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Chromosomally integrated HHV-6: impact on virus, cell

and organismal biology

Benedikt B Kaufer' and Louis Flamand®

HHV-6 integrates its genome into telomeres of human
chromosomes. Integration can occur in somatic cells or
gametes, the latter leading to individuals harboring the HHV-6
genome in every cell. This condition is transmitted to
descendants and referred to as inherited chromosomally
integrated human herpesvirus 6 (iciHHV-6). Although
integration can occur in different chromosomes, it invariably
takes place in the telomere region. This integration mechanism
represents a way to maintain the virus genome during latency,
which is so far unique amongst human herpesviruses. Recent
work provides evidence that the integrated HHV-6 genome can
be mobilized from the host chromosome, resulting in the onset
of disease. Details on required structural determinants, putative
integration mechanisms and biological and medical
consequences of iciHHV-6 are discussed.

Addresses

" Institut fiir Virologie, Freie Universitat Berlin, Berlin, Germany

2 Division of Infectious and Immune Diseases, CHU de Quebec,

Research Center and Department of Microbiology-Infectious Diseases
and Immunology, Université Laval, Quebec, Canada

Corresponding author: Flamand, Louis (louis.flamand@crchul.ulaval.ca)

Current Opinion in Virology 2014, 9:111-118

This review comes from a themed issue on Special Section:
Roseoloviruses

Edited by Laurie Krug

http://dx.doi.org/10.1016/j.coviro.2014.09.010
1879-6257/© 2014 Published by Elsevier B.V.

Introduction

The genomes of human herpesvirus 6A (HHV-6A) and
HHV-6B consist of a single unique segment (U)
(~145 kbp) flanked by identical direct repeats (DR)
(~9kbp) [1-4]. The DRs are flanked by pacl and pac2
sequences that are involved in the cleavage and the
packaging of the HHV-6 genome (Figure 1) [5,6]. Adja-
cent to the pacZ sequences is an array of telomeric repeats
(I'MR) that are identical to the human telomere
sequences (T'TAGGG). In proximity to pacl is a second
telomere array, consisting of TMR that are disrupted by
other repetitive sequences, termed imperfect TMR
(impTMR) [3,6]. Intriguingly, TMR are found in several
lymphotropic herpesviruses belonging to the alpha, beta
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and gammaherpesvirinae [1,3,7-12] as discussed in greater
detail below.

Although HHV-6A and HHV6B viral genome integration
occurs in several distinct chromosomes, it invariably takes
place within the telomeric region of the host chromo-
somes. The precise mechanism that facilitates integration
is still to be defined; however, the presence of TMR at the
ends of the viral genomes suggests that these sequences
are involved by directing integration into host telomeres.
A role for the U94 protein in HHV-6A and HHV-6B
integration has been proposed, but remains to be proven
experimentally. The relatively wide tropism of HHV-6A
and HHV-6B suggest that integration can take place in
many different cell types, including gametes. Integration
into gametes results in individuals carrying a copy of the
HHV-6 genome in every cell of their body. This condition
is referred to as inherited chromosomally integrated
HHV-6 (icitHHV-6) and is quite common as it is observed
in approximately 1% of the human population (50-70
million individuals) worldwide. icitHHV-6 should be dis-
tinguished from the commonly used term ciHHV-6 that
refers to the presence of integrated HHV-6 genomes,
regardless if this is inherited or not. Individuals with
iciHHV-6 will transmit the integrated HHV-6 genome
according to the Mendelian laws, meaning that 50% of the
descendants will inherit iciHHV-6. In this review, the
biology of viral integration, the possible medical con-
sequences associated with ictHHV-6 and priority research
areas will be discussed.

What is known about HHV-6 latency? Is
integration the default mechanism for genome
maintenance during latency for HHV-6?

One hallmark of all herpesviruses is that they not only
replicate in the infected host but also establish a lifelong
persistent infection termed latency. Latency is charac-
terized by the continued presence of the viral genome in
infected target cells but the absence of infectious virus
production. HHV-6 has been shown to establish a latent
infection in various cell types including early bone mar-
row progenitor cells [13], primary monocytes/macro-
phages [14], myeloid cell lines [15], an astrocytoma cell
line [16] and an oligodendrocyte cell line [17]. In most of
these cell types, HHV-6 genes involved in lytic replica-
tion are not express and the virus can reactivate,
suggesting that it is a quiescent rather than an abortive
infection. The target cells differ between HHV-6A and
HHV-6B, but more work needs to be done to define the
true latency reservoir of both viruses.
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Schematic representation of the HHV-6 genome. The unique region (U)
of the HHV-6 genome (140 kbp) is flanked by two identical direct repeat
sequences (10-13 kbp) referred to as DR, and DRg. The DRs contain
pac1 and pac2 sequences, perfect (TMR) and imperfect (impTMR)
telomeric sequences (TMR) and several open reading frames (not
shown). The genome is not drawn to scale.

During latency, a limited number of transcripts are
expressed. Four latency-associated transcripts encoded
from the HHV-6 IE1/IE2 locus, are highly spliced and
only expressed in latently infected cells 7# vitro and in
vivo [18]. It has been proposed that these transcripts give
rise to three latency-associated proteins termed ORF99,

Figure 2

ORF142, and ORF145; however no experimental evi-
dence that confirms their expression is available yet.
Furthermore, U94 has been shown to be expressed during
latency, even at higher levels compared to lytically
infected cells [19]. The U94 protein also blocks viral
gene expression in infected lymphocytes in culture
[19,20], suggesting that U94 is involved in the establish-
ment and/or maintenance of latency.

