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1. Introduction 

 

1.1 Brief history of Herpesviruses 

Lesions caused by HSV have been described in the ancient literature millennia ago, in particular 

descriptions of genital lesions that resemble those caused by HSV were found in a Sumerian tablet (third 

millennium BC) and in the Ebers Papyrus (1500 BC). In the ancient Greece, Hippocrates used the Greek 

ǿƻǊŘ άƘŜǊǇŜǎέ ǘƻ ŘŜǎŎǊƛōŜ lesions that seem to creep or crawl along the skin [1]. Herodotus was the first to 

describe an association between the cutaneous lesions and fever caused by HSV, and Galen recognized that 

recurrent HSV lesions develop at the same anatomical location. During the 18th century, Bateman 

accurately described the ƴŀǘǳǊŜ ƻŦ I{± ƛƴŦŜŎǘƛƻƴ ŀǎ ŀ άǊŜǎǘǊƛŎǘŜŘ ƎǊƻǳǇ ƻŦ localized vesicles with a short, 

self-limiting ŎƻǳǊǎŜέ. 

The first description of the link between HSV and the genital organs was reported by John Astruc, physician 

for King Louis XIV, after studying the afflictions of French prostitutes, ƛƴ ǘƘŜ άDe Morbis Venereisέ όмтосύ. 

During the late 19th and early 20th century, human volunteers were often used to test the transmission of 

infectious agents, in this context Vidal showed that HSV was infectious by passing it from human to another 

(1873). Animal studies conducted by Gruter demonstrated that HSV could be transmitted from rabbit to 

rabbit, and the virology community attributes to him the merit for the isolation of HSV (1924). In the 1930s, 

Andrews and Carmichael observed that recurrent HSV infections occurred only in adults who carried 

neutralizing antibodies, in sharp contrast to the behavior of other known infectious agents at that time. 

This was one of the milestones of HSV biology, as their article stimulated an international debate that 

ultimately shaped the perception of HSV as a disease agent. In an article of 1939, Burnett and Williams 

described the nature of latency, noting that HSV seems to persist for life and can be reactivated under 

stressful conditions to produce visible lesions.  

The advent of culture protocols in the first part of the 50s led a big development in herpesvirology allowing 

the isolation of other members of the human herpesvirus family. In the 70s genital herpes was recognized 

as a serious sexually transmitted infection able to threaten fetus. Vidarabine was the first antiviral therapy 

developed at the end of the 70s, that reduced the fatality of HSV encephalitis, but only with the discovery 

of acyclovir there was a real therapeutic advance. In 1988, Dr. Gertrude Eliot, one of the pioneer in the 

study of acyclovir, who demonstrated its mechanism of action, was awarded Nobel Prize in Physiology and 

Medicine for his studies.  

The vaccines against herpesvirus have been of great interest since the early 20th century but their history 

has been uncertain: two vaccines have been evaluated for prophylaxis and therapy, both based on viral 

glycoproteins and an adjuvant, but they gave difficult to interpret results so their efficacy has still to be 
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proven. Herpes simplex viruses were the first of the human herpesviruses to be discovered and are among 

the most intensively investigated of all viruses.  

The beginning of modern research on HSV can be placed between the 60s and the 70s, when scientists 

discovered the size and complexity of the structure of HSV DNA, and begun to study the large number of 

proteins that make up HSV particles. This period was the golden age of research on HSV and led to 

collection of a great amount of information on viral genes functions and virus-cell interaction. 

Herpesviruses were used as models and tools for the study of translocation of proteins, synaptic 

connections in the nervous system, membrane structure, gene regulation, gene therapy, cancer therapy, 

and a myriad of other biological problems, both general to viruses and specific to HSV. 

In the last twenty years research focused on the therapeutic potential of HSV, as a matter of fact HSV has 

been taken into account as a promising viral vector to be used in immunoprophylaxis and gene therapy 

(gene delivery to the CNS and oncolytic viral therapy). 

 

1.2 Herpesviridae family and classification 

 

The herpesviruses are highly widespread in nature and several animal species are the natural host of at 

least one of this virus; in particular in human nine herpesvirus have been isolated (Table 1). 

Table 1 ς Human Herpesviruses [2]. 

Designation vernacular name abbreviation subfamily genome 

size (bp) 

genome 

accession no. 

Human 

Herpesvirus 1 

Herpes simplex virus 1 HHV-1 (HSV-1)  h 152000 NC_001806 

Human 

Herpesvirus 2 

Herpes simplex virus 2 HHV-2 (HSV-2)  h 152000 NC_001798 

Human 

Herpesvirus 3 

Varicella-zoster virus HHV-3 (VZV)  h 125000 NC_001348 

Human 

Herpesvirus 4 

Epstein-Barr virus HHV-4 (EBV)  ɹ 172000 NC_00760 

Human 

Herpesvirus 5 

Cytomegalovirus HHV-5 (HCMV)  ̡ 229000 NC_006273 

Human 

Herpesvirus 6A 

 HHV-6A  ̡ 162000 NC_001664 

Human 

Herpesvirus 6B 

 HHV-6B  ̡ 162000 NC_000898 
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Human 

Herpesvirus 7 

 HHV-7  ̡ 153000 NC_001716 

Human 

Herpesvirus 8 

YŀǇƻǎƛΩǎ sarcoma 

associated virus 

HHV-8 (KSHV)  ɹ 230000 NC_009333 

 

The current herpesvirus classification was defined in 1981 [2]. All Herpesviruses are capable of establishing 

a latent infection in their natural hosts in a specific set of cells, which varies from one virus to another. 

Moreover Herpesviruses produce large amount of enzyme engaged in nucleic acid metabolism, DNA 

synthesis and processing of proteins, they synthesize viral DNA and assembly capsids in the nucleus, and 

generate infectious viral progeny associated with the lysis of the infected cell. Other biological properties 

vary, such as the length of the reproductive cycle, and these were used as the basis of classification, before 

DNA sequences of the viruses were known. 

The virion of the members of the Herpesviridae family has a characteristic architecture: it is composed of a 

central core containing linear double-stranded DNA, an icosahedral capsid of 100-110 nm, an asymmetrical 

and amorphous tegument which surrounds the capsid, and a lipid envelope with surface glycoproteins. 

Members of the family Herpesviridae were classified by the Herpesvirus Study Group of the International 

Committee on the Taxonomy of Viruses (ICTV) into three subfamilies on the basis of biological 

characteristics (Alphaherpesvirinae, Betaherpesvirinae, Gammaherpesvirinae) and then viruses in each 

subfamily were divided into genera on the basis of molecular data. 

Alphaherpesvirinae are characterized by short reproductive cycle, rapid spread in tissue culture, efficient 

destruction of infected cells in a wide variety of hosts, and the ability to establish latent infections primarily 

in sensory ganglia. The subfamily consists of the genera Simplexvirus (HSV-1, HSV-2) and Varicellovirus 

(VZV), ǿƘƛŎƘ ƘŀǾŜ ƳŀƳƳŀƭƛŀƴ ƘƻǎǘǎΣ ŀƴŘ aŀǊŜƪΩǎ ŘƛǎŜŀǎŜ-like virus and Infectious laryngotracheitis-like 

virus, which have avian hosts. 

Betaherpesvirinae are characterized by a limited host range, long reproductive cycle, and slow infection 

progression in tissue culture. Cells that are infected often become enlarged (cytomegalia), and the viruses 

can maintain latency in secretory glands, lymphoreticular cells, kidneys, and other tissues. The subfamily 

consists of the genera Cytomegalovirus (HCMV), Muromegalovirus, and Roseolovirus (HHV-6, HHV-7). 

Gammaherpesvirinae were classified by a limited host range and ability to replicate in lymphoblastoid cells, 

with some viruses also causing lytic infection in some types of epithelial and fibroblastic cells. Viruses are 

usually specific for either B or T lymphocytes, and latent virus is frequently demonstrated in lymphoid 

tissue. The Gammaherpesvirinae subfamily consists of the genera Lymphocryptovirus (EBV), and 

Rhadinovirus (KSHV). 

 

1.3 Epidemiology of HSV infection 
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HSV has a worldwide distribution, with no distinction between developed countries and underdeveloped 

countries, and no seasonal variation. HSV is transmitted only by human ς human contact [3, 4], in the 

specific during close personal contact from an infected to a susceptible individual, and there are no known 

animal carriers for this virus. Since HSV infection rarely results in fatality, except for newborns, and it 

ǇŜǊǎƛǎǘǎ ƛƴ ƛƴŦŜŎǘŜŘ ƛƴŘƛǾƛŘǳŀƭǎ ƛƴ ŀ ƭŀǘŜƴǘ ŦƻǊƳΣ ƳƻǊŜ ǘƘŀƴ ƘŀƭŦ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ǇƻǇǳƭŀǘƛƻƴ ǇǊƻōŀōƭȅ Ƙŀǎ ŀ 

recurring HSV infection, enabling the transmission of HSV. 

Initial HSV infection usually occurs in children and is most often asymptomatic. The most common location 

of infection is the mouth area. It is necessary a contact between HSV virus and mucosal surfaces or abraded 

skin to initiate infection; then virus is transported by retrograde flow along axons that connect the mucosa 

to the nuclei of sensory neurons [5]. Viral replication occurs in a small number of sensory neurons, while in 

other cells the viral genome remains in a latent state lifelong. Various stimuli, like physical or emotional 

stress, fever, ultraviolet light, tissue damage are the main events that cause viral re-activation. In a reverse 

process, the virus is transported in an anterograde flow to mucosal membranes, and visible sores become 

active for transmission [Fig. 1.1]. 

