have not yet been reported. Of particular interest
has been the recent use of a murine CMV plasmid vaccine in conjunction with a
formalin-inactivated murine CMV preparation in a prime-boost sequence (49), the
plasmid being used to prime, and the inactivated virus used to boost immune
responses. The plasmid expressed the murine homologue of human CMV pp65.
Long-term and complete protection against a CMV challenge was achieved in a
mouse model where antibody and cell-mediated immune responses were induced.
It remains to be seen whether this vaccination boost strategy can prevent reactivation
of latent CMV infection.

The most successful human herpesvirus vaccine to date is the VZV Oka strain
vaccine (33), which is licensed for clinical use in children and adults in several coun-
tries. The Oka strain retains its ability to infect T lymphocytes but its ability to infect
the skin is greatly impaired when compared to wild-type strains; this is the basis of its
attenuation. From the experience of using other human herpesvirus vaccines, few
definite conclusions can be drawn with respect to EBV vaccine development except
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that prevention of EBV infection itself is not a realistic objective, while prevention or
reduction in disease probably is.

SEVERAL ALTERNATIVE OBJECTIVES FOR EBV VACCINATION

Three separate strategies for controlling EBV-associated disease by vaccination are
under consideration. The first is to vaccinate with the major envelope glycoprotein,
gp350, and/or other envelope glycoproteins, to modify EBV infection. A second
approach would be to vaccinate at some time after infection has taken place, to mod-
ify the immune status of the individual with respect to EBV. It is envisaged that this
postinfection approach could involve either envelope glycoproteins or latent antigen
peptides or a combination of both. The third tactic is to use vaccination in a therapeu-
tic mode to induce or enhance immune responses against the EBV-associated tumor
cells. The antigens used in this strategy will depend on the tumor under consideration.
BL cells only express EBNA1, while NPC and HD also express latent membrane pro-
tein (LMP)-2 and, in a proportion of cases, also LMP1. Effective vaccine-induced
immune responses will be responses against which the virus has not necessarily
evolved an evasion strategy. This would mean the balance of power is tipped in favor
of the host immune response even though the virus itself may not be eliminated. A
variety of approaches have been investigated in the development of EBV vaccines
and have included a range of proteins, peptide antigens, adjuvants, live virus vectors,
and even EBV ‘‘decoys’’ consisting of DNA-free EBV proteins condensed onto tin
oxide particles (50).

Any primary vaccination strategy to control EBV diseases must allow for the
fact that most primary infection occurs in the first few years of life (51). For example,
95% of children in Hong Kong are infected with EBV before 12 years of age (3). It
would seem impractical, although not impossible, to deliver an EBV vaccine to the
very large numbers of children in populations in Africa and China where primary
infection occurs during infancy and early childhood. Vaccination to prevent pri-
mary EBV infection could theoretically eliminate EBV-associated disease, comple-
tely. However, it seems unlikely that any vaccine could provide lifelong sterilizing
immunity against EBV infection. Thus, the aim of EBV vaccination should be to
prevent or minimize disease rather than to prevent or eliminate viral infection. Each
EBV-associated disease arises for a complex set of different reasons and each is
likely to require a different vaccination strategy.

Primary EBV infection in infants is usually asymptomatic, whereas IM occurs
in a proportion of individuals whose primary EBV infection has been delayed until
adolescence. Of the remainder of this older group, a proportion seroconvert without
symptoms, and some remain seronegative for life and are apparently never infected
with the virus (52). Various hypotheses have been proposed to explain the age-
restricted occurrence of IM. These have included a higher initial challenge dose of
EBV and reduced primary immune responses as a consequence of stress. An alterna-
tive hypothesis proposes an altered balance between helper T-cell function and the
activation of NK cells, by promoting the replication of virus-infected B-cells on
one hand and by promoting cytotoxic antiviral T-cell responses on the other (53).
An EBV vaccine to prevent IM will, therefore, be most effective if targeted at popu-
lations of seronegative adolescents in Western countries. Because achieving steriliz-
ing immunity by vaccination against EBV seems an unlikely possibility, current aims
will be limited to modifying primary infection. Perhaps only a small change in
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immune status caused by vaccination will be sufficient to prevent disease. Any EBV
vaccine that could simply reduce the viral load on primary infection, or direct an
appropriate T-cell immune response, may be sufficient to prevent manifestations
of IM. It is, therefore, reasonable to conclude that vaccination with gp350 to modify
primary EBV infection could prevent IM.

It is difficult to envisage how vaccine-induced responses could prevent the
development of tumors such as NPC when the wide range of naturally occurring
immune responses could not. One rationale for developing postinfection vaccines
is based on the observation that a prognostic indicator of the onset of NPC is the
rapid rise in the level of serum immunoglobulin (Ig)-A antibodies against lytic cycle
antigens (54). This elevation in antibody presumably reflects an increase in virus pro-
duction that is linked to the emergence of the tumor. This changed pattern of EBV
replication may also reflect changes from Th1-type regulation to a mucosal-derived
Th2-type response, in immune regulation of virus-infected cells. NPC in Chinese
populations occurs in adults 40 years of age and older. Because a strategy of early
childhood vaccination to prevent primary infection seems impractical, modification
of infection by postinfection vaccination is feasible and potentially of much greater
immediate value. Intervening by postinfection immunization with a gp350, or other
type of vaccine, before the increase in EBV replication, signaling the onset of
NPC, may well alter the immune balance at a crucial time and prevent NPC from
developing. It should also be noted in this context that high titers of antibody
against the viral capsid antigen (VCA) in Ugandan children are also prognostic
with respect to the development of endemic BL (15). Immune responses to the
vaccine antigen itself in persons already infected with EBV would have to be taken
into account if this approach were adopted. Similar arguments may hold good in
the case of endemic BL. Modification of primary infection by vaccination may
itself be sufficient to provide additional control of virus load and replication. The
success of such approaches will depend on whether the apparent reactivation of
EBV is causally associated with the onset of NPC or is simply a consequence of
tumor development.

