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Preface

Herpesviruses possess a complex self-regulatory mechanism and an extremely sophisticated
machinery to invade, persist for life in the organism’s virome, and cause several forms of,
even lethal, acute or chronic debilitating diseases depending on both the virus and host spe-
cies. Lately, sensitive molecular and immunological methods have shown that herpesviruses
evade the immune defense mimicking host functions; furthermore, through altering the nor-
mal interleukin pattern and dispersing their components with regulatory potential to remote
organs, they modulate the complete physiology of the organism. Several herpesvirus species
transactivate heterologous viruses to promote progression of non-herpesvirus-associated
diseases. The lack of appropriate animal models due to very intimate host-parasite relation-
ship has long hindered studies on the simultaneous pathological events in vivo.

Novelties regarding the molecular biology and unconventional pathology of Herpesviridae
will profoundly alter our way of thinking in near future. This book covers more hot topics of
contemporary human and veterinary fields of the herpesvirus literature. The “Introduction”
shortly raises questions and gives some answers why herpesviruses are somewhat unique
among viral parasites. In the first part of this book, more chapters are intended to give an
overview on typical clinical syndromes, in which herpesviruses are unambiguously in-
volved through their partial gene expression and inapparent virus production. The first
chapter written by Otth and coworkers summarizes up-to-date knowledge on the pathome-
chanism of herpes simplex virus (HSV)-1 infection in the central nervous system. This is one
of the hottest topics in the transplantation setting due to the sharp increase in the number of
individuals at risk: immunocompromised patients who suffer from acute encephalitis or its
lifelong debilitating sequelae and, furthermore and elderly persons suffering from chronic
devastating disorders with unknown etiology. A possible connection of Alzheimer’s disease
with HSV-1 reactivation is discussed. The second chapter prepared by Jakovljevic and cow-
orkers contains a meta-analysis of four cross-sectional studies on an old topic. It has been
suspected for several decades that different viruses from all Herpesviridae subfamilies can
contribute to periodontal diseases, but no appropriate technology has been available to in-
vestigate their effects. Genetic polymorphism of both herpesviruses (especially CMV and
the Epstein-Barr virus (EBV)) and the host might sensitize individuals to periapical diseases
leading to tooth loss. In the third chapter prepared by Chen et al., we learn how HSV-1
could contribute to male infertility. Herpesviruses cannot infect germ cells; therefore, an un-
conventional way must exist in this clinical problem. In transgenic rats expressing the open
reading frame of HSV-1 thymidine kinase, consequent altered cellular gene expression along
with severe morphological alterations in postmeiotic spermatids could be the reason for in-
fertility. From this very well-focused small animal model, the results are extrapolated to hu-
man conditions.

The second part of this book is devoted to the recent forefront of virology: immune evasion.
Retamaz-Diaz and coworkers classify the modes and how herpes simplex viruses can nega-
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tively modulate host immune functions. Modulation of signaling pathways, interference
with proper pathogen recognition, hampered innate and adaptive immunity, and all aspects
of immune cell damages are thoroughly discussed. Very clearly constructed tables help the
reader orientate in the jungle of viral actions and host counteractions.

The third part is devoted to discuss novel therapeutic and prevention strategies in herpesvi-
rus-associated disorders. Oker and coworkers describe a promising way recently that has
been applied in onco-virology: viral oncolysis. In contrast to other attempts to infect tumor
cells using virus vectors, in the Epstein-Barr virus-associated nasopharyngeal and other car-
cinomas, pharmacological activation of this virus from latency to lytic infection could de-
stroy tumor cells. Advantages of the potential, activating chemical compounds over
conventional chemotherapy are discussed. Several professional tables and figures illustrate
the complicated molecular switch from partial gene expression to cell lysis by replicating
virus. The following review written by Durmanova and coworkers returns to an old but, in
spite of huge efforts, still unresolved problem: vaccination against HSV-1 and HSV-2. Pre-
vention and immunotherapeutic use would bear a significant impact, especially in immuno-
compromised patients. From analyzing previously unsuccessful attempts, authors draw the
conclusion that boosting activity of cytotoxic CD8+ cells using lipopeptides and new adju-
vants could lead to clinical application.

The last chapter on bovine herpesvirus infection deals with a severe economical impact in
animal husbandry. The general review by Kaur and Chandra describes the complete charac-
teristics and clinical aspects of these viruses, laying emphasis on diagnostic procedures. The
accompanying paper from C. Jones focuses on the establishment of neuronal latency and its
reactivation, especially after using corticosteroid hormones. This aspect raises the idea that
studies on bovine herpesvirus infection could be a valuable, large animal model for its hu-
man counterpart.

To conclude, one can say that ongoing herpesvirus research is not exclusively academic.
Several data have served as a base for sensitive diagnostic procedures or targets for conven-
tional chemotherapy. Well beyond these aspects, immense amount of knowledge is accumu-
lating about both the alternative, unconventional ways in regulating herpesvirus infections
and their contribution to the broad range of clinical disorders with unresolved etiology.
These open novel strategies to prevent and treat human and animal herpesvirus infections.
The chapters collected in the book are intended to read not only for those who are specialist
in the field of Herpesviridae but also for other virologists, microbiologists, and medical and
veterinary professionals.

The Editor is very thankful to Ms. Andrea Koric (Publishing Process Manager, InTech Edito-
rial Office, Rijeka, Croatia), for her kind technical guidance throughout the preparation of
this book, and to Ms. Valéria Kévesdi (Chief Technician, Institute of Medical Microbiology,
Semmelweis University, Budapest, Hungary), for her very accurate clerical help in handling
manuscripts.

Jozsef Ongradi, MD, PhD, med. habil.
Institute of Medical Microbiology
Semmelweis University

Budapest, Hungary
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Introductory Chapter: Unconventional Philosophy of
Herpesvirus Infections

Joseph Ongradi
Additional information is available at the end of the chapter
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The course of herpesvirus infection in human and animals is not so simple as it has been
presumed on the analogy of other microbes at the beginning of virology era. Classification into
acute and chronic infections, simple distinction of complete clinical and virological recovery
or perishing of the host organism belong to the conventional views on the course and outcome
of virus infections. But several other forms of existence of herpesviruses (HHVs) in the host
are possible. Many diverse interactions between the macro-organism and herpesviruses have
been discovered gradually. In spite of these new data, conventionally, the idea about one
organism causing one well-characterized disease has remained in the mind of the majority of
both many medical, veterinary professionals and the public. Nowadays we believe that we
understand the pathomechanism of herpesviral diseases. Simply saying, this is not true,
because, frequently we encounter new experimental evidence that cause surprise and contin-
uously modify dogmas. The conventional way of our thinking on host-viral interaction is
somewhat static, but the life-long flow of events between invading herpesviruses and the
defensive organism is dynamic: several alternative ways on both sides might influence
outcome. Furthermore, their bilateral interplay is modified by many intrinsic and extrinsic
factors, consequently it is rather multilateral. This moment there are delicate methods to follow
post-infection events at the molecular level. Beside structural polypeptides, herpesviruses
encode a large number of proteins with enzymatic or regulatory functions. The exact way of
regulating their activities by post-translational modifications, e.g. glycosylation or phosphor-
ylation, is hardly explored. Events at sub-molecular level and energy flow during assembly of
their structural components are almost unknown. Basic physics, not conventional virology
could help supply knowledge in these matters. Data processing by computers analyses tens
of thousands of data obtained in one model experiment or clinical cohorts including large
number of patients, but in future we have to extrapolate their pathophysiological meaning to
clinical relevance. It is surprising at the first glance, that the same herpesvirus species can

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN
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contribute to both acute clinical picture exhibiting characteristic symptoms (vesicles, rash,
fever, etc.), and chronic, debilitating diseases without apparent virus production (tumours,
autoimmune diseases, etc.). Similarly, related herpesviruses could induce the same clinical
symptoms, as herpes simplex virus (HSV) 1 and 2, or cytomegalovirus (CMV) and Epstein-
Barr virus (EBV), or HHV-6B and HHV-7. These suggest that our detecting systems are not
fine enough to distinguish only superficially identical processes. We are on a good path to
reveal the importance of genetic background, namely, polymorphism of both the virus and its
host in the course of pathogenesis. Latency, persistence can be regarded as a balanced state
between herpesviruses and animals. Instead of complete gene expression and virion produc-
tion, partial gene expression evolved through phylogenesis and co-evolution by the host and
its herpesviruses. Even maintenance of episomal latency of herpesviruses is not a passive
process, it requires active viral gene expression as it has been shown in the case of Epstein-
Barr virus and herpes simplex virus. Partial gene expression was described in EBV-associated
or Kaposi sarcoma herpesvirus (KSHV)-associated tumours several decades ago. Both life-long
latency without activation and malignant transformation of cells and consequent contribution
to tumour induction and progression are a dead end for the virus along with the perishing
host instead of replication and spreading to the environment to find new hosts. Another
unusual aspect of herpesvirus pathogenicity is that in 0.2-0.85% of the human population
HHV-6A and HHV-6B are integrated in the telomeric region of human chromosomes, and
transmitted vertically by standard Mendelian inheritance or by any cell donation [1]. The time
and mode of integration in our ancestors are unknown. Some of the carrier persons suffer from
neurological symptoms for several years with remittances and relapses [2]. At this moment it
is not known whether the life span is modified by HHV-6 species. In combatting defence
mechanisms of the organism, different herpesviruses developed cascade mechanisms to mimic
several molecular events hijacked from their host. Among alternative infection strategies these
are regarded as parts of immune evasion. Can we introduce similar or other human host genes
into herpesvirus vaccines to improve their efficacy? Can we introduce genes of animal origin
into a human or animal herpesvirus vaccine? Would it be dangerous or unethical? How to
select a human gene donor? There are attempts to use HHV-7 as a vector to treat genetic
disorders, because this virus has been regarded as ubiquitous and harmless. But lately several
clinical reports have shown that it reactivates in the recipients after solid organ transplantation
and aggravates CMV disease. In bone marrow or stem cell transplant recipients, usually in
small children with leukemias, it also reactivates, and can elicit a very severe, frequently lethal
encephalitis. Delayed primary HHV-7 infection in adults might result in a generalized
infection, tetraplegia and encephalitis [3]. Conventional common belief about HHV-7 has been
turned to the opposite direction in a few years of time.

To find new host cells, cell-to-cell spread is a convenient way. Some herpesviruses are regard-
ed as cell associated, but the exact molecular cascade in this process has not been elucidated yet.
So far, we have known that alteration of the function of neighbouring cells or distant cells is
mediated by soluble mediators, cytokines and chemokines. Discovery of micro-vesicles and
exosomes that can contain fragments of viral nucleic acid, mRNAs and microRNAs with
regulatory potential will change our ideas about the regulation of the whole body of a macro-
organism by viruses. These vesicles are released from infected cells to the microenvironment or
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the circulation, and are taken up by another cells in the vicinity or very far in the body,
subsequently they induce further pathological changes thathave not directly been credited with
virus infections so far. Accumulating evidence suggests that this mechanism is widely used by
human herpesvirus species. Exosomes released from HSV-1-infected cells can contain viral
polypeptides (gH, gD). Interestingly, they contain modified tegument and envelope proteins
that usually originate from the light particles of HSV. Tegument proteins outside the nucleo-
capsid exert very important regulatory functions. Such content of exosomes promote spread
and latency by HSVs. CMV-infected cells release exosomes with cellular molecules that are
necessary for virus uptake. These might contribute to allograft rejection in transplant recipi-
ents. Exosomes released from HHV-6-infected cells transfer MHC I molecules in addition to
complete viral particles. This latter is an absolute viral journey in disguise throughout the whole
body, even crossing theblood-brainbarrier. Furthermore, growth factorsthatareveryimportant
in EBV pathogenesis can be shuttled into exosomes. Viral antigens in the absence of apparent
EBV replication can be transferred to other cells, consequently they can induce autoimmune or
other diseases. Exosomes produced by KSHV-infected cells can carry both cellular and viral
mRNAs promoting sarcoma metastases. All these phenomena contribute to the transient
infection, a newly recognized form of viral existence in the body (see references in [4]).

The structure of herpesviruses comprising the nucleocapsid, tegument and envelope resem-
bles the cellular nucleus, cytoplasm and cell membrane, respectively [5]. The regular belief is
that the effect of viruses on cells starts when virus genes are expressed in the cells. Really, this
effect starts much earlier, when virions attach to receptors and co-receptors instructing them
to send fake messages to reprogram cellular machinery.

Asymptomatic virus shedding is very common in all herpesvirus infections. At the population
level, it can be difficult to establish the source and time of infection, e.g. in contract tracing, to
find and prove the possible donor in certain cases, even in the court, decades later, or to describe
viral epidemiology. Simultaneous herpesvirus infections, or in the presence of one species in
the body, a super-infection by another herpesvirus species might occur. In such events, direct
interaction in the same host cells or indirect interaction between different cells infected by
distinct viruses can take place, resulting in intracellular or trans-cellular transactivation
between two competent viruses. Interactions among herpesviruses promote reactivation from
latency, profoundly modify innate immunity and T-cell activity, only a few facts to mention
[6]. Interaction of herpesviruses with other viruses has gained clinical importance lately,
especially in AIDS patients. All human herpesvirus species are involved in the one way or
mutual transactivation with HIV facilitating AIDS progression. Especially [3- and y-herpesvi-
ruses are able to transactivate other unrelated viruses, bacteria and parasites [7]. The net effect
of transactivation is neither additive nor synergistic; new formulas have to be created for their
mathematical modelling. It is conceivable that formulas will depend on actual virus pairs.
These phenomena listed above could be regarded as crossroads of epidemiology: the unknown
source and time of infection by the participating viruses pose a nightmare to classical epi-
demiologists.

The simplest question is: do animals including human contain a normal virus flora similarly
to the normal bacterial flora? Latency, persistence of herpesviruses with asymptomatic
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shedding but without apparent harm to the host might suggest an answer: yes [6]. But
appearance of clinical symptoms, tumours, even causing acute lethal complications by the
same reactivated viruses imply no. No sharp distinction, a clear answer can be made regard-
ing our virome. It is important for human to undergo several bacterial infections during the
early period of our life cycle: some microbes establish the normal flora and all of them induce
some form of immunity (e.g. systemic, mucosal). Their presence in the body and wide range
effects significantly exceeds these simple facts. It seems that it is also important to acquire
herpesvirus infections in early childhood. These infections are usually asymptomatic or mild
conferring protection against super-infection. Delayed primary herpesvirus infections of
seronegative individuals usually are accompanied by severe clinical manifestations. The order
of sequential primary infections could be regulated. A simple example is shown by HSV-1
infection in infants, HSV-2 infection in adolescents or HHV-6B infection around 6 months of
age, HHV-7 infection around 3 or 4 years of age in spite of the same, salivary route of
transmission. The exact mode of regulation is absolutely unknown. Unfortunately, rapidly
changing life style and other social factors not only disturb but disrupt these well establish-
ed, conserved biological processes [3].

Herpesviruses easily adapted themselves to different animals, and through co-evolution with
the given host an equilibrium has established for the compromise of both partners. The
interaction is very intimate and varies by both herpesvirus species and the host macro-
organism. That is one of the reasons why studies on herpesvirus pathogenesis has been
hindered by the lack of appropriate animal models, and this is especially true for 3-herpes-
virinae and y-herpesvirinae.

From these examples taken arbitrarily, it is conceivable that herpesviruses must not be
regarded as conventional parasites, their existence in the body is neither mutualism nor
commensalism, rather it is challenging to regard them as unconventional pathogens.

Author details

Joseph Ongradi
Address all correspondence to: ongradi.jozsef@med.semmelweis-univ.hu
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Abstract

Herpes simplex virus type 1 (HSV-1) is a ubiquitous and neurotropic pathogen and is
the most common cause of acute sporadic encephalitis in humans. This virus is
characterized by establishing a persistent latent infection in neurons of its hosts for life.
The pathogenic mechanisms of HSV-1 at the central nervous system (CNS) are not
completely elucidated. Besides, evidences suggest that HSV-1 establish latency in the
CNS in humans and that this condition would not be harmless, especially in people
whose immune system is declined. This trait has been strongly suggested as a risk factor
for the development of neurodegenerative pathologies such as Alzheimer's disease.
Currently, it is unclear whether a neuron, which undergoes viral reactivation and
produces infectious particles, survives and resumes latency, loses functionality, or is
killed. These data highlight the need for more studies at cellular and molecular levels
to understand the strategies used by the virus and the host cells during both produc-
tive and latent infection. The present chapter discusses the current investigations about
HSV-1 infection at the CNS and the potential risk of neuronal dysfunction and chronic
neurological diseases.

Keywords: HSV-1, AD, CNS infections, Neurovirulence, neuronal dysfunction, neu-
roepithelium

1. Introduction to herpes simplex virus

Human herpes viruses belong to the family Herpesviridae and are characterized by having a
linear double-stranded DNA genome, an icosahedral capsid surrounded by a tegument—an

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN
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amorphous layer of proteins that surround the capsid —and an envelope formed by polya-
mines, lipids, and glycoproteins. Herpes simplex virus (HSV) is distributed worldwide and has
the ability to infect epithelial and neuronal cells establishing a latent persistent infection at the
nervous system [1, 2].

HSV infection typically occurs during childhood, by direct inoculation of infected droplets
from orolabial or nasal secretions onto susceptible mucosal surfaces or abraded skin, and
infections mostly are asymptomatic and only 1-6% of primary infections are clinically
recognized [3]. Initial infection typically occurs in the lip, but can also happen in the mucous
membranes of the eyes or nose [1, 4].

In the productive infection, HSV expresses its genome, which is organized as immediate early,
early and late genes producing viral particles progeny. For herpes simplex virus 1 (HSV-1),
the initial step in the sequential viral gene expression is directed by VP16, a viral tegumental
protein that enters into the nucleus associated to the capsids during infection (Figure 1). VP16
recruits the following transcription factors to the promoters of viral immediately early genes
and several host proteins: host cell factor 1 (HCF1), octamer-binding protein 1 (Octl), and
lysine-specific demethylase 1 (LSD1). The immediate early genes are then transcribed, and
among them the infected cell protein 0 (ICP0) is a key regulatory protein that commands
different functions and regulates the expression of early and late viral genes [1, 5, 6].

Subsequently, during initial productive infection with HSV-1 on epithelial cells (see Figure 1),
the viral progeny reaches the cell bodies of the sensory and sympathetic neurons in the
trigeminal ganglia through retrograde transport, establishing latent infection, a characteristic
of all herpes viruses.

In latent state, episomal HSV-1 DNA remains inside the nucleus of the peripheral neurons of
the infected host, without production of infectious progeny lifelong. During latency, the
latency-associated transcript (LAT) is abundantly transcribed in infected neurons in mice,
rabbits, and humans and is predominantly detected in the nucleus, but can also be detected in
the cytoplasm [7]. Splicing of the primary 8.3-kb LAT yields an abundant poly(A) and
uncapped stable 2-kb LAT intron, which is necessary for the establishment and maintenance
of latency [8]. In [9], the authors concluded that LAT is an miRNA precursor that encodes six
miRNAs, one of these, miR-H6, downregulates immediate early ICP4 and ICPO protein levels,
which are involved in the initiation of productive HSV-1 infection or reactivation episodes.

Currently, it has been hypothesized that the establishment of latent state in neurons happens
because HCF1 accumulates in the cytoplasm and is transported into the nuclei only in response
to stress [5, 6, 10]. In addition, viral capsids, but not VP16, reach the nuclear pore through
retrograde transport. Finally, in the absence of nuclear HCF1 and VP16, the immediately early
HSV-1 genes are not expressed and the viral genome is fully silenced, except for LATs and
miRNAs [1, 5, 6, 9-12].

Diverse nonspecific events (fever, stroke, hormonal cycle, physical or emotional stress, etc.),
including immune system imbalance, can trigger HSV-1 reactivation. It has been suggested
that in these situations, nuclear translocation of HCF1 is the triggering event involved in HSV-
1 reactivation. Reactivated virus is transported back to the body surface to cause recurrent



Herpes Simplex Virus Type 1 at the Central Nervous System
http://dx.doi.org/10.5772/64130

lesions manifested as cold sores (herpes labialis) [1, 13]. In some cases, HSV-1 invades the
central nervous system (CNS), where it replicates in neuronal cells [1, 10-15] causing devas-
tating herpes simplex encephalitis (HSE) [1, 2], or providing a reservoir for virus production
and shedding lifelong.

Figure 1. Productive infection and latency/reactivation of HSV-1 cycle. (A) The scheme shows that the viral progeny
of HSV-1 productive infection at epithelial cells enters the axons that innerve this site of infection. Then, capsids travel
by retrograde transport reaching the nucleus, located in the soma of the neuron at the trigeminal ganglia. At this place,
HSV-1 genome enters the nucleus and remains as an episome in a latent state. Under stress conditions, HSV-1 reacti-
vates expressing its genome, and initiating a controlled productive infection in neurons. Then, capsids travel back by
anterograde transport reaching the initial site of infection at epithelial cells. The progeny released initiates a new pro-
ductive infection at this place. (B) During productive infection, the initial step in the sequential viral gene expression
program is directed by VP16, a viral tegumental protein that enters into the nucleus associated to the capsids during
infection. VP16 recruits the following transcription factors to the promoters of viral immediately early genes and sever-
al host proteins: host cell factor 1 (HCF1), octamer-binding protein 1 (Octl), and lysine-specific demethylase 1 (LSD1).
The immediate early genes are then transcribed, and among them the infected cell protein 0 (ICP0) is a key regulatory
protein that commands different functions and regulates the expression of early and late viral genes. (C) In neurons,
HSV-1 latency transcripts (LATs and miRNA) silence the viral genome establishing a latent persistent infection. In this
state, there is no production of viral particles. Nevertheless, under stressful conditions, the HSV-1 genome is reactivat-
ed by a mechanism that is suggested to involve the nuclear translocation of HCF1.
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In animal models, there is evidence indicating that HSV-1 infection suppresses the hypothala-
mic-pituitary-adrenal axis during primary infection, suggesting that this stress-induced
suppression has a role in virus reactivation [16].

HSV-1 is an endemic worldwide infection, with a population prevalence of 31% in children
aged 6-14, 49% in people aged 14-49, and 80-90% in the population over 65 years old [4].
However, only 20-40% of infected people develop symptoms [17]. In spite of this, in [18], the
authors showed that close to 35% of asymptomatic subjects were positive for HSV in eye and
mouth swabs, showing higher HSV-1 genome copy numbers in saliva than in tears. Healthy
humans are reservoirs of herpes viruses, and asymptomatic shedding is a major factor in the
spread of the HSV-1.

2. Herpes simplex virus type 1 tropism

HSV attachment and entry are regulated by surface glycoproteins gC, gB, gD, and gH-gL.
Attachment is a two-step process involving the primary interaction of gC and/or gB with
heparan sulfate proteoglycans (HSPGs) present at cellular surfaces, followed by the secondary
gD-mediated binding to its receptors, such as HVEM (herpes virus entry mediator), nectin-1,
or 3-O-sulfated heparan sulfate. This interaction triggers the activation of gH-gL and gB, which
leads to the fusion of viral envelope and plasma membrane of the host cell either at the surface
or in endosomes [19]. The viral glycoprotein gD determines HSV tropism, and the conforma-
tional changes in gD upon binding to its receptors are critical in triggering an activation cascade
[19]. HSV capsids are then delivered directly to the cytosol at the periphery of these cells,
completing the entry process.

Several cell receptors for viral entry have been described, but numerous observations suggest
that more receptors for HSV-1 might exist. In [20], a novel role for the proteolipid protein (PLP)
in HSV-1 entry into the human oligodendrocytic cell line human oligodendroglioma (HOG)
has been proposed. Oligodendrocytes (OLs) are the glial cells that produce myelin, the
electrically insulating layer that surrounds axons in the CNS[21]. Proteolipid proteins, together
with DM20, a smaller isoform generated by alternative splicing, are the most abundant
proteins in the CNS myelin, comprising around 50% of total myelin proteins [22]. In addition,
when PLP is transfected in cells infected with mutant virus unable to replicate, there is an
increase in viral signal compared to cells without PLP. Additionally, a mouse monoclonal
antibody against PLP drastically inhibited HSV-1 entry into HOG cells. Moreover, PLP and
virions were shown to colocalize by confocal and electron microscopy analyses, suggesting
that PLP might be involved in HSV-1 entry in human oligodendrocytes [20].

Viruses depend on cells for their replication and can differentially affect various signaling
pathways during the course of infection [23]. Several gene products of HSV have been
demonstrated to highjack signaling pathways such as protein kinase A (PKA), nuclear factor
kappa B (NF-kB), PI3K/Akt, and mitogen-activated protein kinase (MAPK) [24-26]. Among
them, the tegumental US3 protein kinase was shown to protect cells from apoptosis induced
by a number of exogenous agents and stress [24, 27]. Although the precise mechanisms are
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still unclear [28-31], it has been proposed that US3 has a similar substrate range and specificity
than protein kinase A [26]. More importantly, HSV-1 US3 plays a crucial role in the ability of
the virus to invade the brain from the eyes and therefore constitutes a significant neuroinva-
siveness factor in vivo [32]. In addition, US3 of the swine pseudorabies virus induces rear-
rangements in the actin cytoskeleton via activation of the PAK family of kinases, which leads
to disassembly of actin stress fibers and induction of cellular protrusions [29].

Besides, some HSV-1 proteins control nuclear transcription to favor viral replication and
immune evasion, where the immediately early viral protein ICP0 is the major HSV-1 protein
dedicated to defeating host responses to infection [6]. Previous studies have demonstrated that
ICPO plays a key role in regulating the balance between lytic and latent infection. ICP0 has a
zinc-stabilized RING finger domain that confers E3 ubiquitin ligase activity. This domain is
essential for the core functions of ICP0 and its activity mediates the ubiquitination and
proteasome-dependent degradation of several cellular proteins that are modified by the small
ubiquitin-like SUMO family of proteins. Some of these proteins are involved in cellular
defenses that restrict viral infection [33-37]. During the first 5 h after infection, ICP0 localizes
and performs multiple functions in the nucleus. Nevertheless, after 7 h post infection, ICP0
accumulates in the cytoplasm where it modulates cell signaling [1]. Several functions of ICP0
linked to physical interactions with cytoplasmic proteins have been described. Thus, ICP0O
interacts with EF-10 and enhances translation efficiency and with CIN85 to recruit Cbl, which
are involved in endocytosis and negative regulation of numerous receptor tyrosine kinases,
depleting these receptors from the cell surface [38].

3. Herpes simplex virus type 1 at the central nervous system

Numerous and consistent reports note that there is a high percentage of the worldwide
population with HSV-1 genetic material at the central nervous system [39-44]. However, the
invasion mechanism used by this pathogen and its preference for infecting certain neuronal
areas is not completely elucidated [8, 42, 45, 46]. Accordingly, the route of entry chosen by the
virus to the brain could define the localization, distribution, and establishment of viral latency
in certain areas of CNS. Faced with the above, the evidence points to the use of three different
routes of viral entry: (1) through the trigeminal ganglia, (2) through vomeronasal system, and
(3) the hematogenous route. In this way, HSV-1 travels centripetally from the trigeminal nerve
to the meninges, finally reaching the temporal lobe. It also could use the neuronal flow
provided by the vomeronasal system (olfactory nerve) and then be distributed in the hippo-
campus [47]; alternatively, it could travel through the hematogenous route in the presence of
protein factors that can facilitate its entry into the brain [43, 44, 48].

The evidence on the latency at the CNS showed that 15.5% of olfactory bulbs [46, 49], and 72.5%
of trigeminal nerves from human corpses at forensic post-mortem, and 35% of 40 autopsied
human brains contained HSV-1 DNA [48]. At brain level, latent HSV-1 DNA was found in the
olfactory bulbs, amygdala, hippocampus, brain stem, and trigeminal ganglia, even though, it
is not known by which route HSV-1 entered the olfactory bulbs and brain. Nevertheless,
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olfactory bulb HSV-1 infection in mice [48] leads to virus migration into the brain amygdala
and hippocampus via the olfactory nerve and locus coeruleus. Other herpes viruses, such as
the human herpes virus 6 (HHV-6), also present high frequency of viral DNA in the olfactory
bulb/tract region compared to the other brain regions examined in human autopsies, making
it a possible route for CNS entrance [50]. The presence of HHV-6 in the nasal cavity and saliva
was also a frequent observation, suggesting that both could represent in vivo reservoirs for
the virus.

Most evidences are in favor of the olfactory route for neuroinvasion in humans. In this regard,
HSV-1 antigens were detected in patients who died of HSE. The antigens were found in the
olfactory tract and olfactory cortex, as well as in the limbic system, lower and middle temporal
lobe, hippocampus, amygdala, insula, and cingulate gyrus, but not in regions related to the
potential trigeminal invasion pathway [51-54]. Additionally, the presence of HSV-related
histopathological alterations have been demonstrated in the olfactory neuroepithelium,
olfactory nerve, and olfactory bulb [52, 53, 55], but not in the trigeminal ganglion [56]. The
evidence supports that HSV-1 is able to establish a latent infection in the olfactory bulb and a
particular set of limbic structures. This indicates that HSV reactivation may originate in the
olfactory bulb as well as in limbic structures [47].

Furthermore, the information suggests that both primary infection and reactivation of latent
virus in the brain may lead to damage of neurons involved in memory, learning, and behavior,
as observed in infected mice models [55].

Independent of the route used by the virus, the infection at the CNS level can be localized or
diffused and can cause acute neurological disorders as HSE or mild encephalitis, the latter
being often imperceptible due to minimal symptoms [17]. Nevertheless, in most cases, the
infectious process is asymptomatic, probably indicating that the virus establishes a latent
infection in the CNS. This condition would not be harmless, especially in people whose
immune system is compromised [55, 57].

Previously, HSV-1 DNA was detected in 1-30% of neurons of latently infected mouse ganglia
[16, 58]. In addition, the latent HSV-1 DNA copy number in humans ranges from less than 300
copies/10° cells to over 10,000 copies/10° cells (in trigeminal ganglia) [16, 59]. Furthermore,
another study found that the median HSV genome copy number per 10° cells for each ganglion
was as follows: vestibular 83222 (4453-890217), geniculate 4307 (311-79518), cochlear 306 (86—
32864), and trigeminal 111 (30— 20257) [16, 60].

Periodic but limited reactivation cycles in peripheral sensory neurons might facilitate invasion
at CNSlevel. In this sense, in [47], the results showed that HSV-1 might suppress the apoptotic
induction after a reactivation at the peripheral nervous system (PNS) (olfactory neuroepithe-
lium and trigeminal ganglia) enhancing viral neuroinvasion. Besides, HSV-1 US3 has been
shown to play a crucial role in the ability of the virus to block apoptosis, facilitating the brain
invasion from the eyes and therefore constitutes a significant neuroinvasiveness factor in vivo
[32].

Olfactory receptor neurons constitute a bipolar olfactory system, which has dendrites in the
olfactory epithelium at the roof of the nasal-pharyngeal cavity. In addition, the olfactory nerve
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innervates the olfactory epithelium and the olfactory bulb ends in CNS. This system connects
the environment with the nervous system, being a gateway to various pathogens to the CNS.
Nevertheless, thanks to the presence of mucus- and pathogen-recognition receptors, the
olfactory epithelium is protected from the most common infections [61, 62]. However, in
laboratory models, olfactory portal can be used by several viruses (HSV-1, vesicular stomatitis
virus, Borna disease virus, rabies virus, influenza A virus, parainfluenza viruses), and prions,
to enter the CNS [47, 63]. Advances in the knowledge of the mechanisms involved in pathogen-
host relationships, such as the route of entry and spread in the CNS, will provide tools for the
development of more effective therapies and prevention programs. In addition, these studies
will be very relevant in the case of new outbreaks of emerging zoonotic infections, involving
pathogens that could use similar mechanisms to invade the CNS [62].

4. HSV-1 and risk of neurological diseases

HSV infection of the CNS can take place in newborns causing encephalitis, spread infection,
or keratoconjunctivitis mostly associated to the genital herpes virus HSV-2 [2, 16, 64]. In adults
and children older than 6 months, HSV-1 infection is the most common cause of sporadic and
nonepidemic acute encephalitis by herpes simplex (HSE), followed by HHV-6 [65-67]. It is
considered a devastating disease of the CNS causing fatal sporadic acute encephalitis, usually
localized and with an incidence in the United States of two to four cases/million inhabitants
per year [65-67]. This estimation is similar for the rest of the countries, and it affects equally
both genders and its onset is likely to occur at any age but with two incidence peaks (under
20 and over 50 years old). Even under antiviral treatment, the mortality associated with HSE
is 50-60%, and survivors show significant neuropsychological and neurobehavioral sequelae,
which afflict patients for life even if they have been treated very early and have made a good
recovery [2, 39, 67, 68]. A previous study demonstrated that HSV load in CSF was not associ-
ated with poor outcome in patients with HSE [69].

Neuroimaging findings in HSE patients showed abnormality on T2-weighted spin echo and
T2-weighted FLAIR images, involving cortex and underlying white matter with predilection
for the temporal and inferior frontal lobes, as well as the insular and cingulate cortexes. In
early stages of HSE, these abnormalities are generally unilateral; however, they may progress
to bilateral involvement, which can be asymmetric. Patchy areas of diffusion restriction
indicating cytotoxic injury, particularly of cortex and deep-gray matter structures, are usually
present and are key features of viral encephalitis [70]. The HSE-damaged regions of the CNS
are related to the limbic system, which are associated with memory, cognitive and affective
processes, and personality. The presence of HSV-1 viral antigens has been found in brains of
patients dying of HSE, concentrated mainly in the inferior and middle temporal lobes,
hippocampus, amygdala, olfactory cortex, insula, and cingulate gyrus [14, 65, 67].

Additionally, several studies suggest that the cellular damage and dysfunction due to repeated
cycles of reactivation of HSV-1 may contribute to the development of chronic and degenerative
neurological conditions, such as chronic psychiatric illness, epilepsy [71], dementia [17],
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Alzheimer's disease (AD) [71-75], schizophrenia (SZ), bipolar disorder, multiple sclerosis [41],
and Parkinson's disease [76]. This idea is mainly based on the evidence demonstrating the
presence of HSV-1 genome in brain regions associated with such pathologies [77-82]. Con-
cerning other herpes viruses, HHV-6 is frequently associated with neurologic diseases,
including multiple sclerosis, mesial temporal lobe epilepsy (MTLE), encephalitis, and febrile
illness [50].

Recently, it has been proposed that during reactivation, HSV-1 might affect neighboring
neurons of PNS or CNS, through neuroinflammation or direct neuronal damage [4, 28, 82].

Additional findings established that cognitive functioning in individuals with schizophrenia
is associated both with serological evidence of HSV-1 infection and with activated immune
system, evidenced by elevated C-reactive protein (CRP) levels [83]. CRP is a pentameric protein
generated in the liver, which plays a central role in the inflammatory process in humans. A
previous study of 413 individuals with schizophrenia [84] found that those who had levels of
CRP above 5.0 pg/ml had significantly lower cognitive scores than patients who did not have
elevated CRP levels [84].

Genome-wide association studies (GWASs) have implicated single nucleotide polymorphisms
(SNPs) on the human leukocyte antigen (HLA) region of chromosome 6p21.3-22.1, as common
risk factors for schizophrenia [85]. Although studies indicate that exposure to HSV-1 is
associated with impairment in specific cognitive domains among SZ patients and community-
based control individuals [86], an association between HSV-1 exposure and SZ risk per se has
not been convincingly demonstrated [85].

Given that the demonstration of the viruses in the host target tissues is difficult, the exposure
to the infectious agent is measured indirectly using antibody titers in the serum, and serological
assays indicate the infectious exposure, but do not reveal when it occurred. The timing of the
exposure may be a critical determinant of viral effects on neurodevelopment thought to be
relevant for SZ pathogenesis [86]. In [86], the authors suggested ominous effects of persistent
infection that are particularly notable in SZ patients exposed to HSV-1: (1) structural damage
in the cortical gray matter, (2) cognitive impairment, and (3) cognitive deterioration over time
[86].

In addition, findings have established that limbic structures affected by HSE are the same as
that affected in AD, hypothesizing that HSV-1 might be involved in the pathogenesis of this
disease [75]. Two main pathological features in the brain characterize AD: senile plaques and
neurofibrillary tangles (NFTs). Senile plaques are extracellular deposits of amyloid-3 (A3)
peptide, which are generated by amyloid- protein precursor (APP) cleavage. Neurofibrillary
tangles are intracellular clusters of abnormally phosphorylated tau protein, which is normally
associated with microtubules in neurons, and contributes to AD pathology in its hyperphos-
phorylated state [87].

The loss of synapses and dying-back of axons are among the earliest detectable features in
neurodegenerative diseases, which are accompanied by a decay of intracellular transport that
correlates with the incipient loss of memory and brain functions [88]. In this regard, several
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triggering events such as oxidative stress, inflammatory cytokines, lack of growth factors, and
AP peptide have been implicated in axonal and/or neuronal decay.

Additional support to the idea that HSV-1 could be a risk factor to AD comes from several
studies, which have detected the viral genome inside neurons or in senile plaques and
intranuclear inclusion bodies in astrocytes obtained from the brains of deceased persons from
AD [68, 74,75, 79, 88, 89]. Also, anti-HSV-1 antibodies have been found in cerebrospinal fluid
(CSF) in 70% of people over age 50, but not in CSF of children under 7 years [72], suggesting
that HSV-1 can cause neurological damage in these individuals [90]. A prospective population
study showed that there is a significant risk of AD in older patients presenting IgM antibodies
against HSV-1. Furthermore, an additional evidence for HSV-1in AD involves the type-4 allele
of the apolipoprotein E gene, known as APOE-¢4 or APOE4 [90, 91]. Currently, the APOE gene
(located on chromosome 19) is the only gene identified related to the late onset of AD (LOAD).
APOE at the molecular level is the gene that encodes for apolipoprotein E, which is a cholesterol
carrier in the brain, helping to reduce amyloid aggregation and the clearing of deposits from
the parenchyma of the brain. Thus, in the absence of function of this gene, excessive beta-
amyloid deposits occur in the brain, which is one of the findings in patients with LOAD [91-93].

Interestingly, a significantly increased risk for sporadic AD is associated with the presence of
both HSV-1 in brain and carriage of the APOE-¢4 allele [94]. In studies of AD post-mortem
brains, neither HSV-1 nor the APOE-4 allele alone was found to be risky for AD; nevertheless,
the virus with the allele APOE-4 together increased the risk for AD [95].

The APOE-&4 allele with resultant ApoE4 phenotype influences the pathophysiology of AD
by increasing the pathogen load in the brain specifically for HSV-1 and Chlamydophila
pneumoniae. ApoE4 also interacts with pathogens to enhance the human innate pro-inflam-
matory response and contributes to the breakdown of the blood-brain barrier (BBB). HSV-1
may be a primary CNS infiltrative pathogen, and a possible treatment of HSV-1 and other
pathogens present in AD brains and peripherally may be the most efficacious way to reduce
CNS inflammation in the pathophysiology of AD [96].

In addition, an inverse correlation was found between the presence of IgM against HSV-1 and
low plasma levels of peptide AP (usually generated by an increase in deposits of the peptide
in the brain), which can be considered a marker of early risk of dementia [97]. More recent
studies showed that anincrease in anti HSV-1 IgG during reactivation correlates with cognitive
impairment and prodromal phase of AD [96, 98]. Concerning the CSF biomarker profile, the
total and phosphorylated (especially at Ser 181) tau proteins were significantly increased in
AD and HSV-1 encephalitis compared to bacterial meningitis, human immunodeficiency virus
(HIV)-associated dementia, and controls [99]. This evidence of high levels of total and
phosphorylated tau proteins reflects cortical axonal degeneration and neurofibrillary pathol-
ogy, respectively [99, 100].

Similarly, it has been observed that during HSV-1 infection, cellular distribution and process-
ing of amyloid precursor protein (APP) in infected cells is altered, favoring an amyloidogenic
cleavage [4, 96, 97, 101].
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HSV-1 also enhances Alzheimer-type pro-inflammatory signaling pathways by inducing
miRNA146a [102]. An exaggerated cytokine response, including increased tumor necrosis
factor (TNF)-q, interleukin (IL)-6, and interferon (IFN)-v levels, has been detected in CSF from
individuals with HSE or AD compared with healthy controls [103]. In addition, astrocytosis
represents a fundamental reaction of the CNS to diverse neurological disorders and brain
injuries, where glial acidic fibrillary protein (GAFP) is high in CSF [103].

Additionally, it has been demonstrated that in vitro infection of neuronal cultures with HSV-
1 generates a deterioration of neuritic processes, altered microtubule dynamics, hyperphos-
phorylation of tau protein and tau cleavage by active caspase-3, all characteristics associated
with early events of neurodegeneration [13, 98, 104].

When brain swells, because of infection or normal damaging processes related to aging, there
isalocal activation of innate immune system. Contrary to other tissues, the CNS has practically
no major histocompatibility complex (MHC) expression and is protected from antibodies, by
the BBB [13]. That is why there must be a fast local response by microglial cells, in the detection
of pathogen-associated molecular patterns (PAMPs) and toxic debris too (such as A fibrils
and other aggregated proteins) through several pattern-recognition receptors (PRRs) such as
Toll-like receptors (TLRs) [105]. Growing evidence indicates that TLRs are pivotal mediating
inflammatory responses in CNS pathologies. TLR-mediated intracellular signaling pathways
converge to activate NF-kB, and c-Jun N-terminal kinases, which induce the transcription of
many genes involved in the onset and/or regulation of this kind of responses, mostly cytokines
and chemokines [13].