 

Fig. 1.1: HSV-1 life cycle and routes of infection in the host. (a) Primary lytic infection of epithelial or mucosal cells of the lips or 

eye results from the attachment and penetration of HSV particles to host cells. (b) Progeny virion particles can encounter and bind 

to axonal termini that innervate the site of the primary infection; viral capsids are transported in a retrograde manner to the nerve 
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cell body in the trigeminal ganglia. At this point, limited expression of virion proteins may lead virus spread to the CNS or (c) the 

circular viral genome can persist as an episomal molecule in a latent state within the neuron. (d) Periodically, various stimuli cause 

virus reactivation, and the virus enter the lytic cascade resulting in the production of progeny virus particles that travel to the 

neuron termini by anterograde axonal transport. This process does not result in lysis of the nerve cell. (e) The virus again initiates a 

productive recurrent infection that may result in lysis of these cells and formation of a lesion at or near the site of the primary 

lesion [5]. 

 

HSV replicates in many cellular types, including neurons where it carries out a lytic cycle and is capable of 

aggressive spread and tissue destruction. 

At their first exposure to HSV-1 (facial) or HSV-2 (genital), seronegative individuals contract primary 

infection. Instead an άƛƴƛǘƛŀƭ ƛƴŦŜŎǘƛƻƴέ occurs when a person with antibodies against HSV-1 contracts HSV-2 

or vice versa. The clinical manifestations caused by the two serotypes are similar, but they are usually 

transmitted by different routes and infection localizes at different areas of the body. 

HSV-1 seroprevalence is much more common than its counterpart HSV-2: while most genital infections are 

caused by HSV-2, there is an ever-increasing proportion attributable to HSV-1, but genital HSV-1 infections 

are usually both less severe than HSV-2 and less prone to recurrence. HSV-1 and HSV-2 have an incubation 

period of about 4 days and it ranges from 2 to 12 days. The diagnostic assessment is based on virus 

isolation in cell culture and PCR detection of viral DNA. HSV-1 causes symptomatic oropharyngeal disease 

which is characterized by sores of the buccal and gingival mucosa (lasting 2-3 weeks) and by fever between 

38 to 40°C. Primary infection occurs with intraoral ulceration lesions whereas lip lesions suggest recurrent 

infection. Primary genital herpes by HSV-2 appears as macules and papules, followed by vesicles, pustules 

and ulcers. During pregnancy the infection is rarely transmitted to the fetus (5% in utero), while mother-to-

baby transmission occur mainly during vaginal delivery (80%) or after birth, resulting in encephalitis and 

disseminated infection, which can cause the death of the newborn. Caesarian section is applied to prevent 

this type of transmission. Complications in men are rare; aseptic meningitis and urinary retention are more 

common in women. Non primary initial genital infection cause milder symptoms than primary infection. 

Immunocompromised patients are at increased risk of severe HSV infection, they can develop progressive 

disease involving respiratory tract, esophagus or gastrointestinal tract [4]. 

The treatment for HSV infection is the topical, oral or intravenous administration of acyclovir (ACV), a 

purine-nucleoside analogue prodrug. Viral thymidine kinase activates ACV, which is incorporated into viral 

DNA and acts as a chain terminator. This treatment keeps symptoms under control and has been 

successfully employed to treat other HSV infection such as encephalitis, hepatitis, pulmonary infection, 

proctitis or eye infection [4]. 

 

1.4 Herpes Simplex Virus 1 
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HSV-1 was the first human herpes virus discovered, it is considered the prototype virus in the family, and it 

is still one of the most investigated herpes viruses [6]. Its biological properties, like latency, capacity to 

reactivate and to cause several infections, make it an interesting research subject. HSV-1 has been and is 

used as tool and model to study translocation of proteins, synaptic connections in the nervous system, 

membrane structure, gene regulation, gene therapy, cancer therapy and a lot of other biological problems 

[4]. 

 

1.4.1 Virion Structure 

HSV virion consists of four elements [4, 6]: an electron-dense core, an icosahedral capsid around the core, 

an amorphous tegument and an outer envelope containing glycoprotein spikes. Recently the virion 

structure of HSV has been described in great detail, thanks to cryo-electron tomography data [7] (Fig. 1.2). 

The virion consists of a pleiomorphic membrane-bound particle. It is generally spherical. The bilayer 

membrane was visualized as a continuous smoothly curved surface (5 nm thick). The virion has a diameter 

that ranges from 170 to 200 nm, averaging 186 nm and an array of spikes protrude from each viral particle, 

making the full diameter on average, ~ 225 nm.  

The core contains the double stranded DNA genome in a liquid crystalline state; it is densely coiled and 

complexed with the polyamines spermidine and spermine that neutrŀƭƛȊŜ ǘƘŜ 5b!Ωǎ ƴŜƎŀǘƛǾŜ ŎƘŀǊƎŜǎ ŀƴŘ 

confer a toroidal shape to the viral genome [4]. The capsid consists of 162 capsomers arranged in a T=16 

icosahedral symmetry and an intermediate layer organized in a T=4 lattice. The outer and the intermediate 

layers are organized so that channels along their icosahedral twofold axes coincide, forming a direct 

pathway and potential channel between the DNA layer and the exterior of the virion [4, 8]. The outer shell 

of the capsid is composed of four viral proteins, VP5 (UL19), VP26 (UL35), VP23 (UL18), and VP19C (UL38). 

The nucleocapsid occupy an eccentric position: on one side (the proximal pole), it is close to the envelope; 

on the other side (the distal pole), it is separated by 30 to 35 nm of tegument. The capsid occupy about 

one-third of the volume enclosed in the envelope [7]. The tegument is largely unstructured and it appears 

to consist of a reticulum of particulate density. Some tegument components appear polymeric; some 

cellular filaments resembling actin were incorporated [7]. Tegument is composed of at least 20 viral 

proteins, among which the most notable are VP16 (UL48) the virion transactivator protein, the virion host 

shut-off (VHS) protein (UL41), VP1-2 (UL36) a very large protein. Highly purified HSV virions contain also 

cellular and selected viral gene transcripts [4]. The envelope consists of a lipid bilayer with approximately 

11 different viral glycoproteins (gB, gC, gD, gE, gG, gH, gI, gJ, gK, gL and gM) embedded in it and the copy 

number of each glycoprotein can well exceed 1,000 per virion. HSV acquires the envelope lipids from its 

host, but the process by which HSV acquires its lipid envelope has given rise to disputes. Some studies 
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suggested that virion lipids are similar to those of cytoplasmic membranes and different from those of 

nuclear membranes of uninfected cells [9]. The envelope acquisition and the subsequent viral egress have 

been proposed to follow different mechanisms [10]: a) single nuclear envelopment model, b) the dual 

envelopment pathway (de-envelopment-re-envelopment pathway), c) single cytoplasmatic envelopment. 

Currently, the third mechanism is the most popular model of HSV maturation and exit. The envelope 

surface contains numerous spikes, which are arranged in a non-random way: they usually are few and 

scattered at the proximal pole and densely packed around the distal pole. This distribution could reflect 

functional associations such as local clustering of glycoproteins which have to make contact with several 

receptors during cell entry [11]. 

 

Fig. 1.2: Structure of HSV1 virion. A) Schematic representation of HSV-1 virion and its component: the viral circular dsDNA 

genome,the icosahedral capsid, the amorphous tegument, the external envelope containing glycoproteins (dreamstime.com). B-C 

Segmented surface rendering of a single virion tomogram. B) Virion outer surface with glycoproteins (yellow) protruding from the 

membrane (blue). C) Virion section. The capsid (light blue), the tegument (orange) and the envelope (blue and yellow). Scale bar, 

100 nm [7].. 

 

1.4.2 HSV-1 genome organization 

The HSV-1 genome, enclosed in the nucleocapsid, is linear, double stranded DNA wrapped as a toroid or 

spool [12]. In vivo, the HSV-1 genome can assume at least three different conformation: linear, circular, and 

concatemeric. In the virion, genome is linear, but circularizes rapidly in the absence of protein synthesis 

after it enters the nuclei of infected cells [12, 13]. Complete sequencing of the HSV-1 genome described the 

genome as 152,261 bp, with a G+C content of 68%.  

The HSV-1 genome consists of two unique sequences covalently joined, designated as UL (long) and US 

(short); each region is flanked by inverted repeats: the repeats of the L component are designated ab and 

ō ŀ Σ while ǘƘƻǎŜ ƻŦ ǘƘŜ { ŎƻƳǇƻƴŜƴǘ ŀǊŜ ŀ Ŏ  ŀƴŘ ŎŀΦ ¢ƘŜ ƴǳƳōŜǊ ƻŦ ŀ ǎŜǉǳŜƴŎŜ ǊŜǇŜŀǘǎ ŀǘ ǘƘŜ [-S junction 

A B C 
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and at the L terminus is variable and their sequences are highly conserved. The HSV genome can then be 

represented as: 

aL an b ς UL - ō ŀ Ƴ Ŏ - US ς c aS 

where aL and aS contain direct repeats [10]. In the viral genome there are three origins of replication: oriL 

located in UL, and two copies of oriS located in the flanking region of US.  