Approximately 10% of seronegative children receiving solid organ trans-
plants develop PTLD during the first year after transplant. The risk of developing
significant morbidity or PTLD following primary EBV infection in seronegative
transplant recipients is about 20 times greater than in seropositive transplant
recipients. Primary EBV infection occurs in about 70% of all seronegative recipi-
ents during the first six months following organ transplantation (55,56). Immuni-
zation of seronegative patients before transplantation provides an opportunity to
test whether the presence of antibody to the major EBV envelope glycoprotein
gp350 will modify EBV infection and prevent or reduce disease, following trans-
plantation and during the period of immunosuppression. A small trial of an EBV
gp350 subunit vaccine in pediatric patients awaiting solid organ transplantation is
in progress.

Thus far, two strategies have been followed in parallel in the development of
EBV vaccines that might be used to modify primary EBV infection. The first is based
on the major envelope glycoprotein, gp350, and the second strategy is based on the
identification of latent antigen peptide epitopes recognized by cytotoxic T lympho-
cytes (CTLs) in a major histocompatablity complex (MHC) class I context. EBV
infection in otherwise healthy seropositive persons is controlled to some extent by
CTLs specific to particular immunodominant epitopes in the latency nuclear protein,
EBNA3. The two approaches are considered in more detail below.
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GP350 VACCINES

The major EBV envelope glycoprotein gp350 was originally selected as a candidate
subunit vaccine to prevent EBV infection on the basis that antibodies raised against
this molecule are virus-neutralizing in vitro (22,24,57). It is worth noting that human
monoclonal antibody Fab fragments have now been produced in a recombinant
phage system (58), but it is not yet known whether these can neutralize the virus
in vitro. Of particular relevance to gp350 vaccine development is the observation that
there is very little sequence variation in gp350 genes taken from various EBV isolates
around the world (59). EBV gp350 contains up to 50% carbohydrate, much of which
is O-linked (60,61). Very little is yet known about the contribution that carbohydrate
may make to the immunological profile of gp350. Although at least 20 open-reading
frames in the EBV genome can potentially code for glycoproteins, only a few of these
have been identified and characterized and their possible role in making an effective
EBV vaccine has not received serious consideration to date.

What has been established recently is that gp350 is not an absolute require-
ment for EBV infection to occur. A recombinant EBV in which the gp350 gene
had been deleted was found to be able to infect a range of B-cell lines and epithelial
cells, albeit at a lower efficiency (62). Based on these results alone it would seem
most unlikely that a gp350 vaccine, which acts by the induction of neutralizing
antibodies, would be able to prevent infection. However, these results do not rule
out an EBV gp350 vaccine being effective. A simple modification of infection
may be all that is needed to prevent or alleviate disease. Infection of epithelial cells
in vitro may take place by both gp350-dependent and -independent pathways (63).
It was found that EBV infection of an epithelial cell line, AGS, was not inhibited by
the presence of soluble gp350 but was inhibited by soluble gp25, the EBV homolo-
gue of herpes simplex gL. A third EBV membrane component, gp42, binds to
MHC class II molecules on the surface of B-cells (64,65). One EBV variant that
has a 16-kb deletion containing the gp350 and EBNA3A genes and the amino term-
inal region of EBNA3B has been isolated. This variant apparently cannot trans-
form primary B-cells in culture, and replication is not induced by the presence of
phorbol esters (66).

EBV gp350 binds to the host cell complement receptor CD21 (67,68). Cross-
linking of CD21 by gp350 induces the synthesis of interleukins (IL)-1 to 6 (69)
and can modulate IL-1 and tumor necrosis factor synthesis (70). CD21 is part of
a membrane signaling complex involved in the activation of B-cell immune
responses, and cross-linking by gp350 may be an important early event in driving
infected B-cells into the cell cycle prior to immortalization (71). Indeed, it might
be expected that gp350 could affect any cell expressing CD21, which includes dendri-
tic cells, T-cells, monocytes, epithelial cells, and other cells. These gp350 effects could
be both advantageous and disadvantageous in vaccination, but it has not yet been
possible to evaluate the potential effects of gp350 vaccines in these respects.

Some work has been performed in identifying gp350 B and T-cell epitopes with
the view of producing a gp350 peptide vaccine. However, because of the discontin-
uous or conformation-dependent nature of the B-cell epitopes, little progress has
been made and no peptides have been tested in any of the animal models (72–75).
At least two T-helper cell epitopes in the gp350 amino acid sequence have been iden-
tified in the amino terminal region (76). More recently, gp350-specific CTL epitopes
have been identified (77). It has now become apparent that CTL responses in the
blood of IM patients are mainly against lytic cycle antigens, while CTL responses
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in healthy seropositive persons can be directed at lytic cycle antigens as well as latent
antigens (78–81). Whether these responses to lytic antigens serve to control viral
infection or merely reflect acute viral replication remains to be determined.