As mentioned above, HHV-6 has been shown to integrate
its genome into host telomeres of latently infected cells
(Figure 2). Integration of HHV-6 also occurs upon infec-
tion of various cell lines including JJhan and Molt-3 T-cells
[21°°,22], the human embryonic kidney cell line HEK293
[21°°,23]. Integration of HHV-6 is not a dead end, as virus
reactivation can be induced in cells that harbor the inte-
grated virus genome using the HDAC inhibitor trichostatin
A (TSA) or tetradecanoylphorbol-acetate (TPA) [14].
While most herpesviruses maintain their genome as a
circular episome in latently infected cells, no episomal
copies of the HHV-6 genome were detected [21°°,22].
Since only the integrated form of the HHV-6 genome is
present during latency, it is likely that integration is the
default mechanism for genome maintenance in this phase

Integration into somatic cells

& &
&

Integrated
HHV-6

Telomeres

b
b

gametes telomeres

Infection of somatic cells Integration into Individual with latently No gametes
telomeres infected cells carry ciHHV6
Integration into germinal cells
Integrated
HHV-6 % %
8® Q& — o
Telomeres
Infection of Integration into Embryo and adult carry Half of gametes

HHV-6 in the germ line carry ciHHV6

Current Opinion in Virology

Integration of HHV-6 into chromosomes of somatic and germinal cells. During primary HHV-6 infection early in life, the virus infects somatic cells such
as monocytes, macrophages and T-cells (upper panel). HHV-6 is able to integrate its genome and establish latency in these cells. Some latently

infected cells remain in the host for life, but the virus is not transmitted via the germ line. In addition, HHV-6 is able to infect germinal cells (lower panel).
Integration of HHV-6 into sperm cells or oocytes can result in an individual that harbors the virus in the germ line. These individuals pass on iciHHV-6 to

50% of their offspring according to the Mendelian laws of inheritance.
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Hypothetical models leading to HHV-6 genome integration into host chromosomes. (a) A model based on break-induced homologous recombination
(BIR) would allow invasion of 3’ end of the chromosome into the viral genome at the DRg TMR, followed by stand displacement and copying of the viral
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of infection; however, further work needs to be done to
determine whether latency can be achieved without integ-
ration, i.e. as a viral episome, to decipher the integration
mechanism and to understand how the virus genome is
mobilized during reactivation.

What is the underlying mechanism of
integration? Which cellular and viral factors
are potentially involved in the process?

The termini of eukaryotic chromosomes consist of con-
served structures termed telomeres that protect the genetic
information from terminal deterioration. Vertebrate telo-
meres consist of 7-10 kb hexameric repeats (T'TAGGG),
that are associated with a number of proteins. During DNA
replication, the terminal portion of the telomeres is not
completely copied due to the end replication problem. To
counteract this shortening, certain cell types express the
telomerase complex, which extends the telomeres by the
addition TMR sequences to the terminus.

Intriguingly, the HHV-6A and HHV-6B genomes contain
"TMR at their termini (Figure 1). The fact that HHV-6A
and HHV-6B integration invariably occurs in the telo-
meric region of human chromosomes, suggest that hom-
ologous recombination (HR) events between host and
viral TMR could facilitate integration.

Chromosome ends have a 3’ single-stranded G-rich
(T'TAGGG) overhang that is 30-500 nucleotides in
length [24-26]. To avoid recognition as double-stranded
DNA (dsDNA) break, the 3’ protruding end folds back
and invades the duplex telomeric DNA to generate a T-
loop structure [27-29]. A total of six proteins referred to as
the shelterin complex, bind and assist with T-loop for-
mation, stabilize chromosomal ends and prevent DNA
damage responses [30]. Sequencing of the HHV-6 integ-
ration sites indicated that the DRy region of the viral
genome is fused to the chromosome [31°°]. The pac2
region at this extremity is lost during the integration
process. In addition, the pacl sequences at the other
end of the viral genome (DRy,) are also lost and the viral
TMR are extended with TTAGGG repeats [31°°].

One model for HHV-6 integration compatible with this
structure is based on the DNA repair mechanism referred
to as break-induced replication (BIR). BIR is a HR path-
way that facilitates the repair of DNA breaks that have
only one end, contributing to the repair of broken replica-
tion forks and allowing telomere lengthening in the
absence of telomerase. BIR has been described in various

organisms including viruses, bacteria, and cukaryotes
(reviewed in [32]). In the context of HHV-6 integration,
BIR could be initiated by invasion of the 3’ single strand
chromosomal end into the dsDNA linear HHV-6 genome
at the TMR sites, followed by DNA synthesis that would
continue to the end of the viral genome (Figure 3a). Upon
cell replication and division, the 26-28 nucleotide pacl
sequences could erode until the TMR region is encoun-
tered. TMR could then serve as template for telomerase,
as recently reported [33]. It remains unknown which
cellular/viral proteins could participate in this BIR-de-
pendent HHV-6 integration. Considering that BIR is a
process that can occur independently of infection, one
would argue that viral proteins are dispensable. If HHV-6
integration occurs through BIR, other herpesviruses that
possess TMR could use the same mechanism to insert
their genome into telomeres of host chromosomes.

