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INTRODUCTION

Humans are the primary hosts for eight known herpesvi-
ruses. Herpes simplex virus type 1 (HSV-1) (human herpesvi-
rus 1) has infected about 70% of adults and is the etiologic
agent of common fever blisters; it occasionally causes severe
encephalitis. Herpes simplex virus type 2 (HSV-2) (human
herpesvirus 2) has infected about 30% of adults and is com-
monly the cause of genital herpes; it occasionally causes severe
infections in neonates. Varicella-zoster virus (VZV) (human
herpesvirus 3) has infected more than 90% of adults and
causes varicella (chicken pox) and herpes zoster (shingles).
Over 90% of adults have been infected with Epstein-Barr virus
(EBV) (human herpesvirus 4), the cause of about 85% of
infectious mononucleosis cases. EBV is also associated with
Burkitt’s lymphoma and nasopharyngeal carcinoma. Human
cytomegalovirus (HCMV) (human herpesvirus 5) has infected
about 70% of adults and is the cause of 10 to 15% of infectious
mononucleosis cases. Congenital infection with HCMYV is a
major cause of deafness and mental retardation. The clinical
spectrum of human herpesvirus 7 (HHV-7) has not been com-
pletely defined, but primary HHV-7 infection has been asso-
ciated with some cases of exanthem subitum (ES) and other
exanthems clinically similar to measles or rubella. Human her-
pesvirus 8 (HHV-8) was recently discovered in patients with
AIDS-associated Kaposi’s sarcoma (KS) lesions, and HHV-8
infection has been associated with other forms of KS, as well as
other proliferative diseases. Table 1 provides a summary of
some of the pathogenic and epidemiologic properties of the
human herpesviruses.

The entity known as human herpesvirus 6 (HHV-6) consists
of two closely related yet distinct viruses, designated human
herpesvirus 6 variant A (HHV-6A) and human herpesvirus 6
variant B (HHV-6B). Current serologic methods cannot
readily discriminate prior infection with one virus from prior

infection with the other. Over 95% of people older than 2 years
of age are seropositive for either or both viruses. HHV-6A has
not been etiologically linked to any human disease, but such an
association will probably be found in the near future. HHV-6B
is the etiologic agent of the common childhood illness ES (also
known as roseola infantum or sixth disease) and related febrile
illnesses and frequently is active in immunocompromised pa-
tients.

In this review, we will describe what is known of the molec-
ular and cellular biology of HHV-6A and HHV-6B, as well as
their biology in their host organism, including their role in
human disease. Thus far, nearly everything published on the
subject of these viruses has described them both as HHV-6. It
is possible to reinterpret many earlier reports in the light of the
new grouping. To the extent possible, we will treat the viruses
as separate entities.

HISTORICAL AND CLINICAL OVERVIEW

This section is intended to provide a concise overview of the
historical and clinical aspects of HHV-6 infections. Subjects
that are discussed in greater detail elsewhere in this review are
fully referenced there.

The discovery of HHV-6A and HHV-6B can be attributed to
the development of methods enabling primary lymphocytes to
be cultured for extended periods and to the widespread use of
these techniques in the study of human immunodeficiency vi-
ruses (HIVs). Salahuddin and coworkers first reported the
isolation and characterization of a novel herpesvirus from peo-
ple with AIDS and lymphoproliferative diseases (252, 449,
450). The virus differed from the previously characterized her-
pesviruses with respect to growth properties, antigenicity, and
genetic content. On the basis of an observed tropism for B
cells, the virus was named human B-lymphotropic herpesvirus.

The discovery of a novel herpesvirus was quickly confirmed
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TABLE 1. Pathogenic profiles of the HHVs*

Age at primary

Prevalence in

Disease association for:

Cell association during:

Virus Sublamiy infection adults (%) Primary infection Reactivation Chronic infection H:_B::ohuo.ﬁv_‘oﬁmmaa ._ul_:w.:\v\ hm:w.:ov\ or
patients infection persistence
HSV-1 a Most by 20 yr ~ ~70 5/6 subclinical, 1/6 Oral lesions, Minimal Large, slow-to-heal le- Skin epithelial Neurons of tri-
oral lesions, neo- encephalitis sions cells geminal ganglia
natal infections
HSV-2 o After sexual ~30 5/6 subclinical, 1/6 Genital lesions,  Minimal Large, slow-to-heal le- Skin epithelial ~ Neurons of sacral
activity genital lesions encephalitis sions cells ganglion
\7A% a 6 mo to ado- >95 Varicella Herpes zoster Minimal Severe herpes zoster Skin epithelial ~ Cells of trigeminal
lescence cells and dorsal root
ganglia
HCMV B Most by 20 yr  ~70 5% of infectious ? Atherosclerosis (?), CMV disease, retinitis, Epithelial cells  Monocytes or
mononucleosis, restinosis (?) gastrointestinal dis- in a variety granulocyte-
congenital CMV ease of tissues macrophage
progenitors (?)
EBV Y Most by 20 yr ~ ~85 >85% of infectious ? Nasopharyngeal carci- B-cell lymphomas, oral Oropharyngeal B cells
mononucleosis noma, Burkitt’s lym- leukoplakia epithelium
phoma B cells
HHV-6A B ? >95% for HHV-6A  ? ? MS (?) Disseminated infections, ? Skin, lymphocytes
plus pneumonitis (?), as
for HHV-6A
HHV-6B B Before 2 yr HHV-6B ES in 30% of chil- ? MS (?) CD4" lympho-  Macrophages,
dren cytes lymphocytes
HHV-7 B >50% by 2yr  >85% subset of ES ? ? CMV disease CD4™ lympho-  Infectious virus is
cytes in saliva
HHV-8 Y ? ? ? ? KS, multicentric Castle-  KS, multicentric Castle-  ? sperm?, lympho-

man’s disease, pri-
mary effusion lym-
phomas

man’s disease, pri-
mary effusion lym-
phomas

cytes?

“ For recent reviews on all the viruses except for HHV-8, see the relevant chapters in reference 163. HHV-8 is reviewed in reference 386.
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by several laboratories, and isolates were obtained from spec-
imens collected on several continents, indicating that infection
with the virus is widespread (11, 49, 144, 324, 504, 556). Results
from several of these laboratories indicated that the newly
described virus was most likely to be found and to grow in
CD4™" lymphocytes (49, 144, 324, 343, 497, 504). The name of
the virus was changed to human herpesvirus 6 (HHV-6), a
name independent of the cell tropism of the virus and in
accordance with guidelines established by the International
Committee on Taxonomy of Viruses (6).

As the cellular and molecular biologic properties of inde-
pendent isolates of HHV-6 were compared, the segregation of
isolates into two groups became apparent. The groups differ
with respect to epidemiology (3, 34, 35, 61, 128, 131, 139, 178,
254, 405, 455, 551), growth properties (3, 89, 128, 545), reac-
tivity with panels of monoclonal antibodies (MAb) (3, 34, 89,
128, 455, 545), restriction endonuclease profiles (3, 34, 35, 180,
196, 250, 455), and nucleotide sequences (34, 35, 100, 101, 196,
197, 200, 505, 554). Nonetheless, they are very closely related,
with some genes being over 95% identical. After considerable
debate in the literature and at international scientific meetings,
a decision was made to formally recognize the differences as
sufficient to define the two groups as HHV-6 variants A and B
(2). HHV-6A is exemplified by strains GS and U1102, and
HHV-6B is exemplified by strains Z29 and HST. The presence
of the two groups raises several questions. What are the dif-
ferences between the viruses with regard to disease spectrum
and epidemiology? Can a variant-specific serologic test be de-
veloped? Can intertypic recombinants be formed? Answers to
these and many related questions should be forthcoming in the
next few years.

The early literature describing HHV-6 serology shows sev-
eral inconsistencies. In some reports, as few as 3% of people
were described as seropositive for the virus, and in others over
90% were seropositive. Age-related increases as well as de-
clines in seropositivity were noted. Correlations were and were
not seen between HHV-6 antibody status and the progression
of HIV-related disease. Much of this confusion can be attrib-
uted to the lack of sensitivity of some of the earliest serologic
tests, as well as to the use of very conservative cutoffs to avoid
nonspecific results. Current methods indicate that more than
95% people over 2 years of age are seropositive for either
HHYV-6A or HHV-6B or both.

The search for diseases associated with HHV-6 infections
has been complicated by the high viral seroprevalence, but the
early age of acquisition of infection noted by some workers
suggested that the virus might be associated with a common
childhood disease. Yamanishi et al. found that HHV-6B could
be cultured during the febrile phase of the common childhood
illness ES (roseola infantum) and, further, that the children
demonstrated seroconversion to the virus within weeks of the
acute illness (556). Primary HHV-6B infection normally pro-
duces mild or even subclinical disease, but more severe pre-
sentations have been observed. As described in detail below,
these include hepatitis, hemophagocytic syndrome, fatal dis-
seminated infection, and neurologic manifestations (e.g., fe-
brile convulsions and encephalitis). Illness associated with pri-
mary HHV-6B infection accounts for 10 to 40% of febrile
admissions of young children to pediatric emergency depart-
ments. No isolates of HHV-6A independent of HHV-6B have
been obtained from immunocompetent children with roseola
or other febrile illness.

There may be negative consequences of the failure to diag-
nose routine HHV-6B infections. One scenario (51, 236, 474)
involves a febrile child who is being treated with antibiotics and
then breaks out in a rash after a day or two. This might be
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interpreted as an adverse reaction to the antibiotic and duly
noted as such, with that antibiotic and its relatives being
stricken from the list of antibiotics available for treating that
person for the rest of his or her life. The antibiotic reaction
may in fact have been a normal presentation of primary
HHV-6B infection. Thus, even though primary infection with
HHYV-6B has few sequelae, definitive diagnosis of the infection
is in the patient’s best interest.

In addition to the study of primary infection in children,
HHV-6A and HHV-6B have been studied as possible cofactors
in other clinical situations. Herpesviruses are common oppor-
tunistic pathogens in immunocompromised individuals, and
HHV-6A and HHV-6B activity has been detected following
renal and liver transplants and bone marrow transplants
(BMT). HHV-6 antigens and nucleic acids are widely dissem-
inated in autopsy tissues from AIDS patients. The clinical
consequences of these findings are under study. Segments of
HHV-6 DNA can transform cells to a malignant phenotype in
vitro, and it is possible that the virus plays an etiologic role in
Hodgkin’s disease (HD) and other malignancies.

An underappreciated aspect of HHV-6 biology is its com-
mensal presence in brain tissue. The implications of this ob-
servation are not known. Several recent reports indicate that
HHV-6 activity and distribution in the central nervous system
(CNS) are altered in multiple sclerosis (MS) patients (87, 540).

NOMENCLATURE AND CLASSIFICATION

The brief history of HHV-6 nomenclature provides a clear
reminder that science is done by humans. There have been
changes in names and suggested classification, and there have
been spirited discussions and arguments about what to call the
variant groups. Some issues remain to be settled.

HHV-6A and HHV-6B are members of the Betaherpesviri-
nae subfamily, in the Roseolovirus genus along with HHV-7
(Fig. 1). This classification is based on the relatively high level
of sequence conservation and general genetic colinearity be-
tween these viruses and HCMV (a well-characterized betaher-
pesvirus), in comparison to the generally lower level of genetic
similarity to alpha- or gammaherpesviruses. The genetic rela-
tionships of HHV-6A and HHV-6B with the other herpesvi-
ruses are discussed in more detail in the section on molecular
biology, below.

Shortly after the discovery of HHV-6, several laboratories
described the isolation of viruses that appeared to be different
strains of the same virus, in that their DNA hybridized specif-
ically with a cloned DNA fragment from one of the primary
isolates. Early on, it was noted that in hybridizations of this
fragment with HindIII-digested viral DNA, either of two pro-
files were detected: a single 8.5-kb band or a 5.4-kb band plus
a 23-kb band (50, 244, 268), but the significance of these dif-
ferences was not evident. In a comparison between two iso-
lates, strains Z29 and U1102 reacted differently with some
MAD, and while strain U1102 replicated in the T-cell lines J
JHAN and HSB-2, strain Z29 did not (545). Given that only
two isolates were compared, the only conclusion possible was
that the strains differed in these properties.

Three important papers on the subject of HHV-6 strain
grouping were published independently in 1991. Each reported
comparisons of several properties across collections of HHV-6
strains. All three papers reported that the collections of
HHV-6 isolates segregated into two groups that were consis-
tent from marker to marker. Aubin et al. (35) compared re-
striction endonuclease profiles from large genomic segments
and nucleotide sequences from a 163-bp segment and found
two groups, typified by strains SIE and HST. Strains included
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FIG. 1. Genetic relationship of HHV-6A and HHV-6B to other herpesvi-
ruses. gH amino acid sequences were aligned by PILEUP (127) with a gap weight
of 3 and a length weight of 0.1. The dendrogram represents clustering of the
sequences based on their similarity; vertical branch lengths are proportional to
the distance between the sequences. «, B, and vy are the herpesvirus subfamilies.
Genera within each subfamily are indicated. The close relationship between
HHV-6A and HHV-6B is evident, as are the progressively larger distances from
these viruses to the other betaherpesviruses, HHV-7, and then HCMV. The
viruses indicated as OBP+ encode homologs of the HSV-1 UL9-encoded origin
binding protein; their origins of lytic DNA replication are highly conserved. The
viruses indicated as OBP— do not encode homologs of this protein, and their
origins of lytic DNA replication share little similarity with those of the OBP+
viruses. References for the sequences are as follows: EBV, 39; HVS (herpesvirus
saimiri), 16; HHV-8, 368; HCMV, 92; HHV-7, 381; HHV-6B, 317; HHV-6A,
200; VZV, 123; HSV-1, 357.

in group 1 were isolated from immunocompromised adults,
and those in group 2 were isolated from children. Ablashi et al.
(3) found that isolates that grew in HSB-2 and Sup T1 but not
Molt-3 cells reacted with all MAb directed against strain GS
and shared identical restriction endonuclease profiles, while
the isolates that did not grow in HSB-2 and Sup T1 cells but
grew in Molt-3 cells reacted with the same subset of strain
GS-derived MAD and shared identical restriction endonucle-
ase profiles that differed from those of the other group. The
authors proposed that HHV-6 isolates be divided into group A
(GS-like) and group B (Z29-like). Schirmer et al. (455) com-
pared whole-genome restriction endonuclease profiles and re-
activity with a panel of MAb among a collection of HHV-6
isolates. The isolates that shared restriction endonuclease pro-
files with strain Z29 had similar reactivity with the panel of
MADb. With the exception of strain Z29, which was isolated
from an AIDS patient, the Z29-like viruses were all obtained
from ES patients. The authors suggested that reclassification of
HHV-6 strains be considered.

There was sufficient overlap in the collections studied in
these papers to suggest that the two groups of isolates de-
scribed in each of the three papers were in fact the same
groups. Subsequent studies confirmed this and extended the
results to much larger collections (34, 89). As it stands, over
100 HHV-6 isolates have been analyzed by a combination of
restriction endonuclease analysis, cell tropism, and reactivity
with panels of MAbs (3, 128, 131, 137, 455); except for isolates
that appear to be mixtures of the two variants (3, 131), all have
been unambiguously assigned to one of the two groups.

While it is clear that HHV-6 isolates segregate into two
distinct groups, it is also clear that the two groups are closely
related. Members of both groups infect primary CD4-positive
T cells. Although a subset of MAD derived against a member of
one or the other group do not cross-react between the groups,
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many MAb do. Much of the human immune response is cross-
reactive between the groups, and polyclonal rabbit antibodies
to either cells infected with a member of one group or a
purified structural protein from a member of one group react
strongly with their counterparts from the other group (89, 406).
The genomes cross-hybridize efficiently (316, 455). The nucle-
otide sequence identity ranges from 75 to 97%, depending on
which gene is being compared, with identities being in the
vicinity of 95% for most genes (34, 35, 101, 197, 200, 315, 317,
323, 406, 554). Notably, both groups encode closely related
homologs of the parvovirus rep gene at equivalent genomic
locations (425, 509); the next most closely related herpesvirus,
HHV-7, does not encode such a gene (381).

The clear evidence for two closely related yet distinct groups
of HHV-6 isolates has led to a nomenclature conundrum. Do
the two groups warrant distinct names? Do the two groups
constitute distinct herpesvirus species? The issue was discussed
in special sessions at international herpesvirus meetings, and a
consensus letter from the community on the subject was pub-
lished in 1993 (2). The letter described the available evidence
and concluded that the groups should be recognized as HHV-6
variants A (strain GS- and U1102-like) and B (strains Z29- and
HST-like). It was suggested that it was premature to recognize
the variants as distinct species because of their close relation-
ship (closer than any other pair of recognized herpesvirus
species) and the gaps in our understanding of the epidemiology
of the variants.

In the intervening 4 years, much has been learned, and we
would like to describe our reasons for proposing that the issue
of recognizing the variant groups as distinct species be recon-
sidered. We preface the discussion with the definition of her-
pesvirus species as put forth by the Herpesvirus Study Group
of the International Committee on Taxonomy of Viruses (ICTV):

Related viruses could be classified as distinct species
if (a) their genomes differ in a readily assayable and
distinctive manner across the entire genome (e.g.,
restriction endonuclease cleavage site patterns ob-
tained with many enzymes) and not merely at a spe-
cific site (e.g., small number of genes or small number
of restriction endonuclease sites) and (b) if the virus
can be shown to have distinct epidemiologic and bi-
ologic characteristics (436).

Has this definition been met? With respect to item “a” from
the ICTV definition, which relates to genomic differences, we
think the answer is, “Yes.” Evidence for this includes the
identification of variant-specific nucleotide sequence differ-
ences in fragments from diverse segments of the respective
genomes and the manifestation of these differences in the
markedly distinct restriction endonuclease fragment profiles of
each variant. These are perhaps most easily appreciated in the
whole-genome restriction endonuclease profiles presented in
the studies of Schirmer et al. (455). The sequence variation is
logically the source of the variation in reactivity with panels of
MAD directed against a variety of viral proteins.

An important question to consider, given the high degree of
similarity between the HHV-6 variants, is whether there is any
evidence for natural recombination between them, which
would suggest overlapping or shared biologic niches and the
absence of speciation. Points of comparison would be the EBV
variants and interstrain variation among HCMV isolates. In
the case of EBV, viruses have been identified that are EBV-1
at some loci and EBV-2 at others (314), suggesting that there
is a biological gradient between the variants that precludes
their recognition as distinct species. For HCMYV, the evidence
when considered in its parts (single genes) appears to indicate
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the presence of defined strain groups, but when the totality
of evidence (multiple genes) is considered, strains that sort
into a given group when the sequence of one gene is ana-
lyzed, sort into other groups when other genes are analyzed,
there being no constancy of the sorting from marker to
marker (97, 98, 304). There is no reported evidence of a
genetic gradient between HHV-6A and HHV-6B; all iso-
lates that have been characterized for more than one marker
have been unambiguously assignable to one or the other
variant.

Do the variants have “distinct epidemiologic and biologic
characteristics” (item “b”)? As mentioned above, A variants
replicate preferentially in HSB-2 and J JHAN cells and B
variants replicate preferentially in Molt-3 cells. There is a
nearly absolute association of B variants with ES (128, 131,
137, 405, 455); the two A variants found were each present in
the ill child simultaneously with the B variant (131). Of HHV-6
strains detected in BMT recipients, 70 (87.5%) of 80 were B
variants, 6 (7.5%) were A variants, and 4 (5%) were mixtures
of HHV-6A and HHV-6B (147, 178, 254, 458, 528, 539). As
recently elegantly summarized by Di Luca et al. (135), there
are significant variant-specific differences in the frequencies of
detecting HHV-6 DNA in (i) peripheral blood mononuclear
cells (PBMC) of healthy donors, CFS patients, and HIV-in-
fected patients; (ii) lymph nodes from patients with various
conditions; and (iii) various tissues. In most of the examples,
the B variant was detected most frequently, with HHV-6A
being detected more frequently than HHV-6B in healthy skin,
KS lesions, KS-derived cell lines, and primary fibroblast cul-
tures, suggesting a preferential tropism of HHV-6A for skin.
The distinctions between the variants were less marked in lung
tissue specimens, where 22 (65%) of 34 specimens were PCR
positive for both variants, 2 (6%) were positive for HHV-6A,
and 10 (29%) were positive for HHV-6B (115). Although there
is some overlap in tissue distribution and disease associations,
the variant-specific differences in cell tropism, disease associ-
ations, and tissue distribution seem sufficient when considered
together to constitute “distinct epidemiologic and biologic
characteristics.”

We are of the opinion that sufficient new information relat-
ing to the biology and epidemiology of the HHV-6 variants has
accumulated to allow reconsideration of the classification of
the HHV-6 variants as distinct species. As we were reminded
by Di Luca et al. (135), the herpesvirus classification system is
intended to allow researchers and clinicians to anticipate the
properties and pathogenic potentials of new isolates (436).
Thus, whether or not the species threshold is deemed to have
been met, the differences between the variants are real and
require recognition for us to fully appreciate the subtleties of
the specific niches that the viruses occupy. In this review, we
have highlighted areas where variant-specific differences have
been noted. In addition, to the extent that we could manage,
we have treated the variants as separate entities, even in areas
for which variant-specific differences have not been (and might
not be) identified. Although this has led to some instances of
more difficult phraseology, we do not consider the absence of
evidence for differences to mean the absence of differences,
and we hope to stimulate continued study of the similarities
and differences between the variants. We also hope that a
by-product of this and other work describing variant-specific
differences will be motivation of authors of HHV-6-related
papers in the future to be clear in specifying which variant was
studied, isolated, or otherwise detected.
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Ultrastructure and Morphogenesis

Virions of HHV-6A and HHV-6B, as for all herpesviruses,
have four main structural elements: an electron-dense core, a
capsid with icosahedral symmetry, a tegument (the less highly
structured material occupying the space between the capsid
and the envelope), and an outer envelope in which virally
encoded glycoproteins and integral membrane proteins are
embedded (reviewed in reference 437). The assembly process
leading to mature HHV-6 particles begins in the nucleus,
where nucleocapsids are assembled. HHV-6 capsids have a
diameter of 90 to 110 nm (53, 562). After capsid assembly, the
tegument is acquired while still in the nucleus by a series of
envelopment and deenvelopment steps which have not been
fully characterized (385, 434). The tegument may be acquired
in a novel structure, the tegusome, which is a membrane-
bounded spherical compartment, apparently of cytoplasmic or-
igin, that is present in the nuclei of HHV-6-infected cells (434).
Fully tegumented capsids, with a diameter of approximately
165 nm, appear to be released into the cytoplasm via fusion of
the tegusome with the nuclear membrane (434, 562). HHV-6
morphogenesis has the unique feature of cytoplasmic accumu-
lation of fully tegumented capsids with a prominent and well-
demarcated tegument; these tegumented cytoplasmic capsids
appear to acquire their envelope by budding into cytoplasmic
vesicles. Mature virions are approximately 200 nm in diameter
(53, 562) and are released by exocytosis (434).

Cell Tropism

In vitro. HHV-6A and HHV-6B replicate most efficiently in
vitro in activated primary T cells, and several isolates have
been adapted to grow efficiently in continuous T-cell lines. Of
the two most widely used strains of HHV-6A, strain GS is most
commonly propagated in the T-cell line HSB-2 and strain
U1102 is most commonly propagated in J JHAN cells. HHV-
6B(Z29) is grown most often in primary lymphocytes and has
been adapted for growth in the Molt-3 T-cell line. While T cells
are most widely used for propagation of HHV-6A and HHV-
6B, cell lines of neural, epithelial, and fibroblastic origin have
different levels of permissivity for HHV-6 growth in vitro (6,
86, 94, 213, 325), although none of these cells are in common
use for routine propagation of the virus. With few exceptions,
virus isolation procedures have relied on cultivation of patient
PBMC or cocultivation with primary adult PBMC or umbilical
cord blood lymphocytes. HHV-6 can infect primary natural
killer (NK) cells harvested from PBMC (341).

In vivo. The in vivo host tissue range of HHV-6 is broader
than its in vitro host range might suggest and includes lymph
nodes (309), lymphocytes (112, 119, 243), macrophages and
monocytes (288), kidney tubule endothelial cells (388), salivary
glands (174, 296, 424), and CNS tissues, where viral gene
products have been localized to neurons and oligodendrocytes
(87, 329, 330).

Takahashi et al. (497) sorted lymphocytes obtained from
children with primary infections during episodes of ES and
found that virus was recovered most abundantly from CD4"
cell populations. Because these isolates were obtained during
ES, they were probably HHV-6B. Four weeks following pri-
mary infection, virus could be recovered only from macro-
phages (288). As discussed below, this finding suggests that
macrophages are a potential repository for latent infection.
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Lytic Replication Cycle

There are many gaps in our knowledge about the replication
cycles of HHV-6A and HHV-6B. A specific receptor on target
cells has not been identified for either virus. Although both
viruses have a primary tropism for CD4™ T cells, CD4 does not
appear to be the receptor. Thus, HHV-6A replication is not
inhibited by soluble CD4 or by antibodies to CD4, under con-
ditions in which HIV-1 replication is inhibited (338). Expres-
sion of CD4 on cells that do not normally express it did not
render the cells susceptible to infection by HHV-6B (162).

The route of entry into the cell and the mechanism of mi-
gration of the capsid to the nucleus are not known, nor are the
mechanisms of unpackaging the DNA and transporting it to
the cell nucleus. Within 24 h after infection with HHV-6B, the
rate of cellular protein synthesis is higher in infected cells than
in mock-infected cells (43, 56, 134), and by 65 h after infection,
host cell DNA synthesis is shut off and viral DNA synthesis is
under way (134). Newly replicated virus is first detected at 72 h
after infection (58). Virion maturation and egress are de-
scribed in the section on ultrastructure and morphogenesis,
above.

Effects on Cells

Herpesviruses can have profound effects on host cell metab-
olism. For example, HSV-1 rapidly shuts off host cell macro-
molecular synthesis, induces nucleoli to disaggregate, and
causes chromatin to marginate (reviewed in reference 437). In
contrast, HCMV stimulates both protein synthesis and cell
division (219, 240, 478, 573). Different aspects of the virus-cell
interaction have been studied for HHV-6A than for HHV-6B;
it remains to be seen whether the findings for one virus apply
to the other.

As indicated by background levels in radiolabeled-protein
profiles, HHV-6A does not shut off host cell protein synthesis
(42). Infection of mononuclear cells led to increased expres-
sion of alpha interferon (IFN-a) (270), CD4 (335, 340, 341),
interleukin-18 (IL-1B8), and tumor necrosis factor alpha
(TNF-a) but not IL-6 (165). The induction of CD4 rendered
previously refractory lymphocytes susceptible to infection with
HIV-1 (335); this effect may have pathogenic implications.

HHV-6B shuts off host cell DNA synthesis within 65 h of the
initiation of infection (134). In parallel with the shutoff of host
DNA synthesis, there is a broad stimulation of host cell protein
synthesis at times when protein synthesis has nearly ceased in
uninfected primary lymphocytes (56). At 3 to 5 days after
infection, infected-cell protein profiles are similar to unin-
fected-cell protein profiles immediately following phytohemag-
glutinin stimulation, with the major difference being the higher
level of synthesis in the infected cells. The net effect is a
continuation of protein synthesis at levels even greater than
those seen in freshly stimulated lymphocytes, accompanied by
an inhibition of cell division. Thus, it appears that the virus has
disrupted a component of the cell cycle that links cytoplasmic
growth with cell division. The decoupling of cell growth from
cell division may lead to the commonly observed effect in
HHV-6-infected cell cultures of the production of large, re-
fractile cells.

