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INTRODUCTION

THE HUMAN HERPESVIRUSES

To date, the human Herpesviridae family counts eight mem-
bers. Based on genetic analysis of the conserved structural
protein gH, they are divided into three subfamilies, designated
alpha, beta, and gamma. Their main shared characteristic is
their ability to remain in a latent or persistent state in their
host for life and to reactivate during periods of relative immu-
nosuppression. Apart from herpes simplex virus 2 (HSV-2) and
human herpesvirus 8, their prevalence in the adult population
is high, although geographic variations exist. The Alphaherpes-
virinae HSV-1 and -2 were the first to be discovered; they are
neurotropic and cause fever blisters and genital sores, respec-
tively, and occasionally encephalitis. The varicella-zoster virus
belongs to this subfamily as well. It is the only herpesvirus for
which a vaccine (Varivax, Varilrix) is available, which is rou-
tinely administered in the United States and has recently been
recommended for implementation in Europe. Primary varicel-
la-zoster virus infection causes chickenpox (varicella), usually
in children. Reactivations are common in immunosuppressed
and elderly persons and result in shingles (zoster), a self-re-
solving skin disease that may be complicated by postherpetic
neuralgia in a subset of patients. The Gammaherpesvirinae
Epstein-Barr virus (EBV; the cause of the majority of mono-
nucleosis cases) and human herpesvirus 8 (HHV-8; which has
etiologically been linked to Kaposi’s sarcoma and other malig-
nancies) are lymphotropic and are the only human herpesvi-
ruses with an established oncogenic potential. The Betaherpes-
virinae human cytomegalovirus (HCMV), HHV-6, and HHV-7
have a less-confined cell tropism, and their clinical spectra are
still being defined. HCMV congenital infection is a major
cause of hearing loss and mental retardation. Moreover, reac-
tivation of the virus is an important concern in immunocom-
promised patients, such as transplant recipients and AIDS
patients (although less so in the latter group since the intro-
duction of highly active antiretrovirus therapy), causing retini-
tis, pneumonitis, and generalized infection. Chronic HCMV
infection has recently been associated with atherosclerosis and
restenosis (372). HHV-7 has not definitively been linked to any
disease yet, but it is responsible for a subset of exanthema
subitum (ES) (see below) and other exanthema cases. In trans-
plant recipients, HHV-7 reactivation would facilitate develop-
ment of HCMV disease. HHV-6 exists as two closely related
variants, HHV-6A and HHV-6B. HHV-6A has not been etio-
logically linked to any disease; HHV-6B is the causative agent
of ES, a childhood disease characterized by high fever and a
mild skin rash, occasionally complicated by seizures or enceph-
alitis. Like HCMV and HHV-7, it is increasingly being recog-
nized as a pathogen in immunocompromised hosts.

BIOLOGY OF HHV-6

Ultrastructure

All herpesviruses consist of three main structural elements:
(i) a nucleocapsid with icosahedral symmetry and a diameter of
90 to 110 nm and which contains the viral DNA genome; (ii) an
envelope, in which the viral glycoproteins are embedded; and
(iii) the tegument, which consists of a protein mixture that
occupies the space between nucleocapsid and envelope. Ma-
ture virions are approximately 200 nm in diameter (37, 442).

Genome

Structure. The HHV-6 genome is a linear, double-stranded
DNA molecule, 160 to 162 kb in size, and consists of a 143- to
145-kb unique (U) region, flanked by terminal direct repeats
(DR) of 8 to 9 kb and interrupted by three intermediate re-
peats, designated R1, R2, and R3, in the immediate-early A
(IE-A) region (Fig. 1). The DRs contain the cleavage-packag-
ing motifs, pac-1 and pac-2, and reiterations of the hexanucle-
otide (GGGTTA)n (403), which is a characteristic sequence of
the telomeres of vertebrate chromosomes (283). These reiter-
ations have been hypothesized to play a role in DNA replica-
tion and in maintenance of the viral genome in latently in-
fected cells (142). The genomic organization of the unique
region shows similarities to that of the unique long (UL) re-
gion of HCMV and is colinear to that of HHV-7. The HHV-6B
genome contains 119 open reading frames (ORFs) (encoded
by 97 genes), 9 of which are absent in HHV-6A (109). On the
other hand, nine ORFs in HHV-6A described by Gompels et
al. (143) do not have counterparts in the HHV-6B genome as
a result of either the lack of an initiator codon, truncation, or
frameshift mutations. The genes in the unique region are
termed U1 to U100 and ORFs within the direct repeats are
designated DR1 to DR7, whereas the 9 ORFs unique to
HHV-6B are abbreviated as B1 to B9.

Genes coding for structural virion components or enzymes
required for nucleotide metabolism and DNA replication, and
that are conserved among all herpesviruses, cluster into seven
gene blocks. An additional cluster of genes, the so-called US22
gene family, is conserved among �-herpesviruses only. Their
function is not fully understood, although several members
have transactivating potential (201, 304, 375). Several genes
(such as U83 and U94) (404, 463) are unique to HHV-6; their
function will be explained later.

Interstrain variation. The overall nucleotide sequence iden-
tity between HHV-6A and -B variants is 90%. It decreases
from 95 to 98% in the central, conserved regions of the ge-
nome towards the genome ends, with the divergence in the
IE-1 region (genes U86 to U95, except U94) reaching 31% at
the nucleotide level (109, 183). HHV-6A and HHV-6B have
characteristic restriction endonuclease profiles which allow
clinical isolates to be classified unambiguously as A or B vari-
ants (1, 24). As mentioned above, the highest degree of se-
quence divergence is found in the IE-1 region (68, 437). Its
splicing patterns and temporal transcription regulation differ
between A and B variants (109), suggesting that this region
may be responsible for certain biological differences between
the two variants. Another determinant of the phenotypic dif-
ference between A and B variants is the U97-U100 region,
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encoding the virion envelope glycoprotein complex gp82-
gp105. An exon of this gene, designated HN3, is found only in
HHV-6B (183). Extensive splicing of its mRNA transcripts
results in different proteins containing variant-specific neutral-
izing epitopes (325, 326). As the 80-kDa U100 gene product,
designated gQ, is involved in CD46 receptor binding and sub-
sequent membrane fusion (296), divergence in this region
might contribute to differences in cell tropism between A and
B variants. Other regions of divergence are LT1, DR2, DR7,
DR8, LJ1, RJ1, U1, and U47 (183). Except for the protein
encoded by DR7 (pDR7), whose function will be discussed in
detail below, the biological functions of the other encoded
proteins are not yet known. It is plausible, however, that high
divergence in amino acid sequence explains biological and
pathogenic differences between variants A and B.

Intrastrain variation. As for the difference between A and B
variants, the degree of heterogeneity between HHV-6 isolates
within the same variant depends on which gene or region is

being analyzed. The highest degree of intrastrain variation for
HHV-6B maps to the left end of both DR regions (131, 143,
239, 272, 324, 403). Although the IE-A region shows a high
level of sequence variation between A and B variants, it is
highly conserved among HHV-6B isolates, whether obtained
from clinical samples or after passage in vitro. Remarkably, the
HHV-6B IE-A sequences were observed to further segregate
into two distinct subgroups, represented by the laboratory
strains Z29 and HST (374).

Replication Cycle

Both the A and B variants of HHV-6 enter the cell through
interaction with CD46 (352), which is present on the mem-
brane of all nucleated cells and is physiologically involved in
complement regulation (241) (Fig. 2). This glycoprotein also
serves as the receptor for vaccine strains of measles virus (111,
302), although the interactions with measles virus and HHV-6

FIG. 1. Schematic representation of the HHV-6B genomic organization. The terminal direct repeats (DRL and DRR) are boxed, and the
intermediate repeats (R1, R2, and R3) are shown as red boxes. Telomeric sequences (T1 and T2) are denoted as green bars. The origin of lytic
replication (Ori) is indicated by an asterisk. Protein coding regions are represented by open arrows; arrows colored yellow denote genes belonging
to the HCMV US22 gene family. GCR, G-protein-coupled receptor; Ig, immunoglobulin superfamily; RR, ribonucleotide reductase; mCP, minor
capsid protein; CA, capsid assembly protein; Teg, large tegument protein; Pol, DNA polymerase; tp, transport protein; mDBP, major single-
stranded DNA binding protein; TA, conserved herpesvirus transactivator; dUT, dUTPase; Pts, protease/assembly protein; MCP, major capsid
protein; PT, phosphotransferase; Exo, exonuclease; OBP, origin binding protein; Hel, helicase; UDG, uracil-DNA glycosylase; Che, chemokine;
AAV/rep, adeno-associated virus-2 replication protein homolog. Reproduced from Isegawa et al. (183) with permission of the publisher.
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occur via different domains of CD46 (149). It was shown for
HHV-6A that the gH-gL-gQ complex (the glycoproteins H, L,
and Q being encoded by the HHV-6 genes U48, U82, and
U100, respectively) serves as the viral ligand for human CD46
(296). gH is the factor responsible for binding at the short
consensus repeat domains SCR2 and SCR3 of CD46 (351).
The HHV-6 gB (encoded by U39) is involved in the fusion
process as well, through an as-yet-undefined mechanism (390).
After binding to its receptor and gH-gL-gQ-mediated fusion of
the viral envelope to the cell membrane, the incoming nucleo-
capsid is transported through the cytoplasm (most likely by
association with the microtubule network) to nuclear pore
complexes, where the viral DNA genome is released into the
nucleoplasm. The cytosolic transport mechanisms have not
been investigated in detail for HHV-6, but they probably show
strong similarity to those described for HSV-1 (260) and

HCMV (314). The virus then uses the cellular transcription
and translation machinery to produce three kinetic classes of
viral proteins (IE, early [E], and late [L]). HHV-6 IE proteins
are synthesized within a few hours after infection and regulate
the expression of other genes. The expression of E genes is
dependent on IE protein synthesis and yields proteins that are
mainly involved in DNA metabolism and replication. Depen-
dency on viral DNA polymerase activity temporally discerns E
and L proteins, although exceptions (so called leaky tran-
scripts) exist (318). Late proteins are often glycosylated and
serve as components of the mature virus particles, but also the
chemokine-encoding U83 gene is expressed at late time points
(463).

