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Dedication to Kristin S. Loomis, Executive Director,
HHV-6 Foundation

We want to pay tribute to Kristin for her hard and never-ending work on pro-
moting HHV-6 research, educating practicing physicians and disseminating infor-
mation about HHV-6 to patients and their family members.

In April 2004, Kristin and Annette Whittemore co-founded the HHV-6 Foun-
dation, and Kristin became the Executive Director. Kristin’s motivation, imagi-
native nature, hard labor and devotion to promote understanding of this pathogen
and to look for a cure to help many patients is as strong now as when she began this
journey. Her knowledge of HHV-6 and her drive to make things happen have
impressed and intrigued many experts on HHV-6 and persuaded them to join in her
efforts. She is confident that we will one day conquer HHV-6 infection and alleviate
the suffering.

Kristin became interested in HHV-6 when her eldest child was diagnosed with
HHV-6A CNS infection, with cognitive disorders. Although she had no medical
background (Wellesley BA in economics and Harvard MBA) Kristin then taught
herself about HHV-6 by reading scientific articles and by speaking with scientists
and clinicians.

We, the scientists, are very grateful to Kristin for her encouragement, support
and for making so many resources available through the HHV-6 Foundation. We
sincerely hope that her dreams will become a reality and that would be the greatest
reward of her life.

Dharam Ablashi
Santa Barbara, CA, USA
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Foreword

In some ways human herpesvirus-6 (HHV-6) is a real oddity. The way it was
discovered and the extraordinary opposed feelings about its importance, ranging
from belief in its role in a host of diseases (real ones and perhaps imaginary ones as
well) to its total disregard are two good examples. I would like to comment on
both.

In the middle of the 1980s, early 1985 to be precise, our group at National Cancer
Institute (NCI) was rather overwhelmed by the HIV and still facing new concepts
with HTLV-1 and HTLV-2. Chiefly, however, we focused on HIV pathogenesis, and
as a part of these studies we decided to include studies of the mechanisms involved in
HIV’s role in carcinogenesis, i.e. its role as a powerful co-carcinogen. Because Kaposi
sarcoma and B-cell lymphomas were far, far the most common neoplasias associated
with HIV infection and virtually no group at NCI was studying them, I turned my
attention to a study of their pathogenesis. It was the work with B-cell lymphomas
that led to the discovery of HHV-6. In my thinking B-cell lymphomas were mainly
caused by accidents in the Ig gene rearrangements that normally take place in B-cells,
and this rare event would be more probable if there were a chronic antigenic drive
such as malaria in Burkitt’s lymphoma and presumably HIV antigens in HIV-
infected persons. Also, those B-cells infected by Epstein—Barr virus (EBV) would
more likely be selected because such cells can be immortalized by this herpesvirus.
Further, I knew that only approximately one-third of all B-cell lymphomas
associated with HIV infection were EBV positive. Consequently, I speculated that
it was likely that another herpesvirus would be involved which, like EBV, could
immortalize B-cells, and if we looked for them we would discover them. As is often
the case, the idea was productive but its details were wrong. Soon patients with B-cell
lymphoma became available. We obtained peripheral blood mononuclear cells
(PBMCs) and splenic tissue, obtained preliminary data for a herpesvirus and soon
isolated HHV-6 from it. We called the virus HBLV for human B-lymphotropic virus.
Who were “we”?—A technical assistant, Mr. Z. Salahuddin, who was with me
culturing hematopoietic and related cells since the 1970s and the newly acquired
Dr. Dharam Ablashi. Fortunately, I had Dharam received into my group from
Dr. Stuart Aaronson’s department. Suffice it is to say Dharam was pivotal to all of
this early work, but soon others in my laboratory joined in an effort to better define
its properties and its prevalence. One such individual was my post-doctoral fellow,
Paolo Lusso. He was important to our studies showing that this new herpesvirus was
pan-T tropic (mainly mature T-cells) and selectively neurotropic. We renamed



xii Foreword

HBLYV as HHV-6, and certainly no one could debate the choice of this safe name.
(See his chapter in this book for an update on this topic.)

At this point (1986-1987), my interest in HHV-6 became two-fold: (1) Did it
have any role in cancer, i.e., in any B-cell lymphomas? We found no evidence for
this. (2) Was it a co-factor in AIDS progression? This was a suspicion we harbored
because HHV-6 killed many infected T-cells when actively replicating, and pre-
sumably an HIV infection would ultimately lead to the loss of control of HHV-6. I
do not believe we ever proved its co-factor role in AIDS progression, but this point
remains of interest and will surely be discussed in some of the chapters in this book.
Fascinating and tantalizing results have also been reported of a linkage of HHV-6
to multiple sclerosis, especially by S. Jacobson and his colleagues, which are also
reviewed here. I believe this will remain tantalizing but not demonstrated until a
day arrives when we have a safe and specific drug that inhibits HHV-6, and is
clinically shown to improve (or not) the waxing stages of MS.

The second oddity, namely, the passionate feelings pro and con of HHV-6’s
importance in human disease is more difficult to understand. Once in an intro-
duction on me, Tony Epstein (of EBV) noted that HHV-6 was the first new human
herpesvirus found in over 25 years. This drought may have led herpesvirologists
and others moving into the field of HHV-6 to be more than average in their
enthusiasm and passion for their work. More often than we would wish, this
“passion’” has spilled over into the popular and the not so popular press and has
hurt the whole field. As a result, this book, composed of articles written by experts
many of who have brought this subject into modern science, fulfills a real need. In
addition to those topics I have already mentioned, the articles in this book are
rather all encompassing and extend from classification (by Ablashi, a pioneer of
HHV-6), HIV structure and components (see chapters by Zhou/Krueger, Gompels
and Mori) to the more applied—diagnosis and epidemiology, serology, organ
pathology (a host of authors), animal models (Genain) and theory (Brewer and
DeClercq/Naesens). Without doubt, this book covers our current knowledge on
this virus, lets the reader know how much we do not know, and how real is what we
believe we know.

Robert C. Gallo
Baltimore, MD, USA
August 2005.
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Foreword

It has been almost 20 years since human herpesvirus-6 (HHV-6) was isolated. The
last comprehensive book concerning HHV-6 was published in 1992. Since its pub-
lication, there has been a rapid and continual increase in our understanding of the
virology, as well as, the pathophysiology of HHV-6 infection. The genome of the
virus was sequenced and two major strains of HHV-6 were identified. Extensive
research has been performed in determining the regulation of HHV-6 gene ex-
pression and many of the proteins encoded by the virus have been characterized.
While this suggests that the molecular characterization of HHV-6 and the proteins
that it encodes is nearing completion, there is still much that we have to elucidate
concerning how these proteins participate/contribute to the pathology and patho-
genesis of HHV-6-associated disease.

HHV-6 has been shown to be a significant pathogen related to diseases in
young children contributing to risks for encephalitis, severe convulsions and fever.
There are also several reports that suggest an association of HHV-6 with multiple
sclerosis. There is evidence that the virus can modulate the physiology of secondary
lymphoid organs by direct infection of T-lymphocytes resulting in immune dys-
regulation. The broad range of illnesses associated with HHV-6 even include a role
in the risk for basal cell carcinomas. Further studies are needed to understand these
relationships. Additional studies are also needed to understand how HHV-6 in-
teracts with other human herpesviruses in infected cells, as well as, with human
immunodeficiency virus. This book will not only be an important reference source
for HHV-6 studies in years to come, but it should stimulate increased interest in
this unusual human herpesvirus.

Ronald Glaser
Marshall V. Williams



This page intentionally left blank

Xiv



XV

Preface

Human-herpesvirus-6 (HHV-6) was discovered over 20 years ago. The first com-
prehensive account of HHV-6 in book form was published in 1992. Since then
nearly 1000 scientific articles have appeared in various journals, leading to a greater
understanding of this pathogen. It has become apparent from many studies that
HHV-6 is a serious pathogen in certain populations and under certain conditions.
There is also growing evidence that low-grade chronic infections can cause CNS
pathology and trigger autoimmune disease. HHV-6 is rarely considered in the
clinical differential diagnoses. Clinicians typically do not search for HHV-6, and if
they do, they will find only few laboratories providing the serum PCR tests that can
differentiate between active and latent viruses. The PCR tests are reasonably sen-
sitive for picking up acute reactivation and roseola, but cannot detect low-grade
chronic disease. The test available at most hospitals can only indicate that an
infection has happened in the past, which given the high occurrence of the virus, is
an ineffective test, other than for the pediatrician in identifying primary roseola.
Most commercial PCR DNA tests currently on the market for reactivated HHV-6
are of poor sensitivity and often cannot detect HHV-6 even in patients with HHV-6
encephalitis with seizures. While scientists may disagree about whether serological
or molecular assays will eventually result in the best assay, there is no disagreement
about the inadequacy of the existing assays.

Even in the age of molecular biology, the clinical diagnosis of a certain disease
caused by a virus, remains a clinical diagnosis and is not determined by the sole
evidence for the presence of a viral genome. Even the rise of certain antibody titers
does not necessarily indicate that this virus is the cause of the disease, and it is
difficult to apply Koch'’s classic criteria to many viral infections, especially to those
of high lifetime prevalence like HHV-6. Thus, our knowledge of etiology and
pathogenesis of HHV-6-associated diseases can only come from the combined
efforts of clinicians, virologists, molecular biologists and pathologists.

It is the purpose of this book to provide an up-to-date and concise overview of
what is currently known about HHV-6. We have attempted to cover the entire field
of clinical, epidemiological, immunological and molecular biology of HHV-6.

We are grateful to have found the collaboration of leading experts contributing
various topics of individual chapters. As their experience naturally varies according
to their own activities, it cannot be avoided that certain differences in opinion may
be voiced in the various chapters. We have not attempted to interfere with the
author’s choice of materials to be discussed and with their interpretation. We hope
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to provide with this book a stimulus for future investigations and—above all—for
better diagnosis and treatment of our patients.

The present monograph is organized in four parts: Part I provides a brief
overview of general virology; Part II reviews current diagnostic techniques and
epidemiologic data; Part III focuses on HHV-6-associated diseases in individual
organ systems with special chapters on AIDS, transplantation, chronic fatigue
syndrome, multiple sclerosis, other CNS disorders and on treatment; and Part IV
finally concludes the book by referring to some new avenues of research. The book
should thus be a valuable reference for both clinical and basic scientists including
epidemiologists, virologists, pathologists and essentially all scientists entering the
field of herpes virus research.

The editors of this volume, who worked together in HHV-6 studies for all of the
20 years since the virus was detected, are especially grateful to Elsevier Science
Publishers and their series editors, Professor Arie J. Zuckerman and Isa K.
Mushahwar, who always provided us with an excellent opportunity to publicize the
knowledge of this virus. It started with the special volume of the Journal of Viro-
logical Methods (Vol. 21: Diagnostic Techniques of Persistent Active Herpesvirus
Infections) and continued with two volumes of Perspectives in Medical Virology
(Vol.4 and the current issue). It was a great pleasure working with Elsevier’s Paul
Taylor (previous issues) and Lisa Tickner, Clare Rathbone and Joanna De Souza
(current issue). Without their understanding support our work would probably not
have been accomplished. Last but not least, we are gratefully mentioning again Drs.
van Dommelen of Organon Teknika NV, The Netherlands, and Albert Ramon,
associate professor of Cell Biology, University of Antwerp, Belgium, who construc-
tively fostered some early herpesvirus studies and our previous publications.

