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Department of Microbiology, Infectious Diseases and Immunology, Faculty of Medicine,
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Herpesviruses are members of a diverse family of viruses that colonize all vertebrates from fish to mammals.
Although more than one hundred herpesviruses exist, all are nearly identical architecturally, with a genome
consisting of a linear double-stranded DNA molecule (100 to 225 kbp) protected by an icosahedral capsid made
up of 162 hollow-centered capsomeres, a tegument surrounding the nucleocapsid, and a viral envelope derived
from host membranes. Upon infection, the linear viral DNA is delivered to the nucleus, where it circularizes
to form the viral episome. Depending on several factors, the viral cycle can proceed either to a productive
infection or to a state of latency. In either case, the viral genetic information is maintained as extrachromo-
somal circular DNA. Interestingly, however, certain oncogenic herpesviruses such as Marek’s disease virus and
Epstein-Barr virus can be found integrated at low frequencies in the host’s chromosomes. These findings have
mostly been viewed as anecdotal and considered exceptions rather than properties of herpesviruses. In recent
years, the consistent and rather frequent detection (in approximately 1% of the human population) of human
herpesvirus 6 (HHV-6) viral DNA integrated into human chromosomes has spurred renewed interest in our
understanding of how these viruses infect, replicate, and propagate themselves. In this review, we provide a
historical perspective on chromosomal integration by herpesviruses and present the current state of knowledge
on integration by HHV-6 with the possible clinical implications associated with viral integration.

Integration of viral genomes into the host’s chromosomes is
mandatory for the successful completion of the life cycles of
several viruses, including retroviruses and adeno-associated
viruses (AAV). In contrast, herpesviruses maintain their ge-
nomes as extrachromosomal circular episomes in the nuclei of
infected cells without the need for integration. However, there
have been several reports of chromosomally integrated herpes-
virus (CIHHV) DNA over the years, suggesting that herpesvi-
ruses can indeed integrate into the host’s chromosomes under
certain conditions. In addition, for a virus such as human
herpesvirus 6 (HHV-6), found integrated into the germ lines of
approximately 1% of the world’s population, integration may
represent more than a sporadic or anecdotal event.

Considering that replication of nonintegrated herpesvirus
DNA occurs through the well-accepted rolling-circle mecha-
nism, yielding long DNA concatemers that are subsequently
cleaved into single-genome equivalents during nucleic acid en-
capsidation, how replication of linear CIHHV DNA can occur
(if it does) remains unknown. In this document, we review
cases and reports of integrated nonhuman and human herpes-
viruses and discuss the outcomes of such events on the life
cycles of the viruses and the potential medical consequences of
integration.

Chromosomal insertions of alphaherpesvirus DNA seg-
ments, including those from herpes simplex viruses and equine

herpesvirus types 1 and 3, have been reported on numerous
occasions in the past (10, 11, 71, 77, 81, 87, 106). In most
instances, these events were detected following infection with
defective interfering particles or UV-irradiated viral prepara-
tions or transfection of sheared or subgenomic viral DNA
fragments. The integrated viral genome therefore consists
mostly of subgenomic fragments, and there is no possibility for
the production of infectious viral particles to occur. Many of
the cells carrying integrated viral DNA displayed a trans-
formed phenotype, fueling hypotheses on the oncogenic nature
of these viruses. Although the integration of foreign (viral)
DNA into chromosomes can cause several anomalies, the in-
tent of this review is to focus on viruses for which integration
of full-length viral DNA is documented and to raise, at least
theoretically, the possibility that viral replication can occur
following integration. Viruses that meet these criteria include
Marek’s disease virus (MDV), Epstein-Barr virus (EBV), and
HHV-6.