GP350 VACCINES AND A PRIMATE MODEL OF EBV LYMPHOMA

Malignant lymphoma can be induced in the New World primate, the cottontop
tamarin, by injection of large doses of EBV, and the tumors induced have been stu-
died in some detail. The lymphoid lesions generated by the virus in this animal are
clearly genuine tumors because they are monoclonal or oligoclonal, and arise inde-
pendently at different sites in the injected animal (82). One further reason for select-
ing this animal model was that it was believed at the time that c-herpesviruses were
not present in New World primates. However, a naturally occurring c-herpesvirus,
CalHV-3, is found in the common marmoset (Callithrix jaccus) and in naturally
occurring B-cell tumors from these animals (83). It seems likely that cottontop
tamarins will also carry indigenous c-herpesviruses. A number of EBV vaccines
based on the envelope glycoprotein gp350 have been evaluated in the cottontop
tamarin (31). As is the case with most animal models, the cottontop tamarin is less
than ideal. First, the tamarin is not infectable by the oral route and does not appear
to sustain a persistent infection, at least not at the same level as in humans. It has
been shown that the tamarin can sustain latent infection because small numbers of
EBV-positive B-cells have been detected in animals that had been immunized and
protected against challenge with a lymphomagenic dose of EBV (84). Furthermore,
the tamarin has a very restricted MHC class I polymorphism and expresses MHC
alleles G, F, and E, which are associated primarily with NK cell function, but not
A, B, and C, which are associated with antigen-specific CTLs (85). Nevertheless,
analysis of the immune responses in this model indicated that both cytotoxic
CD4þ and CD8þ T-cells participate (86), and that their activity was markedly
enhanced following gp350 vaccination (87).

The first subunit vaccine was based on gp350 purified from bulk cultures of
EBV-infected cells. The purified antigen was initially made by preparative sodium
dodecyl sulfate–polyacrylamide gel electrophoresis, and was incorporated into arti-
ficial liposomes. This vaccine formulation induced virus-neutralizing antibodies and
a protective immune response in the cottontop tamarin model of EBV lymphoma.
Subsequently, a number of different EBV vaccines based on gp350 were developed
and evaluated in the tamarin model. The gp350 gene has been expressed in a variety
of mammalian cell expression systems where glycosylation and posttranslational
modifications, which are closely similar to those found on the natural product, occur
(26,88,89). It has not been possible to distinguish between these products and the
natural product gp350 in terms of their ability to induce virus-neutralizing antibo-
dies, bind a range of monoclonal antibodies, induce protective immunity in the
tamarin, and in some studies, stimulate the proliferation of gp350-specific T-cells.
In most cases, the C-terminal membrane anchor sequence has been removed from
the gene allowing secretion of the expressed eukaryotic product into the culture me-
dium. These techniques offer major advantages in the large-scale preparation of a
defined product that is relatively easy to purify.

Most proteins or glycoproteins are weakly immunogenic when inoculated alone
into animals, and gp350 is no exception. An adjuvant is invariably required to stimu-
late the immune response to the subunit antigen (90). Successful protection studies in
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the tamarin lymphoma model with gp350 subunit vaccines have so far used artificial
liposomes (22,91), threonyl muramyl dipeptide (92), or immunostimulating complexes
(ISCOMs). Iscoms are supramolecular structures containing immunologically active
plant triterpenoids (93). Iscoms that have chemically defined and pure triterpenoid
components, and predictable immunomodulatory properties without deleterious
adverse effects, are now being produced (94,95). However, the only adjuvants cur-
rently licensed for general human use are aluminium salts. An alum adjuvant was
tested in the tamarin lymphoma model with a recombinant gp350 subunit and
was found to induce protective immunity in three out of five animals (96). The choice
of adjuvant can profoundly affect the outcome of vaccination, and the selection of an
adjuvant for any gp350 subunit vaccine human trial could make the difference
between success and failure.

A plasmid vector containing the gene for gp350 has been shown to induce
effective immune responses against the antigen in mice (97). The gp350 DNA–
vaccine induced gp350-specific antibodies, mainly of the IgG1 isotype, and could
mediate antibody-dependent cellular cytotoxicity (ADCC) against cells expressing
gp350. Furthermore, the gp350 plasmid induced a gp350-specific precursor T-cell
population and gp350-specific CTLs. Both the qualitative and quantitative responses
associated with DNA immunization in the mouse may prove to be advantageous in
the prevention or modification of EBV infection in humans.

EBV gp350 has been expressed in recombinant vaccinia (98), adenovirus (99),
and varicella (88). Recombinant vaccinia viruses expressing gp350 have been derived
from the relatively virulent Western Reserve (WR) strain and the more attenuated
Wyeth vaccine strain and both have been tested in the tamarin lymphoma model
(100). The key observation in these experiments was that the more virulent WR
strain derivative gave protective immunity but did not induce antibodies to gp350.
Antibodies against vaccinia proteins were induced by both vaccinia strains. Clearly,
in this case, protective immunity arises from some form of gp350-specific cell-
mediated immune response. Replication of the M81 EBV strain in a group of com-
mon marmosets vaccinated with a gp350 vaccinia recombinant was decreased as
compared to that in control groups (101). Further work needs to be done in devel-
oping effective vaccinia recombinants that strike the correct balance between
attenuation and immunogenicity. Progress to this end could be made with the
Copenhagen strain vaccinia derivative (102), canarypox recombinants (103), or
the modified Ankara vaccine (104).

