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Abstract

therapies.

Human herpes virus 6 (HHV-6) is a ubiquitous and most common pathogen that affects humans. Human

herpes virus 6B (HHV-6B) is a wide spread human herpesvirus that infects most people when they are children,
establishes latent infections in the central nervous system (CNS), especially in the hippocampus and amygdala, and
induces neurologic diseases. HHV-6 can establish a latent infection and be reactivated by various stimuli. Recently,
viral genomic DNA of HHV-6B has been detected in surgically removed brain tissues of intractable epilepsy patients,
suggesting the involvement of HHV-6B in the pathogenesis of epilepsy. Temporal lobe epilepsy (TLE) has been
shown to be closely related with HHV-6B. TLE patients with HHV-6B in their brains suffer from reiterative attacks of
febrile seizures and hippocampal sclerosis. However, the mechanisms underlying the contribution of this virus to
the development of TLE remains unknown. The direct damage and immune activation caused by the virus are
involved in the process of neuron damage, abnormal neural circuit formation and glial cell proliferation. In addition,
some cytokines like interleukin-17A (IL-17A), nuclear factor-kappa B (NF-kb), transforming growth factor-f (TGF-3),
mitogen-activated protein kinase (MAPK) and phospholipase A2 are up-regulated and involved in the pathological
process of TLE. More studies are needed to clarify the mechanisms underlying the link between HHV-6B and
epilepsy, and identify biomarkers to recognize different patient groups for anti-inflammatory or immunomodulatory
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Background

The role of HHV-6B in the development of central ner-
vous system (CNS) diseases is unclear, but the CNS has
been suggested as the site of latent and persistent human
herpes virus (HHV) infection [1]. Recent studies have
suggested that the HHV-6B infection is one of the causal
factors for febrile seizure (FS), febrile status epilepticus
(FSE), and mesial temporal lobe epilepsy (MTLE) [2]. In-
flammation is involved in epilepsy. Cytokines and in-
flammatory mediators produced by various injuries and
infections may lower the seizure threshold, and the oc-
currence of seizures, in turn, induce up-regulation of in-
flammatory mediators in the brain [3]. The persistent
infection and activation of HHV6B may be related to the
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chronic inflammatory response in the CNS, thus leading
to seizure attacks. In this review, we particularly focus
on the associations between HHV-6B infection and dif-
ferent epilepsy syndromes, and discuss the potential role
of HHV-6B in the development of chronic epilepsy,
which may offer insights into the development of thera-
peutic methods that target the viral or inflammatory
mechanisms at early stage and prevent the progression
of epilepsy.

History and structure of HHV-6 virus

In 1986, a novel HHV was first isolated from blood lym-
phocytes of patients with lymphoproliferative diseases
[4], and finally designated as HHV-6. HHV-6 is a herpes
simplex virus that has an envelope structure and linear
double-stranded DNA. Electron microscopy shows that
the virus particle has a diameter of 200 nm, encapsulated
by an icosahedral symmetrical capsid surrounded by a
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crust. HHV-6A and HHV-6B are two variants of HHV-6
[5]. In 2012, the International Committee on Taxonomy
of Viruses (ICTV) officially classified HHV-6A and
HHV-6B as distinct viruses. HHV-6A and HHV-6B are
both neurotropic, but differ in nucleotide sequence, cel-
lular tropism, antigenicity, and etiology [6]. HHV-6B is a
wide spread [B-herpesvirus that can infect a variety of cell
types. Acquired in early childhood, HHV-6B has been
etiologically linked to exanthem subitum, a benign or
self-limited disease [7, 8].

Some studies have supported that HHV-6 invades the
brain by the route of olfactory pathway, which is con-
nected to the limbic lobe [9]. The virus enters host cells
through viral envelope proteins that attach to and react
on host cell membrane. Approximately 1% of the general
population carries HHV-6 DNA chromosomally inte-
grated into every cell of their body [10]. Studies have
shown that CD46 is a cellular receptor for HHV-6 [11],
and that CD134 is a specific entry receptor for HHV-6B
[12]. A life-long subclinical status or incubation period
for infection is then established. The virus can remain
latent for a long time in the CNS and peripheral blood
mononuclear cells. It has been proposed that amygdala
and adenoids are two other sites for viral incubation
[13]. The virus can be reactivated under various stimuli,
especially in the case of immunodeficiency [14].