A second model for HHV-6 integration is based on the
putative integrase HHV-6 U94. U94 encodes a 490 amino
acid protein and is unique to HHV-6A and HHV-6B. It
has homology (24% identity) to the Adeno-Associated
parvovirus (AAV) Rep78/68, a non-structural protein that
is essential for AAV integration into chromosomes 19 [34-
36]. Besides the similarity, U94 contains the conserved
domains of Rep78/68 including the DNA binding and
endonuclease domain at the N-terminus as well as the
helicase and ATPase domains at the C-terminus [22].
Considering that Rep78/68 is essential for AAV integ-
ration and that U94 expression can complement an AAV
Rep78/68 deletion mutant [37] suggests that U94 may play
arole in HHV-6 integration. U94 possesses single-stranded
DNA binding activity [20,38,39] and interacts with the
"TATA-binding protein [39]. Recent studies indicate that
U94 binds telomeric DNA sequences and behaves as a 3/
5" exonuclease (T'rempe and Flamand, unpublished data).
A model for U94-dependent integration of HHV-6 into
human telomeres is proposed in Figure 3b. Through its
DNA-binding and exonuclease activities, U94 would inter-
act with the D-loop structure and remove the protected
invading chromosomal end. This would result in the dis-
ruption of the T-loop structure and the generation of a 3’
recessed chromosome end. Simultaneously, U94 would
attack the HHV-6 genome from its extremities generating
a 5" overhang at the DRy, that is complementary to that of
the chromosome. These strands would anneal and poly-
merases/ligases would fill and close the gaps. As described
for the BIR integration, the pacl at the DR}, end would be
lost by erosion followed by telomeric extension using the
viral TMR as template.

(Figure 3 Legend Continued) genome. The terminal pac1 sequence would be lost by erosion and the adjacent TMR could be used to restore
telomere sequences at the end. This integration process could occur independently of viral proteins. (b) U94-dependent integration process. Through
its 3'-5" exonuclease activity, U94 could process the ends of the viral genome and the telomeric D-loop structure, causing the T-loop structure to
unfold. This would generate compatible ends that could facilitate annealing of the virus genome and the host chromosome. Upon annealing, the
strands would be completed by cellular polymerases/ligases. The terminal pac1 sequence would be lost by erosion and the adjacent TMR could be

used to restore telomere sequences at the end.
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Do the HHV-6 telomeric repeats facilitate
integration into host telomeres? Are other
herpesviruses that harbor TMRs able to
integrate into the host genome?

As mentioned above, the HHV-6 genome harbors two
"TMR arrays within the DR regions: the perfect TMR at
the right end and the imperfect TMR at the left end of
the DR (Figure 1). The number of TMRs varies from
15 to 180 copies in clinical isolates [3,6,9,40]. It has been
proposed that the TMR are involved in HHV-6 integ-
ration; however, no experimental evidence has been
published yet. Deletion of the TMR in the HHV-6
genome resulted in a virus that replicates comparable
to parental and revertant viruses (Wallaschek and Kaufer,
unpublished data), indicating that the TMR are dispen-
sable for lytic replication. Integration analyses of recom-
binant viruses that lack the TMRs are currently under
investigation.

Besides Marek’s disease virus (MDV) and HHV-6, a
number of other herpesviruses harbor TMRs [41]. Among
them are more than a dozen herpesviruses from the
Herpesviridae and Alloherpesviridae family. These include
members of the alphaherpesvirinae subfamily such as
MDYV, herpesvirus of turkeys and duck enteritis virus,
the betaherpesviruses HHV-6A, HHV-6B and human
herpesvirus 7 (HHV-7) as well as the gammaherpesvirus
equine herpesvirus 2. Even the distantly related allo-
herpesviruses cyprinid herpesvirus 1-3 that infect var-
ious fish species including carp, gold fish and koi, harbor
TMR at both ends of their genome. The conserved
nature of the TMR in various herpesviruses suggests an
important function of those repeat sequences. Integ-
ration into host telomeres was so far only shown for
MDYV, HHV-6A and HHV-6B [21°°,23,42°], but it is
likely that also other herpesvirus containing TMRs in
their genome integrate their genetic material. It was
recently shown that the viral TMRs can facilitate integ-
ration of the virus genome into host telomeres using
MDYV as a model for herpesvirus integration iz vitro and
in vivo [42°]. As HHV-6A and HHV-6B also integrate
into telomeres it is very likely that the viral TMRs are
also involved in this process as proposed for the two
integration models above. The closely related HHV-7
has not been reported to integrate into host chromo-
somes so far. In contrast to HHV-6, HHV-7 has a very
narrow tropism as it infects only CD4 expressing cells
[43]. Since only few cells are latently infected with
HHV-7, it is very difficult to identify these cells to
determine the status of the virus genome within an
individual. Intriguingly, HHV-7 does not encode a
homologue of U94, suggesting that this protein might
be the decisive factor for integration.

Another open question is whether germ line integration
also occurs with herpesviruses other than HHV-6A and
HHV-6B. In case of HHV-7, the virus likely does not

infect gametes as they do not express CD4, providing a
possible explanation why germ line integration was not
observed for this herpesvirus so far. A recent report
demonstrated that tarsier monkeys carry an endogenous
herpesvirus closely related to HHV-6 in their genome
termed Tarsius syrichta roseolovirus 1 [44]. Unlike
HHV-6, the genome of the tarsier monkey virus con-
tains several mutations raising doubts that functional
viruses could reactivate from the integrated state.
Future studies should address if other herpesviruses
that harbor telomeres are also able to integrate into the
germ line.