Gerhard R.F. Krueger
Houston, Texas & Cologne, Germany

Dharam V. Ablashi
Santa Barbara, California & Washington, DC
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Discovery

The discovery of herpesvirus-6 (HHV-6) dates back to early 1985 when Zaki Sal-
ahuddin, in Dr. Robert Gallo’s Laboratory of Tumor Cell Biology, was establish-
ing long-term cultures from peripheral blood and splenic tissue of AIDS patients.
He frequently found large syncytia that were distinct from HIV-1-induced syncytia.
What he really saw in the peripheral blood mononuclear cells (PBMCs) of at least
6-8 patients with B-cell lymphoma were large, refractile cells (Fig. 1), always either
single or, occasionally, two or more together. These cells began to disappear after a
few days in culture, even in the presence of IL-2. The individuals with these cells
were all AIDS patients with or without lymphoma. When these cells were stained
with Giemsa, they were often multinucleated, or two large nuclei basically covered
the entire cell (Fig. 2). The PBMCs of one particular lymphocytic leukemia patient,
a 17-year-old boy, received in March 1985 from Dr. Gregory Halligan of Phil-
adelphia, showed these bizarre-looking cells following mitogen stimulation. These
PBMCs were sent to Dr. Matthew Gonda at the Frederick Cancer Research
Center, Frederick, MD. Herpesvirus-like particles were observed in large numbers
(Fig. 3), and a great majority of these particles were extra cellular, with an
enveloped virion diameter of 160-200 nm. A repeat sample of PBMCs from this
patient was obtained on April 17, 1985, and similar cells reappeared in the culture.
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Fig. 1 Peripheral blood mononuclear cells (PHA stimulated), cultured from AIDS patient with B-cell
lymphoma, showing large refractile cells. (for colour version: see colour section on page 345).

Fig. 2 Giemsa-stained peripheral blood mononuclear cells, containing refractile cells, showing multi-
nucleated giant cells. (for colour version: see colour section on page 345).

After careful analysis for the presence of HIV-1, HTLV-I, and HTLV-II, the only
virus particles evident were the herpesvirus-like particles. Since it was a herpesvirus
and found in a PBMCs culture, not much was done except storing the virus in a
—70 °C freezer, and cells were stored in liquid nitrogen.

Because of my interest in the role of EBV in AIDS B-cell lymphomas, I was
invited to join Dr. Gallo’s group in June 1985 and I began to look at the infection
of EBV with HIV-1 (IIIB) (these data were published). During these investigations,
it was evident that B-cells lacking EBV could not be infected with HIV-1. When,
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Fig. 3 Herpesvirus particles in various stages of maturation obtained from cultured PBMCs of a patient
(GS) co-cultivated with human cordblood mononuclear cells.

however, B-cells were converted to EBV, positivity or cell lines carrying the EBV
genome expressing CD4 ™, receptor could be infected with HIV-1. One day, while
this line of research was progressing, Zaki Salahuddin and Dr. Gallo asked me to
look at another herpesvirus isolate, which they had frozen. They felt that since it
was found in the PBMCs of their AIDS patient with B-cell lymphoma, it might be a
variant of EBV that might be immortalizing cells. Zaki and I were able to transmit
the cell-free supernatant obtained from cell cultures infected with this virus to fetal
cord blood mononuclear cells. It was very clear that PHA must stimulate such cells;
otherwise, the infection would not be effective. More than 50% of the inoculated
cord blood mononuclear cells showed bizarre-looking, extremely large cells, which
appeared between three and seven days, post infection. We called these cells as
“juicy cells”. We consulted Dr. Bernard Kramarsky (then from Electronucleonics,
Inc., of Silver Spring, MD), who had knowledge and experience with the ultra-
structure of viruses. He believed that these herpesvirus particles could not be EBV
since this virus shows very few extracellular particles. He also noted that the
tegument was much more pronounced than that of EBV and similar to CMV
(Salahuddin et al., 1986; Biberfeld et al., 1987).

The task assigned to me by Dr. Gallo was to characterize the herpesvirus isolate
and to rule out any possibility of contamination by other viruses. I spent about six
months studying its biologic and immunologic characteristics. At this time, Dr.
Gary Pearson of the Georgetown University School of Medicine was brought into
the picture. He provided me with all the EBV and CMV monoclonal antibodies as
well as some good suggestions. I tested all the available monoclonal antibodies of
human herpesviruses and herpesvirus Saimiri, a primate herpesvirus that can grow
in human cells. I also used sera from Rhesus monkeys, African green monkeys,
chimpanzees, and baboons to see whether there was any cross-reactivity. The
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results were clearly negative. Dr. Steve Josephs, a molecular virologist in Dr.
Gallo’s laboratory, trained in retrovirology by Dr. Flossy Wong-Staal, worked
with me to analyze the isolate by generating probes and performing hybridization
with human and simian herpesviruses. Our first dot-blot hybridization showed
slight reactivity to CMV, but not to EBV, HSV, or VZV (Josephs et al., 1986).
Since Dr. Pearson and I were experienced with EBV immunofluorescence, I
used the indirect immunofluorescence assay (IFA) to test the patient’s sera for IgG
antibody. The patient’s serum and infected cord blood mononuclear cells provided
us with the way to screen sera from other patients (Fig. 4). Dr. Peter Biberfeld of
the Karolinska Institute, Stockholm, Sweden, performed the immune electron mi-
croscopy using patients’ serum. His results, which were published in the Journal of
the National Cancer Institute (Biberfeld et al., 1987), showed very strong positivity.
We also performed the adsorption studies using the patients’ plasma and showed
the specificity of the serum to this virus after adsorption with other herpesviruses
(Buchbinder et al., 1989). We were then convinced that we had a new herpes agent,
which we called GS isolate. Since we had found this agent in AIDS patients more
frequently, we thought it might be the causative agent of AIDS-associated lymph-
oma. Since our original patients were either AIDS or other lymphoproliferative
disorder or lymphoma patients, we decided to call this virus HBLV. When we
presented our data to Dr. Gallo, he was of the opinion that we should be certain
that this was not a contamination by another herpesvirus. He also said that since he
was not a herpes virologist, we should seek the opinion of an established herpes
virologist. Dr. Gallo, at my suggestion, called Dr. Bernard Roizman of the Uni-
versity of Chicago, to discuss our HBLV data with him. Dr. Roizman suggested
that since Dr. Elliot Kieff, his former student and an expert on EBV, was coming to
Washington, we should show our data to him, which we did. After looking through

Fig. 4 Immunofluorescent staining of HHV-6-infected human cordblood mononuclear cells with pa-
tient GS serum. (for colour version: see colour section on page 346).
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our data books, Dr. Kieff asked whether we could give him some viral DNA so that
he could check it in his own laboratory. After about two weeks, Dr. Kieff called us
to say that we could publish our data on this virus, as a new herpesvirus. Dr.
Roizman was also comfortable with these data. The last human herpesvirus re-
ported prior to this was EBV in 1966 by Sir M.A. Epstein. Because of such a long
gap in the discovery of a new herpesvirus, most people we talked to were unwilling
to believe that we had found a new herpesvirus. In fact, those who reviewed our
manuscript for Science were very critical and believed that we had found a CMV
variant. Before our two papers on HBLV appeared in Science (Josephs et al., 1986;
Salahuddin et al., 1986), Dr. Debra Barrens from Science visited our lab and spent
two hours with us looking through the HBLV cultures, IFA slides, and other data.
She was very excited when she realized that this was something new and could be
associated with AIDS. After the papers on these studies were published in Science,
people called and wrote to us saying that they had also seen these strange-looking
cells in the culture of PBMCs from AIDS patients.

The name HBLV—was it a mistake? I do not say that it was. At present, all
lymphomas found with HHV-6 DNA are of B-cell origin (Josephs et al., 1988),
with the exception of one disseminated T-cell lymphoma (Jarrett et al., 1988).
Later, I was unable to infect B-cells with HHV-6 in vitro unless EBV DNA was
present. In fact, the laboratories of Dr. Jos¢ Menezes, University of Montreal,
Canada, and Dr. Jonas Luka, Eastern Virginia Medical School in Norfolk,
VA, showed that not only are the EBV genome-positive B-cells infectable with
HHV-6, but that HHV-6 can also activate EBV antigens such as EA, VCA, and
Zebra protein (Flamand et al., 1993). After Dr. Paolo Lusso, then a post-doc in Dr.
Gallo’s laboratory, characterized the infected cells as T-cells (Lusso et al., 1987,
1988), we were the first group to change the name from HBLV to HHV-6 in a brief
report (Ablashi et al., 1987). Later Lusso et al. (1988) conducted more detailed
studies of the T-cells infectable with HHV-6. So far, it is evident that HHV-6 has a
somewhat wide host range (Ablashi et al., 1988).

To summarize, was the discovery of HHV-6 a lucky chance, or was it keen
observation on the part of Zaki Salahuddin and Dharam Ablashi? Once this occurred,
Zaki and I, along with Drs. Joseph, Kramarsky, and Lusso, helped to characterize
HBLV. We would have never found this virus if our clinical collaborators, Drs.
Halligan and Mark Kaplan of the North Shore University Hospital, Long Island,
NY, had not provided us with the specimens. Drs. Robert Gallo and Flossy Wong-
Staal not only gave us moral support and encouragement, but also made necessary
resources available to us for the discovery of HHV-6. We also acknowledge the
critical help of Drs. Roizman and Kieff. The rest is history, because we can now look
back and say that we made a valuable contribution to the advancement of science.

Nomenclature and classification

HHV-6 is a double-stranded DNA virus belonging to the human herpesviridae
family (Braun et al., 1997). Herpesviruses are generally highly disseminated in
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nature. To date, herpesviruses examined from animals and humans are able to
remain latent in their natural host. The cell harboring latent virus genomes take the
form of closed circular molecules and only a small subset of viral genes are ex-
pressed. Latent genes retain the capacity to replicate and cause disease upon re-
activation from the latent state, with HHV-6 not being an exception to this process.
This may differ from one virus to another. The International Committee on the
Taxonomy of Viruses (ICTV) endorsed nomenclature consists of the designation of
herpesviruses by serial Arabic number and the family or sub-family of the natural
host of the virus (e.g. HHV-6, HHV-7, etc.). The ICTV classified human herpes-
viruses into three sub-families, i.e. alpha, beta, and gamma, and ecight human
herpesviruses, i.e. HSV-1, HSV-2, VZV, CMV, HHV-6, HHV-7, EBV, and HHV-§
were put into these sub-families (Fig. 5) on the basis of their biological properties,
before DNA sequences of the individual members of the family were known. ICTV
also classified a small number of herpesviruses as to genera, based on DNA se-
quence homology and similarities in genomic sequence demonstrated by immuno-
logic methods.