The HSV-1 genome undergoes inversions that result from recombination events mediated by the viral DNA 

replication machinery. These events generate four genomic isomers with L and S sequences inverted 

relative to one another (prototype) in equimolar amounts [10, 14]. Herpes simplex virus DNA contains 

about 90 unique transcriptional units, at least 84 encode proteins, several stable non coding RNAs and 

miRNAs [15]. The majority of herpesvirus genes contain: a promoter region 50 to 200 bp upstream of a 

¢!¢! ōƻȄΣ ŀ ǘǊŀƴǎŎǊƛǇǘƛƻƴ ƛƴƛǘƛŀǘƛƻƴ ǎƛǘŜ нл ǘƻ нр ōǇ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ¢!¢! ōƻȄΣ ŀ рΩ untranslated leader 

sequence of 30 to 300 bp, a single major open reading frame (ORF) with a translation initiation codon 

ƳŜŜǘƛƴƎ ǘƘŜ Ƙƻǎǘ ǊŜǉǳƛǊŜƳŜƴǘ ŦƻǊ ŜŦŦƛŎƛŜƴǘ ƛƴƛǘƛŀǘƛƻƴΣ мл ǘƻ ол ōǇ ƻŦ оΩ untranslated sequence, and a 

polyadenylation signal with standard flanking sequences. Each viral transcript encodes a single protein with 

three known exceptions (ORF P - ORF O, UL26, UL3)Φ aŀƴȅ ŎƭǳǎǘŜǊǎ ƻŦ ǘǊŀƴǎŎǊƛǇǘƛƻƴŀƭ ǳƴƛǘǎ ŀǊŜ о  ŎƻǘŜǊƳƛƴŀƭ 

(arranged either head-to head, head-to-tail, or tail-to-tail). Several examples exist of transcriptional units 

wholly embedded in the coding sequence contained in the larger transcript. Some of the expressed ORFs 

are antisense to each other, few of the transcripts accumulating in infected cells arise as a consequence of 

splicing of RNA and several transcripts appear not to encode proteins (latency associated transcripts - LAT) 

[10]. 

 

1.4.3 Functional organization of HSV genome  

HSV-1 genes are divided into three kinetic classes, expressed sequentially: ʰ or immediate early; ̡  or early 

and ɹ  or late (Fig. 1.3).  

The h  genes map near the termini of the L and S components, ǿƛǘƘ ǘƘŜ ŜȄŎŜǇǘƛƻƴ ƻŦ ʰл ŀƴŘ ʰпΣ ǿƘƛŎƘ ƳŀǇ 

within the inverted repeats of the L and S components, respectively. Immediate early genes are expressed 

shortly after infection, approximately from 2 to 4 hours post infection. It is not required prior protein 

synthesis, but it is necessary the viral tegument protein VP16, which promotes h genes transcription: in the 

nucleus VP16 interacts with host cell octamer binding protein 1 (Oct1) and host cell factor (HCF1) at the 

GnTAATGArTTC response ŜƭŜƳŜƴǘ ƛƴ ǘƘŜ ǇǊƻƳƻǘŜǊǎ ƻŦ ʰ genes. Moreover, the VP16/Oct1/HCF1 complex 

recruits the lysine specific demethylase 1 (LSD1), belonging to the dynamic repressor complex 

CoREST/REST, allowing the transcription initiation of h  genes [16]. The h  genes encode six proteins 
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designated as infected cell protein (ICP) ICP0, ICP4, ICP22, ICP27, ICP47 and US1.5. They subvert the cellular 

machinery by inhibiting transcription, immune response (block of interferon pathway), RNA splicing, RNA 

transport out of the nucleus and protein synthesis. Futhermore some of the immediate early gene promote 

the transcription of ̡  and ɹ  genes, facilitating the transition from cellular to viral gene expression. 

 ̡ and  ɹ genes are distributed in UL and US sequences, with the exception of ICP34.5, located in the 

repeated sequences flanking the L component. The expression of the ̡  genes takes place from 4 to 8 hours 

post infection and requires at least the presence of functional ICP4, which acts both as a repressor and as a 

transactivator. The ʲ genes encode proteins involved in replication of the viral DNA and nucleotide 

metabolism and they can be divided into two subgroups: 1̡ and ̡ нΦ 1̡ genes are expressed within a short 

time after, ƻǊ ŀƭƳƻǎǘ ŎƻƴŎǳǊǊŜƴǘƭȅ ǿƛǘƘΣ ǘƘŜ ƻƴǎŜǘ ƻŦ ǎȅƴǘƘŜǎƛǎ ƻŦ ʰ ǇǊƻǘŜƛƴǎ όŦƻǊ ŜȄŜƳǇƭŜ ICP8, UL29, single 

strand binding protein and ICP6, UL39, the large subunit of ribonucleotide reductase). The ̡2 genes are 

expressed later after h  protein synthesis and are exemplified by UL23 encoding TK. Other essential ̡  genes 

are UL30, UL42, UL52, UL9, UL8 and UL5 which encode proteins of the helicaseςprimase complex and DNA 

polymerase. Most of ̡  proteins localize to the nucleus and assemble onto the parental viral DNA molecules 

in structures called prereplicative sites located near ND10 bodies, dynamic structures consisting of a large 

number of proteins [16]. Prereplicative sites attract a variety of histones, histone-modifying enzymes, 

coactivators and corepressors and then they develop in the replication compartment. 

The ɹ  genes expression occurs after viral DNA synthesis has started and their expression is enhanced by 

viral DNA synthesis. They are subgrouped into 1ɹ genes, early/late or leaky late, and ɹ 2 genes, late or true 

late. The difference between ʲн and 1ɹ genes is that inhibitors of DNA synthesis reduce 1ɹ but not 2̡ gene 

expression. The ɹ  genes encode structural proteins of mature virions and tegument components. 1ɹ genes 

(ICP5, glycoproteins gB, gD and ICP34.5) are expressed early in infection and are stimulated by viral DNA 

synthesis whereas the ɹ2 genes (UL44, glycoproteins gC, UL41, UL36, UL38 and UL11) are expressed late in 

infection and are not expressed in the presence of effective concentrations of viral DNA synthesis 

inhibitors. 
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Fig. 1.3: Schematic representation of the regulation of HSV gene expression. A) white arrows: events that turn gene expression 

άƻƴέΤ ōƭŀŎƪ ŀǊǊƻǿǎΥ ŜǾŜƴǘǎ ǘƘŀǘ ǘǳǊƴ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦŦΦ όмύ ±tмс - ʰ¢LC ǎǘƛƳǳƭŀǘŜǎ ʰ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ όнύ ʰ ǇǊƻǘŜƛƴǎ ŀǳǘƻǊŜƎǳƭŀǘŜ ʰ 

ƎŜƴŜǎ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ όоύ ǎǘƛƳǳƭŀǘŜ ǘǊŀƴǎŎǊƛǇǘƛƻƴ ƻŦ ʲ ƎŜƴŜΦ όпύ ʰ ŀƴŘ ʲ ǇǊƻǘŜƛƴǎ turn on ʴ ƎŜƴŜǎ transcriptionΦ όрύ [ŀǘŜ ƛƴŦŜŎǘƛƻƴΣ ʴ 

ǇǊƻǘŜƛƴǎ ǘǳǊƴ ƻŦŦ ʰ ŀƴŘ ʲ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ. B) HSV replication in host cell. 

 

1.4.4 Brief overview of virus replication, assembly and egress 

To initiate infection, the virus must attach receptors on the cell surface. Fusion of the envelope with the 

plasma membrane rapidly follows the initial attachment. HSV can follow two pathways to enter cells: 1) 

binding to cell membrane receptors, followed by fusion at the plasma membrane; 2) endocytosis of the 

enveloped capsid and receptor-dependent fusion of the enveloped virus with the membranes of the 

endocytic vesicle [17]. The de-enveloped tegument-capsid structure is released into the cytoplasm and 

then transported to the nuclear pores, taking advantage of the cellular microtubule network, where DNA is 

released into the nucleus and it is circularized; in this compartment viral genome is transcribed, replicated 

and new capsids are assembled. The viral DNA is transcribed by host RNA polymerase II with the 

participation of viral factors at all stages of infection. The synthesis of viral gene products are tightly 

regulated as described in the previous section. !ŦǘŜǊ ʰ ŀƴŘ ʲ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴΣ ¦[ф ōƛƴŘǎ ǘƻ ǎǇŜŎƛŦƛŎ 

elements in either oriL or oriS and begins to unwind the viral DNA (Fig. 1.4). Then UL9 recruits the ssDNA 

binding protein ICP8 to unwound portion of viral DNA and this complex recruit to replication forks the 

remaining five proteins essential for the viral replication: the helicase-primase complex of three proteins, 

UL5, UL8, and UL52, viral DNA polymerase catalytic subunit (UL30) and its processivity factor (UL42). The 

helicase-primase and viral DNA polymerase complexes assemble at each replication fork and initiate theta 

form replication. Through an unknown mechanism, replication switches from theta form to the rolling circle 

form. The rolling circle replication forms long head-tail concatamers of viral DNA, which become cleaved 

into individual units during packaging of viral DNA into capsid [10]. 

A B 
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Assembly occurs in several stages. After the ʴ ŎŀǇǎƛŘ ǇǊƻǘŜƛƴ ǎȅƴǘƘŜǎƛǎ, the capsid assembly occurs in the 

infected cell nucleus. At the initial stages, VP5, the major capsid protein, VP26, located on the outer tips of 

hexons, and VP23, a triplex protein, are located in the cytoplasm. Other two viral proteins, pre VP22, a 

scaffolding protein, and VP19C participate in this process. When the complex enters the nucleus, the capsid 

proteins are added as hexons and pentons to form a partial capsid together with scaffolding proteins. First, 

there is the assembly of empty shells containing an internal scaffolding, then, during DNA encapsidation, 

the scaffold is lost in a process that requires HSV DNA concatemer cleavage into monomers and their 

packaging. The viral DNA has signals for cleavage and packaging, located in the a sequences, named pac1 

and pac2. The assembled capsid can then proceed to the egress from the cell. 