Herpesvirus DNA replication requires seven virally encoded
factors. First, the origin binding protein (encoded by the
HHV-6 U73 gene), which is absent in HCMV and in gamma-

FIG. 2. Schematic representation of the HHV-6 lytic replication cycle. The successive events of entry, replication, maturation, and egress are
described in detail in “Replication cycle” in the text.
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herpesvirinae, binds to the origin of lytic replication (ori-lyt)
and denatures a portion of the circular viral DNA genome
(100, 179, 180). This gap is maintained by the helicase/primase
complex (consisting of the U43, U74, and U77 gene products),
which also provides RNA primers for the lagging-strand DNA
synthesis (303). The single-stranded DNA in the “replication
bubble” is stabilized by the major DNA binding protein (en-
coded by U41) until second-strand synthesis is catalyzed by the
DNA polymerase (pU38) (399), driven by a processivity factor
(pU27) (238). The four proteins encoded by the U79 and U80
genes of HHV-6 are suspected of being involved in DNA
replication as well, although their role is not yet understood
(396). As the new strand grows, the circular replication struc-
ture is nicked to form a rolling circle intermediate. Long con-
catameric strands of progeny DNA are encapsidated by the
interaction of cleavage and packaging proteins with specific
packaging (pac) signals at the end of the viral genomes (97). It
is of interest that ori-lyt and pac sequences are different for the
A and B variants of HHV-6 (414). The mature capsids bud out
of the nucleus (thereby temporarily acquiring an intermediate
membrane devoid of glycoproteins) into the cytoplasm, where
they acquire a tegument and a secondary spiked viral envelope
at the Golgi complex or at annulate lamellae, where viral
glycoproteins accumulate (50). These are sequentially glycosy-
lated in transport vesicles prior to release of the mature virus
particle into the extracellular space by exocytosis. The HHV-6
maturation pathway is different from that of the other herpes-
viruses in that no viral glycoproteins are detectable in the cell
membrane of infected cells (73, 411). The total time from
infection to release of new virions (i.e., one replication cycle)
takes approximately 72 h (38).

Cell Tropism

Although the initial designation of HHV-6 was human B-
lymphotropic virus (350), both HHV-6A and HHV-6B repli-
cate most efficiently in vitro in CD4� T lymphocytes (388). All
HHV-6 isolates infect activated peripheral or cord blood
mononuclear cells (PBMCs or CBMCs, respectively), but their
ability to infect particular T-cell lines is determining for their
classification into the variant types (1). Grivel et al. (152)
reported that CD4� T lymphocytes expressing a nonnaive phe-
notype were preferentially infected by both variants, while
CD8� T cells were efficiently infected only with HHV-6A.
Cord blood cells offer the advantage of being free of latent
HHV-6, which is frequent in adult PBMCs. Nevertheless,
HHV-6 is able to infect a wide variety of cell types, both in
vitro and in vivo, which is consistent with the ubiquitous nature
of its receptor, CD46. Still, the efficiency of lytic replication
must rely on as-yet-unknown cell type-related factors.

Besides T lymphocytes, fibroblasts (246), natural killer cells
(257), continuous liver cells (57), epithelial cells (65), endothe-
lial cells (55), fetal astrocytes (160), oligodendrocytes and mi-
croglia (9) have been successfully infected with HHV-6 in
vitro. The host tissue range of HHV-6 in vivo is even broader.
It includes brain tissue (60, 110, 248), liver tissue (155, 186,
319), tonsillar tissue (347), salivary glands (130), and endothe-
lium (55). Bone marrow progenitors were found to harbor
latent HHV-6, which may be transmitted longitudinally to dif-
ferentiated blood cells of different lineages (251). This is con-

firmed by the demonstration of HHV-6 in monocytes/macro-
phages (47, 215, 216) and dendritic cells (198).

HHV-6 has a restricted range of susceptible species, and a
rodent model for HHV-6 infection does not exist. Neverthe-
less, antibodies to HHV-6 or a closely related cross-reacting
simian virus have been demonstrated in monkeys (163), simian
HHV-6 homologs have been identified (227), and experimen-
tal infections with HHV-6 in different monkey species and
macaque tissue in vitro have been successful (436).

Latency

Like the other human herpesviruses, HHV-6 is capable of
persisting in the host after primary infection. It can be
inferred from experimental data that this persistence in-
volves both a true latent state (with no production of infec-
tious virus) and a low-level chronic replication, each occur-
ring at different anatomic sites. Whereas salivary glands and
brain tissue are suspected of harboring persistent HHV-6
infection (60, 110, 130, 194), candidate sites for latency are
monocytes (215) and early bone marrow progenitor cells
(251). Low levels of HHV-6 DNA are also found in PBMCs
from healthy individuals; the U94 gene product was shown
to enable the establishment and/or maintenance of latent
infection in these cells (346). U94 is expressed at low levels
during lytic replication but is a major transcript during la-
tent infection (334, 346). Kondo et al. identified a set of
latency-associated transcripts (LTs) from the HHV-6 IE-A
region (220). They contained ORFs that were common to
the productive-phase transcripts IE1 and IE2 (see below).
However, different transcription start sites were used for
LTs, and the structures of their 5� noncoding regions dif-
fered from those of the productive-phase transcripts. Abun-
dant expression of these HHV-6 LTs was observed just prior
to the onset of viral reactivation, which was assessed by the
presence of IE1 and IE2. Interestingly, this was observed
both in patients, after the onset of immunosuppressive ther-
apy, and in vitro, after phorbol stimulation of cultures har-
boring latent HHV-6 (219). Thus, cellular stimuli must be
responsible for the expansion of LTs, which may induce the
start of IE1 and IE2 productive-phase transcription, which
in turn may enable viral reactivation from latency. The reg-
ulation of LT expression and the proteins encoded by them
were found to share similarity to what has been described
for HCMV (217).

HHV-6 can be reactivated from latency by superinfection
with HHV-7, presumably through transacting mechanisms (see
below) (203). More evidence for the latency-establishing po-
tential of HHV-6 comes from reports on the integration of the
HHV-6 genome into the host cell DNA, both in vivo and in
vitro, at the ends of chromosomes 1, 17, and 22 (88, 89, 250).
These findings are supported by the presence of human telo-
meric-like repeat sequences at the HHV-6 genome termini
(142), since the integration site in chromosome 17 was shown
to be within the telomeric sequences (297). Furthermore,
HHV-6 pU94 may function in a similar way as the adeno-
associated virus (AAV) rep gene products, which mediate site-
specific DNA integration in human cells (383).
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Regulation of HHV-6 Gene Expression

Transcription of IE genes occurs within minutes after virus
entry into the cell, is independent of de novo protein synthesis,
and often relies on virion-associated proteins (such as the
tegument proteins) for proper expression. Little attention has
been paid in the literature to the regulatory mechanisms for
the expression of HHV-6 IE genes, although the intermediate
repeat sequence R3 has been predicted to modulate the tran-
scription of IE-A genes (Fig. 3), as it contains multiple putative
binding sites for cellular transcription factors (such as PEA3,
NF-�B, and AP-2) and is located upstream of the IE-A region
(271, 405). Takemoto et al. (391) showed that the R3 region of
HHV-6B strongly enhances the promoter activity of U95
through the interaction with NF-�B. The expression of
HHV-6A U95 may be regulated similarly, although the repet-
itive organization of the R3 sequence diverges between both
variants, the A variant R3 counting more NF-�B binding sites.
Therefore, whereas HHV-6A R3 may be involved in the tran-
scriptional regulation of the entire IE-A region, this is very
unlikely for HHV-6B (391). It has been shown that, depending
on the stage of infection, transcription of IE-A genes can be
initiated from multiple promoters, resulting in multiple tran-
scripts with different sizes and kinetics (147, 355).

Although efforts have been made to temporally map HHV-6
transcripts (287, 318), the mechanisms at the basis of transcrip-
tional regulation have only been investigated in detail for a few
early or late HHV-6 genes. Among these are the U38 DNA pol
gene (4), the U27-encoded p41 processivity factor (401), and
the U83 chemokine-encoding gene (131). As for the IE genes
(129, 220), differential splicing and the use of multiple tran-
scription sites, as well as posttranscriptional modifications,
contribute to the complex temporal expression patterns of
early and late HHV-6 proteins (396). These, moreover, may be
dependent on the cell line or methodology used for virus prop-
agation and may differ among HHV-6 variants. This was con-
firmed by Øster and Hollsberg, who by using sensitive real-
time PCR were able to detect many transcripts—even those
encoding late proteins—as early as 1 h postinfection (318).

Transactivation by HHV-6 Proteins

Transactivating proteins by definition regulate some step in
the expression of their target genes by binding to cis-acting
elements (e.g., a promoter sequence). The HHV-6 genome
encodes a number of transactivating proteins; most of them are
expressed at immediate-early time points, which is not surpris-
ing given the fact that IE viral proteins control the temporal
cascade of viral gene expression. HSV-1, EBV, and HCMV
encode proteins capable of transactivating in vitro the gene
expression of human immunodeficiency virus type 1 (HIV-1),
directed by the long terminal repeat (LTR) (8, 90, 204). As
HHV-6 and HIV-1 target the same cell type (CD4� T lym-
phocytes) and have been found to coinfect the same cells (253),
this interaction may have biological relevance. The transacti-
vating potential of HHV-6 infection on the HIV-1 LTR was
the first to be reported (121); since then, these and other
transactivating functions have been assigned to an increasing
number of individual HHV-6 genes, including the following.

(i) pDR7. The protein encoded by the HHV-6A DR7 gene
(expressed from 18 h postinfection) has been shown to trans-
form NIH 3T3 fibroblast cells, to transactivate the HIV-1 LTR
promoter, and to increase HIV-1 replication (201, 400). Its
oncogenic potential relates to its capacity for binding and in-
activating the tumor suppressor protein p53 (200).

(ii) pU3. The U3 gene is a positional homolog of HCMV
UL24 and a member of the US22 family, which contains mul-
tiple genes whose products function as gene regulators. Like-
wise, the U3-encoded protein was found to transactivate the
HIV-1 LTR promoter in monkey kidney CV-1 cells (295).

(iii) IE-B proteins (U16 to U19). The U16 to U19 genes are
members of the HCMV US22 gene family and share similar-
ities with the IE HCMV UL36 to UL38 genes, which encode
transactivators that up-regulate viral and cellular transcription
(76). Temporal regulation and splicing patterns of the U16/
U17 genes are complex. The immediate-early expressed
spliced gene products of U16/17 and the IE U18- and U19-
encoded proteins have all been shown to independently trans-
activate the HIV-1 LTR promoter in vitro (129, 136, 304).

(iv) U27. The DNA polymerase processivity factor, encoded
by the HHV-6 U27 gene, was shown to transactivate the HIV-1
LTR in CV-1 cells. The presence of NF-�B binding sites was
mandatory for the response to pU27 (461).