Inherited chromosomally integrated HHV-6:
major issues and top research priorities
Undoubtedly, the ultimate question is whether iciHHV-
6 represents a risk factor in disease development. It is
now well established that the self-renewal potential of
cells is directly linked to telomere length and telomerase
activity [45,46]. It is also known that the shortest telo-
mere, not average telomere length, is critical for cell
viability and chromosome stability [47]. Recent work
by Huang et al. indicates that chromosomes carrying
integrated HHV-6 often have the shortest telomeres
[31°°]. Once the number of telomeric repeated sequence
(TMR) is reduced to 13, chromosomal instability is
observed [48]. Several diseases are linked to telomere
dysfunctions and/or telomerase mutations such as hema-
topoietic dysfunction, pulmonary fibrosis, liver disease,
degenerative diseases and cancer [49-59]. Alterations
within telomeric regions are therefore a likely cause
for cellular dysfunctions linked to diseases. Intriguingly,
Pellett et al. reported that iciHHV-6 is 2.3x more fre-
quent (P < 0.001) in diseased (various diseases) individ-
uals relative to healthy ones [60]. One potential caveat of
this study is that the data was pooled from several small
independent studies. The fact that the prevalence of
iciHHV6+ individual varies between 0.2% and 2.9%
depending on the geographical regions and population
sampled (healthy versus diseased) likely affected the
outcome of the study. Sampling of a large cohort
(7 =50 000 subjects) of individuals aged over 40, when
the prevalence of disease is greater, and from a region
where the population is relatively homogenous (to mini-
mize confounding factors) would represent an almost
ideal way to address the clinical aspects of iciHHV-6.
Access to medical records is key for such analyses. By
comparing the prevalence of specific diseases in icitHHV-
6 versus non-iciHHV-6 individuals, risk factors could be
estimated. Once identified, more precise questions per-
taining to the mechanisms causing disease could be
addressed. In addition, integration of the virus in non-
iciHHV-6 patients during latency could also alter cellular
function of target cells such as T cells, monocytes,
neuroglial cells. This could also influence co-infections
with other pathogens or increase the risk of autoimmune
disease.

www.sciencedirect.com
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Another area worth investigating is the ability of HHV-6
to infect gametes. To facilitate incorporation into the
germ line, HHV-6 must infect gametes and integrate
its genome into a host chromosome. This integration
most likely occurs in an ovum or sperm progenitor cells,
thereby increasing the likelihood transferring the HHV-6
genome into an embryo. Intriguing work by the Hollsberg
group indicates that HHV-6 is present in sperm of healthy
males and that the virus can bind to sperm cells. This
binding mechanism would allow transport of the virus
along with the sperm cells to the ovum [61°]. Another
possibility is that HHV-6 can reactivate from infected
sperm cells and spread to a fertilized egg cell. Whether a
haploid chromosome content influences integration
remains unknown. Clearly more work on this subject is

needed to fully appreciate the initial steps leading to
ictHHV-6.

Lastly, the mechanism that allows mobilization of the
integrated HHV-6 genome, resulting in reactivation and
pathogenesis, remains a fundamental question. Recent
studies i vitro [21°°] and in vivo [63°] provided some
evidence that integrated HHV-6 can indeed mobilize its
genome and reactivate. Two reports suggest that viral
excision could occur through the formation of T-circles
[31°°,62]. These T-circles would arise from recombina-
tion events between HHV6 DR regions and result in the
generation of a full length circular viral genome contain-
ing a single DR. This genome would then serve as
template for rolling-circle replication of the virus genome,
resulting concatemeric viral DNA. Further convincing
evidence was recently provided by Endo et al. that
reported pathogenesis from reactivated iciHHV-6A in a
Japanese infant with X-SCID [64°°]. The profound
immunosuppression observed in X-SCID was most likely
a key-contributing factor for the observed uncontrolled
viral replication. From these observations, two major
research priorities emerge. First, in the absence of safe
and highly effective anti-HHV-6 drugs, the development
of immunotherapeutic approaches to prevent/control
HHV-6 reactivation is warranted. HHV-6 specific T cells
recognizing peptides derived from the U11, U54 and IE1
proteins have recently been identified [65-68]. Whether
these could prevent HHV-6 reactivation and disease
should be addressed in a clinical setting. The second
research priority relates to the transplantation of organs
derived from iciHHV-6+ individuals. Even though almost
everyone is already infected with HHV-6, the burden of
latently infected cells is likely minimal compared to the
number of HHV-6-infected cells introduced upon trans-
fer of organs such as kidneys, livers or even bone marrow
cells from an iciHHV-6+ donor. Organs from ictHHV-6+
donors would represent an important reservoir of latently
infected cells, possibly reactivating considerable amounts
of HHV-6. In addition, cells of iciHHV-6 patients are
known to express viral RNAs in the absence of reactiva-
tion. Cells expressing HHV-6 proteins would be attacked

by the immune system, which could explain, at least in
part, idiopathic chronic organ rejection. Realizing that the
demand for organ exceeds organ donation, monitoring of
iciHHV-6 status of organ donors should be determined
prior transplantation to avoid adverse effects and ensure
proper diagnosis and treatment by the clinicians.

Conclusion

Initially considered an oddity among virologists, HHV-6
integration is now considered a part of the natural HHV-6
life cycle. Establishment of latency by integration of the
virus genome into host chromosomes allows HHV-6 to
minimize detection by immune effector cells, ensuring its
long-term persistence. It should be pointed out that
HHV-6 integration has so far been only observed in
iciHHV-6 individuals. The search for cells carrying inte-
grated HHV-6 from a non-iciHHV-6 is still ongoing.
Recent advances have started to unravel how these
viruses might excise themselves from the integrated
state. Although the processes leading to integration
remain elusive for the most part, the medical con-
sequences associated with iciHHV-6 are now starting
to be recognized as a risk factor for disease development.
Large-scale population studies and systemic monitoring
of iciHHV-6 status would provide conclusive answers to
the biological and medical consequences associated with

iciHHV-6.