In this regard, HSV-1 has the ability to induce activation of signaling pathways dependent on
Toll-like receptors (TLR2 and 4) in astrocytes [106]. Correspondingly, using an in vivo murine
model of infection with HSV-1, we found hyperphosphorylation and cleavage of tau protein
by activated caspase 3 during productive and latent infection, alterations that are mainly
concentrated in the olfactory bulb and trigeminal nerve, and less extensive in regions of the
cerebral cortex. Similarly, during latent infection with HSV-1 it was possible to observe a
marked gliosis and increased expression of TLR-4 [55], suggesting repeated neuroinflamma-
tory events that could result in neurodegenerative processes. Moreover, we have recently
observed that during infection, the virus modulates differentially the stress sensors AMPK/
Sirtuin 1 associated with apoptosis and mitochondrial biogenesis [23].

Even though the evidence reviewed here supports the hypothesis that recurrent infection by
HSV-1 at the level of CNS would play a critical role in the development of diseases such as
AD, it remains unanswered whether this virus is indeed a causative agent. Nonetheless, age
is the main risk factor in the development of chronic and neurodegenerative diseases, coin-
ciding with the decline of the immune system and therefore less restriction on the brain
invasion of HSV-1.

In this regard, reports of the World Health Organization (WHO) and the International
Federation of the AD (ADI) estimate that in 20 years, the number of people with AD will
increase to approximately 66-67 million people and in subsequent years this number will
double. Concomitantly, the world population has a greater life expectancy, so it is of great
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importance to establish possible genetic, environmental, and pathogenic factors that may have
an impact on the development of diseases of the central nervous system, especially related to
aging diseases [107].
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Abstract

Apical periodontitis represents a chronic inflammation and destruction of periradicu-
lar tissue caused by polymicrobial infection of endodontic origin. The aim of this
systematic review was to make an update on findings related to Epstein-Barr virus
(EBV) and human cytomegalovirus (HCMV) presence in periapical pathoses and to
correlate these findings with clinical, histopathological and radiographic features of
periapical lesions. Methods were based on the preferred reporting items for systemat-
ic reviews and meta-analyses (PRISMA) statement. A search was performed using
PubMed, Web of Science and SCOPUS. Search key words included the following
medical subjects heading terms: (periapical disease OR apical periodontitis OR
periapical lesions OR periapical abscess) AND (viruses OR herpesvir*). A manual search
involved references from articles retrieved for possible inclusion. The search, evalua-
tion, and critical appraisal of articles were performed by two independent judges.
Collected data were analyzed using the measures of descriptive statistics. The final
review has included twenty nine articles related to herpesviral presence periapical
pathoses. Qualitative analysis indicated that EBV HCMV, and HHV-8 were the most
prevalent species in periapical pathoses. Our findings suggest that there is wide variety
of herpesviruses detection rates in periapical pathoses in relation to their clinical,
histopathological and radiographic features.

Keywords: periapical disease, apical periodontitis, periapical abscess, human cytome-
galovirus, Epstein-Barr virus

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN



32

Herpesviridae

1. Introduction

Apical periodontitis represents an inflammatory process within the periapical tissues. It is
characterized by chronic inflammation and destruction of tooth-supporting tissues around the
apex of a tooth root [1]. It represents a remarkably prevalent condition [2]. In Europe, the
prevalence of apical periodontitisis estimated at 34-61% of individuals and 2.8-4.2% of the teeth
[3] and increases with age [4]. Although various chemical and physical factors are able to induce
periapical inflammation, overwhelming evidences indicate that polymicrobial infection of
endodontic origin is essential for its development [5, 6].

The relationship between periapical inflammation and root canal bacterial infection is well
established [7-9]. In the classic study by Kakehashi et al. [7], rats subjected to surgical exposure
and maintained in a conventional microbial environment uniformly developed pulpal necrosis
and periapical inflammation. In contrast, germ-free animals exhibited no periapical destruc-
tion and formed reparative dentin at damaged sites. Subsequent study by Sundquist [8]
confirmed the causative relationship between pulpal infection and periapical lesion develop-
ment. He showed that traumatized but non-infected necrotic pulps did not result in periapical
pathoses, whereas pulpal necrosis associated with pathogenic bacteria led to periapical
breakdown [8]. These studies confirmed that pulpal infection appears to be an absolute
essential for the development and progression of periapical inflammation.

Endodontic infection develops only in root canals of teeth devoid of vital pulp and their
defence mechanisms. This may be consequence of pulpal necrosis because of dental caries,
trauma to the tooth, attrition, abrasion, and iatrogenic operative procedures, but also due to
removal of the pulp tissue for the previous root canal treatment [6]. Microorganisms can reach
the pulp through various routes. The major pathways of pulpal contamination are direct pulp
exposure, exposed dentinal tubules, lateral and apical accessory canals, and blood-transmitted
bacteria. Once the infection is established in the root canal, bacteria may contact the perira-
dicular tissues via apical and later foramina or root perforations and induce an acute or chronic
inflammatory response [10].

Endodontic infections develop in a previously sterile place which does not contain any
microorganisms. Therefore, any species found in the root canal has the potential to be an
endodontic pathogen or at least to play a role in the ecology of the microbial community.
However, the virulence and pathogenicity of individual species vary considerably and can be
affected in the presence of other microbes [11]. Culture-dependent and culture-independent
microbiological studies have identified more than 1000 different bacterial species/phylotypes
in the oral cavity [12]. Subsequent studies by Siqueira [13, 14] revealed that over 460 different
microbial species/phylotypes make the current list of endodontic pathogens. At high phylo-
genetic levels, endodontic bacteria fall into 15 phyla, with the most common species/phylo-
types belonging to the phyla Firmicutes, Bacteroides, Actinobacteria, Fusobacteria, Proteobacteria,
Spirochetes, and Synergistetes [15-17]. These microbiota are organized in a structure resembling
biofilm [18, 19]. The biofilm community represents a complex biological system that is
structurally and dynamically organized. Population of cells is strategically positioned for
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optimal metabolic interaction, and the resultant architecture favours the physiology and
ecological role of the community [11].

Traditionally, endodontic infections have been classified as either primary or secondary.
Primary root canal infection is caused by microorganisms that initially invade and colonize
the necrotic pulp tissue, while secondary infection is caused by microorganisms that were not
present in the primary infection, but were introduced in the root canal at some time after
professional intervention. Additionally, persistent infection is caused by microorganisms that
were members of primary or secondary infection which resisted intracanal antimicrobial
procedures [6]. Secondary or persistent infections are the major causes of persistent apical
periodontitis, which is basically a direct consequence of failure of endodontic treatment [13].

Periapical inflammation is a direct result of interactions between the bacteria inside the infected
root canal system and the host’s immune system. Apical inflammatory process serves two
purposes: one is to try to remove the bacteria, while the other is to prevent microbial invasion
into the periapical tissues [1, 10]. The initial response to bacterial presence will be an acute
inflammatory reaction, known as acute apical periodontitis. It is of short duration and occurs
within a previously healthy periapical region. If bacterial irritation in pulp and periapical
tissues remains constant, it may then follow several possible courses such are further intensi-
fication, abscess formation, spreading of the infection through bone and/or soft tissues (i.e.
cellulitis), or it may become chronic (i.e. chronic apical periodontitis). Continued presence of
irritants in the apical part of the root canal system shifts acute inflammation gradually to a
chronic inflammatory reaction, known histologically as a periapical granuloma [5, 20].

Histopathologically, the periapical granuloma consists of granulomatous tissue with inflam-
matory cells infiltrate, fibroblasts, and well-developed fibrous capsule[1, 10, 21]. Nair et al. [22,
23] performed serial sectioning of histological samples and had shown that more than 45% of
all chronic apical granulomas were epithelialized.

The extra-epithelial tissues predominantly consist of inflammatory cells infiltrate [24-32].
Cellular composition of periapical lesions varies significantly, depending on the stage of lesion
development and its progression, histological characteristics, presence or absence of clinical
symptoms, and methods used for detection and quantification of inflammatory cells [33]. The
main finding is that lymphocytes and macrophages are the predominant population of
infiltrating cells. Among the lymphocytes, T cells are likely to be more numerous at certain
stages than B cells [24-26], and CD4+ helper cells may outnumber CD8+ cytotoxic cells [29-
31]. Additionally, T-helper type 1 (Th 1) lymphocytes characterize early forms of apical
periodontitis. This suggests a role for Th 1 cells in the initiation and expansion of periapical
lesions [34, 35]. The abundance of B lymphocytes, plasma cells, CD8+ cytotoxic/suppressor T
cells, and Th 2 cells in late periapical granulation tissues suggests that these cells participate
in lesion stabilization and possible healing [34, 35].

Periapical cysts (radicular cysts) are believed to be a direct sequel of chronic apical granulomas
although not every granuloma develops into a cyst [1, 5, 36]. The reported incidence of cysts
among apical periodontitis lesions varies from 6 to 55%. Although more than 50% of all lesions
are epithelialized, investigation based on serial sectioning showed that the incidence of cysts
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among those lesions may be well below 20% [23, 37, 38]. There are two distinct categories of
periapical cysts. A periapical pocket cyst is a sac-like epithelium-lined cavity that is open to
and continuous with the root canal. On the other hand, a periapical true cyst has the cavity
completely enclosed in an epithelial lining and there is no communication with the root canal
[23, 38]. The four major histological components of true apical cysts are the cyst cavity, a
complete epithelial lining of the cystic wall, extra-epithelial tissue and the collagenous capsule.
The tissue between the epithelial lining and the fibrous capsule usually consists of numerous
blood vessels and inflammatory cells [5, 26]. More than half of cystic lesions are true apical
cysts, and the remainder are apical pocket cysts [23, 38].

Apart from its chronic forms, apical periodontitis can manifest itself in different clinical ways,
including the development of an acute abscess [39]. An abscess is defined as a localized
collection of pus inside the cavity formed by tissue liquefaction. The acute apical abscess is the
most common form of dental abscess and is usually a sequel of an endodontic infection [40].
Along with Gram-negative dark-pigmented anaerobic bacteria of the genera Prevotells,
Porphyromonas, and Fusobacterium, Gram-positive cocci, specifically peptostreptococci and
streptococci, comprise the most frequently detected bacteria in apical abscess samples [41-
44]. Apical abscesses may be either acute or chronic, and an acute apical abscess may be either
a primary or secondary lesion. The purulent exudate formed in response to root canal infection
spreads through the medullary bone to perforate the cortical bone and discharge into submu-
cous or subcutaneous soft tissue. The spread of endodontic infections into fascial spaces is
determined by the location of the root tip of the involved tooth in relation to its overlying
buccal or lingual cortical plane, the thickness of the overlying bone, and the relationship of the
apex to the attachments of surrounding muscles [45, 46]. Delayed or inappropriate treatment
of acute apical abscess may result in spreading of infection and cause severe and/or life-
threatening complications such are deep neck infections [47], mediastinitis [48], necrotizing
fasciitis [49], orbital and brain abscess [50, 51], and cervical spondylodiscitis with spinal
epidural abscess [52].

Although there is a clear implication of microbiological factors in the development of apical
periodontitis, host-related factors, otherwise known as disease modifiers, are able to influence
the outcomes of apical periodontitis. In this regard, the influence of various systemic conditions
and genetic background of patients in the development of apical periodontitis have been
extensively investigated [53, 54]. The results of studies conducted so far are not conclusive, but
suggest an association between apical periodontitis and systemic disease such as diabetes
mellitus. There is evidence associating diabetes mellitus with higher prevalence of apical
periodontitis, greater size of periapical lesions, greater likelihood of asymptomatic infections,
and delayed periapical repair [55-57]. On the other hand, some data suggest that chronic
periapical disease may contribute to diabetic metabolic dyscontrol [58]. Although diabetic
patients are apparently more prone to develop severe forms of apical periodontitis, no study
so far reported the prevalence of endodontic abscesses in diabetic patients.

Genetic polymorphisms are another factor which can make individuals more prone to develop
acute infections. Previously reported studies have hypothesized that polymorphisms in
cytokine genes may contribute to an individual’s increased susceptibility to periapical tissue
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destruction [59, 60]. Single nucleotide polymorphisms in variety of cytokine-encoding genes,
including those for tumour necrosis factor (TNF)-a, interleukin (IL)-13, IL-6, IL-8, IL-10, were
correlated with clinical and radiographic features of apical periodontitis lesions and develop-
ment of acute apical abscesses [61-63].

Apart from bacteria, various species of other microorganisms, including herpesviruses, have
been associated with periapical pathosis. In 1958, Rauch [64] assumed that, apart from bacteria,
another causative factor contributing to development of periapical granuloma may be a viral
one. In this in vitro study, samples were taken from infected root canals and periapical tissue
by means of paper point method. He used monkey kidney cells to inoculate them with the
medium in which the paper points were stored. However, using this method, isolates from 10
patients were negative. Subsequent study by Shindell [65] analysed the presence of viruses in
HeLa and human amnion cell cultures inoculated by periapical tissues of four patients. He
also reported negative results from this experiment and concluded that based on his and
previously reported results by Rauch, periapical granulomas are not associated with viral
infection.

Over the past 25 years, data on possible involvement of herpesviruses in the development of
periodontal tissue diseases have gradually accumulated in scientific literature. By the
mid-1990s, Parra and Slots [66] and Contreras and Slots [67] detected several viral transcripts
in periodontal pockets using polymerase chain reaction (PCR). They concluded that perio-
dontal tissue breakdown occurs more frequently and progresses more rapidly in herpesvirus-
infected that in herpesvirus-free periodontal sites. The same group of authors proposed
herpesviruses as a putative pathogen in destructive periodontal disease. After these findings,
Sabeti et al. [68, 69] hypothesized that concomitant herpes viral infection may contribute to the
pathogenesis of apical periodontitis in the same way as it has been proposed for marginal
periodontitis. Epidemiological studies carried out since the mid-2000s have identified Epstein—
Barr virus (EBV) and human cytomegalovirus (HCMYV) as the frequently detected species of
the Herpesviridae family in apical periodontitis [70].

Of the approximately 120 identified herpesviruses, eight major types with distinct biological
and clinical characteristics are known to infect humans, namely herpes simplex virus (HSV),
varicella-zoster virus (VZV), EBV, HCMV, human herpesvirus (HHV)-6, HHV-7, and HHV-8
(Kaposi's sarcoma virus). The name of this virus family is derived from the Greek word
herpain, meaning “to creep”, which reflects the features of those viruses, namely latent and
recurring infections. Till now, more than 5000 different strains of herpesviruses have been
identified. Membership in the family Herpesviridae is based on a four-layer structure of the
virion. The prototypical structure of herpesviruses consists of a double-strained DNA genome
encased within an icosahedral capsid, a proteinaceous tegument, and a lipid-containing
envelope embedded viral glycoproteins [71-73]. Of particular importance is that these viruses
share the property to persist during the host lifetime and hold the ability to be reactivated at
some point in time, under the influence of several stimuli. Humans are the only source of
infection for these eight herpesviruses.

Despite the fact that numerous studies have analysed the relationship between herpesviral
infection and apical periodontitis, its exact role in the etiopathogenesis of periapical lesions
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has not yet been completely elucidated. Up to now, two distinct theories have emerged. The
findings of Slots et al. [74-76] within the past 15 years have established a hypothesis that
herpesviruses may be implicated in the pathogenesis of apical periodontitis as a direct result
of viral infections or as a result of a virally induced impairment of local host defence that
favours bacterial overgrowth. These hypotheses are based on direct cytopathogenic effects of
herpesviral infection on fibroblasts, keratinocytes, endothelial cells, inflammatory cells, and
possibly bone cells. Study by Ongradi et al. [77] showed impaired functions of neutrophils in
subjects who carried herpesviruses in oral lymphocytes and epithelial cells in comparison with
virus-free persons. Moreover, it has been shown that fibroblast infected with herpesviruses
may hamper tissue turnover and repair in regenerative periodontal therapy [78]. Herpesvirus
infection induces host’s antiviral innate and adaptive immune responses. These immune
responses are incapable of eradicating viral infection, but they are effective in controlling viral
replication and preventing clinical manifestations of a disease. Indirectly, herpesvirus-induced
impairment of local host’s defence causes upgrowth of resident bacteria in apical periodonti-
um. Contreras and Slots [71] have reported that herpesviral proteins expressed on eukaryotic
cells may act as new bacterial binding sites. Additionally, these interactions between herpes-
viruses and endodontic bacteria are probably bidirectional, since bacterial enzymes or other
inflammatory-inducing factors have the potential to turn over herpesviral infection into active
stage [76].

In contrast to herpesviral-bacterial hypothesis, Ferreira et al. [79, 80] hypothesized that the
occurrence of herpesviruses might be just an epiphenomenon to bacterial infection that caused
inflammation of periapical tissues and consequent influx of virus-infected inflammatory cells
to the periapical area. Since herpesviruses can persistently occur in the human body by
infecting defence cells, the mare presence of viral DNA in clinical samples does not necessarily
imply a role in disease pathogenesis.

In our previous systematic review [70], herpesviral infection has been correlated with clinical
features of apical periodontitis. Pooled results of six studies included in meta-analysis showed
that the occurrence of HCMV or EBV did not significantly differ between symptomatic and
asymptomatic apical periodontitis. The necessity for updated systematic review comes from
several reasons. In the last 2 years, several studies reported new data on herpesviral occurrence
in apical periodontitis lesions. Moreover, in previous systematic review, data of herpesviruses
infection were not correlated with radiographic and histopathological features of apical
periodontitis. Additionally, previous report did not analyse the occurrence of herpesviruses
in samples of acute apical abscess.

All these issues pointed to the necessity to make an updated systematic review on herpesviral
occurrence in periapical pathoses and to correlate these findings with clinical, histopatholog-
ical, and radiographic features of apical periodontitis and acute apical abscess. In addition, the
occurrence of herpesviral infection in relation to levels of proinflammatory mediators, the
presence of different strains of herpesviruses and herpesviral-bacterial co-infection in
periapical pathoses will be analysed.



Herpesviruses in Periapical Pathoses: An Updated Systematic Review
http://dx.doi.org/ 10.5772/64004

2. Materials and methods

To address the research questions, we designed and implemented a systematic review based
on the PRISMA (preferred reporting items for systematic reviews and meta-analyses)
statement. The search, evaluation of relevant articles, and their critical appraisal were
performed by two independent judges (A.]. and M.A.) blinded to each other.

In the firstround, a comprehensive literature search was performed using electronic databases:
PubMed, Web of Science, and Scopus. All mentioned databases provide the article title,
abstract, and key words. Search key words included the following medical subjects heading
(MeSH) terms: (periapical disease OR apical periodontitis OR periapical lesions OR periapical
abscess) AND (viruses OR herpesvir*). A manual search involved reference lists from identi-
fied articles for possible inclusion of additional relevant studies. The language of the publica-
tion was restricted to English. Electronic and manual searches were last conducted on
December 20, 2015.

In the second round, the title and abstract of retrieved articles were screened. For studies
appearing to be relevant and for those with insufficient data in the title and abstract to make
a clear decision, the full texts were obtained. After the full-text assessment, articles were
submitted to final eligibility evaluation by the same two judges. Inclusion and exclusion
criteria are presented in Tables 1 and 2. Only articles that met all eligibility criteria were
marked as accepted and included in the third round.

- Article types: original scientifically papers, case series, and short communications

- Studies in which human subjects were in good general health (American Society of Anesthesiology status

classification system I and II) and without immunosuppressive and antiviral therapy 6 months prior to examination
- Documented data of herpesviral infection in apical periodontitis and periapical abscess tissue samples

- Clear statement of the method (reverse transcriptase PCR, real-time PCR, nested PCR, multiplex PCR,

immunohistochemistry, in situ hybridization, and flow cytometry) used for viral detection

- Studies with at least 5 patients without periodontally involved teeth (no probing depth >4 mm)

Table 1. Eligibility —inclusion criteria.

- Article types: in vitro study, animal study, case report, and review article
- The publication was based on a population that was part of another study

- Prevalence rates and data that allowed their calculation were absent

Table 2. Eligibility —exclusion criteria 1.

In the third round, each article was critically appraised by authors who were evaluating the
methodological quality of all selected articles. Articles excluded from this phase and the
reasons for exclusion are presented in Table 3. From remaining 29 articles, data on clinical,
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histopathological, and radiographic characteristics of study subjects, occurrence of herpesvi-
ruses among examined sample, viral diagnostic methods, etc. were extracted and tabulated.
Collected data were qualitatively analysed using measures of descriptive statistics. Any
different findings in each round were settled by discussion, and discrepancies between
reviewers were resolved by consensus with a third party.

Reasons for exclusion Author, year [reference numbers]
In vitro study design Rauch 1958 [64]; Shindelle 1962 [65]
Case report study design Gregory et al. 1975 [106];

No documented data of herpesviral DNA, cDNA, and/or mRNA Goon et al. 1988 [107];

in tissue sample. Wadden 1991 [108];

Ramchandani et al. 2007 [109];
Gupta et al. 2015 [110];

cDNA, complementary DNA; mRNA, messenger RNA.

Table 3. Articles excluded after critical appraisal.

3. Results

The electronic database and manual searches last updated on December 20, 2015, yielded 57
hits from PubMed, 63 hits from Web of Science and 87 hits from Scopus. The total number of
articles after duplicates were removed was 150. A manual reference list search did not provide
any relevant titles that were not found already by the electronic database research. Thirty-
seven articles were considered relevant to the topic after abstract screening. Full texts of these
37 articles were evaluated using the eligibility criteria listed in Tables 1 and 2. Eight articles
did not meet one or more of the eligibility criteria. These articles were excluded, and the reasons
for exclusion are listed in Table 3. Twenty-nine articles were accepted for the final review
(Table 4). Twenty-four articles were related to herpesviral finding in chronic periapical lesions,
and five articles analysed the occurrence of herpesviruses in acute apical abscess lesions. A
literature search flow diagram is presented in Figure 1. All studies in the final review were
cross-sectional.

Author, year [reference Specimens number and type Specimens Method of analysis
numbers] collected in

conjunct with

Rider et al. 1995 [81] n =20, radicular cysts Cyst enucleation Immunohistochemical analysis

Heling et al. 2001 [82]  n =46, pulp tissue—irreversible Apicoectomy, PCR (DNA)

pulpitis (11); pulp tissue—necrotic Tooth extraction
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Author, year [reference Specimens number and type Specimens Method of analysis
numbers] collected in
conjunct with

pulp (17); periapical lesions (10);

control pulpal tissue (8)
Sabeti et al. 2003a [68]  n =16, periapical lesions (14); control ~ Apicoectomy RT-PCR (RNA, cDNA)

specimens (2)
Sabeti et al. 2003b [69]  n =14, periapical lesions; Apicoectomy RT-PCR (RNA, cDNA)
Sabeti et al. 2003c [83]  n =5, periapical lesions; Apicoectomy RT-PCR (RNA, cDNA)
Sabeti et al. 2004 [84] n =34, periapical lesions; Apicoectomy RT-PCR (RNA, cDNA)
Slots et al. 2004 [85] n = 44, periapical pathosis; Apicoectomy RT-PCR (RNA, cDNA)
Kabak et al. 2005 [86]  n =57, periapical lesions; Apicoectomy Immunohistochemical analysis

Yildirim et al. 2006 [87]

Saboa-Dantas et al. 2007

(88]

Andric et al. 2007 [89]

Yazdi et al. 2008 [90]

Sunde et al. 2008 [91]

Sabeti et al. 2009 [92]

Li et al. 2009 [93]

Chen et al, 2009 [94]

n =24, granulomatous tissue (12);

control pulpal tissue (12)

n =35, granulomas (n = 29); cysts (6)

n =43, periapical cysts (n = 33);
odontogenic keratocysts —control
specimens (n = 10);

n =50, apical periodontitis;

n = 40, apical periodontitis;

n = 15, periapical lesions;

n =72, apical periodontitis (30);
previously treated teeth with apical
periodontitis (23); healthy pulp control
(19)

n =50, acute apical abscess (31);

healthy pulp control (19)

Tooth extraction

Tooth extraction

Tooth extraction

Apicoectomy

Apicoectomy

Apicoectomy

Tooth extraction

Apicoectomy,

Tooth extraction

Needle

aspiration

PCR (DNA)

Immunohistochemical analysis

PCR (DNA)

RT-PCR (RNA, cDNA)

Real-time PCR (DNA), In situ
hybridization,
Immunohistochemical analysis

Flow cytometry

RT-PCR (RNA, cDNA), Nested
PCR, PCR (DNA)

PCR, Nested PCR (DNA)
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Author, year [reference Specimens number and type

numbers]

Specimens
collected in

conjunct with

Method of analysis

Hernandi et al. 2010

[95]

Ferreira et al. 2011a

(79]

Ferreira et al. 2011b

(80]

Hernandi et al. 2011

[%6]
Sabeti et al. 2012 [97]

Hernandi et al. 2013

(98]
Ozbek et al. 2013 [99]

Verdugo et al. 2015
[100]
Ozbek et al. 2015a

[101]

Makino et al. 2015

[102]

Ozbek et al. 2015b
[103]

Popovic et al. 2015
[104]

Jakovljevic et al. 2015

[105]

n = 80, apical periodontitis (40);

healthy pulp control (40)

n =50, acute apical abscess (23);

healthy pulp control (5)

n =33, acute apical abscess (33)

n =80, apical periodontitis (40);

healthy pulp control (40)
n =15, periapical lesions

n =78, apical periodontitis (58);

gingival tissue (20);
n =28, periapical lesions;

n = 48, apical periodontitis (33);

saliva (15);

n =33, acute apical abscess (27);

healthy pulp control (6)

n =42, periapical lesions (32);

gingival tissue (10);

n =31, acute apical abscess (21);

healthy pulp control (10);

n =60, periapical lesions;

n =125, apical periodontitis (100);

healthy pulp control (25)

Apicoectomy

Needle
aspiration
Needle
aspiration

Apicoectomy

Apicoectomy

Apicoectomy

Apicoectomy

Apicoectomy

Needle
aspiration

Apicoectomy

Needle
aspiration

Tooth extraction

Apicoectomy

RT-PCR (RNA, cDNA), Nested
PCR, PCR (DNA)

PCR, Multiplex nested PCR (DNA)

PCR, Multiplex nested PCR (DNA)

RT-PCR (RNA, cDNA), Nested
PCR, PCR (DNA)

Real-time RT-PCR (RNA, cDNA)

Nested PCR, Real-time PCR

(DNA)
Real-time PCR (DNA)

PCR, Real-time PCR (DNA)

Real-time PCR (DNA))

Real-time PCR (DNA), In situ
hybridization,

Immunohistochemical analysis

Real-time PCR (DNA))

PCR (DNA)

PCR (DNA), RFLP

PCR, polymerase chain reaction; RT-PCR, reverse transcriptase polymerase chain reaction; HCMV, human
cytomegalovirus; EBV, Epstein-Barr virus; DNA, deoxyribonucleic acid; cDNA, complementary deoxyribonucleic
acid; mRNA, messenger ribonucleic acid.

Table 4. Articles included in the final review.
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Figure 1. Flow diagram of systematic review process.

3.1. The occurrence of herpesviruses in samples of periapical pathoses compared to healthy
control tissues

Twelve included studies investigated the occurrence of herpesviruses in samples of apical
periodontitis lesions and healthy control tissues [68, 82, 87-89, 93, 95, 96, 98, 100, 103, 105].
Healthy pulp tissue samples, obtained from surgically extracted third molars or teeth extracted
due to orthodontic reasons, were used as control specimen in the majority of studies [82, 87,
93, 95, 96, 105]. Few studies used gingival tissues as control specimens [98, 102]. Sabeti et al.
[68] and Verdugo et al. [100] also reported usage of tissues from healthy periapical sites and
saliva as controls.

Four studies [93, 95, 96, 105] reported significantly increased occurrence of herpesviruses in
periapical lesions compared to control pulp tissues. Hernadi et al. [98] and Makino et al. [103]
shown similar occurrence of herpesviruses between periapical lesions and gingival tissue.

Four studies compared the occurrence of herpesviruses between acute apical abscess samples
and healthy pulp tissue [79, 94, 101, 103]. Although herpesviruses were more frequently
detected in abscess samples compared to the pulp tissue samples, these differences were not
significant (Table 6).
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3.2. The occurrence of herpesviruses in symptomatic and asymptomatic apical periodontitis
and acute apical abscesses

The majority of studies included in final review investigated the relationship between the
presence of herpesviruses and clinical features of periapical lesions. The common approach
was to compare the occurrence of herpesviruses in groups of symptomatic and asymptomatic
lesions based on the presence of pain, sensitivity to percussion and palpation, and discomfort
on biting at the time of sample collection. The summarized results of these studies are given

in Table 5.

Author, year Study group  Symptomatic Asymptomatic Control Lesion size Dual infection
[reference lesions lesions group

number]

Rideretal. 1995 n =20, radicular HSV-1+ (0%) n=2

(81]

Heling et
al. 2001 [82]

cysts

n =236,

pulp tissue—
irreversible
pulpitis (11);
necrotic pulp
17y
periapical

lesions (10);

Sabeti et al. 2003a n =14,

68]

periapical

lesions;

Sabeti et al. 2003b n =14,

(69]

periapical

lesions;

HSV-2+ (0%)

HSV-1+ (0%)

HSV-2+ (0%)

n=13 n=1

HCMV+ HCMV+ (100%)
(92, 3%) EBV+ (0%)
EBV+ (61, 5%) HSV-1+ (0%)

HSV-1+ (0%)

n=7 n=7
HCMV+ (100%) HCMV+ (14, 3%)
EBV+ (85, 7%) EBV+ (14, 3%)

HSV-1+ (14, 3%)

HSV-positive
controls—
infected lung
tissues

n=_,;

control pulpal
tissue;

HSV-1+ (0%)

HSV-2+ (0%)
n=2; <5 x 7 mm HCMV\EBV+
periapical HCMV+ (85, 7%) (57, 1%)

tissue from  EBV+ (28, 6%)

healthy place; 25 x 7 mm
HCMV+ (0%) HCMV+ (100%)

EBV+(0%)  EBV+ (85, 7%)

<5 x 7 mm Symptomatic

HCMV+ (50%) HCMV\EBV+
EBV-+ (0%) (100%)

>5 x 7 mm
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Author, year Study group  Symptomatic Asymptomatic Control Lesion size Dual infection
[reference lesions lesions group
number]
HCMV+ (50%)  Asymptomatic
EBV+ (66, 7%)  HCMV\EBV+
(14, 3%)
Sabeti et al. 2003c n=5, n=>5, >5 x 7 mm Symptomatic
[83] periapical HCMV+ (100%) HCMV+ (100%) HCMV\EBV+
lesions; EBV+ (100%) EBV+ (100%) (100%)
HSV-1+ (0%)
Sabeti etal. 2004 n=234, n=23, n=11, >5 x 7 mm HCMV\EBV+
[84] periapical HCMV\EBV+ HCMV\EBV+ HCMV/ EBV (58, 8%)
pathosis; (69, 6%) (36, 4%) +(79, 2%)
HCMV\EBV- HCMV\EBV -
(0%) (54, 5%)
HSV+ (18, 2%)
Slots et al. 2004 n=44, n=25, n=19, Range from Symptomatic
[85] periapical HCMV+ HCMV+ (37%) 2x2to15x16 ~HCMV\EBV+
pathosis; (100%) EBV+ (26%) mm (76%)
EBV+ (76%) Asymptomatic
HCMV\EBV+
(26%)
Kabak et al. 20056 n =57, n=>57,
[86] periapical HSV-1+ (8, 8%)
lesions;
Yildirim n=12, n=12, n=12, Symptomatic
et al. 2006 granulomatous HCMV+ (58%) control pulpal HCMV\EBV+
[87] tissue; EBV+ (67%) tissue; (33%)
HCMV+ (8%)
EBV+ (8%)
Saboa-Dantas et n =26, n=26, n=9, HIV-
al. 2007 [88] HIV- granulomas HIV- seronegative
seronegative HCMV+ seropositive; HCMV\EBV+

43



44 Herpesviridae

Author, year Study group  Symptomatic Asymptomatic Control Lesion size Dual infection
[reference lesions lesions group
number]
granulomas (n = (18, 75%) granulomas (7, 7%)
22); EBV+ (43, 75%); HCMV+ (66, HIV-
cysts (n=4); cysts 7%) seropositive
HCMV+ (0%)  EBV+(50%); HCMV\EBV+
EBV+ (0%); cysts (33, 3%)
HCMV+ (50%)
EBV+ (50%);
Andric et n=33, n=16, n=17, n=10, Range from 11 to
al. 2007 periapical cysts HCMV+ HCMV+ odontogenic 80 mm
[89] (38, 9%) (61, 1%) keratocysts;
HCMV+ (60%)
Yazdi et al. 2008 n=50, n=28, n=22, Average lesion ~ Symptomatic
[90] apical HCMV+ HCMV+ size HCMV\EBV+
periodontitis; (53, 6%) (22, 7%) 4.55x 4.8 mm (0%)
EBV+ (3, 6%) EBV+ (4, 5%) Asymptomatic
HCMV\EBV+
(4, 5%)
Sunde et al. 2008 n =40, n=18, n=22,
[91] apical HCMV+ (0%) HCMV+ (0%)

periodontitis;  EBV+ (72%) EBV+ (28%)

Sabeti et al. 2009 n=15, n=15, Range from 3.0

[92] periapical HCMV+ (67%) to 8.5 mm
lesions;

Lietal. n=>53, n=232 n=21 n=19, >5 mm

2009 [93] apical HCMV DNA/ HCMV DNA/  healthy pulp HCMV DNA/
periodontitis mRNA+ mRNA+ control; mRNA
(30); 15, 7%)/ (16, 1%)/ HCMV DNA/ (13, 9%)/ (33, 3%)
previously (27, 5%) (32, 3%) mRNA+ EBV DNA/

treated teeth ~ EBVDNA/  EBV DNA/ (42, 1%)/ (10, mRNA+
mRNA+ mRNA+ 5%) (50%)/ (36, 1%)
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Author, year Study group  Symptomatic Asymptomatic Control Lesion size Dual infection
[reference lesions lesions group
number]
with apical (43, 1%)/ (45, 2%)/ EBVDNA/ <5mm
periodontitis (21, 6%) (32, 3%) mRNA+ HCMV DNA/
(23); (0%)/ (0%)  mRNA (0%)/
(29,4% )
EBV DNA/
mRNA+
(47, 1%)/ (35,3%)
Hernandi n =40, n=17, n=13, n =40, >5 mm Symptomatic
et al. 2010 apical HCMV DNA/ HCMV DNA/  healthy pulp HCMV DNA/  HCMV\EBV
[95] periodontitis; mRNA+ mRNA + control; mRNA DNA+
(6%)/ (0%) (13%)/ (0%) HCMV DNA/ (14%)/ (0%) (6%)
EBV DNA/ EBV DNA/ mRNA + EBV DNA/ Asymptomatic
mRNA+ mRNA+ (0%)/ (0%)  /mRNA+ HCMV\EBV
(82%)/ (71%)  (65%)/ (35%) EBVDNA/  (91%)/ (76%) DNA+
mRNA+ <5 mm (9%)
(2,5%)/ (2,  HCMVDNA/  Control group
5%) mRNA HCMV
(0%)/(0%) \EBVDNA+
EBV DNA/ (0%)
mRNA+
(53%)/(21%)
Hernandi n =40, n=17, n=23, n =40, >5 mm HHV 6\EBV+
et al. 2011 [96] apical HHV 6+ (29, HHV 6+ (13%) healthy pulp n=21 (17, 5%)
periodontitis;  4%) HCMV+ (7,5%) control; HHYV 6+ (23, 8%) HCMV\EBV+
HCMV+ (2, 5%) EBV+ (37,5%) HHV 6+ HCMV+ (14, 8%) (7, 5%)
EBV+ (35%) (2,5%) EBV+ (90, 5%)
HCMV+ (0%) <5 mm
EBV+(2,5%) n=19
HHYV 6+ (15, 8%)
HCMV+ (5, 3%)

EBV+ (52, 6%)
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Author, year Study group  Symptomatic Asymptomatic Control Lesion size Dual infection
[reference lesions lesions group
number]
Sabeti M et al. n=15, n=9, n=6, Symptomatic
2012 [97] periapical HCMV+ (55%) HCMV+ (0%) HCMV\EBV+
lesions; EBV+ (88, 9%) EBV+ (0%) (44, 4%)
Hernandi et al. n=>58, n=28, n =30, n=20, >5 mm
2013 [98] apical HCMV+ (14, HCMV+(10%) gingival n=31
periodontitis;  3%) EBV+ (63,3%) tissue; HCMV+ (16, 1%)
EBV+ (89, 3%) HCMV+ (0%) EBV+ (93, 5%)
EBV+(10%) <5mm
n=27
HCMV+ (7, 4%)
EBV+ (55, 6%)
Ozbek et al. 2013 n =28, n=16, n=12, <5 mm Symptomatic
[99] apical HCMV + HCMV + (25%) Symptomatic HCMV\EBV+
periodontitis; (37, 5%) EBV+ (8, 3%) HCMV+ (37, 5%) (25%)
EBV+ (18, 7%) EBV+(18,7%)  Asymptomatic
Asymptomatic ~HCMV\EBV+
HCMV+ (25%) (16, 7%)
EBV+ (8, 3%)
Verdugo et al. n =233, n=20, n=13, n=15, Symptomatic
2015 [100] apical HCMV+ (15%) HCMV+ (0%)  saliva; HCMV\EBV+
periodontitis;  EBV+ (70%) EBV+(38,5%) HCMV+ (6, (15%)
7%)
EBV+ (40%)
Makino et al. 2015 n=32, n=32, n=20,
[102] apical granulomas; gingival
periodontitis;  EBV+ (78, 1%) tissue;
EBV+ (0%)
Popovic et al. n =60, n=31, n=29, <5 mm Symptomatic
2015 [104] apical HCMV + HCMV + (24, 1%) Symptomatic HCMV\EBV+
periodontitis; (70, 9%) EBV+ (0%) HCMV+ (12, 5%) (35, 5%)
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Author, year Study group  Symptomatic Asymptomatic Control Lesion size Dual infection
[reference lesions lesions group

number]

EBV+ (41, 9%) EBV+ (12, 5%)
Asymptomatic
HCMV+ (0%)
EBV+ (0%)
>5 mm
Symptomatic
HCMV+ (91, 3%)
EBV+ (52, 2%)
Asymptomatic
HCMV+ (38, 9%)
EBV+ (0%)
Jakovljevicetal. n=100, n=34HCMV+ n=66, n=25, >5 mm HCMV\EBV+
2015 [105] apical (52, 9%) HCMV + healthy pulp n=69 (41%)
periodontitis;  EBV+ (79, 4%) (54, 5%)EBV+  control; HCMV+ (57, 9%)
(74, 2%) HCMV+ EBV+ (78, 3%)
(28%)EBV+ <5 mm
(24%) n=31
HCMV+ (54, 8%)
EBV+ (71%)

8(p = 0.03; Chi-squared test)—dual HCMV/EBV infection in lesions of 5 mm x 7 mm or grater in radiographic size.

©I(p = 0.007; p = 0.04; Chi-squared test, Yates)—dual HCMV/ EBV infection in symptomatic periapical lesions.

B4(p < 0.001; Chi-squared test)—presence of herpesviruses more in large versus small size periapical lesions.

84(p < 0.001; Chi-squared test)—dual HCMV/ EBV infection in large periapical lesions.

®l(p < 0.0001; Chi-squared test)—dual HCMV/ EBV infection in symptomatic versus asymptomatic periapical lesion.

57)(p < 0.040; p < 0.040 Mann-Whitney U-test) —dual HCMV/ EBV infection in periapical lesions versus healthy pulpal control.
B81(p = 0.001; Chi-squared test, Yates)—HCMYV infection in periapical lesions of HIV-positive versus HIV-negative patients.
B0(p = 0.03; Chi-squared test) —HCMYV infection in symptomatic versus asymptomatic periapical lesions.

®1(p = 0.025; Chi-squared test)— EBV infection in symptomatic versus asymptomatic periapical lesions.

B3l(p < 0.05; Chi-squared test)—EBV DNA and RNA in endodontic pathoses versus healthy pulp control.

®8l(p < 0.0001; p < 0.0001; Chi-squared test, Yates)—EBV DNA and RNA in apical periodontitis lesions versus healthy pulp
control.

B3l(p < 0.0001; p < 0.0001; Chi-squared test, Yates)—EBV DNA and RNA in symptomatic versus asymptomatic periapical
lesions.

B3l(p = 0.02; p = 0.002; Chi-squared test, Yates)—both EBV DNA and RNA in large versus small size periapical lesions.
Bel(p = 0.03; Fisher exact test)—HHV-6 DNA in apical periodontitis versus control group.

el(p = 0.018; Logistic regression analysis)— Correlation between HHV-6 DNA occurrence and lesion size.

Bel(p = 0.008; Logistic regression analysis) —HHV-6 DNA in symptomatic versus asymptomatic periapical lesions.