MOLECULAR BIOLOGY

Genome

Structure. The genomic architecture shared by HHV-6A,
HHV-6B, and HHV-7 (142, 318, 351, 443) is unique among the
HHVs and resembles that of channel catfish virus (103).
HHV-6 genomes are composed of a linear, double-stranded
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DNA molecule bounded by directly oriented terminal repeats
(DRs) (Fig. 2). The unit-length molecule ranges from approx-
imately 162 to 170 kb and is composed of a 143-kb unique long
(U) segment bracketed by direct repeats, DR, (left) and DRy
(right), that can vary in length from 8 to 13 kb upon passage in
vitro (200, 318, 351, 378, 510). The complete genome sequence
of HHV-6A(U1102) has been determined; its U segment is
143,147 bp and is flanked at each terminus by an 8,087-bp DR
(200) for an overall length of 159,321 bp. The DRs in the
sequenced virus are probably shorter than in the wild-type
virus from which they were derived (405). It will be interesting
to compare this sequence with sequences of DRs derived from
wild-type viruses that have not undergone passage in culture.
The G+C content is not constant across the genome, averag-
ing 41% over the unique segment and 58% in the DRs (199,
200, 318, 508), for a net value of 43%. Uneven base composi-
tion has been observed in other sequenced herpesviruses; for
example, the G+C content of the unique region of the her-
pesvirus saimiri genome is 36%, compared with 71% in the
terminal repeats (16).

An interesting feature of the HHV-6 genome is that it con-
tains reiterations of the hexanucleotide (GGGTTA),, near the
ends of the DRs (199, 274, 316, 508) (Fig. 2). Although this
hexanucleotide is present in both variants, the context of the
reiterated sequences within DR in HHV-6A and HHV-6B
differs; HHV-6A contains additional repeat sequences not
found in HHV-6B (508). This sequence may have been ac-
quired from the host cell since it is present at the telomeres of
vertebrate chromosomes (362). This sequence is also found
near the termini of HHV-7, a closely related virus (459), and at
the junction region between the internal inverted repeats IR-
IR, of Marek’s disease virus (a lymphotropic alphaherpesvirus
of chickens) and herpesvirus of turkeys (273). The function of
(GGGTTA), is not known, but it has been hypothesized to
play a role in DNA replication and in maintenance of the viral
chromosome as a self-replicating episome in latently infected
cells (199, 233, 508). Since (GGGTTA),, is located near but not
at the genomic termini, it seems unlikely that the repeat array
is involved in maintaining or protecting the integrity of the
ends of the viral genome during DNA replication (508).

The conserved terminal cis-acting herpesvirus packaging sig-
nals, pac-1 and pac-2, are present in HHV-6A and HHV-6B,
flanked by imperfect and perfect iterations of GGGTTA (199,
508) (Fig. 2). During DNA replication, a head-to-tail arrange-
ment probably occurs, juxtaposing the pac-1 and pac-2 signals
in the correct orientation, creating a favored cleavage site for
unit-length molecules. Single copies of the telomere-like se-
quence are distributed throughout the genome and exhibit
marked polarity, TAACCC to the left of the origin for lytic-
phase replication (oriLyt) and the complement, GGGTTA, to
the right of oriLyt (199). Three other sets of reiterations, R1,
R2, and R3, are located at or near the major immediate-early
loci (Fig. 2); R3 may play a role as a transcriptional enhancer
(200, 350, 351).

As with other herpesviruses, the HHV-6A and HHV-6B
genomes are densely packed genetically, with very little non-
coding DNA (Fig. 2) (200, 315, 317). HHV-6A and HHV-6B
share amino acid similarities as well as an overall similar gene
organization with other betaherpesviruses, such as HCMV
(153, 238, 301, 380) and HHV-7 (142, 381). Herpesviruses
encode a set of conserved genes that are grouped into seven
gene blocks, with each block being composed of two to eight
genes (92, 200) (Fig. 3). The gene blocks have different
genomic location, order, and orientation in the different her-
pesvirus subfamilies, although genes within a gene block main-
tain order and transcriptional polarity. These conserved gene
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2.3 5 products include structural components of the virion, such as
s 5% MCP, gH, and the large tegument protein. Others are enzymes
S £ o " o2 § E required for DNA replication and nucleotide metabolism, such
2 < @ =" TEs as the major DNA binding protein (MDBP), DNA polymer-
Ly ";ZZEN 8 @ 2 ase, and uracil-DNA glycosylase. As illustrated in Fig. 2 and 3,
<9 = 18 EEE HHV-6 also encodes an additional gene block, the B-genes,
e an— £ which have been found only in HCMV and are absent from the
32 ° A 3 £2 & genomes of the human alpha- and gammaherpesviruses (200,
e ! <7 g g ap 382). Many of these genes belong to the US22 family of pro-
g ™ E] A 4 3 53 teins, which are present in scattered clusters throughout the
o == £33 HCMV genome (92). Genes belonging to this family contain
gsv _— E f E one or more of three conserved amino acid motifs (92), and
o~ A~ 8 48 open reading frames (ORFs) related to this gene family are
& i . 4 Z2g¢ also present in HHV-7 (142, 381). The biological function of
& "gg gi Al the products of the US22 gene family remains unclear, al-
8, " EPE- though two members from HCMV, TRS1 and IRS], can trans-
L=__ 0 £42 activate gene expression (475). The HHV-6A(U1102) genome
o vﬁz - 54-3 encodes at least 102 ORFs which are likely to encode a gene
" N 2= 55 product (200) (Fig. 2). Of the 102 genes, 70 have an HCMV
2Z = °© £ ?6’ ik homolog. These genes, spanning U2 through U86, are located
R = ot 3 g@ in the unique region of the HHV-6A genome and are arranged
ﬁ n% 4 £5 D:ﬁ in the same order and orientation as genes in the HCMV UL
N ko ; £80% region. HHV-6 genes for which a function has been assigned
@3: H 3 _52 2 either experimentally or by analogy to other herpesviruses are
g 8 £ETs listed in Table 2.
_ §§; -8 3 224 DNA replication. The elements required for lytic HSV-1
TN ER a< DNA replication are an origin for lytic-phase replication and
ﬁﬂ §§ 2% seven viral gene products: the MDBP, the DNA polymerase, a
5 3 2 E«é“ e polymerase-associated protein, and an origin binding protein
8, 2 1 52 B (OBP), as well as a helicase-primase complex composed of
s < K3 three proteins encoded by the HSV-1 UL5, ULS, and ULS52
sv&_ﬂ o ®2 §E genes (reviewed in reference 437). HHV-6 encodes homologs
@:g 2 2582 to all seven gene products. An interesting feature is that
P Tz S 1 E g °% HHV-6 encodes a sequence homolog of the HSV-1 OBP,
'sg v a CE é; which had been found only in alphaherpesviruses (200, 234,
¢ 70 |E 3 ;EE 302, 315, 380). The HHV-6 OBP, like other alphaherpesvirus-
2/ ¢ o Z29 ° encoded OBP homologs, has greater amino acid sequence
= LIV qé_ 1 & é g = similarity to other herpesvirus OBPs in the N-terminal helicase
s = < & K3 ) s =& region than in the C-terminal DNA binding region (302, 317).
o 3 8z g2 HHYV-6 has an origin for lytic-phase DNA replication that, as
"3 Py LELE in HSV-1, VZV, and HCMYV, is located upstream of the gene
- 5 71 2&s§ encoding the MDBP homolog (21, 480, 535) (Fig. 2). The
" 5 S8 HHV-6B(Z29) origin lies in a unique 1,400-bp region that has
28 R ER no obvious protein-coding capacity and is located between the
ng o @E = § genes encoding the MDBP and the HCMV ULG69/HSV-1
-2 T° 3Lge ICP27 homolog (129, 317, 473). These oriLyt sequences have
= 8 g ¥ g been functionally defined by using transient-transfection assays
s 2858 with plasmids containing different portions of the HHV-
o8 o 25E¢e 6B(Z29) oriLyt (129); a region of approximately 400 bp was
“Rg < 7 t 2% s identified as the minimal active region.
Iz 22<E The HHV-6B(Z29) oriLyt is located in a genomic region
§§§ R that includes two binding sites, OBP-1 and OBP-2, for the
8:v 5 % E";Z:’ HHV-6B(Z29) OBP. The OBP sites are arranged with dyad
LA S 1 S& % symmetry, flank an AT-rich spacer, and are within the mini-
$= " g g g g mum essential origin region. This region is adjacent to a larger
%:5 3 g BT AT-rich imperfect direct repeat of about 195 bp that has been
c =/ dzx|s | & agé proposed to act as a DNA-unwinding element (129). Both
<o i ~e 2|08 25E3 OBP sites are required for DNA replication in transient-trans-
= ) - oc Sgez fection assays (130). Functional assays have shown that the
G a o g"‘ ° | 2o gﬂg gng HHV-6B(Z29) OBP does not bind to the HSV-1 binding site
L o 2 SeS3g and the HSV-1 OBP does not bind to the HHV-6B(Z29)
K <_. . @ | Z 283 sequence (234). Competitive electrophoretic mobility shift as-
5 2 = Gyt says (EMSA) with mutated HHV-6B(Z29) OBP-1 determined
° 8 Xl = S é‘é £ that the consensus binding site is YGWYCWCCY (where Y is
g~ :VZEN ] Egs3 g T or C and W is T or A), which is different from the HSV-1
= g 20

consensus binding site, YGYTCGCAC (235). Studies mapping
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FIG. 3. Conserved herpesvirus gene blocks (adapted from references 92, 200, 233, and 364). Prototype arrangements of the HHV-6A/6B/7, HCMV, HSV-1, and
EBYV genomes are shown. Beneath the schematic diagrams is a scale in kilobase pairs. The seven conserved herpesvirus sequence blocks (Block 1 through Block 7) plus
an additional sequence block (B-genes) that is found only in the betaherpesviruses are diagrammed. The order of the gene blocks on each prototype genome is shown
after the virus name. The ORFs defining the boundaries of each conserved sequence block are indicated. Gene nomenclature is from the following references: HHV-6A,
200; HCMV, 92; HSV-1, 357; and EBV, 39. The structures of genomic termini are also shown. DRL (left) and DRR (right) denote direct repeats. IR denotes an internal
repeat. TRL, IRL, IRs, and TRs denote inverted repeats flanking the long or L component and the short or S component, respectively. TR are direct terminal repeats.
Some of the gene products found in these sequence blocks are indicated above the HHV-6/7 genome. The 7-kb segment that is present in HHV-6A and HHV-6B and
absent in HHV-7 is indicated by A. Abbreviations: 101K/p100, virion structural protein; P41, polymerase-associated factor; LTEG, large tegument protein; DNA Pol,
DNA polymerase; TP, transport/capsid assembly protein; gH, glycoprotein H; MCP, major capsid protein; UDG, uracil-DNA glycosylase; gL, glycoprotein L.

the minimal DNA binding domain of the HHV-6B(Z29) OBP
by either EMSA or Southwestern blotting gave different results
(235). The DNA binding domain of OBP was mapped to
amino acids 482 to 770 by EMSA and to amino acids 657 to 770
by Southwestern blotting. The smaller region as determined by
Southwestern blotting may encompass the sequence that con-
tacts DNA directly, whereas the sequence upstream may con-
fer stability or accessibility to the binding domain. The pro-
posed DNA binding domain is the most conserved segment in
the otherwise not highly conserved carboxy-terminal half of
OBP.

Interstrain variation. The genomes of variants A and B are
genetically colinear, cross-hybridize extensively, and have iden-
tical sizes and base compositions (318, 351). Nonetheless, there
are sufficient sequence differences that HHV-6A and HHV-6B
have characteristic restriction endonuclease profiles which al-
low for unambiguous segregation into variant specific patterns
(3, 34, 35, 455). Nucleotide sequence variation between
HHV-6A and HHV-6B is 1 to 5% in the center of the genome,
where conserved core genes are present (2, 34, 196). The
interstrain variation in coding sequences between isolates of
HHV-6A and HHV-6B is less pronounced than that observed
among HCMYV isolates (99, 181, 196). For instance, the DNA
polymerase, glycoprotein B (gB), phosphotransferase, and
MDBP genes from a sample of HHV-6B that was present in
the brain of an MS patient shared 99.9% amino acid identity
with the corresponding HHV-6B(Z29) sequence (87). The se-

quence variation among different strains of HCMV in the
genes coding for gB and gH is small (approximately 5%),
although each coding sequence contains variable loci which
allow for the segregation of gB and gH into four and two
different genotypes, respectively (99, 181). The nucleotide se-
quence identity between HCMYV strains within each group is 98
to 99%, whereas the similarity between strains in different
groups is 88 to 95%. An important distinction is that the
HCMV strain groupings are different depending on which
gene is analyzed. Heterogeneity within an HHV-6 variant
group can differ depending on which gene is being analyzed.
For example, when a 210-bp region of the U47 gene was
analyzed, variant A viruses differed by 2% whereas variant B
viruses were identical in this region (196).

Several genomic regions in HHV-6 stand out because of
nucleotide sequence differences that exceed 10%. These in-
clude the immediate-early region, which differs by as much as
25% (101, 554), and the gene encoding the highly immunore-
active virion protein, which differs by 10% (406). Extensive
nucleotide variation is also present between the two main types
of EBV that circulate in the human population, EBV-1 and
EBV-2. The major differences between the types are located in
the genes expressed during latency, such as those encoding the
nuclear proteins (EBNAs) and the small RNAs (266). For
example, the amino acid sequence of the EBV-1 EBNA 2,
EBNA 3A, and EBNA 3B, and EBNA 3C differ from the
corresponding EBV-2 products by 47, 16, 20, and 28%, respec-
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TABLE 2. Selected HHV-6 genes and similarity implied or
observed functions

HHV-6 ORF Function
DR7............. Transforms NIH 3T3 cells, HIV LTR transactivator
Ull..... 101K, p100, antigenic virion protein

Ul2.... .G-protein coupled receptor
ule..... JImmediate-early gene (IE), HIV LTR transactivator
U27..ne Polymerase processivity factor (PA), HIV LTR

transactivator
Large ribonucleotide reductase subunit
.Capsid assembly and DNA maturation
.Large tegument protein
.DNA polymerase
.Glycoprotein B (gB)
.Transport/capsid assembly (TP)
.MDBP
Helicase/primase complex (HP)
.Glycoprotein H (gH)
.G-protein coupled receptor
.Major capsid protein (MCP)
.Alkaline exonuclease
.Glycoprotein M (gM)
.OBP
Helicase/primase complex (HP)
Helicase/primase complex (HP)
.Uracil-DNA glycosylase
.Glycoprotein L (gL)
Intercrine cytokine
JImmediate-early gene (IE), HIV LTR transactivator
Parvovirus rep homolog, HIV LTR regulator

tively (451). A limited amount of sequence information has
been reported for additional EBV-1 and EBV-2 genes. For
example, identity in the noncoding DNA adjacent to the
EBNA-3 ORFs is 96%, and it is over 95% in the BZLF1 ORF
(247, 451). Aside from these genes, the genomes have very
similar restriction endonuclease profiles, exhibiting restriction
endonuclease polymorphism characteristic of strain differences
with no segregation into type-specific patterns.

Intrastrain heterogeneity. Heterogeneity also occurs within
HHV-6 isolates. Regions of increased divergence, including
both insertions and deletions, map to regions with repetitive
elements. In HHV-6B(Z29), intrastrain heterogeneity maps to
a region near the left end of both copies of DR and is mani-
fested by the loss of 3 to 4 kb from each DR upon serial
passaging in cell culture (318, 405). The variable portion of the
genome is known as the het region; variation among other
isolates has also been mapped to this region (178, 199, 351,
508). The events that lead to such heterogeneity have not been
identified, but the process may be related to viral replication.

Relationship of HHV-6 with other herpesviruses. HHV-6
was initially grouped as a lymphotropic virus or gammaherpes-
virus, as exemplified by EBV, based on its ability to infect
lymphocytes (324, 450). However, early studies of HHV-6
DNA indicated that it was more closely related to HCMV, a
betaherpesvirus (152, 301), and the virus is now classified as a
member of the Roseolovirus genus of the betaherpesvirus sub-
family (Fig. 1). Since the sequence for the HHV-6A(U1102)
genome has been determined, a complete analysis of the cod-
ing content is available (200) (Fig. 2). Of HHV-6A(U1102)
genes, 67% have HCMV counterparts, on the basis of either
having amino acid similarity or having positional similarity.
HHV-6 is even more closely related to HHV-7 than to HCMYV,
based on limited serologic cross-reactivity, DNA hybridization,
and nucleotide sequence similarity (52, 55, 142, 171, 179, 381)
(Fig. 1). The MCP of HHV-6A(U1102) shares 61.3% amino
acid identity with the MCP of HHV-7 (373) and 43.8% amino
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acid identity with the HCMV counterpart (321, 505) but has
less than 30% amino acid identity with the MCP of EBV,
VZV, and HSV (321). This relatedness is similar to that of
other herpesviruses in a given subfamily. For example, HSV-1
and VZV share 52% amino acid identity in the MCP (357).

Some HHV-6 genes have no known counterpart in other
herpesviruses. In HHV-6A(U1102), 25 unique genes are lo-
cated either in the DR or near the ends of the unique segment;
in some of these regions, splicing occurs (200, 408). Two of the
more intensively studied HHV-6 unique genes are the adeno-
associated virus type 2 (AAV-2) rep gene (rep s av.») homologs
(repne) and the gene encoding the spliced glycoprotein gp82/
105 (407, 408, 425, 509).

The repsav.. homolog is encoded by HHV-6A(U1102)
ORF U9%4 (Fig. 2) and is present in a similar genomic location
in HHV-6A and HHV-6B (425). Its product Repy, is more
closely related to the rep s av.» protein (Repsav.») than to the
homologous proteins encoded by other parvoviruses (511). It is
worth emphasizing that HHV-7 lacks a repsav., gene ho-
molog, and thus this gene may be a marker of evolutionary
divergence between HHV-6 and HHV-7 (381). The Rep pro-
tein is essential for AAV-2 DNA replication and possesses
site-specific ATP-dependent endonuclease and helicase activ-
ities (232). The functions of the rep gene and its product in the
life cycle of HHV-6 are unknown. In vitro, repy, can provide
helper function for AAV-2 DNA replication (511). Addition-
ally, repyy¢ from HHV-6A(U1102) can complement the repli-
cation of a rep-deficient AAV-2 genome.

Another unique HHV-6 protein is a major envelope glyco-
protein which consists of a number of related polyproteins,
collectively referred to as the gp82/gp105 complex (407). The
role of gp82/gp105 is not known but is likely to be important in
the biology of HHV-6 since neutralizing epitopes are present.
MADb raised against HHV-6A(GS) are able to neutralize
HHYV-6A infectivity but are unable to neutralize¢ HHV-6B in-
fectivity (407). The presence of multiple RNA species that
hybridize to the gene encoding the neutralizing epitope sug-
gests that the other polypeptides in the gp82/gp105 complex
are probably the result of differential splicing among the 12
exons in the gp82/105 gene (408). This is the first reported
HHYV virion envelope glycoprotein to be composed of multiple
species derived from the same gene as a result of differential
splicing.

Transcription

During lytic infection, herpesvirus genes are expressed as
three kinetic classes (reviewed in reference 437). The «, or
immediate-early (IE), genes are transcribed with no require-
ment for de novo protein synthesis; mRNAs are frequently
detectable within 3 h after infection. a proteins regulate the
expression of other genes. The second class of genes, the § or
early (E) genes, are involved in DNA metabolism and DNA
replication. The expression of B genes is dependent on a-gene
expression. The third class of genes is the v, or late (L), genes;
the products of these genes are usually involved in virion as-
sembly and as components of the mature virus particle.

Temporal regulation of HHV-6 gene expression is not well
understood. Several transcription units have been character-
ized (406, 408, 425, 454). The most intensively studied region is
near the right end of the unique segment of the HHV-
6A(U1102) genome and shares characteristics with regions in
the betaherpesvirus genomes which code for IE gene products
(350, 454). These characteristics include CpG dinucleotide fre-
quency suppression, encoding transcriptional trans-activators,
and the presence of a complex array of repetitive sequences
which contain binding sites for cellular transcription initiation
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factors. An IE locus spanning approximately 5 kb of sequence
is located at genomic coordinates 132272 through 136826 in
HHV-6A(U1102). This locus gives rise to two spliced cotermi-
nal RNAs of 3.5 and 4.7 kb plus two other smaller transcripts
from the opposite strand. The 3.5- and 4.7-kb species trace
back to ORFs U89 and U90, respectively. Only the 3.5-kb
species is detected under o conditions; the 4.7-kb transcript is
present at late times after infection and initiates from a differ-
ent promoter located upstream from the repetitive element R3
(Fig. 2) (454). The short transcripts arise from the same pro-
moter and are not expressed during « conditions. The similar-
ity to the HCMV IE region is limited to the most general
properties, since there is no similarity at the level of genetic
content or pattern of gene expression between this HHV-6A
IE locus and the HCMV IE counterpart. Another HHV-6 IE
candidate is the B701 gene fragment of HHV-6A(GS) ORF
U16 in HHV-6A(U1102), which is located near the left end of
the genome (191, 382). This gene is a member of the US22
gene family and shares weak amino acid similarity with UL36
from HCMYV, which is an IE gene that regulates gene expres-
sion (108). In vitro, B701 can transactivate the HIV-1 pro-
moter and thus may function as a transactivator of HHV-6A
gene expression (191).

Transcriptional activity from the gene encoding the virion
protein 101K in HHV-6B(Z29) gives rise to a set of transcripts
approximately 2.6 kb long. When the termini of these mRNAs
species were precisely mapped, two 5’ and two 3’ ends were
detected (406). The transcripts originated downstream from
either of two TATA boxes located 139 bp apart in the region
5" to the 101K OREF, with the 5’ species closest to the initiating
ATG being more abundant. Of the two 3’ termini, the one with
the canonical polyadenylation signal (AATAAA) was used
more frequently. The significance of this finding is not known
but suggests that these mRNAs may be differentially regulated.

Splicing may also be an important feature of HHV-6 tran-
scriptional regulation. As described for the IE locus, the gene
encoding gp82/105 (408) and the rep,y, gene are expressed as
spliced transcripts (425). The gene encoding HHV-6A(GS)
2p82/105 is composed of 12 exons totaling 2.5 kb that spans 20
kb of genomic sequence. Differential splicing is thought to play
a key role in the generation of the various mRNA species of
the HHV-6A and HHV-6B gp82/gp105 complex (408).

Tight regulation of transcript levels may also be important.
The repyys gene transcript from HHV-6B(Z29) is expressed at
very low levels, with maximum expression of 10 copies per cell
three days after infection of Molt-3 cells (425). The reason for
this tight control is not known, but it appears that overexpres-
sion of this gene may be deleterious to the biology of HHV-6.

Characterization of HHV-6 promoters is limited. The
HHV-6A DNA polymerase gene promoter is TATA-less, and
the major upstream regulatory element required for transcrip-
tional activity is an ATF/CREB transcription binding site (8).
A novel 21-bp element located 19 bp upstream of the TATA
box is critical for the expression of the HHV-6A U27 gene, the
DNA polymerase-associated factor (506). The novel cis ele-
ment contains a C/EBP transcription factor binding site, an
overlapping 6-bp direct repeat, and an overlapping 5-bp in-
verted repeat. The extent to which binding of transcription
factors to this element is involved in regulating the expression
of the U27 promoter has not been determined.

Infected Cell Proteins

As described above, 102 ORFs with coding potential have
been identified in the HHV-6A(U1102) genome sequence
(200). Detection of HHV-6-specific proteins is complicated by
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the fact that HHV-6 does not shut off host cell protein synthe-
sis (42, 43, 56). Instead, host cell protein synthesis increases
following infection. This effect appears to be dependent on
viral DNA replication because cells infected with UV-irradi-
ated virus showed a proportional decrease in cell number, host
protein synthesis, viral DNA, and viral proteins with increased
times of UV exposure and there was no increased host cell
protein synthesis in cells which were infected in the presence of
an inhibitor of viral DNA replication, such as phosphonoacetic
acid (56).

To characterize polypeptides present in HHV-6 virus parti-
cles, labeled virions were analyzed by electrophoresis. Twenty-
nine polypeptides ranging in size from 30 to 280 kDa with a
prominent band at 180 kDa were detected (271, 464, 553). A
total of 23 to 33 virion polypeptides have been identified for
other HHVs (437). When purified virions were treated with a
nonionic detergent and separated into envelope and nucleo-
capsid fractions, the whole virion and nucleocapsid fractions
contained a major band of approximately 143 kDa, which cor-
responds to the MCP of HHV-6 (271, 464, 553). The envelope
fraction revealed six polypeptides. HHV-6 envelope proteins
include gB, gH, gL, gM, and glycoprotein gp82/105, based on
sequence homologs to other herpesvirus envelope proteins and
the identification of neutralizing antibodies (200, 322, 407,
499). In other studies, HHV-6 proteins have been identified by
using high-titer human sera to immunoprecipitate proteins
from cells infected with HHV-6A(GS) (42, 43). When this
method was used, 20 polypeptides ranging in sizes from 180 to
26 kDa, with a prominent band at 135 kDa, were identified.
This polypeptide was recognized by all sera tested. These stud-
ies were done before it was recognized that HHV-6 isolates
segregate into two groups; variant-specific differences in pro-
tein profiles of whole virions, nucleocapsid, and envelope frac-
tions have not been studied.

Most HCMV-seropositive sera strongly react with an
HCMYV protein species with an apparent molecular mass of
150 kDa (reviewed in reference 470). This protein, pp150, is a
major component of the tegument, is highly phosphorylated,
and is the product of the UL32 ORF. Most human sera with
HHYV-6-specific antibodies react strongly with a protein with
an apparent molecular mass of 101 kDa (101K) (553). This
protein is a marker for HHV-6 infection, since sera lacking
HHYV-6-specific antibodies but seropositive for another her-
pesvirus fail to react with this protein. The HHV-6A counter-
part, p100, has an apparent molecular mass of 100 kDa and,
like 101K, is a major constituent of HHV-6 virions (379). Both
p100 and 101K have limited similarity to the amino-terminal
one-third of the HCMYV pp150 and share an 81% amino acid
sequence identity (406). Thus, this protein is an excellent can-
didate for the development of a variant-specific serodiagnostic
assay.

In HHV-6A-infected cells, like in all other herpesvirus-in-
fected cells, gH can form complexes with gL, and the gH-gL.
complex is probably involved in viral spread from cell to cell
(322). The domain required for protein-protein interaction
between gH and gL is located at the N terminus of gH, a region
that is well conserved among betaherpesviruses (22). Interest-
ingly, there appears to be functional correspondence as well,
given that the HCMYV homologs to gH or gL can substitute for
HHV-6 glycoproteins in complex formation (22).