MAREK’S DISEASE VIRUS

Marek’s disease virus is an oncogenic alphaherpesvirus re-
sponsible for the development of T cell lymphomas in chick-
ens. MDV shares the closest homology with the varicella-zos-
ter virus. The genomic structure of MDV is analogous to that
of herpes simplex virus, consisting of a long unique sequence
(UL) and a short unique sequence (US), each flanked by a
terminal repeat (TR) sequence and an internal repeat (IR)
sequence, TRL to IRL and TRS to IRS, respectively (15).
Within the TRL and IRL are short, repeated sequences con-
taining telomere-like sequences (TAACCC) typically found at
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the ends of chromosomes (52). It has been demonstrated that
infection by MDV commonly leads to the integration of full-
length MDV DNA into chicken chromosomes, with no pref-
erence for a particular chromosome (27). The integration sites
are preferentially located near the ends of the chromosomes
within the telomeric region. The precise mechanisms by which
the MDV genome integrates into the chicken chromosomes
are unknown. Interestingly, oncogenic MDV strains, unlike
nononcogenic MDV strains, encode an RNA telomerase sub-
unit (viral TR [vTR]) that shares 88% sequence identity with
the chicken TR (cTR) gene (33). The secondary structure of
the vTR RNA is very similar to that of cTR RNA and can
complement telomerase reverse transcriptases (TERTs) in
functional assays (33). TERTs are enzymes that create single-
stranded DNA using single-stranded RNA (TR) as a template.
In doing so, TERTs add a six-nucleotide repeating sequence,
5�-TTAGGG (in all vertebrates), to the 3� strands of chromo-
somes (reviewed in reference 76). It is speculated that vTR
might play a role in MDV genome integration by aiding in the
generation of telomeric elongations at the ends of the viral
genome as a prerequisite for integration.

MDV can be found integrated at multiple sites in the chro-
mosomes of cells derived from MDV-related T cell lympho-
mas, which is suggestive of a correlation between integration
and oncogenicity (27). Considering that herpesvirus replication
typically occurs through a rolling-circle mechanism, using the
circularized viral DNA as a template, whether a linear and
integrated herpesvirus can replicate and generate infectious
virions is of great interest. In the case of MDV, the work by
Delecluse et al. (28) teaches us that once integrated, MDV can
replicate its DNA and generate new linear viral DNA mole-
cules, but the genomic structure replicating the viral genome
remains unknown. Based on the limited number of cell lines
and tumors studied and results generated from a single labo-
ratory, the significance of the studies is not clear at present,
due to the paucity of reports in this area.

EPSTEIN-BARR VIRUS

Epstein-Barr virus is a ubiquitous oncogenic human gamma-
herpesvirus whose primary infection is often asymptomatic in
young children but which can lead to infectious mononucleosis
if contracted by young adults. Cancers associated with EBV
infection include Burkitt’s lymphoma (BL), nasopharyngeal
carcinomas (NPCs), Hodgkin’s lymphoma, and posttransplant
lymphoproliferative disorders (reviewed in reference 58). EBV
infects two main cell types, B lymphocytes and epithelial cells.
The first reports on the possible integration of the EBV ge-
nome into human chromosomes date back to the mid- to late
1970s (3, 4, 50, 54, 89, 104). At that time, the conclusion that
EBV was integrated was derived mostly from isopycnic cen-
trifugation experiments. Subsequent DNA hybridization ex-
periments using multiple probes and sequencing confirmed the
integration of the full-length EBV genome (40, 70). Interest-
ingly, Namalwa cells that contain 2 integrated EBV DNAs in
the absence of episomal viral DNA cannot replicate the virus
(53), although expression of latent genes (EBNA1, EBNA2,
and latent membrane proteins [LMPs]) can be documented (9,
64). Similar results were reported with the IB4 cell line, which
contains 4 to 5 copies of full-length integrated EBV (51), and

the NAB-2 cell line, which carries a single integrated EBV
copy (64). These results suggest that even though some genes
are expressed, reactivation from integrated EBV does not oc-
cur. An interesting article by Hurley et al. (45) provides evi-
dence that extrachromosomal circularization of the EBV ge-
nome is detected mostly after infection of resting primary cells,
while in infection of activated primary B cells, the EBV ge-
nome persists solely as a single integrated copy. Furthermore,
in every example studied, the viral DNA appeared to have
integrated as a linear genome (45). These results point to
cellular factors present in activated cells that could negatively
influence the formation or stable retention of the viral episome
(such as proteases and nucleases) or, alternatively, that inte-
gration occurs more efficiently in activated cells, as replicating
DNA is more permissive to integration. This is further sup-
ported by infection of established EBV-negative (EBV�) Bur-
kitt’s lymphoma (BL) cell lines in which EBV has to integrate
in order to persist (45). It thus appears that during in vitro
infection of EBV� BL cell lines by EBV, integration and ep-
isomal maintenance are mutually exclusive (4, 45, 100). This is
not to say that the viral episome and integrated viral DNA
cannot coexist, as several endogenously EBV-infected BL-de-
rived cell lines carrying both episomal and integrated viral
DNA have been described (5, 26). Integration of EBV DNA is
by no mean restricted to B lymphocytes, as epithelial cells
derived from NPCs are also found to carry CIEBV (16, 57).
EBNA1 was expressed in NPCs carrying CIEBV, indicating
that unlike viral replication, which appears to necessitate a
circularized viral genome, viral gene transcription can occur
despite the absence of episomal viral DNA (16). A central
question is whether EBV integration occurs subsequently to in
vitro cultivation of EBV-infected cells or whether it occurs in
vivo. Using NPC biopsy specimen samples, Kripalani-Joshi and
Law reported the detection of integrated EBV in 4 of 17
samples, which argues that integration can occur in vivo (57).
This is somewhat analogous to chicken T cell lymphoma cells
in which MDV is found integrated in primary tumors (27).