8(p < 0.01; Fisher exact test) —HHV-6B DNA versus HHV-6A DNA in symptomatic large-sized lesions.
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¥)(p = 0.048; p = 0.002; Mann-Whitney U test)—dual HCMV/ EBV infection in symptomatic versus asymptomatic periapical
lesion.
B8l(p < 0.000001; Chi-squared test, Yates)—EBV infection in apical periodontitis lesions versus control group.
81(p <0.05; Chi-squared test, Yates)— EBV infection in symptomatic versus asymptomatic periapical lesions.
®81(p = 0.002; Chi-squared test)— EBV infection more in large versus small size periapical lesions.
[1901(p <0.01; Chi-squared test)—EBV copies more in symptomatic versus asymptomatic periapical lesions.
10y = 0.07; Chi-squared test)— EBV infection more in symptomatic versus asymptomatic periapical lesions.
1%3l(p < 0.0001; Mann-Whitney U test)— EBV DNA copies in apical periodontitis versus healthy gingival tissues.
1%4(p < 0.001; Chi-squared test) —HCMYV infection in symptomatic versus asymptomatic periapical lesions.
1%4(p < 0.001; Chi-squared test)—EBV infection in symptomatic versus asymptomatic periapical lesions.
104(p < 0.001; Chi-squared test) —HCMV/EBV dual infection in symptomatic versus asymptomatic periapical lesions.
1%4(p < 0.001; Chi-squared test)—HCMV infection in large symptomatic versus small symptomatic periapical lesions.
1%4(p < 0.001; Chi-squared test)—HCMYV infection in large asymptomatic versus small asymptomatic periapical lesions.
1%1(p = 0.020; Chi-squared test)—EBV infection in periapical lesions versus healthy pulpal control.
1%5l(p = 0.001; Chi-squared test)— EBV-1 versus EBV-2 infection in periapical lesions versus healthy pulpal control.
15l(p = 0.020; Chi-squared test)—HCMV infection in periapical lesions versus healthy pulpal control.
19l(p = 0.036; Chi-squared test) —HCMYV gB 1 versus gB 2 infection in periapical lesions versus healthy pulpal control.
11(p = 0.038; Chi-squared test) —HCMV/EBV dual infection in large-sized versus small-sized periapical lesions.
Table 5. The occurrence of herpesviruses among apical periodontitis lesions and control specimens.
Author, year [reference Study group  Control group Co-infection Lesion size
numbers]
Chen et al. 2009 [94] n=231 n=19 >5 mm
HCMV+ (29%) healthy pulp HCMV+ (26.1%)
EBV+(6.5%) HCMV+ (42.1%) EBV+ (4.3%)
HSV+(3.2%)  EBV+ (0%) HSV+ (4.3%)
VZV+(0%)  HSV+(5.3%) <5 mm
VZV+ (0%) HCMV+ (37.5%)
EBV+ (12.5%)
Ferreira et al. 2011a [79] n=23 n=>5 VZV+ (8.7%)
HCMV+ (0%) healthy pulp  HSV+(8.7%)
EBV+(0%)  HCMV+(0%) HHV 6+ (4.3%)
HSV+(4%)  EBV+(0%) HHV 7+ (4.3%)
VZV+(9%)  HSV+(0%) HHV 8 (21.7%)
HHV 6+ (9%) VZV+ (0%)
HHV 7+ (4%) HHV 6+ (0%)
HHV 8+ (48%) HHV 7+ (20%)
HPV+(13%)  HHV 8+ (40%)
HPV+ (0%)
Ferreira et al. 2011b [80] n=233 HHV 8 (15.2%)
HCMV+ (0%) VZV+ (6.1%)
EBV+ (6%) HPV-+ (6.1%)
VZV+ (6%) HSV+ (3%)
HHV 6+ (6%) EBV+ (3%)
HHV 7+ (3%) HHV 6 + (3%)
HHV 8+ (54.5%) HHV 7 + (3%)
HSV+ (3%) HHYV 8, HPV -bacterial co-infection
HPV+ (9%)
Ozbek et al. 2015a [101] n=27 n=6 Dual HCMV/EBV (4%)

HCMV+ healthy pulp
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Author, year [reference Study group  Control group Co-infection Lesion size
numbers]
(22.2%)EBV+ HCMV-+ (0%)
(11.1%) EBV+ (0%)
HPV+ (74%) HPV+(0%)
Ozbek et al. 2015b [103] n=21 n=10 Dual HCMV/EBV (4.8%) >5 mm
HCMV+ (19%) healthy pulp ~ Dual HCMV/HHYV 6 (4.8%) HCMV+ (27%)
EBV+(14%)  HCMV+ (0%) EBV-+ (18%)
HHV 6+ (5%) EBV+ (0%) HHV 6+ (9%)
HPV+(5%)  HHV 6+ (0%) HPV+ (9%)
HPV+ (0%) <5 mm
HCMV-+ (10%)
EBV-+ (10%)
HHV 6+ (0%)
HPV+ (0%)

HCMYV, human cytomegalovirus; EBV, Epstein-Bar virus; HHV, human herpesvirus; HPV, human papillomavirus;
VZV, Varicella-zoster virus; HSV, Herpes simplex virus.

Table 6. The occurrence of herpesviruses among acute apical abscess lesions and control specimens.

Fourteen studies compared the occurrence of herpesviruses between the symptomatic and
asymptomatic periapical lesions [68, 69, 84, 85, 90, 91, 93, 95-100, 104, 105]. The most investi-
gated herpesviruses were EBV and HCMV. An overall analysis of EBV and HCMYV presence
showed variability in their occurrence.

The results of analysed studies revealed that EBV was the most prevalent herpesvirus in
samples of apical periodontitis lesions [91, 93, 95-98, 100, 105]. Six studies shown that EBV
infection was found in an increased percentage among symptomatic periapical lesions. Among
these studies, five of them reported that EBV occurrence was significantly more common in
symptomatic compared to asymptomatic periapical lesions [91, 95, 98, 100, 104].

Additionally, HCMV infection was also found in large percentage among symptomatic
periapical lesions [68, 69, 85, 90, 104]. Yazdi et al. [90] and Popovic et al. [104] reported
significant difference in HCMV occurrence between symptomatic and asymptomatic periap-
ical lesions (P = 0.03, P < 0.001, respectively).

All studies of apical abscesses analysed the occurrence of herpesviruses in patients with acute
and developed form of disease [79, 80, 94, 101, 103] (Table 6). They were characterized by rapid
onset, spontaneous pain, tenderness of the tooth to pressure, pus formation, and associated
swelling. The results of analysed studies have shown that HHV-8 and HCMV were the most
frequently detected herpesviruses in cases of acute apical abscess. Two studies of Ferreira et
al. [79, 80] have reported remarkably high occurrence of HHV-8 compared to other analysed
herpesviruses. Oppositely, Chen et al. [94] and Ozbek et al. [101, 103] have found that HCMV
was the most prevalent herpesvirus in abscess samples. Although herpesviruses were more
prevalent in abscess lesions, their occurrence was not significantly different compared to
control pulp tissues [79, 80, 94, 101, 103].



50 Herpesviridae

3.3. Findings of herpesviral infections among large- and small-sized apical periodontitis
lesions

Clinical investigations use different radiographic methods to confirm the presence of periap-
ical pathoses and to determine their size. The size of the periapical lesions is important
prognostic parameter because it indicates the level of periapical bone resorption. Numerous
studies investigated the occurrence of herpesviruses in periapical lesions regarding their size,
estimated by conventional radiography. The common approach was to compare the occur-
rence of herpesviruses in groups of large- (=5 x 7 mm) and small-sized (<5 x 7 mm) lesions
based on its mesiodistal and craniocaudal diameter. The summarized results of relevant
studies are given in Table 5.

Eight studies investigated the occurrence of herpesviruses among small- and large-sized
periapical lesions [68, 69, 93, 95, 96, 98, 104, 105]. The most frequently analysed herpesviruses
were EBV and HCMV. Similarly, an overall analysis of EBV and HCMYV presence in apical
periodontitis lesions with different size showed variability in their occurrence.

All eight studies reported that EBV infection was found in an increased percentage among
large-sized periapical lesions [68, 69, 93, 95, 96, 98, 104, 105]. Two studies of Hernadi et al. [95,
98] have shown that EBV infection was significantly more frequent in large-sized compared
to small-sized periapical lesions (P = 0.02, P = 0.002, respectively).

Moreover, five studies showed that HCMV infection was found in large percentage among
large-sized periapical lesions [68, 69, 96, 104, 105]. Popovic et al. [104] reported that HCMV
was detected significantly more often in large-sized compared to small-sized periapical lesions
(P <0.001). In opposite to these findings, several studies reported that EBV [95, 96, 98, 105] and
HCMV [68, 69, 105] could be found in large percentage among small-sized periapical lesions.

Beside EBV and HCMV infection, Hernadi et al. [96] also found that HHV-6 significantly
correlates with increasing periapical lesion size (P = 0.018).

Only two studies [94, 103] analysed the occurrence of herpesviruses among acute apical
abscesses with different size. HCMV was the most frequently detected herpesvirus in both
groups of lesions without significant difference in relation to their size (Table 6).

3.4. Findings of herpesviral infections in periapical granulomas and radicular cysts

Four studies analysed the presence of herpesviruses in apical periodontitis lesions in relation
to their histopathological features [86, 88, 93, 105]. The common approach was to compare the
occurrence of herpesviruses between periapical granulomas and radicular cysts.

In study of Kabak et al. [86], the immunohistochemistry analysis showed the presence of HSV
in five radicular cysts, while none of the periapical granulomas were positive. Saboia-Dantas
et al. [88] compared the presence of HCMV and EBV between 29 periapical granulomas and 6
radicular cysts. Statistical analysis did not reveal significant difference between HCMV and
EBV presence in examined groups. Additionally, subsequent studies by Li et al. [93] and
Jakovljevic et al. [105] did not report significant differences in the occurrence of herpesviruses
between periapical granulomas and radicular cysts (Table 5).
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3.5. Findings of multiple herpesviral infections and co-infection with bacteria in periapical
pathoses

Fifteen included studies reported the presence of dual herpesviral infection in apical perio-
dontitis samples [68, 69, 83-85, 87, 88, 90, 95-97, 99, 100, 104, 105].

Dual infection including HCMV and EBV was the most commonly investigated. Only one
study reported dual infection of EBV and HHV-6in 17, 5% of investigated sample [95]. Majority
of studies compared the presence of dual infection in relation to clinical and radiographic
features of apical periodontitis. Three studies [68, 84, 105] showed that dual infection was
detected significantly more often in large-sized compared to small-sized periapical lesions (P
=0.03, P <0.001, P = 0.038, respectively). Moreover, the results of four other studies [83, 86, 97,
104] indicated that dual herpesviral infection was significantly more common in symptomatic
in comparison with asymptomatic apical periodontitis (P =0.007, P <0.001, P =0.048, P <0.0001,
respectively) (Table 5).

Two studies investigated the presence of herpesviral-bacterial co-infection in samples of apical
periodontitis [84, 100]. Sabeti et al. [84] showed that Fusobacterium species, Streptococcus species,
and Parvimonas micra were the most common bacterial species in co-infection with herpesvi-
ruses in these lesions. Additionally, Verdugo et al. [100] reported that Tannerella forsythia,
Porphyromonas gingivalis, and Prevotella nigrescens were the most common bacterial species
found in concomitant infection with EBV (Table 5).

Four studies investigated the presence of multiple herpesviral infections in samples of acute
apical abscesses [79, 80, 101, 103]. Studies of Ferreira et al. [79, 80] reported multiple infections
with several herpesviruses. The most prevalent herpesviruses in multiple infections of acute
apical abscess were HHV-8, HSV, and VZV (Table 6). Additionally, Ozbek et al. [101, 103]
showed the presence of dual infection between HCMV and EBV, and HCMV and HHV-6 in
samples of large acute apical abscesses. Ferreira et al. [80] investigated the presence of
herpesviral-bacterial co-infection in acute apical abscess. They have shown that the most
prevalent bacterial species were Tannerella forsythia (70%), Tannerella forsythia (67 %), Porphyr-
omonas endodontialis (67%), Dialister invisus (61%), and Dialister pneumosintes (57, 5%). Their
findings indicate that HHV-8 was positively associated with seven of the target bacterial
species, but all these associations were weak (Table 6).

3.6. Findings of different herpesviral genotypes in periapical pathoses

Four studies investigated the presence of different genotypes of herpesviruses in periapical
pathoses [93, 94, 96, 105].

Li et al. [93] analysed the presence of EBV BLR F2 gene product genotypes (type 1 and type 2)
in apical periodontitis lesions. Although, 50.1% of samples were EBV positive, authors did not
report the frequencies of investigated genotypes. They were not able to distinguish EBV strains
because the sequences of the amplified region were too similar.

Hernadi et al. [96] reported the presence of different genotypes of HHV-6 in samples of apical
periodontitis. They analysed the occurrence of two variants (type A and B) of the immediate
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early fragment sequence of HHV-6. They did not find significant difference between HHV-6
type A and B in samples of apical periodontitis and control group. On the other side, HHH-6B
was significantly associated with symptomatic and large-sized lesions (P < 0.01).

Jakovljevic et al. [105] analysed the occurrence of EBV EBNA-2 (type 1 and 2) and HCVM gB
(types I-IV) genotypes in apical periodontitis samples. They have reported that EBV type 1
was more frequently detected compared to EBV type 2 in both periapical lesions and healthy
pulp tissues (74 versus 6% and 24 versus 4%, P = 0.001). In addition, authors have reported
that only two out of four HCMV gB genotypes (type I and II) were detected. HCMV gB-II was
more frequently detected among periapical lesions and healthy pulp tissue compared to gB-1
(42 versus 12%, 28 versus 0%, P = 0.036) Significant differences were not observed in the
distribution of HCMV and EBV genotypes regarding clinical and radiographic features of
periapical lesions.

Analysing the samples of acute apical abscess, Chen et al. [94] showed the presence of EBV
type 1 in two examined samples. These findings were not correlated with clinical and radio-
graphic features of acute apical abscess.

3.7. Quantitative herpesviral analysis in apical periodontitis lesions

The quantification of herpesviruses in apical periodontitis samples has been reported in four
studies [91, 97, 100, 102]. All studies reported the number of HCMV and/or EBV copies/mL in
samples of apical periodontitis using the real-time PCR method.

Sunde et al. [91] analysed the number of HCMV and EBV copies in samples of apical perio-
dontitis. EBV was detected in 50% of sample, while HCVM was not detectable. They reported
low average levels of EBV copies in symptomatic and asymptomatic apical periodontitis (300
versus 970 copies/mL) without any significant difference between the analysed groups.

Sabeti et al. [97] analysed the number of HCMV and EBV copies in symptomatic and asymp-
tomatic apical periodontitis. Four out of nine symptomatic lesions were positive for HCMYV,
and the average number of HCMV copies was 874.000/mL. Eight out of nine symptomatic
lesions exhibited the presence of EBV. The average number of EBV copies in samples was
2.162.500/mL. In contrast, HCMV and EBV were not detected in asymptomatic lesions. They
have reported significant difference in the occurrence of HCMV and EBV between sympto-
matic and asymptomatic periapical lesions (P = 0.048, P = 0.002, respectively).

Similarly, Verdugo et al. [100] demonstrated the presence of increased number of EBV copies
in symptomatic in comparison with asymptomatic periapical lesions. They reported that the
average number of EBV copies in symptomatic lesions (391.903/mL) was significantly higher
than the average copy numbers of EBV in asymptomaticlesions (623/mL) (P<.01). Additionally,
HCVM was detected in only 3 out of 20 symptomatic lesions (at average number of 124.076
copies/mL).

Makino et al. [102] reported the difference in EBV DNA copies between samples of periapical
granulomas and healthy gingival tissue. They have shown that EBV was positive in 78.1% of
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sample and the median EBV DNA copy number was 8.688/ug total DNA. In contrast, EBV was
not detected in control group and that difference was statistically significant (P = 0.0001).

3.8. Levels of proinflammatory mediators in relation to herpesviral infection in apical
periodontitis

The relationship between herpesviral infection and levels of proinflammatory mediators in
apical periodontitis has been analysed in three studies [87, 97, 98].

Yildirim et al. [87] investigated a possible relationship between the presence of HCMV and
EBV in apical periodontitis samples and increased levels of bone resorption-inducing cyto-
kines. They analysed the presence of HCMV and EBV DNA and the expression of mRNA
transcripts of receptor activator of nuclear factor (NF-kB) ligand (RANKL), osteoprotegerin,
core binding factor a-1, colony-stimulating factor-1, transforming growth factor (TGF)-3, and
monocyte chemoattractant protein-1. Only, the RANKL expression revealed statistically
significant difference between periapical lesions and healthy pulpal tissue (P < 0.04). No
correlation was found between herpesvirus presence and cytokine expression in apical
periodontitis sample.

Sabeti et al. [97] correlated the occurrence of HCMV and EBV infection in periapical tissues
with the expression of mRNA transcripts of TNF-a, y-interferon (IFN), IL-1p, IL-6, IL-10, and
IL-12. They found significant direct correlation between EBV, HCMV and TNF-a, y-IFN,
IL-1B, and IL-12 in symptomatic periapical lesions.

Hernadi et al. [98] evaluated the association between TNF-a and TGF-f3 and the clinical,
radiologic, and virologic characteristics of the lesions. They compared the levels of these
cytokines in relation to EBV, HCVM, HHV-6, and HHV-8 infection in apical periodontitis.
They showed that the levels of TNF-a were significantly higher in periapical lesions with EBV
infection in comparison with lesions without EBV infection (1.1 x 10 versus 6.8 x 107, P =
0.032). All other comparisons between levels of cytokines and features of periapical lesions
were insignificant.

4, Discussion

The emerging role of herpesviruses in the development and progression of apical periodontitis
changes previous concepts of etiopathogenesis of destructive periapical disease. The hallmark
of herpesviral infection is impairment of immune system. Most herpesviruses are ubiquitous
agents. They are often acquired early in life and capable of infecting individuals from diverse
geographical and economic backgrounds [71]. The initial herpesviral infection is followed by
a latent phase in host cells, which ensures the survival of the viral genome throughout the
lifetime of the infected individual. The a herpesviruses establish latency in long-living non-
dividing neuronal cells of sensory ganglia. The (3 herpesviruses establish latency in bone
marrow-derived myeloid progenitor cells, while the y herpesviruses are latent in B lympho-
cytes [72]. Herpesvirus reactivation may occur spontaneously or as a result of psychosocial
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and physical stress, hormonal changes, infections, immunosuppressive medication, and other
events impairing the host immune defence [73]. After activation, they can infect monocytes/
macrophages, T and B lymphocytes, epithelial cells, endothelial cells, fibroblasts, and other
mammalian cells [73].

Cell-mediated immune responses are the key defence mechanisms against herpesviral
infection [71-73]. Cytotoxic T lymphocytes and natural killer cells are the most important
effector cells responsible for suppression of viral replication and maintenance of herpesviruses
in latent state. The T-lymphocyte response to herpesviruses changes over time from a pre-
dominantly CD4+ response early in infection, to a CD8+ response during latent phase [71-73].

In response to antiviral host defences, herpesviruses have developed a number of immuno-
subversive mechanisms to ensure persistent infections in the host [71-73]. Herpesviruses can
affect toll-like receptors function thus interfering with antigen presentation process [111]. In
addition, they have the ability to inhibit the expression of the major histocompatibility complex
(MHC) class I and II on the surface of macrophages [112]. These actions allow them to evade
cytotoxic T-cell recognition [113] and natural killer cell lysis [114]. Moreover, herpesviruses
can inhibit migration of dendritic cells [115] and decrease chemotaxis of polymorphonuclear
leukocytes [116]. Herpesviruses infection induces production of proinflammatory cytokines
[117] but also impairs antiviral cytokine responses [113, 118]. Although IFN-y, TNF-a, and IL-6
exert high antiviral activity, some herpesviruses encode unique homologs of IL-10 capable to
inhibit production of these cytokines in macrophages and monocytes [119-121]. Additionally,
some herpesviral genes protect cells from undergoing apoptosis in order to prolong the life of
infected cells [113].

As already mentioned, tissues of periapical granuloma and radicular cysts are characterized
by inflammatory cells infiltration [24-33]. However, these inflammatory cells are also the host
cells for herpesviruses [72]. In proposed herpesviral-bacterial hypothesis, bacterial infection
of the pulp causes herpesviral-infected inflammatory cells to enter pulpal tissue through the
periapical region. Bacterial infection causes subsequent herpesviral reactivation. Reactivated
herpesviruses in pulp and periapical tissues may induce development of periapical pathoses
as a direct result of viral infection or as a result of virally induced damage to the host defence.
Although primary bacterial infection in periapical region may induce herpesviral reactivation,
herpesviral infection also possesses mechanisms to induce upgrowth of bacterial pathogens
in the periodontium [75, 76]. Previous results suggest that herpesviral infection in apical
periodontitis was associated with Fusobacterium species, Tannerella forsythia, Porphyromonas
gingivalis, Parvimonas micra, and Streptococcus species [84, 100]. Additionally, Ferreira et al. [80]
reported positive association between HHV-8 and several bacteria in acute apical abscess.
Using the animal model, Stern et al. [122] have shown that co-infection of murine CMV and
Porphyromonas gingivalis is characterized with decreased level of antiviral IFN-y. Moreover,
interaction between EBV and Porphyromonas gingivalis may also be bidirectional [123]. Her-
pesviral proteins on infected cells may serve as a new attachment sites for bacteria [124], while
some bacterial products may facilitate herpesviral entry into cells and activate intracellular
signalling pathways [125].
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In contrast to proposed model of herpesviral-bacterial interaction, Ferreira et al. [79, 80]
hypothesized that occurrence of herpesviruses might be just an epiphenomenon to bacterial
infection that caused inflammation of periapical tissue and consequent influx of virus-infected
inflammatory cells. Those authors believed that the presence of viral DNA in clinical samples
does not necessarily imply a role in disease pathogenesis [79, 80]. Both theories suggest that
virus-infected inflammatory cells, in which herpesviruses maintained their latency, could be
attracted to periapical area. Histological analyses confirmed that these inflammatory cells
constitute regular infiltrate of periapical granuloma and radicular cysts. Obviously, the
essential difference between proposed hypotheses is whether herpesviruses may or may not
be reactivated in periapical region and subsequently induce tissue breakdown.

Viral activation may be assessed by molecular techniques identifying transcription of genes
associated with viral reactivation, immunologic methods to detect viral proteins, and by
electron microscopy demonstrating the presence of intact virions inside the cells [126]. Li et al.
[93] pointed out that the detection of herpesviral DNA per se is not sufficient to distinguish
latent episomal viral DNA from genomic viral DNA contained in virus particles that would
be indicative of an active infection. Herpesvirus virion genes are replicated in a specific order:
immediate—-early, early, and late genes [72]. Slots [71-73] proposed that the transcription of
late genes can be used as an indicator of viral replication and active infection. Therefore, several
studies have used detection of complementary DNA of genes transcribed late during the
infectious cycle of herpesviruses [68, 69, 83-85, 90, 93, 95, 96]. The majority of those studies [68,
69, 83-85, 90] reported high occurrence of herpesviral infection in their samples. Moreover,
the authors concluded that their findings suggest the presence of an active herpesviral infection
at apical periodontitis sites. Although studies of Li et al. [93] and Hernadi et al. [95, 96] have
employed the same reverse-transcription (RT) PCR technique for complementary DNA
herpesviral detection, they failed to report such high percentage of periapical lesions exhibiting
active replication of EBV and HCMYV. Those findings could be explained by different preva-
lence of herpesviruses due to geographic, socio-economic, and racial/ethnical factors [71-76].

Quantification of herpesviruses by real-time PCR can also be used as a marker of active
infection [126, 127]. Previously reported studies showed that increased viral load of herpes-
viruses correlates positively with progression of marginal periodontitis [126-128]. Based on
these findings, Sunde et al. [91] suggested that increased number of viral copies of HCMV and
EBV could possibly correlate with clinical features of apical periodontitis. However, their
results did not reveal any significant differences between HCMV and EBV copies in sympto-
matic and asymptomatic periapical lesions. On the other hand, Sabeti et al. [97] and Verdugo
et al. [100] have found significant differences in HCMV and EBV copy number between
symptomatic and asymptomatic lesions. Makino et al. [102] have shown that the number of
EBV copies was significantly increased in periapical lesions compared to healthy pulp controls.
These results are in accordance with previous reports of Kubar et al. [126, 127], and their
statement that increased herpes viral load may represent an important characteristic of active
herpesvirus infection.

Statistical analysis of pooled data in our previous review [70] suggested that there is no
significant correlation between the occurrence of HCMV and EBV and clinical features of apical
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periodontitis. These results are based on analysis of studies which used RT-PCR technique for
complementary DNA herpesviral detection [68, 69, 85, 90, 93, 95]. In addition, studies included
in this review used immunohistochemical [81, 82, 86] or single-PCR [104, 105] method to
identify herpesviruses in symptomatic and asymptomatic periapical lesions. One of the aims
of this study was to analyse the occurrence of herpesviruses in relation to histopathological
and radiographic features of periapical lesions. Only four studies [86, 88, 93, 105] have
compared the presence of herpesviruses in periapical granulomas and radicular cysts and
concluded that there were no significant differences between these two groups. Although
radicular cysts are related to more intensive bone resorption in periapical area compared to
periapical granulomas, the fact that both types of lesions are characterized by intensive
inflammatory cells infiltrate might explain these results [129].

The analysis of correlation between herpesviral infection and size of apical periodontitis
lesions gave inconclusive results. Only 8 out of 24 studies [68, 69, 93, 95, 96, 98, 104, 105]
analysed the occurrence of herpesviruses in small- and large-sized periapical lesions. We did
not conduct meta-analysis of these studies because they employed different techniques to
identify herpesviral presence (Table 4). Only one study [104] reported significantly increased
detection rates of HCMV in large-sized compared to small-sized periapical lesions. Also,
Hernadi et al. [95, 98] showed that EBV infection was more frequent in large-sized compared
with small-sized periapical lesions. Additionally, Hernadi et al. [96] reported positive corre-
lation between the occurrence of HHV-6 and increased periapical lesion size.

During primary HCMYV infection, the host responds by production of IL-1(3, IL-6, IL-12, TNF-
a, IFN-y, and prostaglandin E, (PGE,) [117]. EBV infection stimulates the production of IL-1,
IL-1 receptor agonist (IL-1Ra), IL-6, IL-8, IL-10, IL-12, TNF-a, IFN-y, etc. [117]. In addition,
increased production of proinflammatory cytokines induces bone resorption in periapical area
[130-132]. Sabeti et al. [97] found significant correlation between EBV and HCMYV infection
and TNF-a, IEN-y, IL-13, and IL-12 in symptomatic periapical lesions. Similar results were
reported by Hernadi et al. [98]. They detected increased levels of TNF-a in apical periodontitis
lesions infected with EBV in comparison with a lesion without EBV infection [98]. Although
disturbed balance between RANKL and OPG has been correlated with increased periapical
bone resorption [133], Yildirim et al. [87] did not find correlation between herpesviral presence
and increased RANKL expression in apical periodontitis samples.

Growing knowledge about herpesviruses indicates that there is a great diversity of viral strains
which might influence the course and severity of infection. Until now, researchers have
identified more than 5000 different strains of herpesviruses. Different herpesviral genotypes
possess specific pathogenic abilities due to differences in cell tropism and specific interactions
with the host’s immune system [71-73, 134].

Although, HCMV and EBV were the most investigated herpesviruses in periapical pathoses,
only one study [105] analysed the occurrence of different HCMV gB and EBV EBNA-2
genotypes in apical periodontitis. Subtype classification of HCMYV is mostly based on the gB
gene which encodes a glycoprotein with high immune reactivity incorporated in the viral
envelope. This glycoprotein is required for HCMV infectivity because it regulates viral
penetration into cells, transmission of infection, and modulation of cellular transcription [135,
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136]. Based on the nucleotide sequence of gB genes, all HCMV genotypes belong to one of four
variants (gB I-gB IV) [137] with evidently different geographical distribution [138]. Depending
on the sequence of EBV EBNA-2 gene, two types of EBV can be distinguished, EBV-1 and
EBV-2. EBNA-2 acts as a transcription factor inducing the expression of viral latent membrane
protein genes. EBNA-2 is also required for continued proliferation of lymphoblastoid cell lines
in which the latent viral genome is maintained [139].

Our previous research [105] indicated that gB-II was more frequently detected than gB-I in
both periapical lesions (42 versus 12%) and healthy control group (28 versus 0%) (P = 0.036).
Additionally, EBV-1 was also more frequently detected compared to EBV-2 in both periapical
lesions (74 versus 6%) and healthy control group (24 versus 4%) (P = 0.001). Our results were
in accordance with previously reported occurrence of HCMV gB and EBV EBNA-2 genotypes
in generalized chronic periodontitis and peri-implantitis tissues [140, 141]. On the other hand,
our findings did not reveal significant differences between HCMV and EBV genotypes and
clinical or histopathological features of apical periodontitis lesions. Also, Hernadi et al. [96]
investigated the occurrence of HHV-6 subtypes (type A and B) in apical periodontitis. They
have reported that subtype A was found in small-sized, asymptomatic lesions and in a control
pulp sample, whereas subtype B was significantly associated with large sized symptomatic
lesions.

The rates of herpesviral detection in acute apical abscess vary among analysed studies
(Table 6). In studies of Chen et al. [94] and Ozbek et al. [101, 103], HCMV and EBV were the
most frequently detected herpesviruses in acute apical abscesses. However, no significant
differences were noted compared to healthy pulp controls and between small- and large-sized
lesions [94, 101, 103] (Table 6). In contrast to these findings, Ferreira et al. [79, 80], reported
very low occurrence of HCMV and EBV infection in acute apical abscesses among Brazilian
population. Analysing the occurrence of all members of Herpesviridae family in acute apical
abscess samples, they reported the increased detection rate of HHV-8 [79, 80].

HHV-8 was first described in Kaposi’s sarcoma tissues from an HIV-positive individual [142].
Since then, epidemiological and molecular studies suggested that HHV-8 is the etiological
agents of all subtypes of Kaposi’s sarcoma and two B-cell lymphomas, i.e. primary effusion
lymphoma and multicentric Castelman’s disease [143-145]. HHV-8 DNA sequence have also
been found in association with other diseases, such as pemphigus, various skin diseases,
salivary gland tumours, multiple myeloma, and non-neoplastic lymphadenopathies of
immunocompetent individuals, but the role of this virus in these diseases remains uncertain
[146]. Until now, only these two studies [79, 80] investigated the occurrence of HHV-8 in
periapical pathoses. Data from periodontal literature are also scarce and inconclusive, but it
has been suggested that HHV-8 in immunocompetent patients may reduce the host defences
and thereby contribute to destructive periodontal disease by mechanism similar to other
herpesviruses [147, 148].

Assessing the studies included in this review, it is obvious that there is a wide variety in the
detection rates of herpesviruses. Such discrepancies are mainly due to different methodolog-
ical approaches for virus detection. In previous reports, Slots [76] claimed that observed
variations in detection rates of herpesviruses can be caused by different inclusion criteria and
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clinical status of study individuals, use of different diagnostic methods, or geographic
differences in herpesvirus occurrence.

Replacing classical viral diagnostic techniques, the PCR method has become the standard
methodology for the detection of herpesvirus nucleic acids [149]. Included studies used
different variants of PCR method (Table 4). When discussing the results of the PCR analyses,
several issues should be taken into consideration, including the selection of PCR method, the
selection of primers, the high sensitivity of this technique, and the possible false-positive and
false-negative results [70, 149].

Single stage or end-point PCR is a gel-based technique that identifies the target nucleic acid
as either present or absent. Nested PCR, as one of the variants of classical PCR method, is used
to increase the sensitivity and specificity of the PCR assay [149]. However, the results of this
method should be taken with precaution because it may detect herpesviruses at copy counts
too low to be of clinical significance. Additionally, it must be stressed that single stage and
nested PCR cannot distinguish latent episomal viral DNA from genomic viral DNA. Oppo-
sitely to other variants of PCR methods, RT-PCR assay can detect and quantify RNA expression
and may identify active herpesvirus infection [149]. That is the reason why RT-PCR method
should be recommended as method of choice in herpesviruses detection. In addition, real-time
PCR assay has been used to quantify herpesviruses at diseased periapical site. Increased viral
load detected by real-time PCR can also be indicative of viral replication and active viral
infection [127].

The sensitivity of PCR techniques is determined by the selection of primer pairs used in the
PCR. Possible reason for different detection rates of herpesviruses among included studies
may be due to the use of different primers [150]. The majority of studies [68, 69, 83-85, 90, 93,
95-97] tested the coding sequence of HCMV pp65 matrix protein which is transcribed late
during the infectious cycle. On the other hand, two other studies [87, 89] reported different,
immediate early gene primers for HCMYV transcript detection. Similarly, identification of EBV
products in analysed samples was not uniform. The PCRs in 10 studies [68, 69, 83-85, 87, 90,
97, 104, 105] were performed with amplification of genome encoding for the EBNA-2. Oppo-
sitely, studies by Li et al. [93] and Hernadi et al. [95, 96] reported different primers for the BLR
F2 gene product and the Bam H1-W fragment of the EBV genome.

Such variations in use of different primers were not observed for HSV, HHV-6, and HHV-8
detection. Primers for glycoprotein D, as major component of the virion envelope and infected
cell membranes, were used to analyse HSV infection in samples of periapical pathoses [68, 69,
83, 84]. HHV-6 was detected by amplification of the immediate early fragment that is conser-
vative regulator region in its genome [96]. Additionally, Chen et al. [94] and Ferreira et al. [79,
80] reported the amplification of ORF26 gene of HHV-8 that represents a minor capsid protein.

In addition, it is important to be aware of possible false-negative and false-positive results
using the PCR techniques. False-negative PCR results may be caused by inadequate sampling
technique or by inhibitory effects of components of the amplification process. However, false-
positive results may be caused by cross-contamination among samples or the contamination
of samples by saliva.
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Other related factors that influence the prevalence of herpesviruses are race/ethnicity and
socio-economic status of individuals [151-153]. Epidemiological results show that as a country
becomes more developed, the occurrence of herpesviruses may decrease. Herpesviruses
seroprevalence tended to be the highest in South America, Africa, and Asia and the lowest in
Western Europe and the United States [154-156]. Most of the studies analysed in this review
were performed on North American [68, 69, 81, 83-85, 92-94, 97, 100] and European popula-
tions [86, 87, 89, 91, 95, 96, 99, 101, 103-105]. Results of these studies are in accordance with the
herpesviruses seroprevalence in the United States [156] and Europe [157-162]. Moreover, data
on herpesvirus seroprevalence among organ recipients in Iran [163], patients with HSV
infection of the peripheral nervous system in Israel [164], patients with head and neck
carcinomas in Japan [165], and patients with hematologic disorders in Brazil [166] are in line
with results of herpesvirus detection rates in specimens of periapical pathoses.

All studies included in the final review were cross-sectional. A significant limitation of all the
microbiological studies of endodontic infections is their cross-sectional nature. Given results
of any cross-sectional study preclude any strong conclusions about involvement of certain
identified microbiota in causation of disease. As a consequence, these results may only suggest
possible association between certain microbial species and development of disease, and they
cannot be used for determination of cause-and-effect relationship between them [40].

In conclusion, this study provides an updated review of the occurrence of herpesviruses in
periapical pathoses with different clinical, histopathological, and radiographic features.
HCMV and EBV were the most prevalent herpesviruses in apical periodontitis lesions,
followed by HHV-8 in samples of acute apical abscesses. Several studies reported positive
correlation between the occurrence of herpesviruses and clinical and histopathological
features of apical periodontitis, but overall results are still controversial.

Presented results place periapical pathoses into a context of complex aetiology, with many
aspects still remaining to be elucidated. It might be concluded that the etiopathogenesis of
periapical pathoses involves specific bacteria and viruses, protective and destructive host
immune responses, modifiable and non-modifiable environmental factors, and genetic and
epigenetic factors.

It is well known that herpesviral infection can cause focal immunosuppression, but the specific
molecular mechanisms by which herpesviruses may cause or exacerbate periapical pathoses
still have to be identified. Further studies on experimental animal models or controlled
longitudinal trials with potential antiviral therapy and quantification of viral copies as
prognostic markers should provide more data on herpesviruses as a factor in the pathogenesis
of the periapical inflammation.
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Abstract

The herpesvirus family comprises several widespread infectious pathogens. They infect
a variety of animal hosts, including humans and cause complex clinical outcomes.
Recently, the possible correlation between genital infection by human herpesviruses
(HHVs) and male infertility has attracted considerable attention. In this chaper, we
investigated the mechanism of HHV-1-induced infertility in transgenic (Tg) rats and its
possible correlation with infertility in human males. Ectopic expression of HHV-1
thymidine kinase (TK) in the testis of Tg rats increased male infertility. In addition,
truncated TK proteins were found in postmeiotic spermatids of Tg rat testis, leading to
progressive degeneration of germ cells and vacuolization of the seminiferous epitheli-
um. These findings suggest the possibility that a similar process occurs within HHV-
infected human germ cells.

Keywords: herpesvirus, thymidine kinase, genital infection, male infertility, sperma-
togenesis

1. Introduction

Herpesviruses belong to a family of double-stranded DNA (dsDNA) viruses commonly
causing herpes in animals. They present a unique four-layered structure. The outermost layer
corresponds to the envelope, a lipid bilayer membrane interspersed with glycoproteins. This
encases the tegument, a protein coat that surrounds the icosahedral nucleocapsid containing
the viral linear DNA genome (Figure 1) [1]. At present, over 130 herpesvirus species have been
identified, eight of which are known as human herpesviruses (HHVs): HHV-1 and HHV-2
(commonly called herpes simplex virus-1 and -2; HSV-1 and HSV-2), HHV-3 (varicella-
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zoster virus; VZV), HHV-4 (Epstein-Barr virus; EBV), HHV-5 (cytomegalovirus; CMV), HHV-
6 (human herpesvirus 6, including HHV-6A and HHV-6B), HHV-7 (human herpesvirus 7),
and HHV-8 (Kaposi’'s sarcoma-associated herpesvirus; KSHV). HHVs are divided into three
subfamilies (at-, - and y-herpesviruses) based on their unique properties (Table 1) [2]. HHVs
are widespread among humans to the extent that more than 90% of adults are thought to be
infected with at least one variety [2]. HHVs generally infect ectoderm-derived tissues, such as
skin, mucoepithelial tissue and nervous tissue; however, they usually show preference for
specific target cells/tissues and ensuing clinical outcomes (Table 1) [2]. In addition, many
people carrying the virus may be asymptomatic due to the latency of associated transcripts,
which help HHVs evade the host's immune response [3]. Moreover, HHVs hide in specific
cells during latent infection periods (Table 1).

\ r ; Envelope protein
'Y s = Envelope
5 -
3 -
Viral genome
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« ¥ > Viral tegument
gl *

Figure 1. HHVs structure. HHVs have a unique four-layered structure: a core of double-stranded DNA is surrounded
by the nucleocapsid, which is enclosed by the envelope. The envelope is attached to the capsid through the tegument.
Glycoproteins cover the surface of the envelope.

During the last decade, numerous studies have demonstrated that genital infections are often
associated with human infertility, especially in males [4]. Most recently, genital infections
caused by herpesviruses have attracted considerable attention [5-7]. Although herpes genitalis
can be mainly caused by HHV-1 and HHV-2 [8], other HHVs have also been frequently
detected in the genital organs of infertile male patients [9-11]. Although not fully demonstrat-
ed, there is a possible correlation between human male infertility and HHVs.

Our laboratory recently developed a line of transgenic (Tg) rats expressing a chimeric gene
with the promoter of porcine follicle-stimulating hormone (3 subunit (FSHf3) and the open
reading frame of HHV-1 thymidine kinase (TK). Unexpectedly, we observed that Tg rats
showed infertility upon ectopic expression of HHV-1-TK in the testis, independent of the
FSHP promoter [12]. Indeed, we found that the accumulation of HHV-1-TK protein in
postmeiotic spermatids was the cause of male infertility [13]. In this study, we used the Tg rat
model to elucidate the HHV-mediated mechanism responsible for male infertility.
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Virus Common name Major target Diseases Clinical syndromes Site of
latency
HHV- HSV-1 Mucoepithelial ~ Oral herpes, genital Oral and genital herpes,  Sensory and
1« Herpes simplex herpes gingivostomatitis, cranial nerve
virus-1 keratoconjunctivitis, ganglia
encephalitis,
pneumonitis, esophagitis,
hepatitis
HHV- HSV-2 Same as above same as above Oral and genital herpes ~ Same as
2« Herpes simplex herpes, above
virus-2 gingivostomatitis,
keratoconjunctivitis,
meningitis, encephalitis,
pneumonitis,
esophagitis, hepatitis
HHV- VzV Same as above Chickenpox, shingles  Shingles Same as
3= Varicella zoster (extradermatomal), above
virus pneumonitis,
disseminated infection,
hepeatitis, retinitis,
meningitis, hemolysis,
leukopenia,
thrombocytopenia
HHV- EBV B cells and Infectious Mononucleosis, Memory B
4y Epstein-Bar virus  epithelial cells mononucleosis, posttransplant cells
Burkitt’s lymphoma,  lymphoproliferative
CNS lymphoma, disorders, pneumonitis,
posttransplant hepatitis, encephalitis,
lymphoproliferative hemolysis, leukopenia,
syndrome (PTLD), thrombocytopenia
nasopharyngeal
carcinoma, HIV-
associated hairy
leukoplakia
HHV- CMV Monocyte, Infectious Lymphadenopathy, Monocytes,
5¢ Cytomegalovirus ~ lymphocyte and ~ mononucleosis-like hepatitis, pneumonitis, ~ macrophages,
epithelial cells syndrome, retinitis cns vasculitis/ lymphocytes,
encephalitis, retinitis, others

esophagitis, hemolysis,
leukopenia,

thrombocytopenia
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Virus Common name Major target Diseases Clinical syndromes Site of
latency
HHV- T cells, NK cell, HHV-6A: multiple HHV-6A: T, B, NK cells,
6A/BP epithelial cells sclerosis, encephalitis, ~meningoencephalitis, monocytes,
and others glioma encephalitis, perceptual- macrophages,
HHYV-6B: sixth disease motor dysfunction, liver, salivary
(roseola infantum or ~ hemiplegia, endothelial,
exanthem subitum), lymphoproliferative neuronal cells
multiple sclerosis, disorder
encephalitism, HHV-6B: rash, fever,
hepatitis, pneumonitis, meningoencephalitis,
glioma encephalitis, perceptual-
motor dysfunction,
hemiplegia,
lymphoproliferative
disorder, pneumonitis,
hepatitis,
thrombocytopenia,
leukopenia,
HHV- T cells Sixth disease (roseola  Rash, fever, CD4+ T cells,
7Y infantum or exanthem  encephalitis?, hepatitis?  salivary
subitum), pityriasis epithelial, lung,
rosea skin cells
HHV- KSHV Lymphocyte and Kaposi’s sarcoma, Fever, mononucleosis, B cells
8y Kaposi’s sarcoma-  others primary effusion skin lesions,
associated lymphoma, some types encephalitis?
herpesvirus of multicentric

Castleman’s disease

1. a-herpesvirus: rapid reproduction and cell lysis in vitro, rapid cell lysis and spread in vivo, primary target

mucoepithelial cells, latency in sensory ganglia.