Transcriptional Activation by HHV-6

HSV-1, EBV, and HCMV encode gene products which are
able to trans-activate in vitro the HIV-1 long terminal repeat
(LTR)-directed gene expression (17, 122, 264). In the case of
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HHV-6, this may be biologically relevant because HIV-1 and
HHYV-6 can productively infect the same types of cells and may
productively coinfect human CD4* T lymphocytes (83, 313,
336). It is well documented that in vitro HHV-6 infection can
activate the expression of heterologous genes linked to the
HIV-1 LTR promoter (138, 157, 224). Other aspects of the in
vitro interactions between HHV-6 and HIV-1 are discussed in
the next section. Several genes and cloned DNA fragments can
transactivate the HIV-1 LTR promoter. These include HHV-
6A(U1102) ORFs DR7, Ul6, U27, and U9%4 (191, 299, 350,
382, 507, 511, 574); HHV-6A(GS) cloned fragments pZVB70,
pZVBI10, and pZVH14 (188, 225); and the HHV-6A(U1102)
Sall L fragment (257, 507). Differential transactivating prop-
erties were found for HHV-6A(GS) and HHV-6B(Z29) (225),
with HHV-6A(GS) being able to transactivate the HIV-1 pro-
moter in both stimulated and resting T cells and HHV-
6B(Z29) being limited to transactivation in stimulated T cells.

One of the more interesting transactivating genes is U9%4,
which encodes Repy6. Repyys appears to affect gene expression
differently than does Repa ov... Repyye from HHV-6A(U1102)
activates the HIV-1 LTR promoter in fibroblast cell lines but
not in T cells, while Rep v, inhibits HIV-1 LTR promoter
activity in both fibroblasts and T-cell lines (511).

The function in the HHV-6 life cycle of most of the HHV-6
genes that can transactivate the HIV-1 LTR is not known; the
transactivation of the HIV-1 LTR by these genes may be a
general transcriptional effect.

Finally, superinfection with HHV-6A(GS) of cells that are
latently infected with EBV can activate EBV lytic replication
(168). This activation requires infectious virus and is mediated
via a cyclic AMP-responsive element located within the EBV
Zebra promoter (Zp). Zp controls the EBV gene product
ZEBRA, which is responsible for disrupting EBV latency and
initiating the lytic replication cascade. Interestingly, the
HHV-6A gene product responsible for activating the Zebra
promoter is not located within gene fragments known to trans-
activate the HIV-1 LTR (167).

HHYV-6 and HIV Interactions In Vitro

Many of the early HHV-6 isolates were obtained from HIV-
1-infected persons. This, plus the fact that HHV-6 and HIV-1
infect overlapping subsets of CD4" lymphocytes, have led to
the hypothesis that there is a specific interaction(s) between
these viruses. Discussion of these interactions needs to take
into account (i) interactions in simultaneously infected cells,
(ii) the probability of simultaneous infections, (iii) specific in-
teractions in the host that do not require the simultaneous
presence of the viruses in the same cell, (iv) nonspecific effects
of infection with one virus on the pathobiology of the other,
and (v) the possibility of interactions relevant only in labora-
tory experiments.

As described above, HHV-6 can transcriptionally trans-acti-
vate the HIV-1 LTR. Other DNA viruses, such as HSV-1 (371,
372), HCMV (122), EBV (264), papovaviruses (190), and ad-
enoviruses (376), are able to frans-activate HIV-1 LTR-di-
rected gene expression in vitro by a tat-independent mecha-
nism, but their interactions in vivo remain unclear. HHV-6 and
HIV-1 can productively coinfect human CD4" T lymphocytes.
In laboratory experiments, both stimulatory and inhibitory ef-
fects have been noted. In coinfections of lymphocytes with
HIV-1 and HHV-6A(GS), dually infected lymphocytes were
found, and accelerated HIV-1 gene expression and an en-
hanced cytopathic effect were noted (336). In other experi-
ments, coinfection with other HHV-6A isolates suppressed
HIV-1 replication, led to reduced reverse transcriptase levels,
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and reduced HIV-1 antigen expression (83, 312, 313, 324, 410).
These results indicate that the viruses can interact with each
other and that the specific direction of the interaction may be
sensitive to the precise experimental conditions.

In addition to the effect that HHV-6 can have on HIV-1,
HHV-6 replication can be enhanced by coinfection of PBMC
with HIV-1 (83). HIV-1 Tat protein expression has been ob-
served to both enhance and inhibit HHV-6 replication (138,
466).

EPIDEMIOLOGY

A number of factors may account for differences in reported
HHYV-6 seroprevalence. These include subjectivity in interpre-
tation of immunofluorescence assays (IFA), differences in the
assays and the isolate used as a source of the antigen, and the
definition of cutoff values used for negative titers. In addition,
there have been few attempts to distinguish between HHV-6A
and HHV-6B in serologic studies, and there is significant cross-
reactivity between both HHV-6 variants and HHV-7. Lastly,
geographic variation of prevalence may play a role in deter-
mining the age of infection with HHV-6. In spite of these
limitations, the accumulated information strongly points to
infection with HHV-6 occurring early in life among widely
distributed populations around the world.

Age

HHV-6 is normally acquired at a very early age. Reported
rates of seroprevalence by age 13 months have been 64 to 83%
in countries ranging from the United States to the United
Kingdom, Japan, and Taiwan (64, 68, 229, 278, 392, 568). A
large study of 2,427 young children in the United States who
were examined for serologic and PCR positivity found that
about 10% of infants less than 1 month of age were PCR
positive, compared with 66% at 1 year (208). PCR positivity
was thought to reflect past HHV-6 infection, with persistence
of viral DNA in PBMC. The geometric mean antibody titer
declined sharply from an age of less than 1 month to a nadir at
3 to 4 months, with a steep increase thereafter up to age 16 to
18 months. The rise in titer was delayed by about 2 months
relative to the increase in PCR positivity. The data were inter-
preted as being consistent with a loss of maternal antibody
(and protection from infection) in the early months after birth,
with a high rate of infection occurring in succeeding months.
Others have observed that rates of seroconversion are highest
between 6 and 12 months of age (229). A number of investi-
gators have reported a decline in seropositivity with age among
adults (68, 156, 311, 383, 557), but others have found no sig-
nificant differences (64, 392) or even an increase after age 62
(555).

Geographic Distribution

HHV-6 infection is widespread throughout the world.
Among various populations, rates of seroprevalence have been
reported to be as low as 20% among pregnant Moroccan
women (423) to as high as 100% among asymptomatic Chinese
adults (311). Between 60 and 90% of pregnant women in the
countries of sub-Saharan Africa were found to be seropositive
(423), while seroprevalence varied from approximately 39 to
80% among ethnically diverse adult populations from Tanza-
nia, Malaysia, Thailand, and Brazil (40, 69, 159, 310, 319, 549).
No significant ethnic differences were noted between native
Brazilians and Japanese immigrants living in northeast Brazil
(319). Several studies have observed modestly increased sero-
prevalence among females compared with males (64, 69, 106,
319), while another noted no difference in seroprevalence be-
tween genders (453). Reports from industrialized nations such
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as the United States and Japan have described rates of sero-
prevalence from 72 to 95% among populations including chil-
dren and adults (68, 392, 557).

HHYV-6A and HHV-6B Variants

The initial description of HHV-6 reported the isolation of a
virus, known as HHV-6A(GS), from a 17-year-old with acute
lymphoblastic leukemia (ALL) (1, 450). This virus is represen-
tative of the HHV-6A variant, which has been obtained pri-
marily from adults (3, 35, 144), most of whom were chronically
ill. Most HHV-6 isolates from children, however, have been
variant B, which is etiologically associated with ES and other
pediatric febrile illnesses (see below) (131, 405, 455). As briefly
mentioned in the section on nomenclature and classification,
HHV-6B has also been isolated or detected in a number of
other serious illnesses, which will be described in detail below.
HHV-6A has yet to be definitively associated with any human
disease. However, HHV-6A has been detected more fre-
quently in two illnesses, KS (61) and chronic fatigue syndrome
(139, 551), than in controls and has been found in association
with other conditions, including AIDS (284, 450). Dewhurst et
al. (131) enumerated the following possibilities for apparent
differences in the epidemiology of HHV-6A and HHV-6B. (i)
HHV-6A isolates have come from immunocompromised hosts
or those with other diseases and hence may be unrepresenta-
tive of the population at large. (ii) There may be differences in
the propensity for latency, reactivation, or sequelae between
variants A and B. (iii) HHV-6A infection may occur later, in
general, than HHV-6B infection. (iv) Primary infection with
HHV-6A may be asymptomatic or cause nonfebrile illnesses.
Understanding the differences in the epidemiology of HHV-6A
and HHV-6B will require further studies.

Transmission

The question of how HHV-6 is transmitted from one person
to another has not yet been fully answered, although it appears
that transfer via saliva from mother to infant is the most com-
mon route. In several early reports, infectious HHV-6 was
described as being present in saliva from nearly every person
tested (211, 311, 409). After the discovery of HHV-7 and its
unambiguous identification as a constitutive inhabitant of hu-
man saliva (55, 546), it was hypothesized that the salivary
HHV-6 detected in the studies described above may have ac-
tually been HHV-7, the misidentification being due to cross-
reactivity of some HHV-6 diagnostic reagents with the then-
unidentified HHV-7 (57, 546). Upon reanalysis with HHV-6-
and HHV-7-specific reagents, the saliva isolates originally de-
scribed as HHV-6 by one group (211, 409) have been identified
as HHV-7 (210). Nonetheless, several well-defined HHV-6B
isolates have been obtained from saliva, but it is clear that
HHV-6B is present in saliva at lower frequency than is HHV-7
(55, 312, 374), and no HHV-6A isolates from saliva have been
described. In addition, HHV-6 DNA has been identified in
saliva by PCR with HHV-6-specific primers (113, 136, 503).
Estimates of the prevalence of HHV-6 DNA in saliva have
varied widely, however. In one PCR-based study (113), salivary
samples from 90% of persons examined contained HHV-6
DNA, while in another PCR-based study only 3% of persons
were positive, although 63% of salivary gland biopsy specimens
were positive (136). This finding is consistent with the possi-
bility of salivary glands being a reservoir of persistent or latent
viral infection. Detection rates can vary with age, peaking at 1
year of age and decreasing thereafter (503). Estimates of the
quantity of viral DNA present in saliva have varied widely for
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inapparent reasons, ranging from 100 (243) to over 50,000
(113) copies of DNA per ml of saliva.

As noted above, maternal antibody may protect infants from
infection early in life, but such protection is not universal. In
the study by Hall et al. (208), 13% of infants with primary
infection were younger than 2 months of age, including one
only 14 days old. Infants who became infected in the first few
months postpartum had lower mean antibody titers to HHV-6
than did others who were uninfected at a similar age. This
observation suggests the possibility of intrauterine or perinatal
transmission. This mode of transmission must be uncommon,
however, since HHV-6-specific immunoglobulin M (IgM) was
absent in serum from newborns (161) and present in only 2 of
799 samples of cord blood (149). HHV-6 DNA was not de-
tected in throat swab specimens from any of 14 healthy neo-
nates by PCR, suggesting the absence of oropharyngeal virus
shortly after birth (265).

Nevertheless, several studies suggest that intrauterine or
perinatal transmission can occur. One of 52 aborted fetuses of
mothers infected with HIV-1 was positive for HHV-6 DNA,
which was present in peripheral blood lymphocytes, thymus,
liver, spleen, brain, and cerebrospinal fluid (CSF) (36). In two
of three pregnant women who experienced spontaneous abor-
tions and who had positive IgM antibody to HHV-6 in serum,
virus-specific antigen was detected in abortive chorionic villous
tissue, also consistent with intrauterine infections (36). The
detection of HHV-6B DNA by PCR in the cervices of nearly
20% of women in late pregnancy, compared with 6% of non-
pregnant controls, suggests reactivation of HHV-6 infection
during pregnancy, with the possibility of perinatal transmission
of the virus (390). Others also found HHV-6 DNA by PCR in
the vaginal secretions of 10% of women visiting a sexually
transmitted diseases clinic, consistent with the hypothesis of
perinatal (or even sexual, on rare occasions) spread (303). A
recent report of two cases of fulminant hepatitis associated
with HHV-6B infection in neonates 3 and 5 days old is also
suggestive of pre- or perinatal transmission (358). In both
cases, HHV-6B isolated from the blood of mothers and infants
exhibited DNA sequences characteristic to each mother-and-
child pair, strongly arguing for pre- or perinatal transmission.
Two other cases of presumed or apparent HHV-6 infection in
the pre- and/or perinatal periods resulted in death or residual
encephalopathy (537). However, the only evidence for HHV-6
infection in these cases was serologic, and other possible ex-
planations for disease were not ruled out.

Saliva may act as a vehicle for transmission from mothers to
infants. HHV-6 isolates obtained from the blood of several
children who had ES and from the saliva of their healthy
mothers yielded virtually identical restriction fragment pro-
files, although variation was apparent among isolates from
different families (374). In another case, HHV-6 DNA was
persistently detected by PCR in the saliva of a mother whose
6-month-old infant developed ES with HHV-6 viremia (482),
but no strain analysis was done. PBMC of four mother-infant
pairs were examined for HHV-6 DNA by PCR (523). In three
of the four cases, mother and child had PCR products with
identical DNA sequences. In one of these three pairs, however,
the mother’s saliva also contained HHV-6 that differed in its
DNA sequence from the virus detected in her and the child’s
PBMC; this finding suggests that the mother harbored two
distinct HHV-6 strains. For one infant-mother pair with iden-
tical PBMC PCR products, DNA sequence analysis indicated
infection with HHV-6A, while in all other cases HHV-6B was
detected. The recovery of HHV-6 DNA by PCR from throat
swabs from a mother and of triplets who developed sequential
ES, along with the recovery of HHV-6 with an identical re-
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striction fragment pattern from the PBMC of all three chil-
dren, is consistent with salivary transmission within a family
(503). For other subjects in this study, the rate of HHV-6 PCR
positivity in throat swab specimens rose to a peak of 87% for
children aged 12 to 23 months and then declined to 32% for
adults, suggesting that child-to-child transmission may occur.
Such a possibility was also indicated by an outbreak of ES in an
orphanage, for which isolated viruses had identical restriction
enzyme patterns (389).

Two reports suggest the possibility of infection with different
HHV-6 strains. In the first, 28 children were identified with
either second ES episodes or ES which followed an afebrile
exanthem (300). Many of these children either seroconverted
to HHV-6 or had no rise in preexisting HHV-6 antibody titers
in conjunction with the second illness, suggesting that one of
the two exanthems in each case was caused by an agent other
than HHV-6. However, significant rises in HHV-6 IgG levels
occurred in five children who had preexisting HHV-6 IgG. For
two of the patients, anti-HHV-6 IgM was present in both the
acute- and convalescent-phase specimens. These results sug-
gest that children who were already infected with HHV-6 may
have been reinfected with a second strain of HHV-6 or that
reactivation of a previously acquired strain can cause clinical
illness. Infection with another herpesvirus with antigenic cross-
reactivity to HHV-6 (e.g., HHV-7) may also account for these
findings.

In the second report, an adult harbored HHV-6 strains in
PBMC and saliva that differed from each other in their DNA
sequences (523). In addition, variation was seen in the nucle-
otide sequence of HHV-6B detected in PBMC obtained se-
quentially over a period of 10 months from a child. The child
had clinical illness coincident with the change in sequence.
Given the genetic stability of herpesviruses, reinfection with a
second strain was thought to be more likely than mutation.
Among over 200 children from whom HHV-6 was isolated by
this group of investigators, this was the only case of apparent
reinfection in an infant with preexisting anti-HHV-6 antibody.

The potential for fecal-oral spread, expected primarily
among children, is suggested by the observation that stool
specimens can be persistently or intermittently positive for
HHV-6 DNA by PCR for up to 6 months after an episode of
ES (482). Such transmission has not been documented, how-
ever; given the epidemiology of HHV-6 infection, this is un-
likely to be a major mode of transmission.

Breast-feeding has been proposed as a potential route of
transmission of HHV-6, both during and after the perinatal
period. However, HHV-6 DNA has not been detected in
breast milk (150), and children who were not breast-fed sero-
converted to HHV-6 during the same age range as did breast-
fed children (498). Although intrauterine or perinatal trans-
mission may occur infrequently, the epidemiologic data
described above indicate that most HHV-6 infections occur
later than these periods. Taken together, the epidemiologic
investigations, the demonstration of HHV-6 in saliva, and the
finding of identical viral restriction endonuclease fragment
profiles and PCR products in specimens from mother-infant
pairs support the hypothesis that the most common mode of
infection with HHV-6 is by salivary transmission from mother
to child.

CLINICAL MANIFESTATIONS

Primary Infection

Children. In the early 1950s, an infectious agent was iden-
tified as the etiologic agent of the common childhood disease
ES (also known as roseola infantum or sixth disease) through
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demonstration of human-to-human (214, 261) and human-to-
primate (261) transmission. The ethical issues surrounding the
human-to-human transmission experiments were recently dis-
cussed by Griffiths (204). Nearly four decades passed before
Yamanishi et al. identified the virus that was eventually shown
to be HHV-6B as the infectious agent responsible for most ES
cases (556). Since then, HHV-6B also has been identified as
the causative agent of other related primary illnesses in young
children (131, 208, 412, 417, 455). Primary HHV-7 infections
have been associated with a minority of ES cases (502, 515),
although infection with this virus appears to occur later than
that with HHV-6B (59, 503, 547).

The classic presentation of ES commences with a fever that
may exceed 40°C and usually lasts from 3 to 5 days (30, 63,
297). As temperature normalizes, a macular or maculopapular
rash develops, generally beginning on the trunk, with later
spread to the extremities and often to the neck and face.
Typical dermal lesions are 2 to 3 mm in diameter and fade with
pressure (297). In one study of Japanese children, about half
had a morbilliform rash while most of the remainder had a
rubella-like rash (26). Cases clinically identified as either mea-
sles or rubella can be due to primary HHV-6 infection (54,
494). Cervical, postauricular, and/or occipital lymphadenopa-
thy are also common physical findings.

Additional findings in another study of Japanese children
(30) included diarrhea (68% of patients), Nagayama’s spots of
the soft palate and uvula (65%), cough (50%), edematous
eyelids (30%), bulging fontanelle (26%), nonspecific prodrome
(14%), and febrile convulsions (8%). Lymphocytosis and neu-
tropenia are often observed when the rash is present (41) but
not to neutrophil levels indicative of immunosuppression. In
one study, approximately 60% of Japanese children experi-
enced clinically defined classic ES (299), although only about
30% of children in the United States do (297). Whether this
difference is the result of differences between HHV-6 strains,
host genetic factors, frequency of medical consultation for mild
childhood illness, or environmental factors is unknown. Even
though the classic form of the illness may include such mani-
festations as bulging fontanelle and febrile seizures, ES nor-
mally does not require specific treatment and usually resolves
without long-term sequelae.

HHV-6 can be cultured easily from PBMC obtained from
patients during the febrile phase of ES (26, 27, 387, 556), and
HHV-6 DNA can be detected in the plasma or serum of
children with ES (459). In patients with longer febrile periods,
increased numbers of infected cells in the blood are observed
within 3 to 4 days of onset. After 5 days of the classic illness,
viremia has generally resolved (10, 26, 27). The disappearance
of viremia correlates with the appearance of HHV-6 neutral-
izing antibody (27, 519, 570).

Early case reports described some patients with primary
HHV-6 infections presenting with fever without rash (485) and
rash without fever (27). Several recent publications have de-
scribed infectious mononucleosis-like illnesses in association
with HHV-6 seroconversion in young children (209, 255, 524).
A 1-year-old child from Israel experienced such an illness with
hepatosplenomegaly and lymphocytosis including 65% atypical
cells (209). This child also had a diffuse, confluent rash cover-
ing nearly the entire body. Another patient with primary in-
fection had a peripheral blood smear demonstrating 6% atyp-
ical lymphocytes and 3% blast forms, prompting bone marrow
examination to rule out leukemia (524). This child had fever
and hepatomegaly and experienced a complex seizure; no der-
matologic abnormalities were reported. A young child from
Japan was observed to have an otherwise typical case of ES in
which vesicular skin lesions, similar to those of varicella, were
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TABLE 3. Signs and symptoms in febrile children according to
HHV-6 culture status*

No. (%) of children:

Sign or symptom HHV-6 positive ~ HHV-6 negative r
(n = 34) (n = 209)
Fever = 40°C 22 (65) 90 (43) 0.002
Malaise, irritability 28 (82) 121 (58) 0.02
Inflamed tympanic 21 (62) 67 (32) 0.002
membranes
Nasal congestion 19 (56) 84 (40) 0.09
Cough 9(27) 67 (32) 0.6
Rhonchi, wheezing or 8(24) 36 (17) 0.41
crackles
Diarrhea 10 (29) 84 (40) 0.24
Vomiting 7(21) 96 (46) 0.02
Rash 6 (18) 25 (12) 0.34
Seizure 1(3) 16 (7.6) 0.58

“ Reprinted from reference 208 with permission of the publisher.

found, and HHV-6 DNA was detected in the lesions by PCR
(561). Additional recent investigations (54, 208, 228, 412, 416,
417, 460, 494) have confirmed that many HHV-6 primary in-
fections do not present clinically as classic ES. Of 243 febrile
children 2 years of age or younger who presented to the emer-
gency department of a large academic hospital in the United
States, 34 (14%) had HHV-6 viremia (417). High temperature
(mean, 39.7°C), malaise and irritability, and tympanic mem-
brane inflammation were noted most often (Table 3). Other
findings included respiratory and gastrointestinal abnormali-
ties and concurrent rash. The incidence of these latter signs
and symptoms was not significantly different between the
HHV-6-positive and -negative groups, with the exception of
vomiting, which was seen more often in patients from whom
HHV-6 was not recovered. Only 3 (9%) of the 34 children
developed a rash following resolution of fever as in classic ES.
One case of febrile seizures was observed. This study demon-
strated the lack of characteristic ES among HHV-6-infected
children in the United States who were sufficiently ill to war-
rant emergency evaluation. A similar conclusion was drawn
from a study of young children in Italy (412).

In a follow-up study in the United States, among children 3
years of age or younger who presented with acute febrile ill-
ness, 160 (9.7%) of 1,653 children had primary HHV-6 infec-
tion (208). The youngest was 2 months old, and all were less
than 26 months old. The peak age of acquisition was 6 to 9
months, with 45 (24%) of 186 visits to the emergency depart-
ment apparently being due to primary HHV-6 infection (Fig.
4). Of the 160 HHV-6-positive children, 21 (13%) required
hospitalization, with 65% of these children having suspected
sepsis and 15% having diarrhea and dehydration. Of 160, 21
(13%) experienced seizures and only 27 (17%) were eventually
diagnosed with ES. Although 41% of those with primary
HHV-6 infection had upper respiratory tract signs, only 2
(<1%) of the 160 patients were hospitalized with lower respi-
ratory tract disease. Respiratory syncytial virus was isolated
from one of the infants. These data suggest that more severe
respiratory disease is a rare complication of primary HHV-6
infection in children. Similar results were obtained in another
study of children with abnormalities of the respiratory tract
associated with acute HHV-6 infection (538). HHV-6 genomes
were present in the PBMC in 37 (66%) of 56 children studied
by PCR 1 to 2 years after primary infection. Over that period,
HHV-6 antibody titers increased in 30 (16%) of 187 children,
and 17 (6%) of 278 children showed fluctuation of PCR results
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FIG. 4. Number of children presenting to the emergency department with
illness from primary HHV-6 infection (bars) and visits due to such infections as
a percentage of all emergency department visits for acute febrile illnesses
(curve), according to age. Reprinted from reference 208 with permission of the
publisher. Courtesy of Caroline B. Hall.

from positive to negative to positive, suggestive of reactivation
of persistent viral infection. This study demonstrated the po-
tential for serious complications among young children with
primary HHV-6B infection.

The larger investigations described above probably overes-
timate the proportion of children acutely infected with HHV-6
who have severe manifestations or complications, since these
children were sick enough to require medical attention. The
most severely ill children may not represent the vast majority
of children who have primary HHV-6 infection. Nonetheless,
additional case reports illuminate the spectrum of disease
which may be observed in children with primary HHV-6 infec-
tion. These include cases of liver dysfunction (495, 500), hep-
atosplenomegaly (228, 2306), fatal (358) and nonfatal (32, 358)
fulminant hepatitis, intussusception (29), thrombocytopenia
(228), thrombocytopenic purpura (275, 445, 446, 563), fatal
(96, 230) and nonfatal (96, 488) hemophagocytic syndrome,
and disseminated disease resulting in death (415).

Adults. As shown by epidemiologic studies, most persons are
infected with HHV-6 at an early age. Consequently, primary
infection of adults is relatively rare. Such infections appear to
have greater severity than do most primary infections in chil-
dren. Mononucleosis-like syndrome (13, 193, 476), prolonged
lymphadenopathy (237, 383), and fulminant hepatitis (468)
have been described. Several patients with features of hetero-
phile-negative mononucleosis also had erythroderma (13, 193,
489), and in one of these, HHV-6 antigens and nucleic acids
were found in lymphocytes infiltrating the skin (489).

A previously healthy young woman presented with fever,
generalized skin rash, jaundice, widespread lymphadenopathy
and leukocytosis with 45% atypical cells. Early in the course of
illness, she had positive serum IgG to HHV-6, EBV, and
HCMYV (titers from 1:10 to 1:40) and negative IgM to these
same viruses. Serologic tests for human T-cell leukemia virus
type 1 and hepatitis B virus were negative. Many cells in a
lymph node biopsy were HHV-6 DNA positive by in situ hy-
bridization (ISH), but DNA of EBV or HCMV was undetect-
able by this method. This patient’s illness, which eventually
resolved, was most probably due to primary HHV-6 infection,
despite the lack of detectable anti-HHV-6 IgM (490).

A possible role for HHV-6 in the development of histiocytic
necrotizing lymphadenitis (HNL; Kikuchi-Fujimoto disease)
has been investigated on the basis of clinical manifestations
similar to those in patients with HHV-6-associated lymphade-
nopathy (221, 383). However, no significant differences were
found in the frequency of detection of HHV-6-specific anti-
gens or DNA in tissues of HNL or non-HNL lymphadenopathy
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(154, 491). Histiocytes but not T cells harbored HHV-6 in both
HNL and non-HNL patients (491). Another recent investiga-
tion of HNL found no lymph nodes positive for HHV-6 DNA
by PCR from among 20 patients examined (221).

An uncommon disorder which affects children and young
adults is sinus histiocytosis with massive lymphadenopathy
(SHML), or Rosai-Dorfman disease (172, 438, 439). SHML
usually is characterized by painless cervical lymphadenopathy,
occurring in exacerbations and remissions. This usually benign
disorder is thought to be due to an unusual immunologic re-
sponse to infection. One investigation by in situ hybridization
found HHV-6 DNA in involved tissues from 7 of 9 SHML
patients (309). In one patient, both HHV-6 and EBV DNAs
were detected; in another, only EBV DNA was detected; and
in a third, no DNA from either virus was detected. These
results suggest that HHV-6 infection may induce some cases of
SHML.

Central Nervous System Disease

As mentioned above, HHV-6 can infect cells of neural origin
in vitro and tissues of the CNS in vivo, suggesting that the
virus(es) may play a significant role in diseases of the brain or
spinal cord.