Acknowledgements

This review was presented in part at the NIAID-sponsored conference
entitled ‘Roseoloviruses: Clinical Impact, Interventions, and Research
Needs’, June 2, 2014, Natcher Center, NIH, Bethesda, MD. This work was
supported by the DFG Grant KA 3492/1-1 and unrestricted funding from
the Freie Universitit Berlin (B.K.) and by a grant from the Canadian
Institute of Health Research of Canada (MOP-123214) (LL.F.).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Martin ME, Thomson BJ, Honess RW, Craxton MA, Gompels UA,
Liu MY, Littler E, Arrand JR, Teo |, Jones MD: The genome of
human herpesvirus 6: maps of unit-length and concatemeric
genomes for nine restriction endonucleases. J Gen Viro/ 1991,
72:157-168.

2. Dominguez G, Dambaugh TR, Stamey FR, Dewhurst S, Inoue N,
Pellett PE: Human herpesvirus 6B genome sequence: coding
content and comparison with human herpesvirus 6A. J Viro/
1999, 73:8040-8052.

3. Gompels UA, Macaulay HA: Characterization of human
telomeric repeat sequences from human herpesvirus 6 and
relationship to replication. J Gen Virol 1995, 76:451-458.

4. Isegawa Y, Mukai T, Nakano K, Kagawa M, Chen J, Mori Y,
Sunagawa T, Kawanishi K, Sashihara J, Hata A et al.: Comparison
of the complete DNA sequences of human herpesvirus
6 variants A and B. J Viro/ 1999, 73:8053-8063.

5. Deng H, Dewhurst S: Functional identification and analysis of
cis-acting sequences which mediate genome cleavage and
packaging in human herpesvirus 6. J Viro/ 1998, 72:320-329.

Current Opinion in Virology 2014, 9:111-118

www.sciencedirect.com


http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0005
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0005
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0005
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0005
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0005
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0010
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0010
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0010
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0010
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0015
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0015
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0015
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0020
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0020
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0020
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0020
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0025
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0025
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0025

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Biology of chromosomally integrated HHV-6 Kaufer and Flamand 117

Thomson BJ, Dewhurst S, Gray D: Structure and heterogeneity
of the a sequences of human herpesvirus 6 strain variants

U1102 and Z29 and identification of human telomeric repeat
sequences at the genomic termini. J Viro/ 1994, 68:3007-3014.

Buckmaster AE, Scott SD, Sanderson MJ, Boursnell ME, Ross NL,
Binns MM: Gene sequence and mapping data from Marek’s
disease virus and herpesvirus of turkeys: implications for
herpesvirus classification. J Gen Virol 1988, 69:2033-2042.

Kishi M, Bradley G, Jessip J, Tanaka A, Nonoyama M: Inverted
repeat regions of Marek’s disease virus DNA possess a
structure similar to that of the a sequence of herpes simplex
virus DNA and contain host cell telomere sequences. J Viro/
1991, 65:2791-2797.

Kishi M, Harada H, Takahashi M, Tanaka A, Hayashi M,
Nonoyama M, Josephs SF, Buchbinder A, Schachter F, Ablashi DV
etal.: Arepeat sequence, GGGTTA, is shared by DNA of human
herpesvirus 6 and Marek’s disease virus. J Virol 1988, 62:4824-
4827.

Secchiero P, Nicholas J, Deng H, Xiaopeng T, van Loon N,
Ruvolo VR, Berneman ZN, Reitz MS Jr, Dewhurst S: Identification
of human telomeric repeat motifs at the genome termini of
human herpesvirus 7: structural analysis and heterogeneity. J
Virol 1995, 69:8041-8045.

Nicholas J: Determination and analysis of the complete
nucleotide sequence of human herpesvirus. J Virol 1996,
70:5975-5989.

Telford EA, Watson MS, Aird HC, Perry J, Davison AJ: The DNA
sequence of equine herpesvirus 2. J Mol Biol 1995, 249:
520-528.

Luppi M, Barozzi P, Morris C, Maiorana A, Garber R, Bonacorsi G,
Donelli A, Marasca R, Tabilio A, Torelli G: Human herpesvirus
6 latently infects early bone marrow progenitors in vivo. J Viro/
1999, 73:754-759.

Kondo K, Kondo T, Okuno T, Takahashi M, Yamanishi K: Latent
human herpesvirus 6 infection of human monocytes/
macrophages. J Gen Virol 1991, 72:1401-1408.

Yasukawa M, Ohminami H, Sada E, Yakushijin Y, Kaneko M,
Yanagisawa K, Kohno H, Bando S, Fujita S: Latent infection and
reactivation of human herpesvirus 6 in two novel myeloid cell
lines. Blood 1999, 93:991-999.

Yoshikawa T, Asano Y, Akimoto S, Ozaki T, Iwasaki T, Kurata T,
Goshima F, Nishiyama Y: Latent infection of human herpesvirus
6 in astrocytoma cell line and alteration of cytokine synthesis.
J Med Virol 2002, 66:497-505.

Ahlgvist J, Fotheringham J, Akhyani N, Yao K, Fogdell-Hahn A,
Jacobson S: Differential tropism of human herpesvirus 6 (HHV-
6) variants and induction of latency by HHV-6A in
oligodendrocytes. J Neurovirol 2005, 11:384-394.