As chromosomal integration may lead to genetic abnormal-
ities, whether EBV integration into human chromosomes oc-
curs randomly or not is of importance. It is clear from the
literature that EBV does not integrate at a single site. Whether
the integration sites are randomly distributed is still debatable,
due in part to the relatively small number of integration sites
determined. By analyzing 12 in vitro-immortalized B cell lines,
2 in vivo-infected cell lines, and one BL cell line (EB2), Lestou
et al. concluded that EBV integration is nonrandom, with
involvement of bands 1p31, 1q43, 2p22, 3q28, 4q13, 5p14, 5q12,
and 11p15 in the majority of cell lines examined (60). Inter-
estingly, EBV integration was located mainly in G-band-posi-
tive material. G-band-positive material refers to regions of
chromosomes that stain with Giemsa reagent and are generally
associated with heterochromatin, regions that contain many
repeats and no functional genes. Note that integration does not
occur exclusively in regions devoid of genes, as integration sites
occasionally overlap with bona fide cellular genes such as
MACF1 (cell motility factor) in Namalwa cells (70), BACH2
(cell differentiation and/or tumor suppressor) in Raji cells (88),
and REL and BCL-11A (myeloid and B cell proto-oncogene)
in NAB-2 cells (64), raising the possibility that oncogenesis can
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arise through expression of EBV oncogenes as well as through
alterations in cellular gene expression.

HUMAN HERPESVIRUS 6

HHV-6 is one of the most widespread herpesviruses, infect-
ing the human population with a prevalence approaching
100%. HHV-6 primary infection, which generally occurs dur-
ing the first 2 years of life, develops into roseola infantum, a
disease characterized by intense fever for 2 to 3 days followed
for a minority of infants (25 to 30%) by a nonvesicular cuta-
neous rash on the trunk and back (105). Following the primary
infection, HHV-6 establishes latency, most likely in monocytes
and/or macrophages (55, 56). HHV-6 reactivation from latency
can cause serious secondary infections such as encephalitis,
primarily in immunosuppressed patients such as bone marrow
transplant recipients (96, 97, 107, 108). There are two variants
of HHV-6 present within the population. The B variant is the
most prevalent and is associated with virtually all cases of
roseola. The epidemiology and disease association of the rarer
A variant are much less well defined.

CHROMOSOMAL INTEGRATION OF HHV-6

Among herpesvirus family members, HHV-6 is certainly the
one for which integration into the host’s genome is most con-
sistently observed. In fact, over the last 15 years several inde-
pendent research groups have published more than 30 articles
on the subject. Most of these are case reports of individuals
carrying integrated HHV-6 in their genomes (Table 1). The
first reports date to the early to mid-1990s, when Luppi et al.
made the first demonstration of the presence of a partial and
possibly full-length integrated HHV-6 genome in the DNA of
freshly isolated peripheral blood mononuclear cells (PBMCs)
(66, 68, 94). Subsequent work by researchers around the world
give estimates of the prevalence of CIHHV-6 in the world
population of approximately 1%, with no apparent disease
association, although the number of cases reported remains

limited: 1.5% of Czech Republic childhood leukemia patients
(43), 0.9% of the Italian transplant population (78), 0.8% of
United Kingdom blood donors (up to 2.9% of hospital pa-
tients) (59), 1.6% of patients with suspected encephalitis in the
United Kingdom (found in the cerebrospinal fluid) (102), and
0.21% of the general Japanese population (90). Both HHV-6
variants A and B have the ability to integrate the human
genome. By extrapolation, considering that HHV-6 infects
close to 100% of the human population, this suggests that
nearly 70 million individuals carry CIHHV-6. Not only is the
prevalence of integration much higher than for any other hu-
man herpesvirus, but a major difference lies in the observation
that CIHHV-6 is present in every nucleated cell of the body,
from hair follicles to PBMCs (37, 78, 101). Because the med-
ical consequences of CIHHV-6 are not known, there is a lot of
concern as to whether cells, tissues, and organs from individ-
uals with CIHHV-6 are to be considered acceptable and “med-
ically safe” for transplant purposes.