In vitro studies. In cell culture, the Gambian HHV-6 isolate
AJ forms syncytia with the embryonic glial cell line HEB, with
immunofluorescent staining observed in shed cells (504).
HHV-6A(GS) abortively infects the HTB-14 glioblastoma cell
line, with loss of antigen-positive cells by day 10 postinfection;
infected cells become enlarged and refractile. HHV-6B(SF)
grows persistently at low levels in the neuroblastoma cell line
SK-N-MC (312). Primary human fetal astrocytes can be in-
fected by both HHV-6A and HHV-6B in cell culture, with
formation of giant syncytia (213). There have been no reports
of in vitro infection of primary neurons or oligodendrocytes by
HHV-6, although evidence for infection of these cell types in
vivo is described below.

Acute disease. Early descriptions of ES included complica-
tions such as febrile seizures, bulging of the anterior fontanelle,
hemiplegia, meningoencephalitis, and residual encephalopathy
(51, 75, 366, 558). Along with the recognition that HHV-6B is
the major etiologic agent of ES, there have been reports of
pediatric CNS involvement in the illness (26, 208, 228, 239, 249,
274, 289, 483, 565). The large study by Hall et al. (208) found
that 21 (13%) of 160 HHV-6-infected children experienced
febrile seizures, compared with 9% of those with non-HHV-6
febrile illnesses; the difference was not statistically significant.
Seizures occurred after the first day of the illness in 9 (43%) of
the 21 HHV-6-infected patients. Of children 12 to 15 months
of age, 36% experienced febrile convulsions compared with
only 13% of similarly aged children with non-HHV-6-associ-
ated illnesses. The difference in this age group did reach sta-
tistical significance. In this study, 7 (24%) of 29 CSF specimens
were positive for HHV-6 by PCR, including 2 of 7 from chil-
dren with convulsions. No sample contained HHV-6 that was
infectious in cell culture.

HHV-6 was cultured from PBMC of 8 (19%) of 42 children
experiencing a first febrile seizure (47). An additional three
children seroconverted to HHV-6, such that 26% of the chil-
dren had an initial febrile seizure thought to be associated with
primary HHV-6 infection. This percentage is comparable to an
estimated 31% of children in the study by Hall et al. (208).

The CSF of 172 children with evidence of acute or past
HHYV-6 infection was evaluated by PCR for the presence of
HHV-6 DNA (84). Of these children, 72 (42%) had HHV-6
DNA present in CSF, of whom 7 had evidence for acute
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HHYV-6 infection. Of the 142 children with evidence for past
HHV-6 infection documented by HHV-6 DNA in PBMC,
CSF, or both, 41 (29%) had HHV-6 DNA present in CSF only,
suggesting that the CNS may be a site of viral persistence or
latency. Other reports have also described the detection of
HHV-6 DNA in the CSF of children with past primary or acute
HHV-6 infection (208, 289, 483, 565).

The experience with the pediatric population suggests that
HHV-6 may directly invade the CNS during primary infection.
Cases of HHV-6-associated encephalitis in young children sup-
port this hypothesis (28, 239, 285, 354, 355, 558, 565), and those
cases in adults are consistent with HHV-6 reinfection or reac-
tivation in the CNS (355). A recent retrospective study of 138
patients is of particular interest in this regard (355). One group
of 37 patients had previously undergone open brain biopsy for
evaluation of encephalitis, while a second group of 101 patients
with encephalitis had undergone prior PCR testing of CSF for
HSV, the most common cause of sporadic viral encephalitis
(536). PCR results for HSV were negative in all cases. Of the
138 patients, 9 were positive for HHV-6 in CSF by PCR with
HHV-6-specific primers. In the two patients evaluated, variant
B was identified. Two of the nine were children, ages 13 and 15
months, who may have had primary infection; however, no sera
were available for analysis. Specimens from other patients
were all seropositive, without significant differences between
acute- and convalescent-phase samples. No significant differ-
ences were found in the clinical findings, laboratory test re-
sults, CNS imaging, or electroencephalographic studies be-
tween the 9 patients with HHV-6-associated cases and the 129
without evidence for HHV-6 involvement. Clinical outcome in
the nine HHV-6-positive patients included full recovery in
four, mild to modest residual neurologic impairment in three,
a persistent seizure disorder in one, and early death in one. At
autopsy, white matter necrosis and cortical myelin loss were
observed in the patient who died. The authors of this publica-
tion concluded that HHV-6 is associated with encephalitis of
variable severity and that variant B is involved in some cases.

In another recent investigation, 10 (20%) of 50 immunocom-
petent patients with meningitis or encephalitis had increased
intrathecal anti-HHV-6 early antigen (EA; p41/38) IgM or IgG
while none of 50 healthy controls did (403). Intrathecal anti-
body levels to 26 other viruses, including HSV, EBV, HCMV,
VZV, arboviruses, echoviruses, and measles and mumps vi-
ruses, were not elevated in these patients. These results are
consistent with active HHV-6 infection of the CNS in some
cases of meningitis or encephalitis.

Direct evidence for HHV-6 infection of the CNS is provided
by the case of a 14-month-old girl who died of fulminant
encephalitis (285). This child presented with a brief history of
fever, lethargy, cough, and seizures. Upon hospitalization, the
patient was found to have a mild lymphocytosis, generalized
lymphadenopathy, mild hepatomegaly, and hyperventilation
with a pattern of interstitial pneumonitis on chest X-ray. A
computed tomographic scan of the brain showed bilateral ar-
eas of decreased density. She was found to be HIV-1 seropos-
itive and experienced a precipitous decline in the level of
CD4* T lymphocytes. She died on day 5 after admission.
Autopsy samples of the cerebral cortex demonstrated HHV-6
DNA, predominantly of variant A, by PCR. Immunohisto-
chemical (IHC) staining with rabbit anti-HHV-6 hyperimmune
serum demonstrated HHV-6-infected cells in gray matter,
mostly in astrocytes but also in some oligodendrocytes and
neurons. HHV-6B-specific MAb detected fewer HHV-6-in-
fected cells, whereas IHC staining with probes for HIV p24
antigen, HCMV, HSV, VZV, and JC virus were all negative.
ISH for EBV RNA was also negative. Although no HHV-6
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serologic test results for this patient were available, the clinical
course and laboratory findings suggest acute, overwhelming
HHV-6A infection with development of fulminant encephalitis
in an immunocompromised host.

HHV-6 invasion of the CNS was also shown in a second case
of encephalitis which involved a 37-year-old BMT recipient
who died 5 months after an allogenic transplant (148). THC
and nucleic acid hybridization studies of affected brain tissue
demonstrated HHV-6 infection of astrocytes in white matter
lesions, while neurons were involved in areas of affected gray
matter. Demyelination was observed in regions of white matter
involvement. Control studies with probes for HIV, HCMV,
HSV, VZV, EBV, JC virus, and measles virus were all nega-
tive. Variant-specific probes indicated infection with HHV-6B.

CNS invasion in other conditions. Several publications have
described the presence of HHV-6 nucleic acids or antigens in
CSF or tissues of the CNS in clinical states other than primary
infection or acute encephalitis. A report of PCR studies of
brain tissue from immunocompetent persons dying of causes
unrelated to HHV-6 infection noted that HHV-6 DNA was
detected in 11 of 13 adults (variant A in the five positive cases
examined), suggesting that many healthy persons silently har-
bor the virus or its DNA in the CNS (329). A follow-up inves-
tigation (328) found that six of nine immunocompetent adults
who died of noninflammatory neurologic disease or illness
unrelated to the CNS had HHV-6 DNA in brain tissue by
PCR. Gray matter brain samples from four of seven AIDS
patients were also positive for HHV-6 DNA. When primary
brain tumor biopsy specimens were examined in another group
of patients, only 6 (16%) of 37 (and only 1 [3%] of 30 without
histologic evidence of nonneoplastic tissue) were positive, sug-
gesting that HHV-6 is not a major pathogen in primary CNS
neoplasms. The HHV-6 variant was not determined in this
study.

Several other investigations have looked for evidence of
HHV-6 involvement of the CNS in persons dying of AIDS,
both in children and adults. A study of postmortem brain
tissues by Saito et al. (448) obtained from children with pro-
gressive AIDS encephalopathy found that samples from four
of five patients had HHV-6 nucleic acids demonstrable by ISH,
primarily in the white matter oligodendrocytes but also in
scattered astrocytes, macrophages/microglia, and neurons. In
two patients whose samples were evaluable by nested PCR and
restriction enzyme analysis, HHV-6B nucleic acids were iden-
tified. Whether the single patient with negative results had
even been infected with HHV-6 was not determined. IHC
studies, using anti-HHV-6 rabbit hyperimmune serum and
MAD directed against various HHV-6 antigens, failed to detect
HHV-6 protein products, although HIV-1 p24 antigen was
found in all patients. As noted by the authors, such results are
suggestive of latent HHV-6 infection of the CNS in patients
with advanced AIDS encephalopathy. For two patients, infre-
quent coinfection of macrophages by HIV-1 and HHV-6 was
observed. These authors concluded that HHV-6 may be an
important opportunistic pathogen in pediatric AIDS patients.

Four of six unselected adults who died of AIDS had demy-
elinating lesions in brain tissue at the time of death (283). IHC
staining with rabbit anti-HHV-6 hyperimmune sera and an
HHV-6B-specific MAb demonstrated HHV-6-infected cells in
areas of demyelination but not in histologically normal regions.
In three of the patients, demyelination was restricted to a few
foci, while in the fourth it was diffusely distributed. For this last
patient, antibody probes to HCMV, HSV, VZV, JC virus,
measles virus, and HIV p24 antigen did not detect the presence
of these viruses, and EBV RNA was not found with an oligo-
nucleotide probe. The neuropathologic findings in these pa-
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tients were similar to those in the case of the BMT patient with
encephalitis described above (148).

Levels of intrathecal anti-HHV-6 EA IgM and/or IgG were
elevated in 30 (60%) of 50 patients with HIV encephalopathy
(403). Normal levels for comparison were determined with
CSF from 50 healthy controls. Intrathecal antibody levels to
HSV, EBV, or HCMV were not correspondingly increased.
The results for HCMV are curious, considering its frequent
association with HIV encephalopathy (104, 456, 525, 542). This
study suggests active HHV-6 infection of the CNS in many
patients with HIV encephalopathy.

Achim et al. (7) examined autopsy brain tissue specimens,
including cortical gray matter, cerebral white matter, and basal
ganglia, from 45 AIDS patients with and without encephalitis.
The acuteness of the encephalopathy and age of the patients
were not specified, although most patients were presumably
adults. HIV-1 and HCMV DNA were detectable by PCR in
these tissue samples in approximately 75% and over 50% of
patients, respectively. HHV-6 DNA was found only in the
basal ganglia of one patient by a similar method.

Studies of HHV-6 CNS infection in persons with AIDS have
not yielded entirely concordant results, at least on first glance.
First, while several groups (283, 330, 403, 448) have reported
evidence for the frequent presence of HHV-6 in the CNS of
AIDS patients, others noted its rarity (7). Differences in tech-
niques between this last study and the other investigations
involving PCR (330, 448) may account for some of the differ-
ences in the results. The primers used in the work by Achim et
al. (7), however, have been successfully used by others to iden-
tify HHV-6 DNA in PBMC (417). The studies that showed
high frequencies of HHV-6 CNS infection all involved far
fewer patients than studied by Achim et al., which may have
biased the results. In addressing the differences in frequency of
HHV-6 detection in the CNS in the study of adult AIDS
patients by Achim et al., and their own pediatric study, Saito et
al. (448) noted that HHV-6 may be more extensively dissem-
inated in the CNS of children than adults because of the
following: (i) primary HHV-6 infection in children in contrast
to reactivation in adults, (ii) persistent infection of the CNS by
HIV-1 (presumably of greater duration in adults), and (iii)
preexisting immunodeficiency at the time of HHV-6 infection
(in children). These possible effects notwithstanding, it is sur-
prising that the Achim et al. study found so little evidence for
the presence of HHV-6 in the CNS, given the results of pre-
viously described investigations involving healthy persons and
those with AIDS, despite the small numbers of subjects for the
latter. An additional report (discussed below) also found evi-
dence for HHV-6 DNA by PCR in the brains of a large ma-
jority of over 80 healthy and ill persons, again supporting the
concept of CNS invasion of HHV-6 in most persons. Further
work is necessary to determine if adults with AIDS differ sub-
stantially from other groups with respect to the presence of
HHV-6 in the CNS. At present, the available data indicate that
most persons harbor HHV-6 in the CNS.

Second, several studies of HHV-6 expression in the brains of
AIDS patients have shown apparent differences. In the pedi-
atric study by Saito et al., no evidence was found for HHV-6
gene expression, while the investigation by Knox and Carrigan
(283) found HHV-6 antigens in areas of demyelination. One
possibility is that HHV-6 expression in the CNS of persons
with AIDS differs between children and adults, possibly related
to primary versus reactivated infection. Another potential ex-
planation involves tissue sampling effects. The work of Knox
and Carrigan found only a few foci of affected brain in three of
the four patients, while other areas appeared normal. These
histologically normal regions might contain latent HHV-6, as
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was found in the pediatric study. The small patient numbers in
both of these investigations may also have affected the conclu-
sions. The publication describing the presence of intrathecal
HHV-6 antibody (403) in a majority of those with AIDS en-
cephalopathy supports active HHV-6 infection of the CNS in
AIDS patients, even if only in a few localized regions of the
brain.

Studies of HIV-infected persons have yielded important
findings with respect to HHV-6 and the CNS. They have also
indicated how much remains to be learned about interrelation-
ships between HHV-6, the CNS, and AIDS.

HHV-6 invasion of the spinal cord was demonstrated in the
case of an elderly woman who developed a chronic myelopathy
with progressive spastic paraparesis (345). At autopsy, 2 years
after the onset of symptoms, there was widespread demyelina-
tion, axonal loss, chronic inflammation, and gliosis. IHC stud-
ies with a polyclonal anti-HHV-6 antibody showed reactivity
predominantly with astrocytes in regions of white matter de-
generation. Staining with HSV-1, HSV-2, HCMV, and EBV
antibodies was negative. DNA extracted from abnormal spinal
cord tissue yielded a PCR amplification product with HHV-6-
specific primers. PCR results for HSV, VZV, HCMV, human
T-cell leukemia virus type 1, and HIV were negative. Although
causation was not proven, these findings suggest a possible role
for HHV-6 in the pathogenesis of some cases of chronic my-
elopathy.

Multiple sclerosis. Among the most interesting reports of a
role for HHV-6 in the pathogenesis of serious illness are those
indicating a possible association of HHV-6 with MS. This dis-
ease is characterized clinically by neurologic signs and symp-
toms which wax and wane over time and involve multiple nerve
pathways. Young adults living in temperate climates are most
often affected. In northern and central Europe, southern Can-
ada, and the northern United States, MS prevalence is at least
60 cases per 100,000 persons (177). Pathologically, plaques of
demyelination of neuronal axons are observed that most often
involve the optic nerve, periventricular white matter, cerebel-
lum, brain stem, and spinal cord. The leading hypothesis of the
pathogenesis of this disease is that an autoimmune, inflamma-
tory reaction results in the destruction of myelin, which is
composed of oligodendrocyte cell membranes (272, 477). Vi-
ruses have long been suspected as etiologic agents which trig-
ger an autoimmune response. Indeed, a viral etiology has been
established for four human demyelinating diseases (248).
These include progressive multifocal leukencephalopathy (JC
virus), postinfectious encephalomyelitis (measles virus), and
HIV encephalopathy and myelopathy. Animal models of de-
myelinating diseases due to viral infection also exist (248).
Demonstrating a viral etiologic agent of MS has been more
difficult, with many proposed candidates, ranging from measles
and influenza viruses to herpesviruses and a retrovirus (248).

Higher average antibody titers to HHV-6 occur in MS pa-
tients than in controls (469, 540). HHV-6 DNA has also been
detected by PCR in the CSF of MS patients but not in that of
matched controls (540). A very intriguing recent report by
Challoner et al. (87) described the expression of HHV-6 in
oligodendrocytes near plaques in brain tissue of MS patients.
This investigation involved searching for potential pathogens
in MS brain tissue by using representational difference analy-
sis, a technique which employs successive rounds of subtractive
hybridization and PCR amplification to enrich for DNA se-
quences present in abnormal tissue (320). Using this tech-
nique, these investigators found a DNA sequence in the brains
of MS patients that was nearly identical to a portion of the
gene that encodes the HHV-6B homolog of the conserved
herpesvirus MDBP. HHV-6 was detected by PCR in over 70%
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FIG. 5. Quantitation of 101K nuclear staining of oligodendrocytes. The spec-
imens included 50 plaques and 73 regions of normal white matter from 13 MS
patients and 83 white matter regions from 13 controls. Each region contained at
least 2,000 oligodendrocytes. Solid bars denote fields with 1 to 10% stained
oligodendrocytes; empty bars denote fields with 11 to 50% stained oligodendro-
cytes. Adapted from reference 87 with permission of the publisher.

of 86 brains from MS patients and controls, consistent with the
high prevalence of HHV-6 in the CNS, as described above. The
vast majority of viruses found were HHV-6B. In contrast, a
search for other viral pathogens yielded few positive results.
IHC studies with MAb to two HHV-6 proteins demonstrated
nuclear staining of white matter oligodendrocytes in 12 (80%)
of 15 MS patients but in none of 45 individuals without MS, a
difference that was highly statistically significant (Fig. 5). Nu-
clear staining was observed more frequently near plaques in
MS patients than in uninvolved white matter. Prominent cyto-
plasmic staining of neurons occurred in gray matter around
plaques in MS patients (this was also noted in some controls).
Of interest, positive nuclear staining of oligodendrocytes in
areas without any demyelination or inflammation occurred in
four MS patients. These data are consistent with viral expres-
sion preceding inflammatory changes within the local tissue,
rather than occurring as a consequence of inflammation. Con-
sistent with this finding, several control patients had an inflam-
matory process such as encephalitis, yet no oligodendrocyte
staining for HHV-6 was observed in them.

One interpretation of this study, which used MAb to two
structural proteins of HHV-6, is that low-level viral replication
in persistently infected CNS tissue leads to a local inflamma-
tory response in certain susceptible individuals, causing demy-
elinating lesions of MS. The observations of differences in IHC
staining between MS patients and individuals without MS and
between involved and uninvolved areas in the brains of MS
patients are consistent with this hypothesis. An alternative
explanation, i.e., that the IHC staining was nonspecific, ap-
pears unlikely, given the negative results in individuals without
MS, including some with inflammatory diseases, and the use of
two well-characterized MAD that recognize different virally
specified proteins. The finding of PCR-positive results for
HHV-6 and the lack of these results for other viruses in CNS
tissue also enhances confidence in the specificity of the THC
staining. It is also possible that replicating virus could merely
be an innocent bystander in areas of disease, although the data
indicating viral expression prior to inflammatory changes argue
against this. An additional possibility is that the HHV-6 anti-
gens are present due to postmortem viral replication specifi-
cally in areas of MS lesions; this appears remote and is un-
precedented.
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In a subsequent retrospective case study, CNS tissues from a
young woman who died of a rapidly progressive demyelinating
disease were examined by IHC staining with an HHV-6-spe-
cific antiserum (80). The disease was diagnosed as acute MS
both clinically and histologically postmortem. Mononuclear
cell infiltration was widespread in CNS tissues. HHV-6-posi-
tive cells were present within and near many areas of demy-
elination. HHV-6-infected cells were not detected in tissue
specimens lacking evidence of demyelination or with older-
appearing plaques. The types of cells harboring HHV-6 were
not unambiguously determined but were thought to include
oligodendrocytes, astrocytes, and microglial cells. The authors
noted that this patient’s course was more fulminant that in
most cases of MS and suggested that her case may be patho-
genically distinct from more typical MS. They hypothesized
that HHV-6-associated demyelination may involve direct cy-
tolysis of glial cells as well as virus-mediated induction of
cytokines, such as TNF-q, that might harm myelin (462).

The number of MS cases examined by IHC in these two
studies was small, and the results are far from definitive in
proving an etiologic link between HHV-6 and MS. Neverthe-
less, the findings are exciting and are certain to spark further
investigation of the association between HHV-6 and this rela-
tively common acquired neurologic disease.

Disease in Immunocompromised Hosts

Persons with compromised immune systems due to either
natural means or pharmacologic immunosuppression are
among those most at risk for disease caused by herpesviruses.
Such illness may be due to primary viral infection or reactiva-
tion of latent or persistent infection. Possible associations of
HHV-6 and disease in immunocompromised hosts have been
sought since the discovery of the virus.

Renal transplants. Organ transplant recipients have been
among those most closely examined for possible links of
HHV-6 to serious illness. Of 21 renal allograft recipients, the
8 who had significant posttransplantation rises in HHV-6 an-
tibody titer also developed severe rejection of the transplanted
kidney (388). Of note, all eight had received either anti-CD3
MADb (OKTS3) or antilymphocyte globulin (ALG) part of their
rejection treatment protocol. Of the other 13 recipients with-
out a significant HHV-6 antibody titer increase, only 5 (38%)
experienced rejection, and 2 of these 5 received either OKT3
or ALG. Biopsy specimens were obtained from rejected kid-
neys of nine other patients, and viral antigen was identified by
immunofluorescence in five specimens in tubular epithelial
cells, infiltrating histiocytes, and lymphocytes. Another study
reported serologic evidence for primary HHV-6 infection or a
significant rise in antibody titer to HHV-6 in two-thirds of 53
allograft recipients (359). However, no correlation with rejec-
tion was found. A third investigation observed either HHV-6
viremia or significant HHV-6 antibody titer increases in 36
(55%) of 65 patients in the first 3 months after transplantation
(566). There was no correlation with rejection. Neither OKT3
nor ALG was used for treatment of rejection in the studies in
which no correlation of HHV-6 with rejection was found, al-
though in one of them (566), short-term ALG was adminis-
tered to some patients as rejection prophylaxis; no correlation
with rejection was noted. No details were provided about ALG
or anti-CD3 dosing for either study. Another potential com-
plication is that possible contributions of cross-reacting
HHV-7 antibodies to the measured anti-HHV-6 titers cannot
be excluded (see the section on immune response, below).
HHV-6 replication in vitro can be stimulated by antibodies to
CD3 (269, 435). Consistent with the hypothesis that HHV-6
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may be associated with renal allograft rejection in patients
treated with OKT3 or ALG is a recent report of a transplant
recipient who experienced rejection and was treated with
OKTS3 (242). The HHV-6 IgM level was elevated but there was
no evidence of HCMYV reactivation in a patient known to be
previously infected with both viruses. Sustained improvement
in transplant function was not achieved until the patient was
treated with ganciclovir, which has shown antiviral activity
against HHV-6 in vitro.

Two other recent publications regarding renal transplant
recipients are of interest. A study of 16 transplant patients in
Turkey found that 10 (63%) had HHV-6 DNA detectable by
PCR in PBMC, compared with 7 (44%) of 16 healthy controls
(550). Of the 10 transplant recipients, 7 (70%) had variant B
while 3 (30%) had variant A. HHV-6 DNA was detected in
four (80%) of the five transplant patients who experienced
rejection. The B variant was found in the two patients with
acute rejection and in three of the four who were positive for
HHV-6 DNA. HHV-7 DNA was found in only 3 (19%) of the
16 transplant recipients and in only 1 of those experiencing
rejection. That patient, with chronic rejection, also had
HHV-6B detected. Whether the treatment for individual pa-
tients experiencing rejection involved OKT3 was unclear.

In the largest investigation to date involving retrospective
IHC examination of renal allograft specimens, HHV-6 struc-
tural proteins were detected in 63 (61%) of 105 biopsy samples
from 76 renal transplant recipients (226). Viral antigens were
observed in distal tubular epithelial cells and in rare lympho-
cytes infiltrating the interstitium, confirming previous observa-
tions (298, 388). HHV-6 antigens were present in 28 (74%) of
38, 3 (75%) of 4, and 8 (73%) of 11 specimens from patients
experiencing acute or accelerated rejection, or cyclosporine
nephropathy, respectively (226). In addition, HHV-6 antigens
were identified in only 11 (46%) of 24 samples from transplant
recipients with chronic rejection. The difference in HHV-6
antigen prevalence between acute and chronic rejection was
statistically significant.

Bone marrow transplants. (i) Clinical associations. The or-
gan transplant population most intensively evaluated for
HHV-6 involvement in posttransplantation disease has been
BMT recipients. HHV-6 activity has been associated with rash
and graft versus host disease (GVHD), pneumonitis, sinusitis,
febrile episodes, and suppression of graft outgrowth. Although
it is difficult to prove an etiologic association of the virus with
these disease events, their propinquity with HHV-6 activity in
the absence of other possible causes suggests that at the very
least a subset of these events is due to HHV-6 activity. The
observations are detailed below.

An early study of the association of HHV-6 activity with
BMT found that 10 (40%) of 25 pediatric BMT recipients had
infectious HHV-6 in PBMC or bone marrow mononuclear
cells (567). Virus was cultured between days 14 and 22 post-
transplantation. Two additional patients had significant in-
creases in their HHV-6 serologic titer, so that 12 (48%) of the
25 patients showed evidence of HHV-6 infection. Of the 10
who had positive HHV-6 cultures, 4 developed a skin rash
resembling GVHD and 3 of these were febrile when the rash
appeared. In one of these patients, GVHD was confirmed
histologically. None of the 13 patients without evidence for
HHV-6 infection developed a skin rash, suggesting that
HHV-6 is associated with dermal eruptions in young BMT
recipients. As with the renal transplant studies described
above, this investigation did not rule out the possibility that
some of the HHV-6 serologic titer measurements were af-
fected by cross-reacting antibodies to HHV-7.

Several other reports have described HHV-6-associated der-
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mal manifestations in BMT recipients. A recent case report
summarized the exanthems observed in an infant girl who
underwent three successive BMTs for severe combined immu-
nodeficiency (SCID) (363). After the third transplant, biopsy-
proven GVHD occurred, with skin and liver involvement.
Long-term steroid therapy resulted in resolution of the histo-
logic features of GVHD, although the rash did not fully re-
solve. About a year later, two new rashes developed succes-
sively, with the latter including widespread papular lesions,
which demonstrated chronic dermatitis without GVHD on bi-
opsy. DNA from the tissue sample was positive for HHV-6 by
PCR and blot hybridization. Negative results were obtained for
other herpesviruses and parvovirus B19. The patient, who was
HHYV-6 seropositive prior to transplantation, had HHV-6 IgM
before and shortly after the later rashes. The authors con-
cluded that the patient had a chronic, active HHV-6 infection
with skin involvement. Another study found exanthematous
papular rashes in six BMT recipients treated for SCID or
osteopetrosis (23). Skin biopsy specimens of all six were posi-
tive for HHV-6 DNA by PCR. Histopathologic analysis
showed dermatitis in the two patients with osteopetrosis and
GVHD in the four BMT recipients with SCID. These investi-
gators suggested that HHV-6 may cause GVHD and other
exanthems in such immunosuppressed hosts. A third study
(described more fully below) found that the severity of acute
GVHD correlated with pulmonary levels of HHV-6 DNA de-
tected by quantitative PCR (110). Propinquity analysis indi-
cated that HHV-6 was the probable cause of three episodes of
skin rash and three episodes of skin rash with fever among a
group of 26 BMT recipients who were investigated longitudi-
nally (254). HHV-6 DNA was present in the skin biopsy spec-
imen of the one patient with histologically proven GVHD.
Finally, another longitudinal investigation of 37 BMT recipi-
ents found no correlation between the development of acute
GVHD and the detection of HHV-6 DNA in PBMC by PCR
(528); there was no mention of attempts to detect HHV-6
DNA in biopsy specimens from patients with GVHD. The
finding by several groups of investigators of HHV-6 in relation
to GVHD and other skin rashes in BMT recipients is interest-
ing, but much additional work is required before cause-and-
effect are established. Of note, the involvement of HCMYV in
BMT-associated GVHD is controversial (reviewed in refer-
ence 65).