(v) IE-A proteins. The HHV-6 IE-A region is a positional
homolog of the HCMV major IE locus; both regions express
extensively spliced transcripts and show CpG suppression.
However, they exhibit very limited similarity on the nucleotide
sequence level. The HHV-6 IE-A locus encodes two proteins,
IE1 and IE2, corresponding to the open reading frames U89
and U86-87, respectively (Fig. 3). Both are expressed from
spliced mRNAs, and each contains an exon derived from the
U90 gene (308). Although both IE1 and IE2 proteins are
detectable at immediate-early time points, data on the tempo-
ral regulation of expression of U90/U86-87 transcripts seem
conflicting (148, 318, 321, 355). There is a consensus, however,
that IE1 is expressed prior to IE2 and that IE2, in contrast to
IE1, continues to increase over time (148). IE1 of HHV-6A
was shown capable of transactivating heterologous promoters,
suggesting a putative role for IE1 in transcriptional regulation
(127, 271). Compared to the A variant of IE1, the HHV-6B

FIG. 3. Schematic diagram of the HHV-6A IE-A region. The re-
gion encodes two proteins (termed IE1 and IE2), which correspond to
the open reading frames U90-89 and U90-86/87, respectively. Repro-
duced from reference 321 with permission of the publisher.
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IE1 protein was found to exhibit much lower transactivating
potential on the HIV-1 LTR (147). IE2 was shown to bind to
a DNA fragment containing the putative IE-A promoter;
whether it is capable of shutting off promoter activity, like its
HCMV homolog IE86, has yet to be demonstrated (321). IE2
activates multiple promoters that have no regulatory element
in common, such as the complex HIV-1 LTR promoter, or
simple promoters containing no or only one response element
(NF-�B, CRE, or NFAT) (148). This suggests that IE2 may
play an important role in controlling the expression of both
cellular and viral genes, as illustrated by its abilities to trans-
activate the CD4 promoter (127) and to enhance cyclooxygen-
ase-2 expression (193). U95 is a member of the HCMV US22
gene family and is located upstream of R3. It is a positional
homolog of the murine CMV IE2 gene (which is known to
exhibit transactivating potential) and has been shown to be
expressed as an IE protein (391); whether pU95 acts as a
transactivator has not been determined yet.

(vi) U94-encoded AAV-2 rep homolog. U94 is an analog of
the human AAV rep gene that among herpesviruses is unique
for HHV-6 (404). HHV-6 pU94 acts as a transactivator by
binding to a transcription factor, human TATA binding pro-
tein (294). Also, pU94 by itself possesses single-stranded DNA
binding capacity, which is enhanced by cellular nuclear factors
(102). pU94-encoded protein was found to activate the HIV-1
LTR promoter in fibroblast cells (406) and is capable of sup-
pressing transformation by the human H-ras oncogenic protein
(16).

Also worth mentioning here are the products of the HHV-6
genes U42, a transactivator conserved among herpesviruses
(430), U51, which specifically down-regulates transcription of
the gene coding for RANTES (for regulated upon activation,
normal T-cell expressed and secreted) (286), and U54, a ho-
molog of the HCMV tegument protein pUL82 (243).

Molecular Interactions between HHV-6 and Other Viruses

HIV-1. HHV-6 has been proposed as a cofactor in AIDS
(254). To substantiate this claim, the following arguments were
raised, which are based on in vitro data rather than on clinical
observations (see “HIV patients” below). (i) HHV-6, like
HIV-1, has a tropism for CD4� T cells (258), and lytic HHV-6
infection may contribute to the decline of this cell population
in HIV-infected individuals. (ii) As described above, several
HHV-6 proteins are capable of transactivating the HIV-1 LTR
promoter, thereby stimulating HIV-1 expression (121, 277).
Moreover, HHV-6 proteins and the HIV-1 transactivating pro-
tein TAT were shown to interact synergistically in this respect
(105, 134). The reciprocal effects of TAT on HHV-6 are less
clear, as it has been shown to both inhibit HHV-6 replication
in the Jurkat T-cell line (105) and to enhance HHV-6 titers and
protein synthesis in cord blood lymphocytes and continuous
CD4� JJHAN T cells (359). (iii) HHV-6 induces CD4 expres-
sion, thus rendering nonpermissive cells susceptible to HIV-1
infection (127, 252, 255, 257). (iv) HHV-6 influences the ex-
pression of various immunological mediators, such as tumor
necrosis factor alpha (TNF-�) (124), which activate HIV-1
expression (116). Productive coinfections with HHV-6 and
HIV-1 have been reported both in vitro and in vivo (21, 123,
139, 253, 332). However, conflicting reports exist regarding the

effect of HHV-6 on HIV-1 replication, with some studies show-
ing activation (81, 121, 167, 253) and others showing repression
of HIV replication (39, 53, 235). In an in vivo model using
SCID mice engrafted with human liver or thymus tissue, both
viruses did not seem to affect each other’s cytopathicity (139).
As mentioned below in “HIV patients,” the clinical evidence
for a role of HHV-6 in HIV disease is inconclusive.

EBV. Given their prevalence in a broad array of human
tissues, particularly of lymphoid origin, it may not come as a
surprise that HHV-6 and EBV are frequently detected simul-
taneously (34, 415). HHV-6 infection was shown to activate
EBV replication from latency by a transacting mechanism tar-
geting a cyclic AMP response element within the EBV Zebra
promoter (126, 128), to increase the expression of the EBV
early genes BZLF1 and BMRF1 through transactivation of
their promoters (82), and to enhance EBV’s transforming ca-
pacity (84). In return, the presence of the EBV genome ren-
dered B cells more susceptible to HHV-6 infection (82). The
relevance of these in vitro data is unclear, since clinical data
have shown that, contrary to EBV, HHV-6 has no important
role in common lymphoproliferative disorders (see “Neoplasia,”
below).

AAV-2. During its evolution, HHV-6 has acquired the
AAV-2 rep gene that, apart from its essential role in AAV-2
DNA replication, has transactivating potential and inhibitory
effects on cell transformation (404). Although both genes
evolved differently and their products have different transact-
ing activities, HHV-6 pU94 was found able to complement
replication of a rep-deficient AAV-2 genome (406).

HPV. HHV-6 was shown to infect human cervical epithelial
cultures harboring latent human papillomavirus (HPV),
thereby enhancing HPV mRNA expression. Moreover, the
proteins encoded by the HHV-6 U16 gene (previously desig-
nated pZVB-70) and the genomic clone pZVH-14 (encom-
passing U30) transactivated HPV-transforming genes. How-
ever, as outlined in “Neoplasia” below, clinical investigations
argue against an association between HHV-6 infection and
HPV-induced neoplasia (59, 66, 342, 413).

Molecular Interactions between HHV-6 and the
Immune System

HHV-6-encoded chemokine and chemokine receptors. Dur-
ing their evolution, many viruses have developed molecular
piracy and mimicry mechanisms so that acquired host genes
within virus genomes produce proteins capable of interfering
with the normal host defense response (10). The protein en-
coded by the HHV-6 U83 gene, after being identified as a
functional chemokine (463), was recently found to be a highly
selective and effective CCR2 agonist (259). pU83, produced by
HHV-6-infected cells, attracts CCR2-expressing cells (such as
monocytes/macrophages), in which the virus may establish a
productive or latent infection, thus facilitating virus spread. In
contrast to the U83 gene which, among herpesviruses, is
unique to HHV-6, U12 and U51 have counterparts in the other
betaherpesviruses and encode G-coupled receptors similar to
chemokine receptors. pU12 is a functional �-chemokine re-
ceptor, related to CCR-1, -3, and -5 and expressed at the late
stage of HHV-6 infection in CBMCs and monocytes/macro-
phages. pU12 is activated by the �-chemokines RANTES,
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macrophage inflammatory protein 1� and 1�, and monocyte
chemoattractant protein 1, but not by the �-chemokine inter-
leukin-8 (IL-8) (184, 216). U51 is expressed at early times
postinfection. When expressed in epithelial cells, pU51 was
shown to specifically bind RANTES, an event associated with
morphological alterations and transcriptional down-regulation
of RANTES, which are both proposed to play a role in the
systemic spread of virus from infected epithelia (286). Remark-
ably, pU51 accumulated in the endoplasmic reticulum of trans-
fected human epithelial kidney and osteosarcoma cell lines,
whereas in transfected and HHV-6-infected T cells it was
found integrated in the cell membrane, indicating that a T-
lymphocytic function is required for expression of pU51 at the
plasma membrane (282). Although this factor has not yet been
elucidated, it can be speculated that this cell type-dependent
expression profile may involve selective recruitment of circu-
lating inflammatory cells to enhance infection.

Modulation of the host’s immune response by HHV-6. Mod-
ulation of expression of the host’s immune factors is yet an-
other mechanism of evading the immune response or creating
an environment in which the virus can survive (161, 419). This
is particularly important for herpesviruses, which persist in
their host throughout life. Mutual development of adaptive
immune responses by the host, as reviewed for HCMV by
Basta and Bennink (30), has not been investigated for HHV-6.
For the purpose of immune modulation, HHV-6 exploits its
transactivating capacities as well as other mechanisms that are
not related to transcription.

(i) IFNs. Interferons (IFNs) are part of the cellular innate
immune response to viruses in general and are therefore likely
to influence the course of HHV-6 infection. HHV-6 infection
of mononuclear cells resulted in an increased production of
IFN-� (as has been shown for other herpesviruses [299]), even
when UV-irradiated (but not heat-inactivated) virus was used.
IFN-� in turn was shown to suppress HHV-6 replication (207,
212). In contrast, IFN-� release was inhibited by HHV-6 in
PBMCs (19), whereas in continuous T cells IFN-� levels were
unaltered after HHV-6 infection (275).

(ii) TNF-� and ILs. HHV-6-induced up-regulation of
TNF-� and IL-1� in PBMCs was found to depend solely on
virus entry-related events, since viral de novo protein synthesis
was not required (124, 145). Similarly, the transcriptional
down-regulation of IL-2 required no active viral replication
(125). TNF-� release was also found to be up-regulated in
HHV-6-infected differentiated U937 monocytoma cells (18).
With an immunomicroarray, Mayne et al. (275) observed that
both A and B variants of HHV-6 increased expression in the
Sup-T1 T-cell line for the genes for IL-18, the IL-2 receptor,
members of the TNF-� superfamily receptors, mitogen-acti-
vated protein kinase, and Janus kinase signaling proteins. Fur-
thermore, the CCR7 receptor was up-regulated when CD4� T
cells were infected with HHV-6 (158). Previous studies in in-
fected PBMCs suggested that HHV-6 induces the T-helper cell
profile to shift from Th1 to Th2 by up-regulating IL-10 and
down-regulating IL-12 in infected PBMCs (19). However,
Mayne et al. (275) reported that type 2 cytokines, including
IL-10, its receptor, and IL-14, were down-regulated by HHV-6
infection in continuous T cells. Conflicting evidence concern-
ing IL-10 and IL-12 expression also originated from experi-
ments using monocytes/macrophages. According to Li et al.