 
Fig. 1.4: Schematic representation of the HSV genome replication in the nucleus. UL9 binds to ori sequences and begins to unwind 

the viral DNA with the ssDNA binding protein ICP8; the complex recruit to replication forks the helicase-primase complex UL5, UL8, 

and UL52, viral DNA polymerase catalytic subunit UL30 and its processivity factor UL42. The rolling circle replication forms long 

head-tail concatamers of viral DNA 

 

The maturation by addition of viral and cellular tegument proteins and the final envelopment occurs in the 

cytosol. Thus, herpesvirus nucleocapsids have to cross the nuclear envelope. Intranuclear herpesvirus 

capsids display a diameter of c.125 nm, which is too large to cross through intact nuclear pores. Two 

models of virus exit have been proposed (Fig. 1.5):  

- the single envelopment model: virions acquire an envelope by budding of intranuclear capsids at the inner 

nuclear membrane followed by lumenal transport of these enveloped particles through the endoplasmic 

reticulum and the secretory pathway to the cell surface for release; 

- the envelopment - de-envelopment - re-envelopment pathway: intranuclear capsids acquire a (primary) 

envelope by budding at the inner nuclear membrane, resulting in the formation of primary enveloped 

virions residing in the perinuclear space; their envelope fuses with the outer nuclear membrane (de-
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envelopment), thus releasing the nucleocapsid into the cytoplasm for further maturation, like the 

acquisition of the tegument; finally, virions undergo a secondary envelopment (re-envelopment) by 

nucleocapsid budding into a trans-Golgi compartment, or trans-Golgi network, or into an endosomal 

compartment. 

 
Fig. 1.5: Schematic representation of the two alternative pathways of herpes virus egress. On the left, the single envelopment 

pathway, on the right the envelopment - de-envelopment - re-envelopment model. 

 

1.4.5 Latency 

In neuronal cells, HSV-1 virions can either start lytic replication or enter the latent state. Latently infected 

neuronal cells remain alive, and HSV-1 latency lasts for lifetime. In neuronal cells the viral genome is 

maintained in episomal form, bound to histones: it is maintained in a repressed state with the exception of 

the latency-associated transcripts (LATs) and a set of microRNAs (miRNAs) derived from LAT or its precursor 

RNA, and no replicating virus is observed [16]. LAT gene is localized within the inverted repeat component 

that brackets the unique long segment. It is transcribed in an 8.3 kb precursor present at low copy (minor 

LATs) which, upon splicing, generates a series of stable non polyadenylated RNAs (major LATs, 2 kb and 1,5 

kb in size) that accumulate at high levels in the nucleus [18]. LATs and miRNAs have a role in the 

maintenance of latency but not in its onset. No viral product expressed from LAT has been identified nor its 

role in HSV-м ƭŀǘŜƴŎȅΦ CƻǊ ǘƘŜǎŜ ǊŜŀǎƻƴǎ [!¢ Ƙŀǎ ōŜŜƴ ǇǊƻǇƻǎŜŘ ǘƻ άǇǊƻǘŜŎǘέ ƴŜǳǊƻƴǎ ŦǊƻƳ ŀǇƻǇǘƻǎƛǎ. In 

latently infected cells VP16/HCF1 complex is not translocated to the nucleus, preventing the transcription 

of viral genes. Several lines of evidence show that HDAC-1 or HDAC-2/CoREST/LSD1/REST repressor 

complex have a role in silencing HSV DNA in neurons. 
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1.5 Entry of Herpes Simplex Virus 1 

Entry in the host cell is a critical step in the HSV life cycle and it determines the tropism and pathology of 

each member of the herpesvirus family. Unlike smaller enveloped viruses, which possess only one or two 

fusion glycoproteins, HSV-1 encodes a multipartite entry machinery with distinct and specialized 

glycoproteins (gB, gC, gD, gH/gL), which act as ligands for receptors on the surface of the target cell; the 

complexity of this system prevents the indiscriminate activation of the fusion apparatus [19]. HSV enters 

cells by fusion of the envelope with the plasma or endocytic membranes. Membrane fusion is an 

energetically unfavorable and not spontaneus process. According to the stalk hypothesis of fusion, a highly 

curved bridge must form between the two bilayers for fusion to occur; following a local membrane 

bending, which creates a first site of contact: the monolayer rupture allows mixing of lipids, which develops 

in a hemifusion stalk. Subsequently, the radial expansion of the stalk leads to fusion pore formation, whose 

enlargement leads to complete fusion [20]. In virus entry, glycoproteins called fusion proteins provide the 

energy necessary for membrane deformation and bending. Upon appropriate triggering, the fusion protein 

interacts with the target membrane through a hydrophobic fusion peptide and undergoes a conformational 

change that drives the membrane fusion reaction. 

The entry route of HSV differs from cell to cell, and it is the cell which is primarily responsible to choose the 

entry pathway for the virus and it routes HSV to the appropriate site on the cell membrane. For example, 

ʰǾ̡о-integrin, an epithelial cell integrin, routes HSV virions to cholesterol-rich rafts (lipid rafts); this 

pathway of entry requires dynamin2, proceeds to acidic endosomes, and is independent of caveolin [21]. 

The process of viral entry consists of four steps: attachment, recognition of cellular receptor by a viral 

glycoprotein, triggering of fusion and fusion execution. 

The first interaction between the virus and the cell plasma membrane is represented by the binding of gC 

and gB to glycosaminoglycans (GAGs) portions of heparan sulfate (HS) or chondroitin sulphate [22, 23]. 

Heparan sulfate is a member of the glycosaminoglycan family of carbohydrates, closely related in structure 

to heparin, and widely distributed on cell surfaces in mammals, which consists of a repeating disaccharide 

unit, expecially glucuronic acid (GlcA) linked to N-acetylglucosamine (GlcNAc), variably sulfated. HSV 

infectivity is enhanced by the non-essential binding with heparan sulfate, and even if this binding is not 

specific, it helps to create multiple point of adhesion, concentrating virions at the cell surface; moreover 

this binding is reversible, since the detached virus is still infectious [19]. 

The role of glycoprotein C is to increase the efficiency of virus binding by approximately 10 fold and to 

confer greater efficiency for virus attachment to cell surfaces; gC is not essential for either virus entry or 

replication and if absent its function can be carried out by gB. 

Attachment to the host cell may take place at filopodia-like membrane protrusions: in some cellular types, 

HSV-1 virions induce the formation of these actin-rich structures, in a process in which proteins of the Rho 
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GTPase family are involved, and virions are transported to the cell surface. This extracellular transport of 

ǾƛǊƛƻƴǎ ƛǎ ŎŀƭƭŜŘ άǎǳǊŦƛƴƎέ ŀƴŘ Ǝ. ǎŜŜƳǎ ǘƻ ǊŜƎǳƭŀǘŜ ƛǘΣ ŀǎ ƛǘ ōƛƴŘǎ ǘƻ ǘƘŜ ƘŜǇŀǊŀƴ ǎǳƭŦŀǘŜ ŜȄǇƻǎŜŘ ƻƴ ǘƘŜ 

filopodia, allowing the travel of virions to the cellular body. Although not essential, viral surfing increases 

infection efficacy by directing the virus to regions of cell membrane regions enriched in receptors, where 

gD can act [24]. 

gD interacts with at least three alternative receptors: nectin-1, herpesvirus entry mediator (HVEM or HveA, 

herpesvirus entry mediator A) and O-sulphated (3-O-S) moieties of HS (Fig. 1.6). These receptors are 

expressed in a wide variety of human cell types and tissues [25] and gD, after viral attachment, binds one of 

its specific receptors in an irreversible manner to initiate the fusion process. It is possible that the ability of 

HSV-1 to bind alternative receptors could explain the capacity of this virus to entry into a wide range of 

different cell types. 

gD exibits a similar affinity to nectin-1 and HVEM (10-6 M), thus this property can not be considered 

discriminating for the preferential use of a receptor or another [26]. Probably the availability of multiple 

receptors allows the virus to increase the chance of a successful infection and spread in the human host. 

The binding of gD to one of its receptor induces a conformational change to gD, which triggers the fusion 

process [25] by recruiting the other three essential glycoproteins, gB, gH, gL. The fusion with the plasma 

membrane or endocytic vesicle of the target cell is executed by the three glycoproteins, which constitute 

the conserved fusion machinery across the herpesvirus family. There is an extensive literature about gH/gL 

and gB glycoproteins, their role in fusion execution and reciprocal interactions. For a long period, gH has 

been considered a potential HSV-1 fusogen, but its crystal structure reveals no homology with any known 

fusion proteins [27]; even the structure of gB has been solved and, unlike gH, it exhibits a considerable 

homology to gG, the vesicular stomatitis virus (VSV) fusogen, and to viral fusion glycoproteins in general 

[28, 29]. Considering the structure of the gH/gL complex, it is probable that gH/gL may activate gB for 

fusion rather than execute directly the fusion, but how the two glycoprotein cooperate is still unclear [28]. 

On this basis, given the number of proteins involved in the entry pathway, it is clear that a fine 

communication is necessary among all the glycoproteins. 
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Fig. 1.6: Schematic drawing of HSV entry. Entry can occur either by endocytosis (left), or by fusion at the plasma membrane (right). 

Following attachment to cells, gD binds to a cellular receptor (1), and after a conformational change it recruits the gB, gH and gL in 

an active fusogenic complex (2), that executes the fusion between viral envelope and cellular plasma membrane (3). The 

nucleocapsids are transported to the nucleus (4, 9). Bound virions can also enter cells by endocytosis (5). Following 

acidification/maturation of the endocytic vesicles, it occurs the formation of a fusogenic complex (6), followed by membrane fusion 

(7). Finally nucleocapsids are transported to the nucleus (8, 9) [30]. 