The mechanisms involved in HHV-6 integration are still
largely unknown. The HHV-6 genome consists of a single
unique component ([U] �145 kbp) flanked by identical direct
repeats ([DR] �9 kbp) (32, 36, 46, 69) that are in turn brack-
eted by pac1 and pac2 sequences involved in the cleavage and
packaging of the HHV-6 genome (29, 91) (Fig. 1). Adjacent to
the pac2 sequences are serial TAACCC motifs that are iden-
tical to the human telomeric repeat sequence (TRS), while
those adjacent to pac1 are imperfect and are referred to as
het(TAACCC)n sequences (35, 91) (Fig. 1). It is presumed
that through homologous recombination between the TRS
present within the HHV-6 genome and the telomeres, the
HHV-6 genome, or part of it, gets integrated within human
chromosomes (Fig. 1). In fact, all integration sites identified to
date (1q44, 9q34.3, 10q26, 11p15.5, 17p13.3, 18p11.3, 18q23,
19q13.4, and 22q13.3) have been localized in the telomeric
regions (Table 1). Although there is no clear-cut evidence
suggesting that viral integration occurs preferentially in certain
chromosomes, some, such as 17p13.3, appear to be targeted
preferentially (Table 1). More cases need to be studied to
validate this information, but it is possible that HHV-6 inte-
gration at sites other than the telomeres is not tolerated or that
the virus is not viable, explaining why integration at other sites
has not been observed. Having telomeric sequences within its
extremities does not appear to be sufficient to promote inte-
gration, as HHV-7, the closest relative of HHV-6, possesses
such sequences but integration of HHV-7 has never been re-
ported (38). HHV-6 has a distinctive feature not possessed by
other human herpesviruses that might favor viral integration:
an open reading frame (U94) coding for a protein that shares
homologies (24% amino acid identity) with the REP68/78 pro-
tein of the parvovirus adeno-associated virus type 2 (AAV-2)
(92). The AAV-2 REP68/78 is a nonstructural protein essential
for the virus to integrate within chromosome 19 (61, 62). The
REP68/78 protein has at least three basic activities that play a
role in AAV-2 integration: DNA-binding, endonuclease, and
helicase-ATPase activities. Partial characterization of U94
demonstrated that the protein possesses DNA binding activi-
ties (31, 73). Although the endonuclease and helicase activities
of U94 have not been determined experimentally, mutational
analysis of the AAV-2 REP68 has identified several key amino
acids that are essential for such functions and that are con-

TABLE 1. Census of CIHHV-6 cases published in the literature

Variant
No. of

cases/chromosomal
locationa

References

A 1/10q26.3 75
2/17p13.3 6, 17, 75, 101
1/18q23 6
29/N/A 37, 39, 42, 43, 44, 72, 78, 90, 95, 102

B 1/1q44 20, 24
2/9q34.3 75, 101
1/11p15.5 17, 75, 101
5/17p13.3 68, 74, 75, 94, 101
1/18p11.3 44
2/19q13.4 75, 101
3/22q13 6, 90
1/22q13 and 1q44 23, 25
51/N/A 6, 37, 39, 43, 48, 59, 78, 90, 102

N/A 1/1q44 103
1/9q 26
1/22q 63
2/N/A 47, 49

a Cases from the same family are reported as a unique event. N/A, not avail-
able.
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served within U94 (98, 99), suggesting that U94 might possess
these activities, especially considering the fact that HHV-6
U94 can functionally complement an AAV-2 REP68/78 dele-
tion mutant (93). These facts argue that U94 retains at least
some basic functional activities similar to those of REP68/78.
Interestingly, when expressed, U94 is reported to inhibit viral
replication, suggesting that it may play a role in the establish-
ment of latency (13, 82) or, alternatively, that U94 might favor
viral integration.