(236), both cytokines were induced in HHV-6-infected mono-
cytes and continuous THP-1 monocytic cells, although simul-
taneous stimulation with IFN-� increased IL-12 and decreased
IL-10 production. In a more recent study by Smith et al. (365),
however, IL-12 production in stimulated macrophages was
found to be profoundly impaired upon HHV-6 infection, the
IL-12 levels being affected at the posttranscriptional level, in-
dependently of viral replication. The effect of HHV-6 on IL-18
expression is yet another issue on which conflicting data have
been reported (17, 275). Obviously, the regulation of cytokine
expression is a tightly controlled process that may be altered
according to the microenvironment and differentiation status
of the cell. Thus, especially when studying the interactions
between viruses and cytokine expression, one must realize that
the experimental design may bias the observations. Further-
more, HHV-6 has been reported to induce IL-6 both in vitro
(275, 446) and in vivo (138) and to up-regulate the production
of monocyte chemoattractant protein 1 and IL-8 (55, 178).

HHV-6A was observed to down-regulate the de novo syn-
thesis of human leukocyte antigen (HLA) class I molecules in
mature dendritic cells, while HLA class II expression was un-
affected (164). In contrast, HHV-6 induced HLA class I and II
molecules at the cell surface of immature dendritic cells; how-
ever, in these cells, antigen capture and/or processing was
impaired after HHV-6 infection (198). Finally, an interesting
feature of HHV-6 infection is that, during the course of infec-
tion, it down-regulates cell surface expression of its own re-
ceptor, CD46, in infected as well as in uninfected cells, both in
vitro and in an ex vivo virus propagation system (152, 352). In
light of the speculations on a role of HHV-6 in AIDS progres-
sion (254), its ability to increase CD4 protein levels in contin-
uous T cells (275), hematopoietic progenitor cell lines (418),
CD4� �� T cells (255), and lymphoid tissue ex vivo (152) is an
important feature. Transactivation of the CD4 promoter by the
IE1 and IE2 proteins of HHV-6 was found to underlie this
event (127). HHV-6 infection, through down-regulation of the
HIV-1 receptor CXCR4, may render CD4� T lymphocytes
resistant to HIV-1 infection in vitro (157, 439). However, ex-
pression levels of neither CXCR4 nor CCR5 were affected by
HHV-6 in an ex vivo propagation system (151). Moreover,
HHV-6 replication enhances the production of the CCR5 li-
gand RANTES (54, 151, 152) and thus provides a mechanism
for the selective blockade of CCR5-tropic HIV-1, as proven by
the suppression of CCR5-tropic but not CXCR4-tropic HIV-1
replication by HHV-6 (151).

(iii) T-cell activation. IL-2-induced activation of primary T
lymphocytes is an absolute requirement for efficient HHV-6
replication, but at higher concentrations (	10 U/ml), IL-2
strongly inhibits the virus-induced cytopathic effect (132, 339).
The requirement for T-cell activation as a stimulus for HHV-6
was also illustrated by pretreatment of PBMCs with anti-CD3
(206). CD3 is transcriptionally down-regulated by newly
formed HHV-6 proteins, resulting in reduced surface expres-
sion of the CD3/T-cell receptor complex (152, 256). Although
T-cell activation may be a prerequisite for HHV-6 replication,
the T-cell proliferative response to mitogen or antigen presen-
tation was seen to be severely impaired after HHV-6 infection
(125, 166), indicating that HHV-6 infection induces a state of
immune suppression.
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Natural killer (NK) cells are important in the host’s early
immune response to tumor cells or viruses, as they can kill
virus-infected cells in an HLA-independent manner. NK cells
were found to have enhanced killing potential towards HHV-
6-infected cells through a mechanism mediated by IL-15, which
triggers the synthesis of IFN-� from both CD4� and NK cells,
thereby modulating the cytotoxic potential of NK cells (146).

HHV-6 and Apoptosis

CD4� continuous JJHAN T cells, infected with the A or B
variant of HHV-6, displayed increased surface expression of
TNF receptor 1, resulting in apoptosis. The degree of apopto-
sis was augmented by TNF-� and anti-Fas antibody. Remark-
ably, apoptotic cells in infected cultures harbored little or no
virus, and apoptosis could be induced by virus-free culture
supernatants, indicating that indirect mechanisms may be at
the basis of these observations (181). Although they found
evidence of apoptotic CD4� cells in HHV-6-infected CBMC
cultures, Ichimi et al. (174) demonstrated that the apoptotic
marker 7A6 antigen and HHV-6 antigen colocalized to the
same cells and that neither Fas nor TNF-� was involved in the
induction of apoptosis by HHV-6. It is unclear whether the
different experimental set-ups (continuous versus primary
CD4� T lymphocytes) can explain these conflicting data. The
ability of HHV-6 to induce apoptosis was further illustrated in
vivo in CD4� lymphocytes from patients, isolated during acute
HHV-6 infection (440), and in lymphocytes and macrophages
from patients with Kikuchi-Fujimoto’s disease (225). Kirn et al.
(209) demonstrated elevated levels of p53 and p21waf in HHV-
6-infected CBMCs. We also reported an increasing fraction of
apoptotic CBMCs after HHV-6 infection, probably mediated
by a strong and early up-regulation of p53. The effect was more
pronounced after infection with variant A of HHV-6 and was
found to be independent of p21 expression (92).

CLINICAL FEATURES OF HHV-6

Epidemiology

The reported seroprevalence of HHV-6, especially in the
earlier reports, differs according to a number of variables, such
as differences in serologic assay sensitivity and interpretation,
cross-reaction of certain antibodies with HHV-6 and HHV-7
antigens in immunofluorescence assays, and geographic varia-
tions. Nevertheless, the seropositivity in the adult population is
now estimated to be 	95% for either or both HHV-6 variants
in developed countries, the antibody titers showing a decline
with advancing age (27, 175, 322, 354). HHV-6 is widespread
throughout the world, with geographic differences in HHV-6
prevalence varying between 70 and 100% (36, 69, 240, 306, 409,
432); given the above-mentioned limitations, these differences
may be insignificant. A serologic test discriminating between
HHV-6 variants is not available. Two studies in 24 and 36
patients in which variant typing was performed using a lym-
phoproliferative response assay indicated that all patients who
responded to HHV-6A antigen also responded to HHV-6B
antigen and that variant B was more seroprevalent than variant
A (58 versus 25%) (422, 423).

HHV-6 is generally acquired between 6 and 15 months of

age (120, 316), and the incubation period is 1 to 2 weeks.
Primary HHV-6 infection accounts for 20% of all cases of
acute fever in children between 6 and 12 months old (154) and
is almost exclusively caused by HHV-6B, not HHV-6A (101,
356). It is currently not known at what age seroconversion to
the A variant, which is frequently recovered from adults, takes
place, but it is thought to occur after acquisition of the B
variant and without manifest clinical symptoms. Interestingly,
several studies report the isolation of more than one HHV-6
strain (from both variants) in individual patients, both adults
and children (80, 226, 417, 454), indicating that reinfection
with HHV-6 may occur.

Transmission

The frequent detection of HHV-6 DNA in saliva and sali-
vary gland tissue (77, 104, 379, 460) suggests that salivary
glands are a potential site for HHV-6 persistence and that
saliva is a vehicle for transmission of the virus, either from
mother to child or between children (300, 395, 417). Remark-
ably, all HHV-6 isolates from saliva were B variants (77). The
detection of HHV-6 DNA in cord blood specimens of healthy
newborns in the absence of serum immunoglobulin M (IgM)
and in fetuses following spontaneous abortion supports the
possibility of intrauterine transmission (3, 25). The incidence
of vertical HHV-6 transmission is about 1 to 2% of all births
and is not related to intrauterine HCMV transmission (41, 85).
One case report describes severe neurological complications
after intrauterine HHV-6 infection (228). Although HHV-6B
DNA sequences were found in the genital tract of 20% of
pregnant women, perinatal transmission seems unlikely (265,
315). Fecal-oral spread, a common transmission route among
young children, has not been documented for HHV-6, al-
though stool specimens were found positive for HHV-6 DNA
(377, 379). Thus, the most probable route for HHV-6 trans-
mission (at least for the B variant) is through saliva.

Clinical Manifestations of HHV-6 Infection

Primary infection. Primary infection with HHV-6 causes
acute febrile illness, usually in children between 6 months and
1 year old (22). Fever is high (�40°C) and lasts for three
(sometimes up to seven) days, after which it suddenly declines.
A subset of patients subsequently develops a mild skin rash,
mainly on the trunk, neck, and face, that is diagnosed as ES
(roseola infantum, sixth disease); for unknown reasons, a
larger portion of patients presents with clinically defined ES in
Japan than in other countries (22, 154, 328). The association
between ES and primary HHV-6B infection (demonstrated by
seroconversion and virus isolation) was discovered by Yaman-
ishi et al. (438). Since then, HHV-6B has been identified as the
causative agent of illnesses similar to ES in young children
(101, 154, 328, 331).

The most common complications are malaise, inflamed tym-
panic membranes, and gastrointestinal and respiratory tract
symptoms (154). Febrile seizures were reported in approxi-
mately 10% of children with primary HHV-6 infection, repre-
senting 10 to 20% of febrile seizure cases in children under 2
years old (22, 29, 154, 218, 426). More severe central nervous
system (CNS) complications, such as meningoencephalitis and
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encephalopathy, have been reported but are rare (185, 196,
202, 278, 378, 445). One case report describing an infant with
afebrile convulsions due to primary infection with HHV-6B
demonstrated that HHV-6 infection can have a direct effect on
the brain, causing convulsions in the absence of fever (459).
HHV-6 DNA has been detected in cerebrospinal fluid (CSF)
of children with convulsions during primary infection or reac-
tivation (218, 378). Thus, neurological complications are likely
to result from direct infection of the CNS by HHV-6. It must
be noted that the above-mentioned reports overestimate the
proportion of children suffering complications of primary
HHV-6 infection, as they are limited to those who required
urgent medical care. Most HHV-6 infections, although char-
acterized by high fever, have a benign and self-resolving
course. Nonetheless, case reports highlight the versatile patho-
genicity of HHV-6, with cases of fulminant hepatitis (23, 186,
280), liver dysfunction (385, 386, 392), thrombocytopenia (159,
210, 349, 448, 453), and hemophagocytic syndrome (327, 380,
387).

Given the high seroprevalence in the population, primary
HHV-6 infection in adults is very rare; it is not clear whether
disease manifestations are similar to those observed in chil-
dren. For a few cases, a more severe outcome, such as infec-
tious mononucleosis-like syndrome (6, 140, 182, 305, 376, 382)
or fulminant hepatitis (367), has been reported in immuno-
competent adults, although some early reports did not differ-
entiate between primary infection and reactivation. In immu-
nocompromised patients, the consequences of primary HHV-6
infection may be fatal. A number of case reports have de-
scribed a primary infection in transplant recipients that was
introduced by an HHV-6-positive graft (79, 229, 344, 427).