 

1.5.1 Viral glycoproteins and cellular receptors involved in attachment and entry 

Glycoprotein C and Heparan sulphate 

¢ƘŜ ¦[пп ʴ ƎŜƴŜ ŜƴŎƻŘŜǎ Ǝlycoprotein C (gC), a 511 aa mucin-type glycoprotein, N- and O-glycosilated [31]. 

gC contains a 25 aa signal sequence at the N-terminus, a 453 aa extracellular domain, a 23 aa 

transmembrane anchoring domain and a short 10 aa C-terminal cytoplasmatic tail. As anticipated above, gC 

is the major actor during viral attachment, since it facilitates the adsorption of virions into cells by binding 

to heparan sulphaǘŜΩǎ ƎƭȅŎƻǎŀƳƳƛƴƻƎƭȅŎŀƴǎ ƻǊ ǘƻ ŎƘƻƴŘǊƻƛǘƛƴ ǎǳƭǇƘŀǘŜ [30]. Although gC is dispensable for 

the infection of cultured cells, its presence can increase the efficiency of virus binding about 10-fold, at 

least for HSV-1, so its main function seems to be the concentration of the virus on cell surfaces, enabling 

the more stable interaction of gD with an entry receptor. gC has long and slender projections, which are the 

most externally exposed structures of the virion [32]. gC role is confirmed by the fact that monoclonal 

antibodies for gB, gD, and gH inhibited HSV-1 penetration but had little or no effect on attachment; 

moreover, virions deleted of these glycoproteins are defective in penetration but bind to cells normally. 

Other property of gC is its ability to bind the C3b component of the complement and, in the context of the 

immune response, gC is a major viral antigen which elicits a strong humoral and cellular immune response 

[33]. 
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Glycoprotein D and its receptors: nectin, HVEM, 3-O-S - HS 

¢ƘŜ ¦{с ʴ ƎŜƴŜ ŜƴŎƻŘŜs a 394 aa precursor to glycoprotein D, which consists of a 25 aa signal peptide, a 

long 315 aa ectodoamin containing three glycosylation sites, 6 cysteine residues that form three disulfide 

bonds (Cys66 - Cys189, Cys106 - Cys202, and Cys118 - Cys127) and three N-linked oligosaccharide 

attachment sites, a 22 aa transmembrane domain, and a 32 aa C terminal cytoplasmic domain [34] (Fig. 1.7 

A). gD has a key role in viral entry: it is the viral ligand for all known HSV-1 entry receptors and the main 

determinant of viral tropism [35], and consequently it is absolutely required for virus entry and virus-

induced cell-to-cell fusion. Recent studies show that the interaction of gD with its receptors is not only 

required to activate the fusion machinery but, in some cell types, also to direct the virus to the endocytic 

pathway [36]. 

The receptors of HSV-1 gD are HVEM, nectin-1, nectin-2, and 3-O-sulphated heparan sulphate, and it has 

been demonstrated that cells expressing this glycoprotein are resistant to HSV infection in a dose-

dependent manner due to the saturation of the corresponding entry receptor [37] (Fig. 7B). 

The structure of gD has been solved both for gD alone, encompassing amino acids up to 259, and for gD 

bound to HVEM (up to aa 285 of gD) and nectin-1 (up to aa 285 of gD) [38-40] and this permitted a 

significant progress in our understanding of HSV entry. 

The ectodomain of gD is required and sufficient to enable HSV entry into cells and structural studies show 

that it is composed of three regions with peculiar structural and functional characteristics: the N-terminal 

(res 1-37), carrying the receptor-binding sites, the central core (res 56-184), and the C-terminal carrying the 

pro-fusion domain [41] (Fig. 7C). 

The N-terminal extension contains all the contact residues to HVEM and is disordered and flexible in the 

crystals of gD alone, but in the complex gD-HVEM it forms a haƛǊǇƛƴ ƭƻƻǇ ŀƴŘ ŀƴ ƛƴǘŜǊƳƻƭŜŎǳƭŀǊ ʲ-sheet, 

which is believed to stabilize the complex (Fig. 7D). Furthermore the first 32 amino acids are involved in 

binding 3-OS-HS but are dispensable for nectin-1 binding [42]. 

¢ƘŜ ŎƻǊŜ ŀǎǎǳƳŜǎ ŀƴ LƳƳǳƴƻƎƭƻōǳƭƛƴ ±ŀǊƛŀōƭŜ όLƎ±ύ ŦƻƭŘ ŀƴŘ ƛǎ ƳŀŘŜ ƻŦ ʲ-strands forming two antiparallel 

-̡sheets with an unconventional disulfide-bonding patterns [38]Φ Lǘ ƛǎ ŦƻƭƭƻǿŜŘ ōȅ ŀ ƘŜƭƛȄ όʰ-helix 3) of 17 aa 

and a long flexible proline rich region. 

The Ig core of gD seems to function as a scaffold, necessary to connect the functional C- and N-terminal 

regions: codons 61ς218 do not encode executable functions required for viral entry into cells [35], and 

substitution of this region with a heterologous protein, such as a scFv to HER2, does not impair the 

functionality of the protein [43]. 

The pro-fusion domain (PFD), localized in the C-terminus of the ectodomain (res 250/260-310), is involved 

in triggering the membrane fusion and in the interaction with other viral glycoproteins [41]. PFD is 

responsible for ǘƘŜ άǎǿƛǘŎƘ-ƻƴέ ƳŜŎƘŀƴƛǎƳ ǘƘŀǘ ŀƭƭƻǿǎ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ǘƘŜ ǾƛǊƛƻƴ ƴŜŀǊ ǘƘŜ ŎŜƭƭ ǎǳǊŦŀŎŜ ŀƴŘ ƛǎ 
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essential for virus entry, as a matter of fact insertions or deletions in this region impair infection and cell-

cell fusion and among the soluble form of gD only gD285 and gD306 are able to rescue the infectivity of a 

gD null virus whereas gD260 is not able. In the gD-receptor complex the PFD domain has a flexible 

conformation, while in unbound gD it folds back around the core towards the N-terminus, in an auto-

inhibited conformation [19]. This is also confirmed by the observation that the deletion of the C-terminal 

domain of gD increases the receptor affinity of the glycoprotein, compared to the full length molecule [39]. 

Concerning residues involved in Nectin-1 binding, the recent gD/Nectin-1 solved structure permitted to 

identify the contact region between the two molecules and show key residues (Y38, H39, Q132, D215, 

L220, P221, R222, F223) that make contact with the receptor [39] (Fig. 7E). 

From the superimposition of crystal structure of gD with its receptors, it can be observed that in the 

complex gD/HVEM the residues involved in gD-nectin1 binding are hidden [39]; moreover soluble forms of 

each receptor can block virus entry mediated by the other receptor [44], so it is very probable that the two 

receptors interfere among themselves in the binding with gD. 
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Fig.1.7: Structure of HSV-1 glycoprotein gD. A) Schematic representation of domains in mature gD. The colors are the same in 

panel A, C and D [Campadelli, 2007]. B) 3D structure of gD and its receptors HVEM and Nectin-1 [45]. C) Crystal structure of 

unbound gD ectodomain, where HVEM binding site (green) is unstructured. D) Crystal structure of gD/HVEM (light blue) complex; 

the N-terminal region of gD forms a hairpin that contacts the receptor; in this representation, critical residues for nectin-1 binding 

are represented as brown space fill (V34, Y38, D215, R222, F223), while arrows point to the contact residues to HVEM (Q27, L25). E) 

Surface representation of gD that shows the interface with nectin-мΣ ŎƻƭƻǊŜŘ ƛƴ ōƭǳŜ ŀƴŘ ƳŀƎŜƴǘŀΤ Ƴǳǘŀǘƛƻƴ ƻŦ άōƭǳŜέ ŀƴŘ 

άƳŀƎŜƴǘŀέ residues affects nectin-1 binding; most of the contacts involve residues from the gD C terminal extension and, Y38 and 

Q27 from the N-terminal extension [39]. 
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Nectins: Nectins are immunoglobulin (Ig)-like Ca2+ dependent cell adhesion molecules (CAMs) expressed in 

different cell types, like epithelial cells, neurons and fibroblast, and involved in a lot of cellular activities like 

cell-cell adhesion and polarization, differentiation, movement, proliferation and survival. It has been 

identified four distinct nectins, numbered from 1 to 4, which have two or three splicing variants indicated 

with Greek letters [30]. Originally nectin1 and nectin-2 were isolated as poliovirus receptor-related proteins 

and were called PRR1 and PRR2 respectively; only later it was observed their involvement as receptors for 

HSV, and so they were renamed HveC and HveB. Nectins form homo-cis-dimers on the plasma membranes 

and trans-dimers with nectins present on the adjacent cell. 

Almost all nectins have an extracellular region with one Ig V-like domain, two C-like Ig domains and 8 

potential sites for N-linked oligosaccharides, a single transmembrane region, and a cytoplasmatic tail 

region, that contains a conserved motif involved in the binding of the filamentous (F)-actin binding protein 

afadin [46]. The binding afadin ς nectin is not necessary for nectin dimerization, but links nectins to the 

actin cytoskeleton and activates signalling pathways that involve several extracellular and intracellular 

factors like small GTPases (Ras, Rac, CDC42) [46]. 

From the crystal structure of gD bound to nectin-1 (Fig. 1.8) it was observed that the binding site of gD 

extends from aa 1 to 250, requiring exclusively the ʲ sheets of the Ig V-like domain of the receptor [39]. 

Phe129 is a key residue in nectin-1, sƛƴŎŜ ƛǘ ǇǊƻǘǊǳŘŜǎ ƛƴǘƻ ŀ ǇƻŎƪŜǘ ŦƻǊƳŜŘ ōȅ ǊŜǎƛŘǳŜ ŦǊƻƳ ǘƘŜ ƭƻƴƎ ʰо-

helix of gD and the side chain of Phe223, and the destruction of this interaction with mutation of Phe129 to 

alanine prevents nectin-1 binding to gD and HSV entry. 

The crystal structure of the complex gD/nectin-1 highlighted similarities between this heterodimer and the 

structures of nectin-1 dimer, in particular it can be observed that gD contacts many of the same residues 

involved in nectin-1 dimerization, demonstrating that gD binding impairs normal cellular conformation of 

nectin-1 and thus interferes with its role in mediated cell adhesion. 