Recombinant adenovirus expressing gp350 has been tested in the tamarin
model (99). Several features of adenovirus have made them attractive for vaccine
antigen delivery. First, adenoviruses types 4 and 7 have already been used on a large
scale in the U.S. Armed Forces to prevent respiratory disease and have a good safety
record (105). Second, the adenovirus can be given orally following encapsulation.
Mucosal immunity is induced in the respiratory tract, although primary immune
contact is in the gut lymphoid tissue. Though these may prove to be important fac-
tors in the future, it is possible that the induction of mucosal immunity in the form of
IgA antibodies will enhance infection by EBV (106,107). When protective immunity
was induced in the tamarin lymphoma model using replication-defective adenovirus
expressing gp350, antibodies against gp350 were induced but they did not have the
capacity to neutralize EBV in vitro (99). In contrast, when high titers of neutralizing
antibody against gp350 were generated by immunization with purified gp350 incor-
porated in liposomes, protective immunity was not always induced (108). These
results suggest that cellular responses are important in protective immunity in the
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tamarin lymphoma model but antibody responses may still be required in preventing
or controlling EBV infection in humans. In the common marmoset model of the
EBV-induced mononucleosis-like syndrome, protective immunity did not correlate
with the presence of serum virus-neutralizing antibodies following immunization
with gp350 and alum (109).

Some developmental work has been carried out on the generation of a recom-
binant VZV vaccine vector for the delivery of EBV genes. VZV recombinants which
are able to express EBV gp350 were produced (88,110). It may be timely to explore
this option further given the success of the Oka VZV vaccine strain and its incor-
poration into national vaccine programs in the United States, Japan, and elsewhere.
A large body of health and safety information has now been accumulated over the
past two decades of use of the VZV Oka strain in humans (33). VZV is the only
human herpesvirus in which vaccination has been successful in preventing or
modifying disease, both in the modification of primary infection and reactivation
phenomena (111).

PEPTIDE VACCINES

The use of EBV latent antigen peptides representing MHC class I–restricted CTL
epitopes in EBNA3 to induce CTL memory by vaccination has been reviewed thor-
oughly elsewhere (112). EBV infection of B-cells mainly gives rise to latent infection
and only switches to productive infection under certain circumstances. Eleven
EBV genes, including EBNAs 1 to 6 and LMPs 1, 2A, and 2B are expressed in latent
infection. It is believed that the numbers of EBV infected cells expressing the whole
panel of EBNA and LMP latent genes in the circulation of human seropositive per-
sons is very low and that this low level is largely maintained by CTLs specific for
EBNA3. One approach to EBV vaccination has been based on these factors, and epi-
topes recognized by CD8þ CTLs against particular MHC backgrounds have been
documented. Peptide vaccines based on these epitopes could be used to vaccinate
a significant proportion of a given population provided the distribution of particular
MHC restrictions is known. The stated aim of this strategy is not to prevent infection
but to reduce the number of virus-infected cells that develop on infection, and
thereby reduce the incidence of disease. Human trials of an EBNA3 peptide that
is restricted through the human leukocyte antigen (HLA) B8 allele are in progress,
although no results have been reported other than that the peptide vaccine and adju-
vant, Montanide ISA 720, are well tolerated. These vaccines could elicit T-cell mem-
ory that would be activated on natural EBV challenge to produce specific CTLs.
However, the central problems remain the same with this strategy as with the
approach using gp350. How does the virus persist in the face of an apparently
healthy and effective cellular and humoral immune response? How does a certain
population of latently infected B-cells escape immunosurveillance? What kind of cel-
lular and humoral immune response will be required to prevent primary infection, or
at least modify primary infection? One important observation that has implications
for EBV vaccine design using epitopes, whether they come from latent or lytic anti-
gens, is that epitopes assembled in a polypeptide chain or ‘‘polytope’’ are effective
immunogens. The ‘‘string of beads’’ epitope immunogen can induce T-cell responses
to all the epitopes in the string and is apparently not adversely affected by the pre-
sence of adjacent epitopes of different MHC class I restriction (113) or MHC class II
restriction (114).
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OTHER ANIMAL MODELS

Animal models are of variable use in evaluating vaccines when the infectious agent
has a different pathogenesis in the experimental host, as is usually the case. However,
it is necessary that the immunogenicity and possible induction of adverse effects by
new vaccines be evaluated in laboratory animals such as mice and rabbits. Two pri-
mate model systems—the cottontop tamarin (Saguinus oedipus oedipus) (82) and the
common marmoset (C. jaccus)—have been used in EBV vaccine research (115–117).
No satisfactory animal model of human EBV infection exists and the inevitable
shortcomings of the tamarin and marmoset models must be taken into account when
interpreting results obtained. Inoculation of EBV into the common marmoset can
give rise to a poorly defined mononucleosis-like syndrome. EBV infection in the
common marmoset with the M81 strain of EBV gives rise to the long-term mainte-
nance of antibodies to viral antigens without clinical disease. The presence of EBV
DNA can be demonstrated in tissues and oral fluids using polymerase chain reaction
(PCR) analysis. When infected common marmosets were paired with uninfected ani-
mals, the uninfected animals seroconverted within four to six weeks (116). Results
obtained in this particular model may be difficult to interpret reliably because it
was discovered that another virus similar to EBV is endemic in at least some captive
populations of the common marmoset.