CNS disease. The high fever, characteristic of HHV-6 pri-
mary infection, is often accompanied by seizures, and HHV-6
reactivation in immunocompromised patients is associated
with severe encephalitis and/or encephalopathy. There have
been case reports on immunocompetent and immunocompro-
mised adults with severe CNS disease due to HHV-6 active
infection, which was characterized by a fulminant multifocal
demyelinating disease (32, 115, 262, 313, 329, 410). The neu-
roinvasiveness of the virus is proven by the fact that HHV-6
DNA is frequently detected in specimens from divergent re-
gions of the brain (incidence rate of individuals with positive
HHV-6 PCR on brain tissue, 32 to 85%) (60, 61, 83, 110, 249).
Both A and B variants of HHV-6 have been found in a pro-
portion reflecting their seroprevalence (the B variant being
approximately three times more frequent than the A variant).
Some patients harbor both variants, though at different loca-
tions within the brain (60). However, in a large prospective
study including 2,716 children with acute ES, either HHV-6A
or HHV-6B DNA, but not both, was detected in the CSF
during the active phase (153). In patients with dual infection,
only HHV-6A persisted in CSF, which may suggest that
HHV-6A has greater neurotropism. Altogether, these studies
prove that the brain is an important site for active and latent
HHV-6 infection.

HHV-6 has been proposed as a cofactor in the etiology of
progressive multifocal leukoencephalopathy (PML), a demy-
elinating disease of the CNS occurring in individuals with im-
paired cell-mediated immunity. PML is caused by the JC poly-
oma virus (JCV), but recent evidence suggests that HHV-6 and

JCV cooperate as etiologic agents in PML. In these studies,
active HHV-6 infection was demonstrated by immunocyto-
chemistry within the demyelinating lesions of PML (and not in
control tissues), and HHV-6 and JCV antigens colocalized to
the same affected oligodendrocytes (86, 290).

A similar line of evidence was followed by Challoner et al.
(58) to propose an association of HHV-6 with the etiology or
pathogenesis of multiple sclerosis (MS), the most common
human demyelinating disease. In this study, HHV-6 was iden-
tified as a commensal of the brain, yet HHV-6 antigen was only
found in oligodendrocytes in MS lesions (plaques) and not in
unaffected brain tissue of MS patients and non-MS individuals
(58). Oligodendrocytes, the myelin-producing cells, play a pri-
mordial role in the pathogenesis of MS, a disease primarily
characterized by an immune-mediated focal breakdown of my-
elin sheaths around neuronal axons, which results in impaired
conduction of nerve impulses. Secondary to myelin destruc-
tion, T-cell and macrophage infiltration, astrocytic scar forma-
tion and, at a later stage, axonal damage are hallmarks of MS
lesions (312).

Challoner’s findings provoked substantial controversy, and a
whole literature of conflicting data and comments has arisen,
as critically reviewed by Moore and Wolfson (293). A first
point of criticism is related to the viral parameter and the assay
chosen to demonstrate HHV-6. Detection of anti-HHV-6 an-
tibodies (IgG or IgM) in serum or CSF may not discriminate
between active and latent (or chronic persistent) infection.
Likewise, PCR or quantitative PCR detection of HHV-6 DNA
in PBMCs may have little significance, while the same assay
performed on serum or CSF should be indicative of an active
HHV-6 infection. Other valuable techniques include virus iso-
lation and culture from CSF or a lymphoproliferative assay to
measure the reactivity of the patient’s lymphocytes against
HHV-6 antigens. Although immunohistochemical detection of
HHV-6 antigen in brain specimens appears to be most conclu-
sive, the scarcity of this material (in particular for specimens
obtained at the onset of MS disease) limits the number of
patients that can be studied. Any assay should include positive
control samples (such as serum or CSF obtained from children
with ES) and allow discrimination between HHV-6A and
HHV-6B. A second consideration is related to the heteroge-
neity of MS disease. HHV-6 activity may depend on whether
the patient is in an early or late stage of MS disease, in relapse
or remission, or receiving immunosuppressive therapy such as
corticosteroids. Nearly all published studies are case reports or
retrospective analyses with ill-defined criteria for selection of
MS patients. Finally, an increased presence of active HHV-6 in
MS brains does not necessarily imply a causative role for the
virus, since HHV-6 may merely benefit from the immunolog-
ical dysfunction in MS. For all these reasons, the data gathered
so far (and briefly summarized below) urge for a multicentered
prospective study on a large number of MS patients in different
disease stages, in which HHV-6 is being determined by a stan-
dardized assay, with negative and positive controls, and per-
formed in a blinded fashion. Until then, the hypothesis on the
association between HHV-6 and MS remains fascinating but
unproven.

To establish a role of HHV-6 in the pathogenesis of MS,
several groups have focused on patient material obtained at
the onset of MS disease. Knox et al. (211) observed that
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HHV-6 viremia (measured by virus culture assay) was associ-
ated with early stages of MS disease. Using immunohistochem-
ical analysis, HHV-6 antigen was found to be present in MS
plaques but not in healthy tissue (218), consistent with the data
from Challoner et al. (58). Biopsy specimens representing the
earliest-manifesting MS lesions were studied by Goodman et
al. (144). HHV-6 DNA was found at much higher frequency in
MS patients than in controls, especially in oligodendrocytes
and microglia, but HHV-6 antigen was only detected in reac-
tive astrocytes and microglia in the absence of HHV-6 DNA.
One reason for this discrepancy may be the different sensitivity
of both assays. Alternatively, the detection of HHV-6 antigen
in lesional astrocytes and microglia may reflect their phago-
cytic action towards HHV-6-infected dying oligodendrocytes,
which is no longer present when MS disease has progressed to
a chronic stage (144).

Detection of HHV-6 DNA in PBMCs requires a high PCR
sensitivity that may not always be achieved. Although some
studies claim this parameter to be increased in MS patients,
the relevance of these data is limited, as they may reflect latent
HHV-6 (12, 13, 270, 276, 345). Active HHV-6 infection, dem-
onstrated by the presence of HHV-6 DNA in serum and/or
CSF or by virus isolation, has frequently been observed at a
higher incidence in MS patients than in controls (7, 63, 211,
397, 429), although other reports have presented negative re-
sults (11, 141, 237, 270, 288). The same is true for reports on an
altered humoral or tissue-specific immune response in MS
patients (expressed as serum IgM or CSF IgG levels or lym-
phoproliferative responses towards HHV-6 antigens) (63, 74,
119, 368, 370, 397). In one study, higher prevalence and higher
antibody titers towards HHV-6 pU94 were found and it was
concluded that MS patients may undergo a different exposure
to HHV-6 than controls (56). Several authors who found
HHV-6A more prevalent than HHV-6B have pointed at the
importance of subtyping HHV-6-positive cases (7, 13, 208,
370). A correlation between the geographic distribution of MS
and its possible causative agent(s), an evident requirement for
etiological linkage, is missing for HHV-6B. The geographic
distribution of HHV-6A, however, has not been studied. Sub-
typing of HHV-6 variants in the context of MS should there-
fore be considered. Finally, some studies have shown a corre-
lation between active HHV-6 infection and clinical
exacerbations (33, 63), whereas others have not (13). As al-
ready explained, this HHV-6 reactivation might be interpreted
as a bystander effect from the immune dysfunction at the time
of an MS exacerbation.

Several intriguing observations made in the past 3 years may
provide an explanation on how HHV-6 could be associated
(whether or not etiologically) with MS. (i) Elevated levels in
serum and CSF of soluble CD46 have been described in several
autoimmune disorders. In MS patients, these CD46 levels were
found to be correlated with the presence of HHV-6 DNA in
serum (369). This may point at an active HHV-6 infection and
an increased vulnerability to complement lysis. (ii) HHV-6 is
known to encode a highly selective and potent CCR-2 agonist,
pU83 (259), which may attract CCR-2-expressing cells, such as
macrophages, to the site of infection. Interestingly, a CCR2
gene polymorphism was recently related to the development of
MS (and its animal model, experimental autoimmune enceph-
alomyelitis) (190, 289). (iii) MS is considered an autoimmune

disorder, although an autoantigen has not been definitively
identified. Residues 4 to 10 of HHV-6 pU24 are identical to
residues 96 to 102 of myelin basic protein, a candidate autoan-
tigen in MS. Importantly, both T-cell and antibody responses
to this peptide sequence were found elevated in MS patients
(398). (iv) Soluble factors induced by HHV-6 infection were
found to enhance necrosis of oligodendrocyte precursor cells
and oligodendroglioma M03.13 cells. This effect is stronger for
HHV-6A than for HHV-6B (221). More recently, in vitro
infection of glial precursor cells by HHV-6 was found to impair
cell replication and increase the expression of oligodendrocyte
markers, suggesting that HHV-6 infection of the CNS may
influence the neural repair mechanisms (103).

A definite answer on the role of HHV-6 in MS may be
expected from clinical trials with antiviral therapy. The efficacy
of IFN-�1a, which is routinely used in MS patients, may relate
to its antiviral properties. A small-scale study by Hong et al.
(165) indicated decreased levels of markers of active HHV-6
infection after IFN-�1a treatment. In one randomized place-
bo-controlled double-blind study, acyclovir was shown to re-
duce the exacerbation rate in relapsing-remitting MS patients
yet to have no effect on the overall neurological deterioration
(261). In another study, the oral prodrug valacyclovir effectu-
ated a significant reduction in new lesion formation in patients
with high disease activity (31). The acyclovir and valacyclovir
doses used were nonimmunosuppressive and sufficiently high
for suppression of most herpesvirus infections, including
HHV-6. However, the antiviral activity may have been limited
by inadequate levels of acyclovir in CSF (about fivefold lower
than in serum). The major shortcoming of both studies was a
lack of viral end points. Further studies on antiherpesvirus
therapy in this subpopulation of MS patients are warranted,
and the use of more active compounds (especially with respect
to HHV-6) would provide more convincing data. Unfortu-
nately, no such compounds with a long-term safety profile as
favorable as that of acyclovir are currently available.