2. B-herpesvirus: long replication cycle in vivo and in vitro, limited host range, large infected cells, latency in mononuclear
cells, secretory cells, some epithelial cells, and others.

3. y-herpesvirus: replication in lymphoblastoid cells, lytic cycle in some fibroblasts and epithelial cells.

Table 1. Main characteristics of HHVs.

2. HHVs infection and male human infertility

Human infertility is a widespread problem that has been increasing in recent decades. It affects
20-30% of couples in the world [14], and 40-50% is attributed to male infertility [15, 16]. Many
risk factors can disrupt male reproductive capacity and cause infertility. Among these are
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infections with pathogens [17], such as viruses [7], mycoplasma [18], chlamydia [19], and
bacteria [20].

Recently, a number of studies have detected HHVs in the semen and/or spermatozoa of ~90%
of infertile male patients, although regional variations must be taken into account (Table 2) [6,
9-11, 21-31]. Many investigators have tried to confirm the relationship between male infertility
and HHVs infection by combining viral infection rates with statistical analysis of semen and/
or sperm samples derived from PCR-based viral DNA analysis, antigen-antibody reaction, and
immunocytochemistry of spermatozoa. However, only in a few cases, a significant difference
in sperm counts, motility, and/or abnormality has been found between HHVs carriers and non-
carriers [6, 9, 11, 27].

Although many studies have revealed a high prevalence of HHVs in male infertility patients,
it is still difficult to conclude that HHVs infection is the causative agent. To address this issue,
the capacity of HHVs to infect the testis and interfere with spermatogenesis should be proven
regardless of the presence or absence of HHVs in the semen and spermatozoa. This would
require direct evidence of a molecular mechanism for HHV-induced infertility. In this respect,
studies in Tg animal models offer the opportunity to better understand human male infertility.

Country or area Carrier% HHV-1 HHV-2 HHV-3 HHV-4 HHV-5 HHV- HHV-7 HHV-8
(year) (carrier/ 6A/B
subject)

(HSV-1) (HSV-2) (VZV) (EBV) (CMV)

Italian (1999) [22] 91 - - - - - - - 91
(30/33)
Germany (2001) 17.1 3.2 0 7.1 3.6 4 0.4* 0
(6]
(43/252)
Athens (2003) [9]  56.6 49.5 - 16.8 7.1 - - -
(64/113)
UK (2006) [25] 3 3
(1/33)
USA (2007) [10] 18.7 3.7 - 04 8.7 3.7 - -
(45/241)
Coast (2007) [31]  14.3 14.3
(9/63)
Greece (2009) [11] - 2.1 - 32 39.1 56.5 66.3 0 -
Germany (2009) 6.5 6.5

[23]
(11/170)
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Country or area Carrier% HHV-1 HHV-2 HHV-3 HHV-4 HHV-5 HHV- HHV-7 HHV-8
(year) (carrier/ 6A/B
subject)

(HSV-1) (HSV-2) (VZV) (EBV) (CMV)

Russia (2011) [26] 11 - - - - 11 - - -
(10/91)

Spain (2012) [24] 54 29 - 45 43 8.2 3.6 -
(59/109)

Denmark (2012) 278 04 0.1 0 6.3 27 135 42 0

[28]
(55/198)

China (2013) [21] 385 254 - - 3.9 216 19 - -
(59/153)

Iran 2013) [27] 229 229 143 - - - - - -
(16/70)

France (2015) [29] 1.7 - - - - - 17 - -
(3/184)

Russia (2014) [30]  17.7 - - - 34 52 65 - -
(41/232)

HHV-6A/B does not discriminate between HHV-6A and HHV-6B in all of the references.

* Significant difference of sperm count or sperm motility in infertile and fertile group.

Table 2. Summary of HHVs infection profiles from selected studies.

3. HHV-1-TK as a reporter system

TK (EC2.7.1.21) is a key enzyme in the pyrimidine salvage pathway that catalyzes the transfer
of the ATP y-phosphate to thymidine to produce dTMP. HHV-1-TK is a phosphotransferase
specifically required for viral DNA synthesis. HHV-1-TK shows broad substrate specificity,
including pyrimidines (thymidine, deoxycytidine) and their analogs (azidothymidine), as well
as purines (guanosine) and their analogs (acyclovir, ganciclovir [GCV], buciclovir and
penciclovir). The ability to transform synthetic precursors, such as GCV, into toxic nucleotide
analogs has resulted in effective cancer therapy agents [32, 33]. GCV consists of a guanine
linked to an acyclic sugar moiety at position 3'. HHV-1-TK converts GCV into GCV-mono-
phosphate, which is further phosphorylated into GCV-triphosphate by the host's kinases.
GCV-triphosphate has high affinity for DNA polymerase and functions as a competitive
inhibitor of guanosine triphosphate (dGTP), becoming incorporated into the nascent DNA
strand (Figure 2). GCV causes a distortion in the DNA sugar phosphate backbone, which
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blocks DNA replication [34-36] and induces cell apoptosis, thus selectively eliminating HHV-
1-TK-positive cells [37, 38]. Moreover, HHV-1-TK-expressing cells trigger apoptosis of
neighboring cells due to the transfer of GCV-triphosphate via gap junctions in a phenomenon
called “bystander killing” [39]. Therefore, HHV-1-TK can be used as a marker/reporter gene
for removing specific target cells.

{/}""NH-‘. (‘{4}“‘" NH,
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Ganciclovir Guanosine
DH (GCV) r.:m
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\ § p(.‘('\'—p.\' D 4
Host cell
I’ {{}" NH;  kinase {\{/}‘“NH;_

OH GCV-MP CIH GCV-TP

Figure 2. Incorporation of GCV disrupts extension of replicating DNA strands. In HHV-1-TK-positive cells, GCV is
phosphorylated into GCV-monophosphate and then converted into GCV-triphosphate. GCV-triphosphate has high af-
finity for DNA polymerase and is utilized as a dGTP analog. However, the acyclic sugar moiety distorts the sugar
phosphate backbone, resulting in irregular extension of the replicating DNA strand.

4. Infertility in HHV-1-TK in Tg animals

4.1. Ectopic expression of HHV-1-TK

The use of HHV-1-TK offers a valuable tool for the ablation of specific cell types as well as in
gene therapy. In the early 1990s, Tg rats were engineered to express HHV-1-TK under the
control of the FSHf promoter (Figure 3A) in the anterior lobe of the pituitary gland [12].
However, the experiment was interrupted due to observed infertility of male rats. The same
happened with Tg mice [40]. Moreover, Ellison and Bishop showed that ectopic expression of
HHV-1-TK fused to the human immunodeficiency virus long terminal repeat (HIV-1-LTR)
gene caused male infertility in Tg mice [41]. In the present work, we observed ectopic expres-
sion of HHV-1-TK gene in the testis of Tg rats (Figure 3B).
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Figure 3. Ectopic expression of HHV-1-TK in transgenic (Tg) rats. (A) HHV-1-TK (blue box) was fused to the 5-up-
stream region (-852/+10 bp) of porcine FSHp (light blue). Arrows indicate the region amplified using specific primer
sets (FSH-tk-I and FSH-tk-II); product sizes are shown in parentheses. (B) Total RNAs of pituitary, gonads (testis and
ovary), cerebellum, liver, kidney, adrenal glands, prostate, and uterus of Tg rats (male and female) were analyzed by
real-time polymerase chain reaction (RT-PCR) using specific primers for rat FSH{3 subunit, HHV-1-TK (I), HHV-1-TK
(I) and cyclophilin A (control). Reproduced and modified from [12] with permission from the Society for Reproduc-
tion and Development.

Whereas the testes of 3-month-old normal rats exhibited morphologically normal germ cells
through all stages of maturation, histological analysis of Tg rats revealed developmentally

Figure 4. Histological analysis of rat testis and motility of epididymal spermatozoa. (A-D) Sections stained with hema-
toxylin and eosin showing testicular spermatogenesis in normal (A and B) and Tg (C and D) 3-month-old rats. Arrow-
head, elongated arrested round spermatid; arrow, multinucleated cell. (E and F) Spermatozoa obtained from the
epididymis of normal (E) and Tg (F) rats stained with SYBR-14 and propidium iodide from a LIVE/DEAD sperm via-
bility kit. Green and red indicate live and dead spermatozoa, respectively. Reproduced and modified from [12] with
permission from the Society for Reproduction and Development.



Ectopic Expression of Human Herpesvirus 1 Thymidine Kinase Induces Male Infertility
http://dx.doi.org/10.5772/64390

arrested spermatozoa and multinuclear cells, together with altered elongated spermatozoa
(Figure 4) [12]. Loss of sperm motility and viability was also observed (Figure 4F). Compared
with normal rats, testis and epididymis weights were also decreased by 35 and 57%, respec-
tively. In contrast, prostate and seminal vesicles weights were similar [12].

4.2. Disruption of spermatogenesis

Histological analysis revealed that in Tg rats abnormal spermatogenesis could be ob-
served as early as 3 months in development. Although spermatocytogenesis and meiosis
seemed to progress normally (Figure 5B), the number of spermatozoa in the epididymis
decreased dramatically (Figure 5F). Furthermore, large numbers of degenerated germ cells

B
ikt i

cl

Figure 5. Histological analysis of testis and epididymis in normal and Tg rats. A-D. Sections of normal (A) and 3-, 6-,
and 12-month-old (B-D, respectively) Tg rat testis stained with hematoxylin and eosin. (E-H) Sections of normal (E)
and 3-, 6- and 12-month-old (F-H, respectively) Tg rat epididymis stained with hematoxylin and eosin. Abbreviations:
spermatogonium (Sg), pachytene spermatocyte (pSc), immature spermatozoon (iSz), spermatid (Sp), round spermatid
(rSp), elongated spermatid (eSp), degenerated spermatid (dSp), multinucleated round cell (mRc), and degenerated
round cell (dRc). Reproduced and modified from [13] with permission from the European Teratology Society.
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and immature/malformed spermatozoa were present (Figure 5F), indicating that matura-
tion was likely to be disrupted. Degenerated germ cells with large vacuoles and cells lost
throughout the tubules were observed in the testis of 6-month-old Tg rats (Figure 5C). In
12-month-old Tg rats there was a complete loss of germ cells and only Sertoli cells re-
mained in the tubules (Figure 5D). In the epididymis of 6- and 12-month-old Tg rats,
spermatozoa could hardly be observed (Figure 5G-H). Thus, Tg rats showed a spermatid-
stage-specific defect in maturation and an age-dependent loss of germ cells.

4.3. HHV-1-TK accumulation increases the number of apoptotic germ cells

Whereas spermatocytogenesis and meiosis were confirmed in Tg rats, degeneration of germ
cells by necrosis and apoptosis was frequently observed in the seminiferous tubules. In
addition, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
showed a stage-independent increase in TUNEL-positive tubules and cells (Figure 6).
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Figure 6. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay of spermatozoa. (A-D) TU-
NEL assay of normal (A and C) and Tg (B and D) 3-month-old rats. Representative TUNEL-positive cells are indicated
by arrowheads. (E) Percentage of TUNEL-positive tubules. (F) Mean number of TUNEL-positive cells per TUNEL-pos-
itive tubule (**p <0.01). (G) TUNEL-positive tubules of normal (N) and Tg (T) rats at stages XI-I and II-X (*p <0.05).
Reproduced and modified from [13] with permission from the European Teratology Society.
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4.4. HHV-1-TK accumulation in postmeiotic spermatids

Tg rat testes (3- and 6-month-old) were simultaneously stained with anti-HHV-1-TK and
nuclear DAPI stain (Figure 7). We observed that HHV-1-TK protein accumulated in the
cytoplasm of postmeiotic spermatids while it was absent from spermatogonia, spermatocytes,
Leydig cells and Sertoli cells. Furthermore, germ cells were obviously reduced in 6-month-old
Tg rat testes (Figure 7B-C).

DAPI HHV-1-TK Merged

Figure 7. Inmunohistochemistry of Tg rat testis. Immunostaining of 3-month-old Tg rat testis with anti-HHV-1-TK an-
tibody and nuclear DAPI stain. HHV-1-TK localizes to the cytoplasm of round spermatids, but not to other testis cells.
(B and C). Immunostaining of 6-month-old Tg rat testis. Germ cells decrease markedly. HHV-1-TK is observed in
round spermatids (B) but not in Sertoli cells (C). Abbreviations: spermatogonium (Sg), spermatocyte (Sc), elongated
spermatid (eSp), round spermatid (rSp), Leydig cell (LC), and Sertoli cell (SerC). Reproduced and modified from [13]
with permission from the European Teratology Society.

5. Mechanism of ectopic expression of HHV-1-TK

Ectopic expression of HHV-1-TK protein was confirmed in postmeiotic spermatids by
immunohistochemistry. This suggested the existence of alternative promoters directing
specific and ectopic expression in postmeiotic spermatids. Western blot analysis of HHV-1-TK
in Tg rat testis revealed for the first time two bands at 37 and 39kDa, corresponding to
truncated products of the full-size 43 kDa HHV-1-TK protein (Figure 8A) [13].
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Analysis of the transcription start site by RNA ligase-mediated rapid amplification of cDNA
ends (5'-RLM RACE) (Figure 8B) showed that the start site corresponded to the first intron of
the HHV-1-TK gene (Figure 8C). This suggested that the second in frame ATG might have
produced the 37 kDa band. Ellison and Bishop reported that HIV-1-LTR-driven HHV-1-TK
ectopic expression was abolished by deleting the region between the multiple cloning site and
the second ATG [41]. They suggested that removing this portion conferred DNA methylation-
independent expression in the testis. Indeed, the corresponding region (144 bases) is GC-rich
(67%) and contains 17 CpG sites. Currently, a HHV-1-TK vector free of the GC-rich region is
available.
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Figure 8. Identification of HHV-1-TK isoforms and transcription initiation sites in Tg rat testis. (A) Detection of HHV-
1-TK in Tg rat testis by western blot analysis reveals two truncated isoforms (37 and 39 kDa) that do not correspond to
the canonical form (43 kDa). (B) 5'-RLM-RACE analysis. Lane 1, PCR using a 5'-RACE outer primer set; lane 2, PCR
with a 5-RACE inner primer set. Products (approximately 300 bp) are indicated with an arrowhead. (C) Diagram
showing the HHV-1-TK transcription initiation site (arrow), translation start sites (arrowheads and ATG with residue
number), stop codon (grey box) and poly A signal (solid box). The closed box indicates a putative testis-specific pro-
moter region within HHV-1-TK. Reproduced and modified from [13] with permission from the European Teratology
Society.

Ectopic, testis-specific, expression of HHV-1-TK in Tg rats and mice raises the possibility that
the same mechanism could also affect humans carrying HHV-1. Therefore, the transcriptional
regulation exhibited by ectopic expression of HHV-1-TK in Tg rats and the effects of HHV-1-
TK accumulation on spermatogenesis may be revelatory of the same mechanisms in humans.

6. HHV-1-TK accumulation disrupts spermatogenesis and causes male
infertility

6.1. Ultrastructural abnormalities of spermatozoa in Tg rat testis

Scanning electron microscopy revealed abnormal ultrastructure of epididymal spermatozoa
in 10-week-old Tg rats [13]. We observed that the head and tail regions of spermatozoa from
10-week-old normal rats exhibited smooth surface and a regular morphological conformation
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(Figure 9A). Indeed, the morphology of these spermatozoa was different from those of Tg rats
(Figure 9B-F). Spermatozoa with malformed heads, the consequence of a defective acrosome
or reduced genome, were observed at high frequency among Tg rats (Figure 9B-F). Trans-
mission electron microscopy (TEM) revealed that the cell membrane was missing from
segments of the head (Figure 9C), midpiece (Figure 9D), and flagellum (Figure 9F). There were
spermatozoa with looped tails (Figure 9D).

Figure 9. Scanning electron microscopy of Tg rat spermatozoa. Spermatozoa from caudal epididymis of 10-week-old
rats visualized by scanning electron microscopy. (A) Normal rat sperm shows smooth head and tail. B-F. Tg rats
present a deformed head (B), a microhead and absence of cell membrane (C), looped flagella and absence of cell mem-
brane (D), defective acrosome and reduced genome (E), and absence of cell membrane in the flagellum (F). Repro-
duced and modified from [13] with permission from the European Teratology Society.

TEM of 3-month-old rat testis showed that in contrast with normal rats (Figure 10A-C), Tg
rats displayed massive vacuoles within the seminiferous epithelium (Figure 10D-E, asterisks).
These frequently presented degenerated spermatocytes in the seminiferous tubules (Fig-
ure 10E-F, arrowheads), in spite of confirmed spermatocytogenesis and meiosis. Moreover,
TEM also showed elongated spermatids with disorganized heads partially devoid of cell
membrane (Figure 10G, arrowhead), multiple flagella (Figure 10H, arrow), and absence of the
inner arms of flagellar axonemes (Figure 10I, arrowheads) in the lumen of seminiferous
tubules. In addition, vacuolization was also observed in the cytoplasm of spermatocytes
(Figure 10F).
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Figure 10. TEM of rat germ cells. Sections of 3-month-old normal (A-C) and Tg (D-I) rats analyzed by TEM. (A-C)
Normal condensed nuclear, midpiece, and principle piece are indicated by arrows. (D-F) Numerous phagocytic va-
cuole compartments and massive vacuoles are present within the cytoplasm of Sertoli cells (D-E, asterisks), together
with degeneration of spermatocytes (E-F, arrowheads). (G-I) Spermatozoa within the lumen of seminiferous tubules
show various ultrastructural abnormalities, such as disorganized heads with a disrupted cell membrane (G, arrow-
head), multiple flagella (H-I, arrow), and absence of inner arms of flagellar axonemes (I, arrowheads). Abbreviations:
normal condensed nuclear (Nu), midpiece (Mp), principle piece (Pp), spermatogonium (Sg), spermatocyte (Sc), Sertoli
cell (SerC), round spermatid (rSp), elongated spermatid (eSp). Reproduced and modified from [42] with permission
from the Society for Reproduction and Development.

TEM also revealed the low number of spermatozoa in the epididymis of Tg rats (Figure 11B)
as compared to normal rats (Figure 11A). Spermatozoa from normal rats displayed intact cell
membranes and normal-shaped heads with complete chromatin condensation (Figure 11A1).
Instead, those of Tg rats presented anumber of defects: several immature spermatids detaching
from Sertoli cells and sloughing into the epididymis (Figure 11B), degenerated round sper-
matids (Figure 11B1) and many types of abnormal elongated spermatids (Figure 11B2-B4). In
addition, whereas normal rats presented the typically assembled flagellar axonemes composed
of nine outer doublet microtubules and a pair of central microtubules (Figure 11A2), most
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spermatozoa from Tg rats were dead and showed various ultrastructural defects, including
breakage of the surface membrane (Figure 11B5) and a decline in the number of outer dense
fibers (Figure 11B6).

Figure 11. TEM of epididymal spermatozoa. TEM sections of epididymal spermatozoa from 3-month-old rats. (A)
Spermatozoa from normal rats show intact acrosomes with condensed nuclear material (A1) as well as proper assem-
bled flagellar axonemes displaying nine outer doublet microtubules and a pair of central microtubules (A2, arrow-
head). (B) Spermatozoa in the epididymis of Tg rats appear dead, and display various ultrastructural defects, such as
absence of acrosomes, disorganization of surface membranes, and degeneration of midpiece and tail (B1-B4). In addi-
tion, residual bodies of degenerated germ cells (B5) and missing outer doublet microtubules are frequently observed
(B6, arrowhead). Reproduced and modified from [42] with permission from the Society for Reproduction and Develop-
ment.

6.2. Disruption of Sertoli-germ junctions

Hematoxylin and eosin staining revealed various abnormal morphologies in Tg rat testis.
Cytoplasmic vacuolation of Sertoli cells (Figure 12A, open arrowhead), disconnection between
Sertoli and germ cells (Figure 12B, arrows), and disordered arrangement of elongated
spermatids (Figure 12C, arrowhead) were present in many seminiferous tubules. In addition,
immature spermatozoa falling off from the seminiferous epithelium were observed during all
stages of spermatogenesis (Figure 12D-H, arrowheads). Furthermore, sperm development
was disrupted and germ cells with different levels of maturity were observed simultaneously
(Figure 12D-H). These results indicate that cell junctions between germ and Sertoli cells may
have been affected. This hypothesis may be confirmed by analyzing gene expression profiles
of Tg rat testis.
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I-IV V-vi VIVl IX-X KI-XIV

Figure 12. Histological analysis of Tg rat seminiferous tubules. Sections of 3-month-old Tg rat testis stained with hema-
toxylin and eosin. The following defects are observed: cytoplasmic vacuolation of Sertoli cells (A, open arrowhead),
disconnection between Sertoli and germ cells (B, arrows), and disordered arrangement of elongated spermatids (C, sol-
id arrowhead). (D-H) Immature spermatozoa falling off from the seminiferous epithelium (arrowheads) are observed
at different maturation stages (I-XIV) and germ cell development is disrupted.

7. Alterations in gene expression profiles of Tg rat testis

Changes in gene expression evoked by HHV-1-TK accumulation in Tg rat testis were examined
by cDNA microarray analysis. We found that 200 genes, 0.67% of all transcripts on DNA chips,
were differently expressed between Tg and normal rats. We sorted the genes by their functional
categories, such as apoptosis, cell cycle, development, oxidative stress, proteolysis, signal
transduction, transcription, translation, transport, metabolism, immune response, and cell
adhesion. The highest number of affected genes was linked to metabolism, with 8 genes up-
regulated and 16 down-regulated by at least 1.5-fold in Tg rat testis (Table 3) [42].

RT-PCR was performed for 10 genes involved in cell adhesion, signal transduction, and
transport: Cnot7, Fgf7, Egfl6, Testin, Ostfl, and Atp2a2 (all up-regulated); and Sh3bp4, Lamc2,
Versican, and Mamdc1 (all down-regulated). As listed in Table 4, Cnot7, Fgf7, Testin, Ostfl,
Versican, and Mamdc1 were significantly up- or down-regulated, confirming microarray data.
Testin is a signaling molecule responsible for monitoring Sertoli-germ cell adherens junctions.
Increased secretion of testin by Sertoli cells causes disruption of these junctions [43, 44]. Versican
is expressed in adult mouse brain, heart, lung, spleen, skeletal muscle, skin, tail, kidney, and
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testis. It is suggested to play a role in cellular attachment, migration, and proliferation by
interacting with cell surfaces and extracellular matrix molecules [45]. Mamdc1, anovel member
of adhesion molecules of the immunoglobulin superfamily, is expressed in human Leydig cells
of the testis. Mamdcl mRNA was shown to be up-regulated by pro-inflammatory cytokines,
such as tumor necrosis factor-a and interferon-y, involved in cell adhesion, migration, and
recruitment to inflammatory sites [46]. However, the function of versican and mamdcl in
spermatogenesis has not yet been established. Expression of Fgf7, Ostfl, and Cnot7 [47] also
increased significantly, indicating a stress response in Tg rat testis. The roles of these genes are
listed in Table 5.

Biological process Gene number of expression changed

Decreased Increased Total
Apoptosis 1 4 5
Cell cycle 2 4 6
Development 3 16 19
Oxidative stress 0 1 1
Proteolysis 3 7 10
Signal transduction 2 11 13
Transcription 6 6 12
Translation 1 1 2
Transport 12 11 23
Immune response 1 2 3
Metabolism 8 16 24
Cell adhesion 3 4 7
Others 54 21 75
Total 96 104 200

Note: The affected genes were classified into 12 functional categories according to “Gene ontology”.

Gene ontology classification of genes whose expression changes by at least .5-fold in Tg with respect to normal rats, as
revealed by cDNA microarray analysis. Reproduced and modified from [42] with permission from the Society for
Reproduction and Development.

Table 3. Number of affected genes in testes of HHV-1-TK Tg rats revealed by cDNA microarray.

Notably, the contraceptive adjudin has been reported to induce morphological alterations in
the seminiferous tubules similar to the ones we observed here, and target directly testin and
actin-myosin [48]. However, the exact mechanism by which HHV-1-TK disrupts spermato-
genesis and adherens junctions will require further work.
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Gene product Microarray ~ Real-time PCR results
analysis
Gene title Gene Category Ratio of TG~ Expression  p value
symbol value/N levels TG/N
value
Up-regulated genes in TG rat testes
CCR4-NOT transcription complex, Cnot7 Signal 18.40 1.30 <0.05
subunit 7 transduction
Fibroblast growth factor 7 Fgf7 Development 6.10 2.00 <0.05
EGF-like-domain, multiple 6 Egfl6 Cell adhesion 3.70 091 NS
Testin gene Testin Cell adhesion 2.30 2.00 <0.05
Osteoclast stimulating factor 1 Ostfl Transcription 1.68 1.30 <0.05
ATPase, Ca* transporting, cardiac Atp2a2 Transport 1.67 0.96 NS
muscle, slow twitch 2
Down-regulated genes in TG rat testes
SH3-domain binding protein 4 Sh3bp4 Transport 0.06 091 NS
Lamimin, gamma 2 Lamc2 Cell adhesion 0.09 0.90 NS
Chondroitin sulfate proteoglycan 2 Versican Cell adhesion 0.10 0.55 <0.05
MAM domain containing Mamdcl Cell adhesion 0.62 0.67 <0.05

glycosylphosphatidylinositol anchor 2

Reproduced and modified from [42] with permission from the Society for Reproduction and Development.

Table 4. Expression level of genes assayed by microarray analysis and real-time PCR.

Gene name Gene Category Molecular function Biological process
symbol

Up-regulated genes in TG rat testes

CCR4-NOT transcription Cnot7 Signal Has 3-5 poly(A) spermatogenesis, tumor

complex, subunit 7 transduction exoribonuclease activity, cell metastasis suppressor,

nucleic acid binding,
transcription factor
activity, catalytic
component of the CCR4-
NOT complex, cell
proliferation factor,
mRNA degradation,
miRNA-mediated

repression

bone metabolism,
embryonic development,

tumor suppressor
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Gene name Gene Category Molecular function Biological process
symbol
Up-regulated genes in TG rat testes
Fibroblast growth factor 7 Fgf7 Development chemoattractant activity, embryonic development,
growth factor activity, cell growth,
mitogenic and cell morphogenesis, tissue
survival activities repair, tumor growth and
activation of MAPKK invasion
activity actin
cytoskeleton
reorganization
neurotrophin TRK
receptor signaling
pathway
Testin gene Testin Cell adhesion regulation of cell cell adhesion, cell
motility, poly(A) RNA spreading, reorganization
binding, of the actin cytoskeleton,
zinc ion binding negative regulation of cell
proliferation, tumor
suppressor
Osteoclast stimulating factor 1~ Ostf1 Transport SH3 domain binding induces bone resorption,
enhancing osteoclast
formation
Down-regulated genes in TG rat testes
Chondroitin sulfate Versican Cell adhesion interaction of integrins, ~ embryonic development,
proteoglycan 2 anti-cell adhesion, embryonic cell migration
regulation of cell important in the
motility, growth and formation of
differentiation, a key the heart, neural
factor in inflammation crest cell migration,
hyaluronic acid binding,  inhibit nervous system
regeneration, axonal
growth, tumor growth
MAM domain containing Mamdcl Cell adhesion GPI-anchored protein, neuron development

glycosyphosphatidylinositol

anchor 2

cell-cell interaction

and differentiation,
neuronal migration,
axon outgrowth,

axon-target recognition

Table 5. The role of genes changed expression level significantly in Tg rats.
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8. HHV-1-TK in human testis

Nested PCR for 4 types of HHVs was performed on 153 DNA samples prepared from human
semen (Figure 13). Bands of 99, 150, 165, and 135 bp were observed for HHV-1, HHV-4, HHV-
5,and HHV-6A/B (HHV-6A and 6B were detected together by common domains), respectively
(Figure 13A). Samples showing positive bands by more than one PCR target indicated
concomitant infection with multiple types of HHVs (Figure 13A). We identified nucleotide
sequences corresponding to HHV-1, HHV-4, HHV-5, and HHV-6A/B (Figure 13B) in 39, 6, 33,
and 3 patients, respectively, as summarized in Table 6. We observed double infection with
HHV-1/HHV-5 (15 carriers), HHV-1/HHV-4 (1), HHV-1/HHV-6A/B (2) and HHV-4/HHV-5
(4). HHV-4 carriers presented a double infection 83% of the time, while for other HHVs it
ranged from 46 to 66%.

A y T

) 3

HHV-1| o= - - - - - |
HHV-4 [~ . e == ]
HHV-5 | S - |
HHV-6A/B [ = - |

HHY-1 5 TCATATCGGGGGGGAGGCTGGGAGCTCACATGCC
COGCCCCOGHE COCTCACCCT CATCTTCGAC-3

WMWMMMM. : W\t

HHY-4 5. CAGCATCTTTAGTGTACTTAAGGAAGTCATACAGCCTT

TDCGAGCCG&CGOG?TGTTGTTGGMGTTTGTC-S'

HHY-5 S-TTATACAGTCATTGACCAAAATGCTCAATGATTGTAAGGA
GAAAAGATTGTGCGATCTCCCCCTGGTTTCCAGC-3

oottty

HHV-6A/B  5-ACGCCGTAATATGATTCTTCCGAGTATGGTGTCTTCGCACAATAG
.-'i.C.-"|.A{.;{.iGhTAGGTI‘.-\CAﬁAGGﬁKﬁL‘EﬁECﬁ'mT{;G.&GECTA&G—T

Figure 13. Detection of HHVs genomic DNA in human semen by PCR. (A) Agarose gel electrophoresis of PCR prod-
ucts using HHV-specific primers and human semen as template DNA. PC (positive control) and NC (negative control)
indicate reactions with control viral fragments and without DNA template, respectively. M, size marker. (B) Sequence
profiles of representative PCR products. Viral sequences are shown below the nucleotide sequence. Reproduced and
modified from [21] with permission from the Society for Reproduction and Development.
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Number of virus infection in patients (153)

Type HHV-1 HHV-4 HHV-5 HHV-6A/B
Total 39 (25%) 6 (4%) 33 (22%) 3 (2%)
Number of double virus infection

Type HHV-1 HHV-4 HHV-5 HHV-6A/B
HHV-1 - 1 15 2

HHV-4 1 - 4 0

HHV-5 15 4 - 0
HHV-6A/B 2 0 0 -

Total 18/39 (46%) 5/6 (83%) 19/33 (58%) 2/3 (66%)

HHV-6A and 6B were detected together by common domains.

Reproduced and modified from [21] with permission from the Society for Reproduction and Development.

Table 6. Number of cases with single and double viral infection.

The viral DNA-positive group showed a higher incidence of oligozoospermia compared with
the viral DNA-negative group (38.5 vs. 16.7%, P <0.05; Figure 14). Therefore, to further confirm
the relationship between HHVs infection and changes to semen parameters, large-scale
analysis according to WHO Guidelines (5% edition) is strongly suggested.

Oligozoospermia

50%

40% 38.5%

30%

20%

10% -

0% T
Viral DNA- Viral DNA+

Figure 14. Comparison of oligozoospermia between viral DNA-negative and -positive groups. Analysis of oligozoo-
spermia rates between viral DNA-negative (36 patients) and -positive (39 patients) according to WHO Guidelines (5th
edition). Reproduced and modified from [21] with permission from the Society for Reproduction and Development.

9. Future perspectives
HHV-1 infection might strongly associate with human male infertility, possibly by testis-

specific expression of the viral TK gene. However, conclusive evidence that HHV-1-TK causes
male infertility is still missing.

95



96 Herpesviridae

As described above, HHV-1-TK is known as a suicide gene that kills target cells specifically in
the presence of GCV. However, male infertility normally occurs in the presence of HHV-1 but
absence of GCV. Degeneration of spermatogenesis was observed as early as 3 months in Tg
rats ectopically expressing HHV-1-TK. With the exception of Sertoli cells, it later resulted in
loss of germ cells, possibly by “bystander killing.” In contrast, no abnormality in the pituitary
gland of Tg rats was observed. This difference may indicate tissue-specific action of HHV-1-
TKin the testis, which does not occur in the pituitary gland. At present, it is unclear why HHV-
1-TK targets testis over other tissues and how it induces degeneration of spermatogenesis.
Further work is required to elucidate this and other features of HHV-related infertility.

Expression of HHV-1-TK may be the main cause of infertility in HHV-1-infected human males.
To firmly establish a causative link, several players require identification: (1) target molecule(s)
of HHV-1-TK; (2) the HHV-1-TK-dependent mechanism responsible for failed spermatogen-
esis; and (3) the mechanism dictating postmeiotic spermatid-specific expression of HHV-1-TK.
The identification of target molecule(s) is particularly important, since there is no evidence
that enzymatically active HHV-1-TK is required, raising speculation it may only serve as a
binding protein. Even if HHV-1-TK functioned as an enzyme, the substrate(s) might be testis-
specific. Currently, the only known activity of HHV-1-TK is to catalyze the transfer of the y-
phosphate from ATP to substrate nucleotides and analogs. Recently, a stable-isotope substrate
([y-"*O,]ATP) for kinases has been developed [49]. Mass spectrometry could reveal the identity
of [y-'*O,]ATP-labeled products obtained by incubating recombinant HHV-1-TK with testis
homogenates. The identified HHV-1-TK target(s) may help elucidate the mechanisms deter-
mining failed spermatogenesis and postmeiotic spermatid-specific expression of HHV-1-TK.
Moreover, knowing the target(s) molecular properties may help design appropriate analogs
for pharmacological use. The significance of our results is particularly clear in view of expected
novel male contraceptives and drugs for HHV-related male infertility.
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Abstract

Infection with herpes simplex viruses type 1 (HSV-1) and type 2 (HSV-2) is extremely
frequent in the human population, as well as recurrent reactivations due to lifelong
infection. Infection and persistence of HSVs within healthy individuals likely results as
a consequence of numerous molecular determinants evolved by these pathogens to
escape both immediate and long-term host antiviral mechanisms. Indeed, HSVs harbor
an arsenal of proteins that confer them stealth by negatively modulating immune
function. Consequently, these viruses perpetuate within the host, altogether silently
shedding onto other individuals. In this chapter, we discuss HSV determinants that
interfere with cellular antiviral factors, as well as viral determinants that hamper innate
and adaptive immune components intended to control such microbes. The identifica-
tion of HSV evasion molecules that modulate the immune system, as well as the
understanding of their mechanisms of action, should facilitate the design of novel
prophylactic and therapeutic strategies to overcome infection and disease elicited by
these viruses. This chapter is intended to provide an overview of the evasion mecha-
nisms evolved by herpes simplex viruses to escape numerous host antiviral mediators.

Keywords: immune evasion, innate immunity, adaptive immunity, antiviral response

1. Introduction

Herpes simplex viruses (HSVs, HSV-1 and HSV-2) are extremely prevalent in the human
population with virtually half of the world inhabitants infected with HSV-1 [1] and nearly 500
million with HSV-2 [2]. Novel infections with HSVs are estimated at a rate of dozens of millions
individuals per year [3]. Importantly, the prevalence of HSV infection significantly varies
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depending on the geographical location of individuals, sex, and ethnicity [3-7]. While pri-
mary HSV-1 infection is well known for its pathological effects in the oro-facial area, where it
mainly produceslesions in the mouth, itis also responsible for most cases of infectious blindness
in developed countries [8-21]. On the other hand, HSV-2 is widely recognized as an impor-
tant contributor to neonatal encephalitis and, mostimportantly, the main cause of genital ulcers
in the world [8-21]. Nevertheless, despite this latter association between HSV-2 and genital
infection, HSV-1 is at present the main cause of primary genital infection [9, 12]. This appa-
rent paradox may be explained by the fact that HSV-2 recurs significantly more frequently in
the genitalia than HSV-1, while the opposite occurs for the oro-facial area [22]. Such differen-
ces may be accounted by disparities in the capacity of each of these viruses to establish latency
in the sacral and trigeminal ganglia [23], although another study proposes that this is not the
case [24]. Regardless of differences in neuron infection or reactivation capacity from these sites,
overall HSV-2 is isolated more frequently than HSV-1 in the genitalia during the lifespan of an
individual [23]. Importantly, HSV-2 is considered at present a meaningful contributor to the
fueling of human immunodeficiency virus (HIV) infection in the world, and is discussed in
detail below [22, 25-27].

Besides viral encephalitis in neonates, as well as oro-facial and genital lesions, HSV-1 and
HSV-2 are also responsible for numerous other diseases in humans, such as adult encephalitis,
herpetic keratitis, conjunctivitis, and skin lesions, within many other clinical manifestations [4].
The variety of pathologies produced by HSVs and tissues affected may be due, at least partially,
to the wide distribution of their receptors, which are virtually present on all cells of the body
[28]. Noteworthy, such clinical outcomes can occur indistinguishably both in immunocompe-
tent and immunocompromised individuals and are likely a result of the evolution and selection
of HSV determinants that interfere with early antiviral cellular mechanisms, innate- and
adaptive-immune components. Noteworthy, HSV genomes encode numerous gene products
(atleast 70), which likely warrants these microbes a collection of proteins with immune evasion
properties [29]. Below, we discuss several of these viral determinants, as well as how they
interfere with host antiviral processes.

2. Herpes simplex viruses escape early antiviral responses

2.1. Interference with host pathogen recognition receptors

Upon encounter with foreign molecules or danger elements, host immune and nonimmune
cells may sense such stimuli and initiate intracellular-activating signaling pathways that lead
to their alertness and that of surrounding cells. Importantly, complex host organisms have
evolved as specialized receptors for recognizing these microbial elements or self-induced
danger molecules during abnormal processes elicited by these microbes. Such receptors are
usually termed pattern recognition receptors (PRRs) [30]. PRRs can recognize pathogen-
associated molecular patterns (PAMPs), which consist on a diverse collection of biomolecules
derived from microbial elements, such as proteins, lipids, carbohydrates, or particular
arrangements or sequences of nucleic acids, within others [31]. Alternatively, these receptors
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can also detect danger signals released by host cells undergoing stress circumstances, such as
those that might be elicited by virus replication. These latter danger signals are termed
damage-associated molecular patterns (DAMPs) [32]. Upon engaging PAMPs and DAMPs,
PRRs elicit intracellular signals that result in the transcription and translation of antiviral
genes, as well as the expression of soluble and membrane-bound molecules. Timely and robust
detection of PAMPs and DAMPs by the host after viral infection can lead to effective microbe
control and promote the establishment of protective immunity [31, 33].