HHV-6B may establish a life-long latency, and be reac-
tivated to induce encephalitis when the host is at a state
of immunodeficiency or hypoimmunity [15]. Almost all
children have been infected with HHV-6B by the age of
two, and the virus will persist throughout the life at a
state of latency [16, 17]. In adults, latent HHV-6B infec-
tion may lead to some neurological diseases including
multiple sclerosis (MS), MTLE and encephalitis. Patients
frequently present seizures and severe neurological com-
plications, such as meningitis or meningoencephalitis.
HHV-6B is more associated with MTLE, while DNA and
mRNA of HHV-6A are more commonly detected in pa-
tients with MS [18].

HHV-6B and FS

The HHV-6B virus infection may play an important role
in the pathogenesis of FS, but the specific mechanism
remains unclear [19]. Hall et al. have found that in in-
fants and young children HHV-6 infection is a major
cause of FS [20]. Suga et al. reported that children with
primary HHV-6 infection have significantly higher fre-
quency and older median age of FS than those without
[21]. However, some studies have found no difference in
the HHV-6 infection rate between patients with and
without seizures [22, 23]. Recurrent FS is often associ-
ated with MTLE, possibly because that complex FS or a
long history of FS may increase the risk of hippocampal
sclerosis injury [24—27]. A large-scale analysis showed
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that the positive rate of HHV-6B DNA in TLE patients
with a previous history of brain inflammation was higher
than that in TLE patients without febrile convulsion or
meningoencephalitis [26]. Evidence has shown that me-
sial temporal sclerosis (MTS) is a common cause of
chronic mesial temporal epilepsy in adults, and is prob-
ably a result from severe febrile seizures at infancy. A
FEBSTAT study suggested that FSE is a contributing
factor to hippocampal injury [28]. A considerable num-
ber of patients remain at the seizure-free latent period
after experiencing FS, and after several years develop
chronic, progressive MTLE characterized by hippocam-
pal sclerosis.

HHV-6B and TLE

TLE is the most common type of focal epilepsy with un-
clear pathological mechanism. MTLE patients often
present resistance to anti-seizure medicine and need fur-
ther surgical intervention. The pathologic findings in
resected specimens from TLE patients mainly include
hippocampal sclerosis, tumor, focal cortical dysplasias,
post-infectious (most commonly after type 1 herpes sim-
plex virus encephalitis), vascular malformation, ischemic
lesion, old traumatic injuries, and inflammatory lesions
[29], of which the hippocampal sclerosis is the most
common etiology factor.