A rodent c2-herpesvirus that infects mice, designated murine c-herpesvirus 68
(MHV68) (118), was isolated some years ago and has subsequently been developed
into a sophisticated model of c-herpesvirus infection (119,120). Although MHV68 is
a c2-herpesvirus, clear similarities with EBV include the establishment of a lytic
infection of respiratory epithelium that is rapidly cleared by CD8þ and other T-cells,
and latent infection of splenic B-cells. The capacity to induce B-cell proliferation is
another common feature but no evidence for oncogenicity has been found for
MHV68. One important observation is that CD4þ T-cells were found to be essential
in the control of MHV68 infection and disease (121). The central role for CD4þ
T-cells in the regulation of EBV is supported by data obtained using the cottontop
tamarin as discussed above. This may have implications in the design of a human
EBV vaccine where the role of CD4þ T-cells in the control of EBV infection has
been somewhat neglected. The use of both latent and lytic MHV68 antigens as vac-
cines has been explored. The MHV68 analogue of EBV gp350 is gp150 (122) which
has been used to vaccinate mice prior to intranasal infection with MHV68 (123). The
characteristic lytic infection was dramatically lowered in lung respiratory epithelium,
as was the MHV68 IM-like disease. Nevertheless the virus still established latent
infection. Other studies show that priming lytic protein–specific CD8þ T-cells by
immunizing mice with the Db-restricted p56 epitope of MHV68 also abrogates lytic
replication in lung epithelium (124,125). However, the number of persistently
infected cells in the spleens of vaccinated animals was the same as in controls after
three weeks, and the characteristic MHV68-associated IM-like disease still devel-
oped, albeit much later than in controls. Similar results were obtained in another
study where MHV68-specific CD8þ T-cells were generated in mice immunized with
dendritic cells pulsed with MHV68 (126). Vaccination with the MHV68 M2 latency
protein in this model failed to reduce lytic replication in the lung but did reduce the
latently infected cell load in the early stages of latent infection, when M2 is expressed
(127,128). Further work on this model is likely to be informative.

A greater understanding of the relationships between c-herpesviruses in different
primates has come about because of the work of Wang et al. (129). c-herpesviruses
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closely related to EBV have been known, for some time, to infect Old World monkeys,
and are classified in the Lymphocryptovirus (LCV) genus. This group of viruses shares a
similar biology and has a common genetic identitywithmany shared genes. The greatest
similarities are found between EBV and rhesusmacaque LCV, and it has been proposed
that this model would be useful in analyzing pathogenesis of infection and, possibly,
vaccination strategies (129). Rhesus macaques can be infected with LCV by the oral
route (130), support persistent asymptomatic peripheral blood infection, shed virus in
saliva, and develop B-cell lymphoma when immunosuppressed (131). A gp350 homo-
logue has been identified in rhesus macaque LCV and is likely to use the same receptor,
the rhesusCD21 equivalent. Experimentswith thismodel are likely to be very expensive.
No results of vaccination studies have been published to date.

Inoculation of lymphocytes from human EBV-positive donors into severe com-
bined immunodeficient mice frequently gives rise to B-cell lymphoproliferative dis-
ease. This animal model has been used extensively (56,132) in the study of EBV
lymphoma but not in vaccine development. In the absence of a satisfactory animal
system it seems reasonable to directly progress to human trials with rationally
designed candidate vaccines, after initial immunogenicity and toxicity evaluation
has been carried out in animals.

HUMAN TRIALS

A recombinant form of the major EBV envelope glycoprotein gp350 has been
expressed in Chinese hamster ovary cells (30) and has been evaluated in human
phase I trials (133). Ultimately, the first target population for this vaccine will be
matriculating college or university students. A proportion of these students will
not have been infected with EBV but many of them will become infected with
EBV during their college years, and about half of the newly infected group will
develop IM. This susceptible population is well defined and accessible for properly
controlled human trials. Early studies (134) indicated that the incidence of IM in
the United States is 65 cases per 100,000, which is greater than that of all reportable
diseases, except gonorrhea. There are no reasons to suppose that this frequency of
IM is significantly different in Western Europe. The high incidence of IM therefore
provides a strong incentive for the development of an EBV vaccine initially for
use in the West not only because of a well defined and accessible target population,
but also because the results of such trials could be known in a relatively short
time. The above factors, among others, have led to a limited commercial interest
in EBV vaccine development. A trial using this population would have endpoints
of EBV seroconversion, development or otherwise of IM, and changes in a range of
immunological parameters such as virus-neutralizing antibodies. Any further pro-
gress in EBV vaccine development will depend heavily on the outcome of
such trials.

Another much smaller target population exists in the form of immunosup-
pressed pediatric transplant patients. Children undergoing stem cell transplant and
solid organ transplants are often EBV seronegative and become seropositive either
through natural infection during their treatment or by infection transmitted by the
transplanted organ itself. The risk of developing PTLD is high in these patients
because of immunosuppression. Trial of a gp350 vaccine is planned in these pati-
ents to determine whether gp350 vaccination offers some protection against PTLD.
There appears to be a correlation between viral load, as judged by quantitative PCR,
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and the development of PTLD. Is this increased viral load a cause or an effect of
PTLD? If it is a cause then a reduction in viral replication by vaccination may have
some effect on the emergence of PTLD.