Upon exposure to HSVs, the main host cells susceptible to infection are likely live epithelial
cells. These cells are largely present at the interphase with the exterior world and abundantly
present in the mucosae and to a lesser extent, in microscopic skin lesions. As most nonimmune
cells in the organism, these cells express the main HSV receptor, nectin-1 [28]. After attaching
and binding to their receptors, the membranes of these viruses undergo a fusion process with
that of the host cell to release the viral capsid and surrounding tegument proteins within the
cytoplasm [34]. While the tegument proteins remain in the cytoplasm, where they exert
numerous cellular modulatory effects, the capsid associates to microtubules and travels to the
outer nuclear membrane, where it binds to host nuclear pore proteins and releases the viral
DNA into the nucleus [35]. It has been described that at this stage host molecular sensors can
sense HSV-2 determinants (Table 1). Interferon-gamma inducible-16 (IFI-16) detects the HSV
genome and subsequently induce IL-6 and IFN-a production in primary vaginal epithelial
cells [36-38]. On the other hand, the cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP) synthase (cGAS), a recently described DNA sensor, has also been
reported to detect HSV-derived nucleic acids and lead to IFN-a and IFN-f3 secretion by both
immune cells, such as macrophages and dendritic cells (DCs), and nonimmune cells, such as
fibroblasts [39]. Importantly, animals that lack cGAS are vulnerable to HSV, while functional
cGAS leads to T-cell activation and antibody production by B cells [40]. Although HSVs seem
to be unable to interfere with cGAS sensing, other herpesviruses (gammaherpesviruses) have
been recently described to encode viral determinants that impair the function of this molecule,
namely, ORF52 of Kaposi’s sarcoma herpesvirus [41]. Interestingly, a recent study suggests
that IFI16 and cGAS work cooperatively to sense HSV, as silencing one or both proteins
significantly decreases virus detection. More specifically, cGAS was shown to directly interact
with IFI-16 in fibroblasts and to promote the stability of the latter [39]. Noteworthy, both
sensors IFI-16 and cGAS signal intracellularly through interferon regulatory factor-3 (IRE3)
and again silencing either sensor inhibits the activation of IRF3 in response to HSV DNA [42].
Further, the importance of IFI-16 in limiting HSV infection has been recently shown in vivo.
Knocking down IFI-16 led to the loss of IFN-a production, as well as reduced viral control in
the corneal epithelium [38]. While the mechanism by which IFI-16 recognizes HSV DNA
remains somewhat unclear, a recent study using chromatin immunoprecipitation (ChIP) found
that IFI-16 binds to HSV promoter sequences and that reducing the levels of IFI-16 expression
resulted in host proteins binding to these elements, ultimately favoring viral gene transcription
[43].
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Host Viral determinant involved Outcome Mechanism References

sensor

IFI-16 Nuclear virus DNA HSV sensed. IL-6, IFN-« IFI-16 binds to viral promoters  [36-38, 43]
secretion

cGAS Nuclear virus DNA HSV sensed. IFN-a, IFN-3 c¢GAS binds directly to B-DNA  [39]
secretion

DAI Cytosolic virus DNA HSV sensed. IL-6, IFN-3 DAI binds directly to B-DNA [36]
secretion

MDA5 vhs Unable to sense viral nucleic  vhs protein reduces host [44, 45]
acids protein expression

RIG-1 vhs Unable to sense viral nucleic  vhs protein reduces host [44, 45]
acids protein expression

TLR-9 Cytosolic virus DNA HSV sensed. IL-6, IL-12, type-I Undetermined [36, 46]
IEN secretion

PKR v34.5 and Ugl1 Impaired viral dsRNA Viral proteins block elF2-« [53-57]
recognition phosphorylation

TLR7 Undetermined HSV sensed Undetermined [58]

TLR3 Virus or virus-induced HSV sensed. IL-6, TNF-a TLR-3 signals through IRF3 [63-65]

host nucleic acids secretion

avp3 ICPO Inhibited detection of viral ICPO blocks type-I1 IFN [74-76]

proteins transcription and virus targeting
to degradation

TLR2 dUTPase HSV sensed. IL-6, IL-8, IL-10, Undetermined [77]
IL-12, and TNF-« secretion

Inflamm- ICPO ICPO reduces IL-1p secretion  Inflammasome directed to [32, 43]

asome proteasome degradation in

timely manner

IFI-16 (gamma-interferon-inducible protein); cGAS (cyclic GMP-AMP synthase); DAI (DNA-dependent activator of
Interferon-regulatory factor); MDA5 (melanoma differentiation-associated protein 5); vhs (virion host shutoff protein);
RIG-1 (retinoic acid-inducible gene 1); TLR-2, -7, -9 (Toll-like receptor-2, -7 and -9); PKR (protein kinase RNA-
activated); av33 (integrin alphaVbeta3); y34.5 (late gene gamma 34.5, ICP34.5); Us11 (short unique region 11); IRF3
(interferon regulatory factor 3); ICPO (infected cell protein 0); IL-1f3, -6, -8, -10,-12 (interleukin-1p, -6, -8, -10, and, -12);

IFN-a/p (interferon alpha and beta); TNF-a (tumor necrosis factor-alpha).

Table 1. HSV evasion of host virus sensing.

Another host DNA sensor capable of detecting HSV genetic material is DNA-dependent
activator of interferon (DAI), which is expressed in primary vaginal epithelial cells and leads
to cytokine expression by these cells, such as IL-6 and IFN-f3 after virus exposure (Table 1) [36].
Surprisingly, DAI is expressed in the cytoplasm, suggesting that HSV DNA likely escapes or
leaks from the nucleus, or capsids into the cytoplasm where it reaches this sensor.
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Other nucleic acid detectors intended to perceive microbe-derived genetic material are retinoic
acid-inducible gene-1 (RIG-I) and melanoma differentiation-associated protein-5 (MDADb5)
(Table 1) [44]. Unlike the other DNA sensors discussed above, the functions of RIG-I and
MDAS5 are hampered by HSV, namely, by the viral protein designated virion host shutoff
protein (vhs). The vhs has been shown to specifically reduce the expression RIG-I and MDAS,
as a mechanism to interfere with downstream signaling events carried out by these detectors,
which are intended to alert neighboring and immune cells when viral elements are present
(Table 1) [45]. Similar to DAI, RIG-Iand MDAS are also present in the cytoplasm of cells, which
indicates that HSV DNA likely reaches this compartment during the infectious cycle [36].

Another PRR that also recognizes viral DNA is Toll-like receptor-9 (TLR9), which is mainly
known for its role in sensing bacterial-derived nucleic acids, namely, CpG-oligodeoxynucleo-
tides (CpG ODNSs). TLR9, which is expressed both by immune and nonimmune cells, has been
shown to detect HSV elements and produce IL-6, IL-12, and type-I IFN, within others (Table
1) [36, 46]. Although TLR9 is capable of sensing HSV, its function seems nonessential for animal
survival upon viral challenge. Indeed, TLR9 knockout mice survive central nervous system
(CNS) infection, although they do display increased viral loads in the brain, when compared
to wild-type mice [47]. Remarkably, animals treated with TLR9 agonists, such as CpG ODNs
previous to infection, display significantly reduced viral loads and inflammatory cytokines in
the brain (CCL2, IL-6, and CCL5) [48]. A similar protective effect has been observed for CpG
ODNs in mice that were treated locally with such stimulators and then challenged in the
genitalia with HSV [49-52]. These results suggest that engaging TLR9 receptors, or promoting
their signaling pathways may be a promising strategy for preventing HSV burden in the host.

Although the genomes of HSVs are composed of DNA, these viruses produce viral RNA
molecules during their infectious cycles that are generated as a consequence of transcription.
These RNA molecules are then processed into mRNAs and miRNAs that may form tridimen-
sional structures, which could be recognized by host sensors. One such sensor is host protein
kinase R (PKR), which can detect double-stranded RNA molecules and mediate downstream
signaling events that lead to limited virus replication by favoring NF-kB activation and
cytokine release, while altogether inhibiting protein synthesis through the phosphorylation of
the host translation initiation factor 2-alpha (elF2c), which ultimately can promote cell death
(apoptosis) [53]. To date, numerous studies have demonstrated that HSV can indeed interfere
with PKR function both in vitro and in vivo in such a way to promote their infectious cycles
(Table 1) [54, 55]. Furthermore, interference with the capacity of PKR to phosphorylate
elF2a has been shown to be mediated by the HSV proteins y34.5 and U;l11, which allows viral
protein synthesis to occur efficiently within infected cells [56, 57].

Another nucleic acid-sensing molecule capable of recognizing double-stranded RNA species
produced during viral infection is TLR7, although to date this particular receptor has not been
described to sense any particular form of nucleic acid generated during HSV infection (Table
1). Nevertheless, some studies report that the application of TLR7 agonists, such as imiquimod
to experimental animals can significantly decrease HSV infection and disease after virus
challenge [58]. Such findings have led to the assessment of imiquimod as a therapeutic
approach to treat HSV infection in humans, particularly for combating HSV isolates that are
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resistant to acyclovir, which are commonly found in immunocompromised patients [59-61].
For example, a recent report described successful treatment of hypertrophic genital herpes in
a HIV-positive patient after using 5% imiquimod applied in a topical manner after repeated
failure to resolve the symptoms in the patient with oral and intravenous antivirals [62].
Although the results obtained till date on this type of approach have been promising, the
mechanism of action of imiquimod over HSV remains unclear, as both interferon-dependent
and interferon-independent mechanisms seem to play favorable roles against viral infection,
which may further be mediated by processes that are independent of TLR engagement [60].

Lastly, another host nucleic acid sensor is TLR3, which is mainly known to recognize double-
stranded RNA [63]. Importantly, TLR3 has been reported to play relevant roles in HSV disease,
although its participation during infection has mainly been inferred by its deficiency (Table
1). For instance, TLR3™" mice display severe HSV burden within the CNS after infection, which
is thought to be mediated by astrocyte infection. Indeed, the expression of TLR3 in such cells
increases the control of HSV infection early after virus entry into the CNS, seemingly by
inducing type-I IFN responses [64]. Such interferon response would be mediated by TLR3-
induced NF-kB activation in astrocytes and a posterior increase in the expression of IL-6 and
TNF-a, which likely play antiviral functions in this tissue [65]. A relevant role for TLR3 in
humans was initially proposed for infants, but has now extended onto adults thanks to recent
studies performed on individuals that carry mutations in this receptor that negatively
modulate its function. For instance, individuals harboring mutations in TLR3 have been
reported to display a history of HSV encephalitis [66-69]. Additionally, a direct relationship
between downstream TLR3 signaling, TLR3 defects, and virus burden in astrocytes has been
shown with ex vivo differentiated neurons, astrocytes, and oligodendrocytes obtained from
patients that display TLR3 deficiencies. Cell cultures derived from these individuals and
infected with HSV show reduced virus control in vitro, as compared to cells obtained from
controls, which secreted more interferon [70]. Furthermore, HSV-susceptible individuals have
also been reported to display mutations in proteins that are involved in the downstream
signaling of TLR3, such as in IRF3 [69, 71, 72]. As with TLR9 and TLR?, agonists for TLR3 such
as polyl:C have also been shown to reduce viral burden when applied in the genitalia or
intraperitoneally previous to a genital challenge with HSV [73]. Overall, these results highlight
an important role for TLR3 in HSV encephalitis, altogether proposing potential new treatment
alternatives for reducing HSV burden in the brain and other tissues.

While HSV-derived nucleic acids are perceived by numerous host sensors in infected cells,
relatively few HSV proteins have been described to be detected by the host (Table 1). Integrin
av[33, which has seldom been recognized as a PRR was recently described as a sensor for HSV,
which is negatively modulated by these viruses. Furthermore, the HSV protein ICP0 has been
proposed to be responsible for blocking the signaling events triggered by integrin av33 within
infected cells, which otherwise would lead to NF-kB activation, type-I IEN transcription, and
the direction of virus particles to cholesterol-rich microdomains that are targeted for degra-
dation [74-76].

An HSV protein that is successfully detected by host sensors is the viral dUTPase, which has
been shown to be sensed by TLR2 in DCs and leads to IL-6, IL-8, IL-10, IL-12, and TNF-a
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secretion (Table 1) [77]. Interestingly, TLR2 has also been reported to recognize other HSV
elements, with partial modulation by TLR9 [78]. Noteworthy, experiments performed with
TLR27 knockout mice showed that these animals displayed increased survival rates, as
compared to wild-type animals after challenge with HSV, which suggests a potentially
negative role for this receptor in disease severity. Yet the knockout animals had similar levels
of viral loads in their tissues, as control animals [79]. Remarkably, microglia cells obtained
from TLR27" mice have been shown to produce reduced levels of reactive oxygen species (ROS)
after HSV infection, when compared to control cultures, which might result in decreased
cellular oxidative toxicity to neurons and positively impact on their viability [80].

The inflammasome is a host multiprotein complex harboring the cytoplasmatic sensors
NLRP3, AIM2, and IFI-16, which has been described to sense HSV constituents, although: its
activation is negatively modulated during infection (Table 1) [32]. While IFI-16 and NLRP3
are activated early after HSV infection with consequent IL-1f release, at later time points IFI-16
has been reported to be directed to the proteasome by the viral protein ICP0 [32, 43]. This
observation implies that the overall function of this sensor complex is likely hampered by HSV
and thus limited at properly alerting other cells of an ongoing viral infection.

Taken together, HSVs seem to be sensed by host cells mainly at the nucleic acid level rather
than protein level. This observation is quite surprising considering that HSVs encode numer-
ous gene products within their genomes (>70 ORFs) and at least 11 surface glycoproteins. This
stealth attribute might be explained within others by the ability of these viruses to interfere
with downstream signaling events mediated by PRRs, as discussed in detail below. Addition-
ally, their apparent invisibility might also be a consequence of the viruses’ capacity to interfere
with host translation of mRNA transcripts that encode soluble and membrane-bound media-
tors required for cell alertness after infection and also communicating infection onto other cells.
Indeed, the HSV-1 and HSV-2 vhs proteins efficiently inhibit the translation of host mRNAs
by promoting their degradation directly through their ribonuclease activity [81]. Importantly,
increased degradation of host transcripts over viral mRNAs would be mediated by the spatial-
temporal regulation of vhs expression in infected cells, as vhs proteins are delivered together
with the tegument immediately after infection, then poorly expressed during viral replication
and then abundantly produced immediately before virus packaging and exit [82]. More
recently, vhs proteins have been reported to interfere with stress granule formation within
infected cells, thus counteracting host antiviral stress responses that are usually elicited early
after infection [83].

2.2. Negative modulation of interferon pathways

An effective mechanism by which host cells restrict viral replication is due to interferons,
soluble proteins, that induce antiviral responses both in cells that secrete these mediators as
well as neighboring cells [84]. While type-linterferons (IFN-a, IFN-{, and IFN-¢, within others)
are usually secreted early after microbe infection by diverse cell types, type-Il interferons (IFN-
) are secreted by specific subsets of immune cells at later stages of infection. On the other
hand, type-IIlI interferons (IFN-A1, IFN-A2, and IFN-A3) have similar effects and kinetics than
type-11FNs, although they are mostly restricted to epithelial cells [63, 85-89]. While type-I and
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type-1II IFNs induce multiple antiviral effects in most host cells, type-II IFNs play more

regulatory roles, mainly in immune cells.

Target host  Viral Outcome Mechanism References
molecule determinant
IRF3 function ICP0O Inhibits type-I IFN ICP0 RING finger motif inhibits [90, 91]
expression IRF3-mediated transcription of interferon
stimulating genes
U3 Decreases IFN-3 Viral Ser/Thr kinase activity [92]
production hyperphosphorylates IRF3, blocking its
dimerization and nuclear translocation
U,36 Inhibits IFN-3 U, 36 de-ubiquitinates TRAF3, which inhibits  [94]
transcription stimuli-induced dimerization of IRF3
IRF3, NF-kB VP16 Inhibits IFN- Inhibits NF-kB activation and blocks the [93]
expression recruitment of IRF3 co-activator CBP
STAT-1 1CP27 Neutralizes Interferes with nuclear accumulation of [96]
function expression of IFN-I STAT-1, impairing with the activity of this
transcription factor
STAT-2 Undetermined, Interferes with IFN-I Partially attributed to vhs-mediated [97, 98]
function vhs (partially) signaling reduction of transcription factor activity
Jak-1 Undetermined, Interferes with IFN-I Partially attributed to vhs-mediated [97, 98]
function vhs (partially) signaling reduction of transcription factor activity
IFN-¢, IFN-a Undetermined =~ Reduces viral Activates TLR signaling through unknown [99-102]
dissemination and viral agonist
reactivation
IL-29 Undetermined ~ Induces IFN-{3 Unknown viral antigen activation of [104]
function expression. Prevents TLR3 and Jak-STAT signaling
keratinocyte and neural
infection
IL-28A Undetermined Prevents neural Unknown viral antigen. TLR-mediated [105]
function infection activation of IRF7

IRF3 (interferon regulatory factor 3); NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells); STAT-1, -2
(signal transducer and activator of transcription-1, -2); Jak-1 (Janus kinase 1); IFN-¢, IFN-a (interferon-epsilon, -alpha);
IL-28A, -29 (interleukin-28A, -29); U, 36 (long unique region 36); VP16 (viral protein 16); ICP27 (infected cell protein

27); TRAF3 (TNF receptor-associated factor 3); CBP (CREB-binding protein).

Table 2. HSV interference with host intracellular signaling.

HSVs encode numerous virulence factors that negatively modulate the induction of host

interferon responses and their effects, some of which were briefly discussed above (Table 2).



Immune Evasion by Herpes Simplex Viruses
http://dx.doi.org/10.5772/64128

For instance, HSVs interfere with PRR-mediated intracellular signaling events that otherwise
would lead to the transcription of IFN-IL. Such effect has been reported to be mediated by HSV
proteins such as ICP0, which interferes with IRE3 to block the transcription of target genes,
namely, type-I IFNs [90, 91]. On the other hand, the HSV Ser/Thr kinase U3 has also been
shown to interfere with signaling mediated by this transcription factor by carrying out its
hyperphosphorylation, which blocks its dimerization, nuclear translocation, and hampers
IFN-B production [92]. Additionally, the tegument protein VP16 has also been described to
abrogate IFN-3 expression by inhibiting IRF3 and NF-kB activation, specifically by impairing
the recruitment of the coactivator CBP (CREB binding protein) and not necessarily through a
mechanism that affects IRF3 dimerization, nuclear translocation, or its DNA binding activity
[93]. Finally, IFN-B transcription has also been reported to be inhibited by the viral ubiquitin-
specific protease U; 36, which de-ubiquitinates TRAF3 (TNF receptor-associated factor-3) and
consequently inhibits stimuli-induced IRF3 dimerization [94]. Interference with signaling
events that lead to type-I IFN secretion has also been evidenced in vivo by the observation that
only reduced amounts of IFN-a and IFN-f3 are produced in the genital tract after HSV infection
[90, 95]. Negative modulation of the interferon pathway is summarized in Table 2.

Although small amounts of type-1 IFNs are produced during HSV infection, the effects of these
meager amounts of interferons are neutralized by HSVs, thanks to the activity of the viral
protein ICP27, which interferes with STAT signaling (signal transducer and activator of
transcription), which is located downstream of IFN-I receptors. Indeed, HSV ICP27 interfere
with nuclear accumulation of STAT-1 and impair the function of this transcription factor [96].
Additionally, other transducers of IFN-I signaling, such as STAT-2 and JAK1 (Janus Kinase),
have also been reported to be reduced in HSV-infected cells and experiments with mutant
viruses suggest that these effects would be mediated, at least partially by virally encoded vhs
[97]. Additional viral and nonviral determinants released by HSV-infected cells have been
suggested to interfere with IFN-I signaling, although their nature has not been fully charac-
terized [98]. Although IFN-¢ signals through similar receptors than IFN-a and IFN-(, this
recently described mediator is constitutively expressed by epithelial cells in the genitalia and
would likely play a role against HSV burden [99-101]. However, the mechanism by which
IFN-¢ would limit HSV infection remains to be determined. Consistent with an important role
for type-I1IFNs in response to HSV infection, treatments with TLR agonists, such asimiquimod,
poly(I:C), or CpG-ODNs, discussed above all induce strong interferon responses [51, 52, 58—
61, 73]. Additionally, application of topical IFN-a has been shown to significantly reduce viral
dissemination, as well as the frequency of viral recurrences in HSV-infected patients that
manifest frequent genital viral reactivations [102]. The role of IEN-I in HSV infection is also
evidenced in experiments assessing mice that lack the receptor for this molecule (IFNAR1 and
IFNAR2c), which were inoculated in the footpads with the virus. These animals displayed
reduced HSV control and systemicinfection that affected multiple organs, although the disease
was nonlethal [103].

At present, several studies seem to have identified a favorable role for type-II IFNs in HSV
infection, as discussed in the following sections. Yet surprisingly, one study that evaluated
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infection in mice that had the IFN-II receptor deleted (IFNGR1 and IFNGR2) showed that these
animals had comparable levels of virus than wild-type controls [103].

Unlike type-I IFNSs, relatively few reports have documented a role for type-III IFNs in HSV
infection. One such study has reported that IFN-A1 (IL-29) induces the expression of several
antiviral proteins in human keratinocytes. Furthermore, administration of this cytokine,
previous to HSV infection induced IFN-f and prevented keratinocyte infection upon HSV
challenge. Notably, the effect of this interferon depended on TLR3 expression, which was
upregulated, and JAK-STAT activation [104]. Additionally, IFN-A1 and IFN-A2 (IL-28A) have
also been reported to suppress HSV infection in human neurons (Table 2). Again, IFN-III was
shown to induce TLR expression and elicit TLR-mediated antiviral pathways that involved
IRF7[105]. Noteworthy, the secretion of type-IIl IFNs in the vaginal mucosa has been suggested
to be mainly mediated by DCs, although this has not been evaluated yet in the context of an
HSV infection [106].

Taken together, HSVs have evolved multiple mechanisms to interfere with host interferon
responses, from IFN transcription to IFN signaling. These evasion mechanisms, largely
redundant, highlight the importance of this type of response in limiting HSV infection. Indeed,
novel therapeutic strategies seem to share in common the induction of type-I IFNs, which
should facilitate the identification of novel formulations that provide beneficial effects against
these viruses.

2.3. HSV modulation of cell viability

Viruses utilize cells as substrates for replication and require, within others their translation
machinery for synthesizing their proteins. Maximization of virion production is favored by
extended cell survival and thus viruses have evolved molecular mechanisms to inhibit cell
apoptosis. As discussed above, interference with programed cell death is achieved in part by
the blockage of virus detection, but also thanks to viral determinants that directly hamper this
cellular antiviral function. Cellular apoptosis can be mediated by two major pathways
triggered either by intrinsic or extrinsic stimuli [107]. While the intrinsic pathway can be
initiated by intracellular events that alter the redox state of the cells, damage the host DNA,
or compromise mitochondrial integrity, within others, the extrinsic pathway can be elicited by
the engagement of surface receptors, such as Fas [107]. HSVs have evolved molecular deter-
minants that block both, intrinsic and extrinsic apoptosis signaling pathways in infected cells
(Table 3). For instance, inhibition of apoptosis has been described to be mediated by the viral
proteins Ug3, Ugb, and Us12, each with unique inhibitory effects over the viability of the infected
cells, either confronted or not to cytotoxic T cells [108]. More specifically, the HSV protein Us3
has recently been described to mediate its antiapoptotic effects in epithelial cells, by interacting
with programmed cell death protein 4 (PDCD4) and retaining it within the nucleus of infected
cells [109]. HSV ICP10PK and U, 14 would also harbor antiapoptotic effects in neurons and
epithelial cells, although the mechanisms mediating these effects remain unknown [110, 111].

On the other hand, inhibition of apoptosis in HSV-infected cells by the extrinsic pathway has
been suggested to occur by the sequestering of Fas ligand, which consequently would hamper
Fas/FasL (CD95/CD95L) engagement, and thus block the capacity of T cells to mediate the
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killing of target cells [112]. Additionally, a recent study found that although some HSV-
infected cells express Fas on their surface, HSVs can block Fas-mediated apoptosis by a
mechanism that is independent of viral activation of NF-kB, as this transcription factor could
be detected within the nucleus of infected cells [113]. Consistent with altered Fas/FasL function
in HSV-infected cells, therapeutic application of soluble Fas ligand has been reported to
ameliorate acute and recurrent herpetic stromal keratitis (HSK) in mice, by reducing inflam-
matory infiltration into the eye and decreasing eye neovascularization in primary and
recurrent forms of HSK [114]. Interestingly, HSV glycoproteins gJ and gD have been proposed
to mediate, at least partially the inhibition of Fas-mediated apoptosis [115, 116]. Paradoxically,
gJ induces ROS within cells, which could trigger intrinsic pro-apoptotic stimuli. On the other
hand, HSVs have been recently described to be able to suppress necroptosis in human cells as
amechanism to extend cell viability [117]. The viral proteins ICP6 and ICP10 have been recently
described as the viral determinants that block necroptosis elicited by TNF in human cells [117].
The effects of HSV determinants over cell viability are summarized in Table 3.

Cell type Viral determinant Outcome Mechanism References

Epithelial Ug3 Prevents apoptosis Acts retaining PDCD4 [108, 109]

within the nucleus
Fibroblast Uus Prevents apoptosis Unclear. Inhibition of [108]

caspase 3 activation

Fibroblast U.12 Prevents physiologic and Unclear. Inhibition of [108]

CTL-induced apoptosis  caspase 3 activation

Epithelialand ~ ICP10PK and Prevents apoptosis Unknown [110, 111]

neuronal U, 14

Neuronal gD and gJ Prevents apoptosis Inhibits Fas-mediated pathway [115, 116]

Neuronal LAT Prevents cold shock- Maintains high levels of [125]
induced apoptosis phosphorylated AKT in cells

Epithelial ICP6 and Prevents necroptosis Blocks cell death elicited by TNF [117]

ICP10PK

Denderitic cell Undetermined Induces cell death-related Unclear [118-120]
processes

Natural killer ~ Undetermined Induces apoptosis Induction of Fas/FasL through infected  [121]

macrophage expression

Fibroblast ICP6 Induces necroptosis Interacts with host RIP-3 [122]

Us3, 5, 12 (short unique region 3, 5, 12); ICP10PK (ICP10 serine-threonine protein kinase); U; 14 (long unique region 14);
gD, gJ (glycoprotein D, J); LAT (latency-associated transcript); AKT (protein kinase B); ICP6, 10 (infected cell protein 6,
10); CTL (cytotoxic T lymphocyte); PDCD4 (programmed cell death protein 4); RIP-3 (receptor-interacting protein
kinase 3); TNF-a (tumor necrosis factor-alpha).

Table 3. HSV modulation of cell death.
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Contrarily to the observations discussed above, other studies have reported proapoptotic
effects for HSV proteins, as well as pronecrotic effects. For instance, infection of murine and
human dendritic cells with HSV induces apoptosis, but after the virus has negatively modu-
lated some of their properties ([118-120] and below). Additionally, HSV has also been
described to induce apoptosis in natural killer cell (NK cells) upon their interaction with
infected macrophages that express Fas/FasL [121]. On the other hand, HSVs have been
described to induce necroptosis in mouse fibroblasts through the direct interaction of viral
ICP6 with host RIP3 (receptor-interacting kinase 3) [122]. Importantly, an HSV virus with ICP6
deleted was unable to produce necrosis in HSV-infected cells and RIP37 mice displayed
compromised control of HSV pathogenesis and replication [123].

Importantly, several reports have described that neuron infection with HSV does not lead to
cell death, but rather extends their life. Indeed, lower levels of caspase-3 transcripts have been
found in HSV-positive, rather than HSV-negative trigeminal ganglia and neurons [124].
Furthermore, HSV determinants such as the latency-associated transcript (LAT), which is
mainly expressed within infected neurons has been reported to protect cells from cold-shock-
induced apoptosis by maintaining high levels of phosphorylated protein kinase AKT within
the cells [125].

Taken together, these studies highlight unique properties of HSV in their capacity to modulate
cell viability in a cell-specific manner. While the viability of nonimmune cells that serve as a
substrate for virus replication is extended by antiapoptotic viral determinants, immune cells
are targeted for death in such a way to evade the immune system. Noteworthy, neurons which
act as reservoirs for the virus are maintained viable during infection.

2.4. Soluble mediators secreted shortly after HSV infection

Despite the capacity of HSV to limit the cell’s capacity to sense viral components or transduce
activating signals after virus detection, which otherwise could lead to optimal antiviral
responses, cells infected with HSV nevertheless secrete numerous cytokines upon infection.
Secretion of these cytokines might be promoted by host sensors that effectively detect HSV
determinants or alternatively might result from virus-oriented immune modulation intended
to promote infection and persistence [32]. Thus, to date it is unclear whether soluble mediators
secreted by HSV-infected cells either contributes to virus control and spread or promotes the
virus’ life cycle within the host.

Signaling events that lead to the secretion of soluble mediators after microbe or danger signal
detection is frequently mediated by the nuclear factor NF-kB, which translocates from the
cytoplasm to the nucleus to promote gene transcription [126]. Because of the importance of
NF-kB in this process, HSV encode several determinants to dampen the activity of this
transcription factor. For instance, the HSV U3 kinase has been reported to hyperphosphorylate
NF-kB (p65) and impairs its translocation to the nucleus, interfering with IL-8 secretion [127].
On the other hand, the HSV U, 42 protein, which encodes for a DNA polymerase processivity
factor, also binds to p65/RelA and to p50/NF-kB1 (NF-kB1 forms) to negatively modulate their
migration into the nucleus after stimulation with TNF-a [128]. HSV ICP0 has also been
described to inhibit NF-kB activation mediated by TNF-a, by interacting similarly with p65/
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RelA and p50/NF-kB1 [129]. HSV VP16 similarly has been shown to interfere with NF-kB
activation in human endothelial kidney cells [93]. Paradoxically, other studies have proposed
that HSV infection can induce persistent NF-kB nuclear translocation, although without
concomitant transactivation activity and in epithelial cells from the retina (retinoblastoma)
[130, 131]. Importantly, blocking NF-kB nuclear translocation in these cells significantly
reduced virus yield. Altogether, these studies demonstrate significant modulation of this
important transcription factor by HSV determinants, which may result in different cellular
outcomes depending on the cell type infected.

Although HSV negatively modulates NF-kB activation, HSV-infected cells can produce
numerous soluble mediators. For instance, primary endometrial genital epithelial cells infected
with HSV produce CCL2, IL-8, IL-6, and TNF-a [132]. On the other hand, samples from the
cervical mucus of women infected with HSV show elevated amounts of CXCL9 [133]. The latter
chemokine together with CXCL10 have been shown to participate in antiviral responses
against HSV in CNS infection in the mouse model by recruiting NK and cytotoxic T cells to
the infected tissue [134]. Other chemokines, such as CCL2, which are promoted by HSV
infection, may play positive roles against the virus in ocular infection, as shown in mice; CCL2
knockout mice displayed significant viral infection and reduced inflammatory monocyte
recruitment into the affected tissue [135]. On the contrary, blocking specific chemokines such
as CXCL2 which is released by monocytes in response to HSV is thought to bring neutrophils
into the infection site, which would promote unwanted damaging responses to the host,
particularly neurons [136].

HSV also induces IL-6 in numerous cell types after infection, such as microglia, mast cells, and
dendritic cells. Importantly, this cytokine shows protective effects in microglia, which seems
to be mediated by STAT3; however, the details of the processes that converge toward its
protective effects remain unresolved [137, 138]. Mast cells secrete IL-6 early after HSV infection,
as well as TNF-a. Interestingly, these soluble mediators are not promoted by HSV directly in
this case, but by soluble molecules secreted by keratinocytes infected with HSV [139]. Impor-
tantly, animals that lack IL-6 or TNF-a succumb to death after HSV infection, which indicates
that these soluble molecules play positive antiviral effects for the host [139]. Nevertheless, other
studies propose that this latter cytokine might play a negative role for the host, as treating
animals with an anti-TNF-a antibody in combination with the antiviral valacyclovir signifi-
cantly ameliorated the prognosis of HSV encephalitis [140]. On the other hand, before DCs are
killed by HSV, these cells secrete IL-6 and numerous other cytokines [119].

Noteworthy, HSV has also been described to induce the secretion of cytokines and chemokines
that could favor host infection by other sexually transmitted microbes, such as the human
immunodeficiency virus [141]. Accumulating evidence indicates that infection with HSV-2 can
increase host susceptibility up to fourfold to acquiring HIV [142-145]. Additionally, coinfection
with these pathogens augments the shedding of both viruses, likely worsening patient
prognosis. Importantly, similar findings have been observed in the mouse model with
HIV/HSV coinfections [146]. Such increase in the susceptibility of acquiring HIV in HSV-
infected individuals would be mediated by numerous factors, such as the increased recruit-
ment, to the infection site of cells that are targeted by HIV [147-149]. Furthermore, cells infected
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with HSV secrete cytokines that reactivate latent HIV from infected cells [119, 150] and may
augment the expression of surface ligands that promote HIV infection [151, 152]. Finally, HSV
infection can downmodulate the expression of molecules that favor the neutralization and
destruction of HIV [153].

A soluble mediator frequently associated with virus control and clearance is IFN-vy. This innate
and adaptive immune cytokine is recurrently associated with increased protection against
HSV in numerous HSV infection models and considered an important mediator in the
mechanism of action of different prophylactic formulations [154-157]. Importantly, in the
absence of IFN-vy, T cells directed against HSV secrete alternative cytokines that are known to
possess antiviral functions, yet they are not protective against genital infection [158]. Thus,
IFN-y seemingly plays an important role in eliciting protective immunity against HSV.

Taken together, HSVs elicit the secretion of cytokines and chemokines both by immune and
nonimmune cells. Yet, whether these soluble mediators play favorable roles for the host or
these viruses remains somewhat unknown and requires further examination. To date, only
type-1 IFNs and IFN-y seem to play evident favorable roles against HSV.

3. Herpes simplex viruses interfere with innate immunity

3.1. Interference with complement function

Complement is an acellular component of innate immunity that recognizes foreign elements
and subsequently undergoes a series of controlled molecular chain reactions that either
culminate with the establishment of a protein pore-forming complex that attacks bilipid
membranes or induce receptor-mediated engulfment by cells [159]. Importantly, formation of
the pore complex can be promoted either directly by the recognition of microbial molecular
patterns on the surface of the virus by complement components, or induced by the Fc portion
of antibodies that bind to foreign elements.

To counteract the effect of the complement, HSVs utilize glycoprotein gC, which binds to C3b
and blocks its activity by impairing antibody-induced complement activation (Table 4) [160,
161]. Inhibition of C3 impairs complement-mediated virus inactivation and the lysis of virus-
infected cells. Furthermore, gC also binds to complement component C5 to block its down-
stream activities, such as immune cell chemoattraction and membrane attack complex
formation (Table 4) [162, 163].

HSVs have also evolved molecular determinants that bind to complement components
required for antibody-mediated complement activation, as discussed below. Thus, by
interfering with complement components HSVs increase their viability in the mucosae and
sera of infected patients, which favors the infection of target cells.
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Innate immune  Viral Outcome Mechanism References

process altered  determinant

Complement gC Inhibits antibody-mediated ~ Acts as a receptor for complement [160, 161]
complement activation component C3b
Complement gC Impairs chemoattraction and Binds to complement component C5  [162, 163]

membrane attack complex hampering its catalytic activity and

formation inhibiting downstream events

Natural killer gD Suppresses NK degranulation CD112 downregulation leading to [168]
and cell-mediated lysis of reduced DNAM-1 activity

infected cells

Natural killer Undetermined  Decreases NK activation Reduces the surface expression of [169-171]
MICA, ULBP1, ULBP2 and ULBP3

Natural killer Undetermined  Induces cell apoptosis Induces Fas/FasL interactions [121]

through infected macrophages

Natural killer T~ Ug3 Inhibition of antigen Phosphorylation of KIF3A produces  [175-177]
cells presentation to NKT cells CD1d downregulation in infected
cells

gC, gD (glycoprotein C, D); U3 (short unique region 3); C3b, C5 (complement component 3b, 5); NK (natural killer
cell); CD112 (nectin-2); DNAM-1 (DNAX accessory molecule-1); MICA (MHC class I polypeptide-related sequence A);
ULBP1, 2, and 3 (UL16 binding protein 1, 2 and 3); KIF3A (kinesin family member 3); CD1d (antigen-presenting
glycoprotein CD1d).

Table 4. Evasion of innate immunity.

3.2. Negative modulation of NK and NKT function

Besides complement, innate immunity is also composed of numerous cells, such as macro-
phages, neutrophils, mast cells, basophils, eosinophils, and innate lymphoid cells (ILCs),
within others. Importantly, HSV modulates the function of some of these cells, notably NK
(Table 4). NK cells usually play important roles in eliminating infected cells that have lost class
I major histocompatibility complex molecules (MHC-I) on their surface, because of microbe
interference. Although NK cells can directly sense HSV through TLR2 and have been reported
to be activated by plasmacytoid dendritic cells that have contacted HSV, their function is
nevertheless dampened by the virus [164-167]. Indeed, gD has been shown to suppress
DNAM-1-dependent NK-cell-mediated lysis of HSV-infected cells [168]. Furthermore, HSVs
can dampen the surface expression of the NK-activating ligand MICA (MHC class I polypep-
tide-related sequence A) in infected cells, by retaining this molecule intracellularly [169, 170].
More recent studies have revealed that HSV can also interfere with the expression of additional
NK-activating ligands, such as ULBP1, ULBP2, and ULBP3 [171]. Importantly, HSVs can
induce apoptosis in NK cells through Fas/FasL interaction between NK cells and HSV-infected
macrophages, thus eliciting their deletion upon infection [121]. Although there is abundant
evidence for negative modulation of NK cells by HSV, the contribution of these cells to HSV
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pathology remains somewhat controversial as both, negative and positive roles have been
described for this cell population during HSV infection [172, 173].

Another innate immune cell type directly affected by HSV is natural killer T cells (NKT cells)
(Table 4). These cells recognize glycolipid antigens presented on CD1d molecules [174].
Importantly, cells infected with HSV display reduced expression of CD1d on their surface, as
they are redirected by viral determinants to intracellular compartments [175, 176]. Redirection
of CD1d from the cell surface is mediated by the phosphorylation of host KIF3A by the viral
kinase Ug3 [177]. Interestingly, vaginal application of a-galactosyl-ceramide an NKT ligand is
shown to activate and recruit NKT cells to the genital tissue and decrease the susceptibility to
HSV infection [178]. Remarkably, a recent report showed that NKT cells can contribute at
determining the magnitude and profile of HSV-specific IgG antibodies upon HSV infection.
HSV-infected NKT-cell-deficient mice displayed reduced amounts of antiviral IgM and IgG
antibodies, as compared to wild-type mice [179]. These results suggest that NKT cells play an
important role against HSV and that these viruses have evolved molecular mechanisms to
interfere with their function. Furthermore, activating NKT cells with glycolipids may serve as
a strategy to promote robust antibody responses against these viruses.

3.3. HSV interfere with dendritic cell function

Dendritic cells are immune cells strategically positioned at the interphase of innate and
adaptive immunity. They are specialized in sensing microbes and danger signals, and also in
integrating these signals and transducing them onto other cells for modulating the immune
response to antigens [180-183]. Because DCs are key at connecting innate and adaptive
immunity and clearing microbes, pathogens have evolved numerous immune evasion
mechanisms to overcome their function [181, 184-189]. Importantly, HSV has been shown to
infect DCs and to modulate their function by altering their maturation and capacity to activate
T cells (Table 5) [118, 119, 190]. Furthermore, HSV can negatively modulate the
autophagosome within DCs and interfere with their antigen processing capacity. This process
is mediated by the viral protein y34.5, which blocks autophagosome maturation [191, 192]. On
the other hand, HSV-2 protein ICP47 has been shown to specifically block the expression of
particular alleles of MHC-I on the surface of human DCs, namely, HLA-C, potentially
rendering these cells more susceptible to NK killing and reducing the spectrum of HSV-
derived antigens presented by these cells [193]. Remarkably, HSV has been shown to suppress
many functions of DCs via caveolin-1 (Cav-1) by studying these cells in the lungs. HSV-
induced Cav-1 was shown to downregulate the expression of inducible nitric oxide synthase;
indeed, Cav-1-deficient mice or enhancement of nitric oxide production in wild-type mice
ameliorated virus elimination and reduced pathology after HSV infection [194]. Furthermore,
such crosstalk may occur between nonvirally infected dermal dendritic cells phagocytizing
HSV-infected epidermal Langerhans cells, which are the first dendritic cells to encounter HSV
in the skin [195].
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Adaptive Viral determinant Outcome Mechanism References
immune cell
affected
Dendritic cell Undetermined Altered DC maturation and Undetermined [118, 119, 190]
capacity to activate T cells
Denderitic cell y34.5 Interference with autophagosome Blocks autophagosome [191, 192]
function and hence antigen maturation
processing
Dendritic cell ICP47 Increased susceptibility to NK Blocks MCH expression [193]
attack (HLA-C allele)
Dendritic cell HSV-induced Reduced virus elimination and Downregulates the [194]
Cav-1 increased pathology expression of inducible nitric
oxide synthase
Dendritic cell Undetermined Induces DC cell death Undetermined [118-120]
Humoral gE Blocks antibody function Binding to the Fc portion of [201, 202]
related to complement activation  antibodies. Competes
and with Clq and FcyRs
antigen phagocytosis
T cell ICP47 and U3 Reduced CTL recognition of Interferes with host [205, 206]
infected cells and decreased TAP protein, impairing
naive T cell activation peptide-MHC complex
presentation
T cell gD, gB, gH, gl, Reduction in T cell activation and ~ Signals through HVEM. Alters  [208]
and gL function. Decreases IL-2 secretion =~ CD3-dependent intracellular
calcium signaling
T cell Ug3 Impairs T-cell activation Interferes with TCR signaling.  [209]
Blocks TRAF6 activity, altering
LAT function
T cell gD Promotes Treg cell function with  Induces proliferation of T CD4* [213-217]

increased IL-10 secretion.

Likely to alter CTL activity

FoxP3*(CD25%) cell subsets

v34.5 (late gene gamma 34.5, ICP34.5); ICP47 (infected cell protein 47); Cav-1 (caveolin-1); gB, gD, gE, gH, gl, gL
(glycoproteins B, D, E, H, I, L); Us3 (short unique region 3); DC (dendritic cell); NK (natural killer cell); Treg
(regulatory T cell); MHC (major histocompatibility complex); HLA-C (human major histocompatibility complex chain
C); C1q (subcomponent of the C1 complex of the classical pathway of complement activation); FcyR (Fc gamma
receptor); TAP (transporter associated with antigen processing); HVEM (herpesvirus entry mediator); IL-2 (interleukin
2); CD3 (cluster of differentiation 3); TCR (T-cell receptor); TRAF3 (TNF receptor-associated factor 3); LAT1 (linker for
activation of T cells); FoxP3 (forkhead box P3 protein).