Neoplasia. Two human herpesviruses, EBV and HHV-8,
have been identified as oncogenic agents. As the first HHV-6
strains were isolated from patients with lymphoproliferative
disorders (350), there has been continuous interest to explore
its possible role in malignancy, especially in the context of
immunosuppression. This interest was further fostered by the
discovery of HHV-6 genes that encode transactivating pro-
teins, one of which was shown to possess transforming capacity
(pDR7; see “Transactivation by HHV-6 proteins”) (200). On
the other hand, pU94 can suppress Ras-induced transforma-
tion and might counter tumorigenesis (16). Thus, multiple reg-
ulatory and cell-interacting mechanisms play a role during
HHV-6 infection, and no transforming events were ever de-
tected after HHV-6 infection in vitro. Second, although
HHV-6 has tentatively been linked to certain proliferative dis-
orders, no evidence could be provided for its oncogenic prop-
erties in vivo. Indeed, the ubiquitous nature of the pathogen
and its ability to remain in a latent state and to integrate into
the host cell chromosomal DNA (87, 250) complicate the in-
terpretation of PCR analysis on tumor tissues. Moreover, the
altered immune status in these patients, induced by disease or
medication, may induce some degree of virus reactivation, with
HHV-6 being an opportunistic rather than a causal pathogen.
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A few studies have focused on HHV-6 antigen expression in
lymphoid lesional tissues, representative of several lymphopro-
liferative disorders, that tested positive for HHV-6 DNA (247,
264, 341, 415). Their conclusions, mainly based on the absence
of HHV-6 proteins from Reed-Sternberg cells, argue against a
major pathogenic role of the virus in human lymphomas such
as Hodgkin’s and non-Hodgkin’s lymphoma. A possible in-
volvement of HHV-6 in Rosai-Dorfman disease (a rare, be-
nign, pediatric lymphadenopathy) has been suggested (234,
247). Evidence has also been found for involvement of HHV-6
in S100-positive T-cell chronic lymphoproliferative disease, a
rare but aggressive hematologic disorder (43).

The detection of HHV-6 in cervical epithelium (66, 435) and
its transactivating properties towards HPV (65) have prompted
the investigation of its role in the pathogenesis of cervical
carcinoma (106). In a large prospective study, cervical tissue
samples from 388 women were PCR analyzed for HHV-6
DNA, and the association between herpesvirus infection and
the degree of cervical lesion was determined with respect to
HPV status. It was concluded that HHV-6 (as well as HCMV
and HHV-7) are bystanders rather than cofactors in the onco-
genesis of cervical cancer (59). Other groups have confirmed
that a causative role of HHV-6 in cervical cancer is unlikely
(342, 413). A role for HHV-6 in the pathogenesis of oral
carcinoma has been tentatively suggested, based upon the fre-
quent detection of HHV-6 antigen in malignant and nonma-
lignant oral lesions (434), but this has not been further
investigated.

Reactivation or reinfection in immunocompromised hosts.
HHV-6 infection is frequently detected in immunosuppressed
patients. Most of these HHV-6 infections are due to reactiva-
tion of HHV-6B (114, 423), and the incidence peaks at 2 to 4
weeks posttransplantation (447). The incidence varies between
48% (range, 28 to 75%) for bone marrow transplant (BMT)

recipients and 32% (range, 0 to 82%) for solid organ transplant
(SOT) recipients (Tables 1 and 2). Similarly to what was out-
lined in “CNS disease,” this considerable variation in labora-
tory data may reflect patient heterogeneity, but it may also
result from different methodologies with different assay sensi-
tivities and varying size and nature of clinical samples. Again,
the lack of a standardized method for the demonstration of
active HHV-6 infection hampers the comparison of data. Most
reports on severe complications of HHV-6 infection are from
case studies or retrospective analyses. Although these individ-
ual cases are strongly suggestive of the clinical relevance of
HHV-6 infection posttransplantation, the described medical
cases are often complex and a careful interpretation of disease
associations is warranted. Nevertheless, the numerous pro-
spective studies realized during the past 5 years (Tables 1 and
2) have confirmed that HHV-6 reactivation is associated with
some disease in a subset of transplant recipients, and the main
clinical observations (encephalitis, fever, and rash) are consis-
tent with early case reports.

Given the pharmacologically induced state of immunosup-
pression in transplant recipients, HHV-6 is likely to reactivate
from latency and act as an opportunistic pathogen. On the
other hand, as HHV-6 is harbored by many tissues such as
mononuclear cells, bone marrow, lung, and liver, there is also
the possibility of graft-induced (re-)infection with HHV-6, the
virus being transferred from donor to recipient (see “Primary
infection”). Of special interest is the observation that the rate
of HHV-6 reactivation is higher among transplant recipients
receiving anti-CD3 (antithymocyte globulin), which is used for
the treatment of rejection (98, 457).

As already mentioned, standard PCR on tissue samples (in-
cluding PBMCs), the most widely used method for HHV-6
detection until a few years ago, cannot discriminate between
latent and active HHV-6 infection. Virus isolation and cocul-

TABLE 1. Prospective studies on HHV-6 reactivation after BMT

Detection
methoda Sampleb No. of

patients

Incidence of
active

HHV-6
infection

(%)

Observed diseased HHV-6 variant Reference

PCR PBMC, BALF 41 46 Vascular endothelial damage, GVHD Not determined 389
PCR PBMC, plasma 92 42.5 Myelosuppression, fever, delayed platelet and

neutrophil engraftment
Not determined 177

PCR PBL 22 60 Delayed platelet engraftment B 266
PCR PBL, plasma 61 28 Fever, engraftment failure B 62
PCR PBMC 37 Not given Delayed platelet and granulocyte engraftment B 421
PCR PBL, oral

lavage
fluid, urine

57 60 Acute GVHD 90% B, 10% A 428

PCR, IHC PBL, skin 57 Not given GVHD Not determined 15
qPCR PBL, CSF 74 78 Delayed platelet engraftment Not determined 245
qPCR PBMC 20c Not given Rash and fever (2/20) Not determined 79
VI PBMC 82 38 Rash B 447
VI PBMC 22 Not given Skin rash Not determined 450
VI PBMC 26 46 None B 197
VI PBMC and/or

bone marrow
25 48 Skin rash Not determined 456

a RT-PCR, reverse transcriptase PCR; qPCR, quantitative (real-time) PCR; VI, virus isolation; IHC, immunohistochemistry.
b PBL, peripheral blood lymphocytes; BALF, bronchoalveolar lavage fluid.
c Patients in this study were all HCMV seronegative.
d GVHD, graft-versus-host disease.
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tivation with PBMCs or CBMCs, although highly indicative of
active infection, is less sensitive and is a difficult and time-
consuming procedure. PCR on small amounts of PBMCs has
been suggested to discern active from latent infection (150), as
well as serum-plasma PCR (170, 317) and reverse transcrip-
tion-PCR (311, 416, 444), which allow detection of circulating
viral genomes and viral mRNAs, respectively. More recently,
however, quantitative PCR analysis, which allows fast, sensi-
tive, and absolute quantitation of viral load, has become the
method of choice (20, 135, 176, 394). No specific clinical syn-
drome has been linked to active HHV-6 infection in immuno-
suppressed patients. In some studies, HHV-6 infection was
found to be asymptomatic; other studies documented various
pathologies (see below).

(i) Bone marrow and stem cell transplant recipients. Case
reports have associated active HHV-6 infection after bone
marrow or stem cell transplantation with a variety of compli-
cations. The most frequently reported clinical disease is en-
cephalitis or encephalopathy (35, 115, 263, 333, 338, 407, 424,
441), followed by pneumonitis (46, 78, 309, 333, 394) and
delayed engraftment (266, 333, 343), whereas only a few re-
ports mention fever and skin rash as a result of HHV-6 infec-
tion (333, 353, 394). HHV-6 has been suspected of causing
vascular endothelial damage in BMT recipients, a process that
may lead to thrombotic microangiopathy, which is a major

complication of BMT (273, 389). Lastly, HHV-6 infection has
been associated with bone marrow suppression (52, 113), an
observation that is supported by in vitro data on the suppres-
sive effects of HHV-6 on proliferation of stromal cells of gran-
ulocyte/macrophage, erythroid, or megakaryocyte lineages (48,
187–189, 212). A recent retrospective study by Boutolleau et al.
(42) in 78 stem cell transplant recipients found a correlation
between HHV-6 viral load in PBMCs and delayed neutrophil
engraftment, severe graft-versus-host disease, and classical
HHV-6 manifestations, such as fever and rash. The incidence
of HHV-6 viremia appears to be higher in allogeneic than in
autologous BMT recipients. Furthermore, pretransplantation
conditions that were found to predispose to developing HHV-6
viremia posttransplantation were leukemia or lymphoma and
low HHV-6 antibody titers (447). One study (performed in 25
BMT recipients) reported a higher incidence for HHV-6A
DNA in plasma (24 of 25) than in the corresponding peripheral
blood leukocyte (PBL) samples (1 of 25), whereas HHV-6B
was detected at similar rates in PBLs (22 of 25) and in plasma
(21 of 25); 80% of patients had both variants circulating in plasma
throughout the transplantation period (310). These findings, if
confirmed by other studies, would imply that in these patients,
HHV-6A regularly reactivates from tissues other than PBLs. The
outcome of several prospective studies on HHV-6 infection in
BMT recipients is summarized in Table 1.

TABLE 2. Prospective studies on HHV-6 reactivation after SOT

Transplant type Detection methodb Samplec No. of
patients

Incidence of
active

HHV-6
infection

(%)

Observed diseasee HHV-6 variant Reference

Heart PCR PBMC 21 0 No disease 298
Kidney PCR PBMC 107 Not givend No disease Not determined 320
Kidney qPCR PBMC 52 23 No disease Not determined 205
Kidney VI, serology PBMC 65 55 None Not determined 455
Kidney and/or

liver
VI, serology PBMC 32 31 None (unless concomitant

HCMV infection)
Not determined 162

Kidney and/or
pancreas

PCR, serology Urine, serum 30 50 Fever Not determined 335

Liver IHC Liver tissue,
PBMC

32 Not given Acute liver failure Not determined 155

Liver IHC PBMC 34 29 HCMV disease Not determined 232
Liver qPCR PBMC 200 28 Opportunistic infections, HCMV

disease, acute graft rejection
Not determined 171

Liver qPCR, serology PBMC 33 9 HCMV disease Not determined 281
Liver qPCR PBMC 88 54 HCMV disease Not determined 173
Liver PCR, VI, serology Plasma 47 49 Fever B 452
Liver VI PBMC 80 39 CNS disease, fungal infections Not determined 340
Liver Serology, IHC PBMC 51 22 Graft dysfunction B 233
Liver qPCR PBMC 60 32 Graft rejection Not determined 150
Liver Serology Serum 247 24 HCMV disease Not determined 108
Liver PCR PBMC 46 Not given None 10% A, 90% B 357
Livera qPCR PBMC 66 54 Increased severity of HCV-

related fibrosis or hepatitis
Not determined 172

Livera VI PBMC 51 41 Increased severity of HCV-
related fibrosis

Not determined 364

Liver heart/lung VI, PCR PBMC,
BALF

30 27 Higher mortality rate, fungal
infections

B 192

a Study population restricted to hepatitis C virus-positive patients undergoing liver transplantation.
b qPCR, quantitative PCR; VI, virus isolation; IHC, immunohistochemistry.
c BALF, bronchoalveolar lavage fluid.
d Unclear whether PCR was able to discriminate active from latent infection.
e HCV, hepatitis C virus.