The HHV-6 genome is present in at least three different
forms during a productive infection. In the virion and upon
entry, the viral genome is linear. Once in the nucleus, it circu-
larizes into an episome, and during replication, head-to-tail
concatemers are formed. Can all three viral genomic forms
(linear, episomal, and concatemeric) integrate, and if so, what
is the structure of the integrated genome and the fate of the
integrated provirus? We present some of the structures of the
integrated HHV-6 genome that depend upon whether integra-
tion occurs when the viral genome is linear or episomal or in
concatemeric form (Fig. 2). As shown in Fig. 2A, integration of
the linear viral genome through a single homologous recom-
bination event between the TRS present in DRR and chromo-
somal TRS results in an integrated provirus that has lost the
pac2 sequence from DRR. Without additional recombination
events, the genome can no longer fuse its termini to generate
the pac2/x/pac1 site (where x denotes a putative cleavage site)
required for packaging and cleavage (29, 91). Under such cir-
cumstances, integration constitutes a viral dead end, yielding a
nonexcisable, incomplete viral genome. The structure of an
integrated HHV-6 whose recombination occurred within DRL

would be slightly different (not shown), but the result would be
the same. We do not imply that integration of a linear genome
is without consequences for the host, since following a single

recombination event, the end of the chromosome would be
lost, possibly affecting the chromosome’s stability or causing
premature senescence. Furthermore, viral gene expression re-
mains possible (see below for possible consequences). The next
possible scenario is integration of the HHV-6 episome. As
presented in Fig. 2B, the circularized HHV-6 genome contains
a head-to-tail junction that results in the generation of one
pac2/x/pac1 site. Recombination through the TRS of DRL or
DRR and the TRS of the chromosome results in two distinct
viral genomic organizations (Fig. 2B). Assuming that the
HHV-6 genome could be replicated by the cellular DNA poly-
merases, excision would remain an issue, and cleavage at the
pac2/x/pac1 junction would result in incomplete viral genomes.
If replication were to be assumed by the HHV-6 polymerase
complex, with initiation starting at the origin of replication
located within the unique region, incomplete genomes would
also be generated. Integration of the viral episome is also pre-
dictive of a virus that is incapable of excision and replication. In
the last scenario, integration of viral concatemers occurs (Fig.
2C). Provided that a concatemer containing at least two pac2/x/
pac1 junctions gets integrated, the possibility exists that a full-
length HHV-6 genome could be excised from the chromosome
and initiate an infectious cycle. As shown, the cleavage of two
consecutive pac2/x/pac1 junctions within the concatemer would
result in the release of a full-length genome that could circularize,
regenerating the viral episome that is essential for viral replica-
tion. In our opinion, only integration of viral concatemers is com-
patible with the excision and generation of a full-length genome.
Based on the number of integrated HHV-6 copies/genome, it
might therefore be possible to predict which individuals are the-
oretically susceptible to the production of infectious virions. In-
tegration of linear or episomal viral DNA would yield one copy of
CIHHV-6/cell, while integration of viral concatemers would yield

FIG. 1. Hypothetical model of the integration of the HHV-6 genome into the subtelomeric and/or telomeric region of human chromosomes,
along with the possible contributions of the U94 gene product in homologous recombination events. Drawing is not to scale.
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�1 copy of CIHHV-6/cell. The work of Leong et al. (59) indicates
that some subjects have 2 to 5 copies of integrated HHV-6/cell,
which suggests that these individuals may have integrated con-
catemeric HHV-6 DNA.

It is important to distinguish the concept of genetic HHV-6
transmission (inherited) from chromosomal integration that
occurs following infection. From the literature, it is clear that
CIHHV-6 can be transmitted between generations, with
CIHHV-6 found integrated at the same chromosomal sites in
the progeny and the parent (6, 72). This germ line transmission
may come from either the mother or the father according to
Mendel’s laws, since not all offspring carry CIHHV-6 (24). At
first, the hypothesis that CIHHV-6 could be inherited did not
reach consensus. Daibata et al. first reported the presence of
CIHHV-6 at similar chromosomal locations in 3 subjects from

the same family and suggested that CIHHV-6 was transmitted
through inheritance (24). Others have proposed alternative
models for apparent transmission through inheritance, such as
a possible tendency for HHV-6 to integrate the same chromo-
somal locus (67). In 1999, Daibata et al. reported the study of
a child carrying two HHV-6 chromosomal integrations, with
one site (22q13) matching her mother’s and the other (1q44)
matching her father’s (23). Once again, this important obser-
vation has been criticized, since all experiments were made
using only peripheral blood cells (41). This argument was fre-
quently used, as peripheral blood cells could be infected and/or
integrated during the course of an individual’s lifetime or dur-
ing embryogenesis, yielding cells that harbor, at least for some
subjects, less than one copy of HHV-6 DNA per cell, which is
not compatible with the inherited transmission of CIHHV-6