In the context of viral entry, particularly interesting is the connection between nectin-1 and integrin: 

recently it has been observed the ability of ǘƘŜ ŜǇƛǘƘŜƭƛŀƭκŜƴŘƻǘƘŜƭƛŀƭ ʰǾʲо-integrin to relocalize the nectin-

1 receptor to cholesterol-rich microdomains, platforms for a number of Toll-like receptors, independently 

by HSV-м ƛƴŦŜŎǘƛƻƴΦ Lƴ ǘƘƛǎ ǿŀȅΣ ʰǾʲо-integrin acts as the cellular factor that routes HSV to the acidic 

endosomal pathway, and moreover the presence of TLRs in these membrane regions opens the way to a 

ǇƻǎǎƛōƭŜ ƛƴǾƻƭǾŜƳŜƴǘ ƻŦ ʰǾʲо ƛƴ ǘƘŜ ƛƴƴŀǘŜ ƛƳƳǳƴƛǘȅ [21, 47]. 
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Fig. 1.8: Structure of the gD/nectin-1 complex. A) Schematic representation of human nectin-1 and HSV-1 gD. N-glycosylation sites 

are drawn as lollipops, signals peptides as white boxes, the transmembrane domains as hatched boxes; arrowheads indicate the 

location of truncations for production of soluble proteins. B) Ribbon representation of the gD/nectin-1 complex. Dotted lines 

represents unsolved loops [39]. 

 

HVEM: HVEM, or Herpes virus entry mediator A (HveA), was identified as a HSV receptor and subsequently 

was classified as a novel member of the tumor necrosis factor receptor (TNFR) superfamily [48], which 

groups signaling molecules involved in the regulation of cellular process like cell proliferation, 

differentiation and apoptosis, cytokine release, and expression of cell surface activation markers [30, 49]. 

Binding to HVEM triggers the signal and thanks to the cytoplasmic tail, which interacts with several 

members of the TRAF family (TNFR-associated factor), it leads to the activation of NF- Bˁ, Jun N-terminal 

kinase, and AP-1 [50]. HVEM is expressed in several cultured cell line, but mainly in cells of the immune 

system, in particular in activated T-lymphocytes [30, 48]. HVEM binds wild-type gD. The affinity of the 

binding is of the same order of magnitude as that of nectin1/gD binding, and the interaction requires the 

same region of gD, i.e., the first 250 residues, or longer [51]. The structure of HVEM is very similar to that of 

other members of the TNFR family (Fig. 1.9): it consists of an ectodomain with four typical cystein-rich 

domains (CRD) of ӱ40 residues each and a cytoplasmic tail with signaling activity [38]. CRD 1 and 2 are 

involved in the contact with gD, in particular CRD 1, whose residues 35-37 form intermolecular antiparallel 

-̡sheet with gD [38]. A monoclonal antibody that binds CRD1 blocks gD ς HVEM interaction, but thanks to 

systematic structure-based mutagenesis approach 17 residues in CRD 1 and 4 in CRD 2 were observed in 
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the interface between the two protein, and their mutation abolish the HVEM binding to gD and its function 

as an HSV -1 receptor [52, 53]. 

 

 

Fig.1.9: Linear structure of HVEM/HveA. Diagram of full-length HVEM, with indicated the positions of N-glycosylation sites 

(lollipops), transmembrane regions (TM), the four cystein rich domains (CRD), and the sites of truncation (arrows) [52]. 

 

3-O-sulfated Heparan sulfate: 3-O-sulfated heparan sulfates (3-OS HS) are polysaccharides, containing 

specific sulfated motifs added by a D-glucosaminyl 3-O sulfotransferases (3-OSTs) on heparan sulfates (Fig. 

1.10). 3-O-sulphates are rare substitutions in heparan sulphate, generated by at least six 3-OSTs isoforms 

identified in humans and mice, some of which are broadly expressed in cells of different origins and tissues, 

while others are expressed mainly in the brain, or in the skeletal muscle [54]. 

Heparan sulphate are expressed in a great variety of cell types, but although they are used in the 

attachment by both HSV-1 and HSV-2, only HSV-1 can bind to the distinct modification sites on 3-OS HS, 

and this aspects could explain some of the differences in cell tropism exhibited by the two viruses [55]. 

 
Fig. 1.10: Chemical structure of 3-O-sulfated Heparan Sulfate. Heparan Sulfate disaccharide comprising a hexuronic acid 

(glucuronic acid or iduronic acid) and glucosamine; the site target of HS 3-O-sulfotransferases activity is indicated in red [56]. 

 
Glycoproteins gH/gL 

¢ƘŜ ʴ ƎŜƴŜǎ ¦[нн ŀƴŘ ¦[м ŜƴŎƻŘŜǎ ǊŜǎǇŜŎǘƛǾŜƭȅ ƎƭȅŎƻǇǊƻǘŜƛƴ I όƎIύ ŀƴŘ ƎƭȅŎƻǇǊƻǘŜƛƴ [ (gL). gH is a type I 

membrane glycoprotein of 838 aa containing an 18 aa signal peptide, a long 785 aa ectodomain, a single 21 

aa transmembrane hydrophobic domain close to the C-terminus, and a 14 aa C-terminal cytoplasmic tail. gL 

is a 224 aa protein with a 25 aa signal peptide, but it does not contain a transmembrane domain, as a 

matter of fact it is not an integral membrane protein, but it is associated to the membrane and 

incorporated into virus particles thanks to the interaction with gH [57]; specifically they form a stable 1:1 

complex. 

In transfected cells, in the absence of gL, gH polypeptide is neither folded nor processed correctly, it 

remains in the endoplasmic reticulum and undergoes self-aggregation [58, 59]. Similarly, cells infected with 
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a gL-null virus do not produce virions containing gH. The heterodimer gH/gL is highly conserved among 

Herpesviridae, it is essential for efficient viral entry and cell fusion, as its deletion produced non-infectious 

progeny and abolished cellςcell fusion [27, 60], but these virions are still able to attach to the cell surface. 

Numerous neutralizing antibodies directed to gH have been isolated and in infection their use blocks virus 

entry but not the binding to the host cell surface [61]. 

Recently the crystal structure of the complex gH/gL of HSV-2 has been resolved (Fig. 1.11)Υ ƛǘ Ƙŀǎ ŀ άōƻƻǘ 

ƭƛƪŜέ ŎƻƴŦƻǊƳŀǘƛƻƴ ŀƴŘ ƛǘ ƛǎ ŎƻƳǇƻǎŜŘ ƻŦ ǘƘǊŜŜ ŘƻƳŀƛƴǎ [27]. Domain H1 (res 49-327), in the upper part of 

the boot, is divided in two subdomains (H1A and H1B) connected by a short linker and it is the site of 

contact with gL. The central domain H2 (res 332-644) is globular, consist mainly of 13 alpha helices and 

corresponds to the terminal part of the boot. The C-terminal domain H3 (res 645-797) is located at the toe 

end of the boot and it is a 10-ǎǘǊŀƴŘŜŘ ʲ-sandwich, with five strands for each part, from which extend many 

loops. gL has not a regular conformation, in fact only 30% of the protein has a secondary structure, which 

ƛƴŎƭǳŘŜǎ ǘƘǊŜŜ ƘŜƭƛŎŜǎ ŀƴŘ ǘǿƻ ʲ ǎƘŜŜǘǎΤ ƳƻǊŜƻǾŜǊ Ǝ[ Ŏƻƴǘŀƛƴǎ ǘǿƻ ŘƛǎǳƭŦƛŘŜ ōƻƴŘǎ ŜǎǎŜƴǘƛŀƭ ŦƻǊ ŦƻƭŘƛƴƎ ŀƴŘ 

function of the complex. 

Even if gL is necessary for the correct folding and trafficking of gH, it cannot be considered a chaperone 

protein, because it remains associated to gH also after its maturation. It seems that gL acts as a scaffolding 

protein for gH, interacting widely with its H1 domain, and so it was proposed that gH and gL need each 

other to stabilize their conformation. 

Before gH/gL crystal was solved, it was proposed that this eterodimer could acts as a fusogen, since it 

contains structural elements associated wƛǘƘ ƳŜƳōǊŀƴŜ ŦǳǎƛƻƴΣ ǎǇŜŎƛŦƛŎŀƭƭȅ ŀ ƘȅŘǊƻǇƘƻōƛŎ ʰ-helix 1 (res 

377-397) with properties typical of a fusion peptide and two heptad repeats with propensity to form a 

ŎƻƛƭŜŘ ŎƻƛƭΦ !ŎǊƻǎǎ ǘƘŜ IŜǊǇŜǎǾƛǊƛŘŀŜ ŦŀƳƛƭȅ ʰ-helix 1 is positionally conserved in all the gH orthologs, it is 

able to interact with biological membranes and to convert a soluble gD (gD 1-260) into a membrane-bound 

glycoprotein, it can be replaced by fusion peptides derived from glycoproteins of unrelated viruses [62], 

ŀƴŘ Ŧƛƴŀƭƭȅ ŀ ǇŜǇǘƛŘŜ ǿƛǘƘ ǘƘŜ ǎŜǉǳŜƴŎŜ ƻŦ ʰ-helix 1 induces fusion of liposomes [63, 64]. Two heptad 

repeats are capable to interact with each other and to form coiled coils, moreover synthetic peptides 

homologous to them inhibit virus infection if present during virus entry into the cell [62-64]. 