The observations that the onset of NPC is accompanied by a rise in serum IgA
antibodies against lytic cycle antigens (135,136) and that high anti-VCA titers in
Ugandan children are prognostic for the development of endemic BL (15,137) also
indicate a potential role for intervention with a gp350 vaccine. Answers to the above
questions will not be obtained until candidate vaccines have been evaluated in
human trials. These trials of postinfection vaccination are not currently planned.

Probably the most significant results obtained in EBV vaccine trials to date
with gp350 are with a recombinant derivative of the Chinese vaccinia strain (Tien
Tan) expressing gp350 that was used to vaccinate a small group of both seronegative
and seropositive children in southern China (138). It was reported that antibody
levels to gp350 were increased in those subjects who were already seropositive,
and were induced in those who were seronegative at the beginning of the trial. Six
out of nine vaccinated children who were seronegative for EBV at the time of vacci-
nation remained seronegative for at least three years after vaccination. This particu-
lar vaccinia recombinant used in this trial would probably not be acceptable for
large-scale use because of safety considerations.

FURTHER CONSIDERATIONS IN EBV VACCINE DESIGN

It has been suggested that persistent and/or excessive replication of EBV, as reflected
in serum IgA anti-VCA levels at the onset of NPC, is itself the basis for development
of the disease. Mechanistic explanations may involve EBV-induced cell fusion (139)
or IgA-mediated infection (107) of atypical target cells for EBV along with insuffi-
cient clearance of the infected target cells. Such a scenario is consistent with the per-
sistently high antibody titers to EBV replicative antigens among populations at risk,
and high levels of IgA antibodies against the same antigens marking the onset, and
preceding, the clinical detection of NPC. The masking of ADCC by IgA antibodies has
been another suggested mechanism (140) but the rise in IgA may also reflect an altera-
tion in CD4þ T-cell function. If these, or other mechanisms, are involved, then a post-
exposure vaccine that could better control the lytic cycle of EBV could be expected to
have beneficial effects. Stimulation of CTL responses and modulation of the humoral
responses could be the levels at which a postexposure vaccine might act by changing
the quality and quantity of specific IgG and IgA antibodies, respectively.

The rational design of an EBV vaccine depends on an understanding of the
EBV life cycle and the natural immune responses generated by the virus in vivo in
humans. Current evidence suggests that a small subset of latently infected B-cells
in the circulation or bone marrow escape immune detection because their EBV gene
expression is limited to EBNA1, a molecule resistant to MHC class I–restricted anti-
gen processing and presentation (141,142), and/or LMP2 (143). The presence or
absence of EBV in epithelial cells in the oropharyngeal epithelium has been contro-
versial (17). How the virus moves from the latently infected B-cell in the circulation
to the epithelium, and whether this involves lytic replication in B-cells at any stage is
unknown. Consequently, the development of EBV vaccines and their mode of action
continue to be speculative because EBV biology is not understood well enough.
Immune control of the virus certainly exists because immunocompromised persons
demonstrate increased shedding of virus in the saliva and are predisposed to EBV
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B-cell lymphomas (144,145). Immune responses to EBV include the generation of
virus-neutralizing antibodies against envelope glycoproteins (96), MHC class I–
restricted CTLs recognizing latent antigens (8), ADCC against cells carrying surface
gp350 (146), and MHC class II–restricted T-cell responses (76,96,147–149). Primary
MHC class II–restricted CTLs have been found in seronegative people (150). More
recently, an EBV superantigen activity that stimulates Vb 13 CD4þ T-cells from
cord blood has been discovered (151), but this activity may be the result of EBV acti-
vation of an endogenous retrovirus (152).

CD4þ T-cells can regulate the growth of EBV-infected human B-cells in vitro.
These T-cells induce apoptosis of autologous lymphoblastoid cell lines (LCLs) as
well as heterologous LCLs and certain other tumor cell targets. Further, it was estab-
lished that such control is, in part, via antigen-independent Fas/Fas ligand–
mediated apoptosis (9). EBV gp350-reactive cells induced in the tamarin by gp350
vaccination may act to control EBV-infected cells by similar mechanisms (86,87).
Interestingly, CD4þ T-cells specific for EBV can be detected in EBV-seronegative
individuals (153), and primary responses to EBV include CD4þ T-cells and NK cells
that inhibit EBV transformation in vitro (53).

Patients with IM have some circulating B-cells expressing lytic cycle antigens
(154), but acyclovir treatment has no effect on the course or symptoms of the dis-
ease, although virus shedding is reduced (155). Detection of B-cells expressing the
growth program of EBV in vivo has only been demonstrated in B-cell follicles in
the tonsil of healthy individuals (2). CD8þ CTLs that are frequently cited as being
important in the control of EBV-infected cells may have limited access to the B-cell
follicle because it has been shown that EBV specific CD8þ T-cells lack homing
receptors for lymphoid sites of infection (156). CD4þ T-cells are detectable at
low frequencies within B-cell follicles and may, therefore, interact directly with
EBV-infected B-cells at this site. It is possible that CD4þ T-cells primed by gp350
vaccination would become reactivated on viral challenge. Such cells could influence
the course of IM by inducing apoptosis of EBV-infected B-cells within infected
lymph nodes and by downregulating the large monoclonal or oligoclonal pop-
ulations of CD8þ T-cells that account for much of the lymphocytosis that is
symptomatic of IM (157).