FIG. 2. Structure, integrity, and orientation of the HHV-6 genome following integration of linear (A), episomal (B), or concatemeric (C) viral
DNA. For simplicity, only one recombination event with the chromosome’s telomeric region, yielding a chromosome ending with the viral genome,
is presented. (A) Recombination of linear viral DNA through the (TAACCC)n repeats in DRR results in the loss of the pac2 at the right end of
the genome. Recombination within (TAACCC)n of DRL (not shown) would result in the loss of the majority of the genome. Without additional
recombination events, these structures would not be compatible with a replication/packaging-competent HHV-6. (B) Recombination of episomal
viral DNA would result in two different viral genomic architectures, depending on whether recombination occurred within DRL or DRR. Once
again, in the absence of additional recombination events, these structures would not be compatible with a replication/packaging-competent HHV-6.
(C) Recombination of concatemeric viral DNA through the (TAACCC)n of one DRL is presented. Considering that the pac1-pac2 junction forms
a viral genomic cleavage site provided that two such junctions are present, the possibility exists that a full-length genome could be excised once
integrated. Similar conclusions could be drawn if the recombination event were to occur within the DRR (not shown). Please refer to main text
for further details.
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(65, 67). However, considering the current body of evidence,
the demonstration of positive fluorescent in situ hybridization
of HHV-6 probes in the chromosomes of fibroblasts (22), the
detection of viral DNA in the hair follicles of CIHHV-6 pa-
tients (�1 copy/hair follicle) (101), and the fact that high loads
of viral DNA can be found in several tissues throughout the
bodies of subjects with CIHHV-6 (44), little doubt persists that
CIHHV-6 can be inherited. The child conceived from CIHHV-
6-positive gametes shows at least one HHV-6 genome copy in
each nucleated cell of his or her body. We know little about the
long-term transmission (over several generations) of CIHHV-6
within the population but can affirm that it occurs over at least
3 generations (24). That HHV-6 can be transmitted from one
parent to a child suggests that at some point HHV-6 can infect
and integrate into germ cells, yielding gametes with CIHHV-6.
Alternatively, CIHHV-6 could arise by direct infection and
integration of HHV-6 into sperm or ova once gametogenesis
has occurred. Further work is needed in this area to better
understand this phenomenon. Following fertilization with a
CIHHV-6-containing gamete, the zygote develops into an em-
bryo and then a fetus, carrying one copy of CIHHV-6 into
every somatic cell. For the vast majority of children with re-
ported congenital HHV-6 infections, as diagnosed by the pres-
ence of HHV-6 DNA in cord blood cells, CIHHV-6 was trans-
mitted through inheritance (37). Interestingly, Hall et al.
reported that HHV-6A represents 32% of congenitally trans-
mitted CIHHV-6, an incidence much greater than that for
postnatally acquired infections, which are caused almost exclu-
sively by HHV-6B (37) (there is an exception in Africa [8]).
Computation of all cases reported in the literature supports
the 1:3 ratio of HHV-6A to HHV-6B in patients with
CIHHV-6 (Table 1).

In addition to inherited CIHHV-6, HHV-6 infection of so-
matic cells may lead to the chromosomal integration of
HHV-6. In such cases, the number of cells carrying CIHHV-6
would be relatively small and thus would not be detected using
conventional assays. In this context, Arbuckle et al. successfully
demonstrated HHV-6 integration following infection of JJHan
and 293 cells with viral DNA maintained in the absence of viral
episomes (6). Whether similar results can be obtained follow-
ing in vitro infection of primary cells is yet to be demonstrated.
Arbuckle et al. suggested that chromosomal integration by
HHV-6 would not constitute a viral dead end but rather rep-
resent a means to achieve latency in a fraction of cells during
active infection (6). Another group also supported the idea of
an unconventional latent form of HHV-6 (23, 24). By defini-
tion, viral latency is a phase in the virus’s life cycle in which,
after initial infection, virus production ceases. In latency, the
viral genome is not eradicated, and the virus can reactivate and
begin producing new virions without the host being de novo
infected. As presented in Fig. 2, integration is not without
consequences for the virus, since sequences at the extremities
are lost upon integration. This has been verified experimentally
by sequencing the cellular-viral junctions, which revealed a
79-nucleotide deletion at the far right extremity of the HHV-6
genome (6). Whether CIHHV-6 can reactivate and cause sec-
ondary infections does not meet consensus in the literature. To
demonstrate reactivation from an integrated virus, one first
needs to exclude the presence of nonintegrated viral episomes.
The absence or presence of viral episomes is generally deter-