According the crystal structure of HSV-2 eterodimer, gH/gL do not resemble any known viral fusogen; in 

ŀŘŘƛǘƛƻƴ ǘƘŜ ǇǳǘŀǘƛǾŜ Ŧǳǎƛƻƴ ǇŜǇǘƛŘŜǎ ŀǊŜ ōǳǊƛŜŘ ƘŜƭƛŎŜǎ ƻǊ ʲ-hairpins that take part in the formation of 

multistranded sheets, and their removal would affect complex stability. So it has been proposed that gB is 

the real fusogen and the complex gH/gL behaves as a positive regulator which coordinates the transition of 

gB into its fusion active state [27]. Since gL binds a region of gH around the hydrophobic -hhelix, the role of 

gL in the eterodimer could be the shielding of the hydrophobic sequence of gH, allowing gH water solubility 

[62]. 
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Several studies have been carried out to research a possible receptor for gH/gL, since indirect evidences 

suggest that it could exist, but it has not yet been found. For example, it was observed that CHO cells, 

which transiently overexpress some integrƛƴǎΣ ƛƴ ǇŀǊǘƛŎǳƭŀǊ ʰǾʲо ƛƴǘŜƎǊƛƴΣ ōŜǘǘŜǊ ŀŘƘŜǊŜ ǘƻ ǇƭŀǎǘƛŎ ǿŜƭƭǎ 

functionalized with a soluble form of gH/gL [65]. However other data show that the interaction gH/gL - 

integrin is not critical since mutagenesis of the RGD motif present in gH did not alter virus entry and cell 

fusion [21, 66]. Despite this, there are multiple indirect evidences that gH/gL interacts with a cell surface 

related protein(s), not necessarily ŀƴ ʰǾʲо ƛƴǘŜƎǊƛƴΣ ŀƴŘ ǘƘŀǘ ǘƘƛǎ ƛƴǘŜǊŀŎǘƛƻƴ ƛǎ ŎǊƛǘƛŎŀƭ ŦƻǊ ŜƴǘǊȅ ŀƴŘ Ŧǳǎƛƻƴ 

of HSV-1 [21]. 

 

Fig. 1.11: Structure of HSV-2 gH/gL complex. A) Schematic representation of gH and gL domains, dashed lines represent unsolved 

structures, gH domains are in green (H1), yellow (H2) and red (H3), and gL is blue. B) Ribbon diagram of gH/gL showing disordered 

segments (dotted lines), sugars (gray), cysteins and disulfide bonds (yellow spheres and red sticks) [Chowdary, 2010 ς gH/L crystal]. 

 
Glycoprotein B and itǎ ǊŜŎŜǇǘƻǊǎΥ tL[wʰΣ a!D ŀƴŘ baI/-IIA 

¢ƘŜ ʴ ƎŜƴŜ ¦[нт encodes glycoprotein B (gB), a 904 amino acid trimeric protein, highly conserved across all 

subfamilies of herpesviruses. gB is one of the essential glycoproteins in HSV entry and it is involved both in 

the attachment of the virus to the cellular membrane through the interaction with heparan sulphate, and in 
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the fusion of the virus with the host membranes, in a process that requires also gH and gL; moreover gB has 

an anti-fusion activity, which is located in the cytoplasmic tail. The gB binding site for heparan sulphate is 

located between aa 68-76, but this glycoprotein is also able to interact with other receptors. The first 

ŜǾƛŘŜƴŎŜ ƻŦ ǘƘŜ ŜȄƛǎǘŜƴŎŜ ƻŦ ǎǇŜŎƛŦƛŎ Ǝ. ǊŜŎŜǇǘƻǊǎ ŎƻƳŜǎ ŦǊƻƳ /ƻƘŜƴΩǎ ƭŀōƻǊŀǘƻǊȅΣ where it was observed 

that a soluble form of gB binds to cells lacking heparan sulphate and this binding inhibits HSV-1 infection in 

some cell lines [67]. Currently, three gB receptors have been identified: the paired immunoglobulin like-

type 2 receptor (PILR a), the myelin-associated glycoprotein (MAG), the non muscle myosin heavy chain IIA 

(NMHC-IIA). 

HSV-1 gB is a homotrimeric type I membrane glycoprotein and consists of a wide ectodomain of 696 amino 

acids, the longest among HSV-1 glycoproteins and N-glycosylated at multiple sites, a transmembrane of 69 

aa and a cytoplasmatic tail of 109 aa [28]. The cytoplasmatic tail is involved in the negative regulation of the 

fusogenic process, specifically through the activity of two alpha helices, containing two endocytosis 

domains, named YTQV 889-892 and LL871; mutation or deletion of the two alpha helices cause an increase 

of fusion assay efficiency and the appearance of a syn phenotype due to a block in gB internalization.  

From the analysis of gB crystal structure it results a remarkable homology with the postfusion conformation 

of protein G from vescicular stomatitis virus (VSV) [29], suggesting the involvement of gB in the fusion 

process. Although neither HSV-1 gB nor VSV gG show a canonical fusion peptide, both glycoproteins are 

able to trigger the fusion between viral and cellular membranes and this suggested that the two proteins 

may represent a novel class of fusion glycoproteins [28, 29]. 

Three gB protomers (residues 103ς730) create a trimeric spike, which is stabilized by several points of 

contact, in particular are present 10 cysteins residues that create 5 disulfide intramolecular bonds [28]. 

Each subunit of the trimer consists of five domain (named I, II, III, IV, V) (Fig. 1.12). 

Domain I (res 154-осоύΣ ǘƘŜ άōŀǎŜέΣ ƛǎ ŀ Ŏƻƴǘƛƴǳƻǳǎ ǇƻƭȅǇŜǇǘƛŘŜ ŎƘŀƛƴΣ ǿƘƛŎƘ Ƙŀǎ ǘƘŜ ŦƻƭŘ ǘȅǇƛŎŀƭ ƻŦ ŀ 

ǇƭŜŎƪǎǘǊƛƴ ƘƻƳƻƭƻƎȅ όtIύ ŘƻƳŀƛƴΣ ǘƘŀǘ ƛǎ ŀ ʲ ǎŀƴŘǿƛŎƘ ŎƻƳǇƻǎŜŘ ƻŦ ǘǿƻ ƴŜŀǊƭȅ ƻǊǘƘƻƎƻƴŀƭ ʲ ǎƘŜŜǘǎΣ 

followed by a long loop and a short helix that covers oƴŜ ƻǇŜƴƛƴƎ ƻŦ ǘƘŜ ʲ ǎŀƴŘǿƛŎƘΦ Lǘ ƛǎ ŀ ǘȅǇƛŎŀƭ ŘƻƳŀƛƴ 

presents in proteins of the cytoplasmic signaling pathways that bind phosphoinositide and peptide; the 

fundamental role of domain I is stressed by the observation that monoclonal antibodies against it are able 

to block HSV-1 entry [68]Φ 5ƻƳŀƛƴ LLΣ ǘƘŜ άƳƛŘŘƭŜέΣ ƛǎ ŎƻƳǇƻǎŜŘ ƻŦ ǘǿƻ ŘƛǎŎƻƴǘƛƴǳƻǳǎ ŦǊŀƎƳŜƴǘǎ όмпн-153 

and 364-459), that forms a six-ǎǘǊŀƴŘ ʲ ōŀǊǊŜƭ ǎƛƳƛƭŀǊ ǘƻ ŀ ǇƭŜŎƪǎǘǊƛƴ ƘƻƳƻƭƻƎȅ ŘƻƳŀƛƴΦ 5ƻƳŀƛƴ LLLΣ ǘƘŜ 

άŎƻǊŜέΣ Ŏƻƴǘŀƛƴǎ ǘƘǊŜŜ Řƛscontinuous segments (117-133, 500-572 and 661-669) and in particular it has a 

long h  helix of 44 residues that oligomerizes and forms the central coiled-coil with the other protomers. 

5ƻƳŀƛƴ L±Σ ǘƘŜ άŎǊƻǿƴέΣ ŎƻƳǇǊƛǎŜǎ ǘǿƻ ŘƛǎŎƻƴǘƛƴǳƻǳǎ ǎŜƎƳŜƴǘǎ όǊŜǎ ммм-116, 573-660) linked by a 

disulfide bond, its structure is not similar to other known structure, and it is fully exposed on top of the 

trimeric complex. 5ƻƳŀƛƴ ±Σ ǘƘŜ άŀǊƳέ όǊŜǎΦстл-725), is a long extension that stretches from top to bottom 
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of each monomer and it adjusts into the groove between the core domains of the two adjacent protomers, 

contributing to the stability of the trimer [28]. 

Numerous lines of evidences support the view that gB could have an essential role in cell-cell fusion: first of 

all gB deletion mutant virus produces non-infectious particles which present a post-attachment defect, 

particular mutations in gB C terminus cause a syncytial phenotype, moreover antibodies to gB have a 

neutralizing activity and finally gB is necessary in the cell-cell fusion assay, along gD, gH and gL [30]. Initially, 

thanks to mutational studies, temperature sensitive mutants for viral growth and mutants resistance to 

antibodies with high neutralizing activity were identified and they allowed to define functional domains in 

the gB ectodomain, involved in the execution of fusion [69]. However, it was only the determination of gB 

crystal structure that allowed the recognition of single residues or continuous regions which reside on the 

trimer surface, on the lateral faces of the spike or on the tip of the crown [28]. In particular, there are three 

ƭƻƴƎ ŎŜƴǘǊŀƭ ʰ-helices, like class I fusion proteins, and two loops, residues 173 ς 179 and 258 ς 265, that are 

structurally homologous to the fusion loops of VSV G and class II fusion proteins, with three essential 

residues (W174, Y179, A261) identified through structure-based mutagenesis [70]. 

tL[wʰΥ Paired immunoglobulin-ƭƛƪŜ ǘȅǇŜ н ʰ ƛǎ ŀ ŎŜƭƭ-surface receptor expressed by immune cells, belonging 

ǘƻ ǘƘŜ άǇŀƛǊŜŘ ǊŜŎŜǇǘƻǊέ ŦŀƳƛƭȅΣ ŀ ƎǊƻǳǇ ƻŦ ƘƛƎƘ ǊŜƭŀǘŜŘ ǊŜŎŜǇǘƻǊǎΣ ǿƘŜǊŜƛƴ ŀ ǊŜŎŜǇǘƻǊ ǇǊŜǎŜƴǘǎ ƛƴƘƛōƛǘƻǊȅ 

functions, while the other activating ones. PILR genes are present in most mammals and play an important 

ǊƻƭŜ ƛƴ ǘƘŜ ǊŜƎǳƭŀǘƛƻƴ ƻŦ ƛƳƳǳƴŜ ŎŜƭƭΣ ƛƴ ǇŀǊǘƛŎǳƭŀǊ tL[wʰ exerts an inhibitory signaling activity, carried out 

by its cytoplasmatic domain, that contains an immunoreceptor tyrosine-based inhibition motif (ITIM) [71]. 