POSSIBLE THERAPEUTIC VACCINATION

Therapeutic vaccination will aim to enhance the immune response against EBV-asso-
ciated tumors, and strategies involving the few EBV latent genes such as EBNA1,
LMP1, and LMP2 that may be expressed in the tumors themselves, would be most
appropriate (158–160). Certain LMP2 CTL epitopes are restricted through HLA
alleles that are common in the Chinese and southeast Asian populations (161). Ther-
apeutic vaccination with defined antigens is a quite distinct approach from other
therapeutic interventions using T-cells or dendritic cells grown ex vivo prior to infu-
sion into the patient.

HowdoNPCandBL escape immune detection and destruction?NPCcells express
normal levels of TAP1/2 andHLA class I molecules, and are able to process and present
some EBV antigens normally. On these grounds, it can be argued that NPC does not
escape immune detection because of a failure in T-cell recognition (162). However, there
aremanyother elementsof theCTLrecognition anddestructionprocess thathave not yet
been evaluated for NPC cells. These could include the expression of coreceptors and
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adhesion molecules, production of cytokines that provide an inappropriate milieu for
CTLs, productionofT-cell inhibitory receptors suchasFas, and alteration in proteasome
function and other tumor cell-specific factors. There is a deficit in peripheral cd T-cells in
NPC patients when compared to healthy persons and those in clinical remission suggest-
ing a role for this cell type in the defense against NPC (163).

One aspect that is likely to be significant is that EBNA1 is not processed for
MHC class I epitope presentation because the internal glycine–alanine repeat blocks
normal proteasome processing (141). Dendritic cells are able to process and present
exogenous EBNA1, and bystander presentation may explain the presence of
EBNA1-specific CD8þ memory T-cells that are refractory to stimulation by autolo-
gous LCLs (164). It seems that NPC cells are not recognized by CTLs that have
EBNA1 specificities in vivo and it is not clear how EBNA1 could be used as a vac-
cine antigen for this purpose. LMP2 expression levels in NPC are extremely low,
although sufficient to prime small numbers of CD8þ memory T-cells in vivo. One
possibility is that, like EBNA1, the EBV LMPs are not processed appropriately
for MHC class I antigen presentation in tumor cells because of altered proteasome
interactions or other related mechanisms. EBV NPC cells have normal levels of
TAP1 and 2, and of proteasome components Lmp2 and Lmp7 indicating that, in
these respects at least, antigen processing should be normal (162). The NPC lines
C15 and C666.1 are able to process and present EBNA3 peptides to CTLs, but this
has not been established for LMP1 and LMP2 in this cell line (165). Although MHC
class 1–restricted CTLs that recognize LMP1 and LMP2 can be detected in healthy
persons, and LMP2-specific CTLs can be detected in NPC patients they appear to be
relatively uncommon (165–167). LMP1 can be ubiquitinated and degraded through
a proteasome pathway (168), so it is not understood, at present, why LMP1-specific
CTLs are absent or very rare. Similarly, the degradation and processing pathways
for LMP2 are unknown. However, it is known that MHC class I–restricted antigen
presentation of LMP2 is unusual in one respect. Some, but not all, LMP2 epitopes
are presented independently of TAP (169). The subdominance or absence of appro-
priate CTL activities against LMP1 and LMP2 on NPC or HD tumor cells may be a
factor in the establishment of these tumors.

A novel method of enhancing CTL responses to LMP1 and LMP2 using a
nontoxic, recombinant B-subunit of Escherichia coli heat-labile enterotoxin (EtxB)
has recently been devised (170). EtxB and its counterpart, the cholera toxin B-sub-
unit, are being investigated by a number of groups for their capacity to induce
mucosal immune responses. EtxB undergoes rapid aggregation and internalization
following binding to its ganglioside receptor GM1 found within glycosphingoli-
pid-rich rafts on mammalian cell membranes. On EBV-infected LCL, both EBV
LMP1 and LMP2 are also found within the rafts that are enriched for GM1
(171,172). EtxB reacts with GM1 and colocalizes with LMP1 and LMP2 on the cell
surfaces of EBV-positive LCLs. Both EtxB and the LMPs undergo capping and
internalization following binding of EtxB to GM1. This phenomenon gives rise to
a substantial increase in HLA class I–mediated killing of EtxB-treated LCL targets
by CD8þ CTL lines specific for known LMP1 and LMP2 epitopes. These effects are
proteosome-dependent and limited to raft-associated viral antigens. Enhanced CTL
responses are found against both TAP-dependent and TAP-independent LMP2 epi-
topes. These findings demonstrate potential therapeutic applications for EtxB in
NPC and HD. Furthermore, EtxB, being a well-characterized mucosal adjuvant
(173,174), may have a particular application to NPC in the induction of LMP2-
specific CTLs in the nasopharynx.
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CONCLUSIONS AND FUTURE OBJECTIVES