Table 5. Evasion of adaptive immunity.
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Importantly, experiments with animals depleted of DCs have shown that these cells are
involved in neuron infection, as up to fivefold less latent virus can be found in the trigeminal
ganglia of animals devoid of these cells [196]. Consistent with this notion, another study found
that depletion of CD11c* CD8a" DCs reduced HSV latency in neurons after ocular infection
and that FIt3L treatment, which increases the number of DCs in the tissues, enhanced virus
infection of neurons [197]. These studies suggest that DCs may be used as Trojan horses by
HSV to reach neurons or that the virus might manipulate these cells in such a way to gain
access to the former. However, another study that assessed HSV infection through the footpad
in the mouse model found that depletion of DCs was associated with increased viral loads in
neurons [198].

Taken together, these studies evidence numerous evasion strategies evolved by HSV to alter
the function of DCs and consequently innate and adaptive immunity (discussed below).
Additionally, these viruses seem to have harnessed the mobile properties of DCs to spread
onto other host cells and tissues, namely, neurons. The fact that HSVs ultimately induce DC
apoptosis will likely interrupt the establishment of effective and robust immune responses
against these viruses.

4. Herpes simplex viruses evade adaptive immunity

4.1. Interference with humoral immunity

Although natural infection with HSV elicits antiviral antibodies with in vitro neutralizing
capacities, these responses seem largely insufficient in most individuals when it comes to limit
HSV symptoms and virus shedding. This host antibody response is mostly directed to few
surface viral antigens, mainly gD, gB, and, to a lesser extent, gC all of which are essential for
virus entry, except for gC in HSV-2 [199]. For antibodies to exert effective antiviral activities
they need not to be necessarily neutralizing, as antibodies can also elicit complement activation
and immune complex-induced phagocytosis, thanks to their Fc portion [200]. However, HSVs
have evolved molecular mechanisms to evade these antibody functions (Table 5). Notably, the
HSV-encoded glycoprotein E (gE) can interfere with complement activation by directly
binding to the Fc portion of antibodies and competing with complement component C1q [201,
202]. Indeed, gE functions as an IgG Fc receptor (FcyR) that binds the Fc domain of IgG
antibodies and thus blocks their capacity to promote complement activation, altogether
impeding phagocytosis by immune cells [202-204]. Importantly, specific interference with
anti-HSV antibodies and not other circulating antibodies is achieved, thanks to the relatively
low affinity of gE for the Fc portion of antibodies; antibodies are stabilized on the virus surface
only if the Fab portion of the antibody is also bound to a viral antigen by its antigen-binding
region. Hence, HSV has evolved molecular determinants to persist within the host and shed
onto others, despite the existence of virus-neutralizing antibodies. Such evasion mechanisms
have led to difficulties in the development of prophylactic formulations against HSV, and is
further discussed below.
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4.2. Evasion of T cell immunity

T cells can recognize microbe-derived protein fragments presented on the surface of infected
cells and destroy these cells to limit virus replication and shedding onto other tissues and
organisms. However, HSV encode molecular determinants that interfere with viral antigen
presentation to T cells, namely, with MHC-I presentation, and thus the virus can hamper T-
cell recognition of infected cells. HSVs interfere with the presentation of viral antigens by
blocking the function of host TAP protein (transporter associated with antigen processing),
which translocates self- and foreign peptides from the cytoplasm into the rough endoplasmatic
reticulum for peptide loading onto MHC-I molecules (Table 5); TAP inhibition is mediated by
the HSV protein ICP47 [205] and the Ug3 kinase [206]. Reduced peptide/MHC (pMHC)
complexes on the surface of infected cells dramatically reduces the chances of cytotoxic T cells
detecting HSV-infected cells, as well as the capacity of HSV-infected professional antigen
presenting cells to activate naive T cells.

Furthermore, additional mechanisms exist by which HSVs can negatively modulate the
activation and proliferation of T cells (Table 5). For instance, the viral glycoprotein D binds to
HVEM (herpesvirus entry mediator) on the surface of immune cells, which is a receptor
belonging to the TNF-receptor superfamily and whose intracellular signaling mechanisms
depends within others on the engagement of its different ligands and their orientation (cis vs.
trans) [207]. gD binding to the cell surface of T cells has shown to alter calcium signaling within
T cells after CD3 engagement, likely by interfering with the capacity of T-cell receptor to
appropriately transduce intracellular signals that lead to suitable activation and function of
these cells [208]. For instance, Jurkat T cells cultured with HSV and an activating CD3 antibody
exhibit hampered IL-2 secretion [208]. A similar effect was observed with other HSV glyco-
proteins, namely, gB, gH, gl, and gL in the same study [208]. A recent report suggests that
impaired T-cell activation would also be mediated by HSV U3 protein interference with T-cell
receptor signaling, specifically by altering linker for activation of T cells (LAT1) within these
cells [209]. Importantly, infection of T cells (other than Jurkat cells) requires the presence of
antigen-presenting cells for efficient virus transfer, a process termed virological synapse.
Indeed, primary cultures of T cells incubated with HSV alone are only infected at very low
frequencies, while adding fibroblasts significantly enhances the formation of virological
synapses that culminate in a substantial increase in the number of T cells infected with these
viruses [210]. Importantly, HSV has been described to lead to T-cell apoptosis [211].

T cells can carry out numerous functions depending on their phenotype. While cytotoxic T
cells are specialized in killing microbe-infected cells, regulatory T cells (Tregs) are specialized
within others in controlling the magnitude of the immune response to antigens [212]. In this
regard, HSV seems to promote the proliferation of regulatory T cells through the binding of
gD to HVEM receptors on the cell surface to promote the secretion of signature cytokines
attributed to these cells, such as IL-10 (Table 5) [213-216]. The promotion of Tregs might alter
the activity of cytotoxic T cells intended to control the virus [213, 217]. Consistent with a
negative role for Tregs in HSV infection, protection elicited against this virus in an animal
model with previous immunization correlates with relatively low numbers of Tregs [218].
Nevertheless, another study proposes that deletion of Tregs in HSV-infected animals interferes

123



124 Herpesviridae

with the migration of immune cells to the site of infection, negatively affecting the survival of
infected animals [219]. Thus, further studies are needed to determine the contribution of Tregs
in HSV infection.

4.3. Past and present vaccine attempts

Availability of an effective vaccine against HSV would be an important public health advance,
mainly because individuals with genital herpes display increased susceptibility to acquire HIV
[141-145]. Importantly, previous efforts invested on the development of vaccines against HSV
have concentrated on subunit approaches consisting mainly on one viral glycoprotein, namely,
gD (Table 6) ([220], http://clinicaltrials.gov). Glycoprotein gD is conserved within HSV
serotypes and plays a key role during cell infection [221]. Furthermore, this viral protein
harbors epitopes for CD4" T cells [222], CD8" T cells [223], and neutralizing antibodies [224]
and is immunodominant as evidenced by clinical data showing that the majority of HSV-
infected individuals have neutralizing antibodies against this protein [199]. Regretfully, this
insisted strategy, which combines gD with adjuvants, recently failed in a phase 3 clinical trial;
indeed, the formulation failed at reducing both HSV-2 infection and minimizing the shedding
of the virus [225, 226]. Remarkably, the formulation tested in this and previous clinical trials
induced anti-gD neutralizing antibodies in the vaccinated, as well as T CD4" cells [220, 227-
230]. However, the magnitude of these responses may have been too weak for significant
protection against HSV-2 after exposure [199, 228, 231, 232]. Unexpectedly, the vaccine
provided 35% cross-protection against HSV-1 infection and 58% cross-protection against
HSV-1 disease [227]. An important concern that arose from these results was whether the
current animal models used to assess the efficacy of new HSV vaccines satisfactorily recapit-
ulate what occurs in humans. It is also unclear whether the amount and/or quality of neutral-
izing antibodies elicited against HSV and T cells produced by vaccine formulations, such as
the glycoprotein D/AS04 vaccine, play any relevant role in protection against HSV-2; further-
more, whether previously considered correlates of protection as anti-gD antibodies play any
relevant role against this virus.

Importantly, a recent study suggests that anti-HSV antibodies, different from those directed
against gD, might account for effective protection against HSV-2 after immunization with a
discontinuous virus (Table 6). Indeed, animals immunized subcutaneously with a genotypi-
cally deleted gD virus elicited remarkable protection against genital and skin challenge with
HSV-1 and HSV-2, which was mediated by antibodies. Noteworthy, the antibodies elicited by
this attenuated HSV strain were poorly neutralizing and were mainly directed against gB [233].
A somewhat similar result was found in another study with an 0ANLS-attenuated HSV strain,
which elicits antibodies against numerous virus-infected cell proteins (ICP) and gB, within
others (Table 6) [234-236]. Other attenuated HSV strains have also provided promising results
in numerous mouse models and should move onto clinical trials, such as the HSV-2 d15-29
strain, which has U;5 and U;29 deleted from its genome (Table 6) [237-239]. Additional
attenuated viral strains that confer significant protection against viral challenge are HSV
strains that are impaired at infecting neurons, such as a gD mutant virus [240], HSV deleted
at U;39 (ICP10APK) [241], and HSV deleted at ¢E (Table 6) [242]. Regretfully, an HSV strain
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deleted at gH, which showed early promising results in animal models, was later shown to be

ineffective in humans in a clinical trial [243]. Although most of these strategies elicit both anti-

HSV antibodies and antiviral T cells, the main immune components involved in protection

against HSV challenge remain unknown. Importantly, a recent study suggests that other

animal models different from the guinea pig and the mouse infection model might be better

suited for testing anti-HSV vaccine formulations. For instance, the cotton rat Sigmodon
hispidus parallels well the results obtained with the D/AS04 vaccine in humans, both for HSV-1

and HSV-2 [244].

Formulation type

Outcome

Development stage

References

Subunit protein gD plus adjuvant Alum Induces T CD4" and antibody

and MPL (gD/AS04)

Live attenuated, HSV-2 virus
with gH deletion (HSV-2 AgH)

Live attenuated, HSV-2 virus
with U, 39 deletion (ICP10APK)

Live attenuated, HSV-2 virus with
U.5 and U; 29 deletions (ACAMS529)

Live attenuated HSV-2 virus with
gD mutation (HSV-2-gD27)

Live attenuated HSV-2 virus
with gD deletion (HSV-2 AgD™)

Live attenuated, HSV-2 virus
with gE deletion (HSV-2 AgE2)

Live attenuated HSV- 2 virus
with ICP0 deletion (OANLS)

response. No clinical protection for
shedding

and infection.

Safe and immunogenic, yet did not

confer protection to HSV infection.

Induction of Th1 immunity

Reduced disease, shedding,

seroconversion, and latency

Protects from challenge and reduces

viral load in neurons

Protects from genital and skin
challenge and blocks neuronal
infection. Antibody-mediated

protection

Reduced infection and recurrence

Antibody response against gB

and ICP viral proteins

Clinical phase 3
(completed)

Clinical phase 2
(completed)

Clinical phase 2
(completed)
Preclinical stage

Preclinical stage

Preclinical stage

Preclinical stage

Preclinical stage

[199, 220, 225-
233]

[243]

[241]

[237-239]

[240]

[233]

[242]

[234-236]

AS04 (adjuvant system 04); MPL (monophosphoryl lipid A); gD, gE, gH (glycoprotein D, E, H); ICP10APK (infected
cell protein 10 lacking the PK domain); Thl (T helper-1); U5, U, 29, U, 39 (short unique region 5, 29, and 39); ICP0

(infected cell protein 0).

Table 6. Past and present vaccine attempts against HSV.

On the contrary to the evidence that suggests a role for antibodies in protection against HSV

infection, a recent study proposes that effective protection against ocular HSV may be achieved

by eliciting a robust T cell response alone. Indeed, humanized HLA transgenic animals
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vaccinated with T cell epitopes from different viral proteins identified in asymptomatic
individuals and combined with adjuvant was shown to confer protection against ocular herpes
[245-247]. However, whether such results relate specifically to this type of herpetic disease or
whether these T cells ultimately elicit an antibody response against HSV upon virus challenge
remains unknown. Noteworthy, an important limitation of vaccine approaches that are based
on one or few viral proteins is that only an oligoclonal set of T cells will be elicited, which may
limit the effectiveness of formulation to a narrow set of individuals [248, 249].

Taken together, the HSV vaccine field has suffered an important failure and will need to revisit
the immunobiology of its diseases. Importantly, the race for the development of novel
prophylactic formulations against these viruses is reopened. While numerous groups aim at
vaccine strategies that are based on defined viral proteins or viral epitopes, others propose
attenuated HSV strains as an alternative for eliciting multiantigenic immune responses against
these viruses. Regardless of the methods, a novel vaccine against HSV must guarantee safety
for the immunocompetent and notably immunocompromised individuals. Remarkably, the
lack of vaccines against HSV has encouraged considerable research in the field of microbicides,
which might provide a strategy to prevent infection with these viruses [4].

5. Concluding remarks

Herpes simplex viruses have proven to be masters of immune evasion as they encode numer-
ous molecular determinants that promote evasion of host sensing, signal transduction,
cytokine secretion by immune and nonimmune cells, and, most importantly, interference with
innate and adaptive immunity. These attributes likely explain the coexistence of HSV and
humans since time immemorial and facilitates their high prevalence in the population [250].
Although HSV are seldom life threatening, the important economic burden they elicit with the
diseases they produce and their association with HIV infection calls for the implementation of
novel vaccines and improved treatments to stop their effects. Hopefully, lessons learned from
past failed clinical trials will lead to novel strategies that will ultimately limit the impact of
these viruses.
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Abstract

Epstein-Barr virus (EBV) infection contributes to the development of different types of
human malignancies, especially nasopharyngeal carcinoma. As a herpesvirus, EBV can
establish two major modes of virus-cell interactions: a latent or a lytic infection. Latent
infection is prevalent in the vast majority of malignant cells in EBV-related malignan-
cies. Inducing a switch from latent to lytic infection in a substantial fraction of malignant
cells has long been considered as a potentially interesting therapeutic approach.
Therapeutic benefits are expected from (1) the cytotoxic or cytostatic effects of viral
products expressed in the context of the lytic cycle; (2) expression of viral enzymes
capable of metabolizing pro-drugs selectively inside these cells and (3) broadening the
expression spectrum of antigenic viral proteins. In this chapter, addressing non EBV-
specialized readers, we first summarize the main aspects of EBV biology with emphasis
on the cellular mechanisms known to control latent and lytic infections. Then, we outline
the basic principles and requirements of cytolytic EBV activation performed with a
therapeutic intent. Finally, we review the main categories of pharmacological agents
reported to be active in the switch from latent to lytic infection, including drugs used
for conventional anti-tumour chemotherapy, histone-deacetylase inhibitors and various
miscellaneous compounds.

Keywords: nasopharyngeal carcinoma, Epstein-Barr virus, lytic cycle, histone-deace-
tylase inhibitors, epigenetics, immunotherapy, phenotypic screening, compound li-
brary
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1. Introduction

Nasopharyngeal carcinomas (NPCs) are consistently associated with the Epstein-Barr virus
(EBV) [1] and represent a major public health problem worldwide. In order of frequency, it is
the third leading cause of virus-related human malignancies, ranking just behind hepatocellu-
lar carcinomas linked to the hepatitis B and C viruses and cervix carcinoma involving human
papilloma viruses (HPV) [2]. The incidence of NPC is particularly high in Southern China,
especially in the Guangdong province (approximately 25 cases per 100,000 persons per year).
In addition, there are areas of intermediate incidence in Southeast Asia and North Africa. Men
have been shown to be two to three times more likely to develop NPC than women, the most
frequent age of disease occurrence being 50-60 years. Regardless of patient geographical origin,
NPCs are constantly associated with EBV (except for a very small number of highly differenti-
ated atypical forms related to tobacco and alcohol and a few cases associated with human
papilloma viruses [HPV] mainly observed in Europe and North America) (reviewed in[3]). Like
other EBV-associated malignancies, NPC is clearly a multifactorial disease. The non-viral risk
factors include germline genetic susceptibility involving alleles of the major histocompatibili-
ty complex (MHC) region on chromosome 6 [4]. One example of a susceptibility gene not linked
to the MHC region is MSTIR. It encodes a protein detected in the ciliated epithelial cells in
normal nasopharyngeal mucosa, which plays a role in the cilia motility, thus being essential for
host defence [5]. The action of diet carcinogens, like salt-preserved fish in South China, probably
accounts for multiple acquired cellular genetic and epigenetic alterations detected in malig-
nant cells [4].

Investigations on the mechanisms of NPC oncogenesis and novel therapeutic approaches have
long been hampered by a lack of biological resources. It has been proven very difficult to derive
tumour lines propagated in vitro or even patient-derived xenografts (PDXs), which retain the
EBV-genome, using clinical NPC specimens. Currently, there is only one EBV-positive NPC
tumour line (C666-1), which is routinely propagated in vitro, and a small number of EBV-
positive NPC PDXs whose cells are not easily handled in vitro [6-9]. There is evidence that
malignant NPC cells tend to lose the EBV genome when one attempts their propagation in
vitro. The resulting EBV-negative cell lines seem to have a phenotype, which does not fit with
the NPC cell phenotype in situ, especially with regard to immunological characteristics (e.g.,
HONEL1) [10]. They are sometimes artificially reinfected by EBV in vitro, but this does not
restore a typical NPC cell phenotype.

In addition to the latent EBV-infection, the malignant phenotype of NPC cells is explained by
anumber of genetic and epigenetic alterations. None of these alterations is constant in all NPC
tumours, and few are highly specific of NPCs. In most cases, there are no alterations in the
TP53 gene (it is mutated in less than 10% of the cases; [11]). In contrast, many other tumour
suppressor genes (TSGs) are frequently silenced in NPC cells, especially CDKN2A (chromo-
some 9p21.3) and RASSFI (chromosome 3p21.3). Their inactivation often results from a
combination of hemizygous deletion and promoter hypermethylation on the remaining allele.
However, deletions of both alleles and inactivating point mutations have been also reported.
Silencing of these TSGs often occurs very early in the carcinogenic process [12]. Many TSGs
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like the gene encoding the Wnt inhibitory factor 1 (WIF, 12q14.3) or E-cadherin (CDH, 16q22.1)
are consistently inactivated by methylation of both alleles [13, 14]. One has to keep in mind
that prolonged latent—or even transient EBV infection—favours genome-wide hypermethy-
lation of gene promoters [15]. In addition to the silencing of multiple TSGs, NPC cells exhibit
alterations of multiple oncogenes, which are often affected by copy number gains, especially
CCND1 (encoding cyclin D1 on chromosome 11q13.3) and PIK3CA (3q26.1) [12, 16]. There are
also frequent copy-number gains of the gene encoding the lymphotoxin-3 receptor (LTSR) on
chromosome 12p13.31 [12]. This is a rare — or even unique — example of a genetic alteration
which is highly specific of NPC tumours. Two oncogenic fusion genes— UBR5-ZNF423 and
FGFR-TACC3—have been identified by high-throughput sequencing of tumour mRNAs
(RNAseq), but they are only detected in a minority of NPC specimens, mainly among late stage
tumours [17, 18]. Whole exome sequencing of 128 NPC specimens has revealed mutations in
genes encoding proteins involved in chromatin remodelling, especially ARID1a (about 10% of
the specimens) and in the process of DNA methylation (TET1, TET2 and TET3, altogether in
about 9% of the specimens) [11].

On average, NPCs are more radio-sensitive and chemo-sensitive than other head and neck
tumours. However, they still raise serious therapeutic issues: (1) NPCs are often discovered at
alate stage whereas lymph node and distant organ metastases occur early in tumour evolution;
(2) despite remarkable advances in 3D radiotherapy, irradiation often leads to severe func-
tional sequels (subcutaneous and muscular sclerosis and xerostomia); (3) although metastatic
lesions are initially sensitive to chemotherapy, they often escape from treatment control after
a few months [19, 20]. In summary, despite the remarkable progress achieved in the recent
years, there is still an urgent need for better therapeutic modalities. In this context, the idea of
using EBV as a kind of endogenous oncolytic virus has been in the air for a very long time. The
proof of principle that pharmacological agents can disrupt latent infection and push at least a
fraction of EBV-infected malignant cells towards the reactivation of the viral lytic cycle was
presented almost 40 years ago. Sodium butyrate was reported as a potent activator of the lytic
cyclein EBV-infected human B-lymphocytes in 1979 [21]. However, the progress of this concept
towards therapeutic applications has been very slow, especially regarding NPC. The aim of
this review is to assemble key information for a public of non-EBV-specialists who want to
understand the cellular, molecular and pharmacological basis of translational research on
cytolytic viral activation in nasopharyngeal carcinomas.

2. Main aspects of EBV biology and regulation of the latent/lytic modes of
infection

2.1. General aspects of EBV biology

EBV is one of the eight human Herpesviridae. It belongs to the subfamily of the y-herpesvirinae
and to the genus of lymphocryptoviruses. Like all Herpesviridae, it is an enveloped double-
stranded DNA virus, containing about 80 genes. It is the causative agent of infectious mono-
nucleosis, and it has an etiological role in several human malignant diseases mainly of
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Figure 1. EBV-genome structure and configuration in connection with latent or lytic infection: (A) EBV genome map
(linear representation). EBV genome contains about 180 kilobase pairs (kb). Both ends of the viral DNA contain a varia-
ble number of repeated non-coding sequences of 500 bp (called TR for terminal repeats). In addition, there are internal
repeated sequences called internal repeats (major IR1 and minor IR 2—4). Ori-P is the replication origin of the viral ge-
nome used in the latent state of infection. The Ori-lyt are two replication origins used during the lytic infection. The
reference restriction map is based on the digestion of the viral DNA by the restriction enzyme BamH1. Restriction frag-
ments are classified from the largest (BamH1A) to the smallest (BamH1Z). Designation of open-reading frames is
based on this restriction map. For example, BZLF1 is the first leftward open reading frame in the BamH1 Z fragment
(Bam Z leftward open-reading frame 1) (BZLF1 by extension also means the corresponding protein). (B) Configuration
of the EBV genome characteristic of the latently infected cells. When the infected cell enters a state of latent infection
the viral DNA is circularized probably by recombination of the TRs. This circular form of the genome called episome is
contained in the nucleus in combination with cellular chromatin but apart from chromosomes. The episomes are pas-
sively replicated by cellular DNA polymerases starting from the Ori-P origin of replication. During latent infection,
most viral genes are silent. However, about 10% of them are consistently expressed (in blue). Most of these genes en-
code final products —viral non-coding RNAs or proteins—with transforming properties. They are called “latent genes”
whereas genes expressed only during lytic infection are called “lytic genes”. There is no topographical separation be-
tween the two categories of genes.(C) Configuration of the EBV-genome characteristic of the lytic infection. As usual in
virology, the phase of the lytic cycle which precedes viral DNA replication is called the early phase. As soon as the
viral DNA pol starts the autonomous replication of the viral genome, lytically infected cells enter the late phase. Newly
synthesized viral genomes are in a linear configuration. Viral proteins expressed at the very beginning of the early
phase of the lytic cycle like BZLF1 and BRLF1 are encoded by immediate early genes. Early viral proteins are ex-
pressed at a more advanced stage. Many of them are involved in DNA metabolism, for example, the viral thymidine-
kinase, DNAse and DNA polymerase. The EBV protein kinase (BGLF4; protein encoded by the Bam G leftward open
reading frame 4) can phosphorylate various substrates. It is also one component of the viral particle.

lymphoid and epithelial origin as well as several autoimmune diseases. Examples of EBV-
related malignancies are nasopharyngeal carcinomas, several types of lymphomas (endemic
Burkitt's Lymphoma (BL), more rarely Hodgkin lymphomas, centro-facial NK-T lymphoma,
post-transplant lymphomas and AIDS-associated lymphomas), and approximately 10% of
gastric cancers worldwide [22-25]. Examples of autoimmune diseases likely to involve EBV
are multiple sclerosis and systemic lupus erythematosus [26, 27]. Like all other herpesviruses,
EBV causes lifelong infection following the primo-infection. More than 90% of adult humans

are healthy carriers regardless of their geographic origin. Its persistence in healthy carriers is
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the result of three types of viral characteristics: (1) its capacity to continuously induce bursts
of productive infections in various tissues, especially in the upper aerodigestive tract and more
specifically in the tonsils, the salivary glands and possibly gingiva; (2) its capacity to achieve
latent infection mainly in B-lymphocytes, especially memory B cells in blood, bone marrow
and lymphoid organs; (3) its sophisticated strategies of immune evasion [28].

The distinction between two major modes of virus-cell interactions is a key to understanding
EBV biology [29]. (1) Latent infections are cellular infection modalities characterized by the
absence of viral particle production, a restricted expression of viral genes (often less than 10
out of 80) and a circular configuration of the viral genome (Figure 1). (2) Lytic/productive
infections are characterized by sequential or concomitant expression of most viral genes,
abundant synthesis of linear viral genomes and finally extracellular release of viral particles
or virions in a context of mandatory cell death.

2.2. Latent EBV infection in LCL and NPC cells

One major common characteristic of most EBV-related malignancies is the predominance of
latent modes of virus-cell interactions. As a rule in EBV-associated tumours, no EBV particles
are detected by electron microscopy on tumour sections, whereas the viral DNA can be
visualized in the nuclei of malignant cells by in situ hybridization. Consistently, very few
malignant cells exhibit expression of viral proteins characteristic of the lytic/productive cycle.
This minimal expression of lytic viral proteins in EBV-infected malignant cells favours immune
evasion. In most latently infected cells, the virus-cell interactions are bidirectional: a few viral
genes often modify the phenotype of the host cell, whereas the cellular context contributes to
the repression of most viral genes (see subsequent section B3). For laboratory investigations,
a model of latent EBV infection is easily obtained in vitro by infection of peripheral blood
mononuclear cells (PBMCs) from normal donors, which results in the oncogenic transforma-
tion of resting B cells. These EBV-transformed B-cell lines are often called lymphoblastoid cell
lines (LCLs). LCLs are immortalized and tumorigenic in SCID (severe combined immune-
deficiency) mice [30]. They represent a privileged model for in vitro investigations of the
molecular basis of latent infections.

During latency, the viral genome is conserved under the form of circular copies, called
episomes, from one to several tens, which are present in the nuclei apart from the cell chro-
mosomal DNA but also coated with cellular chromatin and replicated by cellular enzymes at
each cell division. Most viral genes expressed in EBV-associated malignancies belong to the
category of the latent genes, which are expressed in LCLs in vitro and contribute to the
maintenance of the transformed phenotype. Their oncogenic effects are summarized in
Table 1. The latent genes encode nuclear proteins like the EBNAs (Epstein-Barr nuclear
antigens), membrane proteins like LMP1, LMP-2A and LMP-2B (latent membrane proteins 1,
2A and 2B) and non-coding RNAs. There are two main categories of non-coding viral RNAs:
genuine microRNAs and the EBERs (Epstein-Barr virus encoded small RNAs) [31]. Two
families of viral microRNAs, called “BHRF1” and “BART” microRNAs, can be transcribed
from two distinct regions of the EBV genome, the Bam-H1 H and Bam-H1 A segments,
respectively. The BHRF1 (Bam H rightward open reading frame 1) cluster includes at least
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four microRNAs which are transcribed in LCLs but not detectable in most NPC specimens.
They have a key role in the inhibition of apoptosis [32]. In contrast, the microRNAs of the BART
(Bam A rightward transcripts) family are abundant in most NPC cells and not detected in
LCLs. About 40 BART microRNAs have been identified so far [33, 34]. They target a great
variety of mRNAs, for example, those encoding the pro-apoptotic protein Puma (miR-BARTS5),
the tumour suppressor protein PTEN (miR-BART1) or the viral DNA polymerase (miR-
BART?2) [35-37]. The EBERs are single-stranded RN As of about 170 nucleotides with a complex
secondary structure containing double-stranded segments which can react with various
cellular receptors of double-stranded RN As such as the PKR (protein-kinase RN A-dependent),
RIGI (retinoic acid-inducible gene 1) and TLR3 (Toll-like receptor 3) [38]. These interactions
stimulate resistance to interferon and production of growth factors like IGF-1 (insulin-like

growth factor 1) [38].

Type EBV product Examples of functions
Latency  Non-coding latent EBERs 1 and 2 Inhibit the RNA dependent protein
product  transcripts (non-coding RNAs) kinase (PKR) activate the Toll-like

Non-membrane
protein

Membrane latent
protein

Lytic cycle Immediate early

products

proteins (IE)

Early
proteins (E)

Late
proteins (L)

miR-BART (microRNAs)

EBNA 1
(nuclear protein)

BARF1
(secreted protein)

LMP1
LMP2A
LMP2B

BZLF1

BRLF1

DNA polymerase
EBV-DNase

EBV-thymidine kinase (TK)

EBV-protein kinase (PK)

VCA (viral
capsid antigen)

Gp350

receptor 3 (TLR3) [38]

Inhibit expression of some viral lytic
and cellular pro-apoptotic genes,
promote metastases [35, 37, 42]

Episome maintenance, contributes to disruption
of PML bodies [43]

Ligand of the m-CSF or CSF1 receptor [44]

Activator of Bcl3/p50/P50 NF-kB complex [1]
Activator of PI3 kinase/Akt pathway [1]

Accelerates the degradation of interferon
receptors [1]

Act as transactivators, enhancing the
expression of later lytic genes [45, 46]
Lytic replication of the viral genome

Alkaline nuclease with endonuclease
and exonuclease activities

Phosphokinase with a probable role in
the phosphorylation of FIAU [47, 48]

Phosphokinase involved in DNA replication
and virion production. Phosphorylates
ganciclovir [49, 50]

A complex of structural proteins assembled in the
viral capsid

Viral envelope glycoprotein binding to the cell

membrane receptor CD21 (also known as CR2) [51]

Table 1. Examples of EBV latency and lytic cycle products with clues on their functions.
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In comparison to LCLs, latent EBV infection in NPC cells has some specific features. The
expression of latent viral proteins is more restricted than in LCLs. Only one latent nuclear
protein—EBNA1—is expressed in contrast to six in LCLs. The latent membrane proteins,
LMP1 and LMP2, are present in most tumour specimens but often at a low level and with major
heterogeneity among tumour cells [39, 40]. Another specific feature of latent EBV-infection in
NPCs is the huge abundance of the BART microRNAs which on average account for 20% of
total tumour microRNAs [41]).

2.3. The switch from latency to the lytic/productive infection and its regulation

2.3.1. General features of the switch from latent to lytic EBV-infection

Experimental lytic/productive infections by EBV can be achieved in several manners. As
explained in the previous section, EBV infection of resting B cells in vitro results mostly in
transformed cells, which are latently infected. However, EBV-transformed B cells can enter the
lytic/productive cycle at a secondary stage triggered by plasmacytic differentiation or treat-
ment with various chemicals (Table 2. The experimental systems used for EBV infection of
epithelial cells in vitro are completely different. First, penetration of viral particles often
requires special procedures, as for example, pre-adsorption on B cells [52]. Next, penetration
of EBV in epithelial cells often results in direct lytic infection (Figure 2) [53, 54]. With most
experimental systems, latently infected epithelial cells remain rare, and their isolation usually
requires the use of recombinant viruses carrying selectable markers [53]. In some models based
on cultured primary epithelial cells, primary lytic infection can be blocked by overexpression
of cyclin D1 or inhibition of CDKN2A. So far, most laboratory investigations on EBV lytic/
productive infection have been done starting from latently infected cells switching to lytic viral
activation (see Figure 2). This switch is triggered by external factors and/or modifications of
physiological cell conditions, for example, differentiation or senescence. It is the result of a
change in the balance of factors either blocking or enhancing the expression of lytic viral genes.
As reviewed by Miller et al [29] and more recently by Kenney et al [46] the switch from latent
to lytic infection is a sequential process, comprising two main sets of events:

1. Upstream events leading to the expression of the immediate early viral transactivators
BZLF1 (also called ZEBRA, Zta or EB-1) and BRLF1 (also called Rta) [29].

2. Downstream events resulting from the interaction of BZLF1 and BRLF1 with a number of
viral promoters controlling genes encoding products of the lytic cycle, such as, the EBV
DNA-polymerase or EBV-TK (thereafter called lytic promoters) [55].

The genes encoding BZLF1 and BRLF1 are themselves under the control of promoter regions
(Zp and Rp), which are regulated by a wide number of cellular factors, either activators or
inhibitors. The influence of the inhibitors is predominant in the latently infected cells and vice
versa during lytic activation.
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Class of drugs Example

Direct PKC activators Phorbol-esters [65]

Conventional chemotherapy [30, 60, 74, 88-90] cis-platinum or cisplatin (alkylating agent); paclitaxel (stabilizer of
mitotic spindle); 5-fluoro-uracil (pyrimidine analog); gemcitabine

(cytidine analog)

Inhibitors of histone deacetylases (HDACi) Sodium butyrate [21],
Trichostatin A [61]
Valproic acid [86-88, 104],
Panobinostat (LBH-589) [94], Vorinostat (SAHA) [95, 96],

Romidepsin [60, 97]

Demethylating agents 5-Azacitidine [100]
Protease inhibitors Bortezomib [47, 48]
Gamma-secretase inhibitors Dibenzazepine [101]

Tetrahydrocarbolines and other compounds
recently selected by high-throughput assays [103],

[102]

Prodrugs activated by EBV enzymes [59, 80, 105] ~Ganciclovir (9-(1,3-dihydroxy-2-propoxyméthyl) guanine or
DHPG)
FIAU (2’-fluoro-2’-deoxy-p-p-5-iodo-uracil-arabinofuranoside)

[47, 48]

Table 2. Summary of the different drugs with reported capacity of lytic EBV activation and prodrugs phosphorylated
by EBV-encoded kinases.

BZLF1 and BRLF1 activate one another’s promoter and their cooperation is required for
optimal activation of many lytic viral promoters [56]. BZLF1 preferentially activates these
promoters when they are methylated, whereas BRLF1 is more active on unmethylated
promoters [45]. Therefore, they cooperate to induce lytic activation, no matter if the viral
genome is methylated or unmethylated. BRLF1 ability to transactivate its target promoters is
also dependent on another epigenetic mark, which is the 5-hydroxymethylation of cytosine in
promoter CpGislands. Hydroxy-methylation induces an open chromatin conformation, which
is critical for optimal action of BRLF1 but not BZLF1 [56].
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Figure 2. Main modalities of virus-cell interactions in lymphoid and epithelial cells.

— When human resting B-lymphocytes are infected by EBV, a fraction of them enter a state of
viral latency requiring the circularization of the EBV genome and the expression of several
viral latent genes. Simultaneously, the host cell undergoes an oncogenic transformation driven
by the viral latent genes, especially EBNA2, EBNA3A and 3C and LMP1. These transformed
B-cells can proliferate indefinitely resulting in LCLs. However, a secondary switch from
latency to the lytic cycle can occur in a fraction of them. This fraction is generally very small
but it can be increased by some pharmacological agents like HDACi (histone deacetylase
inhibitors) or PKC (protein-kinase C) activators.

— EBV infection of epithelial cells in vitro requires special experimental systems like co-
cultivation with B-cells carrying viral particles . In most of these experiments, penetration of
the viral particles results in infections which are directly cytolytic or abortive. There is evidence
that the same type of events often occur when epithelial cells are infected in situ, for example
in the salivary glands or in the tonsil epithelium (normal epithelial cells are depicted by a cell
shape named “ordinary epithelial cell”) [57, 58].

— However for some reasons, malignant NPC cells undergo a latent infection suggesting a
special type of virus-cell interactions at the initial stage of the malignant cell proliferation.
There is evidence that the precursor cells have premalignant alterations, especially knock-out
of cyclin kinases’ inhibitors which make them resistant to virus-induced senescence (cells with
pre-malignant lesions are depicted by a cell shape named “precursor of NPC cell”). Obvious-
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ly, this is not sufficient for the establishment of latency since it is difficult to establish latency
in many epithelial cells which are fully transformed and grown in vitro. In latently infected
NPC cells secondary lytic or abortive cycle can occur spontaneously in a small fraction of the
cells. One important aim of cytolytic activation therapy is to dramatically increase the number
of the malignant cells undergoing the lytic cycle.

2.3.2. Overview of the cell physiological conditions and transcription factors involved in the switch from
latent to lytic EBV infection

The factors controlling the switch from latent to lytic infection are numerous. They are intricate
and highly dependent on the cellular context. Figure 3 is intended to give a concise overview
of these factors. As a first approximation, absence of cellular differentiation, cell proliferation,
EMT (epithelial to mesenchymal transition) and inflammation tend to favour the maintenance
of a latent infection. In contrast, cell differentiation, senescence, DNA damage response and
hypoxia favour the entry into the lytic cycle.

Many signalling pathways which favour lytic EBV activation involve protein-kinases C
(PKCs). PKCs phosphorylate hydroxyl groups of serine and threonine in multiple protein
substrates, including MAP kinases and MARCK proteins. They are involved in multiple and
diverse biological processes including transcriptional regulations, cell growth and immune
responses. Physiological activation of “conventional” PKCs (a, 3, Y) requires stimulation by
diacylglycerol and calcium, whereas activation of “novel” PKCs (9, ¢, H, ®) requires only
diacylglycerol. There is evidence for a special contribution of PKCb to the control of the switch
from latent to lytic infection. For example, as explained in sections C1, D2 and D3, PKC? plays
a critical role downstream of various pharmacological agents inducing lytic EBV activation
[59-61]. On the contrary, the intracellular form of the cytokine IL-32 has been shown to prevent
lytic activation by sequestration of PKCd [62]. Several PKC isoforms activate cellular imme-
diate early proteins, for example, the FOS and EGR1 (early growth response) transcription
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Figure 3. Summary of the physiological cell conditions and transcription factors, which modulate the activity of the
BZLF1 (Zp) and BRLF1 (Rp) gene promoters in the context of epithelial cells. Both promoters are under the control of
inhibitory (left side) and activating (right side) factors. Various physiological cell conditions are enumerated outside
the pink circle, whereas the corresponding regulatory proteins are presented inside the pink circle with transcription
factors appearing in bold brown letters. Detailed explanations and references are provided in section B3-2.
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factors, which have specific binding motifs on the Zp and Rp promoters, respectively [63, 64].
For information, phorbol-esters, which have long been known to induce lytic EBV activation
in lymphoid cells, are direct pharmacological agonists of PKCs [65].

The Blimp-1 transcription factor, which is a key player for lymphoid and epithelial cell
differentiation, is a strong inducer of lytic EBV activation, especially in epithelial cells; it
stimulates the expression of both BZLF1 and BRLF1 [66]. TGE-f3 has been reported to induce
a partial lytic activation in EBV-positive gastric carcinoma cell lines [67]. Various factors, which
antagonize senescence, favour the maintenance of EBV latency. As already mentioned,
overexpression of cyclin-D1 or loss of CDKN2A, which enhances G0/GI1 transition in the cell
cycle, prevents lytic activation in some models of EBV latent infection in epithelial cells [53].
Generally speaking, inflammation—for example, inflammation triggered by TNF-a or
interferon-y—is rather seen as a factor which strengthens EBV latency [68]. Activation of NF-
kB has been reported to stabilize latency in various y-herpesviruses [69]. Stat3 is also report-
ed to stabilize latency in EBV-infected cells [63]. However, the influence of inflammatory
factors on EBV latency in NPC cells has not been well documented. The ZEB1/ZEB2 transcrip-
tion factors, which are known to contribute to the EMT in various cell types, have been proven
to antagonize EBV lytic activation [46]. Finally, there is evidence that ANp63 can contribute to
the maintenance of EBV latency. ANp63 is a variant of the p63 transcription factor, which is
preferentially expressed in undifferentiated basal epithelial cells [46].

The switch of latent to lytic infection is also triggered by various types of cellular stress and
adaptive responses. Genotoxic stress and DNA damage response have long been known to
favour EBV lytic activation in various cell backgrounds, especially in NPC cells. BRAU
treatment was used in one of the oldest reports on lytic EBV activation achieved in an NPC
model [70]. Ionizing radiations have been shown to induce lytic activation in LCLs [71]. As
explained in details in section D1, many drugs in the arsenal of conventional cancer chemo-
therapy are inducers of lytic EBV activation in various cellular backgrounds. The ATM (ataxia-
telangiectasia mutated) kinase and to a lesser extent TP53 often play a critical role in the
sequence of events leading from DNA damage to BZLF1 expression [72, 73]. In addition, there
is evidence that ATM is involved in the lytic cascade downstream of BZLF1 [74]. In other
words, ATM is apparently involved in the lytic cascade upstream as well as downstream of
BZLF1 expression. Endoplasmic reticulum stress, which results from large-scale protein
misfolding, has been reported as a condition leading to lytic activation in LCLs [75]. Finally,
the cellular stress resulting from hypoxia was reported to favour the switch from latent to lytic
infection with a role of the HIF1 transcription factor in the activation of the Zp promoter [46].

2.3.3. Epigenetic factors control the switch from latent to lytic EBV infection

This point will be addressed briefly with focus on two epigenetic processes, which are critical
for the switch from latent to lytic EBV infection: DNA methylation and transcriptional control
by microRNAs. We have previously mentioned that BZLF1 preferentially interacts with
methylated lytic promoters, whereas it is the opposite for BRLF1. Therefore, the net impact of
the methylation or the demethylation of the viral genome is not easily predicted and is highly
dependent on the cell background [56]. Recent work has shed some light on the role of cellular
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microRNAs in the maintenance of EBV latency. Members of the miR-200 family, like miR-200b,
target the transcription factors ZEB1 and ZEB2, thus having the ability to reactivate the EBV
lytic gene expression when added to EBV-infected cells [76]. This applies not only to endoge-
nous microRNAsbut also to members of the miR-200 family conveyed by extracellular vesicles,
which can induce lytic EBV activation in recipient cells [77]. In contrast, other microRNAs of
cellular and viral origin have the ability to repress viral reactivation by targeting elements of
its machinery [78].