Carrigan et al. (79) were the first to report an association of
HHV-6 with pneumonitis in BMT recipients. HHV-6 was iso-
lated from the blood and bone marrow of a 19-year-old man
who received an autologous transplant for testicular carcinoma
and also later died of progressive pneumonitis. THC staining of
lung tissue revealed widespread HHV-6 infection, and no
other pathogens were detected. A second case involved a 32-
year-old woman treated by allogeneic transplant for myelodys-
plastic/preleukemia syndrome and who developed interstitial
pneumonitis. HHV-6 was cultured from a bronchoalveolar la-
vage (BAL) specimen, and IHC staining revealed many
HHYV-6 infected cells. Although HCMV was detected in the
same sample by the shell vial technique (192), it was neither
isolated in standard cultures nor detected by IHC staining. The
patient was treated with two antiviral agents, and her condition
slowly improved, with eventual resolution of pneumonitis. She
later died of leukopenia and disseminated adenovirus infec-
tion. In both of these cases, HHV-6 staining was observed
primarily in macrophages. Three other cases of pneumonitis
associated with HHV-6 have been described by Carrigan
among nine BMT recipients whose lung tissue was studied by
IHC staining postmortem (77). Each of the three patients also
harbored other potential pathogens, including HCMV, HCMV
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and adenovirus, and Aspergillus, respectively, making analysis
of the possible contribution of HHV-6 to pulmonary disease
difficult.

Paraffin-embedded lung tissue specimens from seven BMT
recipients who died of interstitial pneumonitis were examined
by IHC staining with HHV-6-specific MAD (411). Six (86%) of
the seven patients had HHV-6 antigens identified in lung tis-
sue, predominantly in pneumocytes (although staining was also
observed in lymphocytes and macrophages). However, in none
of these cases was HHV-6 the sole potential pathogen identi-
fied. Adenovirus antigens were also found in all six patients
positive for HHV-6, and staining for HCMV was positive in
four (67%) of the six positive for HHV-6. Negligible reactivity
with the antibody preparations used was found in lung biopsy
tissue from a healthy control. As with the cases cited above, the
finding of HHV-6 in combination with other potential patho-
gens makes it difficult to interpret a possible etiologic associ-
ation of HHV-6 with pneumonitis in these patients.

Cone et al. studied 15 BMT recipients who developed pneu-
monitis and found that 6 (40%) had significantly higher levels
of HHV-6 DNA in lung biopsy specimens examined by PCR
than did the controls (110). The HHV-6 DNA levels were
quantified and normalized by comparison to B-globin DNA
PCR results. No other pathogen was identified in the speci-
mens from five of these patients. Specimens from the other
nine BMT recipients contained HHV-6 DNA levels similar to
those observed in specimens from 14 of 15 immunocompetent
controls who were HHV-6 seropositive. The severity of acute
GVHD in these BMT recipients correlated with the levels of
HHV-6 DNA found by PCR. Of additional interest, only one
of the six BMT patients with high viral DNA levels died of
pneumonitis whereas while six of the other nine died of acute
lung disease. This finding suggests that HHV-6-associated
pneumonitis may not be as severe as that caused by other
infectious agents common in this group of patients. Of note, all
BMT recipients and normal controls who were HHV-6 sero-
positive had positive PCR results, suggesting that HHV-6 is
routinely present in lung tissues and that its presence is not
necessarily associated with pneumonitis. These conclusions
were later extended to both HHV-6A and HHV-6B by the use
of variant-specific PCR primers with tissue samples from the
same BMT recipients and controls plus additional specimens
from surgical patients (110, 114, 115). Nearly two-thirds of lung
specimens were PCR positive for both HHV-6 variants (115).

Qualitative PCR was used to look for evidence of HHV-6
infection in buffy coat leukocytes, oral lavage fluid, and urine
of 60 BMT recipients (539); 60% of the patients were positive
in one or more tests. A correlation was found between HHV-6
PCR positivity and acute GVHD, but there was no other as-
sociation of disease with positive PCR results. Carrigan (78)
has pointed out two difficulties with this study: (i) qualitative
PCR does not distinguish latent from productive viral infec-
tion, and (ii) although the specimens analyzed are easily ob-
tainable, they have limitations in predicting disease, as exem-
plified in studies of HCMV (360). The samples evaluated lack
the tissue specificity of organ biopsy specimens, and there were
no means to detect local immunohistopathologic abnormalities
in this experimental design. It is not surprising that only limited
correlation with disease was found. Another recent investiga-
tion of six BMT recipients examined BAL specimens for DNA
of HCMV, EBV, and HHV-6 (422). One patient was PCR
positive for HHV-6 alone, and one each was positive for
HHV-6 and either HCMV or EBV. Only the patient who was
PCR positive for both HHV-6 and HCMYV had clinical pneu-
monitis. As with the preceding study, this investigation had
several limitations in technique. Further discussion of HHV-6
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and pulmonary disease in immunocompromised hosts, includ-
ing BMT recipients and persons with AIDS, is presented be-
low.

As described in the section on nomenclature and classifica-
tion (above), about 90% of the HHV-6 strains detected in
BMT recipients have been HHV-6B (146, 147, 178, 254, 458,
528, 539). Carrigan and coworkers have reported several other
studies of BMT recipients. In one investigation of 16 BMT
patients with idiopathic febrile episodes within the first 100
days posttransplantation, 6 were viremic with HHV-6B (146).
Of those positive for HHV-6B, four developed severe bone
marrow graft suppression and HHV-6B was cultured from the
marrow. HHV-6B has also been isolated from PBMC and
bone marrow of other adults with HHV-6-associated disease.
In one case, HHV-6B was cultured from PBMC and bone
marrow of a liver transplant recipient who developed a febrile
syndrome with dermatosis and encephalopathy (467). In an-
other case, an apparently immunocompetent adult who recov-
ered from pneumonitis in which both HHV-6 and Legionella
pneumophila were obtained from the lungs remained anemic
for several months after the onset of illness (198). The nucle-
otide sequence in each of two variable genomic regions was
identical between HHV-6B isolated from a bone marrow as-
pirate and 2 months earlier from the blood of this patient. Both
of these patients are described below in greater detail.

Further investigations have revealed a possible role for
HHV-6A in BMT recipient marrow suppression. HHV-6 was
recovered from the bone marrow of a BMT patient with graft
failure almost 2 years after transplantation (440). HHV-6 was
also detected in the marrow biopsy specimen by IHC staining.
Both variants were detected in marrow cells cocultured with
cord blood mononuclear cells by immunofluorescence with
variant-specific MAD; this was confirmed by PCR with variant-
specific primers. In separate work, the HHV-6 variant was
determined for 18 BMT recipients who were HHV-6 DNA
positive by PCR of peripheral leukocytes and/or body fluids.
For 15 (83%) of the 18 patients, HHV-6B sequences were
found exclusively; for 2 (11%) patients, HHV-6A sequences
were found in many specimens obtained over a period of
months; and 1 patient was positive for HHV-6A and HHV-6B
at different times (539). A third study in which HHV-6A was
detected is described below (528). In a fourth study, HHV-6A
was detected in plasma by nested PCR from all three (23%) of
13 BMT recipients who were tested for HHV-6 (458).

Another investigation of BMT recipients by Carrigan and
Knox involved 15 adult patients who developed posttransplan-
tation bone marrow suppression (81). The patients were di-
vided into two groups: (i) seven with suppression for which a
diagnosis had been made, and (ii) eight for whom suppression
was idiopathic. HHV-6 was not recovered in cultures of bone
marrow aspirates from any of the seven patients with diag-
nosed bone marrow suppression but was culturable from six of
the eight patients with idiopathic cases. Of note, of the six for
patients from whom HHV-6 was recovered, five (83%) dem-
onstrated suppression of cells of more than one lineage. This
result contrasts to finding multiple cell lineage suppression in
only two (22%) of the nine patients with HHV-6-negative bone
marrow. HHV-6 was recovered from 4 (18%) of 22 unselected
BMT recipients by culture of marrow aspirate 1 month after
engraftment; one of these four was later found to have HHV-
6-associated bone marrow suppression. This finding compares
with the six of eight HHV-6-positive BMT recipients with
idiopathic marrow suppression noted above. The differences in
HHV-6 recovery and cell lineage suppression between these
groups of patients were statistically significant.

In most of the studies described above, HHV-6 activity in
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BMT recipients was monitored by routinely culturing recipient
PBMC for only a short period after the transplant and then
only in association with clinical events, such as fever of un-
known origin. Kadakia et al. monitored 26 adult BMT recipi-
ents (11 autologous and 15 allogenic) for up to 1 year after
transplantation by sampling blood and saliva before transplan-
tation and then weekly for 1 month, monthly for 3 months, and
between 6 months and 1 year posttransplantation (254).
HHV-6 activity was assessed by PCR of patient PBMC and
saliva, virus isolation from PBMC, and increases in serologic
responses to HHV-6. No virus was isolated by culture from
PBMC obtained prior to transplantation, but 12 (46%) of the
26 patients were culture positive at least once after transplan-
tation. Sinusitis was associated with HHV-6 isolation in autol-
ogous recipients, and simultaneous HCMV activity was asso-
ciated with HHV-6 isolation in allogenic recipients. No
association was seen with delays in engraftment or marrow
suppression. In total, 23 (88%) of the 26 patients were positive
for one or more of the HHV-6 markers during the posttrans-
plantation period. Propinquity analysis indicated that HHV-6
activity was associated with 16 clinical events in nine patients,
including one death from idiopathic pneumonia. HHV-6 DNA
was detected in lung tissue from that patient. An interesting
observation was the reduced frequency of detecting HHV-6 by
culture during periods of acyclovir treatment. This result is in
spite of the low in vitro sensitivity of HHV-6 to the drug.

Wang et al. assayed DNA of various herpesviruses, including
HHV-6, HHV-7, EBV, and HCMYV, by nested PCR of PBMC
from 37 allogenic BMT recipients over a period of up to 1 year
following transplantation (528). HHV-6 DNA was detected in
specimens from 8 (22%) and 26 (70%) of the 37 patients prior
to and at some point after transplantation, respectively. Of the
26 patients with HHV-6-positive samples, 18 (69%) had vari-
ant B only. One patient was positive only for HHV-6A, and
three were positive for both HHV-6A and HHV-6B. Of the
three who were positive for both viruses, HHV-6A was de-
tected only at time points when HHV-6B was simultaneously
detected whereas HHV-6B was sometimes detected in the
absence of HHV-6A. No specimens were positive for HHV-6A
later than 4 weeks after transplantation. The variant could not
be determined for the four other patients with HHV-6-positive
specimens. Delayed engraftment of granulocytes and of plate-
lets occurred in 5 and 6 of the 37 BMT recipients, respectively.
The frequency of HHV-6-positive specimens was significantly
higher for patients with delayed engraftment of either kind
than for those with normal engraftment. During the first 3
months after transplantation, the frequency of HHV-6-positive
specimens was significantly higher for patients with delayed
engraftment compared to those with normal engraftment.
However, within the same period, there was no correlation
between viral DNA-positive samples and engraftments for any
of the other herpesviruses. Of note, only three (33%) of nine
BMT recipients receiving high-dose prophylactic acyclovir had
HHV-6-positive specimens, compared with 23 (82%) of 28
recipients who did not receive this prophylaxis, similar to the
results of Kadakia et al. (254). Prophylactic use of high-dose
acyclovir has previously been reported to reduce the frequency
of HCMV infection in BMT (361, 414) and renal transplant
(44) recipients. For both this and the investigations of Kadakia
et al., the study methodologies place limitations on the inter-
pretation of the results, as described above.

(ii) Laboratory studies. Initial reports of HHV-6 infection
related to bone marrow transplantation indicated that virus
could be isolated from the PBMC and bone marrow of many
BMT recipients (77, 79, 146, 567). Bone marrow suppression
has also been noted in such patients (79, 146), stimulating
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interest in the effects of HHV-6 infection on bone marrow cells
in vitro. While such work is provocative, caution must be ex-
ercised in extrapolating such effects to in vivo bone marrow
following transplantation, given the considerably more com-
plex environment in the human host than in the laboratory
dish. Nevertheless, interesting insights may be gained from
such in vitro investigations.

Both direct cytolysis and virus-induced inhibition have been
proposed as mechanisms leading to bone marrow suppression
by HHV-6 (73, 146, 279, 555). While direct loss of marrow cells
due to viral cytolysis is logical, there is also in vitro evidence for
suppression of growth factor-induced colony formation and
maturation of bone marrow precursors cells (73, 82, 146, 279).
There is little evidence for HHV-6 replication in infected bone
marrow cultures (73, 279), but outgrowth of erythroid and
granulocyte-monocyte precursors, pluripotent stem cells, and
stromal cells are suppressed in virus-infected cultures (146,
279). Both HHV-6A and HHV-6B can suppress such functions
in vitro, with recent work indicating greater suppression by the
former, as measured by various colony-forming assays, stromal
outgrowth, and granulocyte-macrophage colony-stimulating
factor response, leading the investigators to conclude that
HHV-6A has increased virulence in this respect compared with
HHV-6B (82). One study, involving an HHV-6B strain, indi-
cated a possible role for IFN-a in virus-mediated suppression
of bone marrow precursors (279). This hypothesis is attractive
in light of other work demonstrating induction of IFN-a in
HHYV-6-infected mononuclear cells in vitro (270). Later work
showed that HHV-6A and HHV-6B suppressed the outgrowth
of macrophages in granulocyte-monocyte colony-stimulating
factor- or IL-3-stimulated cultures, but addition of neutralizing
antibodies to IFN-«, IFN-B, or IFN-y did not reverse such
suppression (73). Thus, differences may exist in the mecha-
nisms of marrow suppression for the HHV-6 variants, and
other cytokines such as TNF-a or IL-1B, which are inducible by
HHV-6A in vitro (165), may be important in mediating mar-
row-suppressive effects, although this has not been demon-
strated.

The studies described above associating HHV-6 with bone
marrow suppression, both in vivo and in vitro, are of interest.
The work which demonstrates that HHV-6 is not routinely
recovered from unselected BMT recipient marrow but is often
found at this site in BMT recipients with idiopathic marrow
suppression is particularly provocative and strongly suggests
that HHV-6 is an important pathogen of the bone marrow in
this patient population. Although care must be taken in its
interpretation, in vitro work to date is supportive of this con-
cept. An etiologic role for HHV-6 of either or both variants has
not been proven in BMT graft suppression, and in one study no
association was seen between HHV-6 activity and graft sup-
pression (254). However, the accumulating in vivo and in vitro
data are consistent with the possibility that HHV-6 activity
contributes to graft suppression under some circumstances.

Other transplants. Little information is available regarding
HHYV-6 infection of orthotopic liver transplant recipients. One
report described primary infection, documented by both sero-
conversion to HHV-6 and viremia during a febrile episode,
following transplant of a liver from a seropositive donor (530).
A syndrome consisting of fever, rash, thrombocytopenia, and
encephalopathy associated with HHV-6 viremia was seen in an
orthotopic liver transplant recipient and a bone marrow biopsy
specimen that was HHV-6-positive by IHC (467). In a study of
50 orthotopic liver transplant recipients, 7 patients serocon-
verted or had a significant rise in titer to HHV-6 but had no
serologic evidence of active HCMYV infection (493). Fever and
neurologic abnormalities were more commonly observed in
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this group than in a group of 12 patients whose HHV-6 status
was unchanged, although the numbers in each group were
small.

HHV-6 serologic findings were studied in a group of 58
heart transplant patients (433). Five patients who developed
posttransplantation hepatitis and three who did not had
HHV-6 seroconversion or significant antibody titer increase.
HHV-6-specific IgM, but not HCMV-specific IgM, was ob-
served in six patients. The authors concluded that HHV-6-
associated hepatitis is not common following cardiac trans-
plantation. No in situ analysis was done to document the
presence of HHV-6 in hepatic tissue, and the possibility of
cross-reacting antibodies to HHV-7 was not ruled out. The
role of hepatic HHV-6 infection in this and other transplant
populations requires further study.

Other hosts without HIV. As recounted in a recent publica-
tion, a 32-year-old man treated with multiple courses of che-
motherapy for ALL experienced an exanthem involving his
shoulders, neck, face, and trunk during periods of leukopenia
(182). Resolution occurred with recovery of the bone marrow.
A skin biopsy specimen of an active lesion demonstrated non-
specific dermatitis with infiltrating lymphocytes. HHV-6 DNA,
but not that of HSV, VZV, or HCMYV, was detectable by PCR
of nucleic acids extracted from the lesion. IHC staining of the
lesion was positive with an HHV-6B-specific MAb. The
HHV-6 IgG level in serum rose slightly during the exanthem,
without detectable anti-HHV-6 IgM. After several recur-
rences, treatment with ganciclovir resulted in disappearance of
the exanthem prior to bone marrow recovery, and the lesions
did not return. The clinical course and laboratory results are
consistent with this being a recurrence of active HHV-6 infec-
tion in a host with chemotherapy-associated immunosuppres-
sion. Lack of significant humoral response to HHV-6 may have
been due to underlying drug-induced immunosuppression.

Two case reports have described patients with serious HHV-
6-associated illness, including pneumonitis, who were HIV-1
seronegative and were not receiving pharmacologic immuno-
suppression when disease began. The first case involved an
infant with an immunodeficiency of unknown etiology, associ-
ated with progressive T-cell lymphocytopenia, who eventually
died at age 13 months with high levels of HHV-6 present in the
lymph nodes, thymus, and lungs (415). HHV-6A was the pre-
dominant variant identified in these tissues. HHV-6-infected
cell density in the lungs was similar to that in the young BMT
recipient described previously (79, 81). Shortly before death,
Preumocystis carinii and HCMYV were detected in BAL speci-
mens, prompting treatment with multiple agents. At autopsy,
no evidence of P. carinii or HCMV was found. HHV-6-specific
IgM and decreased CD4* and CD8™ cell counts were docu-
mented as early as 4 months of age, although the time of
primary HHV-6 infection was not known. The authors of the
report hypothesized that this child’s immunosuppression was
due to HHV-6A infection which eventually resulted in fatal
HHV-6 pneumonitis and that the other microorganisms con-
tributed to the pathogenesis.

In the second case, an apparently immunocompetent 37-
year-old man developed pneumonitis with Legionella pneumo-
phila, documented by culture from a bronchoscopy specimen,
positive urine antigen, and elevated serologic titers (442).
Early in the course of his illness, the patient’s total leukocyte
count was elevated but he was lymphocytopenic. Despite ex-
tended treatment with appropriate antibiotics, he progressed
to multiorgan failure, requiring mechanical ventilation and
hemodialysis. High-dose methylprednisolone therapy was in-
stituted, and the patient’s condition rapidly improved. HHV-6
was cultured from peripheral blood several weeks after disease
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onset and was later identified as variant B. HHV-6 antigen,
revealed by IHC staining with a rabbit anti-HHV-6 polyclonal
antiserum, was detected in a lung biopsy specimen. Staining
was detected in a moderate number of cells, mostly macro-
phages, distributed throughout the tissue. The patient’s anti-
HHV-6 IgG titer rose from 500 near the time of disease onset
to 32,000 at discharge, and his anti-HHV-6 IgM titer was
positive for his entire hospitalization, eventually becoming
negative during rehabilitation. The patient’s age and HHV-6
serologic results suggest viral reactivation, but reinfection was
not ruled out. Dexamethasone inhibited in vitro replication of
the strain of HHV-6 recovered from the patient’s blood. The
investigators suggested that the beneficial effects of corticoste-
roid therapy observed in vivo were due to a local anti-inflam-
matory effect and suppression of HHV-6 replication. Whether
there was a direct antiviral effect due to corticosteroid treat-
ment in this case is unclear. Although this patient was out-
wardly immunocompetent when his illness began, local pulmo-
nary defense mechanisms may have been diminished due to his
infection with L. pneumophila, allowing HHV-6 to act as an
opportunistic pathogen during reactivation.

These two cases illustrate the potential for idiopathic immu-
nosuppression or pulmonary infection with another microor-
ganism to contribute to susceptibility to HHV-6-associated
pneumonitis. Further discussion of HHV-6 and pulmonary
disease is presented below.

AIDS. Considerable attention has been focused on possible
associations of HHV-6 and the pathogenesis of AIDS. This
stems from the fact that both HHV-6 variants are members of
the herpesvirus family and that all the previously described
human herpesviruses cause disease in immunocompromised
hosts. In addition, HHV-6 replicates in CD4"% T cells, the
primary HIV-1 target. Studies of molecular interactions be-
tween HHV-6 and HIV-1 in vitro are described above. Here
we discuss what is known with regard to HHV-6-associated
disease in HIV-1 seropositive patients.

Studies of serologic responses to HHV-6 in HIV-infected
persons have yielded widely varying results. Comparisons be-
tween HIV-infected persons and uninfected controls have
shown either no difference in seroprevalence and titer (67, 159,
173) or higher (4) or lower (93, 472) prevalence among those
infected with HIV. One study found no correlation of HHV-6
seroprevalence with progression of AIDS (472), while another
found slow progressors had decreased HHV-6 seroprevalence
compared with those whose disease advanced rapidly (93).
Peripheral CD4" counts increased slightly in HIV-1-infected
children with both anti-HHV-6 IgG and IgM but declined
significantly in those with anti-HHV-6 IgG alone (384). Other
indicators of HIV-1-related disease showed no or inverse cor-
relation with the presence of HHV-6 IgM. It is obviously dif-
ficult to interpret such disparate results. We assume that some
of the differences are due to differences in assay conditions.
Given that HHV-6 infects CD4™ T cells, which are important
in the generation of a humoral immune response, the differ-
ences between case and control populations, regardless of the
direction of the measured change, may reflect the ability of the
host to mount a humoral response as much as it does true
pathologic effects of HHV-6.

Several investigations have used PCR to examine the prev-
alence and in some cases the quantity of HHV-6 DNA in saliva
and blood of HIV-seropositive hosts (136, 140, 160, 189, 201).
The results of such studies have shown great variation, which is
not unexpected, given the differences in the patient popula-
tions examined, sample preparation, and PCR methodology.
The frequency of HHV-6 DNA detection in saliva has ranged
from 3 to 63% for those uninfected with HIV (136, 160, 189,
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201) and from 0 to 96% for HIV-infected individuals (136, 160,
189, 201). Neither the frequency of HHV-6 detection nor the
quantity of HHV-6 genomes amplified was related to the pe-
ripheral CD4* count in two studies (160, 189). In one of these
studies, the amount of HHV-6 DNA in saliva also did not vary
between HIV-1-seropositive patients and healthy controls
studied previously by the same laboratory (112, 160).

Reported frequencies of detecting HHV-6 DNA in PBMC
have been highly variable, as described for saliva. HHV-6 DNA
was detected in 10 to 49% of those uninfected with HIV, while
10 to 75% of HIV-infected individuals had HHV-6 DNA iden-
tified (160, 189, 201). In one study, HHV-6 DNA was detected
at a higher frequency in HIV-seronegative persons than in
HIV-seropositive individuals (201), while in another study
there was no difference (189). The frequency of detecting
HHV-6 DNA in PBMC decreases as CD4™" counts decrease
(140, 160, 189, 201). This correlation is possibly due to loss of
CD4* cells from the PBMC pool. The one study examining
HHV-6 variant distribution in saliva or PBMC from HIV-
seropositive patients found variant B exclusively in 64 speci-
mens, with variant A identified in 1 (4.8%) of 21 samples from
HIV-seronegative individuals (189).

These investigations of HHV-6 in the saliva and PBMC of
persons infected with HIV have not indicated a synergistic
relationship between HHV-6 and HIV in the pathogenesis of
AIDS. As noted above, PCR studies with saliva or blood sam-
ples from normal subjects have also shown widely varying re-
sults, for a variety of possible reasons. Solid lymphoid tissue
may be a more useful substrate for studies of possible in vivo
interactions between HIV-1 and HHV-6. Studies with lymph
nodes from HIV-infected persons have yielded rates of PCR
positivity for HHV-6 DNA or detection of HHV-6 antigens by
IHC staining in excess of 50%, and in some reports the per-
centage was much higher (105, 116, 140, 141, 164, 281, 284,
457,517). Variant A was detected more frequently than variant
B in two studies (164, 284) but not in a third (140).

Recent work by retrovirologists has shown that lymph nodes
are heavily infected with HIV during the clinically latent pe-
riod of infection and that elevated levels of HIV replication are
instrumental in disease progression (107, 155, 220, 397, 398,
534). The histopathologic pattern of follicular hyperplasia oc-
curs during this period. The term “follicular hyperplasia,” as
used in this review, refers to a reactive or benign hyperplasia
(394) that is distinct from the angiofollicular hyperplasia of
Castleman’s disease. One study demonstrated that during clin-
ical latency the frequency of virus-infected cells and rates of
viral replication were strikingly increased in lymph nodes com-
pared to PBMC from the same person (397). Separate work
involving in situ PCR showed that up to 25% of CD4* T
lymphocytes present in lymph node germinal centers are in-
fected with HIV (155). As disease progresses, follicular hyper-
plasia shifts to follicular involution, with nearly complete loss
of lymph node structure and function (396). These investiga-
tions suggest that lymphoid tissue, including lymph nodes ob-
tained during the clinically latent period of HIV infection, may
be the best clinical specimens for studying a potential role of
HHV-6 in the development and progression of AIDS.

Early HIV-1 seroconverters were found to have occasional
cells which contained HHV-6 DNA detectable by ISH in pe-
ripheral lymph nodes and spleen (<1 infected cell per 10°
nucleated cells) (347). The frequency and distribution were
similar to those found in lymphoid tissues of other groups
undergoing biopsy for various lymphoproliferative conditions
(294). The low frequencies observed were interpreted as char-
acteristic of latent infection (294, 347). In another investigation
(140), HHV-6 DNA was detected by PCR (albeit at low levels)
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in lymph nodes of 13 (65%) of 20 HIV-seropositive patients
with nonneoplastic reactive lymphadenopathy but in similar
lymph nodes of only 2 (20%) of 10 HIV-seronegative patients.
In 12 (92%) of the 13 specimens from HIV-seropositive pa-
tients, HHV-6B was identified; in the remaining specimens,
both variants were detected. All 13 HHV-6-positive specimens
from HIV-seropositive hosts demonstrated follicular hyperpla-
sia. Four HHV-6-negative specimens from HIV-seropositive
patients showed follicular involution. HIV-1 p24 was detected
in germinal centers of 19 (95%) of the 20 lymph nodes from
HIV-seropositive patients.