Kondo K, Shimada K, Sashihara J, Tanaka-Taya K, Yamanishi K:
Identification of human herpesvirus 6 latency-associated
transcripts. J Virol 2002, 76:4145-4151.

Rotola A, Ravaioli T, Gonelli A, Dewhurst S, Cassai E, Di Luca D:
U94 of human herpesvirus 6 is expressed in latently infected
peripheral blood mononuclear cells and blocks viral gene
expression in transformed lymphocytes in culture. Proc Nat/
Acad Sci U S A 1998, 95:13911-13916.

Caselli E, Bracci A, Galvan M, Boni M, Rotola A, Bergamini C,
Cermelli C, Dal Monte P, Gompels UA, Cassai E et al.: Human
herpesvirus 6 (HHV-6) U94/REP protein inhibits
betaherpesvirus replication. Virology 2006, 346:402-414.

Arbuckle JH, Medveczky MM, Luka J, Hadley SH, Luegmayr A,

Ablashi D, Lund TC, Tolar J, De Meirleir K, Montoya JG et al.: The
latent human herpesvirus-6A genome specifically integrates
in telomeres of human chromosomes in vivo and in vitro. Proc
Natl Acad Sci U S A 2010, 107:5563-5568.

First report describing in vitro integration and reactivation of HHV-6.

22.

Arbuckle JH, Medveczky PG: The molecular biology of human
herpesvirus-6 latency and telomere integration. Microbes
Infect 2011, 13:731-741.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Arbuckle JH, Pantry SN, Medveczky MM, Prichett J, Loomis KS,
Ablashi D, Medveczky PG: Mapping the telomere integrated
genome of human herpesvirus 6A and 6B. Virology 2013,
442:3-11.

Chai W, Shay JW, Wright WE: Human telomeres maintain their
overhang length at senescence. Mol Cell Biol 2005, 25:2158-
2168.

Makarov VL, Hirose Y, Langmore JP: Long G tails at both ends of
human chromosomes suggest a C strand degradation
mechanism for telomere shortening. Cell 1997, 88:657-666.

McElligott R, Wellinger RJ: The terminal DNA structure of
mammalian chromosomes. EMBO J 1997, 16:3705-3714.

Griffith JD, Comeau L, Rosenfield S, Stansel RM, Bianchi A,
Moss H, de Lange T: Mammalian telomeres end in a large
duplex loop. Cell 1999, 97:503-514.

Nikitina T, Woodcock CL: Closed chromatin loops at the ends of
chromosomes. J Cell Biol 2004, 166:161-165.

Raices M, Verdun RE, Compton SA, Haggblom ClI, Griffith JD,
Dillin A, Karlseder J: C. elegans telomeres contain G-strand and
C-strand overhangs that are bound by distinct proteins. Cel/
2008, 132:745-757.

de Lange T: How telomeres solve the end-protection problem.
Science 2009, 326:948-952.

Huang Y, Hidalgo-Bravo A, Zhang E, Cotton VE, Mendez-
Bermudez A, Wig G, Medina-Calzada Z, Neumann R, Jeffreys AJ,
Winney B et al.: Human telomeres that carry an integrated copy
of human herpesvirus 6 are often short and unstable,
facilitating release of the viral genome from the chromosome.
Nucleic Acids Res 2014, 42:315-327.

Detailed study of the structure of the integrated HHV-6 genome with
molecular evidence indicating viral excision from host DNA.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Malkova A, Ira G: Break-induced replication: functions and
molecular mechanism. Curr Opin Genet Dev 2013, 23:271-279.

Ohye T, Inagaki H, Ihira M, Higashimoto Y, Kato K, Oikawa J,
Yagasaki H, Niizuma T, Takahashi Y, Kojima S et al.: Dual roles for
the telomeric repeats in chromosomally integrated human
herpesvirus-6. Sci Rep 2014, 4:4559.

Linden RM, Ward P, Giraud C, Winocour E, Berns KI: Site-specific
integration by adeno-associated virus. Proc Nat/ Acad SciU S A
1996, 93:11288-11294.

Linden RM, Winocour E, Berns KI: The recombination signals for
adeno-associated virus site-specific integration. Proc Nat/
Acad Sci U S A 1996, 93:7966-7972.

Thomson BJ, Efstathiou S, Honess RW: Acquisition of the human
adeno-associated virus type-2 rep gene by human herpesvirus
type-6. Nature 1991, 351:78-80.

Thomson BJ, Weindler FW, Gray D, Schwaab V, Heilbronn R:
Human herpesvirus 6 (HHV-6) is a helper virus for adeno-
associated virus type 2 (AAV-2) and the AAV-2 rep gene
homologue in HHV-6 can mediate AAV-2 DNA replication and
regulate gene expression. Virology 1994, 204:304-311.

Dhepakson P, Mori Y, Jiang YB, Huang HL, Akkapaiboon P,
Okuno T, Yamanishi K: Human herpesvirus-6 rep/U94 gene
product has single-stranded DNA-binding activity. J Gen Viro/
2002, 83:847-854.

Mori Y, Dhepakson P, Shimamoto T, Ueda K, Gomi Y, Tani H,
Matsuura Y, Yamanishi K: Expression of human herpesvirus 6B
rep within infected cells and binding of its gene product to the
TATA-binding protein in vitro and in vivo. J Viro/ 2000, 74:6096-
6104.