3. Basic principles and requirements of therapies based on viral cytolytic
activation in EBV-associated malignancies

Like for all Herpesviridae, production of viral particles is automatically associated with the
death of cells infected by EBV. This is the reason why the productive cycle—as opposed to the
state of latent infection —is often called the lytic cycle [29]. With this in mind, for a long time
—going as far as the end of the seventies—many authors have considered reactivation of the
lytic cycle as a possible therapeutic strategy. For a long time, the concept has evolved very
slowly. One hurdle was the fact that the state of latent infection is generally very stable. In
addition, in most cases it is difficult to go beyond partial reactivation with expression of some
proteins of the lytic cycle like the immediate-early BZLF1 transactivator. On the other hand it
was recognized that, in many cases, even partial reactivation is sufficient to block cell
growth [79]. This intrinsic cytotoxic effect of partial reactivation, the possible induction of the
expression of viral enzymes capable to of metabolizing a prodrug and the wish to enlarge the
range of viral targets for the immune system are currently the main incentives to investigate
the induction of the viral lytic activation as a therapeutic approach [30]. One additional
perspective is to use precursors of radio-opaque molecules processed by viral enzymes and
selectively retained in the malignant cells for specific medical imaging [73, 48]. Two EBV-
encoded enzymes are usually cited as having the potential to metabolize and activate
prodrugs: the EBV thymidine kinase (TK) and the EBV protein kinase (PK) encoded by the
BXLF1 and BGLF4 genes, respectively. Ganciclovir (GCV) and acyclovir (ACV) are not
substrates of EBV-TK. Meng et al. have formally demonstrated that among EBV-encoded
kinases, EBV-PK is necessary and sufficient to phosphorylate GCV and ACV [49]. Consistent
data had been previously reported by Gustafson et al [80]. The phosphorylated active forms
of GCV and ACV inhibits cellular and viral replication. Fialuridine or FIAU (2'-fluoro-2’-
deoxy-p-p-5-iodouracil-arabinofuranoside) is also a prodrug activated in EBV-infected cells,
presumably by the EBV-TK, but its use is limited by its hepatic and metabolic toxicity [47, 48,
81]. However, it can be used occasionally, at least in animal models, for imaging purpose.
Indeed, its phosphorylation by EBV-TK results in its selective retention in malignant cells.
Thanks to this property, FIAU can be used for imaging in two ways either as a carrier of iodine
atoms, which are opaque to X-ray or when the cold iodine atoms are substituted by radioac-
tive isotopes as a tumour-selective radioactive emitter [47, 48, 73].

Induction of the lytic cycle can also have potentially deleterious effects. Several publications
have shown that lytic activation in a small fraction of malignant cells can enhance malignant
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growth [82]. This is probably due to the increased production of inflammatory cytokines,
angiogenic and growth factors in some cells undergoing the lytic cycle [83, 84]. To prevent
these deleterious effects, it is important: (a) to ensure that the lytic cycle activation occurs in a
large fraction of malignant cells and (b) if possible to combine lytic activation with adminis-
tration of a cytotoxic prodrug, preferably with a bystander effect (see Figure 4).
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Figure 4. Importance of combining the induction of the lytic cycle with the administration of prodrugs. From a thera-
peutic point of view, induction of the lytic cycle has both positive and negative consequences. Positive consequences
are (1) the expression of viral enzymes, which can activate prodrugs specifically in malignant cells and (2) the broaden-
ing of viral antigen expression, which is expected to facilitate specific recognition and destruction of malignant cells by
the immune system. One potential drawback is an increase in the production of growth factors and angiogenic factors
by malignant cells. Several advantages are expected from the use of a prodrug specifically activated in malignant cells
(e.g., ganciclovir or GCV): (1) rapid pharmacological killing of malignant cells including many cells that would not
undergo a full lytic cycle and therefore would stay alive for a long time in the absence of the prodrug; (2) reduction in
the production of growth and angiogenic factors coming from cells undergoing the lytic cycle; (3) possible bystander
killing of cells resistant to lytic cycle induction, for example, by diffusion of phosphorylated GCV through gap junc-
tions.

These experimental approaches will be classified in three categories: (1) one based on drugs
used for conventional antitumour chemotherapy; (2) one based on HDAC inhibitors and (3)
finally, a miscellaneous category including various agents from PKC activators to demethy-
lating agents.

4. Main categories of pharmacological agents with the potential of cytolytic
activation of EBV in the context of NPC cells

4.1. Impact of pharmacological agents used in conventional chemotherapy

A number of drugs used in conventional chemotherapy have the ability to induce the EBV
lytic cycle in various lymphoid or epithelial cell backgrounds. The drugs which are the most
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active in this process—gemcitabine and to a lesser extent doxorubicin, taxol, cis-platinum
(CDDP), 5-fluoro-uracil (5-FU) and methotrexate, have been empirically identified (cis-
platinum and 5-FU are only active in epithelial cells; methotrexate probably only in lym-
phoid cells) [30, 59, 85]. Regarding NPC cells, initial data on this topic have been published by
Shannon Kenney’s group in 2002. They showed that CDDP, 5-FU and taxol were able to induce
—or to enhance—the expression of the lytic proteins BZLF1, BRLF1 and BMRF1 in a gastric
carcinoma cell line artificially infected by EBV (AGS-EBV) [59]. Simultaneously in cytotoxici-
ty assays, synergies were found between GCV and cis-platinum or 5-FU. Similar results were
obtained using the xenografted NPC tumour line, C18. De novo expression of BZLF1 and
enhancement of BMRF1 expression were observed after treatment with CDDP or 5-FU. In
addition, there was a synergy in tumour growth inhibition when GCV was combined with
CDDP or 5-FU in intraperitoneal injections to nude mice bearing C18 xenografts. It is note-
worthy that the same agents had no impact on lytic EBV-protein expression in two other NPC
xenografts, C15 and C17. One specific feature of C18 shared with AGS-EBV is that, even in the
absence of drug treatment, it has a low level of constitutive lytic protein expression. This is not
the case for the two other NPC xenografts ([7] and P. Busson, unpublished data).

Subsequently, regardless of the cell background, gemcitabine has been confirmed as the most
potent inducer of EBV lytic activation among all drugs routinely used in conventional
chemotherapy [30, 73, 86]. Its capacity to contribute to lytic activation in NPC cells has been
well documented by Wildeman et al. (2012) and to a lesser extent by Hsu et al. (2015) [86, 87].
In both cases, induction of lytic activation in the C666-1 cell line was stronger when gemcita-
bine (in the range of 3 uM in vitro) was combined with valproic acid (in the range of 300 uM
in vitro). Valproic acid is a short chain fatty acid typically used as an anti-epileptic drug, which
behaves, to some extent, as an HDAC inhibitor. Using the gemcitabine/valproic acid combi-
nation in vitro more than 80% C666-1 cells were positive for BZLF1 by immunofluorescence
[86]. Wildeman’s publication also provided substantial clinical data. Objective tumour
responses were reported for three end-stage NPC patients subjected to a three-drug regimen
combining gemcitabine, valproic acid and GCV [86]. Interestingly, 3 years later, partial tumour
responses were again reported by the same group for five out of eight NPC patients refracto-
ry to conventional treatments and subjected to the almost same regimen except that GCV was
replaced by valganciclovir [88]. The median survival was 9 months (95% confidence interval
7-17 months).

In some epithelial cell backgrounds, the combination of gemcitabine with an HDAC inhibi-
tor is not mandatory for induction of the lytic cycle. Using a naturally EBV-infected gastric
carcinoma cell-line, SNU-719, Lee et al. have observed induction of BZLF1 expression by
gemcitabine alone at low concentrations (in the 10 nM range in vitro) [73]. Consistently, they
have observed a synergy of gemcitabine with GCV in the treatment of SCID mice xenograft-
ed with SNU-719 gastric carcinoma cells. As pointed by the authors, a synergy between GCV
and gemcitabine has also been reported in treatment of non-EBV-related malignant cells but
much higher concentrations of gemcitabine were required (about 10 uM) [73, 89].

The mechanisms of lytic activation induced by drugs of conventional chemotherapy are
complex and probably diverse. In the case of AGS-EBV cells, Kenney’s group has highlight-
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ed several signalling pathways suspected to link cell response to cis-platinum and 5-FU with
the expression of immediate-early viral proteins: the MAPK/ERK, p38 MAPK and PKCd
pathways. However, all these data resulted from experiments based on chemical inhibitors.
Therefore, they would probably need verifications by other approaches. As previously
mentioned, endoplasmic reticulum (ER) stress is one possible cell alteration leading to lytic
activation [75]. However, ER stress markers are not modified in gastric carcinoma cells
subjected to lytic activation driven by gemcitabine [73]. Signalling pathways involved in the
response to genotoxic stress seem to contribute more consistently to viral lytic activation,
especially in epithelial cells. In SNU-719 cells, knocking-down expression of ATM and TP53
by RNA-interference antagonizes BZLF1 induction by gemcitabine [73].

4.2. Impact of HDAC inhibitors

Histone deacetylases (HDAC) belong to a class of enzymes that remove acetyl groups from
histones, allowing them to wrap the DNA more tightly and therefore to decrease gene
expression in the corresponding part of the genome. Therefore, depending on the cell context,
HDAC inhibitors (HDAC]) lead to transcriptional activation of a fraction of cellular genes,
which are epigenetically silenced. Many HDACi have anti-oncogenic properties. They inhibit
cell proliferation and favour cell cycle arrest, differentiation or apoptosis. These effects are at
least partially related to re-expression of tumour suppressor genes such as CDKN2A or ATM.
Their use for viral lytic induction is based on the assumption that histone acetylation is one
epigenetic mechanism contributing to the silencing of most viral genes in latently infected cells.
In addition, they can have less direct effects by increasing the expression of cellular proteins
involved in the lytic cycle like the ATM kinase.

The first generation of HDACI includes different categories of compounds, for example,
trichostatin A (one member of the hydroxamic acid family) or short chain fatty acids such as
butyrate and valproic acid. As mentioned in the introduction of this chapter, as early as 1979,
sodium butyrate was shown to induce lytic EBV activation in lymphoid cells [21]. At this date,
the capacity of butyrate to inhibit histone deacetylases was not known, and the exact mecha-
nism of the lytic induction remained raveled. It is noteworthy that, much later, in the years
2000, arginine butyrate was used in combination with GCV by Faller et al. in the first clinical
trial aiming at lytic EBV activation in a group of patients bearing EBV-associated malignan-
cies. Fifteen patients with refractory EBV-associated lymphoid malignancies were included in
this phase I/II trial. Significant clinical responses were obtained for 10 of them including some
complete clinical and pathological responses, although with important secondary effects [90].

The impact of valproic acid on lytic EBV gene expression has been mentioned in the previ-
ous part (D1) of this chapter. In contrast with more recent HDAC], very high concentrations
of valproic acid are required for lytic gene induction, often in the range of 300 uM in vitro. In
addition, valproic acid often has limited effects on lytic gene expression when it is not
combined with another drug acting by a distinct mechanism, like gemcitabine. Recent studies
published by G. Miller’s group have shown that valproic acid has more complex biological
effects than other HDACi. In some circumstances, it behaves as an antagonist of other HDACi
and as an inhibitor of EBV lytic reactivation [63, 91]. Trichostatin A has been reported to induce
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EBV lytic activation in an epithelial cell line artificially infected by EBV through pathways
involving activation of the PKCd and its phosphorylation of the Spl transcription factor
(specificity protein 1) [61]. It is noteworthy that trichostatin has also been reported to induce
activation of chromosomally integrated genomes of human herpesvirus 6 (HHV®), at least in
vitro [92, 93].

HDAC: of the second generation are compounds, which have been specifically designed to
inhibit HDAC enzymes. They include the hydroxamic acids like vorinostat (suberoyl anilide
hydroxamic acid or SAHA) and panobinostat (LBH589) and benzamides like entinostat
(MS275). Most of them have the ability to inhibit HDAC enzymes of the class I (HDAC-1,
HDAC-2, HDAC-3 and HDAC-8) and class II (HDAC-4, HDAC-5, HDAC-6, HDAC-7,
HDAC-9 and HDAC-10). In 2012, Faller’s group has reported an interesting comparative
investigation of a series of HDACi mainly of the second generation, with an assessment of their
relative strength in the induction of lytic EBV activation in lymphoid cells [94]. The most potent
agent was panobinostat. Entinostat and apicidin, although less effective, were active in the
nanomolar range. Vorinostat, which is active in epithelial cells as mentioned below, was not
active in the panel of lymphoid cells used by the authors. Panobinostat has obtained appro-
val from the European Medicines Agency and the Food and Drug Administration (USA) for
the treatment of multiple myeloma.

Information on the impact of HDACi on epithelial cells, especially NPC cells, is available in a
series of reports published by A.K.S. Chiang and collaborators from Hong Kong [95, 96]. Hui
et al. reported in 2010 that in AGS-EBV cells, expression of BZLF1, BMRF1 and gp350 and even
production of infectious viral particles were induced by Vorinostat used at uM concentra-
tions [96]. As in previous studies, it was observed that the AGS-EBV cells had a certain level
of spontaneous lytic activation in basal conditions prior to any drug treatment [59]. It was also
confirmed that Vorinostat was a poor inducer of lytic EBV activation in lymphoid cells in
contrast with data obtained using epithelial cells. In 2012, the same group has reported in vitro
induction by Vorinostat (5 uM) of BZLF1 and BMRF1 but not gp350 in the NPC cell line C666-1.
The induction of BZLF1 in C666-1 cells needed higher concentration of SAHA and a longer
incubation time than for the artificial EBV(+) epithelial cell lines like HK1-EBV and HONEI-
EBV. Nevertheless, induction of BZLF1 was achieved using Vorinostat in vivo by systemic
treatment of C666-1 cells xenografted into nude mice (50 mg/kg, 5 days a week) [95]. Finally,
in a report of 2016, Hui et al. have used a more selective HDAC], a bacterial product called
romidepsin derived from Chromobacterium violaceum [60]. Romidepsin has selective inhibito-
ry action against class | HDAC enzymes (mainly HDAC-1, HDAC-2 and HDAC-3). Romidep-
sin was shown to induce BZLF1, BRLF1 and BMRF1 in artificially EBV-infected epithelial cells
using concentrations ranging from 0.5 to 5 nM. In mice xenografted with C666-1 cells,
combined systemic administration of romidepsin (0.375 mg/kg, 2 days a week) and GCV (50
mg/kg, 5 days a week) resulted in a substantial tumour growth reduction [60]. The impact of
romidepsin on lytic protein expression was abrogated by a chemical inhibitor of PKCd but not
inhibitors of PI3K, MEK, p38 MAPK, JNK. Interestingly lytic activation was not impaired by
an ATM kinase inhibitor in contrast with observations made on SNU-719 gastric carcinoma
cells treated with gemcitabine (see part D1 of this chapter and Lee et al.) [73]. Romidepsin is
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approved by the FDA (Food and Drug Administration) but not the EMA (European Medicines
Agency) for the treatment of cutaneous T-cell lymphomas. Adverse effects are nausea,
vomiting, thrombocytopenia and leucopenia [97]. For future research, data on romidepsin
underline the potential of novel more selective HDACi whose design is based on now-solved
HDAC structures (third generation HDAC], for more information see Stahl et al. [98]).

4.3. Impact of miscellaneous pharmacological agents

In this section, we will briefly introduce other agents that have been used for lytic EBV
activation but less consistently than HDAC inhibitors or conventional anti-cancer agents like
gemcitabine. Phorbol-esters (like 12-O-tetradecanoylphorbol-13-acetate) are compounds,
which activate proteins of the PKC family. In the history of EBV research, they have been
among the first pharmacological agents along with sodium butyrate and BRdU used for
induction of EBV lytic activation. However, to our knowledge, phorbol-esters have not been
used in experiments involving NPC cells [65]. Nevertheless, as previously mentioned, one
protein of the PKC family, PKCbd was reported to contribute to lytic EBV activation induced
in epithelial cells by cis-platinum and 5-FU on the one hand and by romidepsin, an inhibitor
of class  HDAC enzymes, on the other hand (see sections D1 and D2, respectively) [60, 59].

Bortezomib requires a special mention because it has been selected by a systematic screen-
ing of an FDA library of hundreds of chemical compounds to identify novel inducers of the
lytic cycle (not published data but quoted by [48]). In Burkit lymphoma cells, the effect of
Bortezomib on lytic activation has been reported to be dependent on the b-ZIP transcription
factor C-EBP B (CCAAT/enhancer-binding protein {3 [99]). Bortezomib has proven to induce
BZLF1 and EBV-TK expression in EBV-positive Burkitt lymphoma or gastric carcinoma cells
xenografted on SCID mice [47, 48]. This process has been exploited for selective accumula-
tion of FIAU in tumour cells expressing EBV-TK. Either for imaging purpose using this
iodinated compound labelled with ['*I] or with therapeutic intent after labelling FIAU with
[1]. To our knowledge, this approach has not been extended to NPC models. As explained
in section C of this chapter, the use of FIAU in patients is compromised by the risk of acute
metabolic or hepatic toxicity [81]. In more recent publication, the same group was involved in
anew systematic screening of another compound library (John Hopkins Drug Library), which
has identified gemcitabine as the best candidate for combination treatment with GCV [73].

Demethylating agents, especially 5-azacytidine, have been considered as potential inducers of
EBV lytic activation in NPC cells. As reported by Chan et al., eight NPC patients were treated
with 5-aza for one to six cycles: only mild lytic activation was recorded by RT-PCR and
immunohistochemistry of lytic EBV products [100]. This relative weakness of 5-azacytidine
mightbe explained by some distinct characteristics of BZLF1 and BRLF1 transactivation, which
have been observed in the context of epithelial cells. BZLF1 transactivation of lytic gene
promoters is enhanced by DNA methylation whereas it is the opposite for BRLF1 [45]. This is
bad news for the impact of demethylating agents since cooperation of BZLF1 and BRLF1 is
crucial for the optimal progression of lytic EBV activation.

A Notch?2 inhibitor —dibenzazepine —has been shown to induce lytic EBV activation in Burkit
and LCL cells by Giunco et al [101]. According to the authors, this effect depends on the
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downregulation of the BATF transcription factor, which modulates BZLF1 expression. To our
knowledge, lytic induction based on Notch2 inhibitors has not been investigated in NPC cells.

Finally, two groups have recently selected novel inducers of the lytic activation by high-
throughput phenotypic screening from large chemical libraries containing several ten
thousands of compounds [102, 103]. Tikhmyanova et al. have reported five structurally related
tetrahydrocarboline derivatives, which are active in the range of 150-170 nM in various EBV-
positive cell-lines including the C666-1 NPC cell line [103]. Choi et al. have published data on
five novel compounds, which are distinct from PKC agonists and HDACi, one of which
activates the MAPK pathways and bears structural resemblance to iron chelators [102].

5. Conclusions

The idea of inducing EBV lytic activation in malignant NPC cells with a therapeutic intent has
been in the air for more than 30 years [21]. However, this therapeutic approach is still facing
major obstacles. First, there is evidence that EBV latency is heavily locked in NPC cells, and
several locking mechanisms are probably intimately connected with the oncogenic altera-
tions at the levels of genome, epigenome and cell phenotype. For example, there is evidence
that the wild-type ATM kinase plays a critical role at several steps of lytic EBV activation
(although not under treatment by romidepsin) [60, 72, 74]. In fact, ATM is frequently down-
regulated in NPC cells [106]. There is also evidence that Stat3 activation prevents EBV lytic
activation. Again, constitutive Stat3 activation is a common feature of malignant NPC cells.
Hydroxy-methylation marks often disappear from the DNA of NPC cells [107, 108]. In a
fraction of tumours, this alteration is a consequence of inactivating mutations in the TET1,
TET2 or TET3 genes [11]. Regardless of its mechanism, the loss of DNA hydroxyl-methyla-
tion promotes malignant transformation and simultaneously makes the lytic promoters less
sensitive to the action of BRLF1 [56].

Another difficulty is the absence of biomarkers for early identification of NPC tumours that
will be responsive to various agents expected to induce the lytic cycle. We suggest that, in
general, the most sensitive tumours will be those where there is a spontaneous expression of
lytic genes prior to any treatment, a point that would deserve a specific investigation. In spite
of all these difficulties, significant progress has been accomplished. Several objective tumour
responses have been obtained in NPC patients treated with a combination of gemcitabine,
valproic acid and GCV [86, 88]. Since HDACi more effective than valproic acid are now
available, there is room for progress using similar patterns of treatment. At a time when the
success of immunotherapies based on checkpoint inhibitors has a dramatic impact on our
approach of cancer biology and therapy, several authors rightly emphasize the importance of
EBYV lytic activation as a mean to increase the antigenicity of malignant cells [109]. This trend
is even stronger since major changes are taking place at the confluence of epigenetics, virology
and tumour immunology: recent publications have shown that demethylating agents can
increase tumour cell antigenicity by removing the inhibition of endogenous retroviruses [110].
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However, combining the inducers of EBV lytic activation with prodrugs specifically activat-
ed by viral enzymes remains a valuable goal. It is striking that while remarkable progress is
being made concerning lytic inducers, almost nothing seems to happen regarding the prodrug
candidates. So far, most investigators rely on GCV (ganciclovir), which was not designed for
EBV-infected cells but is used by default. Nevertheless, a change seems to be in the air in this
field too. A recent systematic proteomic analysis of EBV-PK substrates has identified hun-
dreds of cellular proteins involved in DNA damage response, mitosis and cell cycle. More
importantly, in terms of pharmacology, the analysis of the phosphosites of these substrates
reveals a proline-rich motif signature, which will probably be helpful for the design of artificial
substrates [50].
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Abstract

This chapter is devoted to the topics of not yet marketed HSV vaccine, which is still in
the focus of interest, especially from the point of immunotherapeutic use. To under-
stand the principles of vaccination strategies (prophylactic and/or immunotherapeu-
tic), the pathogenesis of herpes simplex virus 1 (HSV-1) and/or HSV-2 infections in
animal models is briefly outlined. Even when both herpesviruses may spread via
bloodstream, which is especially true in the immunocompromised host, the main route
of their transmission is along peripheral nerves. Both viruses establish latency in
ganglion cells, and after reactivation, they spread along axons back to the site of primary
infection. Since neither the establishment of latency nor its reactivation can be fully
controlled by virus-neutralizing antibodies, the outcome of immune response greatly
depends on the activity of cytotoxic CD8+ T lymphocytes. The majority of important
antigenic epitopes is located in envelope glycoproteins (such as gB, gD, gE, gC and gG)
that are related to virus adsorption and penetration into susceptible cells. The HSV-1
and/or HSV-2 experimental vaccines designed so far were either purified virion
products derived from infected cells (subunit vaccines), purified recombinant
immunogenic herpes simplex virus HSV-coded proteins (especially gD), and/or
attenuated live viruses lacking some of virulence tools (such as gH and/or gE). We bring
a comprehensive overview of the efficacy of experimental HSV-1/HSV-2 vaccines and
discuss our own data. In conclusion, we believe in the continued demand of HSV-1 and
HSV-2 vaccines, at least for their immunotherapeutic use, suggesting unified evalua-
tion criteria for clinical trials to reach consent at their interpretation.

Keywords: herpes simplex virus 1 and herpes simplex virus 2, candidate vaccine, clin-
ical trials, efficacy in animals, humoral and cell-mediated immune response, antigenic
epitopes
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1. Introduction

This review will be devoted to the topics of not yet marketed HSV vaccine(s), which design is
still in the focus of interest, especially from the point of view of immunotherapeutic use. The
human herpesvirus 1 (common name herpes simplex virus 1, HSV-1) is one of the first human
viruses discovered [1] and belongs among the most intensively investigated viruses. In the span
of the last 45 years, the PubMed portal has registered nearly 11,000 papers devoted to various
aspects of HSV-1/HSV-2, starting from virus structure, continued by the molecular mecha-
nisms of lytic replication versus latency maintenance, through the virus spread in the body and
the eliciting of different forms of immune response, not omitting many clinical and epidemio-
logical studies. In the second half of the last century, two subtypes of herpes simplex virus (HSV)
have been described [2] and were designated HSV type 1 and HSV type 2 [3]. While the former
(HSV type 1) has been predominantly isolated from the orofacial area and upper respiratory
airways, the latter was believed to infect the urogenital tract and occasionally the newborn.
According to recent classification, the HSV-2 represents a distinct species of the Simplexvirus
genus, which along with the Varicellovirus genus belongs to subfamily Herpesvirinae of the
Herpesviridae family. Nevertheless, both species are closely related, since they differ only in a
few antigenic domains (and/or epitopes) located in the envelope glycoproteins, namely, in an
entirely distinct gG and/or in the partially unrelated gC [4].

2. The molecular biology of HSV: virion structure, lytic replication and
latency

The HSV virion consists of four elements: (a) a core containing the viral DNA (vDNA), (b) an
icosahedral capsid surrounding the core, (c) an unstructured proteinaceous layer called the
tequment that surrounds the capsid, and (d) an outer lipid bilayer envelope exhibiting spikes
on its surface. The core contains the double-stranded (ds) DNA (dsDNA) genome wrapped as
atoroid or spoolin aliquid crystalline state. A small fraction of the virion DNA may be circular,
but the bulk of packaged HSV DNA is linear and double-stranded. The enveloped virion is a
spherical particle with an average diameter of 186 nm, which might extend to 225 nm with the
spikes included, while the internal capsid has a constant diameter of 110 nm (reviewed at [5]).
The HSV virion contains more than 30 proteins that were designated as virion polypeptides
(VPs). Out of these approximately known and additional 10 suspected virion proteins (VPs),
at least 11 are located within the envelope at the surface of virion (predominantly accessible
to antibody), from which at least 10 are glycosylated (reviewed at [6]).

The HSV genes were classified into at least three general kinetic classes: alpha or immediate-
early (IE), beta or early (E), and gamma or late (L) genes. The IE mRNAs are transcribed by
the help of a transcription-inducing cofactor present in the virion tegument, also called alpha-
TIF/VP16. In brief, the tegument protein VP16 is becoming a part of a tripartite complex
comprised of octamer-binding protein 1 (Oct-1) and host cell factor 1 (HCF-1). At least two of
the IE proteins (ICP0 and ICP4; Figure 1) are transactivators needed for initiation of transcrip-
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tion of the E/beta mRNAs (the first checkpoint) and later also for transcription of gamma/L
mRNAs. The latter are mainly structural virion proteins in contrast to E transcripts specify-
ing nonstructural polypeptides. The structural proteins are transcribed in two waves, called
gammal/L and gamma2/L. The former occurs more closely related with the E transcription
phase (second checkpoint) and requires predominantly ICP4. The expression of beta poly-
peptides as well as that of group gammal/L genes requires ICP4 and at low multiplicities of
infection also ICP0. The expression of gamma2/L genes, controlled at the third checkpoint,
requires ongoing DNA synthesis as well as the presence of ICP4 and ICP0 [7].
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Figure 1. The IE genes and positions of their ORFs in the HSV genome.

The HSV genome consists of two covalently linked sequence components, designated as L
(long) and S (short). Each component consists of unique (U) sequences bracketed by invert-
ed repeats (IR) [6].

The entry of HSV into cells involves the interaction of at least five virion surface glycopro-
teins (gB, gC, gD, gH and gL) with several receptors on the cell surface following fusion of the
envelope with a cellular membrane. The HSV glycoproteins along with other proteins
important for pathogenicity are listed in Table 1. The first step in the process of entry is the
binding of virions to glycosaminoglycans (GAGs) on the cell surface. The interaction of virions
with GAGs is mediated by two glycoproteins: gC and gB. The next step in virus entry consists
of the interaction of gD with its receptors and execution of fusion between the envelope and
the cellular membrane by the heterodimer gH/gL and also by gB. The interaction of gD with
its receptors has been extensively studied in several laboratories. The consensus is that, for
entry, gD interacts with one of three natural receptors (reviewed at [8]). The receptors are
nectins, a protein-designated herpesvirus entry mediator (HVEM) and a selected form of 3-O-
sulfated heparan sulfate (3-OS HS). Nectins are intracellular adhesion molecules expressed on
epithelial and neural cells and are members of the extended immunoglobulin (Ig) family.
Earlier studies showed that gD of HSV-1 interacts with the amino-terminal V1 domain of
nectin 1. The wild-type HSV-2 can enter susceptible cells via an alternative receptor, namely,
nectin 2. HVEM is a member of the extended tumor necrosis factor receptor (TNFR) family,
expressed mainly on T lymphocytes but occasionally also on natural killer (NK) cells. Its
natural ligand is LIGHT (homologous to lymphotoxins, exhibits inducible expression), which
is constitutively expressed on T and natural killer (NK) cells and appears to be a regulator of
mucosal immune system. The LIGHT receptor competes with HVEM for the gD (reviewed
at [9]). The role of gD with respect to gB and gH/gL is to recruit and position them properly
to enable interaction with GAGs and with the lipid bilayers of the cellular membranes [10].
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Gene Protein Function
RL1 v34.5 L protein, cofactor for ribosomal translation
RL2 ICPO IE protein, spliced, three exons, a RING finger motif, acts as a nonspecific transactivator of any beta
and gamma gene
UL1 gL Late glycoprotein, forms the gH/gL. complex, syn mutation
UL5 E class protein, part of the helicase/primase complex
UL9 E/L class, ori-binding protein, cooperates with ICP8 at initiation of vDNA replication
UL10 gM L class, glycosylated polypeptide, interacts with gN, participates in exocytosis and in cell-to-cell
spread
UL18 VP24 L class, capsid component, participates in triplex formation
UL19  VP5 L class protein, the major capsid component (149/150K)
UL21 L class tegument protein weakly capsid-associated, binds to microtubules at axonal transport
UL22 gH L class, glycosylated protein, essential for penetration to cells, needs complexing with gL
UL23 TK E class, tegument protein, thymidine kinase, virulence factor
UL26 L class, “scaffolding” capsid protein, the N-terminus required for virion assembly
UL27 gB L class glycoprotein, essential for adsorption and membrane fusion, syn3 locus
UL29  ICP8 E class, ssDNA binding, required for vDNA synthesis, keeping the DNA fork apart
UL30 DNA  E/L class protein, DNA polymerase (elongation enzyme), virulence factor
pol
UL35 VP26 L class virion protein, hexon component, also termed NC7
UL36  VP1/ L class, large tegument protein, important for egress through cytoplasm and re-envelopment
VP2
UL38  VP19C L class capsid protein, triplet component with VP23 (1:2), connects the hexons and pentons
UL39 RR E class protein, large subunit of RR, membrane-anchored protein kinase
UL40 RR E class protein, the small subunit of RR
UL41  ohs L class, tegument protein, interferes with the host cell proteosynthesis, virulence factor
UL44 ¢gC L class, glycoprotein, reacts with GAG on cell surface, binds C3 and/or C5, virulence factor
UL48  Alpha- L class tegument protein, alpha-transinducing factor
TIF
/VP16
UL495 gN L class membrane-associated small glycoprotein, complexes with gM
UL53 gK L class glycoprotein (40K), localizes to Golgi and ER, involved in egress, syn1 locus
UL54  ICP27/  IE class protein, blocks cellular mRNA transport to cytoplasm
IE63
RS1 1CP4 IE class protein, transactivator for E and L promoters
Us1 ICP22  IE class regulatory protein, essential in animal experiments, cellular cyclin A and B degradation
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Gene Protein Function

US4 gG L class, glycosylated protein and envelope component, HSV-2 specific

use gh E/L class, glycosylated protein, 56K, adsorption to nectin 1 and HVEM protein receptors, essential

for entry to cells, neural uptake

us7 gl L class glycoprotein, forms heterodimer with gE, the complex facilitates cell-to-cell spread, neural
uptake
Uss gE L class glycoprotein, complexes with gl, essential for neural uptake

US12  ICP47  IE class protein, blocks the transport of viral antigenic epitopes

LAT Three categories of RNAs (8.5 kb, 2.0, and 1.5 kb), the small LATs terminate antisense to ICP0 ORF.

Latency regulator

Abbreviations: VDNA = viral DNA; ICP = infected cell protein; VP = virion protein (structural); IE = immediate-early
kinetics (class); E = early kinetics (class); L = late kinetics (class); K= 1,000 kDa (Mr); RR = ribonucleotide reductase; vhs
= virion host shutoff; LAT = latency-associated transcript(s); RNA molecules without capping, do not interact with
ribosomes; UL = unique long (DNA segment); US = unique short; RL = repeat long; RS = repeat short; HVEM = herpes
virus entry mediator)

"Modified according to Roizman et al. [6].

Table 1. HSV-1 genes and corresponding proteins regarded for importance in virulence®.

The gB belongs to class III fusion protein that after GAG interaction facilitates fusion of the
virion envelope bilayer with the cellular membrane. A recent study showed that gB can also
bind to the paired immunoglobulin-like type 2 receptor-a (PILRa) to trigger viral fusion in
certain cell types; however, the precise role of this interaction in viral entry remains to be
determined [11]. The gH and gL appear to form a tight complex, since neither protein is stable
without the other. In contrast to gB, the structural studies of gH/gL showed no homology with
fusion domains of other viral glycoproteins. The exact role of gH/gL has not been deter-
mined; however, one hypothesis is that the interaction of gD with its receptors changes the
conformation of gH/gL, which in turn induces gB to adopt its fusion conformation [12]. Even
that gE had been regarded for not essential in cell culture, it has been shown very important
at entering nerve endings (neural uptake) and subsequent neural spread [13].

The latency of HSV can be characterized by circularized state of the HSV genome in the absence
of IE and/or E transcription, especially lacking the expression of the two most important beta/
gamma transcription activators, namely, ICPO and ICP4 (reviewed at [14]). We pointed at the
possibility that the IE block in question might be “leaky” since small amounts of ICP4 mRNA
could be found in the non-cultured ganglion explants which would later on yield infectious
virus [15]. Overwhelming literature deals with the hypotheses that the small latency-associ-
ated transcripts RNA (LATs), RNA molecules expressed during latency contribute to the
silencing of ICPO mRNA transcription as well as to the maintenance of latency [16]. It has been
shown that LAT can reduce the expression of viral genes and suppress HSV replication in
cultured cells. In addition, LAT probably protects the HSV DNA carrying neuron from
apoptosis. The anti-apoptosis activity of LAT has been independently confirmed in tissue
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culture and in the mouse ocular model [17]. Further data suggest the participation of LAT in
reactivation of the latent genome [18, 19].

3. Pathogenesis of HSV-1 and/or HSV-2 infections

The crucial event in HSV pathogenesis is, when the virus, which has reached the pseudouni-
polar neuron of the regional sensory ganglion via the quick axonal transmission, may but need
not undergo productive replication. Thus, latency can be established from the very begin-
ning, that is, in the absence of any transcription provided by the virus-coded alpha-transi-
nducing factor (alpha-TIF). As described by Efstathiou et al. [20], the latent genome resides in
the nuclei of neurons in the form of a circularized nonintegrated plasmid-like structure. This
structure survives within the carrier neuron. the carrier neuron, so that neural cells harbor the
viral DNA for their lifetime. The tegument-bound alpha-transinducing factor (alpha-TIF)
might be “lost” during intra-axonal transport [21]. Some axons might be as long as 500 mm
(as a rule about 100 mm), while the minimum speed for HSV capsid transmission is about 1-
2 mm/h. The quick axonal transport along neurotubules is provided by the dynein molecule,
which binds the capsid component UL21. The environment within sensory neurons favors the
establishment of latency rather than productive virus replication also because the neuronal
transcription cofactors such as Oct-2 and/or Brn-3 repress the IE promoters [22, 23].

During reactivation, the blocked IE checkpoint of virus replication must be overcome
especially by overwhelming expression of ICP0 protein in order to achieve productive virus
replication and infectious HSV production [24]. The reactivation process can be hampered by
two different mechanisms. One depends on viral genome products interacting with cellular
cofactors of transcription within neurons. It may not be excluded that due to the existence of
at least two activation checkpoints, controlling the expression gammal or E/L proteins
(glycoproteins) and the gamma?2/L proteins (glycoproteins), also incomplete virus particles
may be formed. The E and/or E/L proteins may be synthesized in the absence of complete
virion formation, or assembly of virions with defective VDNA occurs. However, the pres-
ence of virus-coded antigens (even in the absence of infectious virus particles) could induce a
potent immune response (including the accumulation of cytotoxic T cells in the vicinity of HSV
carrier neurons). It should be also mentioned that the IE protein ICP47 acts by immune evasion.
Alternative effects inhibiting the antiviral defense can be exerted by gC [25], which binds
complement, and by the gE molecule, which binds the Fc fragment of immunoglobulins.

If reactivated virus reaches the peripheral tissues by retrograde axonal transport (skin
squamous epithelium, non-cornified squamous epithelium of mouth mucous membrane,
corneal epithelium), then it starts to replicate and causes inapparent virus shedding or blister
formation. A nice example for creating favorable conditions of virus replication at peripher-
al skin was described in the ear model [26, 27]. These investigators found that prostaglan-
dins produced after skin trauma or UV light irradiation would enhance the replication of
recurrent HSV-1. As shown by Walz et al. [28], neurectomy of the trigeminal nerve root
reactivated the latent HSV harbored within ganglion cells. The round trip of reactivated virus
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usually ends with reinfection of additional neurons within the regional sensory ganglion. Less
frequently, the retrograde axonal transport may continue in centripetal direction, that is, to
brain stem. Furthermore, the central nervous system (CNS) may become infected via blood-
stream (in newborn) or along the olfactory route (reviewed at [29]).

The different manifestations of clinical disease reflect the above-described mechanisms of HSV
spread in the body. Essentially, HSV-1 can induce the acute primoinfection (gingivostomati-
tis) and recurrent disease (classical labial herpes). Alternatively, the ocular herpes, often
manifested as herpes keratitis, occurs rather as recurrent disease than primoinfection. In
newborn as well as in the immunocompromised host and/or in the case of local inflamma-
tion in the skin (e.g., due to allergic manifestations such as atopic eczema), the HSV might
cause generalized skin disease or even viral sepsis (i.e., the hepatoadrenal necrosis in new-
born or severe meningoencephalitis). In newborn, perinatal infection causes an acute dissem-
ination of HSV-2 via bloodstream. Meningitis and meningoencephalitis of neonates, similarly
as various forms of genital infection of man and women, are mainly HSV-2-related. In women,
the outer but also the inner genital tract (vagina or cervical mucosa covered with non-cornified
squamous epithelium) might become infected. In the skin as well as at the mucous mem-
branes covered by squamous epithelium, both HSV-1 and HSV-2 species replicate within the
lower and/or medium squamous cell layers causing blister formation [30].

4. Mechanisms of the immune response to HSV-1 or HSV-2

The immune response to HSV-1 and/or HSV-2 is induced in an early and a late phase. During
early phase, the nonspecific antiviral mechanisms are activated, while in the late phase, the
HSV-specific reaction is mobilized. The specificimmune response culminates by recruiting the
CD8+ cytotoxic T lymphocytes important for extracellular latency control, in contrast to the
intracellular latency control which has been discussed above. The specific cell-mediated
immune response may begin in the regional lymph nodes draining the virus inoculation site
(both T-lymphocyte lines are engaged) as well as in the trigeminal ganglia which harbor the
latent virus (mainly cytotoxic CD8+ T cells take part).

4.1. The innate immune response

The innate antiviral immunity to HSV-1 and/or HSV-2 is provided by alpha/beta type I
interferons (IFNs) as well as by activation of natural killer (NK) cells. The role of type I IFNs
in anti-HSV defense was demonstrated in knockout mice deficient in type I IEN production
[31, 32]. The type I IFN release is induced by virus constituents called pathogen-associated
molecular patterns (PAMPs) interacting with the corresponding pattern recognition recep-
tors (PRRs) at the surface of responding cells. The best known examples are the Toll-like
receptors (TLR). For example, the envelope glycoprotein D molecule of the HSV-1 interacts
with the TLR-2 receptor on the target cell membrane [33], while the TLR-9 receptor binds to
non-methylated CpG motifs of the vDNA present in the nuclei of infected cells [34]. It has been
also shown that children with TLR-3 defects are more susceptible to herpes encephalitis [35,
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36]. Both types I of IFNs act on the receptors in neighboring cells eliciting the synthesis of
antiviral substances such as the 2,5"-oligoadenylate synthase, RNase L, and/or RNA-depend-
ent protein kinase. The type I IEN also inhibits cell proliferation and enhances the activation
of NK cells as well as the expression of MHC class I molecules, but downregulates MHC class
IT expression. The type III IFNSs, also designated as IFN-A1, IFN-A2 and IFN-A3 (IL-29, IL-28A,
and IL-28B), have been recently characterized; alike to classical type I IFNs, also IFN-A induces
production of antiviral substances in the infected cells [37]. The participation of type III IFNs
in inhibition of HSV replication has been confirmed in vitro [38, 39].

In addition to type I IFN formation, the activation of NK cells represents another important
arm of nonspecificimmune response to HSV-1 and HSV-2 infection [40]. The nonspecific killers
belong to the group of class I innate lymphoid cells. Morphologically, they belong to large
granular lymphocytes (LGLs), which cytoplasm contains azurophilic granules with perfor-
ins and granzymes A and B. They exert cytolytic activities helpful at the elimination of infected
cells. The perforins create a transmembrane channel piercing the cell membrane, while
granzymes activate the apoptosis of target cells. The NK cells also produce IFN-gamma, which
promotes their activation along with the activation of macrophages. In association with this,
enhanced death rates were noted in NK-deficient mice infected with HSV [41].