HHV-6 is ubiquitous, with 90% seropositivity in adults. HHV-6 variants HHV-
6A and HHV-6B are classified as members of the beta-herpesvirus sub-family
(Braun et al., 1997; Campadelli-Fiume et al., 1999; Krueger and Ablashi, 2003;
DeBolle et al., 2005). The other two members are human cytomegalovirus (HCMV)
and HHV-7. A non-exclusive characteristic of the members of beta-herpesvirinae is
a restricted host range. The reproductive cycle is long and the infection progresses

HUMAN HERPESVIRUSES (HHV)

HHV-1 HHV-2 HHV-3

Alpha
Herpesviruses

Beta
Herpesviruses

Gamma
Herpesviruses

Fig. 5 Sub-families of Human Herpesviruses. (for colour version: see colour section on page 346).
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slowly in culture. Infected cells more frequently become enlarged, as seen with
HHV-6 (Fig. 1) and carrier cultures are established readily. The virus can be
maintained in the latent state in secretory glands, lymphoreticular cells, and other
tissues. This sub-family containing the genera cytomegalovirus and Roseolavirus
(HHV-6A and HHV-6B, HHV-7) are characterized by growth in T-cells, although
they infect other cells. The HHV-6 genome consists of a large (160-170 kb) unique
(u) region flanked by sorter (8-9kb) direct repeats (DR). Some reading frames
(ORFs) are found in all herpesviruses, some are in Roseolaviruses only and are
unique to HHV-6. The members of the Roseola genus share the standard feature of
herpes virion structure; an icosahedral capsid 90-110 nm in diameter, containing
145-170 kb double-stranded DNA genome, a tegument surrounding the capsid and
lipid-layer envelope. This is studded with viral-specified integral membrane protein
and glycoproteins-enveloped extracellular virion (160-200 nm in diameter). Com-
pared with CMV and HHV-7, HHV-6 teguments are smooth and fill the spaces
between the capsid and envelope (Biberfeld et al., 1987; Braun et al., 1997).

The two HHV-6 variants HHV-6A and HHV-6B (Ablashi et al., 1993) are quite
distinct molecularly and biologically, although they are closely related and share
90% of nucleotide sequences. This makes them different viruses, since regions of
their genome differ by as much as 31%. Cell tropism in HHV-6 is notably
lymphotropic and neurotropic, but it infects and replicates in a wide range of
human cells, both in vitro and in vivo, probably due to the ubiquity of the major
HHV-6 receptor CD46 (Gompels et al., 1995; Krueger and Ablashi, 2003; Braun
et al., 1997; DeBolle et al., 2005). The most efficient replication is in CD4 " T-cells,
but it also grows readily in activated PBMCs. HHV-6A and HHV-6B are distin-
guished by the cultured lymphocyte cell lines in which they replicate. Both HHV-
6A and HHV-6B can be detected in the lymphocytes, monocytes/macrophages,
PBMCs, salivary glands, and the central nervous system (oligodendrocytes) (Inoue
et al., 1994; Braun et al., 1997; Clark, 2000; Krueger and Ablashi, 2003; DeBolle
et al., 2005).

The route of transmission of HHV-6A is unclear, but the transmission of HHV-
6B is through saliva (Braun et al., 1997; Campadelli-Fiume et al., 1999; Clark,
2000). The HHV-6 genome is transcribed in three distinct phases: (i) immediate
early (IE), (ii) early, and (iii) late. The highest degree of sequence divergence is
found in IE region and may be target in developing assays that would differentiate
variants HHV-6A and HHV-6B infection.

There has been a lot of discussion and argument about what to call the HHV-6
variants. Drs. S. Roizman and Philip Pellet mentioned in the chapter on “The
family of herpesviridae: A brief introduction” (Roizman et al., 2001) that thus far,
nine human herpesviruses have been isolated from humans, i.e. HSV-1, HSV-2,
VZV, HCMV, EBV, HHV-6A, HHV-6B, HHV-7, and HHV-8. The reasoning
behind reclassifying or renaming these two HHV-6 variants according to herpes-
virus nomenclature is based on the facts that related viruses should be classified as
distinct species and that their genomes differ in a readily assayable and distinct
manner, or across the entire genome and that the virus can be shown to have
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distinct epidemiological and biological characteristics. To support epidemiological
studies of variants HHV-6A and HHV-6B, assays that can differentiate its anti-
bodies directed to variant HHV-6A or HHV-6B are needed. Most of the immu-
nologic assays to detect antigens or antibodies are crucial to the pathobiology of
the virus and epidemiology. The detailed characteristics of HHV-6 properties,
replication, reactivation, latency, persistent, and lytic infection are covered in var-
ious chapters in this book.

References

Ablashi DV, Agut H, Berneman Z, Campadelli-Fiume G, Carrigan D, Ceccerini-Nelli L,
Chandran B, Chou S, Collandre H, Cone R, Dambaugh T, Dewhurst S, DiLuca D,
Foa-Tomasi L, Fleckenstein B, Gallo R, Gompels U, Hall C, Jones M, Lawrence G,
Martin M, Montagnier L, Neipel F, Nicholas J, Pellett P, Razzaque A, Torrelli G,
Thomson B, Salahuddin S, Wyatt L, Yamanishi K. Arch Virol 1993; 129: 363-366.

Ablashi DV, Lusso P, Hung CL, Salahuddin SZ, Josephs SF, Llana T, Kramarsky B,
Biberfeld P, Markham PD, Gallo RC. Int J Cancer 1988; 42: 787-791.

Ablashi DV, Salahuddin SZ, Josephs SF, Iman F, Lusso P, Gallo RC, Hung CL, Lemp J,
Markham PD. Nature 1987; 329: 207.

Biberfeld P, Kramarsky B, Salahuddin SZ, Gallo RC. J Natl Cancer Inst 1987; 79: 933-942.

Braun DK, Dominguez G, Pellet PE. Clin Microbiol Rev 1997; 10: 521-561.

Buchbinder A, Ablashi DV, Saxinger C, Josephs SF, Salahuddin SZ. Lancet 1989; 1: 217.

Campadelli-Fiume G, Mirandola P, Menott L. Emerg Inf Dis 1999; 5: 353-366.

Clark DA. Rev Med Virol 2000; 10: 155-178.

DeBolle L, Naesens L, DeClercq E. Clin Microbiol Rev 2005; 18: 217-245.

Flamand L, Stefanscu I, Ablashi DV, Menezes J. J Virol 1993; 67: 6768—-6777.

Gompels UA, Nicholas J, Lawrence G, Jones M, Thomson BJ, Martin MED, Efstathiou S,
Craxton M, Macauley HA. Virology 1995; 209: 29-51.

Inoue N, Dambaugh TR, Pellet PE. Infec Agents Dis 1994; 184: 343-360.

Jarrett RF, Gledhill S, Qureshi F, Crae SH, Madhok I, Brown I, Evans A, Kraiewski A,
O’Brien CJ, Cartwright RA, Venables P, Onion DE. Leukemia 1988; 2: 496-502.

Josephs SF, Buchbinder A, Streicher HZ, Ablashi DV, Salahuddin SZ, Guo H, Wong-Staal
F, Cossman J, Raffield M, Sundeen J, Levine PH, Biggar R, Krueger GRF, Fox RI, Gallo
RC. Leukemia 1988; 2: 132-135.

Josephs SF, Salahuddin SZ, Ablashi DV, Schachler F, Wong-Staal F, Gallo RC. Science
1986; 234: 601-603.

Krueger GRF, Ablashi DV. Intervirol 2003; 46: 257-269.

Lusso P, Markham PD, Schachler F, Veronese FD, Salahuddin SZ, Ablashi DV, Pahwa S,
Krohn K, Gallo RC. J Exp Med 1988; 167: 1659-1670.

Lusso P, Salahuddin SZ, Ablashi DV, Gallo RC, Veronese FD, Markham PD. Lancet 1987;
11: 743-744.

Roizman B, Pellett PE. The family of herpesviridae: a brief introduction. In: Fields Virology
(Knipe DM, Howley PM, editors). vol. 2. Lippincott, Williams & Wilkins; 2001; p. 2381.

Salahuddin SZ, Ablashi DV, Markham PD, Josephs SF, Sturzenegger S, Kaplan M,
Halligan G, Biberfeld P, Wong-Staal F, Kramarsky B, Gallo RC. Science 1986; 234:
596-601.



Human Herpesvirus-6: General Virology, Epidemiology and Clinical Pathology 11
Perspectives in Medical Virology

Gerhard Krueger and Dharam Ablashi (Editors)

© 2006 Elsevier B.V. All rights reserved

DOI 10.1016/S0168-7069(06)12002-9

Ultrastructure and Assembly of Human
Herpesvirus-6 (HHV-6)

Z. Hong Zhou®, James K. Stoops®, Gerhard

R.F. Krueger®®

aDepartment of Pathology and Laboratory Medicine, University of Texas Health
Science Center at Houston Medical School, Houston, TX 77030, USA
°Department of Anatomy II, The University of Cologne, Cologne 50924, Germany

Introduction

Human herpesvirus-6 (HHV-6) is a ubiquitous member of the betaherpesvirus
subfamily of the Herpesviridae family. The HHV-6 genome is arranged colinearly
and codes for approximately 67% of proteins in common with human cytome-
galovirus (HCMYV), and 21% with all other herpesviruses. Sequence comparison
shows that it is closely related to HHV-7 and HCMV.

HHV-6 is a lymphotropic herpesvirus infecting up to 90%of the population and
establishing latent or persistent infections for a lifetime (Salahuddin et al., 1986;
Josephs et al., 1988; Levine et al., 1992; Krueger et al., 1998a). Clinical features of
HHV-6 infection are described in Part II of this book.

There are two variants of HHV-6, HHV-6A and HHV-6B with obvious gen-
omic polymorphism within a variant (Ablashi et al., 1991, 1993; Schirmer et al.,
1991). Both also vary in their tissue distribution in human and in their tissue culture
cells for propagation (Lusso et al., 1988; Black et al., 1989; Ablashi et al., 1991; Di
Luca et al., 1994). Some virologists recently regard HHV-6A and HHV-6B as
separate herpesviruses (see Chapters 1 and 6 in this book). All ultrastructural
features described in the following are derived from HHV-6A grown in HSB2 cells.
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Despite variations in host range, genome size, and composition, HHV-6 shares
common virion structures with other herpesviruses (Kramarsky and Sander, 1992)
showing four basic elements: the core, the capsid, the tegument, and the envelope
(Fig. 1). The core of the mature virion consists of double-stranded DNA (dsDNA)
closely packed in a spherical capsid (Zhou et al., 1999). The capsid is a rigid
icosahedral protein shell, 12001300 A in diameter, that encloses and protects the
dsDNA core. The tegument is a poorly defined, asymmetric layer of host and viral
proteins between the capsid and the envelope. It varies in thickness and distribution
around the capsid with some of its proteins in close proximity and anchored to the
capsid. The envelope is a host-derived lipid bilayer containing spikes of viral
glycoproteins. The entire virion varies in diameter from 1400 to 3000 A, depending
on the thickness of the tegument and the integrity of the envelope.

The eight known human herpesviruses are classified into three subfamilies
(alpha-, beta- and gammaherpesviruses) based on shared biological properties
(Table 1) (Roizman and Pellett, 2001). Alphaherpesviruses have a variable host
range, short reproductive cycle, and rapid spread in culture. They establish latent
infection primarily in neurons. This subfamily includes the human pathogens her-
pes simplex virus types 1 and 2 (HSV-1 and -2 or HHV-1 and -2) and varicella-
Zoster virus (VZV or HHV-3). Betaherpesviruses have a more restricted host range,
longer reproductive cycle, and slower growth in culture. The virus can remain
latent in salivary glands, neurons, lymphocytes, and possibly other tissues. HCMV
(i.e. HHV-5) and human herpesvirus types 6 and 7 (HHV-6, HHV-7) are members
of this subfamily. Gammaherpesviruses include Epstein—Barr virus (EBV or HHV-
4) and Kaposi’s sarcoma-associated herpesvirus (KSHV) or HHV-8, both associ-
ated with certain lymphomas and other cancers. HHV-8 appears to have a more

Spikes
] (glycoproteins)

Envelope
Tegument
Capsid

DNA Core

Fig. 1 Basic architecture of the herpesvirus virion. The ds DNA genome is coiled in the protein capsid.