VOL. 18, 2005 UPDATE ON HUMAN HERPESVIRUS 6 229



(ii) SOT recipients. As mentioned above, the frequency of
active HHV-6 infection after SOT is generally lower than that
after BMT. This may relate to the patient population, which is
generally older for SOT than for BMT; the majority of SOT
recipients are adults. Clinical manifestations of HHV-6 reac-
tivation or reinfection in SOT recipients are similar to those
described in BMT patients. These include fever and/or rash as
the most frequently seen disease manifestation of active
HHV-6 infection (150, 363, 384, 449, 451), followed by enceph-
alitis or encephalopathy (291, 323, 363, 384), hepatitis (150,
384, 427), graft dysfunction or rejection (2, 15, 168, 231), bone
marrow suppression (362, 363), and pneumonitis (362). Table
2 provides a summary of prospective studies in SOT patients.

A fatal case of primary HHV-6A infection was reported in a
seronegative kidney recipient with acute hemophagocytic syn-
drome with hepatitis and encephalopathy (344). In a recent
retrospective study in pediatric liver transplant recipients, pri-
mary HHV-6 infection was found to be associated with graft
rejection (122). A second retrospective study by DesJardin et
al. found a high degree of HHV-6 reactivation, which predis-
posed to the development of HCMV disease (98, 99). Singh et
al. observed a prolonged and specific suppression of anti-
HHV-6 T-helper cell response after liver transplantation,
which may represent a predisposing factor for the development
of HHV-6 infection (361). Also, HHV-6 was shown retrospec-
tively to increase lymphocyte infiltration in liver allografts,
thereby impairing liver function (230). The outcome of several
prospective studies is summarized in Table 2. Most interesting
(although not confirmed in all studies) is the observation that
in SOT patients, HHV-6 (alone or along with HHV-7), either
through direct virus interactions or through modulation of the
host’s immune status, or both, positively influences the HCMV
reactivation rate and alters the course of HCMV disease (62,
98, 99, 108, 171–173, 335). In addition, a temporal pattern of
reactivation of the three betaherpesviruses was found to un-
derlie clinical symptoms, with HHV-6 being reactivated first
(median time after SOT, 20 days), followed by HHV-7 (26
days) and HCMV (36 days) (150). Furthermore, concomitant
HCMV infection was shown to aggravate clinical symptoms of
HHV-6 infection (162). Lastly, the immunomodulating prop-
erties of HHV-6 may also trigger reactivation of unrelated
opportunistic events, such as fungal infections (107, 192, 340).

HIV patients. Although HHV-6 active infection is frequently
detected in HIV-infected individuals, it is unclear whether
HHV-6 merely acts as an opportunistic pathogen or may ac-
celerate HIV disease progression. Several mechanisms for a
molecular interaction between HHV-6 and HIV-1 (see “Mo-
lecular interactions between HHV-6 and other viruses”), both
negatively and positively affecting HIV-1 replication, have
been demonstrated in vitro, and it is unclear which would
prevail in the in vivo situation. PCR analysis of 141 autopsy
specimens obtained from 11 AIDS patients demonstrated that
the organ presence of HHV-6 was significantly associated with
HIV-1 proviral load (118). In a similar study detecting
HHV-6A antigen in lymph node specimens from HIV-infected
individuals, active HHV-6 infection was demonstrated in all
samples tested (51). These histological data may suggest a role
for HHV-6 as an opportunistic agent in AIDS, and active
HHV-6 infection in HIV-seropositive patients has indeed been
associated with encephalitis (213, 214) and pneumonitis (307),

although not consistently (40). There have been investigations
on a possible etiological link between HHV-6 and AIDS-asso-
ciated retinitis, which showed that HHV-6 can superinfect
HCMV-infected retinae from AIDS patients (123), although
HIV-positive retinae harboring actively replicating HHV-6 in
the absence of HCMV infection have been described as well
(332). However, most case reports indicate that, unlike in
transplant recipients, HHV-6 infection causes no specific clin-
ical syndrome or major complications in HIV-seropositive pa-
tients. The issue on whether HHV-6 may alter the course of
HIV disease was addressed in an early clinical investigation
(373). HHV-6 antibody titers were not different between HIV-
seropositive and HIV-seronegative adults and appeared not to
be associated with HIV progression (373). Likewise, two stud-
ies in HIV-infected infants found no evidence that primary
HHV-6 infection may alter the progression of AIDS (307,
358). In another study, 41 HIV-positive infants were carefully
monitored during the first year of life. Lower CD4� cell num-
bers resulted in lower rates of primary HHV-6 infection, and
those children acquiring HHV-6 showed a more rapid progres-
sion towards AIDS (222).

ANTIVIRAL THERAPY FOR HHV-6

As outlined above, HHV-6 infections in immunocompetent
children are self-limiting and do not require treatment. In
immunocompromised individuals, however, reactivation of la-
tent virus may cause life-threatening complications. As an ef-
fective vaccine is not available, safe and reliable drugs for the
treatment of HHV-6 infections are needed. No controlled tri-
als of antiviral therapy against HHV-6 have been conducted,
and no compounds have been formally approved for the treat-
ment of HHV-6 infections. Therefore, the drugs clinically used
against HHV-6 are the same as those used in HCMV therapy
or prophylaxis and consist of the nucleoside analogs ganciclovir
(and valganciclovir) and, to a lesser extent, acyclovir (and va-
laciclovir), the nucleotide analogue cidofovir, and the pyro-
phosphate analogue foscarnet (Fig. 4). Most of these classical
antiherpesvirus compounds have important drawbacks; there-
fore, new strategies for the treatment of infections with HHV-6
(or, rather, herpesviruses in general) are currently being ex-
plored (reviewed in reference 75).

Ganciclovir and Acyclovir

Mechanism of action. The acyclic nucleoside analogs ganci-
clovir and acyclovir target the viral DNA polymerase, and their
triphosphate metabolites inhibit enzyme function by competi-
tion with the natural substrate (dGTP for ganciclovir and acy-
clovir), by incorporation in the growing DNA chain (effecting
chain termination in case of absence of a hydroxyl group in the
acyclic chain), and by dead-end complex formation (336) (Fig.
5). Their selectivity relies on a greater affinity of their triphos-
phates for viral DNA polymerases compared to cellular DNA
polymerases and, most importantly, selective phosphorylation
(activation) by a viral kinase. Unlike alpha- and gammaher-
pesviruses, betaherpesviruses do not express a thymidine ki-
nase but encode a phosphotransferase which is capable of
converting nucleoside analogs to their monophosphate. The
two subsequent phosphorylations to the active triphosphate

230 DE BOLLE ET AL. CLIN. MICROBIOL. REV.



form are carried out by the cellular enzymes deoxyguanylate
(dGMP) kinase and nucleoside diphosphate (NDP) kinase
(133, 274). In the case of HCMV, the conversion of ganciclovir
to its monophosphate is catalyzed by the HCMV pUL97 phos-
photransferase (242, 381). HCMV pUL97 also phosphorylates
acyclovir, although less efficiently than observed for ganciclovir
(393, 462). The homologous kinase encoded by the U69 gene
of HHV-6 (pU69) was shown to phosphorylate ganciclovir,
since recombination with pU69 conferred ganciclovir sensitiv-
ity to baculoviruses (14). In human cells infected with recom-
binant vaccinia viruses expressing pU69 or pUL97, the effi-
ciency for ganciclovir phosphorylation by HHV-6 pU69 was
found to be about 10-fold less compared to its HCMV coun-
terpart (93). The reason for this is presently unclear. The
HCMV pUL97 and HHV-6 pU69 phosphotransferases are
closely related and share homology with cellular kinases and
bacterial phosphotransferases (64). Similarly to pUL97, pU69
phosphotransferase is expressed as a nuclear protein (93, 285).
Both are able to autophosphorylate (mainly on serine residues)
(284) or to use exogenous substrates such as histones, although
optimal reaction conditions are different for HHV-6 pU69 and
HCMV pUL97 (14, 26). The role of HHV-6 pU69 in the virus
replication cycle remains to be investigated. HCMV pUL97
plays an essential role in HCMV replication (330) and has
been proposed to be involved in viral DNA synthesis (by bind-

ing to the HCMV DNA polymerase processivity factor) (224,
269), in nuclear egress and capsid assembly (223, 431), and in
regulation of HCMV gene expression (26).

In vitro activity against HHV-6. Evaluation of the anti-
HHV-6 activity of nucleoside analogs is somewhat hampered
by their relatively high cytotoxicity in the fast-growing T-cell
lines that are routinely used for the propagation of this virus.
Much better selectivity indices are obtained in CBMCs (95).
The in vitro activity of ganciclovir against HHV-6 is superior to
that of acyclovir and penciclovir, irrespective of the propaga-
tion system (5, 49, 267, 443). Among the newer nucleoside
analogs with good and selective activity against HHV-6 are the
cyclopropyl derivative A-5021 [(1�S,2�R)-9-[[1�,2�-bis(hy-
droxymethyl)-cycloprop-1�-yl]methyl]guanine] and the N7-sub-
stituted derivative S2242 [2-amino-7-(1,3-dihydroxy-2-propoxy-
methyl)purine] (95). Both A and B variants of HHV-6 have
proven to be equally sensitive to all nucleoside compounds
evaluated to date.

In vivo activity against HHV-6. As mentioned above, no
controlled trials have been conducted on HHV-6 therapy. Sev-
eral case reports support the clinical effectiveness of ganciclo-
vir (Cymevene) against HHV-6 disease in BMT or SOT recip-
ients, manifesting, in the majority of cases, with HHV-6
encephalitis (195, 292, 323, 338, 441), although some cases of
fulminant HHV-6 infection showed no response (344, 407).