Active HHV-6 infection in lymph nodes was demonstrated
in HIV-seropositive patients whose only clinical manifestation
was lymphadenopathy (284). IHC staining of 10 lymph node
specimens with histopathologic evidence of either follicular
hyperplasia or follicular involution with histiocytosis and reac-
tive lymphadenitis revealed the presence of HHV-6 antigens
within infected cells in all cases. The use of variant-specific
MAD indicated that HHV-6A-infected cells were located in all
regions of the lymph nodes, frequently in foci within germinal
centers. HHV-6B-infected cells were found in areas with high
T-lymphocyte concentrations, such as medullary and parafol-
licular domains. HHV-6A was detected in the majority of in-
fected cells, with HHV-6A/HHV-6B ratios ranging from 2:1 to
20:1 in various specimens. In six of eight patients, absolute
CD4* lymphocyte counts were above 200/mm> when biopsy
specimens were obtained. Normal lymph nodes or those with
follicular hyperplasia obtained from HIV-seronegative persons
were all HHV-6 negative by IHC staining. The apparent ease
of detecting HHV-6 antigens in this study contrasts with the
low levels of HHV-6 DNA detected in the study of reactive
lymphadenopathy in HIV-seropositive patients described
above; this apparent paradox may reflect the bulk tissue sam-
pling used in the PCR study compared with the use of IHC to
examine defined regions of interest. These studies suggest a
pathogenic role for HHV-6 in the involution of lymphoid tis-
sues as HIV infection progresses to a more advanced stage
(140, 284).

Recent studies involving quantitative PCR methods have
indicated that there may be approximately 0.5 to 5 HHV-6
genomes per 100 cells in lymphoid tissues of AIDS patients
(105, 457). In conjunction with previous studies of HIV infec-
tion of lymphoid tissue (155, 397), this suggests that there is
opportunity for dual infection of CD4" T lymphocytes, and
possibly macrophages, with both HIV and HHV-6. Investiga-
tions of such a possibility should be conducted, with attention
given to which HHV-6 variant might be involved. The potential
for interactions is not limited to simultaneously infected cells,
however, because alterations in the production of cytokines or
other immune system modulators by cells singly infected with
either virus could influence the course of infection in cells that
harbor the other virus and are present in the same lymphoid
microenvironment. Lymphoid tissue specimens appear to be
particularly attractive for future studies of the potential for
interactions between HHV-6 and HIV-1 in vivo.

AIDS patients with late disease have widespread dissemina-
tion of HHV-6 into many organs. One PCR-based study of five
patients who died of AIDS found that HHV-6 DNA was
present in 85% of specimens obtained from diverse tissues
whereas only 54% of similar tissues were positive in two HIV-
negative controls (116). Another investigation involved IHC
staining of lung, lymph nodes, spleen, liver, and kidney speci-
mens from nine persons who succumbed to AIDS and found a
major HHV-6 antigen in all 34 samples examined (281). Of the
34 specimens, 9 (26%) were also positive for HCMV antigens.
Macrophages were the predominant HHV-6-infected cell type
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in the lungs, spleen, and lymph nodes of most of the patients.
The last two tissue types were lymphocyte depleted in most
cases, but a lymph node from one patient contained many
HHYV-6-infected lymphocytes. Counting the number of HHV-
6-infected cells per square centimeter of section allowed an
approximation of the relative infected-cell burden in the vari-
ous tissues. The estimates ranged from 4 to 190 infected cells/
cm? in the lungs for eight of the nine patients, and the ninth
patient had 1,578 infected cells/cm?, similar to the density
observed in lung tissue from the 19-year-old BMT recipient
described above who died of an HHV-6-associated pneumoni-
tis (79). No HCMV-infected cells were detected in the lung
sample from this AIDS patient. The HHV-6 distribution in 11
different tissues obtained at autopsy from seven AIDS patients
and three controls was studied by quantitative PCR (105).
Approximately equal percentages (67 to 72%) of specimens
were positive in both patients and controls, but the median
load was higher for AIDS patients than for controls (56 and 10
copies/pg, respectively), with the only statistically significant
tissue-specific difference being in the lungs.

HHV-6 DNA, RNA, and proteins have been detected in
areas of AIDS-associated retinitis, often in conjunction with
HIV-1 or HCMV DNA or antigens (418, 419, 421, 431). Gene
products of both HIV-1 and HHV-6 were detected in over half
of 17 normal-appearing retinas from persons with AIDS (418).
Five other retinas with microlesions of uncertain etiology
showed antigens and transcripts of both HIV-1 and HHV-6 but
not HCMV; it is unclear whether individual cells were dually
infected. These data suggest that local infection with HIV-1
and HHV-6, alone or in combination, may predispose to the
development of AIDS-associated retinitis. The significance of
the presence of HHV-6 DNA in corneal tissues of some HIV-
1-seropositive hosts is uncertain (420).

Possible associations of HHV-6 and CNS disease in AIDS
patients are described above. HHV-6 and AIDS-related neo-
plasia is discussed below.

The possibility that specific organ disease is caused by
HHV-6 infection in AIDS patients has been a point of contro-
versy in the recent medical literature. Much of the controversy
has focused on whether HHV-6 causes pneumonitis in persons
with AIDS (as well as in BMT recipients). In a retrospective
study of 36 patients with pneumonia, including 15 with HIV
infection, only 1 (7%) BAL specimen from the 15 HIV-sero-
positive patients was PCR positive, compared with 4 (19%)
from the other 14 patients (114). The investigators noted that
this finding may indicate that HIV-infected patients are no
more prone to pulmonary infection with HHV-6 than are other
patients with pneumonitis. However, the immunohistopatho-
logic findings within the infected tissues were not studied, a
limitation noted previously in other studies of BMT recipients.

A second investigation was performed by PCR for HCMV
and HHV-6 DNA to examine BAL fluid from HIV-1-seropos-
itive individuals with symptoms suggestive of respiratory infec-
tion, including cough, dyspnea, and fever (413). CD4* T lym-
phocytes comprised 4 to 15% of peripheral lymphocytes,
suggesting that some patients were at significant risk of oppor-
tunistic disease. Of 34 patients tested, 12 (35%) were HCMV
positive by PCR, and 10 of these (30% of total) also had
HCMV isolated from BAL fluid in tissue culture. Confirma-
tion of PCR results was obtained by nested PCR in two cases
which were culture negative. In contrast, none of the BAL
fluids demonstrated the presence of HHV-6 by either nested
PCR or viral culture. The HHV-6 primers and procedures had
been used successfully in PCR assays by others (35, 131). Sev-
eral limitations should be noted with this study. First, lower
respiratory tract disease was not documented for many of these
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patients. Whether there was sufficient clinical information to
conclude that pneumonitis was present is unclear. Second,
apparently none of the patients underwent biopsy to demon-
strate potential pathogens within lung tissue.

Lung tissue specimens are generally considered to be the
most reliable source of diagnostic material for establishing
HCMYV as the cause of pneumonitis in immunocompromised
patients (85, 145, 399, 471). Several groups have found that the
detection of HCMYV in BAL fluids does not correlate with the
presence of or subsequent development of HCMV pneumoni-
tis (158, 479). Thus detection of HCMV DNA by PCR with
BAL fluids from HIV-seropositive patients may be of little
value in evaluating the possible causation of pneumonitis by
this virus. This may also be the case for HHV-6. In spite of the
limitations of the studies of HHV-6 in BAL fluids of HIV-
seropositive hosts, the results suggest that HHV-6 is not often
associated with pulmonary disease in these patients.

Several views have been expressed of the potential for
HHV-6 to cause pneumonitis in immunocompromised hosts.
Some of these views incorporate hypotheses concerning possi-
ble pathogenic mechanisms for HCMV-related pneumonitis in
BMT recipients. For HCMV, it has been proposed that inter-
stitial pneumonitis may be due to direct effects of viral repli-
cation in the lungs, to immunopathologic effects initiated in
response to HCMYV infection, or to a combination of these
mechanisms (reviewed in reference 65). According to Griffiths
et al. (205), HHV-6 is not necessarily an etiologic agent of
pneumonitis (or of bone marrow suppression) in immunode-
ficient patients. They noted that Koch’s postulates have not
been fulfilled and suggested that the HHV-6 load in the lungs
has not been shown to correlate with pneumonitis. Rather,
they argued that studies in BMT and AIDS patients are con-
sistent with HCMV pneumonitis being an immunopathologic
disease that does not correlate with HCMV levels. In their
view, investigations that have quantified HHV-6 levels in lungs
in relation to disease should be viewed similarly, there not
necessarily being a correlation. In contrast, Knox and Carrigan
(282) observed that in their studies, active HCMV infection of
the lungs was universally accompanied by HHV-6 infection,
which was not addressed in previous work. They also have
emphasized that BMT patients with profound lymphopenia
have high rates of HCMV pneumonitis (110) whereas those
with HCMV-specific cytotoxic T-lymphocyte responses are
more strongly protected from such lung disease (430). This is
the opposite of what would be predicted by the immunopa-
thology theory. Knox and Carrigan instead favor the hypothe-
ses that both HCMV- and HHV-6-associated lung diseases
correlate directly with the quantity of productively infected
cells present.

Cone et al. have also discussed possible pathogenic mecha-
nisms which may be involved in putative HHV-6 pulmonary
disease (114). They observed that direct damage to lung epi-
thelial cells is possible, given that various studies have demon-
strated HHV-6 infection of some epithelial cell types, possibly
including human pneumocytes (411). They note, however, that
lysis of such cells has not been demonstrated. Other possible
mechanisms include interactions with other pulmonary patho-
gens, such as HCMV or adenovirus. HHV-6 and HIV-1 coin-
fection of macrophages, which has been shown to kill 70% of
the cells compared with 2% for HIV infection alone in vitro
(280), could deplete the lungs of a cell type essential for pul-
monary immunity. HHV-6 induction of cytokines, including
IFN-a (270, 496), IL-1, and TNF-a (165, 202), has also been
proposed as potentially enhancing HHV-6-induced pulmonary
disease (114).

Cone et al. (114) cautioned against ready acceptance of
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HHV-6 as a pulmonary pathogen because of (i) the limited
number of well-documented cases, (ii) the ubiquitous nature of
HHV-6 infection, (iii) the lack of a well-defined clinical pre-
sentation, and (iv) the absence of a clearly defined pathoge-
netic mechanism. They also observed that there may be a bias
in case selection due to acquisition of pulmonary specimens
mostly from severely ill patients and from autopsy, which could
lead to an apparent but insignificant association of HHV-6
with severe pneumonitis.

Lusso and Gallo (337) describe the most important issue
with respect to HHV-6-related disease in HIV-positive persons
as being not so much a direct effect on specific target organs as
the putative cofactor role of HHV-6 in contributing to immune
deficiency of the host. We agree with the suggestions of these
authors and of Cone et al. that clarification of the role of
HHV-6 in diseases of persons with HIV infection will require
(i) longitudinal studies of HIV-infected individuals by quanti-
tative molecular techniques, (ii) coinfection studies with exper-
imental animal models, and (iii) well-controlled prospective
clinical trials of therapeutic agents with demonstrated efficacy
against the putative cofactor.

Neoplasia

Molecular mechanisms. As for several other herpesviruses,
there has been interest in exploring the potential for HHV-6 to
act as an oncogenic agent. HHV-6 genomic DNA and several
cloned fragments can transform NIH 3T3 cells and human
keratinocytes in vitro to a form that is tumorigenic in nude
mice (426, 427, 507). The cloned fragments with transforming
activity map to the DR and to the betaherpesvirus gene block
(Fig. 2). These regions coincide with regions known to encode
genes that can transactivate the HIV-1 LTR. It will be inter-
esting to determine whether the transactivating and transform-
ing activities are encoded by the same ORF.

HHV-6A can infect human cervical carcinoma cell lines
immortalized with human papillomavirus type 16 (HPV-16)
and HPV-18, although no cytopathic effect or productive in-
fection was observed (94). The HHV-6 DNA was present as an
episome, with expression of early-late viral proteins; expression
of HPV RNAs encoding the oncoproteins E6 and E7 was
enhanced. These HHV-6-infected, HPV-transformed cell lines
formed tumors in nude mice more rapidly than did non-HHV-
6-infected control lines.

In contrast to the ability of some HHV-6 genomic segments
to transform cells, repy6., the HHV-6A homolog of rep oy
(described in the section on transcription, above) (509), can
suppress H-ras transformation of NIH 3T3 cells (24). H-ras is
activated in numerous human malignancies (15, 126, 183, 195,
290, 291, 452, 461, 571). Tumor suppression in the transfor-
mation experiments was via down-regulation of H-ras tran-
scription rather than by activation of the H-ras p21 protein. In
addition, repy;4 can suppress HIV-1 LTR transcription (24).

Clinical associations: lymphoproliferative disorders. Clini-
cal investigations of a possible relationship between HHV-6
and neoplastic disease have focused primarily on lymphopro-
liferative disorders. This is not surprising, given the lympho-
tropism of both HHV-6A and HHV-6B. Comparison of results
obtained in various studies is complicated by differences in
detection methods, in sensitivities of specific methods, in pa-
tient populations, and in the percentage of tumor cells with
respect to the total cellular mass examined. In situ localization
methods are of particular value in determining the cell type
that harbors the virus, but they are limited by a lack of sensi-
tivity relative to PCR and have been used infrequently. We will
deal with individual kinds of malignancies separately.
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(i) Non-Hodgkin’s lymphomas. HHV-6 DNA was detected
by blot hybridization in 5 of 157 specimens of tissues of pa-
tients with non-Hodgkin’s lymphoma (NHL) (246, 251). Two
of these were B-cell lymphomas in the context of Sjogren’s
syndrome. HHV-6 DNA was also found by nucleic acid hy-
bridization in 1 of 14 lymphoma tissue specimens obtained
from patients with Sjogren’s syndrome (176). There were no
positive results among 20 salivary gland tissue samples from
patients with Sjogren’s syndrome without lymphoma.

HHV-6 DNA was detected by PCR in biopsy specimens
from 45 (59%) of 76 patients with NHL (18 positive results
from 29 lymphomas of B-cell origin) (492). Two other groups
of investigators found just 3 NHL specimens positive for
HHYV-6 DNA by PCR among 113 examined (140, 514). At least
one of the positive specimens was HHV-6 negative by blot
hybridization (140). These 113 NHL cases appear to be expan-
sions of previously reported series (133, 513). One of the
groups concluded that HHV-6 is unlikely to play a major eti-
ologic role in the development of B-cell NHL (133). Several
studies have used ISH to search for evidence of HHV-6 in
tissues from NHL patients. In one investigation, 2 of 16 sam-
ples from NHL patients were positive for HHV-6 DNA by
PCR and ISH (60). Blastic B cells appeared to be involved in
both cases. Of 45 specimens from NHL patients, 8 (18%) were
positive for HHV-6 by ISH in a separate study (560). Viral
DNA was detected in the nuclei of cytologically defined tumor
cells in a majority of positive specimens. In both of these
studies, HHV-6 DNA was detected in small clusters or scat-
tered within the tissue. An additional investigation involving
ISH observed HHV-6-positive cells in at least seven tumor
specimens from NHL patients at a frequency similar to that
seen in reactive lymphadenopathy (<1 cell per 10° nucleated
cells) (294). Positive cells were small and lymphoid. In one
sinusoidal B-cell lymphoma, the frequency was slightly in-
creased over that of the control tissue.

Evidence for possible HHV-6 involvement in NHLs of the
CNS was sought in a recent investigation of paraffin-embedded
tissue from 37 patients with sporadic primary cerebral lym-
phoma (PCL) and autopsy tissue from 3 AIDS patients with
PCL (404). Most of the sporadic PCLs and all the AIDS-
related PCLs were high-grade B-cell lymphomas. Only 1 (3%)
of the 39 sporadic PCLs and none of the AIDS-related PCLs
were positive for HHV-6 DNA by PCR and hybridization
blotting. In contrast, all three AIDS-related PCLs but none of
the sporadic tumors were positive by dot blotting for EBV
DNA. Previous work has shown the presence of the EBV
genome in 50 to 100% of PCLs of AIDS patients (346, 370).
These investigators concluded that HHV-6 is unlikely to play a
significant role in the pathogenesis of PCLs. The results of a
study exploring a possible HHV-6 association with neuroglial
brain tumors were presented above.

Specimens from a small series of patients with angioimmu-
noblastic lymphadenopathy with dysproteinemia (AILD) and
AILD-like lymphomas (AILD-L) were examined for HHV-6
DNA by PCR (333). HHV-6 DNA was found in four of eight
and three of four patients, respectively, with AILD and
AILD-L. In the five cases analyzed, HHV-6A was found in one
patient each with AILD and AILD-L, HHV-6B was found in
two patients with AILD-L, and both variants were detected in
the fifth patient. EBV DNA was detected in three of seven
patients examined. No type of investigation other than PCR
was done.

In the series of NHLs described above, only 20 of the tumors
were reported to have come from HIV-seropositive hosts (140,
404); the HIV status was not reported for over 300 other
patients, including those for whom HHV-6 DNA was detected
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by ISH. Most patients in these studies did not appear to be at
high risk for HIV infection. In a study by Dolcetti et al. (140),
17 HIV-related and 35 HIV-unrelated NHLs were directly
compared; there was no significant difference in rates of de-
tection of HHV-6 DNA by PCR (6 and 0%, respectively).
However, EBV DNA was detected by PCR significantly more
often in HIV-related (53%) than in HIV-unrelated (32%) tu-
mor specimens. This group included all 64 patients with of
NHL or related disorders for whom specimens were examined
for the presence of HHV-6 DNA by ISH in two investigations
(60, 560) and at least 5 of 7 similarly studied patients in an-
other series (294).

Two recent reports (164, 517) described investigations of
tumor tissues for HHV-6 DNA by PCR in which a majority of
specimens studied were obtained from HIV-seropositive hosts.
Fillet et al. found that 12 (44%) of 27 tumor specimens ob-
tained from various tissues of patients with AIDS-associated
NHL were positive for HHV-6 DNA (164). Of 15 lymph node
specimens, 8 (53%) were positive. For comparison, 7 (35%) of
20 tissue specimens obtained from HIV-seronegative patients
with NHL were also positive, including 5 (36%) of 14 lymph
node specimens. HHV-6 DNA was also found in two (50%) of
four and five (55%) of nine lymph node specimens from HIV-
seropositive and HIV-seronegative persons, respectively, with
follicular hyperplasia. The prevalence of HHV-6 DNA was
similar in tissue specimens from patients with AIDS-associated
NHLs when compared to tissue specimens from other control
groups individually as well as together. The frequency of de-
tection of HHV-6 DNA was similar in lymph node specimens
(48%) and other tissues (36%) for all samples. Interestingly,
for AIDS-associated NHLs, both HHV-6 variants were found
in six patients, only variant A was found in one patient, and
only variant B was found in two patients. The variants were
similarly distributed in the other groups of patients. Estimates
of detectable HHV-6 DNA copies per cell were low, less than
one copy per 750 cells in most samples.

The study by Fillet et al. (164) contrasts with the work of Di
Luca and coworkers (133, 140) in several respects. First, Fillet
et al. observed a higher rate of detection of HHV-6 DNA in
tumor and lymph node specimens from both HIV-positive and
HIV-negative NHL patients than did Di Luca and colleagues,
even though the frequencies were similar between the groups
in the two studies. Second, Fillet and colleagues found similar
rates of HHV-6 DNA detection in nonneoplastic lymph nodes
from AIDS patients and HIV-seronegative patients, while Di
Luca et al. found a significantly higher frequency in specimens
from patients with HIV-associated lymphadenopathy than
from HIV-seronegative patients. These differences may have
resulted from differences in the patient populations examined
(including the stage of HIV-associated disease), sample prep-
aration and handling, and PCR methodology. Also, the num-
bers of specimens examined from many of the groups of pa-
tients were quite small. Neither study, however, demonstrated
significant differences in HHV-6 DNA detection between pa-
tients with HIV-related or HIV-unrelated NHLs.

In separate work by Trovato et al. (517), tissue specimens
from patients with AIDS-related lymphoproliferative disorders
were examined by PCR. HHV-6 DNA was detected in 16
(89%) of 18 B-cell specimens from NHL patients and in 3
(100%) specimens from Hodgkin’s disease (HD) patients.
Only HHV-6A DNA was identified in the two NHL patients in
which the variant was determined. HHV-6 DNA was also
found in non-lymphatic tissues in nine (64%) of 14 specimens
from the same patients. The high proportion of HHV-6-posi-
tive tissue samples, including those from patients with and
without lymphoma, may reflect the wide dissemination of
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HHV-6 infection in persons with late-stage AIDS (116, 281)
rather than a specific association with their malignancies.

NHLs are frequently clonal. Thus, the information described
above may be interpreted to indicate the lack of an etiologic
association between HHV-6 and the malignant process in
most, if not all, of the NHLs in which HHV-6 DNA was
detected. These include (i) the small proportion of virus-in-
fected cells in HHV-6-positive NHL specimens from (presum-
ably) HIV-seronegative hosts; (ii) the low copy number in
HHV-6-positive, AIDS-associated NHLs; (iii) the similar rate
of detection of HHV-6 DNA in HIV-related NHLs and HIV-
unrelated NHLs in two studies and nonneoplastic lymphoid
tissues from control patients in one of the two investigations.
The frequencies of HHV-6 detection in both types of NHLs in
the other study were very low. One possibility not ruled out by
the data is that a “hit-and-run” mechanism involving HHV-6
might be operating. Nevertheless, there is no clear proof of an
etiologic association between HHV-6 and any type of NHL.

(ii) Hodgkin’s disease. Of perhaps greater clinical interest is
work involving HHV-6 in HD patients. One study reported
that lymphocyte specimens from 3 (12%) of 25 patients with
HD were PCR positive for HHV-6 sequences (513). All three
cases were of the nodular sclerosis-lymphocyte depletion sub-
type, and the specimens from two of these were also positive by
less sensitive Southern blot DNA hybridization. It should be
pointed out that many studies of the nodular sclerosis type of
HD, which accounts for 40 to 60% of HD cases, do not specify
a nodular sclerosis subtype. The clinical significance of division
into subtypes is not clear (501). EBV DNA was also detected
by PCR in the three HHV-6-positive specimens, but with a
markedly lower signal intensity than that of HHV-6 (513). It
appears that an additional 14 cases of HD which were HHV-6
negative by PCR were added to this series in a later publication
(514). Di Luca et al. found that 13 (29%) of 45 tissue samples
from HD patients were positive by nested PCR for HHV-6
DNA, although no positive specimens were detected by blot
hybridization (133) (Table 4). Most PCR-positive cases in-
volved nodular sclerosis HD, and in all but one case, HHV-6B
was the variant detected. Di Luca et al. noted that Reed-
Sternberg (RS) cells, which appear to be the neoplastic cellular
element in HD, constitute only a small proportion of cells in
HD tissue and are often widely scattered in the specimens
(133). Thus, the possibility that the relatively rare RS cells
harbor HHV-6 DNA detectable by PCR but not by blot hy-
bridization in some cases may be of significance in HD. The
location of HHV-6 DNA within the tumors was not deter-
mined in the studies by Torelli et al. or Di Luca et al. Of the 13
HHV-6-positive specimens in the latter study, 6 were also
positive for DNA of EBV, another virus postulated to have an
association with some cases of mixed-cellularity type HD (66,
124, 206, 212, 216, 375, 395, 518, 544, 572).

In separate work, ISH was used to examine tumor specimens
from at least seven patients with HD, three of whom had the
nodular sclerosis type (294). Most specimens had an increased
frequency of HHV-6-positive cells, compared with tissue sam-
ples from patients with other lymphoproliferative disorders
including various NHLs and reactive hyperplasia. The pres-
ence of HHV-6 nucleic acids in RS cells was not specifically
addressed, although HHV-6-positive cells were apparently
small and lymphoid in appearance.

Another recent investigation did find RS or HD cells ex-
pressing HHV-6 nonstructural and/or structural antigens that
were detected by IHC staining with MAD in up to 20% of the
26 patients with HD studied (293). HD cells usually accompany
RS cells; they are nondiagnostic and are thought to be RS
precursors (203). Of the biopsy specimens from HD patients,
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TABLE 4. HHV-6 and EBV in lymphomas*

No. of samples positive/total no. (%) for:

Sample?
HHV-6 HHV-6A HHV-6B EBV

Healthy donor PBL  8/45 (17) 2/45 (4) 6/45 (13) ND¢
NHL

HIV negative 0/35 ND

HIV positive 1/10 (10) 1/10 (10) ND
HD

HIV negative 13/45(29) 1/45(2)  12/45(27) 17/45(38)

NS 9/30 (30) 9/30 (30)  8/30(27)

MC 3/10 (30) 1/10(10)  2/10(20)  7/10 (70)

LP 1/4 (25) 1/4 (25) 1/4 (25)

LD 0/1 (0) 1/1 (100)

“ Reprinted from reference 133 with permission of the publisher.

® PBL, peripheral blood lymphocytes. HD histotypes: NS, nodular sclerosis;
MC, mixed cellularity; LP, lymphocyte prevalence; LD, lymphocyte depletion.
Two MC, three NS, and one LP specimens were positive for both HHV-6 and
EBV.

¢ ND, not done.

77% were positive for HHV-6 DNA by PCR. Other findings of
this study included expression of IL-6 receptors, as well as
expression of the proto-oncogenes fes and met, in various cell
types. These investigators concluded that HHV-6 may contrib-
ute to the development of HD by stimulation of cell prolifer-
ation and deregulation of cytokine control of cell function and
proliferation rather than by direct oncogenic involvement.
Some of the interpretations in the report regarding the expres-
sion of viral genes and their relationship to HHV-6 replication
and latency are open to question.

A small study employing a quantitative PCR method (457)
found a variable number of HHV-6 genome equivalents per
microgram of lymphoid tissue DNA among five patients with
HD (type not specified) and five controls (as well as among five
patients with AIDS). The number of HHV-6 genome equiva-
lents ranged from less than 10 per pg of total DNA to between
100 and 1,000 per pg for both HD patients and controls (with
one control sample in excess of 1,000 genome equivalents per
wg). The small number of specimens analyzed, the preselection
of tissues for HHV-6 PCR positivity, and the lack of descrip-
tion of HD type limit the ability to make comparisons between
the groups tested.

In contrast to the work by Di Luca et al. (133) described
above, a recent investigation (516) of nodular sclerosis-type
HD in Italian children younger than 15 years old found only 1
(7%) of 15 lymph node specimens positive for HHV-6 DNA by
PCR while 5 (33%) were similarly positive for EBV DNA,
which was not detectable by ISH. The single HHV-6-positive
specimen also contained EBV DNA. In two other ISH studies
of HD patients (19, 90), EBV nucleic acids were detected in
RS cells of 94 to 100% tissue specimens from Latin American
children but only in 36% of those from U.S. children (19). The
combined results of these and many other investigations of the
frequency of association of EBV and HD have suggested that
variations in frequency are linked to geography and socioeco-
nomic criteria, age, ethnicity, immunosuppression, and histo-
logic subtypes (19, 66, 88, 90, 124, 206, 212, 216, 245, 352, 369,
375, 393, 395, 518, 522, 544, 572). By analogy to EBV, differ-
ences between studies in the observed frequencies of detection
of HHV-6 in specimens from HD patients might result from
any of a variety of factors. Future studies of the role of HHV-6
in HD should be controlled for these factors.