The capsid is surrounded by various tegument proteins, some of which are anchored to the capsid, while

others are free-floating. The envelope is a host-derived lipid bilayer containing spikes of viral glyco-
protein. (Adapted from Kramarsky and Sander (1992) with permission from the publisher).
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The known human herpesviruses

Virus Subfamily Genome Preferred host cells Selective-associated
length (kb) diseases®

HHV-1 o 152 Neuroectodermal Cold sores

(HSV-1)

HHV-2 o 152 Neuroectodermal Genital sores

(HSV-2)

HHV-3 o 125 Neuroectodermal Chicken pox; shingles

(VZV)

HHV-4 Y 172 Lymphohematopoietic; Infectious

(EBV) ectodermal mononucleosis; Burkitt’s
lymphoma;
nasopharyngeal
carcinoma

HHV-5 p 230 Mesodermal, incl. Infectious

(HCMYV) lymphohematopoietic =~ mononucleosis;
sialoadenitis

HHV-6 p 160 Lymphohematopoietic =~ Exanthem subitum;
infectious
mononucleosis;
Kikuchi’s lymphadenitis;
infantile febrile seizures

HHV-7 p 145 Lymphohematopoietic ~ Nonspecific
lymphadenitis

HHV-8 Y 165 Lymphocytic; Kaposi’s sarcoma;

(KSHYV) fibrohistiocytic, incl. serosa-associated

endothelial cells lymphoma

#Additional diseases will occur in immunodeficient patients.

restricted host range than the other herpesviruses. In the following, structural
features are reviewed of viruses representative for each of the three subfamilies.

Herpesvirus-6 assembly and maturation

Our current understanding of HHV-6 life cycle is supported by electron micro-
scopic observations of viral morphology in thin-sectioned infected cells (Fig. 2).
Electron microscopic data of HHV-6 infection compare well with other herpes-
viruses (Dalton and Manaker, 1967; Biberfeld et al., 1987; Kramarsky and Sander,
1992; Klussmann et al., 1997). The prominent tegument resembles closely HCMV
(Smith and De Harven, 1973; Heine and Cottler-Fox, 1975). Progeny virus of
HHV-6 assembles like cytomegalovirus. On day 3 after infection of HSB2 cells with
HHV-6 (strain GS or Co6), uncoated capsids appear in the nuclei of about 1% of



Fig. 2 Thin sections showing stages of HHV-6 infection of HSB2 cells in tissue culture. (A) HHV-6 particle attaches to cell membrane, which forms
endocytotic pit (15-30 min). (B) Virion is endocytosed in about 6 h. (C) Tegumented nucleocapsid in cytosol after completion of endocytosis is transported
to the nucleus; ¢, cytosol; np, nuclear pore. (D) Immature capsids in the nucleus (about 3 days). (E) Immature virion in perinuclear cisterna (4-6 days). (F)
Viral DNA core, capsid, and tegument—tegumented capsid—in cytosol (5-6 days). (G, H) Viral budding into Golgi vesicle acquires final mature envelope
(about 6+ days). (I) Mature virion with glycoprotein spikes on envelope in extracellular space (6 + days). Reproduced from Kramarsky and Sander (1992).
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the cells. On day 6, they are observed in nearly all of the cells, and most capsids
contain a nucleic acid core. Subsequently, virus particles with immature tegument
are budding into the perinuclear space where they may acquire an initial smooth
envelope. Unenveloped virus particles with teguments then appear in the cytosol,
from where they bud into Golgi vesicles to acquire their final structure. They are
transported via smooth endoplasmic reticulum to the cell surface and subsequently
released. Budding of mature virus from the cytoplasmic membrane is not observed.
The replication cycle of HHV-6B appears to be slower.

Herpesvirus infection begins with the attachment of virus particles to glycopro-
tein receptors on the surface of the host cell (Fig. 2A). Cellular receptor for HHV-6
attachment have been identified as the complement receptor CD46 (Lusso et al.,
1994; Santoro et al., 1999). Upon binding the receptor, the viral envelope fuses with
the membrane of an endocytic vesicle, leading to receptor-mediated endocytosis of
the capsid. The cytoskeletal network, including the dynein and dynactin components,
is used to transport capsids to the nuclear pores (Dohner et al., 2002). The DNA is
injected into the nucleus, while the empty capsids remain outside.

In the nucleus the DNA circularizes and one of two pathways is initiated. The
viral genome can be maintained as a circular episome and undergoes latent rep-
lication without producing infectious progeny. It is during this pathway that the
genes for cellular transformation are expressed. A latent virus can be reactivated by
various factors, such as excessive exposure to ultraviolet light (Krueger et al.,
1998b), endotoxins, plant agglutinins, steroids, chemical cocarcinogens (i.e. tumor-
promoting agents), other infections, and increased cytokine production. Once
reactivated, persistent viral activity can be supported by decreased immune
responsiveness resulting from stress or other factors (Krueger et al., 1998b).

During lytic replication, viral DNA is synthesized as a concatemer using the
“rolling circle” method. Meanwhile, capsid assembly begins with the formation of
a spherical, scaffold-containing procapsid that is similar to the prohead of
bacteriophages (Dalton and Hageneau, 1973; Heine, 1974; Newcomb et al., 1996;
Rixon and McNab, 1999; Newcomb et al., 2000; Yu et al., 2005).

The mechanism by which the capsids mature into infectious virions remains
controversial. The generally accepted mechanism involves the acquisition by the
capsid of their envelope from the inner nuclear membrane, and budding from the
cell surface via the secretory pathway. However, new evidence also suggests that
HSV-1 capsids are enveloped through the inner nuclear membrane, which then
fuses with the outer nuclear membrane to release naked capsids into the cytoplasm.
The capsids acquire additional tegument proteins and envelope by budding into the
trans-Golgi network (Skepper et al., 2001). Viral nucleoid synthesis and envelope
production may proceed independently under certain conditions, leading to over-
production and release of empty capsids (A capsids) and capsid-devoid, tegument-
containing enveloped particles (called L particles in HSV-1 and dense bodies
in HCMYV). While these particles are noninfectious, it remains to be determined
whether these may still interfere with cell function and/or autoimmunity
(Klussmann et al., 1997).
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Three-dimensional structure of HHV-6 capsid

Cell lines. For the HHV-6 capsid structure presented here, we used an immature
T-lymphocyte cell line, HSB2 (ATCC CLL 120.1 CCRF HSB2), which was
originally obtained from Robert C. Gallo’s laboratory at NCI, NIH, USA, and
kept in the Immunopathology Laboratory, University of Cologne (GRFK),
Germany, since 1986. The cells were grown in Hepes (20 mM)-buffered RPMI 1640
(Sigma—Aldrich) supplemented with 2mM glutamine, 10% fetal calf serum
(Biochrome KG), 100 U of penicillin, and 100 pg streptomycin (Sigma). Cells were
stimulated before viral infection with 5 pug/ml polybrene (Merck).

Propagation of virus and purification of capsids. Polybrene-stimulated HSB2
cells were infected with HHV-6A (strain Co6: Ablashi et al., 1991; Krueger et al.,
1991) by growing them in pooled tissue culture media from previous HHV-6 rep-
licating cultures, containing approximately 10° infectious particles per milliliter.
Fresh uninfected medium was added whenever necessary. Cultures of infected cells
were terminated when, according to previous electron microscopic studies, a max-
imum of capsids and nucleocapsids were observed, i.e. about 8 days after infection.
Cells were harvested by centrifugation, pooled, and stored for further use in 10 mM
Tris-HCI buffer, pH 7.5, at —70°C.

CryoEM and three-dimensional (3D) reconstruction. Electron cryomicroscopy
(cryoEM) was performed for purified HHV-6 capsids in a 100 kV-JEOL1200 mi-
croscope as previously described (Zhou et al., 2001) (Fig. 3a). All data processing
steps were carried out in SGI Octane dual processor workstations (Silicon Graphics,
Inc.) using our 3D reconstruction software package, called IMIRS (Zhou et al.,
1998; Liang et al., 2002). Briefly, individual HHV-6 capsid particle images were first
boxed out manually. The orientation determination and 3D reconstruction were
carried out using programs for refinement (Zhou et al., 1998) and reconstruction
(Johnson et al., 1997), which are based on Fourier common-lines (Crowther, 1971;
Fuller et al., 1996) and Fourier—Bessel synthesis (Crowther et al., 1970), respectively.
The final reconstruction was calculated by merging 30 capsid particles at ~30 A
resolution. The 3D visualization was carried out using the Iris Explorer (NAG, Inc.,
Downers Grove, IL) with custom-designed modules. The maps were displayed at a
threshold level of approximately lo (standard deviation) above the mean density of
the map.

The HHV-6 capsid structure has the 5:3:2 symmetry that is characteristic of an
icosahedron, which is composed of 20 triangular faces and 12 vertices. The capsid
has 6 fivefold (‘5’) symmetry axes passing through the vertices (pentons), 10 three-
fold (passing through triplex Tf) axes passing through the faces, and 15 twofold
(‘2’) axes passing through the edges (Fig. 3b). The major capsid protein (MCP)
forms the basic structural building block of the herpesvirus capsid. MCP proteins
are arranged into groups of six (“hexons”) or 5 (“pentons”), with the pentons
forming the vertices of the icosahedron and the hexons filling out the faces. The
hexons have slightly different geometries depending on their location, and are thus
designated as P (penton-adjacent), E (edge), or C (center-face). Connecting the
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Fig. 3 CryoEM imaging and 3D reconstruction HSV-6 capsid. (a) A gallery of cryoEM particle images

of HHV-6 capsids. (b) Shaded surface representation of HHV-6 capsid reconstruction at 30 A resolution.

The structure is color coded according to capsid radius so that the capsid shell is in yellow, the triplexes

are in green, and the upper domains of the pentons and hexons are in purple. (for colour version: see
colour section on page 347).
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pentons and hexons are triplexes, which, by analogy to other human herpesvirus
capsids, consist of one triplex monomer protein (TMP) and two triplex dimer
proteins (TDP). There are 6 types of triplexes, designated Ta—Tf depending on their
location in the asymmetric unit. Each icosahedral capsid consists of 12 pentons, 150
hexons, and 320 triplexes and they are arranged in a triangulation number T = 16
icosahedral lattice. Other components of the capsid include the small capsid protein
(SCP), the viral protease, and the scaffold proteins.

Comparision of the HHV-6 cappsid structure with those of other human
herpesviruses

As noted above, the gross morphology of the capsid is highly conserved among
herpesviruses. Although the pentons, hexons, and triplexes diverge slightly in shape
(Fig. 4) due to differences in amino acid sequences of the capsid proteins (see Wu
et al., 2000; Trus et al., 2001, for detailed comparison of capsomers), and the HSV-
1 capsid is slightly more angular than that of HHV-§, the stoichiometry and overall
organization of the MCP and two triplex proteins are the same.