FIG. 4. Chemical structures of clinically used anti-HHV-6 compounds.
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Also, prophylactic therapy with ganciclovir, but not acyclovir
(Zovirax), proved effective in preventing HHV-6 reactivation
in BMT or stem cell transplant recipients (333, 408, 424). A
drawback for ganciclovir is its low oral bioavailability, making
intravenous administration necessary for most indications. Re-
cently, the valyl ester valganciclovir (Valcyte) has become
available as an oral prodrug, offering a ganciclovir exposure
comparable to the intravenous formulation (45). It is currently

indicated for the prevention of HCMV disease in certain sub-
sets of transplant recipients. Another limitation to the use of
ganciclovir is that it may cause important dose-dependent side
effects, mainly neutropenia (which may be irreversible) and
thrombocytopenia (279). In order to prevent these side effects
of ganciclovir treatment, patients at risk of acquiring herpes-
viral opportunistic infections generally receive low-dose ganci-
clovir prophylaxis, although this may facilitate resistance de-

FIG. 5. Metabolic activation of acyclic nucleoside analogs (exemplified by ganciclovir) and acyclic nucleoside phosphonates (represented by
cidofovir). Abbreviations are explained in the text in “Ganciclovir and acyclovir” and “Cidofovir.”
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FIG. 6. ClustalW alignment of the HHV-6 pU69 and HCMV pUL97 protein sequences. The overall identity between HHV-6 GS and Z29
pU69 proteins is 94%. Identical residues are indicated by an asterisk. The colons and periods represent strong and weak functional similarities,
respectively. Published mutations conferring ganciclovir phenotypic resistance (74, 277, 356) are boxed. Conserved domains are shaded. Amino
acid residues that are highly conserved in protein kinases are highlighted within conserved domains. The GXGXXG motif thus indicated in
domains I and II is the putative nucleotide binding site. The (A)ACR(AL) motif at amino acid positions 590 to 595 in pUL97 is essential for
ganciclovir phosphorylation (381) and is among protein kinases unique to HHV-6 and HCMV.
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velopment (112). Preemptive therapy (i.e., therapy initiated
after systemic detection of the virus, but prior to disease man-
ifestation) has been suggested as an alternative to minimize
drug exposure but is still an issue of controversy (117, 156,
360).

Foscarnet

Foscarnet (phosphonoformic acid; Foscavir) is a pyrophos-
phate analog (Fig. 4) with broad-spectrum activity against all
herpesviruses. It targets the viral DNA polymerase without
requiring activation by cellular or viral enzymes, by reversible
binding close to the pyrophosphate binding site of the enzyme.
In this manner, cleavage of pyrophosphate from deoxynucleo-
side triphosphates is prevented, resulting in an inhibition of
pyrophosphate release or chain termination (420). The higher
affinity for viral than cellular DNA polymerases determines its
selectivity. Foscarnet has excellent in vitro activity against
HHV-6 and exhibits low cytotoxicity, even in continuous cell
lines (49, 95, 267, 337). Intravenous foscarnet is indicated for
the treatment of HCMV retinitis in AIDS patients and, in
transplant recipients, it is reserved for individuals unresponsive
to ganciclovir. Reversible dose-dependent nephrotoxicity is
frequently associated with the use of foscarnet and is the main
reason why (val)ganciclovir is preferred, especially in prophy-
laxis. Most case studies have shown successful use of foscarnet
in the treatment of HHV-6 encephalitis in transplant recipients

(35, 458); others have had a disappointing result (344, 407). No
comparative and prospective data are available to conclude
whether ganciclovir or foscarnet should be preferred for
HHV-6 therapy.

Cidofovir

Cidofovir (Vistide) is an acyclic nucleoside phosphonate an-
alog of (deoxy)CMP (Fig. 4). Cidofovir exhibits activity against
a broad spectrum of DNA viruses (including herpes-, papillo-
ma-, polyoma-, adeno-, and poxviruses) and has been approved
for the treatment of HCMV retinitis in AIDS patients (94,
301). Unlike ganciclovir and acyclovir, cidofovir does not re-
quire metabolization by a viral enzyme (Fig. 5). Due to the
presence of the phosphonate moiety, two subsequent phospho-
rylations by cellular enzymes (pyrimidine nucleoside mono-
phosphate kinase and NDP kinase, pyruvate kinase or creatine
kinase, respectively) are sufficient for cidofovir to reach its
metabolically active state (70). Cidofovir diphosphate was
shown to act as a competitive inhibitor of dCTP and an alter-
nate substrate for the HCMV DNA polymerase. Its incorpo-
ration does not directly result in chain termination (433). Like
foscarnet, cidofovir diphosphate owes its selectivity to the
higher affinity for viral DNA polymerases compared to cellular
DNA polymerases (301). Cidofovir displays strong activity
against HHV-6 in vitro (337) and, along with foscarnet, it is the
most active compound available for the treatment of HHV-6

FIG. 7. Schematic representation of HCMV (A) and HHV-6 (B) DNA polymerases. Conserved regions are boxed. Functional domains are
indicated by arrows. Bars indicate codons mapped to resistance to ganciclovir (GCV), cidofovir (CDV), and foscarnet (PFA). Regions showing
variation in drug-sensitive isolates (Var) are indicated by shaded boxes. APB, accessory protein binding.
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infections, with a very favorable selectivity index in CBMCs
(91, 443). However, due to the considerable risk of developing
nephrotoxicity, the clinical use of cidofovir for controlling sys-
temic HCMV infections is restricted to second-line therapy of
ganciclovir- or foscarnet-resistant virus strains (244). Clinical
reports on cidofovir for the treatment of HHV-6 infection are
limited to a recent case study in an immunocompetent patient
with HHV-6 encephalomyelitis (96). In this study, ganciclovir
displayed superior efficacy and safety compared to cidofovir in
suppressing HHV-6 replication and resolving neurological
symptoms.

New antiherpesvirus compounds

The antiherpesvirus drugs described so far all target the viral
DNA polymerase, and in the case of ganciclovir and acyclovir,
a viral thymidine or protein kinase is required for their acti-
vation. In patients kept under a long-term low-dose regimen
(as in prophylaxis), resistant viruses with reduced sensitivity to
the drug (by amino acid substitutions in the target enzyme)
may benefit and colonize the host. The mechanisms of HHV-6
resistance will be discussed below. In the cases where these
mutations give rise to cross-resistance, the number of alterna-
tive therapeutic options may be very limited. Therefore, new
antiherpesvirus compounds are currently being developed that
act during distinct stages of herpesvirus replication (reviewed
in reference 75). For the benzimidazole derivative maribavir,
which is currently being evaluated for HCMV therapy (425)
and is supposed to act by inhibition of HCMV pUL97 phos-
photransferase, the lack of in vitro activity against HHV-6
excludes its use in HHV-6 therapy. Likewise, the chemically
related compound BDCRB, targeted at the HCMV terminase,
has no activity against HHV-6 (412). Another new class of
compounds, the 4-oxo-dihydroxyquinolines, act as nonnucleo-
side inhibitors of herpesvirus DNA polymerases, with potent
and broad-spectrum antiviral activity and very low cytotoxicity
(44). They are potent inhibitors of six of the eight human
herpesviruses, including HCMV, but are not active against
HHV-6 and HHV-7 due to a single amino acid change in the
conserved domain III (see Fig. 7, below) of their DNA poly-
merases (402).

HHV-6 resistance

As mentioned above, no formally approved treatment for
HHV-6 infections is available. In many cases, patients under
immunosuppressive therapy already receive acyclovir or gan-
ciclovir prophylaxis to prevent HSV and HCMV reactivations,
respectively. For ganciclovir, this prophylaxis seems effective in
preventing HHV-6 reactivation as well (333, 408, 424). Clinical
HHV-6 resistance to antivirals has therefore not been docu-
mented to date. However, when considering dynamics and
mechanisms of resistance development, some important fea-
tures of HCMV resistance may apply to HHV-6 as well.

First, the incidence of HCMV resistance in ganciclovir-naive
patients is low (below 3%). Emergence of resistant strains is
facilitated (i) when virus is actively replicating, (ii) after pro-
longed drug exposure, and (iii) when suboptimal doses are
being used. Suboptimal dosage is often related to maintenance
therapy with oral ganciclovir, which is known to have an oral

bioavailability of only 3 to 7% (371). It may also be a conse-
quence of insufficient drug delivery at privileged sites of
HCMV replication (112). The first two criteria for resistance
development are met in AIDS patients with HCMV retinitis or
CNS disease, who receive anti-HCMV therapy after onset of
clinical symptoms and require life-long maintenance treat-
ment. The incidence of HCMV resistance in AIDS patients
was shown to increase to approximately 30% after 9 months of
treatment with ganciclovir, foscarnet, or cidofovir (112). High
titers of replicating HCMV are also present in HCMV-sero-
negative transplant recipients from HCMV-seropositive do-
nors. In these patients, the incidence of HCMV resistance is
markedly higher and correlates to treatment duration, reach-
ing 5 to 10% after 3 months of ganciclovir treatment, both after
preemptive therapy and when receiving prophylactic oral gan-
ciclovir (137).

Second, ganciclovir resistance relies on a dual mechanism.
Low-level ganciclovir-resistant HCMV mutants isolated after
short-term ganciclovir treatment mostly carry mutations in the
UL97 gene (encoding the HCMV pUL97 phosphotransfer-
ase), whereas high-level resistance requires long-term therapy
and exhibits mutations in both the UL97 and DNA pol genes
(137, 191, 366) (Fig. 6 and Fig. 7). Most of the reported UL97
mutations are comprised within a region close to the substrate
recognition site (codons 590 to 607). For the DNA pol mutants,
nearly all mutations lie within eight conserved domains (Fig.
7). Mutations outside these domains (at the DNA pol termini)
are likely the result of interstrain variation (67). Depending on
their location, mutations may decrease the affinity of DNA pol
for the inhibitor, decrease the incorporation of inhibitors into
the elongating DNA chain, or enhance the DNA pol proof-
reading (3�-5� exonuclease) activity (71, 72, 199). Certain mu-
tations in the conserved region III (which is, together with
domains I and II, involved in substrate recognition [169]) are
associated with a multidrug resistance phenotype (Fig. 7).

Thus far, only one report has been published on the resis-
tance of HHV-6 to antiviral compounds. Notably, an HHV-6
mutant virus obtained after serial passage in vitro under in-
creasing ganciclovir pressure was found to be cross-resistant to
ganciclovir and cidofovir, exhibiting a 24- and 52-fold de-
creased sensitivity, respectively (268). Two mutations were
identified that yielded amino acid substitutions in the pU69
phosphotransferase (M318V, analogous to the M460V/I/L sub-
stitution in HCMV pUL97) (28) and in the DNA pol (A961V).
Interestingly, the M318V mutant was also detected by PCR in
HHV-6-infected PBMCs from an AIDS patient who had re-
ceived long-term ganciclovir therapy. Recently, Safronetz et al.
(348) evaluated the impact of a series of HHV-6 U69 muta-
tions introduced at positions corresponding to ganciclovir re-
sistance-conferring codons in HCMV UL97. Substitutions in
positions 318, 448, and 463 (corresponding to UL97 codons
460, 592, and 607, respectively) were shown to severely impair
ganciclovir phosphorylation by pU69 expressed in a baculovi-
rus system. The impact of the A961V substitution in the HHV-6
DNA polymerase, reported by Manichanh et al. (268), is not
fully understood.
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