A follow-up study by Dolcetti et al. (140) found that 3 (30%)
of 10 specimens obtained from HIV-seropositive individuals
with HD were PCR positive for HHV-6 DNA, compared to 13
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(30%) of 43 tissue samples from HIV-seronegative patients
with HD. HHV-6B DNA was identified in all 16 HHV-6-
positive specimens; HHV-6A was detected in addition to
HHV-6B in one of them. None of the specimens from HIV-
infected hosts was HHV-6 DNA positive by blot hybridization,
but all 10 had monoclonal EBV episomes detected by this
technique. The investigators interpreted these data as being
consistent with either normal HHV-6 infection of only a frac-
tion of the EBV-positive malignant clone or with harboring of
HHV-6 in normal infiltrating lymphocytes. Either possibility
argues against a pathogenic role for HHV-6 in most cases of
HIV-related HD.

No biopsy specimens were positive for HHV-6 DNA by blot
hybridization in 51 patients with HD in three other investiga-
tions (246, 251, 492), although 9 (64%) of 14 specimens were
HHV-6-positive by PCR in one series (type not specified)
(492). The latter study also found HHV-6 DNA by PCR in 45
(59%) of 76 specimens from NHL patients, but none were
positive by nucleic acid hybridization.

In considering the information described above, a number of
lines of evidence suggest that HHV-6 may play an etiologic
role in some patients with HD. (i) In some tumors, HHV-6
DNA is present in sufficient abundance to be detected by blot
hybridization. This is far more abundant than EBV DNA that
was detected in the same specimens. (ii) In the HHV-6-positive
patients, RS cells constituted a greater proportion of cells in
the tumor than in patients for whom specimens were negative
for HHV-6 by blot hybridization. (iii) HHV-6 DNA has been
found in RS cells of some tumor specimens by in situ hybrid-
ization. (iv) A significant fraction of specimens from HD pa-
tients are positive for HHV-6 DNA by PCR. (v) The relative
rarity of RS cells in many specimens from HD patients may
account for the detection of HHV-6 DNA by PCR but not by
blot hybridization in some cases. (vi) HHV-6 DNA-positive
tumor specimens are concentrated among patients with the
nodular sclerosis type (and nodular sclerosis-lymphocyte de-
pletion subtype) HD. (vii) Over half of the specimens positive
for HHV-6 DNA by PCR in one study were negative for EBV
DNA by the same technique. (viii) HHV-6 can infect some
cells harboring EBV and influence EBV gene expression (5,
168), suggesting possible synergistic interactions in specimens
from HD patients when both viruses have been detected. (ix)
Some groups of HD patients have elevated anti-HHV-6 anti-
body titers, including some patients thought to have causative
factors independent of EBV (discussed below). Although none
of the accumulated evidence is definitive, HHV-6 remains a
viable candidate as an etiologic agent in the pathogenesis of
some HD cases, and further efforts to explore such a role for
the virus(es) are warranted.

(iii) HHV-6 serology in lymphomas and leukemias. Anti-
body titers to HHV-6 in NHL or HD patients were not signif-
icantly different from or were moderately higher than those in
normal subjects in two studies (307, 513). In one of these
series, HHV-6 IFA titers rose in HD patients who relapsed
posttherapy compared with patients who did not (307). Signif-
icant differences in HHV-6 seroprevalence and antibody titers
between normal controls and patients with HD and low-grade
NHL were found in another investigation (106). Young adults
with HD and without siblings showed the greatest differences
in rate of HHV-6 seroprevalence and geometric mean titer
ratios compared to controls. Data presented above suggest that
most NHLs are unlikely to be etiologically associated with
HHV-6, despite the serologic data in this report. A recent
study in the United Kingdom examined case clustering,
EBV-RS cell status, and EBV and HHV-6 serologic findings
(18). Elevated anti-HHV-6 titers were found primarily in pa-
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tients with RS cells negative for EBV, suggesting an etiologic
exposure for HD independent from EBV. The investigators
hypothesized that the agent might be something other than
HHYV-6, because they previously failed to detect HHV-6 in
biopsy specimens from HD patients by blot hybridization
(246). HHV-6 should not be discarded as a candidate for
involvement in HD on the basis of these results, since the virus
was frequently detected in tissues from HD patients in several
other studies performed by more sensitive methods. As is com-
monly the case, the serologic methods used in this study were
not designed to distinguish between HHV-6 and HHV-7.

No significant differences were observed in the serologic
response of patients with ALL in comparison with healthy
controls (106, 306). HHV-6 antibody titers were elevated for
acute myelogenous leukemia (AML) patients compared to
healthy controls (106), but viral DNA was undetectable by blot
hybridization in specimens from all 10 patients with AML in
another series (251). Because HHV-6 might latently or persis-
tently infect neoplastic cells in a manner that does not cause
unusual expression of viral antigens, serologic data must be
interpreted with caution when evaluating possible associations
of HHV-6 and malignant disorders. Three examples of pa-
tients with HHV-6 integrated into PBMC DNA have been
described (332, 334, 512). In each case, the anti-HHV-6 IgM
titer was negative and the IgG titer was either negative or at a
near-background level. One of these patients had nodular scle-
rosis-lymphocyte depletion subtype HD with tumor tissue that
was blot hybridization positive for HHV-6; a second patient
had a B-cell NHL.

(iv) Other lymphoproliferative disorders. Some other lym-
phoreticular neoplasms that are leukemias or have a leukemic
phase have also been examined for a possible association with
HHV-6. HHV-6 DNA was detected by hybridization in 14
(88%) of 16 patients with T-cell ALL (T-ALL) (326). HHV-6
DNA was detected in bone marrow lymphoblasts in all eight
patients examined, with 20 to 58% of cells being positive. In
addition, specimens from four of the eight patients were pos-
itive by IFA for expression of an early but not a late HHV-6
antigen. The pattern of viral gene expression in these cells
could have been due to either latent or abortive infection of
the T-ALL lymphoblasts.

A subsequent study of ALL involved 14 patients, 7 each with
B-cell ALL (B-ALL) and T-ALL (48). Of the 14, 6 were chil-
dren, 1 with B-ALL and 5 with T-ALL. Without nested PCR,
HHV-6 DNA was detected in 4 (28%) of the 14 patients (all
four had B-ALL) compared with 8 (26%) of 30 healthy blood
donors. After nested PCR, 9 (64%) of the 14 patients and 15
(50%) of the 30 healthy blood donors were positive. The sim-
ilar results in both populations led to the conclusion that
HHV-6 is unlikely to play an etiologic role in ALL. Differences
between the studies that may account for the different results
include the use of bone marrow cells versus PBMC and differ-
ences in the study populations with respect to age distribution
and form of leukemia. Thus, the question of a possible role for
HHV-6 in T-ALL remains open.

HHV-6B DNA and virus-specific RNA were present in
PBMC from two patients with S100™ T-cell chronic lympho-
proliferative disease (S100-CLPD), a very rare disorder (62).
In the one case available for study, HHV-6 DNA was detected
within the abnormal cells, which are characterized by expres-
sion of S100, a cytoplasmic, calcium-binding protein (207, 276).

Clinical associations: other neoplasms. (i) Kaposi’s sar-
coma. KS is a rare neoplasm originally described in elderly
men of Mediterranean ethnicity (132). Four clinical categories
of KS are now recognized: (i) classic or Mediterranean, (ii)
African endemic, (iii) transplant associated or iatrogenic, and
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(iv) epidemic or AIDS associated (reviewed in reference 386).
In one study that looked for a possible association between
HHV-6 and KS, 7 (35%) of 20 specimens from KS patients
were positive for HHV-6 sequences by nested PCR (61).
HHYV-6-positive specimens were distributed among the KS
types as follows: 4 (33%) of 12, African; 2 (29%) of 7, classic;
and 1 (100%) of 1, AIDS associated. Of note, six (86%) of the
seven positive specimens contained HHV-6A DNA, making
this one of only a few studies of HHV-6 and disease association
in which variant A was more prevalent than variant B. In a
separate study with nonnested PCR, HHV-6 DNA was not
detected in any of 22 patients with classic KS or in any of 4
patients with AIDS-associated KS (327). In a third study, 26
patients with AIDS were evaluated for the presence of HHV-6
DNA in biopsy or autopsy specimens of KS lesions (263). Of
the 26, 9 (35%) were HHV-6 positive by PCR; all were HHV-
6B. In two of four KS patients with HHV-6-positive biopsy
specimens, HHV-6 DNA was also detected in the heart, lungs,
liver, kidneys, and adrenals, suggesting no specific association
with KS lesions. For comparison, dermatologic specimens ob-
tained from 7 HIV-seropositive and 12 HIV-seronegative con-
trols were positive in 6 and 2 patients, respectively (7 of the 8
positive specimens contained variant B). In addition, 7 (27%)
of the 26 AIDS patients had HCMV sequences in the KS
lesions, but none of the HIV-seropositive or HIV-seronegative
controls did. These investigators concluded that the presence
of HHV-6 and HCMV in AIDS-associated KS is most proba-
bly a result of disseminated viral infection rather than a specific
association, although a cofactor role remains possible.

These investigations suggest that the ability to detect HHV-6
in KS lesions by PCR may be very dependent on methodology,
with positive results more likely to be obtained with nested
than with nonnested PCR. No etiologic association of HHV-6
with KS can be inferred from these studies.

A previously unidentified herpesvirus was identified in KS
lesions by using representational difference analysis (91, 367);
the virus is known as HHV-8 or Kaposi’s sarcoma-associated
herpesvirus. HHV-8 has been detected in specimens from pa-
tients with all four forms of KS (20, 91, 151, 367, 465), as well
as in tissues or cells from patients with some other neoplasms
(91, 256, 444, 526). Rapidly accumulating molecular (20, 91,
231, 367, 465) and seroepidemiologic (186, 187, 259, 305) ev-
idence is consistent with HHV-8 playing an etiologic role in
KS.

(ii) Oral carcinoma. In a recent study, HHV-6 DNA and an
HHV-6 glycoprotein (gp116K/64K/54K) were detected in oral
carcinoma tissue specimens by PCR and IHC, respectively
(548). Of fresh tissue specimens taken from nine patients from
India with squamous cell carcinoma of the buccal mucosa, six
(67%) were positive for HHV-6 DNA. HHV-6 DNA was de-
tected in five (71%) of seven other patients. For all seven
samples, gpl16K/64K/54K was detected in the cytoplasm of
squamous cells as well as in membranes and nuclei on occa-
sion. No staining was seen in oral mucosa samples from healthy
controls and from several patients with nasopharyngeal carci-
noma, and no PCR amplification was detected when EBV-
specific primers were used. Five of five patients with late-stage
oral carcinoma had elevated HHV-6-specific IgA titers, while
five age-matched healthy controls were negative. Of note, pa-
tients with EBV-associated nasopharyngeal carcinoma often
have very elevated IgA titers to various EBV antigens (377,
521, 575).

Oral carcinoma is common in Asia and has been associated
with the widespread use of chewing tobacco and other sub-
stances that contain chemical carcinogens (253). It is possible
that HHV-6 in a replicative state is specifically associated with
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oral carcinoma, possibly as a cofactor, and further investigation
of a larger patient population is warranted.

(iii) Cervical carcinoma. In a follow-up to in vitro studies
with cervical carcinoma cell lines, Chen et al. examined fresh
surgical or paraffin-embedded biopsy specimens from 72
women with squamous cervical carcinoma (SCC) or cervical
intraepithelial neoplasia grade IIT (CIN III) (95). HHV-6
DNA was detected in specimens from 6 (8%) of the 72 patients
by nested PCR followed by blot hybridization. In contrast, no
cervical specimens obtained from 30 patients with nonmalig-
nant conditions were HHV-6-positive by the same technique.
HPV DNA was detected by PCR in specimens from 58 (85%)
of the 72 patients; of these, 47 (81%) had DNA of HPV-16, a
virus strongly associated with anogenital carcinomas (576).
Specimens from four of the six HHV-6-positive patients were
also positive for HPV-16 DNA. ISH analysis of four HHV-6-
positive specimens revealed HHV-6 DNA in occasional nuclei
of epithelial cells. This finding contrasts with the pattern of
widespread distribution of viral DNA in typical HPV-16-posi-
tive SCC or CIN III lesions. The ISH results are compatible
with HHV-6 acting by a hit-and-run mechanism as a cofactor
with HPV in causing some cases of cervical carcinoma or with
HHV-6 occasionally being a passenger in transformed cervical
cells. Another explanation for the small number of positive
cases is that HHV-6 is occasionally a passenger in transformed
cervical epithelial cells. Further work is required to distinguish
between these and other possibilities.

(iv) Conclusions on the role of HHV-6 in malignancy. A
possible role has been postulated for HHV-6 in a variety of
neoplastic disorders, but as yet there has been no conclusive
demonstration that either HHV-6A or HHV-6B is involved in
any causative way with any malignancy. Nevertheless, the ac-
cumulated data suggest that at least for some neoplasms, there
is more than a chance association with the virus(es). A sum-
mary of the relationship between HHV-6 and neoplasia is
provided in Table 5.

Chronic Fatigue Syndrome

In recent years, there has been great interest among both
physicians and the general public in the chronic fatigue syn-
drome (CFS), a condition characterized by prolonged or
chronic fatigue and a combination of four or more of the
following symptoms that are concurrently present for at least 6
months: impaired memory or concentration, sore throat, ten-
der cervical or axillary lymph nodes, muscle pain, multijoint
pain, new headaches, unrefreshing sleep, and postexertion
malaise (184). CFS can be diagnosed only in the absence of
other known medical or psychiatric causes of fatigue, and no
specific physical findings or laboratory tests are diagnostic.
Because of these features, some investigators believe that CFS
is composed of a group of heterogeneous disorders rather than
being a single disease with a specific etiology (125, 184).

Despite the vagueness of the condition, several hypotheses
have been advocated to explain the pathophysiology of CFS.
According to one view, CFS results from psychological se-
quelae of an acute infection in an emotionally susceptible
person; this hypothesis is based on studies indicating that well-
recognized psychiatric disorders occur in a majority of patients
with CFS (125). Another hypothesis is that CFS is due to a
persistent immune system dysfunction induced by an infectious
agent (125, 353). Although abnormalities in the immune re-
sponse to various viral agents and nonspecific indicators of
inflammation, such as antinuclear antibodies, have been noted,
no definitive evidence has emerged which demonstrates that
immune dysfunction following infection is either causative or a
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TABLE 5. HHV-6 and neoplasia

Neoplasm HHV-6 Relationship Comment

NHL Low proportion of PCR-positive samples in most studies. Clonality of NHLs weighs against etiologic
A few specimens positive by blot hybridization. Scattered association for most HHV-6-positive cases.
cells or small clusters positive for HHV-6 markers in
several cases.

HD 12 to 30% of samples positive by PCR in some studies. A PCR-positive specimens potentially more meaningful
few specimens positive by blot hybridization. Positive than with NHLs, due to relative rarity of RS cells.
specimens tend to be from nodular sclerosis type of HD. HHV-6 remains a candidate for etiologic role in
Presence of HHV-6 antigens in RS cells in one study. some cases.

ALL 14 of 16 T-ALL patients positive by blot hybridization with Disparate results may be due to difference in patient
peripheral cells in one study. 0 of 7 T-ALL and 4 of 7 populations or methods used. Specific HHV-6
B-ALL positive by nonnested PCR in second study. association with T-ALL not ruled out.

Similar rate of positives (all patients) compared to
controls.

S100-CLPD 2 of 2 patients positive by blot hybridization. Viral genome Specific HHV-6 association possible.
in S100-CLPD cells in one case tested.

KS 35% of specimens positive by nested PCR in two studies. No HHV-6 etiologic association shown. HHV-8 is a

Positive results may be due to viral dissemination to

skin.

Oral carcinoma

67 and 71% of buccal squamous cell carcinomas positive by
PCR in a small series. Viral glycoprotein detected in

better candidate as causative agent.

Data suggest possible association with replicating
HHV-6

100% of 7 samples in second series. HHV-6-specific IgA
elevated in 100% of 5 patients, 0% of 5 matched

controls.

Cervical carcinoma

Only 8% of specimens positive by nested PCR, compared

Little to suggest a specific association.

to 81% for HPV. HHV-6 DNA in occasional nuclei in 4

PCR-positive specimens examined.

marker for the development of CFS. An alternative explana-
tion for CFS has recently been proposed which views the con-
dition as resulting from a disorder of the hypothalamic-pitu-
itary-adrenal axis and is precipitated by an emotional or
physical stress, such as infection (125). Hypothalamic-pitu-
itary-adrenal axis abnormalities are associated with distur-
bances of mood and sleep, as well as with immune dysfunction,
thus accounting for prominent features noted with other ex-
planations. A common factor among these hypotheses for the
pathophysiology of CFS is a frequent association with acute
infection as a precipitating event for the syndrome.

Over the past decade, various viral agents, including EBV,
HSV, HCMV, enteroviruses, and a retrovirus have been scru-
tinized for a possible specific relationship with CFS; no firm or
consistent relationship had been identified for any of these
agents. At the time of the initial description of HHV-6 (450),
an apparent outbreak of CFS was reported from Lake Tahoe,
Nev. (143). Although suggestions linking HHV-6 to this out-
break were later proven unfounded (308), speculation has con-
tinued that the virus is etiologically related to at least some
cases of the syndrome. Studies of HHV-6 seroprevalence and
antibody titers in patients and controls have provided mixed
results (5, 43, 71, 121, 194, 308, 349, 428, 447, 527). Evidence
for increased HHV-6 replication has been reported in patients
with various long-term illnesses (70), but this study was criti-
cized for shortcomings in criteria for patient selection, labora-
tory methods, and statistical analysis (429).

Several reports are of particular interest with regard to
HHYV-6 and CFS. HHV-6 DNA was detected in PBMC from 7
(54%) of 13 CFS patients and 0 of 13 healthy controls by PCR
with variant-specific primers (551). Of the seven HHV-6 pos-
itive patients, 4 (57%) had HHV-6A. HHV-6 was not detected

by culture of PBMC from either CFS patients or matched
controls. Seroprevalence to an early antigen and antibody titer
to a late antigen of HHV-6 were increased in the patient group
relative to controls, with similar results regardless of which
HHV-6 variant was used as the antigen source. In another
study, PBMC of CFS patients and healthy controls were as-
sayed for DNA of HHV-6 and HHV-7 by variant-specific PCR
(139). HHV-7 DNA was detected in over 80% of both CFS
patients and controls, and the proportion of HHV-6B-positive
specimens was similar in both groups. However, HHV-6A
DNA was detected in 8 (22%) of 36 CFS patients and in only
1 (4%) of 24 controls (P = 0.05). These two studies are among
only a few to find a possible association of HHV-6A with a
clinical disorder. Patnaik et al. (402) examined the sera of CFS
patients who met the most recent case definition of the syn-
drome (184) and healthy controls for antibodies to HHV-6
early antigen (EA; p41/38). Of 154 CFS patients, 61 (40%) had
IgG to EA, compared with 13 (8%) of 165 controls. In addi-
tion, 93 (60%) of 154 CFS patients had IgM to EA, in contrast
to only 7 (4%) of the 165 controls. The differences for both IgG
and IgM were statistically significant.

These studies are of interest in that they suggest that some
CFS patients have atypical responses to HHV-6, possibly in-
dicative of viral activity. However, no diagnostically useful cut-
off was identified, and it is impossible to assess the significance
of these observations in the absence of information about the
patterns of reactivity with these antigens in patients with other
diseases or immune disturbances. As noted by these investiga-
tors, these observations are consistent with reactivation of la-
tent infection due to immune dysregulation but do not prove
that HHV-6 is the cause of the symptoms. The data presented
in these reports should be viewed in the context of (i) investi-
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gations, including some cited above (194, 222, 447), which have
shown elevated antibody titers to different members of the
herpesvirus family, as well as to other viral agents such as
measles virus (222), which can persistently infect their hosts;
and (ii) the level of HHV-6 activity being insufficient to allow
culture of infectious virus (551). Further work is required to
determine whether HHV-6 contributes to the clinical manifes-
tations or whether the response to the virus reflects the under-
lying pathologic mechanisms of this complex and often frus-
trating (to both patients and physicians) syndrome.

Collagen Vascular Diseases

HHV-6 activity in collagen vascular diseases has been stud-
ied; the available data do not support an etiologic association
between the virus and these diseases. The relevant studies are
summarized here. A cohort of 25 women with primary
Sjogren’s syndrome had no significant differences in HHV-6
seroprevalence or antibody titers compared with a group of 25
age-matched healthy women (38). In another study, 49 patients
with primary Sjogren’s syndrome and 50 age- and sex-matched
normal controls had similar rates of HHV-6 seroprevalence or
prevalence of HHV-6 DNA detected by PCR in PBMCs or
salivary gland biopsy specimens (424). HHV-6 antibody titers
in 25 women with rheumatoid arthritis were either lower or
slightly higher than in an equal number of age- and sex-
matched healthy controls, when measured by IFA or enzyme-
linked immunosorbent assay, respectively (38). HHV-6 has
been isolated from peripheral blood lymphocytes of several
patients with various collagen vascular diseases, most often
from patients with systemic lupus erythematosus (295).

TREATMENT

HHV-6 has been tested for susceptibility to various antiviral
agents in vitro (reviewed in reference 543). Most work in cell
culture has involved inhibitors of herpesvirus DNA poly-
merases, such as phosphonoacetic acid (134, 463), phosphono-
formate or foscarnet (10, 74, 481), acyclovir (9, 12, 46, 74, 134,
267, 441, 481), and ganciclovir (9, 12, 74, 441). The results of
these investigations are not directly comparable because of
differences in the assays, cells, and virus strains used. Despite
these limitations, the data indicate greater susceptibility of
HHV-6B to ganciclovir and foscarnet than to acyclovir, which
inhibited viral replication only at high concentrations. This
pattern resembles that for HCMV. The susceptibility of
HHV-6A to acyclovir and foscarnet is similar to that for HHV-
6B. However, in some reports, some HHV-6A strains (SIE and
TAN) were susceptible to ganciclovir (9, 12), while in others,
HHV-6A(GS) was relatively resistant (14, 481). Foscarnet may
thus be preferable to ganciclovir for anti-HHV-6 therapy in
situations where the variant or susceptibility are not known.
Phosphonoacetic acid is also inhibitory to HHV-6B(Z29) (74,
134, 463), but its activity with regard to other HHV-6 isolates
has not been studied. The corticosteroids hydrocortisone and
dexamethasone have shown both enhancement and suppres-
sion, respectively, of HHV-6 replication in vitro (58, 442).

Only a few reports have described antiviral use in humans
for treatment of illness thought to be associated with HHV-6,
and all of them described uncontrolled studies. HHV-6 viremia
resolved in four BMT recipients treated with ganciclovir (146).
Ganciclovir therapy was associated with resolution of renal
allograft rejection in a patient with elevated HHV-6 IgM titers
and no evidence of HCMYV replication (242). Among 20 BMT
recipients treated with antiviral agents for HCMV viremia, 7
also had HHV-6 viremia as determined by PCR of PBMC. Of
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these, only one (25%) of four treated with ganciclovir lost
detectable HHV-6 sequences in PBMC, but all three (100%)
of those who received foscarnet became HHV-6 DNA negative
after treatment (528).

The efficacy of antiviral drugs in presumed HHV-6 infection
has not been evaluated in controlled trials. However, obtaining
definitive data proving a significant antiviral effect for agents
commonly in use today may be difficult for the following rea-
sons. (i) The least toxic antiherpes drug, acyclovir, has little in
vitro effect on HHV-6 when used at clinically achievable con-
centrations. It is interesting that in spite of this, BMT patients
who received acyclovir for other reasons were less likely than
others to have HHV-6 activity during the posttransplantation
period (254). (ii) Children with primary infections, the patient
population most likely to yield unequivocal results, would not
be considered good candidates for agents such as ganciclovir or
foscarnet because of the generally benign nature of their illness
and the toxicities associated with these drugs. The applicability
of data obtained in such a population to other clinical situa-
tions is uncertain. (iii) Immunocompromised hosts, such as
renal transplant or BMT recipients or persons with advanced
AIDS, frequently have complex illness with multiple pathogens
detected at various body sites. Other potential pathogens that
might be encountered, such as HSV or HCMV, may also be
inhibited by antiviral therapy, making evaluation of the re-
sponse observed difficult with respect to one particular infec-
tious agent. Concomitant therapy with antimicrobial agents
used for common nonviral pathogens can add to the uncer-
tainty regarding the effect of therapy directed at HHV-6. Fur-
thermore, the etiologic relationship of HHV-6 to specific end-
organ disease in such hosts is unclear.

Despite these potential difficulties, we have identified three
situations in which prospective evaluation of antiviral therapy
for HHV-6 infections should be considered: transplant recip-
ients with idiopathic pneumonitis, MS patients, and patients
with HHV-6-associated encephalitis. Appropriate longitudinal,
well-controlled, prospective trials of anti-HHV-6 chemother-
apy will require coordinated multicenter efforts to obtain suf-
ficient patients for statistical analysis, as well as the ability of
participating centers to provide extensive laboratory support,
including techniques such as HHV-6 culturing, serologic anal-
ysis, quantitative PCR, and THC staining. Even then, the re-
sults obtained may not be definitive, given the complexity of
disease in these patients.

MS patients may have illness with sufficient morbidity and
mortality to warrant the use of presently available toxic anti-
viral agents. Study arms could use currently available but non-
curative therapy, with or without the addition of an antiviral
agent. Foscarnet may be superior to ganciclovir as a chemo-
therapeutic agent for such a study, since it can inhibit the
growth of both variants and more reliably attains levels in the
CSF sufficient for in vitro anti-HHV-6 activity (10, 74, 215).
Retrospective study of MS patients who were treated with
antiviral agents for HCMV or HSV infections might provide
another source of useful information, although this would not
replace a well-controlled, prospective trial. Empirical anti-
HHV-6 therapy is not justified in MS patients.

Development of a potent HHV-6 antiviral agent which is
much less toxic than those presently available would obviously
enhance the ability to evaluate the treatment of HHV-6-asso-
ciated illness.

Finally, an apparently immunocompetent man whose lungs
were dually infected with L. pneumophila and HHV-6 was
treated for an extended period with the usual antimicrobial
therapy for L. pneumophila (442). The patient responded only
when high-dose methylprednisolone was given. HHV-6 recov-
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ered from his blood was inhibited in vitro by dexamethasone. It
is unknown whether his recovery was due to an antiviral effect
of the drug, suppression of immunopathology by the drug, or
unrelated coincidence. Given the potentially deleterious im-
munosuppressive effects of systemic corticosteroids in patients
with many infections, we believe further in vitro studies to
confirm these results are warranted but agree with the clinical
use of such agents only in similar situations in which other
forms of therapy have been unsuccessful for gravely ill patients.

IMMUNE RESPONSE

Most neonates are protected from primary infection with
HHYV-6 by the presence of virus-specific antibody of maternal
source (64, 208, 229, 278, 392, 568, 569). Titers of antibody to
HHV-6 have been reported to be elevated in umbilical cord
blood relative to those in maternal blood (568, 569). By the age
of 3 to 5 months, however, both seroprevalence and the geo-
metric mean titer of anti-HHV-6 antibody reach a nadir (46,
64, 208, 278, 392, 568, 569). As maternal antibody wanes, the
rate of primary infection rises, with peak rates of infection
noted between 6 and 12 months of age (208, 229). The viremia
observed during primary infection subsides with the appear-
ance of neutralizing antibodies of the infected child (27). As
expected, the earliest class of neutralizing antibody is IgM, first
observed 5 to 7 days after the onset of clinical manifestations
(484). The highest titers of IgM are seen at 2 to 3 weeks after
infection, and IgM is usually undetectable by 2 months postin-
fection (484). Anti-HHV-6 IgG usually appears within 7 to 10
days after fever has subsided (41, 519), increases in avidity over
time (531), and remains at measurable levels for many years.
HHYV-6-specific IgA titers were elevated in the limited number
of patients with advanced oral carcinoma examined (548).