More detailed studies are available from the prototypical herpesvirus, HSV-1
(Zhou et al., 2000) using a 400 kV electron microscope to image 5860 HSV-1 capsid

Alphaherpesvirus (HSV-1) capsid Betaherpesvirus (HCMV) capsid Gammaherpesvirus (KSHV) capsid

& /

penton hexon penton hexon

Fig. 4 Comparison of HSV-1, HCMV, and KSHYV capsids. A penton and a hexon are extracted from

the cryoEM structures for detail comparison. Overall structure is similar; minor differences in hexon

morphology may be a result of different structures of the distally located SCPs. (Modified from a figure
by P. Lo). (for colour version: see colour section on page 348).
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particles that were merged to obtain an 8.5 A structure of the HSV-1 capsid. The
capsid shell has a total mass of about 200 MDa, with 960 copies of MCP VPS5, 320
copies of TMP VP19c, 640 copies of TDP VP23, and 900 copies of small capsid
protein VP26. As the main building block of the HSV-1 capsid, VPS5 was subjected
to further structural characterization. At 8.5 A resolution, it is possible to visualize
secondary structural elements that are not visible at lower resolutions. For exam-
ple, a-helices appear as extended, cylindrical rods 5-7 A in diameter. Thirty-nine
a-helices and four f-sheets were identified from the VPS5 subunits of the 8.5A
cryoEM structure and found a striking resemblance with a domain in the annexin
protein family (Baker et al., 2003).

The 8.5A structure also gave deeper insight into the interesting quaternary
structure of the triplexes that are composed of two molecules of VP23 and one
molecule of VP19c. The lower portion of the triplexes, which interacts with the
floor domains is nearly 3-fold of the pentons and hexons, is nearly 3-fold symmetric
with three subunits that are roughly equivalent. This arrangement alters through
the middle of the triplex such that the upper portion is composed mostly of VP23 in
a dimeric configuration. All three subunits of the triplex are required for the correct
tertiary structure to fold properly. VP23 in isolation exists only as a molten globule
with no distinct tertiary structure (Kirkitadze et al., 1998).

The asymmetric tegument and envelope components of HSV-1 were also
recently characterized using cryoET (Grunewald et al., 2003). The virions in that
study were shaped like slightly irregular ovals, with the capsid eccentrically located
near one pole. The particulate tegument contained short, actin-like filaments, and
was asymmetrically distributed around the capsid. The viral membranes were
smooth and contained varying numbers of heterogeneous glycoprotein spikes that
tended to be more densely packed around the pole distal from the capsid. This
distribution indicates some sort of functional clustering that may help the virion
engage cell receptors during infection. Similar studies still need to be done for such
a detailed structural characterization for HHV-6.

Conclusion

Structural studies have revealed both similarities and some differences in the as-
sembly and 3D structures between HHV-6 and other human herpesviruses. This
information will help us understand the unique characteristics of their assembly,
infection, replication, and pathogenesis, and may ultimately aid in the design of
specific antiviral therapies.
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Genome classification and biology

Roseoloviruses, human herpesviruses 6 and 7 (HHV-6, HHV-7) are widespread T
lymphotropic and neurotropic viruses causing mostly benign infections. However,
particularly for HHV-6, during some primary as well as secondary reactivated
infections, which can follow immune aberrations or deficiencies, there can be severe
complications which can lead to fatalities. Thus, this is of relevance for immuno-
suppressed HIV/AIDS or transplantation patients, as well as increasingly, for those
with neurological disease, including encephalitis and a link with multiple sclerosis
(primarily HHV-6A). Understanding when and how this virus does or does not
cause disease is key to developing effective treatments plus evaluating the impact of
HHV-6 infections on worldwide populations. Studies on the virus genome provide
a foundation for this exploration and can guide the way towards development of
new anti-virals as well as possible novel treatments for immune-related pathologies
using this well-adapted virus as a guide.

The general properties of HHV-6 and the closely related HHV-7 and their
genomes have been summarized in reviews and the original reports of their com-
plete genomic sequences (Gompels et al., 1995; Nicholas, 1996; Megaw et al., 1998;
Dominguez et al., 1999; Isegawa et al., 1999; Gompels, 2004). This chapter reviews
overall properties of the genome of HHV-6 with some updates, while further details
can be found in the first sequence papers as well as in Genbank nucleotide sequence



24 U.A. Gompels, F.C. Kasolo

and genome entries. There are two strain groups for HHV-6 (Ablashi et al., 1993),
the prototypes are strain U1102 for HHV-6 variant A (HHV-6A) and strain Z29 for
variant B (HHV-6B). HHV-6A strain U1102 was identified and first characterized
in the UK (Downing et al., 1987) and HHV-6B strain Z29 in the USA (Lopez et al.,
1988); both genomes are sequenced (Gompels et al., 1995; Dominguez et al., 1999).
These laboratory strains are from adult HIV/AIDS patients from African coun-
tries: U1102 from Uganda and Z29 from Zaire, where the virus has reactivated
from the immunosuppression giving a systemic infection. Other laboratory strains
studied include HHV-6A strain GS, the first report of HHV-6 infection, from an
adult HIV/AIDS patient in USA (Salahuddin et al., 1986), HHV-6A strain AlJ,
from an adult HIV/AIDS patient in UK (Tedder et al., 1987), and HHV-6B strain
HST, from an exanthem subitum pediatric patient in Japan (Yamanishi et al.,
1988). There are partial, or fragments of sequence available for strains GS and AlJ.
While for HHV-6B strain HST, the complete nucleotide sequence was also derived
and represents the only primary childhood infection isolate of the genomes analy-
zed (Isegawa et al., 1999). These are closely related strains differing on average by
5% with increases in variation primarily at the ends of the genomes overlapping
repetitive sequences as discussed further below. There is also one hypervariable
gene at the centre of the genome which also encodes a variable glycoprotein, U47 or
g0, and marks a region of genomic reorganization between herpesvirus subgroups
as shown below (Gompels et al., 1995; Kasolo et al., 1997; Dominguez et al., 1999).
The two strains of HHV-6B with genomic sequences available, not only show less
variation than between the variants, HHV-6A and HHV-6B, strains, but also dis-
play increasing variation towards the ends of the genome and overlapping repetitive
sequences (Dominguez et al., 1999; Isegawa et al., 1999). The genomes of two
strains of HHV-7 have also been sequenced, JI and RK, which show less variation
than between the HHV-6 strains (Nicholas, 1996; Megaw et al., 1998).

HHV-6B strains seem more prevalent in primary pediatric infections, where
tested, primarily in European countries, USA and Japan, with occasional HHV-6A
infection (Hall et al., 1994; van Loon et al., 1995; Ward et al., 2005; Zerr et al.,
2005), and some evidence for increased congenital infection with HHV-6A (Hall
et al., 1994, 2004; Ward et al., 2005). There also appears to be geographic variation,
as in an African country, Zambia, childhood HHV-6A infections appear more
frequent (Kasolo et al., 1997). These studies have been performed directly on blood
samples taken during acute infections followed by DNA PCR and nucleotide
sequencing. However, true distribution by strain-specific serology has yet to be
performed, hindered by problems of the antibody cross-reactivity against lysates of
whole virus antigen used in serological assays and the lack of defined single
antigens with a combination of 100% specificity and immunodominance.

Genomes, cellular tropism and laboratory culture

Both HHV-6 and HHV-7 are T lymphotropic and neurotropic. Furthermore, it is
likely that in vivo, the lytic and latent cell types that HHV-6 infects are highly
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specific subsets. While in vitro, virus is cultured in laboratory-adapted cell lines, and
studies suggest that this may influence genomic composition. Such changes have
been recently demonstrated for the related betaherpesvirus, human cytomegalovi-
rus (HCMYV), where serial passage in fibroblast rather than endothelial or leucocyte
cell types has resulted in large genomic deletions (Cha et al., 1996; Murphy et al.,
2003; Dolan et al., 2004). For HHV-6, some differences upon serial passage
of strain Z29 in culture have been observed including expansion of repetitive
sequences from the origin of lytic replication, terminal direct repeats, het region,
and other rearrangements are possible (Gompels et al., 1995; Stamey et al., 1995;
Dominguez et al., 1999; Gompels, unpublished). There may be less deletions ob-
served for HHV-6 than in HCMYV, since the reference strains Z29 and U1102 have
both been isolated and propagated initially in primary cord blood cells, although
passage in various leukaemic cell lines have also been reported. Thus, consider-
ations of the genome of HHV-6 must also address issues of cellular tropism and
possible changes arising from in vitro culture.

As described in other chapters, for routine culture both HHV-6 and HHV-7
have been adapted to grow in CD4 + T-leukaemic cell lines, for example, J-JTHAN
(Jurkat), HSB2, or Molt-3 for HHV-6, and SupT-1 for HHV-6 and HHV-7. In
addition, there are some differences reported in growth of HHV-6 strains in leu-
kaemic cell lines. However, preferential growth for both HHV-6 and HHV-7 are
in activated cord blood lymphocytes or mononuclear cells (CBL, CBMC) or in
peripheral blood lymphocytes or mononuclear cells (PBL, PBMC). Screened cord
blood is preferred, as infection with laboratory strains can result in reactivation of
resident latent virus from adult blood, although there is occasionally a similar risk
from cord blood.

Both HHV-6 and HHV-7 have a cellular tropism for T lymphocytes as shown
in vivo during viremia from acute infection as well as in vitro. Infection and lytic
replication results in a characteristic cytopathic effect of large cells (cytomegalia)
and ballooning cells. The cells are completely permissive for replication and virus
production, with infection resulting in cell death by necrotic lysis. Although, there
is also in vitro and some in vivo evidence that infection also causes cell death by
apoptosis in uninfected or non-productively infected bystander cells (Inoue et al.,
1997; Secchiero et al., 1997; Yasukawa et al., 1998). Studies show that CD4+,
CD8+ and gamma/delta T lymphocytes can be infected, but overall data suggest
that activated CD4+ T lymphocytes are the preferential target of fully permissive
infection in vivo (Takahashi et al., 1989; Lusso et al., 1991). Antibody to the T-cell-
specific marker and signal transduction molecule, CD3 (OKT3) has been shown to
augment infection of HHV-6 in both primary (Roffman and Frenkel, 1991) and
T-leukaemic cell lines (H.A. Macaulay and U.A. Gompels, unpublished results).
This antibody is also often used in transplantation patients and may aid virus
replication.

Latent infection has been demonstrated within monocytic/macrophage cells as
well as bone marrow progenitor cells similar to that observed for HCMV, and may
be a general property of betaherpesvirus infection (Kondo et al., 1991; Gompels
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et al., 1993, 1994; Kempf et al., 1997; Yasukawa et al., 1997). A strong interaction
with monocytic/macrophage cells has been recorded during HHV-6 primary in-
fection and may also include a form of latency with specific restricted transcripts as
well as replication within some differentiated subsets (Kondo et al., 2002a,b, 2003).
Similarly, latent infections of primary macrophages have also been observed for
HHV-7 (Zhang et al., 2001). Higher levels of HHV-7 compared to HHV-6 can be
detected by PCR in blood and saliva of asymptomatic adults (Di Luca et al., 1995;
Kidd et al., 1996; Gautheret-Dejean et al., 1997). Given the similar prevalence, this
suggests that HHV-6 has more stringent regulation of latency. Studies also show
that HHV-7 can also act to reactivate latent HHV-6 infections (Katsafanas et al.,
1996). Additional HHV-6-specific latency-associated transcripts have been identi-
fied from the U94/Rep gene; it is highly conserved between strains, but deleted in
HHV-7 (Nicholas, 1996; Megaw et al., 1998; Rapp et al., 2000). This HHV-6 gene
has roles in gene expression and replication modulation that may contribute to
HHV-6 latency regulation (Rotola et al., 1998; Mori et al., 2000; Rapp et al., 2000;
Dhepakson et al., 2002; Turner et al., 2002; Caselli et al., 2005). In rare cases,
evidence for viral genome integration has been observed, which can result in high
levels of persisting, circulating HHV-6 DNA, not always with concomitant reac-
tivation and gene expression (Tanaka-Taya et al., 2004; Ward et al., 2005). This
may be mediated by the numerous repetitive sequences in the genome with sim-
ilarities to the host genome. The clinical significance, genomic structure and com-
position are under evaluation.