mined using Gardella gel analysis (34) or accomplished by
PCR, using primers positioned within the DR regions such that
successful amplification occurs only when the viral DNA cir-
cularizes and joins the genomic extremities together. Event
though PCR is more sensitive that Gardella gels, proving that
viral episomes are absent remains a difficult and delicate task.
Second, one needs to be able to transmit infection from
CIHHV-6-carrying cells to uninfected cells, and third, to dem-
onstrate that the newly infecting virus matches the one inte-
grated. Attempts by several groups have failed at demonstrat-
ing HHV-6 reactivation from CIHHV-6-infected cells (7, 14,
21, 24). However, in a recent paper, Arbuckle et al. suggest
that reactivation does occur, since treating T cells from indi-
viduals carrying CIHHV-6 with the histone deacetylase inhib-
itor trichostatin A results in a 1.5- to 2-fold increase in the copy
numbers of HHV-6A (6). Furthermore, HHV-6 can be trans-
mitted from activated primary T cells of CIHHV-6-positive
donors to Molt3 cells. We feel that without additional exper-
imental data, the conclusion that CIHHV-6 can reactivate
should be interpreted with caution for the following reasons.
First, although U94-sequencing results were provided to sup-
port that the reactivated virus infecting Molt3 cells was the
same as the one integrated into the primary T cells, there were
several divergent nucleotides between the reactivated HHV-6
and the one integrated, making it difficult to draw firm con-
clusions; second, several nucleotide polymorphisms between
CIHHV-6 from the same family members were also observed;
third, the reactivated virus is presumed to be an A variant, but
HHV-6A is well known for being unable to infect Molt3 cells
(1), raising the possibility that nonintegrated HHV-6B was
rescued. The choice of U94 to confirm the source of the reac-
tivated HHV-6 is also somewhat questionable, as this gene is
among the most conserved (�95%) between the two variants.
There are several HHV-6 variant discriminatory genes, such as
the gH, gB, or U90 genes, that would have unquestionably
identified the source of the reactivated HHV-6 transmitted to
Molt3 cells (2, 32, 46). More studies will be necessary to con-
firm CIHHV-6 reactivation and to elucidate the associated
mechanisms. If chromosomal integration represents an un-
usual latent mechanism for HHV-6, the virus has little interest
in integrating in actively transcribed genomic regions. In that
regard, telomeres would represent adequate regions. Regard-
less of whether HHV-6 can reactivate or not, the virus can
certainly express some of its genes once integrated. In fact,
there have been reports that expression of several HHV-6
genes covering all kinetic classes from immediate-early to late
genes could be measured, while protein expression was either
not detected or not determined (18, 25).

CONSEQUENCES OF CIHHV-6 FOR DIAGNOSIS

Clark and Ward have written an excellent review on the
consequences of CIHHV-6 for diagnosis (19). Perhaps the
most frequent consequence of CIHHV-6 is the wrongful diag-
nosis of active HHV-6 infection. Typically, HHV-6 DNA is not
present in the serum and/or plasma of healthy non-CIHHV-6
individuals (83). Thus, when HHV-6 DNA is detected in
plasma or serum, one might assume that there is active viral
replication. However, for CIHHV-6 individuals whose cells
contain at least one copy of the HHV-6 genome/cell, loads of
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HHV-6 DNA of 104 to 105copies/ml of plasma are detected.
The simple act of drawing blood causes a certain amount of
cellular lysis. The inability of practitioners to distinguish bona
fide viral loads originating from active viral reactivation from
high DNA loads due to CIHHV-6 is probably the first estab-
lished consequence of viral integration. CIHHV-6 patients
have high DNA loads (and not high viral loads) that are un-
affected by antiviral medications (14, 42). This misdiagnosis
results in patients receiving unnecessary treatments, and anti-
viral therapies can have potentially serious consequences for
some patients (e.g., bone marrow transplant recipients). When
high DNA loads in plasma and leukocytes of cerebrospinal
fluids are detected, hair follicle DNA should be tested to de-
termine whether patients carry CIHHV-6 (19).

TRANSMISSION OF CIHHV-6 THROUGH
TRANSPLANTATION

Several case reports have shown the possibility of
CIHHV-6 transmission during transplants of hematopoietic
and cord blood cells from healthy CIHHV-6-positive donors
to transplant recipients (17, 30, 48, 49). Except for the