Recent studies have revealed that HHV-6B is associ-
ated with MTLE and hippocampal sclerosis. The detec-
tion of HHV-6B viral DNA were reported in resected
temporal lobe and/or hippocampal tissues than in non-
epileptogenic controls, with the frequency ranging from
about 9 to 69% (Table 1) [2, 13, 25, 26, 30-37], suggest
HHV-6B infection is one of the aetiological factor of
TLE. In addition, the high levels of HHV-6B/HHV-7 ex-
pression have been detected only in patients with MTLE,
but not in other focal epilepsies such as prefrontal epi-
lepsy. A study in southwest China showed that the posi-
tive rate of HHV-6B DNA and HHV-7 DNA in patients
with MTLE was 28 and 32%, respectively, and the mixed
infection rate was 11% [34]. Esposito et al. detected the
presence of HHV-6B DNA by PCR in 34 out of
346 (9.8%) TLE patients, and found that the positive rate
of HHV-6B DNA was 15.0% in patients with clinical
signs of previous brain inflammation, but only 6.3% in
patients without febrile convulsion or meningoencephal-
itis [26]. These studies indicate that HHV-6B mainly in-
habits in the temporal lobe, especially in the
hippocampus, and co-localizes with astrocytes. Astrocyte
are the most common host cells for HHV-6B infection.
Donati et al. have detected a significant increase in
HHV-6 levels in 4 out of 8 MTLE patients by viral-
specific real-time polymerase chain reaction (PCR)
methods, with highest concentrations in glial fibrillary
acidic protein (GFAP, an astrocyte-specific cytoskeleton
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Table 1 Review of HHV-6 PCR-studies in patients with MTLE
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Publication ~MTLE HHV- History Type of Seizure Ageat MRI+ Other past Pathology (n) Localization of
(n) 6+n of seizures (n) onset time of n(%) history (n) HHV-6 (n)
(%) febrile age surgery
seizures years years
y(%) (median/ (median/
range) range)
Uesugi 15 6 2 (134%) CPS(15) 11.1/2-  249/- - Exanthema  AHS (12); Gliosis (9); Hippocampus (3);
¢ al. (2000) (40%) 21 subitum Hippocampal gliosis (2):  lateral temporal
EO? ’ status(2) Inflammatory (2) lobe (2); both
hippocampus
and lateral
temporal lobe (1)
Donati 8 4 4 (50%) - 124/1-  31.1/- 8 - MTS (8) Astrocytes;
et al. (2003) (50%) 26 (100%) hippocampus
[31]
Eeg-Olofsson 36 7 11 - - 18.9/— - - Gliosis (19); -
(19.4%) (30.6%) Ganglioglioma (6);
Etz?" (2004) Cortical dysplasia, gliosis
(4); Rasmussen’s
encephalitis (3); Cortical
dysplasia (2);
Porencephaly (1)
Fotheringham 16 1" 5313%) - 11.4/1- 258/85- 13 - MTS(13);Gliosis (2); Astrocytes;
(69%) 38 45 (81.3%) Dysplasia, no tumour hippocampus
[ezt]a" (2007) ()Mild diffuse HF
neuronal loss(1)
Karatas 33 3 25 CPS (16); 10.5/1- 272/17- 33 Head HS Hippocampus
(9.1%)  (75.8%) CPS, SGTCS 27 40 (100%) trauma (9);
ths?" (2008) (8); CPS, perinatal
SGTCS, SPS injury (5)
(3),CPS, SPS
(4); SGTCS
(@)
Niehusmann 38 8 6 (158%) - 134/— 27.8/— - Encephalitis  MTS; hippocampal Astrocytes;
et al. 2010) (21.1%) (1) gliosis hippocampus
[33]
Li 32 9 11 - 134/1- 23.2/— 26 - HS (32) Astrocytes and
(28.1%) (34.4%) 35 (81.3%) microglia;
Etﬁ" (2017) hippocampal;
temporal
neocortex
Esposito 346 34 55 - 13.0+ 351+ - Encephalitis/ HS (287) Astrocytes and
(9.8%) (15.9%) 11.0(SD)  14.2(SD) meningitis neuron
E}ztg\. (2015) (52)
Kawamura 75 24 30 (40%) - 120/1.0- 160/20- - Head injury ~ MTS (52); Swelling of Hippocampus
et al. 2015) (34.7%) 40.0 50 (6):CNS amygdala (4); (15); amygdala
3] : infection (4) Hamartoma of (10); mixed
amygdala (3) amygdala and
uncus (7)
Huang 46 18 13 CPS (26); - 263/14- 38 - HS (43) Astrocytes;
et al. (2015) (39%) (283%)  SGS (20) 57 (82.6%) hippocampus
[35]

HHV-6+ positive for HHV-6 DNA, MRI+ positive for magnetic resonance imaging, y Year, SD standard deviation, n number, HHV human herpes virus, HS
hippocampal sclerosis, MTLE mesial temporal lobe epilepsy, NE neocortical epilepsy, MTS mesial temporal sclerosis, CPS complex partial seizures, SPS simple partial
seizure, CPS complex partial seizure, SGTCS secondary generalized tonic clonic seizure, SGS secondary generalized seizure

protein marker)-positive cells of the hippocampus [31].
The co-localization of HHV-6 with GFAP-positive cells
confirms the localization of HHV-6 in astrocytes. It is

widely known that astrocytes interact closely with neu-
rons and play a key role in regulating synaptic transmis-
sion. Some studies have suggested an HHV-6-specific
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tropism for astrocytes [38]. Viral infection of astrocytes
may interfere their function of maintaining the homeo-
stasis of the excitatory neurotransmitter glutamate, fi-
nally leading to MTLE.