The elimination of HSV-1 and/or HSV-2 infected cells at the portal of entry is mediated by
additional immune cells such as neutrophils, dendritic cells (DCs), and macrophages. The
neutrophils secrete tumor necrosis factor (TNF) which induces apoptosis of infected cells via
caspase-8 activation [42]. Blood monocytes when entering the connective and/or other tissues
are altered into macrophages able to engulf the extracellular virus particles but also residues
of apoptotic cells. The active macrophages belong to the group of antigen-presenting cells
(APCs) that present the external immunogenic peptides to T lymphocytes. This process called
antigen presentation launches the specific immune response. Activated macrophages also
release several pro-inflammatory cytokines like TNF and IL-6 (participates in B-cell activa-
tion), type I IFNs, and several chemokines such as RANTES regulated upon activation normal
T-cell expressed and secreted. Finally, nitric oxide (NO) and other substances are produced by
macrophages. It has been demonstrated in experiments in vitro that the replication of HSV-1
in infected cells may be considerably inhibited in the presence of NO released from macro-
phages [43]. It should be mentioned here that IFN-gamma (belongs to type II IFNs) is in fact
a cytokine released from activated NK cells but also produced by the helper CD4+ T lympho-
cytes as well as by cytotoxic CD8+ T lymphocytes [44]. The IFN-gamma considerably pro-
motes function of activating macrophages and NK cells, in which it induces a production of
cytolytic substances. Taken together, both NK cells and macrophages represent an impor-
tant first-line defense at the early stage of HSV infection, that is, before the onset of specific
immune response.

As already mentioned above, important immune cells participating in the initiation of antigen
processing are the dendritic cells (DCs). They represent a relatively heterogenous cell
population, from which the most active in antiviral defense are the myeloid (conventional)
and the plasmacytoid DCs (pDCs), both derived from the myeloid progenitor cells. The
myeloid DCs act as antigen-presenting cells (APCs), which carry the processed antigenic
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peptides into lymph nodes, where the peptides in question are presented to the T lympho-
cytes. Based on this presentation event, the specific immune response is induced (activation
of T and B cells). In DC-depleted mice infected with HSV-1, encephalitis developed with a
significantly higher frequency as compared to conventional mice [45]. The plasmacytoid DCs
under physiological conditions participate in the development of peripheral immune
tolerance. Upon HSV infection, plasmacytoid DCs start to produce high amounts of IFN-alpha,
which not only inhibits the virus replication in the otherwise surrounding susceptible cells but
also activates lymphocytes and additional DCs. The HSV dsDNA binds to TLR-9 of the
plasmacytoid DC which initiates IFN-alpha production [46].

4.2. The acquired immune response

The acquired immune response encounters the activation of both T-lymphocyte lines, namely,
those differentiated either in direction of CD4+ or CD8+ T cells. The acquired immune response
then is triggered by the activation of T-cell receptors (TCRs), which recognize the HLA I/CD8
and/or the HLA II/CD4 bound antigenic peptides. While the former T cells are involved in the
destruction and elimination of HSV-infected cells, the latter acts as helper T cells at inducing
the specific antibody production by B cells. At primary infection, the HSV-1 or HSV-2 particles
are engulfed by DCs, which move the viral peptides to the regional lymph nodes, where the
naive (unprimed) lymphocytes get first stimulated. The presentation of exogenous viral
peptides is achieved by means of the HLA class Il molecules, which are recognized by the TCR
of the CD4+ T lymphocytes. In contrast, the immunogenic peptides of the newly (de novo)
synthesized HSV proteins are presented by HLA class I molecules at the surface of infected
cells where they interact with the TCR of cytotoxic CD8+ T lymphocytes [47]. In certain extent,
the so-called cross presentation occurs, at which the exogenous viral antigens are binding into
the HLA class I molecules that are recognized by the CD8+ T lymphocytes [48]. The activat-
ed helper CD4+ T cells release cytokines such as IL-2 (inducing T-lymphocyte proliferation)
and IL-4, IL-5 and IL-6 (promoting the differentiation of B cells into plasma cells).

The plasma cells synthesize the specific virus-neutralizing antibodies reacting mainly with the
envelope glycoproteins such as gB and gD. The antibodies may also activate complement; on
the other hand, the gC molecule of the HSV-1 envelope binds C3b and in less extent also C5b
reducing the availability of complement components for virus neutralization. The low-
pathogenic HSV-1 gC minus strains may become pathogenic as was confirmed in a C3
knockout murine model [49]. The HSV-1 antibodies belong to IgM as well as IgG class; the
HSV-2 antibodies may be also of the secretory IgA class; the latter participates in virus
clearance at the genital tract mucosa [50]. Even though the serum antibodies are of impor-
tance at the acute phase of infection, they may not fully eliminate the HSV since it invades the
nerve endings and spreads to regional sensory ganglia before the development of antibody
response. Some studies have shown that passive immunization with immune serum did not
prevent latency after genital infection with HSV-2 [51, 52, 53]. Since the latent HSV (episo-
mal vDNA) is frequently harbored in neural tissue for lifelong, the presence of HSV antibod-
ies in the serum of healthy subjects may be interpreted as infectious immunity.
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The cytotoxic CD8+ T lymphocytes represent the mainstream of the specific immune re-
sponse providing clearance of HSV-1- or HSV-2-infected cells from the body. The activation
of cytotoxic CD8+ T cells takes place in the regional lymph nodes by means of viral antigenic
peptides presented by HLA class I molecules expressed at the surface of DCs. The IL-2 released
from helper T cells acts on the precursor cytotoxic T lymphocytes which differentiate into
mature cytotoxic CD8+ T cells. These mature CD8+ T cells accumulate at the peripheral virus
inoculation site, where they eliminate the HSV-infected cells. The activated cytotoxic T
lymphocytes release substances such as perforins, granzyme and granulysin, which destroy
the infected target cell and/or induce apoptosis acting on their FAS receptors. They also release
cytokines such as IFN-gamma and the tumor necrosis factor (TNF). [IFN-gamma has a multiple
effect, since it enhances the expression of HLA class I as well as HLA class II molecules [54]
and also induces the expression of antiviral substances such as protein kinase R (PKR). This
substance causes inhibition of translation of many viral but also cellular proteins. The increased
TNF production also enhances the number and activity of HLA class I molecules.

The clearance of HSV-2 from peripheral tissues such as genital mucosa may be also provid-
ed by CD4+ T cells. Transgenic mice, which revealed defects in their CD8+ T-lymphocyte
activity, have been still well protected against a lethal dose of HSV-2. In contrast, mice with
depleted CD4+ T lymphocytes showed slower clearance and less protection against HSV-2 [55-
57]. It can be concluded that the clearance of HSV-2 from genital mucosa requires coopera-
tion of both the helper and cytotoxic T lymphocytes. Both T-cell populations can be found in
the skin, in the genital and oral mucosa, in the ocular tissue, and also in the trigeminal ganglia
surrounding the infected neurons [58-60].

After healing of the acute phase of HSV infection, about 0.1-1% of memory T cells, which may
remain within the circulation, are still able to recognize the HSV antigenic epitopes. These
epitopes being recognized by CD4+ and/or CD8+ lymphocytes were not all exactly mapped
yet, but until now, 22 of them were defined. The HSV-specific epitopes can be found mainly
among VPs (structural envelope glycoproteins, tegument proteins and capsid polypeptides),
but are also present on the ICPs, that is, on nonstructural enzymes and regulatory proteins.
The CD4+ T lymphocytes generated against the HSV-2-specified structural proteins recog-
nize the epitopes of the RR1/UL39 polypeptide, the epitopes of UL46 tegument protein, and
several ones on glycoproteins gD and gB [61].

The CD8+ T lymphocytes, surrounding the neurons of the regional sensory ganglia of mice,
rabbits, and humans in which viral latency had been established [62-64], are believed to control
reactivation [65]. It was demonstrated, for example, that the ICP4/145K IE protein can be
digested by granzyme B, which would prevent virus reactivation [66]. The accumulated CD8+
T cells produce IFN-gamma as well, inhibiting the expression of ICP0/110K IE protein [67].

The most intriguing still unexplained question is why do the CD8+ T lymphocytes accumu-
lated in the neighborhood of latent HSV-harboring neurons, since the expression of IE and E
polypeptides is widely hampered in them. Interestingly enough, the great majority of CD8+ T
lymphocytes in the trigeminal ganglion of mice in which latency had been established possess
a TCR which reacts with gB epitope at aa 498-505, while a smaller proportion of them may be
stimulated with RR1 epitope aa 822-829. The reactivity of the other T cells was not identified



Herpes Simplex Virus 1 and 2 Vaccine Design: What can we Learn from the Past?
http://dx.doi.org/10.5772/64447

[68, 69]. In human trigeminal ganglia, both the CD4+ and CD8+ T cells were described that
react with many antigenic epitopes present in the IE polypeptides ICP0 and ICP4, in the E
polypeptides such as thymidine kinase (TK) and RRI, as well as with antigenic domains from
structural proteins such as the tegument proteins VP11/12 and VP13/14 and envelope
glycoproteins gB, gK, and gL, even though an exact identification of all antigenic epitopes in
the HSV proteins was not done yet [70, 71].

The phenotype of CD8+ T lymphocytes which can accumulate within the ganglia was not
characterized. The permanently present cytotoxic T lymphocytes might belong to the popu-
lation of so-called tissue-resident memory T lymphocytes (TRM) or to the population referred
as T-effector memory cells (TEM cells). Additional markers such as CD44, CD69, CD62L, and
CCR?7 were described at their surface, but their full definition is still the matter of investiga-
tion [72].

5. Survey of experimental HSV-1 and HSV-2 vaccines and their design

Though the first vaccines against HSV-1 and/or HSV-2 were prepared in the sixties of last
century [73], no accepted and fully efficient HSV vaccine is available till now. The main
problem is the incomplete understanding of the role of cytotoxic CD8+ T cells in the mainte-
nance and/or of elimination neurons carrying the silenced HSV DNA. Another serious problem
is the production of immune evasion polypeptides (reviewed at [74]). The optimal HSV vaccine
should overcome the ICP47-mediated interference with TAP, which transports the viral
peptides inside ER to bind with HLA molecules. Finally, the last but not negligible problem is
that at least some of over 20 immunogenic epitopes, which are distributed within about 80
HSV proteins (both structural and nonstructural), should participate in the vaccine but in an
optimal composition. An effective HSV vaccine might differ depending of its purpose, which
could be either preventive or immunotherapeutic. An ideal vaccine should not allow the acute
disease to develop, and it should be able to prevent the establishment of latency. These goals,
especially the latter, are difficult to achieve. The minimum effect provided by an immuno-
therapeutic vaccine would be to minimize the extent of recurrent lesion originating from the
reactivation of the latent viral genome. As described above, the cytotoxic T lymphocytes
accumulating in vicinity of HSV DNA carrier cells in the regional sensory ganglion seem of
great importance when keeping a state of equilibrium probably inhibiting the transcription of
IE genes by an unknown mechanism. One could estimate that in the case of the inefficiency
and/or complete failure of the function of cytotoxic T-cell virus, reactivation and subsequent
retrograde axonal transport of virions occur. In this section, we describe the various HSV
vaccines which have been used under experimental conditions, while the next paragraph will
describe their efficacy in human volunteers.

5.1. Inactivated virion and subunit vaccines

The inactivated HSV-1 and/or HSV-2 vaccines consist of infected cell extracts, which have been
introduced in the 1980s of last century, partially purified and inactivated either by UV light,
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by thermal treatment, or with formalin [75-77]. The efficacy of these first vaccines was tested
mainly in mice, but some of them were used also in human trials (see Section 6). Especially in
animal models, a good protective effect against acute virus challenge has been found not to
prevent the establishment of latency. However, when testing the effect of a virion-free HSV
vaccine prepared by extraction of infected LEP cells with Nonidet P-40 [78] in the rabbit corneal
model, Rajcani et al. [79] concluded that even though vaccination prior to infection did not
fully prevent latency, it considerably reduced the number of regional sensory (trigeminal)
ganglion cells (neurons), which became the HSV genome carriers. Recently, a formalin-
inactivated HSV-2 (FI-HSV2) vaccine mixed with Al(OH); adjuvant was tested in combina-
tion with monophosphoryl lipid A (MPL) [80]. The latter authors showed that the vaccine
protected mice against local vaginal challenge with HSV-2 as well as reduced the extent of
latency established in the sensory ganglia of lumbosacral nerve roots.

The subunit vaccines were mainly glycoprotein mixes purified on lectins (e.g., lentil lectin)
showing high affinity to the HSV virion envelope antigens. The dominant protective anti-
gens among the 11 HSV glycoproteins are gB and gD, which possess important immunogen-
ic epitopes. The abovementioned glycoproteins elicit virus-neutralizing antibodies, antibodies
participating in the antibody-dependent cellular cytotoxic (ADCC) response, and they also
activate the T lymphocytes. Several reports described the efficacy of the subunit vaccines of
various purity based on either HSV-1 and/or HSV-2 envelope glycoproteins [81-84]. For
example, the subunit HS5V-1 vaccine (strain HSZP Immuno) had been prepared from chick
embryo cells infected with the low-virulent HSZP strain [85]. Tested in cooperation with the
Research and Development Department of the former Immuno AG Company in Vienna, the
infected cell extract in question was purified on lentil lectin to obtain a glycoprotein mix
containing at least four envelope glycoproteins (gB, gC, gD and gG). This subunit vaccine was
immunogenic and protective in mice as well as rabbits and showed at least partial cross
protection in the HSV-2-challenged guinea pigs infected by the vaginal route.

5.2. Recombinant HSV-1 and HSV-2 vaccines

The next step of HSV vaccine development proceeded from purified (nearly cell DNA-free)
subunit vaccines to those composed of recombinant HSV-1/HSV-2 polypeptides [86-90]. Great
majority of the recombinant vaccines contained the gB and/or gD polypeptides, and their
efficacy was done in mice. The first purified glycoprotein vaccines (gB1 and gD1) were
prepared on immunoaffinity columns (with specific-bound MoAbs); such vaccines were found
to protect mice against intracerebral challenge with HSV-1 [91-93]. Manservigi et al. [94]
expressed the gB ectodomain in mammalian cells. After immunization with the purified gB
fragment, the mice developed virus-neutralizing antibodies not only against HSV-1 but also
cross-reacting antibodies to HSV-2. In addition, the authors also showed that the animals were
resistant to the challenge with a lethal HSV dose. Later on, the recombinant proteins were
prepared by transfection of plasmids (carrying the gD and/or gB ORFs) into competent
Escherichia coli cells, which expressed the corresponding not glycosylated polypeptides [90,
95-100]. Recombinant glycoproteins (including gC) were also prepared in insect and/or
mammalian cells, in which the recombinant products could be glycosylated [101].
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Immunization with the recombinant gD1 or gD2 alone, or in combination with the gB protected
mice against infectious virus challenge given by intraperitoneal or subcutaneous routes and
in the case of gD1 vaccination cross protection to HSV-2 was observed as well. Immuniza-
tion with gD alone was more effective than that with gB alone [87], while immunity provid-
ed by gC alone was negligible [95]. In contrast, very high effect was achieved following
immunization with the mix of gB1, gD1, and gE1 glycoproteins in combination with the
Al(OH); adjuvant including the cross protection of guinea pigs challenged with HSV-2 at
genital route [99]. A trivalent vaccine containing gD2, gC2 and gE2 prepared in the baculovi-
rus expression system was more immunogenic for mice than the subunit vaccine containing
gC2 and gD2 [102]. Furthermore, Awasthi et al. [103] immunized the guinea pigs with
recombinant proteins gC2 and gD2 prepared in a baculovirus system (which activated
antibody production), with the adenovirus vector carrying the VP5 capsid protein and with
the tegument proteins VP13 and VP14 (which activated the T-cell-mediated response).
However, no significant difference was detected, which confirmed that the glycoprotein mix
gD2/gB2 was sufficient enough.

The alum adjuvant in combination with the recombinant gD polypeptide activates the Th2-
type humoral response and therefore may be less suitable for immunotherapeutic use, for
which the Thl-type response is essential. To stimulate the Thl response predominantly,
cytokines as adjuvants were tested, such as IL-2 with good results after corneal challenge with
the virulent HSV-1 CHRS3 strain [104]. The so-called immune-stimulating lipid complexes
(ISCOM) combined with HSV-2 immunogenic polypeptides induced both Th1- and Th2-type
responses when showing a highly neutralizing antibody response along with the production
of IL-2, IFN-gamma, and TNF [105]. Similar strong potentiating effect was observed at
immunization with gD2 polypeptide adjuvanted with modified lipid A (AS04) [98]. Further-
more, when using the gD2 fusion polypeptide along with MF59 (squalene) as adjuvant, the
local mucosa immune response could neither be stimulated properly, nor the latency reacti-
vation prevented [106]. There is worth mentioning that the so-called autoimmune/inflamma-
tory syndrome induced by adjuvants (ASIA) is an inflammatory syndrome associated with
certain adjuvants (such as MF59/squalene); the latter potentiates pathological autoimmune
reactions, which may be evident in the case of prophylactic mass immunization campaigns
[107].

In contrast to T-lymphocyte stimulation, the local IgA secretion can be enhanced by mistle-
toe lectins such as ML-1, ML-2, and/or ML-3, the application of which in combination with the
gD2 polypeptide elicited a good secretory IgA response at intranasal challenge in mice [108].
The authors also used non-ionized liposome like particles carrying the gB ectodomain and
additional polylysine-rich polypeptides. Intranasal application of the product in question
provided protection against lethal challenge with HSV-2 and induced a strong Thl-type
immune response [109]. Skoberne et al. [110] prepared an experimental vaccine named
GEN-003/MM-2, which contained gD2 and the IE protein ICP4/175K expressed in a baculovi-
rus system. In combination with MM2 adjuvants (also called matrix M2 composed of choles-
terol, phospholipids, and saponin), the vaccine showed immunotherapeutic effect in guinea
pigs when it reduced the frequency of recurrent genital lesions upon HS5V-2 challenge.
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5.3. Viral vectored and DNA vaccines

The recent idea of DNA vaccines represents a progressive approach for immunization
(reviewed at [111]). The advantage of DNA vaccines is that the immune response resembles
to that following the administration of live-attenuated virus vaccines, but without the risk of
reversion to viral phenotype. The viral DNA vaccines fall into two categories: viral DNA
carriers and the recombinant plasmid vaccines (classical DNA vaccines). The viral DNA
carriers are in fact nonpathogenic attenuated viruses that genome contains the inserted ORF
fragments encoding the desired antigen. The best examples are either the recombinant
adenovirus or vaccinia virus, which carry the HSV gD or gB genes. The latter glycoproteins
become expressed in the immunized animal, that is, in the mice, which are then protected
against HSV challenge [112-115]. The recombinant vesicular stomatitis virus (VSV) was
prepared from a plasmid containing the cDNA of the VSV RNA genome and the gD2 ORF
US6. This recombinant virus induced a good cell-mediated immune response as well as anti-
gD antibody formation. Immunized mice were protected against acute HSV-2 challenge, and
the establishment of latency was also reduced [116]. Chiuppesi et al. [117] described the effect
of immunization with feline lentiviral vector-based, herpes simplex virus 1 (HSV-1) glycopro-
tein B vaccine. This lentivirus construct induced HSV-1 antibody formation and also provid-
ed cross protection against lethal HSV-2 infection.

Many classical plasmid DNA vaccines were prepared with the inserted HSV DNA fragment.
The majority of them encoded HSV-1 and/or HSV-2 glycoproteins such as gB, gD, gC, and gE;
their efficacy was tested in mice, guinea pigs, and rabbits [90, 118-124]. The results were
obtained after immunization with plasmids encoding the glycoproteins gD and/or gB of either
HSV-1 or HSV-2 alone or in combination. Especially the immunization of mice and/or guinea
pigs with the gD-expressing plasmid protected against challenge with a lethal dose of HSV-2
[124-128], but without clear-cut reduction of the latency rate. Better results were obtained with
plasmids encoding both gB and gD [119, 129, 130]. The efficiency of DNA vaccines could be
higher when adding cytokines such as IL-12 which induced the Th type 1 immune response
[131, 132] similarly as the presence of IL-18 and/or RANTES [133, 134]. In contrast, the Th2-
type response could be better achieved if the gD and IL-4-coding plasmid was used for
immunization [133, 135]. The Th type 2 immune response is important for virus clearance from
peripheral tissues including the infection of the eye, while the Th1-type response was involved
in preventing the latency establishment [135]. The DNA vaccine-encoding gB when com-
bined with DNA plasmid coding for cytokines IL-12 and IL-18 as adjuvant was efficient in
prevention of the vaginal infection in mice: gB1/IL-12 and/or gB1/IL-18 elicited a local
resistance of genital mucosa and protected mice against lethal HSV-2 challenge. The best
results were observed with IL-12, while additional adjuvants did not enhance protection [136].
Another adjuvant tested with the DNA vaccines was the lipid adjuvant Vaxfectin®. In guinea
pigs immunized with plasmid-expressing gD2 and VP11/VP12 as well as VP13/14 polypepti-
des along with a lipid adjuvant, a great prophylactic effect and the reduced HSV-2 replica-
tion in the genital tract of experimental animals was observed. The vaccine also showed
immunotherapeutic properties when reducing the extent of latency (VDNA contents) in the
dorsal root ganglia [137, 138]. Immunization with the recombinant plasmid encoding the
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fusion protein consisting of the gB and the CCL19 chemokine ORF induced both the Th type
1 and the Th type 2 responses including an increased local secretory IgA antibody produc-
tion protecting mice against HSV-2 challenge [139]. The enhanced efficiency of DNA vac-
cines could be achieved by combining genes encoding the envelope glycoproteins with certain
nonstructural HSV genes. The recombinant plasmid consisting of gD2, gB2, and ICP27 ORFs
elicited a higher cellular as well as humoral response than the plasmid construct encoding the
glycoproteins only. The construct in question also provided a higher protection against vaginal
challenge with HSV-2 [140].

5.4. Live-attenuated HSV-1 and HSV-2 vaccines

Attenuated HSV vaccines are live HSV-1 and/or HSV-2 viruses derived from the wild-type
strains by modifications of their virulence but keep the immunogenic properties. The best
known deletion for HSV-1 was the removal of the UL22 ORF-encoding gH glycoprotein [141,
142] and/or the removal of the IR1 sequence encoding the protein yY34.5 gamma, a neuroviru-
lence factor [143]. Furthermore, the deletion of the gE encoding by US8 gene, which is not
needed for virus replication in cell culture but is inevitable for neural uptake [144, 145] along
with the deletion of the UL41 gene, encoding the virion host shutoff (vhs) protein [146] might
be an excellent solution. In this respect, the non-virulent HSZP strain with natural mutations
altering the vhs protein, if deleted in the gE gene, would be of special advantage [147]. Another
attempts to prepare a live-attenuated HSV strain were made by deleting nonstructural genes,
such as the ORF UL54 (encodes the ICP27 IE polypeptide), the ORF RS1 (encodes the trans-
activation protein ICP4) [146, 148], and/or the ORF RL2 (encoding the ICPO transactivation
protein) as described by Halford et al. [149]. All the above-mentioned attenuated viruses was
protective against HSV challenge in various animal models. The HSV-2 deleted in the gH gene
designated as disabled infectious single cycle (DISC) and tested as therapeutic vaccine, but no
convincing protection was found [150].

Several other attenuated HSV strains were prepared by deleting the nonstructural genes
important for virulence. Deleted ORFs for such purpose were the following: (1) the UL23 ORF
encoding the thymidine kinase (TK) as described by Morrison and Knipe [151], (2) the UL39
ORF encoding the large RR1 subunit [152], (3) the UL29 ORF encoding the ssDNA-binding
ICP8 polypeptide [153], (4) the UL5 ORF encoding a protein of the primase/helicase complex
[154, 155], and finally (5) the UL9 ORF encoding the ori-binding protein [156]. The TK minus
recombinant R7017 was prepared from the w.t. strain F, which genome was, in addition,
deleted in the IR1 ORF sequence encoding the y34.5 and furthermore manipulated by inserting
the gD2, gI2, and gG2 sequences along with a portion of the gE ORF (US4-USS8). The TK-
reversed recombinant virus was further modified by reinserting the TK gene (R7020 TK plus).
Both recombinant viruses protected mice as well as guinea pigs against HSV-2 challenge [148].
The next UL39-/RR1-deleted virus was tested not only in animals but also in man [152, 157].
The phase I and phase Il clinical trials showed partial protection against recurrences (in 37.5%
of immunized individuals as compared with the placebo group) [157]. The attenuated strain
deleted in the genes UL29 and UL5 (called d129-5) protected mice against ocular infection with
HSV-1 and guinea pigs against genital challenge with HSV-2 [158, 159]. Stanfield et al. [160]
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prepared an attenuated strain of HSV-2 called VC2, which had mutations in the gK gene and
in the UL20 ORF (which is membrane protein inhibiting the neural uptake). This vaccine
prevented genital infection upon vaginal challenge with HSV-2 and also inhibited latent
infection in the lumbosacral dorsal root ganglia. Finally, the defective HSV-2 designated CJ9-
gD2 was used to immunize mice. This virus had mutation in the UL9 ORF which encodes a
vDNA replication protein and was deleted in the gD2 ORF (US9). The attenuated vaccine
induced a higher antibody response in comparison with the gD2-alum/MPL subunit vaccine
(used in a human trial) and protected mice against lethal challenge with HSV-2 [161].

6. Human vaccination trials: prophylactic and therapeutic HSV vaccines

Some of the vaccines mentioned above were tested not only in animal models but also in man
at clinical trials. They were designed either as prophylactic vaccines, or they were destined for
immunotherapeutic use, having been suggested for prevention or modulation of genital
infection predominantly caused by HSV-2. The aim of prophylactic vaccine against HSV-2
infection is not only to prevent a clinical disease at primoinfection but also to interfere with
the subsequent establishment of latency. The latter is a hard task, since the majority of vaccines
just reduce the number of neurons which are getting HSV DNA carriers but does not fully
prevent latent infection. Therefore, it is more reasonable to design a vaccine for immunother-
apeutic use aimed to reduce the extent and the frequency of recurrent lesions.

The prophylactic vaccine should induce a satisfactory humoral as well as cell-mediated
immune response. For such purpose, subunit, recombinant and DNA vaccines were tested.
The first subunit vaccine tested was an HSV-2 glycoprotein mix (gB, gC, gG, gD, and gE)
purified from infected chick embryo cells (this product is essentially similar to the subunit
HSZP vaccine immuno mentioned above). As shown in 22 seronegative volunteers, this
particular vaccine induced both the humoral and the cell-mediated specific response [162].
Alternatively, a similar vaccine (containing gB2 and gG2) was used to immunize 161 seroneg-
ative individuals with a less encouraging effect at phase II clinical trial [163]. The company
Chiron Corporation sponsored the testing of a recombinant gB2/gG2 vaccine mixed with the
MF59 adjuvant used for immunization of 137 persons. The efficiency of this vaccine was
reported 9% only [53, 164]. Another study by GlaxoSmithKline uses a recombinant gD2 in
combination with alum adjuvant and/or ASO,; in the latter trial, 7460 volunteers were selected
as seronegative before the onset of the phase Il trial. Immunization with the vaccine in question
induced higher antibody titers than natural infection and also conferred partial protection
against natural infection that had a milder course as compared to non-immunized controls
[165]. At phase III trial, 847 seronegative individuals (no antibodies to HSV-1 as well as to
HSV-2) and 1867 women showing antibodies to HSV-1 but not to HSV-2 were immunized with
the same vaccine [166]. The results showed that 73-74% immunized women which were
seronegative against both antigens have been protected against HSV-2 primoinfection (as
detected by natural seroconversion), but the vaccine was not effective in man and in HSV-1
seropositive women. The GlaxoSmithKline company provided another trial, during which
together 8323 seronegative women (for HSV-1 as well as HSV-2) were immunized. This follow-
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up was less encouraging when showing only 20% efficiency when measured by the serocon-
version rate against natural genital HSV-2 infection and about 58% protection against HSV-1
genital infection [167]. In a multicenter study from 2013, the possible role of the abovemen-
tioned gD2-ASO, vaccine in the etiology of stillbirth was evaluated. Together 19,727 preg-
nant women were immunized, from which 13.3% really had stillbirth in comparison with
11.00% of pregnant women in the control group that shows a clearly not significant effect [168].

The HSV DNA vaccine was also tested for prophylactic use. In the phase I trial, 62 seronega-
tive women were immunized with the gD2 recombinant plasmid GENEVAX. T-cell-mediat-
ed response was found in one out of four volunteers [169]. Another prophylactic candidate
vaccine tested was the HSV-2/HSV529-attenuated virus (deleted in genes UL5 and and UL29,
also called d15-29). This vaccine when tested in guinea pigs elicited a satisfactory humoral as
well as T-cell response, conferred protection to HSV-2 challenge, and reduced the extent of
latency in the regional lumbosacral ganglia [170]. The vaccine efficiency in human will be
evaluated by the end of 2016.

As already mentioned, the therapeutic vaccines should decrease the frequency of recurrence
episodes as well as their severity. To achieve this, the therapeutic vaccine must induce a potent
and specific T-cell-mediated response. Several subunit vaccines were tested with an immu-
notherapeutic purpose, namely, the semipurified inactivated infected cell extracts, recombi-
nant vaccines, and attenuated viruses. Probably, the first of the purified inactivated HSV-1-
infected cell extract tested was the vaccine by Kutinovaetal. [171]. A similar vaccine introduced
by Skinner et al. [172] was used for immunization of 316 subjects with herpes disease who had
recurrent blisters at least six times per year. Though this vaccine induced a detectable increase
in the antibody levels and a satisfactory T-cell-mediated response, no difference in the
frequency of recurrences was noted during the 1-year observation period. However, the
vaccination accelerated the healing of the lesions, which had a less severe course in the
immunized persons. Among the recombinant vaccines tested in a therapeutic context, the gD2
vaccine containing alum adjuvant should be mentioned first. This was used for immuniza-
tion of 98 HSV-2 seropositive persons who had at least four but up to 14 recurrence episodes
per year [173]. In this trial, the average of six recurrences per year in the placebo group was
siginificantly higher than the average of four recurrences per year in the immunized group
(p = 0.039). Furthermore, the gB2/gD2 vaccine mixed with the MF59 adjuvant was applied in
another trial, in which 202 volunteers were immunized. At the phase II clinical trial, no
difference was found in the titers of neutralizing antibodies during the observation period of
8 months, but there was a significant difference in the increased interval between the occur-
rences of the recurrent lesions following the immunization procedure [174]. Further trials were
made using peptide vaccines. An overview of defined T-cell-based epitopes from HSV proteins
was reported by Laing et al. ([175], Table 2).

Not all known T-cell based epitopes can induce protective immunity. Mapping of T cells in
seropositive population found out that CD4+ T cells were mainly stimulated by tegument
proteins UL21, UL46, UL47, UL49 and envelope glycoproteins gB and gD. It was observed that
gB stimulates both CD4+ and CD8+ T cells, whereas gD induces stronger CD4+ T-cell-
dependent immunity [58]. CD8+ T cells were stimulated by gD53-61, gD70-78, and gD278-
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286 peptides mainly in HLA-A*02:01-positive HSV-1 and HSV-2 seropositive healthy
individuals [190]. Moreover, CD8+ T cells were also induced by tegument protein VP11/VP12
(gene UL46) that would account for another candidate protein to prepare effective HSV
vaccine [61].

Protein (gene) HSV-1 T-cell epitopes ~ HSV-2 T-cell epitopes B-cell epitopes Reference
CD4 CD8 CD4 CDs8

ICPO (RL2) Human Human Human [61]

VP5 (UL19) Human Human [176]

gH I (UL22) Mice [69]

TK (UL23) Human [177]

VP26 (UL25) Human, mice Human [176, 178]

VP21 (UL26) Human Human [61]

gB (UL27) Human Human, mice Human Human Mice [60, 61, 179-181]

ICP8 (UL29) Human, mice Human [61,176]

ICP10 (UL39) Human, mice Human Human [61, 69, 176]

Vhs (UL41) Human, mice [61, 69]

gC (UL44) Human, mice Mice [69, 180]

VP11/VP12 (UL46) Human Human, mice Human, mice [61, 176, 182]

VP13/VP14 (UL47) Human Mice Human, mice [61, 176, 178]

VP16 (UL48) Human Human [61, 183, 184]

VP22 (UL49) Human Human, mice Human, mice [61, 182, 183]

gK (UL53) Mice Human, mice [61, 185, 186]

ICP27 (UL54) Human Human, mice [61,187]

ICP22 (US1) Human [61]

gG (US4) Mice Mice [69, 180]

gD (US6) Rabbit, Rabbit, human, Human, mice Human, mice Mice [161, 180, 188-191]

human mice
gE (US8) Human Mice [178, 180]

ICP4 (RS1) Human Human Human [61, 192, 193]

"Modified according to Laing et al. [175].

Table 2. Overview of T- and B-cell HSV-1/HSV-2-specific epitopes as tested in human, mice, and rabbits®.

Vaccine design also requires involvement of epitopes suitable for HLA binding by most people.
In most ethnic groups, HLA-A*02:01 and HLA-B*07:02 belong to the most abundant HLA
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alleles [194]. HLA-A*02:01-restricted epitopes have been found in glycoprotein B (UL27 442-
451), tegument protein VP13/VP14 (UL47 551-559), and tegument protein coded for UL25
(UL25 372-380) of HSV-2, and they stimulated CD8+ T-cell response [176, 195]. HLA-B*07:02-
restricted epitopes have been reported for tegument protein VP22 (gene UL49) (HSV-2 UL49
49-57, HSV-2 UL49 82-90, HSV-2 UL49 99-108, HSV-2 UL49 131-140, and HSV-1 UL49 291-
290) and stimulated CD8+ T-cell response [176]. Samandary et al. [196] found association with
high prevalence of herpes infection and disease with the frequency of HLA-A*24, HLA-B*27,
and HLA-B*58 alleles. In contrast, low prevalence of herpes infection and disease appeared
associated with the high frequency of HLA-B*44 allele.

The effectivity of immune response is also depending on adjuvant type. Cooper et al. [189]
found out that vaccine design and adjuvant type can have a significant effect on T-cell epitope
utilization. Four epitopes within the gD2 molecule gD2 49-63, gD2 105-119, gD2 245-259 and
gD2 333-347 were administered to mice with alum or IL-12. CD4+ T-cell response was induced
in mice immunized with gD HSV-2 epitope gD2 245-259 and adjuvant alum. Mice immu-
nized with IL-12 stimulate CD4+ T-cell response to HSV-2 epitope gD2 245-259 as well as to
gD2 333-347 [189].

“Epitope” (peptide) vaccines that selectively stimulate T and B cells belong to other herpes
simplex vaccine candidates. Wang et al. [180] prepared multi-epitope peptide vaccine that
contained six B-cell epitopes from different glycoproteins of HSV-2 (gB2 466473, gC2 216-
223, gD2 6-18, gE2 483-491, gG2 572-579 and gl2 286-295), four CD4+ T-cell-based epitopes
(gD2 21-28, gD2 205-224, gD2 245-259 and gB2 162-177) and two CD8+ T-cell-based epito-
pes (gD2 10-20 and gD2 268-276). All above-described epitopes were inserted into the
extracellular fragment (1-290) of HSV-2 glycoprotein D to construct multi-epitope assembly
peptides (MEAPs) by replacing some non-epitope amino acid sequences. The genes of the
selected peptides were inserted into recombinant plasmid and expressed in E. coli strain BL21.
The multi-epitope vaccine elicited in mice production of virus-neutralizing antibodies induced
Thl and Th2 immune response and protected mice against intravaginally induced lethal
challenge of HSV-2 [180].

Many studies have focused on mapping of protective epitopes that stimulate immunity in
asymptomatic individuals, that is, individuals without clinical findings of herpes infection.
Analysis of IFN-y-producing CD4+ T cells in HSV-1 seropositive individuals revealed that gB
peptide epitopes (aa 166-180 and aa 666-680) were strongly recognized by CD4+ T cells from
asymptomatic individuals, but not from symptomatic individuals. Inversely, CD4+ T cells
from symptomatic individuals preferentially recognized gB (aa 661-675) [179]. Another study
identified asymptomatic CD8+ T-cell epitopes from glycoprotein D (gD53-61, gD70-78 and
gD278-286) [191]. It can be hypothesized that repertoire of T-cell-based epitopes determines
either the development of HSV-1 (-2) clinical symptoms or asymptomatic viral shedding.

Finally, some investigators preferred the genetically attenuated virus vaccines, because they
induce an immune response essentially similar to that following natural infection. For
example, Casanova et al. [157] immunized the volunteers (32 persons having at least five
recurrent lesions per year) with an attenuated HSV-2 virus deleted in the UL39 gene (the RR1
protein ORF). The phase I and phase I clinical trials showed the reduction of recurrent clinical
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manifestations by 37.5% as compared with the placebo-immunized group. Another clinical
trial, which was performed in 2006, took the advantage of HSV-2-attenuated virus deleted in
the gH gene (the so-called disabled infectious single cycle [DISC] virus). Unfortunately, no
significant difference was found in the number of recurrences between the immunized and
control mock-immunized subjects during the 1 year follow-up period [150]. The last phase I
and II clinical trial which results will be announced nowadays concerns volunteers who had
from two to nine recurrent lesions per year; they were immunized with a DNA vaccine-
expressing gD2 in combination with the lipid adjuvant Vaxfectin [197].

7. Future perspectives of HSV-1/HSV-2 vaccination with the emphasis on
the T-cell response

As described above, an effective vaccine against HSV-1 and HSV-2 infection that would
prevent virus reactivation (therapeutic vaccine) should stimulate both humoral and cellular
immunity mediated by CD4+ and CD8+ T cells. This immune response can be induced by live-
attenuated virus, but such viruses are not safe because of their possible reversion back to the
wild-type virus. Therefore, alternative approaches to develop effective herpes simplex vaccine
have been attempted during the last decades. Nowadays, T-cell-inducing herpes simplex
vaccines bearing “asymptomatic” immunodominant epitopes derived from HSV proteins
were designed and tested [180]. Such vaccines possess many advantages over traditional
vaccine like (1) induction of specific T-cell-based immunity, (2) inhibition of pathogenic
immune response, and (3) safety.

Only few asymptomatic T-cell epitope-based vaccines were prepared and tested until now.
The vaccine used by Wald et al. [198] contained 32 synthetic immunogenic HSV-2 peptides,
linked to the heat shock protein Hsp 70 in combination with the QS-21 (contains a saponin)
adjuvant. In 32 immunized volunteers, the vaccine elicited no complication, but induced a
satisfactory CD4+/CD8&+ T-lymphocyte response against a wide range of immunogenic HSV-2
peptides used in the stimulation tests in vitro. Chentoufi et al. [191] prepared CD8+ T-cell
epitope-based vaccine containing three separate pairs of CD4-CD8 lipopeptides. Each of the
lipopeptide contained one of the three asymptomatic immunodominant human CD8+ T-cell
peptide epitopes from HSV-1 glycoprotein D (gD53-61, gD70-78, and gD278-286) that were
joined with a human CD4+ T-cell peptide epitope (gD49-82). Humanized HLA-A*02:01
transgenic rabbits were immunized with a mixture of the three CD4-CD8 HSV-1 gD lipopep-
tides. Immunization induced an increased production of CD4+ and CD8+ T cells and protect-
ed rabbits against ocular HSV disease [191]. The same ASYMP vaccine was used for therapeutic
vaccination of HLA transgenic rabbits infected by HSV-1. The vaccine induced production of
HSV-specific CD8+ T cells that prevent HSV-1 reactivation ex vivo from latently infected
explanted trigeminal ganglia. Moreover, the vaccine significantly reduced HSV-1 shedding
and boosted the function of HSV-1 gD epitope-specific CD8+ T cells in draining lymph nodes,
conjunctiva, and trigeminal ganglion [199].
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The lipopeptide vaccines belong to another herpes simplex vaccine candidate. The lipopep-
tide vaccine can be easily produced and possesses some advantages over traditional vaccine
such as safety and tolerance, bearing protective T-cell epitopes derived from HSV antigens,
missing of non-immunogenic harmful epitopes, and missing of viral pathogenic proteins such
as ICP47, and lipids have functioned as adjuvant. Previous studies observed that lipopep-
tide vaccine injected intranasally into mice induced mucosal and systemic B and Th1 im-
mune response [191]. Other authors prefer attenuated genetically modified herpes simplex
viruses as successfully vaccine candidates (Section 5.4).

8. Conclusions

In conclusion, the development of successfully therapeutical vaccine against HSV infection
should respect the following recommendations: (1) the assessment of putative differences in
the recognition of T- and/or B-cell epitopes from envelope, tegument, and regulatory HSV
proteins in patients with recurrent herpes disease versus asymptomatic individuals; (2) the
production of new safer adjuvants avoiding those claimed to cause the ASIA syndrome; (3)
the induction of local mucosal immunity mediated by lipopeptides; (4) the use of human-
ized susceptible HLA transgenic mice as well as rabbits before human trials; and (5) at last but
not least, the efficacy of human trials for an immunotherapeutic vaccine that should be made
according to internationally accepted unified criteria in at least three groups of subjects
(seronegative individuals, seropositive individuals without recurrent herpes disease, and
volunteers with such disease). The tests should include the demonstration of elevated antibody
titers after vaccination and in vitro testing of the T-lymphocyte response in a blastic transfor-
mation test as well as production of selected cytokines; 6. Finally, the application of the
therapeutic vaccine in future human trials should be intracutaneous rather than by using other
administration routes.
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