Achour A, Malet |, Deback C, Bonnafous P, Boutolleau D,
Gautheret-Dejean A, Agut H: Length variability of telomeric
repeat sequences of human herpesvirus 6 DNA. J Virol Methods
2009, 159:127-130.

Osterrieder N, wallascheck N, Kaufer B: Herpesvirus genome
integration into telomeric repeats of host cell chromosomes.
Annu Rev Virol 2014, 1 (in press).

www.sciencedirect.com

Current Opinion in Virology 2014, 9:111-118


http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0030
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0030
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0030
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0030
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0035
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0035
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0035
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0035
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0040
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0040
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0040
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0040
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0040
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0045
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0045
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0045
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0045
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0045
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0050
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0050
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0050
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0050
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0050
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0055
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0055
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0055
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0060
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0060
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0060
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0065
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0065
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0065
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0065
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0070
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0070
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0070
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0075
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0075
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0075
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0075
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0080
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0080
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0080
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0080
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0085
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0085
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0085
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0085
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0090
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0090
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0090
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0095
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0095
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0095
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0095
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0095
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0100
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0100
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0100
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0100
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0105
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0105
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0105
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0105
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0105
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0110
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0110
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0110
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0115
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0115
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0115
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0115
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0120
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0120
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0120
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0125
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0125
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0125
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0130
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0130
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0135
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0135
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0135
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0140
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0140
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0145
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0145
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0145
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0145
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0150
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0150
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0155
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0155
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0155
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0155
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0155
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0155
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0160
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0160
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0165
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0165
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0165
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0165
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0170
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0170
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0170
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0175
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0175
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0175
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0180
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0180
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0180
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0185
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0185
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0185
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0185
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0185
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0190
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0190
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0190
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0190
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0195
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0195
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0195
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0195
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0195
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0200
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0200
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0200
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0200
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0205
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0205
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0205

118 Special Section: Roseoloviruses

42.

Kaufer BB, Jarosinski KW, Osterrieder N: Herpesvirus telomeric
repeats facilitate genomic integration into host telomeres and
mobilization of viral DNA during reactivation. J Exp Med 2011,
208:605-615.

Study demonstrating that herpesvirus TMRs facilitate MDV integration
into host telomeres.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

58.

54.

55.

56.

Lusso P, Secchiero P, Crowley RW, Garzino-Demo A, Berneman ZN,
Gallo RC: CD4 is a critical component of the receptor for human
herpesvirus 7: interference with human immunodeficiency virus.
Proc Natl Acad Sci U S A 1994, 91:3872-3876.

Aswad A, Katzourakis A: The first endogenous herpesvirus,
identified in the tarsier genome, and novel sequences from
primate rhadinoviruses and lymphocryptoviruses. PLoS Genet
2014, 10:e1004332.

Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu CP, Morin GB,
Harley CB, Shay JW, Lichtsteiner S, Wright WE: Extension of life-
span by introduction of telomerase into normal human cells.
Science 1998, 279:349-352.

Harley CB, Futcher AB, Greider CW: Telomeres shorten during
ageing of human fibroblasts. Nature 1990, 345:458-460.

Hemann MT, Strong MA, Hao LY, Greider CW: The shortest
telomere, not average telomere length, is critical for cell
viability and chromosome stability. Ce// 2001, 107:67-77.

Capper R, Britt-Compton B, Tankimanova M, Rowson J,
Letsolo B, Man S, Haughton M, Baird DM: The nature of telomere
fusion and a definition of the critical telomere length in human
cells. Genes Dev 2007, 21:2495-2508.

Sahin E, Colla S, Liesa M, Moslehi J, Muller FL, Guo M, Cooper M,
Kotton D, Fabian AJ, Walkey C et al.: Telomere dysfunction
induces metabolic and mitochondrial compromise. Nature
2011, 470:359-365.

Artandi SE, Chang S, Lee SL, Alson S, Gottlieb GJ, Chin L,
DePinho RA: Telomere dysfunction promotes non-reciprocal
translocations and epithelial cancers in mice. Nature 2000,
406:641-645.

Vulliamy T, Marrone A, Dokal |, Mason PJ: Association between
aplastic anaemia and mutations in telomerase RNA. Lancet
2002, 359:2168-2170.

Yamaguchi H, Calado RT, Ly H, Kajigaya S, Baerlocher GM,
Chanock SJ, Lansdorp PM, Young NS: Mutations in TERT, the
gene for telomerase reverse transcriptase, in aplastic anemia.
N Engl J Med 2005, 352:1413-1424.

Wilkie AO, Lamb J, Harris PC, Finney RD, Higgs DR: A truncated
human chromosome 16 associated with alpha thalassaemia is
stabilized by addition of telomeric repeat (TTAGGG),. Nature
1990, 346:868-871.

Mitchell JR, Wood E, Collins K: A telomerase component is
defective in the human disease dyskeratosis congenita. Nature
1999, 402:551-555.

Qazilbash MH, Liu JM, Vlachos A, Fruchtman S, Messner H,
Zipursky A, Alter BP, Young NS: A new syndrome of familial aplastic
anemia and chronic liver disease. Acta Haematol 1997, 97:164-167.

Armanios MY, Chen JJ, Cogan JD, Alder JK, Ingersoll RG,
Markin C, Lawson WE, Xie M, Vulto I, Phillips JA 3rd et al.:
Telomerase mutations in families with idiopathic pulmonary
fibrosis. N Engl J Med 2007, 356:1317-1326.

57.

58.

59.

60.

61.