increase in HHV-6 DNA load in the blood and the possi-
bility of misdiagnosis confusion during monitoring of the
recipient (for CIHHV-6 and HHV-6 reactivation related to
the immunosuppression therapy), the impacts of this kind of
acquisition, if there are any, are still unknown. On the other
hand, transfer of hematopoietic stem cells from a healthy
donor to a CIHHV-6-positive recipient may lead to the
complete elimination of HHV-6 DNA from the leukocyte
pool (44). At present, cord blood and banked tissues are not
screened for CIHHV-6. Considering that the possibility that
CIHHV-6 might reactivate or be associated with chromo-
somal or genetic anomalies might exist, should blood/tissue/
hematopoietic stem cell banks be screened for CIHHV-6?
In our opinion and considering the current body of knowl-
edge (or lack thereof), we feel that until it is proven that
CIHHV-6 does not pose a threat or is not associated with
genetic abnormalities, samples positive for CIHHV-6 should
be eliminated from biobanks. Considering the prevalence of
HHV-6 in the population (nearly 100%), with an estimated
1% of individuals carrying an integrated form, the number
of tainted samples is not trivial, and they could easily be
identified by a simple quantitative PCR.

FIG. 3. Schematic representation of the hypothetical cellular consequences associated with CIHHV-6 (see text for details), as follows: (1)
no viral gene transcription; (2) viral gene expression, replication, and virion production; (3) expression of a subset of HHV-6 genes; (4 and
5) impact of HHV-6 integration on telomere function, architecture, and chromosome stability; (6) trans and/or cis activation of cellular gene
expression following integration; (7) immune tolerance due to expression of HHV-6 genes during embryogenesis; (8) destruction of tissues
or cells expressing HHV-6 antigens (from integrated HHV-6) by immune defense mechanisms developed in response to natural HHV-6
infection.
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CIHHV-6-ASSOCIATED PATHOLOGIES

As mentioned previously, no definite pathology is associated
with a CIHHV-6 genotype. Interestingly, when cases from the
literature are analyzed carefully, some pathologies, like hema-
tologic neoplasia, appear overrepresented. However, it would
be premature to conclude that there is a direct association,
since many of these studies were done with unhealthy cohorts
and detection of CIHHV-6 was not the first objective. In this
context, we take the liberty to propose several hypothetical
scenarios or pathologies associated with CIHHV-6 (schemati-
cally represented in Fig. 3). The telomeric regions, sites of
HHV-6 insertion, are not devoid of activities. Not only do they
contribute to chromosomal integrity and to cellular homeosta-
sis, but they also encode several transcripts (12, 80). Interest-
ingly, the telomeric regions where the majority of HHV-6
insertions occur are also associated with rare syndromes (e.g.,
Miller-Dieker syndrome, which is associated with microdele-
tion and/or LIS-1 gene alteration in chromosome 17p13.3;
chromosome 9q subtelomere deletion syndrome; and 18q syn-
drome, which is associated with an 18q23 deletion [79, 84-86]).
CIHHV-6 is likely not responsible for these diseases, but the
possibility of similar chromosomal alterations caused by
HHV-6 integration in these areas is of interest. Furthermore,
a 170-kb insertion (HHV-6 genome size) within the telomeric
areas can affect the integrity of telomeres and possibly induce
premature chromosome senescence (Fig. 3, pathway 4). Alter-
natively, could HHV-6 integration cause a truncation in telo-
meric regions (Fig. 3, pathway 5)? Can CIHHV-6 influence
activation of proto-oncogenes (Fig. 3, pathway 6)? We and
others (6) think that many important questions related to the
immune system should also be considered. For instance, since
CIHHV-6 is transmitted from mother to child, can immune
tolerance toward certain HHV-6 antigens be induced when
and if viral proteins get expressed during embryogenesis (Fig.
3, pathway 7)? Lastly, if genes from CIHHV-6 get expressed in
a cell-specific manner, could an autoimmune reaction be in-
duced following the primary infection (Fig. 3, pathway 8)?

CONCLUSIONS

Chromosomal integration by herpesviruses has been known
for many years but has mostly been considered an exception
rather than a true mechanism of viral persistence. Considering
that chromosomal integration may occur in a fraction of in-
fected cells, if one is not specifically looking for it one might
miss it. Detection of in vivo chromosomally integrated HHV is
even more challenging except in cases such as that of HHV-6,
where the integrated virus can be transmitted through the
gametes, generating offspring with a viral copy in every cell.
Furthermore, scientific reports addressing the consequences of
herpesvirus integration on cellular functions are very scarce,
and this review certainly raises more questions than it answers.
However, that chromosomal integration by certain herpesvi-
ruses does occur is a certainty. Whether it represents a bona
fide viral persistence mode or a viral dead end is yet to be
resolved, but it constitutes one of the challenges that need to
be addressed by virologists for a more complete understanding
of the biology of these complex viruses.
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