The genome detailed in this chapter is from the reference HHV-6A strain
U1102 with comparisons made to HHV-6B strains HST and Z29 as well as com-
parisons to HHV-7 and other human herpesviruses. The genomic sequence was
derived from plasmid clones from early passage virus propagated in cord blood
(Martin et al., 1991; Gompels et al., 1995). Only one region was intractable for
plasmid cloning, covering the R3 repeat, and this sequence was determined directly
from PCR amplified products. Sequencing from uncultivated virus directly from
tissue or blood samples has only been conducted on small fragments to compare
strains.

Genome structure and repetitive sequence

HHV-6A strain U1102 has a genome of 159,321 bp, while HHV-6B strains HST
and Z29 are slightly larger, the respective sizes are 161,573bp and 162,114 bp
(Gompels et al., 1995; Dominguez et al., 1999; Isegawa et al., 1999). Much of the
differences in length accommodated by variation in the repetitive sequences in the
genome include the terminal repeat, which bound both ends of the genome. This
direct repeat (DR), or terminal repeat (TR), varies in size: U1102 8087 bp, HST
8231 bp, and Z29 8793 bp. These DR regions are themselves bounded by copies
of human telomeric repeats, which have been postulated to play a role in Ia-
tency possibly by stabilizing the genome as a mini-chromosome (see Fig. 1). The
telomeric repeat bounding the left end of the repeats is heterogeneous, het, thus, at
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Fig. 1 Structure of HHV-6 genome with herpesvirus and betaherpesvirus conserved genes. Herpesvirus
conserved genes are indicated in black while betaherpesvirus conserved genes are indicated patterned.
Similarities were determined by comparisons of encoded amino acid sequences as described in the text.
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phospho-protein; U94/REP, parvovirus rep homologue and gene/replication regulatory latency gene;
IEA and IEB, immediate early regulatory genes; POL, DNA polymerase; gB, gH, gL, gO, gm, gn
glycoprotein; dutpase; veer, viral chemokine receptors; MCP, major capsid protein; GCK, ganciclovir
kinase, site resistance mutations; OX-2, homologue of this member of immunoglobulin gene family.




28 U.A. Gompels, F.C. Kasolo

the left end of the genome and the junction of the right end of unique sequence with
the right DR. Redundant copies of this repeat are also present in opposite ori-
entation in either side of the origin of lytic replication and suggest a role of RNA
copies in replication possibly through priming the lagging strand (Gompels and
Macaulay, 1995; Gompels et al., 1995; Mrazek and Karlin, 1998; Dominguez et al.,
1999). These repeats are adjacent to the pac repeats, directing DNA packaging, at
the ends of the genomes and the junction between the DR and the unique se-
quences. These have been functionally defined and described in detail for both
HHV-6A and HHV-6B (Thomson et al., 1994; Gompels et al., 1995; Dominguez
et al., 1999; Turner et al., 2002; Borenstein et al., 2004). The origin was defined as a
minimal 400 bp, but further study suggests that the functioning ori is larger, 1.3 kb
containing both repeats for binding the origin-binding protein (OBP) followed by
imperfect direct repeats, IDR1, 2, 3, which vary between the strains (Dykes et al.,
1997; Turner et al., 2002). The ORI, is mutagenic and multiple copies have been
identified in tissue culture passaged Z29 strains (Stamey et al., 1995). Pac sequences
together with the origin of replication can form ‘amplicons’ which could be used as
artificial vectors for gene delivery as described with some applications for stem cell
delivery (Deng and Dewhurst, 1998; Turner et al., 2002; Borenstein et al., 2004). A
series of repetitive sequence regions are found at the heterogeneous right end of the
genome, R1, R2, and R3. R1 has reiterations encoding an SR domain in the IE2
homologue in HHV-6 U86 (Gompels et al., 1995). R2 contains simple TG repeats,
resulting in a large reading frame open in six frames, U88, and unlikely to be
coding. In HHV-6B it has been further sub-divided to R2A and R2B regions
(Dominguez et al., 1999). R3 contains tandem repeats of an approximately 110 bp
sequence which includes a Kpnl restriction endonuclease site, and has been shown
to have a role as an enhancer for U95 expression (Takemoto et al., 2001). This
region in HHV-6A was refractory to cloning, possibly due to secondary structure
formation from the repeated sequences there (Martin et al., 1991; Gompels et al.,
1995). Not surprisingly, this right end of the genome which contains most of the
repetitive sequence of the genome is heterogeneous between all strains and includes
the R1, R2, R3 repeats followed by the het region and the DR repeats.

The overall composition of the genome is 43% G+ C with 58% in the DR and
41% in the unique sequences. Lower G+ C composition is also found at the origin
for lytic replication, ORI. There is compositional polarity around the ORI as found
in other organisms and particularly betaherpesviruses, this could be driven by the
telomeric repeats as described above, or could be due to errors accumulated during
copy repair synthesis of the lagging strand from priming with Okazaki fragments
(Gompels et al., 1995; Gompels and Macaulay, 1995; Mrazek and Karlin, 1998;
Dominguez et al., 1999). Other compositional biases are present across the IEA
region which has marked localized CpG suppression, suggesting mutagenic effects of
methylation possibly during regulation of gene expression during latent infections as
described previously (Gompels et al., 1995). This localized suppression has only been
observed in betaherpesviruses, while in alphaherpesviruses there is none and in
gammaherpesviruses there is global suppression suggested related to distinct forms
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of latency (Honess et al., 1989). Thus, localized CpG suppression is a feature in
betaherpesviruses, which may reflect similarities in latency control in monocytic/
macrophages or bone marrow progenitor cells for this herpesvirus subgroup. The
overall structural features of the HHV-6 genome show some similarities to all be-
taherpesviruses, but in roseoloviruses, in particular HHV-6, there are unique features
as well, which are the residues of this virus specific evolution and frame its biology.

Genome rearrangements and relationship to other herpesviruses

HHV-6 together with HHV-7 form the Roseolovirus grouping of the betaherpes-
virus subgroup of herpesviridae. This has also been termed as beta-2 herpesviruses,
compared to the Cytomegalovirus (CMV) grouping of beta-1 herpesviruses. Recent
studies, particularly on gB and polymerase sequences of extensive sets of animal
herpesviruses suggest that this classification may be broadened. Examples include
the roseolovirus, porcine CMV-significant in xeno-transplantation, the fatal ele-
phant roseolovirus, and recently identified chimpanzee HHV-6 (Ehlers et al., 2001;
Chmielewicz et al., 2003; Lacoste et al., 2005). Similar to other betaherpesvirus,
infection is species specific, thus animal models with human viruses are restricted,
although as with some of the CMV group, there may be some utility using these
related (albeit distant) animal viruses for study of in vivo models for human in-
fection.

The HHV-6 genome organization of conserved genes is a betaherpesvirus-
specific arrangement, as first described for HHV-6A strain U1102. Both the
genome organization and the encoded protein sequences share a closer relation
than to the other herpesvirus lineages (Gompels and Macaulay, 1995; Dominguez
et al., 1999) (Fig. 1). Seven discrete blocks of conserved genes can be identified as
compared to other human herpesviruses, and these are rearranged in the alpha and
gammaherpesvirus lineages of bird and mammalian herpesviruses (Gompels et al.,
1995) (Fig. 2). The genome rearrangements shown by these lineage comparisons
suggest that recombination has played a major role in their evolution. For example,
the central conserved gene block III, appears to have recombined into repeti-
tive sequences at the right end (relative) of the genome in the other two lincages
(Gompels et al., 1995). This ancient recombination is supported by recent se-
quencing studies on hypervariable genes adjacent to this region in the centre of the
genome or in the repetitive sequences towards the right end of the genome in
HCMYV where switching between phylogeny defined groups between adjacent genes
are observed (Dolan et al., 2004; Mattick et al., 2004). In HHV-6, study at this
same central locus, HCMV UL74/HHV-6U47, also provides evidence for strain
recombination as described (Kasolo et al., 1997) and discussed below.

Genome composition and general molecular biology

HHV-6 encodes approximately 100 open reading frames, almost all of these appear
coding, a few have been deleted or annotated in the updated gene list shown in
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Fig. 2 Relationship between human herpesvirus genome organizations. HHV-6 shares with HCMV a

betaherpesvirus specific arrangement of core-conserved genes, here collected into seven gene blocks,

I-VII. The core genes are identified in Fig. 1. The numbers refer to the HHV-6 homologues of these core
conserved genes. HSV and EBYV represent the alpha and gammaherpesvirus lineages, respectively.

Table 1, owing to comparisons between HHV-7 and strains, spliced products
identified, as well as using gene prediction software. In this chapter to highlight
HHV-6-specific genes versus, Roseolovirus, betaherpesvirus-specific or herpesvirus
conserved genes selected genome comparisons will be made, in particular to the
other human roseolovirus, HHV-7. References are also to the prototypic beta-1
herpesvirus, HCMYV, plus the initial prototypic herpesvirus, HSV, where many gene
functions were first defined. HHV-7 is more compact at 144 kb or 153 kb in size for
strains JI and RK, respectively, with similar long unique regions of 133kb and
variation in the DR of 5.8 and 10kb each (Nicholas, 1996; Megaw et al., 1998).
With a few notable exceptions described below, it shares all genes with HHV-6 as
indicated with varying degrees of conservation of encoded amino acid sequences
(Table 1, Fig. 1). In HHV-6, the open reading frames are designated from Ul to
U100 with those in the direct repeats from DR1 to DR7, although recent analyses
show evidence for splicing as well as expression for two of these, DR2 and DR6,
which include previous DR designations as indicated (Fig. 1, Table 1) (Gompels et
al., 1995). In HHV-7 similar nomenclature is used with homologous genes
U2-U100 (Nicholas, 1996; Megaw et al., 1998). A few genes are lacking in HHV-7
compared to HHV-6 as discussed further below, but there are also a few HHV-7-
specific genes noted H1-H7 (Gompels et al., 1995; Nicholas, 1996; Megaw et al.,
1998). There is limited splicing observed in HHV-6, approximately 10% of the
genes, these are primarily in the immediate early genes and selected early/late genes
as noted experimentally or predicted from sequence motifs for DR1, DR6, Ul2,
Ul5, U7, U66, U79, U83, U9 and U100 (Figs. 1, 2, Table 1). These are likely to be