O’Sullivan JN, Bronner MP, Brentnall TA, Finley JC, Shen WT,
Emerson S, Emond MJ, Gollahon KA, Moskovitz AH, Crispin DA
et al.: Chromosomal instability in ulcerative colitis is related to
telomere shortening. Nat Genet 2002, 32:280-284.

Calado RT, Regal JA, Hills M, Yewdell WT, Dalmazzo LF, Zago MA,
Lansdorp PM, Hogge D, Chanock SJ, Estey EH et al.:
Constitutional hypomorphic telomerase mutations in patients
with acute myeloid leukemia. Proc Natl Acad Sci U S A 2009,
106:1187-1192.

Ohyashiki JH, Ohyashiki K, Fujimura T, Kawakubo K,
Shimamoto T, Iwabuchi A, Toyama K: Telomere shortening
associated with disease evolution patterns in myelodysplastic
syndromes. Cancer Res 1994, 54:3557-3560.

Pellett PE, Ablashi DV, Ambros PF, Agut H, Caserta MT,
Descamps V, Flamand L, Gautheret-Dejean A, Hall CB, Kamble RT
et al.: Chromosomally integrated human herpesvirus 6:
questions and answers. Rev Med Virol 2012, 22:144-155.

Kaspersen MD, Larsen PB, Kofod-Olsen E, Fedder J, Bonde J,
Hollsberg P: Human herpesvirus-6A/B binds to spermatozoa
acrosome and is the most prevalent herpesvirus in semen
from sperm donors. PLOS ONE 2012, 7:e48810.

First study to document the presence of HHV-6 in sperm fluid of healthy
subjects and the ability of HHV-6 to attach to sperm cells.

62.

63.

Prusty BK, Krohne G, Rudel T: Reactivation of chromosomally
integrated human herpesvirus-6 by telomeric circle formation.
PLOS Genet 2013, 9:e1004033.

Gravel A, Hall CB, Flamand L: Sequence analysis of
transplacentally acquired human herpesvirus 6 DNA is
consistent with transmission of a chromosomally
integrated reactivated virus. J Infect Dis 2013, 207:
1585-1589.

Provided in vivo evidence of iciHHV-6 reactivation and transplacental
transmission.

64.

Endo A, Watanabe K, Ohye T, Suzuki K, Matsubara T, Shimizu N,
Kurahashi H, Yoshikawa T, Katano H, Inoue N et al.: Molecular
and virological evidence of viral activation from
chromosomally integrated human herpesvirus 6A in a patient
with X-linked severe combined immunodeficiency. Clin Infect
Dis 2014, 59:545-548.

Provided the first conclusive evidence of in vivo reactivation from inte-
grated HHV-6 with pathogenic outcomes.

65.

66.

67.

68.

Gerdemann U, Keukens L, Keirnan JM, Katari UL, Nguyen CT, de
Pagter AP, Ramos CA, Kennedy-Nasser A, Gottschalk SM,
Heslop HE et al.: Immunotherapeutic strategies to prevent and
treat human herpesvirus 6 reactivation after allogeneic stem
cell transplantation. Blood 2013, 121:207-218.

Martin LK, Schub A, Dillinger S, Moosmann A: Specific CD8(+) T
cells recognize human herpesvirus 6B. Eur J Immunol 2012,
42:2901-2912.

Nastke MD, Becerra A, Yin L, Dominguez-Amorocho O, Gibson L,
Stern LJ, Calvo-Calle JM: Human CD4+ T cell response to
human herpesvirus 6. J Virol 2012, 86:4776-4792.

lampietro M, Morissette G, Gravel A, Dubuc |, Rousseau M,
Hasan AN, O’Reilly RJ, Flamand L: Human herpesvirus 6B
immediate early | protein contains functional HLA-A*02, A*03
and B*07 class I-restricted CD8+ T cell epitopes. Eur J Immunol
2014. PMID: 25243920.

Current Opinion in Virology 2014, 9:111-118

www.sciencedirect.com


http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0210
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0210
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0210
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0210
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0215
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0215
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0215
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0215
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0220
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0220
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0220
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0220
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0225
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0225
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0225
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0225
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0230
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0230
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0235
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0235
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0235
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0240
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0240
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0240
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0240
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0245
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0245
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0245
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0245
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0250
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0250
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0250
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0250
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0255
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0255
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0255
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0260
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0260
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0260
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0260
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0265
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0265
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0265
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0265
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0265
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0270
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0270
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0270
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0275
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0275
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0275
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0280
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0280
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0280
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0280
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0285
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0285
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0285
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0285
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0290
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0290
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0290
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0290
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0290
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0295
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0295
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0295
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0295
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0300
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0300
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0300
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0300
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0305
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0305
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0305
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0305
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0310
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0310
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0310
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0315
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0315
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0315
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0315
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0315
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0320
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0320
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0320
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0320
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0320
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0320
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0325
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0325
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0325
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0325
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0325
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0330
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0330
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0330
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0335
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0335
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0335
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0340
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0340
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0340
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0340
http://refhub.elsevier.com/S1879-6257(14)00190-4/sbref0340

	Chromosomally integrated HHV-6: impact on virus, cell and organismal biology
	Introduction
	What is known about HHV-6 latency? Is integration the default mechanism for genome maintenance during latency for HHV-6?
	What is the underlying mechanism of integration? Which cellular and viral factors are potentially involved in the process?
	Do the HHV-6 telomeric repeats facilitate integration into host telomeres? Are other herpesviruses that harbor TMRs able to integrate into the host genome?
	Inherited chromosomally integrated HHV-6: major issues and top research priorities
	Conclusion
	Acknowledgements
	References and recommended reading