In 2007, Fotheringham et al. reported detection of
HHV-6 antigen in cultured primary astrocytes from epi-
lepsy brain resections that were positive for HHV-6
DNA, and found a marked decrease in the expression of
glutamate transporter excitatory amino acid transporter-
2 (EAAT-2) after in vitro infection of astrocyte cultures
with HHV-6 [2]. As EAAT-2 mediates most of the glu-
tamate uptake in the CNS the decreased EAAT-2 ex-
pression indicates that glutamate intake in infected
astrocytes is lower than that in uninfected astrocytes.
Some studies have shown that the glutamate uptake is
increased upon acute infection of astrocytes with HHV-
6, and the glutamate uptake would be impaired during
persistent HHV-6 infection [39]. In MTLE, glutamate is
crucial in the generation and maintenance of seizures.
The impaired glutamate reuptake leads imbalance of
glutamate concentration inside and outside the cell. Ex-
cessive glutamate may have excitotoxicity effects and
contribute to neuronal depolarization.

Inflammatory factors induced by HHV-6B

Persistent HHV-6B infection of glial cells can reduce the
seizure threshold by triggering an inflammatory response
of the CNS. Recent evidence suggests that the inflamma-
tory cytokines play a key role in the pathogenesis of epi-
lepsy [40]. Mao et al. found that the interictal increase of
interleukin-17A (IL-17A) was highly correlated with
seizure severity, and that IL-17A may promote inflam-
matory response by activating neutrophils and stimulat-
ing the production of proinflammatory cytokines, thus
aggravating epilepsy [41]. In 2013, Vezzania summarized
the role and mechanisms of inflammatory response in
the development of epilepsy, and concluded that cyto-
kines and risk signals induce the expression of inflam-
matory molecules to directly activate glial or neuronal
signal pathways, or lead to blood-brain barrier rupture,
lowering the threshold of seizures and causing a cell loss
and gliosis, which would further promote inflammatory
response, thus forming a vicious circle [42]. Some key
inflammatory factors include NF-kB, transforming
growth factor-p (TGEF-f), mitogen-activated protein kin-
ase (MAPK) and phospholipase A2. Some studies have
shown that the levels of transforming growth factor-a
(TGF-a) and interleukin-12(IL-12) are higher in patients
with elevated HHV-6 load than those without [43].
HHV-6 viral infection may be involved in the develop-
ment of seizure by promoting the activation and expres-
sion of inflammatory factors. In patients with HHV-6
encephalopathy, the level of interleukin-8 (IL-8) in cere-
brospinal fluid is significantly higher than the serum
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level, suggesting that IL-8 plays a role in brain impair-
ment [44]. In addition, high levels of interleukin-1f (IL-
1B) and IL-8 have been detected in saliva of seizure pa-
tients, especially in patients with HHV-6 infection [23].
Moreover, both inflammation and HHV-6 infection can
interrupt the glutamate homeostasis in astrocytes, which
may play an important role in the pathogenesis of epi-
lepsy. Inflammatory cytokines such as IL-1B can also
suppress glutamate transporter-1 (GLT-1) expression,
consequently inhibiting astrocytic reuptake of glutamate
and eliciting excitotoxic destruction of neurons [45].
Kawamura et al. have detected elevated levels of GFAP
and monocyte chemotactic protein-1(MCP-1) in amyg-
dala samples from MTS patients with positive HHV-6B
infection [13]. NF-kB is a well-known nuclear transcrip-
tion factor involved in multiple physiological and patho-
logical processes such as inflammation, immunity, cell
transformation, apoptosis, and excitatory toxicity [46].
NE-kB can be activated at the active state of viral repli-
cation [47], and induce the expression of inflammatory
factors such as tumor necrosis factor, IL-1, IL-6, P53,
CD95 and Bcl-XS. However, overactivation of immune
responses induced by HHV-6B was not reported. It
showed long-term immunocompatibility of virus in the
hippocampus and cortex, which is consistent with the
chronic progression of TLE.

Conclusion

In conclusion, accumulating evidence has highlighted
the capacity of the HHV-6 virus to establish latent infec-
tion and the viral reactivation in the CNS may be related
to the pathogenesis of epilepsy. Data on various tissue
specimens from epileptic patients have suggested that
HHV-6 induces complex inflammatory responses and
selectively enhances neuronal excitability, thus triggering
seizures. But how this virus contributes to disease path-
ology and the casual relationship of HHV-6 with epi-
lepsy remain elusive. It is important to confirm the
direct or indirect damage of activated virus in the devel-
opment of TLE, and the role of up-regulated cytokines
or inflammatory factors. Meanwhile, more studies are
needed to clarify the mechanisms underlying the link be-
tween HHV-6 and TLE.
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