Table 1

Features of HHV-6 strain U1102 genes

Gene?® Strand Start® Stop®© Codons  1d¢ Properties®
DRI exl + 501 759 689 33 HCMYV US22 gene family
ex2 843 2653 Includes DR2
DR6 ex1 + 4725 5028 395 59 HCMYV US22 gene family
ex2 + 5837 6720 Includes DR7 transactivator/transformation
Ul + 8245 8613 123 * SR domain
U2 — 9816 8716 366 48 HCMYV US22 gene family
U3 — 11276 10155 373 49 HCMYV US22 gene family
U4 — 13092 11485 535 59 Related to U7 exon 2
u7 exl — 15921 14948 >872 54 HCMYV US22 gene family (exon 1);
ex2 - 14858 13214 related to U4 (exon 2); includes US
Us — 17091 16021 356 51 HCMYV US22 gene family
U9 — 17552 17241 104 *
ulo0 + 17604 18914 436 50 [HCMVUL31]
Ul1 — 21578 18966 870 31 Structural phosphoprotein; pp100 major antigen
[HCMVUL32]
U12 exl + 21680 21712 351 47 G protein-coupled receptor; chemokine receptor
[HCMVUL33]
ex2 + 21790 22812
Ul3 + 22898 23218 106 33
Ul4 + 23331 25145 604 50 HCMVUL25/UL35 gene family
uUls exl — 25992 25676 191 68
ex2 — 25602 25530
ex3 — 25364 25179
u17 exl - 27349 27121 334 53 HCMV US22 gene family; IE-Bftransactivator
ex2 - 27034 26259 [HCMVULS36] includes U16 1E-B
Ul18 - 29389 28508 293 44 IE-B membrane glycoprotein [HCMVUL37]
ul9 — 30818 29649 389 34 IE-B protein [HCMVUL38§]
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Table 1 (continued)

Gene® Strand Start® Stop® Codons  1d¢ Properties®

U20 — 32337 31069 422 22 Probable membrane glycoprotein

U21 — 33641 32340 433 31 Probable membrane glycoprotein; HHV-7 U21
downregulates MHC class |

U22 — 34347 33739 202 * Probable membrane glycoprotein

U23 — 35085 34375 236 p Probable membrane glycoprotein

U24 — 35655 35392 87 28 Contains a hydrophobic domain

U24A — 35847 35674 57 25 Contains a hydrophobic domain

u2s - 36814 35864 316 47 HCMVUS22 gene family [HCMVULA43]

U26 — 37809 36922 295 30

u27 - 38903 37797 368 68 Processivity subunit DNA polymerase; p41
[HCMVUL44][HSVUL42]

U28 — 41434 39020 804 47 Ribonucleotide reductase large subunit
[HCMVULA45] [HSVUL39]

U229 - 42356 41457 299 53 Capsid protein; component of intercapsomeric
triplex [HCMVUL46] [HSVUL38]

U30 + 42325 45132 935 46 Tegument protein [HCMVUL47][HSVUL37]

U3l + 45150 51383 2077 46 Large tegument protein [HCMVUL48][HSVUL36]

U32 — 51721 51455 88 66 Capsid protein; hexon tips
[HCMVUL48A]J[HSVUL35]

U33 — 53135 51723 470 59 Virion protein [HCMVUL49]

U34 - 53916 53086 276 56 Membrane-linked phosphoprotein; Role primary
envelopmentfHCM VULS0][UL34]|

U35 — 54253 53933 106 58 Role in DNA packaging [HCMVULS51][HSVUL33]

uU36 + 54252 55706 484 58 Role in DNA packaging [HCMV52][HSVUL32]

u37 + 55710 56504 264 62 Role primary envelopmentfHCM V53] [HSVUL31]

U38 - 59588 56550 1012 67 Catalytic subunit of replicative DNA polymerase
[HCMVULS4][HSVUL30]

U39 - 62080 59588 830 56 Envelope glycoprotein gB

[HCMVULSS[HSVUL27]
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U40
U4l

U42

U43

Ud4
u4s

U46
u47
U48

U49
Us0
Usl

Us2
Us3

Us3.5
Us4

55

Us6

64214
67620

70598

73405

73470
75218

75291
77768
80118

80277
80812
82574

84274
84281

85133
87427

88803

89873

62034
64222

69054

70823

74087
74088

75545
75912
78034

81035
82479
83479

83500
85867

85867
86051

87505

88983

726
1132

514

860

205
376

84
618
694

252
555
301

258
528

244
458

432

296

56
68

56

61

58
50

52
23
39

52
55
35

56
52

51
42

33

65

Role in DNA packaging [HCMVULS57][HSVUL28]
Single-stranded conserved DNA-binding protein
[HCMVULS7][HSVUL29]

Post-translational regulator of gene expression
[HCMVULG69][HSVUL54]

Component of DNA helicase-primase complex;
primase [HCVMUL70][HSVULS52]
[HCMVUL71][HSVULS51]

Deoxyuridine

triphosphatasefHCM VUL72][HSVUL50]
Membrane protein gN; complexes with gM
[HCMVUL73][HSVUL49A]

Membrane glycoprotein gO; complexes with gH/gL
Envelope glycoprotein gH; complexes gL and gO or
2Q, gH/gL/gQ binds CD46
[HCMVUL75][HSVUL22]

Role in fusion [HCMVUL76][HSVUL24]

Role in DNA packaging [HCMVUL77][HSVUL2S]
G protein-coupled receptor; chemokine receptor
[HCMVULT78]

[HCMVUL79]

N-terminal protease domain acts in capsid
maturation and is a capsid protein; C-terminal
domain is the minor capsid scaffold protein
[HCMVULSO][HSVUL26]

Major capsid scaffold protein [HSVUL26.5]
Virion transactivator; HCMV pp65 major
tegument protein; gene duplication in HCMV
[HCMVULS2/83]

Role in DNA synthesis HCMV, UTPase
[HCMVULS4]

Capsid protein; component of intercapsomeric
triplex [HCMVULSS][HSVULIS]
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Table 1 (continued)

Gene® Strand Start® Stop® Codons  1d¢ Properties®

us7 — 93912 89875 1345 68 Major capsid protein; forms hexons and pentons
[HCMVULS6][HSVULI19]

Us8 + 93924 96242 772 61 [HCMVULR7]

U59 + 96239 97291 350 38 [HCMVULSRS]

U6l — 98578 98234 115 *

ue62 + 98427 98684 85 45 [HCMVULI1]

U63 + 98632 99282 216 68 [HCMVUL92]

Uo4 + 99260 100588 442 41 Role in DNA packaging; tegument protein
[HCMVUL93][HSVULL17]

U65 + 100545 101552 335 59 Tegument protein [HCMVUL94][HSVUL16]

U66 ex1 — 102486 101614 666 72 Role in DNA packaging; putative terminase
[HCMVULRBIEXI1][HSVULI15]

ex2 — 98415 97288 344 52 Includes U60 [HCMVULSIEX2]

ue67 + 102485 103519 344 52 [HCMVUL9S][HSVULI14]

U68 + 103519 103863 114 48 [HSVUL96]

U69 + 103866 105554 562 53 Ganciclovit kinase, serine threonine protein kinase;
tegument protein [HCMVUL97][HSVUL13]

u70 + 105562 107028 488 52 Deoxyribonuclease; role in maturation/packaging
of DNA
[HCMVUL98][HSVULI12]

U71 + 106965 107198 77 53 Myristylated tegument protein; position HCMV
pp28K [HSVULI11]

u72 - 108312 107279 344 59 Envelope glycoprotein gM; role in virion
envelopment and trafficking membrane proteins;
forms complex with gN
[HCMVULI100][HSVULI10]

u73 + 108325 110667 780 58 Origin-binding protein; helicase [HSVULY]

u74 + 110636 112624 662 41 Component of DNA helicase-primase

[HCMVUL102][HSVULS]
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u7s
u76

u77

u78

u79

Usl

Us2

U83

Ug4

U85

Us6

Ug8

U9

U91

U92

u93
Uo%4

u9s

exl
ex2
ex3

exl
ex2
ex3
exl
ex2

113408
115257

115100

119038
120164
120891
121170
122577

123405

123528
124953
125853
130044

131034
136112
135965
135664
136267
136580
138492
139124
142867

142942

112659
113317

117574

118709
120794
121087
121766
121810

122653

123821
123925
124981
125989

132272
136054
135772
133092
136477
136830
138052
138534
141395

146307

249
646

824
109
474
255
250
97
342
290
1351
413
941

153

490

1121

45
59

75

42

58

38

42
37
29

28

27

25

[HCMVULI103][HSVUL7]

Minor capsid protein; role in DNA packaging
[HCMVULI104][HSVULG6]

Component of DNA helicase-primase complex;
helicase

[HCMVULI105JHSVULS]

Probable role in DNA replication
Includes USOJHCMVULI112/113]

Uracil-DNA glycosylase
[HCMVULI114][HSVUL2]

Envelope glycoprotein gL; complexes with gH in
gH/gL/gQ or gH/gL/gO [HCMVULI114][HSVULI1]
Chemokine

Spliced in [HCMVULI17]

Probable membrane glycoprotein; related to OX-2
IE-A® protein; includes U87; related HCMVIE2
[HCMVULI122]

IE-A open in all frames, cys repeats

IE-A transactivator; includes U89; positional
homologue HCMV IE1

Probable membrane glycoprotein

Kpn repeats, no methionine initiator

Kpn repeats, no initiator, part duplicate U92
AAV-2 rep 68/78 homologue; replication
inhibition; latency gene; single stranded DNA
binding protein

HCMVUS22 gene family; positional homologue
MCMVIE2
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Table 1 (continued)

Gene® Strand Start® Stop® Codons  1d¢ Properties®
U100 exl — 150282 149873 656 28 Envelope glycoprotein gp82/105 gQ forms a
ex2 — 149771 149490 complex with gH/gLL binds CD46
ex3 — 149081 148746 Includes U96—U99
ex4 — 148628 148551
ex5 — 148454 148347
ex6 — 148255 148142
ex’ — 148055 147895
ex8 — 147383 147374
ex9 — 147223 147095
ex10 — 146984 146642
DRI exl + 151735 151993 689 33 HCMVUS22 gene family
ex2 152077 153887 Includes DR2
DR6 exl + 155959 156262 395 59 HCMVUS22 gene family
ex2 157071 157954 Includes DR7 transactivator/transformation

Note: Genes specific to HHV-6 are given an asterisk *. Positional homologue indicated by ‘p’.

“Exons (ex) are listed. Genes with counterparts in all mammalian herpesviruses are shaded. An extra G residue has been inserted at 128132 in the sequence
of Gompels et al. (1995) as indicated by Nicholas (1996).

PFirst exons: from first nucleotide of first complete codon (U7) or initiation codon (other ORFs).

“To last nucleotide of stop codon or exon.

dPercentage identical amino acid residues to the HHV-7 strain RK counterpart as determined by Gap at default values; U23 proteins did not align at these
settings.

“Properties derived from the current analysis and summaries in Gompels et al. (1995), Nicholas (1996) and numerous other herpesvirus genome sequence
papers. For genes with counterparts in all mammalian herpesviruses, the HSV-1 nomenclature is given in square parentheses. For genes conserved in beta
herpesviruses the HCMV homologue is also given.

Tmmediate early B locus.

#Immediate early A locus. Shading indicates conserved genes in human herpesviruses; feature table adapted from Genbank submission update (Gompels
and Davison, in preparation).
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further identified as at least one gene has been shown to have non-consensus al-
ternative splicing, U83 (French et al., 1999). Thus sequence comparisons between
strains may be confounded from such alternative splicing.