Differences in antibody titer to HHV-6A and HHV-6B in
serum have been evaluated in limited studies. One investiga-
tion observed IFA titer differences to variants A and B of
greater than 2 dilutions in nearly 5% of serum samples col-
lected from 234 Malaysians of diverse ethnicity (549). Another
study noted similar IFA titers to HHV-6A and HHV-6B in
81% of samples from 136 adults in the United States, with 19%
showing two- to fourfold differences in titer (89). These results
may reflect differences in serum antibody cross-reactivity to
polypeptides common to the two variants or differences in
antibody response to polypeptides unique to either variant, or
both. Also, persons infected with both HHV-6A and HHV-6B
may express a humoral response which may be dependent
upon the relative burden of primary or reactivated infection
with the two variants.

In vitro, T-cell clones with activity against HHV-6 have been
described (559). Clinical data indicate that a cellular immune
function important for control of either primary or reactivated
HHYV-6 infection is depressed in immunocompromised hosts.
This would include HHV-6 viremia (566) or increases in anti-
body titer after renal transplantation (359, 388, 566); the cul-
ture of HHV-6 from blood, bone marrow, and BAL or oral
lavage specimens (79, 81, 146, 254, 539); and elevated levels of
HHV-6 genomes by PCR (110) in BMT patients, as well as the
evidence for widespread dissemination of HHV-6 in various
tissues of AIDS patients (116, 281). Induction of IFN-a by in
vitro exposure of PBMC and cord blood mononuclear cells to
HHYV-6 suggests that this natural antiviral substance may play
a role in limitation of HHV-6 infection in vivo (270). IFN-a
induction was enhanced in PBMC relative to cord blood mono-
nuclear cells and was observed with UV-irradiated as well as
infectious HHV-6, indicating that infection is not required for
the response. Exogenous IFN-a suppresses HHV-6 replication
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in vitro (270, 496). HHV-6 infection of PBMC in vitro induces
up-regulation of NK cell cytotoxicity, an effect that is greatly
diminished by MAb to IL-15 (169). HHV-6 replication is also
significantly reduced in PBMC cultures containing exogenous
IL-15. This suggests that IL-15 may be important for activation
of host defenses, including enhancement of NK cell activity, for
control of HHV-6 infections. Both enhanced NK cell activity
and elevated levels of IFN-« in the circulation occur during
acute primary infection relative to convalescence, providing
further support for the control of HHV-6 infection by nonspe-
cific components of the immune response (496).

Since HHV-6 can infect cells such as lymphocytes, macro-
phages, and NK cells, all of which play vital roles in the im-
mune system, it has been postulated that the virus is immuno-
suppressive. Effects of HHV-6 infection on bone marrow
progenitor cells were described above. HHV-6A infection of
T-cell clones in vitro resulted in decreased expression of sur-
face CD3 (185, 340). Evidence favoring either transcriptional
(340) or posttranscriptional down-regulation (185) has been
reported. The investigation supporting modulation at the tran-
scriptional level found that decreased CD3 expression required
viral DNA replication and that surface aff T-cell receptor
expression was also reduced. A similar down-regulation of
surface CD3 in vivo may prevent T-cell activation. No signifi-
cant loss of surface CD3 was observed in experiments with
HHV-6B (185). In vitro, both HHV-6A and HHV-6B inhibit
the lymphoproliferative responses of PBMC to mitogen stim-
ulation (166, 223), an effect which occurs with UV-inactivated
virus and thus is likely to be mediated via a virion protein(s)
(166, 223). Infection by HHV-6A of PBMC or T-cell-enriched
cultures suppressed IL-2 synthesis after mitogen stimulation
(166). Similar effects were achieved with UV-irradiated virus.
Levels of IL-2 transcripts were diminished in experiments with
enriched T-cell cultures or Jurkat cells (166). In separate work,
HHV-6A greatly reduced the respiratory burst capacity of pe-
ripheral blood monocytes in response to phorbol myristate
acetate but not to opsonized zymosan, suggesting selective
interference with monocyte activation by the protein kinase C
pathway (72).

The hypothesis that HHV-6 and HIV-1 are synergistically
immunosuppressive has received much attention. HHV-6 and
HIV-1 can dually infect CD4" lymphocytes in vitro (336, 385),
and HHV-6A can induce CD4 expression in CD4~/CD8™ lym-
phocytes (185, 335), v/8 lymphocytes (339), and NK cells (341),
thus facilitating the entry of HIV-1 into cell subpopulations
that are otherwise refractory to that virus. This suggests a
mechanism by which HHV-6 might expand the pool of HIV-
1-susceptible cells in vivo. The effects of HHV-6 and HIV-1
coinfection in cell culture remain controversial, as described in
the section on HHV-6 and HIV-1 interactions, above. How
this translates into effects in the HIV-1-seropositive host is
even less clear. Clarification of the relevance to human biology
is needed with respect to observed in vitro effects of HHV-6 on
induction of soluble factors such as IFN-a, TNF-a, and IL-1p3,
as well as on inhibition of IL-2 expression and growth suppres-
sion of cellular populations such as lymphocytes, monocytes,
macrophages, and bone marrow precursor cells.

Concurrent infections of HHV-6 with other human patho-
gens including measles virus, HCMV, HSV-1, EBV, dengue
virus, adenovirus, coxsackie B virus, parvovirus B19, L. pneu-
mophila, P. carinii, and possibly HHV-7 have been reported
(41, 102, 238, 286, 412, 442, 487). Whether these concurrent
infections with HHV-6 are specifically associated with an im-
munosuppressive effect or are coincidental has not been de-
termined.
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PERSISTENCE AND LATENCY

At the cellular level, viral infections can be lytic, latent, or
abortive. Infectious viral progeny are produced during lytic
infection, and host cells are normally killed in the process.
During latent infection, infectious progeny are not produced
and viral gene expression is limited to the genes required for
maintenance of latency. Abortive infections occur when the
host cell permits viral entry but cannot sustain a complete lytic
cycle. Latently infected cells can be considered to be abortively
infected cells that retain the virus in a form that can proceed to
the lytic cycle in response to changes in the cellular environ-
ment. Persistent infection is a consequence of achieving a
balance between lytic infection-induced cell death and cellular
replication; it is not to be confused with latency. In vivo, it can
be difficult to distinguish these states. The terms “latency” and
“persistence” are frequently used with different definitions in
reference to clinical infections. Thus, clinical latency is the
period both between primary infection and disease and be-
tween periods of obvious viral activity, and persistence means
that the virus is resident in the host for an extended period,
possibly for the remainder of the host’s life, without regard to
the cellular mechanism of the persistence.

The previously identified human herpesviruses all persis-
tently infect their hosts following primary infection. Latent
viral infection, characterized by a lack of lytic viral replication
in transiently nonpermissive cells, occurs in such diverse sites
as trigeminal ganglia (HSV-1), thoracic dorsal roots (VZV),
and circulating B lymphocytes (EBV). Reactivation, with rep-
lication of infectious virus, may occur at these sites, leading to
recurrent disease. It is thus natural to expect that HHV-6
persistently infects humans after primary acquisition and that it
might persist in some location in a truly latent form.

There are multiple lines of evidence to support the concept
of HHV-6 persistence in the host, but less data to convincingly
show that it establishes cellular latent infection. The evidence
to support persistence includes the following.

Immune Response

The presence of HHV-6 IgM in approximately 5% of the
adult population without recent or concomitant illness suggests
that HHV-6 replicates in a subclinical manner in persons who
were previously infected, although reinfection with another
strain of HHV-6 has not been ruled out (484). Significant
increases in IgG titers in immunocompromised hosts, such as
those with renal allograft transplantation (359, 388, 566), as
well as elevated serologic titers in certain populations with
neoplastic disorders, such as HD or NHL, when compared with
healthy controls (307, 513) are also consistent with reactivation
of HHV-6. Of children monitored 1 to 2 years after primary
HHV-6 infection, 26% had a second fourfold or greater rise in
HHV-6 serologic titers, suggestive of either reactivation or
reinfection with a second strain (208). As noted above, the
degree to which cross-reacting antibodies to HHV-7 may have
altered the results of these serologic studies is unclear, al-
though it is likely that the serologic response detected in most
investigations was due predominantly to HHV-6 infection.
Rises in HHV-6 antibody titers have been detected in hosts
who have had primary infections with another HHV. Solid
organ transplant recipients have increases in non-cross-absorb-
able HHV-6 antibodies when infected by HCMV (533) and in
high-affinity antibodies to HHV-6 during infection by HCMV
or EBV (532, 533). HHV-6 titers also rose in patients who
experienced ES in association with HHV-7 infection after pri-
mary infection with HHV-6 (217, 515, 520). These data are
consistent with reactivation of HHV-6 in those undergoing
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infection with another herpesvirus. The ability of HHV-7 to
activate lytic replication of HHV-6B in cultured lymphocytes
was described in an elegant series of experiments (258); it
remains to be seen whether this effect can take place in vivo
and is a source of the increased HHV-6 antibody titers asso-
ciated with HHV-7 infection. Antibody cross-reactivity may
also explain the boost in HHV-6 antibody titer upon infection
of humans with HHV-7 (217, 520), although the data do not
unambiguously distinguish this possibility from reactivation.
The two possibilities are not mutually exclusive.

Detection in Blood

Reported rates of HHV-6 PCR positivity in PBMC of
healthy blood donors range from approximately 5 to 90% (112,
119, 160, 189, 201, 243, 331, 401, 541). Differences in the
observed rates are probably due to the quantity of purified
DNA or cell extract used as a target, as well as variation in the
PCR techniques used. Nevertheless, a large proportion of
healthy individuals harbor HHV-6 DNA within PBMC, indic-
ative of viral persistence. In the study by Hall et al. (208), 7%
of children with acute HHV-6 infection had sequential HHV-6
PCR status change from positive to negative to positive in
PBMC over a 1- to 2-year follow-up period, suggestive of
either reactivation or reinfection. The finding of an identical
HHV-6 DNA restriction fragment pattern in peripheral lym-
phocytes obtained from the blood of a BMT patient both
before and after transplantation argues for persistent infection
rather than reinfection with a new strain of HHV-6 (564).
HHV-6 DNA has been identified by PCR in lymphocytes dur-
ing primary infection and later in macrophages during conva-
lescence or in healthy adults, indicating possible localization
within macrophages as a site of persistent or latent infection
(288). Treatment of macrophages with 12-O-tetradecanoylo-
phorbol 13-acetate led to productive infection in cell culture,
consistent with reactivation from latency. In addition to chem-
ical induction, HHV-6B can be induced to lytic replication by
cocultivation of primary PBMCs with HHV-7-infected cells
(258). The pathogenic effects of this interaction may prove to
be important.

Presence in Saliva and Salivary Glands

HHV-6 has unambiguously been isolated from saliva (55,
312, 374), and its DNA has been detected in saliva (112, 136,
503) and salivary glands (424) of healthy persons. In addition,
HHV-6 has been detected by IHC staining and ISH in tissue
sections from healthy salivary glands (174, 296) and healthy-
appearing areas of salivary glands containing benign tumors
(174). However, questions have been raised about the speci-
ficity of the probes used in the latter studies because, as with
the virus isolation studies described above, they were done
prior to the discovery of HHV-7 and the recognition that some
reagents are cross-reactive between HHV-6 and HHV-7 (57).

Detection in CSF and Brain

A high proportion of children with past HHV-6 infection
retain HHV-6 DNA in CSF, suggesting that the CNS may be a
reservoir for persistent infection (84). Consistent with this hy-
pothesis, HHV-6-specific DNA was detected by PCR in over
80% of autopsy brain specimens, suggesting that the CNS of
most people is persistently infected with HHV-6 (87, 329, 330).
Viral antigens were detected in astrocytes, brain macrophages,
and gray matter neurons (87). These studies point to persistent
infection of the CNS by HHV-6 of many persons long after
primary infection.
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Isolation from and Detection in Renal Biopsy Specimens

Viruses which were presumably HHV-6 were isolated from
3 (5%) of 58 intraoperative renal transplant biopsy specimens
(566). The viruses were identified in cell culture by IFA with
antiserum from a child with ES. In another study, HHV-6
antigens were detected by IHC staining with MAD in 3 (50%)
of 6 intraoperative specimens and 11 (50%) of 22 biopsy spec-
imens (226). Since the viral antigens were detected in the
absence of viremia, these reports suggest that the kidneys may
harbor HHV-6 persistently or latently.

HHV-6 DNA in Lungs

The lungs may also be a site of HHV-6 latent or persistent
infection, as evidenced by the frequent finding of HHV-6A
and/or HHV-6B DNA by PCR in pulmonary specimens (110,
115). Alveolar macrophages could conceivably harbor HHV-6
in this location. HCMV can also persistently infect lung tissue
(45).

Presence in Genital Tract

HHV-6 DNA was detected by PCR more frequently in the
cervices of pregnant women than in nonpregnant controls,
suggesting reactivation of HHV-6 in the genital tract during
pregnancy (390). In addition, HHV-6 DNA was detected in
vaginal secretions of women who visited a sexually transmitted
diseases clinic (303).

Identification in Neoplastic Cells and Tissues

HHV-6 DNA and antigens have been detected in neoplastic
cells and tissues from patients with a number of malignancies,
including NHL (60, 133, 175, 246, 251, 333, 560), HD (133, 293,
513), T-ALL (326), S100-CLPD (62), KS (61, 262), oral carci-
noma (548), and cervical carcinoma (94). Although the etio-
logic relationship of HHV-6 with these conditions is uncertain,
their occurrence long after most persons have had primary
HHV-6 infection and the chronic nature of most of these
conditions suggest that HHV-6 can persistently or latently in-
fect these neoplastic tissues. Of further interest, HHV-6 DNA
has been detected in an apparently integrated form in the
chromosomal 17p13 locus of PBMC from three patients with
either non-AIDS-related NHL, HD, or MS (332, 334, 512). It
is unclear whether this integration is indicative of a latent form
in healthy hosts, from which productive infection may be re-
activated.

The body of evidence cited above argues strongly for per-
sistent subclinical infection with HHV-6 following primary ex-
posure in most persons. To date, no cell lines in vitro have been
developed in which HHV-6 remains in a latent state, without
viral replication. Whether HHV-6 establishes a true latent, as
opposed to persistent, infection in humans remains undeter-
mined.

ANIMAL MODELS

The development of an experimental animal model for
HHV-6 would provide a system in which viral pathogenicity,
latency, reactivation, and therapeutic methods could be stud-
ied.

Viruses similar to HHV-6 have been assayed for in several
nonhuman primate species by serologic and PCR methods.
Higashi et al. tested a total of 215 serum specimens from Old
World and New World monkeys belonging to 10 different
species and found HHV-6-reactive antibodies in monkeys from
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8 of the 10 species tested (218). This suggested the existence of
HHV-6 or a closely related virus in at least some monkey
species. However, in another study, serum specimens from 38
Old World primates and 8 New World primates were tested,
and none were positive for HHV-6 antibodies (342). The pri-
mate species tested in common in these two studies were Af-
rican green monkeys (Cercopithecus aethiops) and chimpanzees
(Pan troglodytes); 13 (81%) of 16 C. aethiops and 24 (80%) of
30 P. troglodytes animals were HHV-6 antibody positive in the
study by Higashi et al. In another study, HHV-6 DNA was not
detected by PCR in PBMC of pig-tailed macaques (Macaca
nemestrina) (344), suggesting that these monkeys are not com-
monly infected by a virus closely related to HHV-6.

Although in the initial description of HHV-6, no nonhuman
cell lines that would support propagation of the virus were
identified (450), in more recent studies, PBMC from nonhu-
man primate species were susceptible to in vitro infection by
HHV-6A and HHV-6B. Serum from ES patients was able to
transmit febrile illness with transient lymphocytopenia to rhe-
sus macaques (Macaca mulatta) (261), and the illness could be
propagated to other monkeys. These experiments were done
nearly four decades before the discovery of HHV-6, and the
infectious agent in the ES patient serum was not identified,
although it is likely that it was HHV-6. Chimpanzee and pig-
tailed macaque PBMC can be productively infected by
HHV-6A and HHV-6B (312, 342, 344), while HHV-6B can
also replicate in vitro and in vivo in African green monkeys and
cynomolgus macaques (Macaca fascicularis) (552). Chimpan-
zee T lymphocytes can be simultaneously infected with HHV-6
and HIV-1 (342). Two-color indirect IFA was used to demon-
strate that antigens specific for both HHV-6 and HIV-1 were
expressed in individual cells. In addition, an accelerated cyto-
pathicity was observed in dually infected cultures compared to
cultures infected with either HHV-6 or HIV-1 alone. Lympho-
cytes from M. nemestrina can be productively infected with
either of the HHV-6 variants and simian immunodeficiency
virus (SIV); this can lead to an increase in SIV replication in
dually infected cells (344). M. nemestrina develops an AIDS-
like condition following SIV infection and therefore may pro-
vide a useful animal model for studies of in vivo interactions
between HHV-6 and a virus that leads to an AIDS-like con-
dition.

SCID mice in which with human fetal tissues were implanted
(SCID-hu) may provide a useful animal model to study the
susceptibility of different type of human tissues to HHV-6
infection. This system has been successfully used to localize
HCMYV replication to epithelial cells in human thymus and
liver implants (365). The use of SCID-hu mice may also facil-
itate the isolation of clinical HHV-6 isolates and provide a
model that will allow dissection of various aspects of the host-
virus interaction. Human hematopoietic tissue implants might
also be used to study tissue-specific gene expression between
HHV-6A and HHV-6B. Differences in either growth or in
gene expression may aid in understanding the biological dif-
ferences between HHV-6A and HHV-6B.

DIAGNOSIS

Methods have been developed for the detection of infectious
virus and its antigens and nucleic acids, as well as for the
detection of antibodies against the virus. Interpretation of the
results of diagnostic assays for HHV-6 is complicated by the
high seroprevalence and its constitutive presence in blood.
Convenient and sensitive assays that can readily discriminate
active from latent infection need to be developed. Some assays
demonstrate significant associations between a given viral
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marker and whatever disease is being studied. This ability is
useful for studying populations, but activity cutoffs that would
allow a definitive association between HHV-6 and disease in
an individual have seldom been defined. The diagnostician
must be ever mindful that proximity of the virus to disease-
related tissue does not prove an etiologic association.

Virus Detection

Culture. HHV-6 can be cultured from the lymphocytes of a
high percentage of children during the febrile, prerash phase of
ES (26, 31, 387, 497, 556). This has been done by culturing
patient lymphocytes either alone or with other fresh lympho-
cytes. Lymphocyte activation with either phytohemagglutinin
or antibody to CD3 and maintenance in IL-2 are required.
With the exception of the febrile, prerash phase of ES, HHV-6
is only infrequently detected by culture methods, although
some isolates have been obtained during periods of immuno-
deficiency such as during AIDS or transplant-associated im-
munosuppression. ES is the only clinical entity where HHV-6
isolation plus the clinical picture allow a nearly definitive di-
agnosis. It is more difficult to interpret positive cultures ob-
tained during periods of immunodeficiency because viral ac-
tivity may be unrelated to obvious clinical events.

Antigens. HHV-6 antigens can be detected with any of an
array of MADb (42, 76, 89, 170, 241, 391, 553), some of which are
commercially available. Some of the MAD react with proteins
specified by both HHV-6A and HHV-6B, while others are
variant specific (summarized in reference 170). In addition to
IFA, some of the MAD are suitable for use on fixed tissue
sections. Antigen detection is useful for culture confirmation
and detection of viral proteins in tissues. A commercial antigen
capture EIA based on gp116/64/54 was recently described that
detects antigens from both HHV-6 variants (348). The sensi-
tivity of the assay was similar to virus detection by culture from
plasma obtained from children with ES; therefore, the assay is
worth evaluating for its utility in rapid differential diagnosis of
febrile children and for monitoring HHV-6 activity in trans-
plant recipients.

Nucleic acids. HHV-6 nucleic acids can be detected by hy-
bridization and by PCR. Southern blot hybridizations can be
useful for rapid screening of large numbers of specimens. It is
generally a less sensitive technique than PCR. This has poten-
tial advantages as well as disadvantages. On the positive side,
positive results will seldom be due to simple background
HHV-6 activity. On the negative side, its low sensitivity can
obviously lead to incorrect conclusions about the presence of
viral nucleic acids. Numerous PCR primer sets that are sensi-
tive and specific have been described for HHV-6 (28, 34, 35,
37, 101, 109, 110, 112, 227, 265, 277, 287, 289, 356, 417, 457,
458, 554); some of these sets allow easy discrimination of the
variants (37, 101, 554). The presence of HHV-6 in the saliva of
laboratory personnel can lead to false-positive PCR results if
appropriate precautions are not taken (111, 260). To date,
most studies have used PCR in a qualitative way, that is, to
obtain simple positive or negative results. If appropriate con-
trol groups are also studied, such results can provide a basis for
studying the role of the virus in a given disease more rigorously
but provide little immediate insight into pathogenic mecha-
nisms.

Detection of cell-free virus in serum or plasma by PCR
offers the possibility of diagnosing active HHV-6 infections. In
such assays, neither HHV-6 variant was detected in a total of
57 healthy adults but viral DNA was detected in 16 (94%) of 17
ES patients, 3 (23%) of 13 BMT recipients, and 4 (22%) of 18
HIV-infected patients (227, 458). The timing of sample collec-
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tion is a critical variable; only 3 (30%) of 10 ES patients were
positive during the acute phase, while all 10 specimens col-
lected from 7 to 20 days after the acute specimen were positive
(227).

Quantitative methods for HHV-6 PCR have been developed
(105, 112, 457) and are being further refined, as are methods
for amplification and quantification of specific transcripts. A
combination of quantitative variant-specific genomic PCR with
quantitative detection of specific transcripts of various kinetic
classes will be required to untangle many of the questions
stimulated by observations that a disease-associated tissue is
positive for HHV-6 DNA in a standard PCR assay.

Serodiagnosis

Standard immunoassay formats have been adapted for the
detection of HHV-6 antibodies. These include indirect IFA
(58, 64, 117, 292, 432), anti-complement immunofluorescence
(58, 324), competitive radioimmune assay (118), neutralization
(25, 486), and 96-well-based enzyme immunoassays (33, 59,
102, 120, 241, 400, 453). Several points should be emphasized
about the current generation of assays. (i) The assays cannot
easily discriminate infection with HHV-6A from infection with
HHV-6B. In one report, fourfold or greater differences in IFA
titers on HHV-6A and HHV-6B antigens were seen in only
15% of specimens (89). More convenient variant-specific se-
rologic assays are being developed. (ii) HHV-6 and HHV-7 are
sufficiently cross-reactive for false-positive results to be a con-
cern unless serologic assays and antigen absorptions are per-
formed for both viruses (59). (iii) Nearly everyone over the age
of 2 years is seropositive for HHV-6, and thus a single positive
result cannot be meaningfully interpreted.

IgM responses are frequently interpreted as being indicative
of primary infection or a reactivation event. During primary
infection, HHV-6 IgM antibodies can be detected within 5 to 7
days, but many culture-positive children do not develop de-
tectable IgM responses (484). In addition, approximately 5%
of healthy adults are IgM positive at any given time (484). CFS
patients are more likely than controls to be positive for IgM
antibodies to the HHV-6 p41/38 antigen, but a diagnostically
useful cutoff has not been defined (402). Thus, IgM antibodies
to HHV-6 do not provide a stand-alone diagnostic answer for
any defined clinical entity.

Clinical Diagnosis

Given the limitations of the various assays when applied to
individuals, how might such laboratory tests be used clinically
for diagnosis and treatment of specific patients? Our thoughts
on this question are as follows.

Febrile and rash illness. Virus culture from PBMC, PCR of
PBMC, and assays of paired serum specimens (collected at
least 1 week apart) provide the most direct evidence for
HHV-6 activity, along with exclusion of other reasonable pos-
sibilities. For patients with classic ES, an extensive laboratory
investigation is seldom necessary or economically justified.
Should a rapid PCR or antigenemia test become available for
routine clinical use, it could be useful in distinguishing cases of
primary HHV-6 infection without typical ES manifestations
from other illnesses with fever or exanthems and potentially
prevent the inappropriate use of antibiotics. This latter point is
important in an era of rapidly expanding antibiotic resistance
among many pathogenic microorganisms.

Acute neurologic disease. PCR of CSF has been used to
diagnose HHV-6-associated acute neurologic diseases (26,
289, 483, 565). A clinically available PCR of CSF could be
beneficial for diagnosing HHV-6-related febrile seizures. Since
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about one-quarter to one-third of first febrile seizures are
associated with primary HHV-6 infection (47, 208, 529), such
data could be reassuring by eliminating more serious diseases
from the differential diagnosis. Confirmation could come from
acute- and convalescent-phase serologic tests or from the find-
ing in the acute-phase sample of low-affinity HHV-6 antibod-
ies, suggestive of primary infection (532). A CSF PCR diag-
nostic test could also prove useful in testing patients with
recurrent HHV-6-associated febrile seizures, as described by
Kondo et al. (289), since such patients might be candidates for
antiviral therapy. This consideration would not be likely to
apply to most first-time febrile seizures, because complete res-
olution without long-term treatment is the rule for most chil-
dren experiencing fever-related convulsions. Whether this is
the case with the HHV-6-associated subgroup is in need of
further study. Other patients who might benefit from a readily
available HHV-6-specific diagnostic technique are those who
experience an illness suggestive of viral encephalitis. Suspected
HSV encephalitis is often treated with intravenous acyclovir on
the basis of clinical and radiologic grounds, without invasive
diagnostics. Immunocompromised hosts and others with find-
ings or clinical courses atypical for HSV encephalitis would be
more likely to undergo open brain biopsy for diagnosis. The
finding of HHV-6-specific antigens by in situ IHC staining of
biopsy specimens could indicate an alternative diagnosis and
suggest the use of antiviral agents with anti-HHV-6 activity.
PCR positivity of CSF for HHV-6 DNA may not be adequate
for the diagnosis of HHV-6-associated encephalitis in these
patients, as shown by the persistence of positive results after
primary infection (84). Given the presently small database for
the clinical conditions described here, this discussion repre-
sents points for consideration rather than firm recommenda-
tions. As more information about acute HHV-6-associated
neurologic illness is collected, more refined guidelines can be
formulated.

Other. For other suspected involvements of HHV-6 in dis-
ease, we suggest that a combination of virus culture, serum or
plasma PCR, antigen capture EIA, PCR of the affected tissue,
in situ IHC, and serologic tests (IgM and IgG on paired serum
specimens) be used in conjunction with rigorous efforts to
exclude other possibilities. In general, definitive diagnosis of
HHV-6 involvement in diseases other than ES awaits further
assay refinement and development as well as expansion of the
database that will allow their interpretation.
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