NPC was the first malignant tumor of humans where a close association with a virus
was substantiated by the repeated demonstration of the presence of EBV DNA
sequences in the tumor cells (18). The factors determining the odd geographical clus-
tering of NPC in North Africa, Greenland, and particular regions of southern China
are not understood (175–179), and the suggested pivotal role of EBV can only be
proven by effective vaccination. The rationale for a prophylactic EBV vaccine to
control NPC must allow for the fact that most primary infection occurs in the first
few years in life and almost the entire population is eventually infected. The modifi-
cation of EBV infection would perhaps be worth attempting in these regions. In
other areas where NPC is far less frequent, and also for those who are already
infected, the possibility of postinfection and therapeutic vaccination should be given
serious consideration. The correlates of protective immunity in humans that either
prevent EBV infection or provide resistance against EBV-associated diseases are
not known. Virus infection persists for life in the face of what appear to be consider-
able humoral and cell-mediated immune responses. Until human trials have taken
place, it is unlikely that any correlates of protective immunity against either infection
or disease will become known. The success of gp350-based EBV vaccines depends on
the role of gp350 and lytic replication in infection and disease. Primary infection of
B-cells in the oropharynx is mediated by gp350 in the viral envelope, but it appears
that gp350 is not absolutely required for this essential stage in the infectious cycle.
Vaccine-induced mucosal IgA against gp350 could well act at this level, controlling,
to some extent, but probably not preventing infection (180). IgA may also enhance
infection in some circumstances (107). It is impossible to say at this stage what effects
gp350 vaccine–inducedmucosal or systemic immune responses might have on primary
EBV infection or existing EBV infection. Once latency has been established, will
immune responses in the vaccinee be more effective in preventing EBV disease than
in a healthy unvaccinated seropositive person? Ultimately, successful EBV vaccines,
either therapeutic or postinfection, will be made up of a number of EBV components
derived from lytic cycle envelope glycoproteins and latent antigens. The conducting of
properly controlled human trials to evaluate the options set out above is clearly the
first priority, and little further progress can be expected until they take place.
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Figure 4-1 (A) Expansion of the paracortex with proliferation of lymphoid blasts is seen in an

infectious mononucleosis tonsil (H and E). Note occasional Reed-Sternberg-like cells (arrow). (B)

Immunohistochemistry reveals expression of the CD20 B-cell antigen in most lymphoid blasts (red

membrane staining). (C) There are also numerous admixed CD3-positive T-cells, including larger,

activated cells (red membrane staining, arrows). (D) In situ hybridization with radiolabeled EBER-

specific probes reveals numerous EBV-positive cells in the paracortex (black labeling), including

multinucleated Reed-Sternberg-like cells (arrow). (D, inset) A proportion of these cells express the

CD30 activation antigen as shown by double labeling (inset red staining). (E) Variable proportions

of lymphoid cells express LMP1 (red membrane staining). Note a LMP1-positive Reed-Sternberg-

like cell (arrow). (F) Variable proportions of lymphoid cells express EBNA2 [red nuclear labeling

(arrows)]. Abbreviations: EBNA, Epstein- Barr nuclear antigen; EBER, EBV encoded RNA; EBV,

Epstein-Barr virus; LMP, latent membrane protein. (See page 61.)



Figure 8-6 Primary CNS lymphoma in an AIDS patient. Same patient as in Figure 5 (Chapter 8).

(A) Stained for L26, a B lymphocyte marker. (B) Stained for CD3, a T lymphocyte marker. This

shows that the neoplastic cells are B lymphocytes, in accord with the known tropism of EBV. Source:

Courtesy of Dr. William Kupsky, Division of Neuropathology, Harper University Hospital, Detroit,

Michigan. (See page 160.)

Figure 8-7 Primary CNS lymphoma in an AIDS patient. Same patient as in Figure 6 (Chapter 8).

Immunostained for the EBV-antigen, LMP-1, which is a marker of latent infection. Note expression

in the cytoplasm of the neoplastic cells. Source: Courtesy of Dr. William Kupsky, Division of

Neuropathology, Harper University Hospital, Detroit, Michigan. (See page 161.)



Figure 14-1 Expression of EBER in premalignant nasopharyngeal epithelium carrying allelic

deletion of chromosomes 3p and 9p. Note the expression of EBER in the high-grade precancerous

lesion but its absence in the low-grade precancerous lesion. Allelic deletion of chromosomes 3p

(at locus D3S1076) and 9p (at loci IFNA and DS9161) could be detected in both high- and low-

grade precancerous lesions of nasopharyngeal epithelium, suggesting that the deletions occur

before EBV infection. Abbreviations: EBER, Epstein-Barr virus encoded ribonucleic acids; EBV,

Epstein-Barr virus. (See page 277.)



Figure 15-1 Photomicrographs of tumor specimens studied to detect EBV. Panel (A) (630) shows

in situ hybridization of a leiomyosarcoma specimen from an HIV-positive patient (Patient 1). When

tested with the EBER probe, the sample shows bright-red nuclear staining, indicating prominent

hybridization of the biotinylated probe. Panel (B) ( 250) shows immunoperoxidase staining of the

tissue from Patient 1 with antibody to the EBV receptor (CD21). The golden-brown precipitate

observed on staining with DAB peroxidase reveals masses of tumor cells that bound the CD21 anti-

body. Under identical conditions, a pan-B cell antibody, CD20, did not react with the tissue. Panel

(C) ( 630) shows in situ hybridization of a leiomyoma specimen from an HIV-negative patient

(Patient 10). When this sample was tested with the EBER probe as in Panel A, there was no

detectable hybridization of the probe. Panel (D) ( 250) shows immunoperoxidase staining of the tis-

sue from Patient 10 with antibody to CD21. There are moderate numbers of golden-brown precipi-

tates in the muscle fibers on staining with DAB peroxidase. Abbreviations: DAB,

3,30-diaminobenzidine; EBV, Epstein- Barr virus; EBER, EBV-encoded ribonucleic acid; HIV,

human immunodeficiency virus. Source: From Ref. 51. (See page 300.)