Analyses of HHV-6 and HHV-7 coding sequences in addition to genomic or-
ganization, also place them within the betaherpesvirus subgroup of the herpes-
viridae. Together, they share the closest relation with HCMYV, the prototype
betaherpesvirus, with approximately two thirds of the genes encoding similar pro-
teins with a third betaherpesvirus specific as shown in Fig. 1. However, this re-
lationship is distant and can only be determined by encoded amino acid sequences
as well as ‘positional homologues’. Furthermore, HCMYV is almost double the size,
230 kb, encoding extended glycoprotein gene families absent from HHV-6 and
HHV-7. These appear to be the main genes under selection, suggesting distinct
immune surveillance control (Dolan et al., 2004). HCMV is representative of beta-1
herpesviruses, cytomegaloviruses and HHV-6/-7 as beta-2 herpesviruses, roseolo-
viruses. There are several notable gaps in the genomic sequence with no genes
identified. One is filled by the origin of Iytic replication, ORI, and two others at
U18 and U79, interestingly overlap with similar regions in HCMV where possible
regulatory microRNAs have been identified (HCMV UL36 and UL112) (Pfeffer
et al., 2005), and may be conserved in HHV-6.

There are some key genes that highlight broad similarities and some distinctions
between these betaherpesviruses are reflected in their genomic composition. The
virus infects and spreads by cell fusion and candidate glycoproteins which mediate
this process have been identified in each virus, the conserved gH and gL complex,
encoded by HHV-6 and HHV-7 U48 and US§2 (Liu et al., 1993a,b; Anderson et al.,
1996; Anderson and Gompels, 1999; Mori et al., 2003; Santoro et al., 2003). This is
tempered by either two glycoproteins, gQ1/2 (U100) or gO (U47), which dictate
different receptor interactions for the complex, either with widespread CD46 for the
former, or an unidentified receptor for the latter (Mori et al., 2003; Akkapaiboon
et al., 2004). Conserved and specific replication and structural genes have been
identified. An origin of lytic replication has been localized and characterized plus
viral genes involved in replication including enzyme targets of established anti-viral
drugs, such as a viral DNA polymerase, HHV-6 and HHV-7 U38, and phospho-
transferase, HHV-6 and HHV-7 U69. Unlike HCMV, HHV-6 and HHV-7
encode an ‘OBP’, homologue, HHV-6 and HHV-7 U73, which is also found in
alphaherpesviruses (Krug et al., 2001). This suggests a difference in replication
strategy from that of HCMV, although HHV-6 and HHV-7 have more complicated
origins, a feature similar to HCMYV rather than HSV. These differences, may affect
replication strategies as well as the specificity of potential anti-virals, which target
replication. About a third of HHV-6 and HHV-7 genes are specific to these two
viruses and presumably reflect adaptations to their particular cellular tropisms.

In both HHV-6 and HHV-7 genome, a number of genes encoding cellular
homologues have been identified. These include chemokine receptors (U12 and
U51), a chemokine (specific for HHV-6, U83) and members of the immunoglobulin
super-family, including an OX-2 homologue (HHV-6 and HHV-7 US85). These are
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either examples of convergent evolution or are cellular genes trapped via an RNA
intermediate, as they lack splicing, in the distant past as they show little nucleotide
sequence similarity with homologues determined only via amino acid sequence
comparisons. Nonetheless, functional similarities have been detected for the
chemokine and chemokine receptor genes and these may contribute an immuno-
modulatory role and also affect virus dissemination, thus providing HHV-6-specific
enhancer functions (Isegawa et al., 1998; French et al., 1999; Zou et al., 1999; Milne
et al., 2000; Luttichau et al., 2003; Dewin et al., 2006; Tadagaki et al., 2005).

As in other herpesviruses and first identified in HSV (Honess and Roizman,
1974), gene regulation appears to follow a ‘cascade’ regulation. This is composed of
‘immediate-early’ (IE) or ‘alpha’ genes which include regulators of virus gene ex-
pression, followed by ‘early’ (E) or ‘beta’ genes including enzymes for DNA rep-
lication, then ‘late’ (L) or ‘gamma’ genes which include structural genes for the
virus particle. The IE genes are important in the switch between lytic replication
and latency and include U86 and U90 sequence and positional homologues re-
spectively of HCMV IE2 and IE1 as well as U17 also with an HCMYV positional
homologues (Schiewe et al., 1994; Flebbe-Rehwaldt et al., 2000; Stanton et al.,
2002). In HHV-6, the spliced U90 IE1 gene is hypervariable between HHV-6A and
HHV-6B strains, shows different organization between strain variants (Yamamoto
et al., 1994), and has been used for genotyping.

Herpesvirus conserved and HHV-6-specific genes

The human herpesvirus conserved genes are in the core of the genome. These
represent essential activities involved in primary envelopment, virus fusion, DNA
replication, DNA packaging, and capsid formation (Fig. 1 and Table 1). These
gene products have been used to determine evolutionary history of the herpesvi-
rus family. Studies of these sequence relationships between the alpha, beta and
gammaherpesvirus lineages representing mammalian, bird and some reptile herpes-
viruses, suggest this divergence is partly due to co-evolution with the host species,
giving a date for this event at 400 million years ago. The increased variation over the
host species generated by higher mutation/recombination rates or mechanisms is
specific for each virus species. Thus, although herpesviruses show high diversity, this
has been generated over a long time, compared to that of HIV which has generated
similar diversity, but only over several human generations (McGeoch et al., 2000;
Bowden et al., 2004; Mattick et al., 2004; McGeoch and Gatherer, 2005).

The betaherpesvirus-specific genes encode mainly at either end of the genome,
additional activities in DNA replication (U55), gene regulation (IEA-U86), tegum-
ent proteins (U11, U54), immunomodulation and signalling (chemokine receptors),
and many with unknown function (US22 family). The gO gene, U47, has a pos-
itional homologue in HCMV, UL74, and although they share some motifs, they are
largely divergent. Roseolovirus-specific genes are also encoded at either end of the
genome. These genes include U13, U15, U20, U21, U23, U24, U26, U8S, USS,
U90, U91, U92, U93 and U100. Of these no evidence for protein expression has
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been found for U88, U92 and U93, which overlap repetitive sequences. Where
expression studies have been performed or there is information inferred from ho-
mologous gene products, the roseolovirus-specific genes encode glycoproteins with
possible roles in immunomodulation (U21, US85), and/or virus entry/tropism
(U20-U24, U91, U100). These together with the roseolovirus-specific variation
present in the conserved genes, as indicated by the shared similarity with HHV-7
(Table 1), provide the fine tuning necessary for the biology of this subgroup.

The HHV-6-specific genes identified (Fig. 1, Table 1) include U1, U9, U22,
Uel, U78, U83 and U94. Ul, U9, U61 and U78 are all small genes with no
evidence for expression. While U22, U83, and U94 are expressed and again cover
the fine-tuning categories, U22 a late glycoprotein, U83 a viral chemokine with a
role in immunomodulation and/or virus dissemination, and U94 a latency gene
with roles in gene regulation and replication inhibition (Rotola et al., 1998; French
et al., 1999; Mori et al., 2000; Dhepakson et al., 2002; Turner et al., 2002; Luttichau
et al., 2003; Casselli et al., 2005; Dewin et al., 2006). There are a number of small
open reading frames which have been identified previously as HHV-6A or HHV-6B
specific or variable in earlier studies, but these are not included in the feature table
as currently there is no evidence for expression and further these are in repetitive
sequences which can give sequencing artefacts as well as are prone to mutagenic
recombination. However, of the HHV-6-specific genes, while U22 and U94 are well
conserved between HHV-6A and HHV-6B strains, U83 is hypervariable, encodes a
chemokine which can direct recruitment of cellular subsets for infection and dis-
semination, thus likely to add specificity in possible cellular niches between strains
(French et al., 1999; Luttichau et al., 2003; Dewin et al., 2006).

Genomes and HHV-6 strains

Like other herpesviruses there are numerous HHV-6 strains that have been iden-
tified. Most analyses have been performed on a limited set of loci, and there are
genes that show greater variation or more conservation, again similar to other
herpesvirues analysed. The most comprehensive analyses of herpesvirus genomic
differences have been on HCMYV also a betaherpesvirus, where 12 distinct genomic
strains have been sequenced as well as large segments of genomic analyses (Murphy
et al., 2003; Dolan et al., 2004). Betaherpesviruses characteristically have extensive
variation, a combination of conserved genes together with hotspots of hypervar-
iation, presumably this reflects a betaherpesvirus-specific mode of DNA replication
with consequent specific mutation/recombination rates distinct from the other
herpesvirus lineages and the human host (Murphy et al., 2003; Dolan et al., 2004).

HHV-6 also encodes roseolovirus specific (OBP, U73, although related to
alphaherpesvirus proteins) and HHV-6-specific (U94) replication genes, which also
will influence rate of change in this virus. In analyses of 3 strains genomic sequence,
the results show that similar to the recent HCMYV results (not available when HHV-
6 genomes originally sequenced and analyzed) (Murphy et al., 2003). HHV-6 also
shows a combination of conserved genes as well as hypervariation (Fig. 3). Distinct
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HHYV-6 Genome:. Similar and Different 41

from HCMV, it currently appears that there are two major strain groups for HHV-
6, termed variant A and variant B, whereas for HCMYV, although the overall
variation is higher than in HHV-6, there appear to be mosaic genomes, with some
evidence for linked subsets of genes. This could also be the case for HHV-6, but the
demographics and age of acquisition appear to be distinct. So for HHV-6 there
appears to be congenital and early infection, perhaps first fever for infants, whereas
although there can be congenital infection with HCMYV, infection usually comes
later in early childhood. Therefore, infection with HHV-6 could appear as
Mendelian traits linked with close family groups.

To date the only population identified where there are equal prevalence of both
strain groups identified is in Southern Africa (Zambia) through analyses of the gO
gene, U47 (Kasolo et al., 1997). In other countries, primarily USA, Europe and
Japan, where limited PCR analyses have been performed, the major childhood
strain identified has been variant B. While for HCMV where variation has been
analysed, representatives containing all groups of variant genes have been identi-
fied worldwide, including the gO homologue, HCMV UL74 (Dolan et al., 2004;
Mattick et al., 2004). Mosaics might be possible in countries where A and B var-
iants are equally present, and limited evidence can be observed for this in analyses
of the U47 gO gene which is at a site for recombination and divergence of her-
pesvirus lineages (Gompels et al., 1995; Kasolo et al., 1997). Where HHV-6 se-
quences are examined from both blood samples of both HIV positive and negative
febrile infants from Zambia (Kasolo et al., 1997; Gompels and Kasolo, unpub-
lished results) recombination between the variants at these loci are indicated (Table
2). Here, there appears to be mosaics between A and B strains as identified using A
or B specific codons. Further genomic-wide investigation will be required to ad-
dress this. To fully examine this diversity and its implications for disease relation-
ships, advances in technology may be required in order to analyse strains present
only in small blood or tissue samples in acute pediatric infections from remote
regions of the world. However recent data demonstrating use of saliva samples in
following primary infections could aid these analyses (Zerr et al., 2005).

Inspection of the variation of the HHV-6 genomes sequenced identifies highly
conserved as well as variant genes (Fig. 3). While the average identity between
sequences from HHV-6A and HHV-6B strains has been reported at 90%, this
includes all hypervariable genes and mismatched repetitive sequences in the repeat
regions (Dominguez et al., 1999; 