¢ƘŜ ƛƴǘŜǊŀŎǘƛƻƴ ƻŦ tL[wʰ ǿƛǘƘ Ǝ. ƳŜŘƛŀǘŜǎ I{±-1 infection, antibodies anti-tL[wʰ ƘŀǾŜ ŀƴ ƛƴƘƛōƛǘƻǊȅ ŀŎǘƛǾƛǘy 

on HSV-1 infection of monocytes, but the only gB-tL[wʰ ƛƴǘŜǊŀŎǘƛƻƴΣ ƛƴ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ Ǝ5-HVEM binding, is 

ƴƻǘ ǎǳŦŦƛŎƛŜƴǘ ǘƻ ƳŜŘƛŀǘŜ ƳŜƳōǊŀƴŜ ŦǳǎƛƻƴΦ !ŎŎƻǊŘƛƴƎƭȅΣ tL[wʰ ōŜƘŀǾŜǎ ŀǎ ŀƴ ƛƴŘƛǎǇŜƴǎŀōƭŜ Ŏƻ-receptor for 

HSV-1 entry [71]. 

MAG: myelin-associated glycoprotein is a cell-surface protein that is expressed in neural tissues, 

particularly on myelin sheath, and is involved in the regulation of axonal growth. It has been observed that 

MAG is able to associate with VZV - gB and HSV-1 ς gB, it can enhance HSV-1 infection and promote cell-cell 

fusion when coexpressed with VZV gB and gH/gL. Therefore, it can be inferred that MAG is involved in the 

fusion of neurotrophic herpesviruses HSV-1 and VZV with cell membrane, in particular of neural tissue [72]. 

NMHC-IIA: non-muscle myosin heavy chain IIA, is a subunit of non-muscle myosin IIA (NM-IIA), an ATP 

powered motor protein, localized in the cytoplasm and expressed in several human tissues and cell types, 

that participates in the movement of actin filaments and in the regulation of cell shape, cell adhesion, 

vesicular traffic and cytokinesis. In the first step of virus-cell interaction, it was observed a rapid induction 

of NMHC-IIA expression on cell surface. NMHC-IIA can interact with gB and function as an entry receptor 

for HSV-1: its overexpression in a cell line resistant to HSV-1 makes these cells susceptible to herpes 

infection, viceversa knockdown of NMHC-IIA in permissive cells inhibited HSV-1 entry and cell-cell fusion 
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assay. Furthermore, the treatment of susceptible cells with antibody anti ς NMHC-IIA blocks HSV-1 

infection and the use of a specific inhibitor of myosin light chain kinase, which regulate NM-IIA 

redistribution, reduced NMHC-IIA movement and also HSV-1 entry [73]. So, the ubiquitously expressed 

non-muscle myosin heavy chain IIA can acts as a functional HSV-1 entry receptor that mediates HSV-1 

infectivity. 

 
Fig. 1.12: Structure of HSV-1 gB. A) Schematic representation of gB domains. B) Ribbon diagram of a gB protomer, where each 

domain is colored as in A. C) gB trimer. D) Molecular surface of gB trimer, that shows the accessible area of the complex [28]. 

 

1.6 Innate Immunity 

In vertebrates, immune systems is distinguished in adaptive and innate immunity: the first relies on clonally 

expanded T and B lymphocytes which express antigen-specific receptors, which are generated by gene 

rearrangements and hyper mutations; the second is evolutionally conserved, is the first line of defense 

utilized from organisms in the protection from invading microbial pathogens and is also critical in eliciting 

the adaptive response. 

Both the innate and the adaptive immune systems participate in the immunological control of 

herpesviruses: in the adaptive immune response CD8+ T cells have a crucial role, while in the innate 

antiviral immune response, type I interferons (IFNs) and natural killer (NK) cells are essential in the 

containment of herpesvirus infections. Eukaryotic cells are equipped with receptors that sense the 
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presence of HSV virion, or some of its products, and initiate a signaling activity which culminates in the cell 

innate immune response [74]. 

IFNs are involved in the maturation of DCs: they increase the expression of costimulatory molecules, like 

CD80, CD86 and CD40, and antigen presentation through histocompatibility complex class I, which in 

addition promotes cross-presentation of viral antigens. Furthermore chemokines and antigen-specific CD8+ 

T cell responses are induced by type I interferon, and they lead to the stimulation and recruitment of 

lymphocytes and monocytes to the site of inflammation. So in general, type I interferons can alter 

ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǘƘŜ ŎŜƭƭ ǘƻ ŜǎǘŀōƭƛǎƘ ŀƴ άŀƴǘƛǾƛǊŀƭ ǎǘŀǘŜέ ōȅ ǘƘŜ ǳǇǊŜƎǳƭŀǘƛƻƴ of hundreds of effector molecules 

that directly influence protein synthesis, cell growth and survival. 

In the innate response to HSV it is possible to distinguish two temporal waves: the first immediate response 

activates NF- Bˁ and other lines of defense within a few minutes after infection and it requires only the 

interaction with virion components, since it can be triggered by UV-inactivated viruses [75-78]; the second 

wave of NF- Bˁ activation is more sustained, it takes place later, as it requires viral gene products [79-83]. 

The signaling activity is mediated by Pattern recognition receptors (PRRs) which sense pathogens by 

detection of pathogen-associated molecular patterns (PAMPs) [84], for example virion proteins, viral 

genomic DNA, or double-stranded viral RNAs. It can be distinguished PRRs on the plasma membrane and 

intracellular PRRs (Fig. 1.13): Toll-like receptors (TLRs), membrane-bound receptors localized in the plasma 

membrane and endosomal compartments; RIG-I-like receptors (RLRs), retinoic acid-inducible gene I (RIG-I) 

and melanoma differentiation-associated gene 5 (MDA5), intracellular PRRs which detecǘ р  ǘǊƛǇƘƻǎǇƘŀǘŜ-

panhandle RNA and higher order RNA structures, respectively; five intracellular DNA sensing proteins that 

is DNA-dependent activator of IFN-regulatory factors (DAI; also known as ZBP1), absent in melanoma 2 

(AIM2), RNA polymerase III, leucine-rich repeat flightless-ƛƴǘŜǊŀŎǘƛƴƎ ǇǊƻǘŜƛƴ м ό[wwCLtмύ ŀƴŘ LCbʴ-inducible 

protein 16 (IFI16) [74]. 

All TLRs and intracellular nucleic acid sensors, except AIM2, induce intracellular signalling pathways that 

lead to the expression of proteins with pro-inflammatory and microbicidal activities, including cytokines 

ŀƴŘ ǘȅǇŜ L LCbǎ όLCbʰ ŀƴŘ LCbʲύ [84]. The PRRs mediated activation of the transcription factors nuclear 

factor-ˁ. όbC-ˁ.ύ ŀƴŘ ŀŎǘƛǾŀǘƻǊ ǇǊƻǘŜƛƴ м ό!tмύ ǎǘƛƳǳƭŀǘŜǎ ǘƘŜ ǇǊƻ-inflammatory responses; IFN regulatory 

factor (IRF) family members (IRF3 and IRF7) ŀǊŜ ƛƴǾƻƭǾŜŘ ƛƴ ǘƘŜ ƛƴŘǳŎǘƛƻƴ ƻŦ LCbʰ ŜȄǇǊŜǎǎƛƻƴΣ ŀƴŘ LCbʲ 

expression requires IRFs and NF-ˁ.Φ !Laн ŀŎǘƛǾŀǘŜǎ ǘƘŜ ƛƴŦƭŀƳƳŀǎƻƳŜΣ ŀ ƭŀǊƎŜ ƳǳƭǘƛǇǊƻǘŜƛƴ ŎƻƳǇƭŜȄ ǘƘŀǘ 

stimulates a proteolytic caspase 1-dependent pathway that cleaves pro-interleukin-мʲ όǇǊƻ-IL-мʲύ ŀƴŘ ǇǊƻ-

IL-18 into the mature bioactive pro-inflammatory cytokines. 

It can be observed a substantial overlap between the downstream activities stimulated by PRRs so that 

some of the pathways that lead to IFN activation also drive activation of other cytokines and cell death. 

 

1.6.1 Pattern Recognition Receptor involved in Herpesviruses recognition 
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The herpes virion is sensed by multiple pattern recognition receptor: TLR2, located in the plasma 

membrane, at or around cholesterol-rich membrane microdomains, is the first line of defense and 

recognizes proteic or lipidic PAMPs; TLR9, in endosomes, mainly in plasmacytoid cells, and a series of 

cytoplasmatic receptors, specifically DAI, DHX9, DHX36, AIM2 and IFI16, are able to recognize double-

stranded DNA; TLR3 present in endosomes, and MDA5 in the cytoplasm, are able to sense viral RNA (Fig. 

13). 

 

Fig. 1.13: Innate immune recognition by herpesviruses. Schematic representation of the cell with the known pattern recognition 

receptors (PRRs) involved in the recognition of herpesviruses and in the activation of the innate immune response [74]. 

 

Toll-like receptors 

Toll-like receptors (TLRs) are the first discovered and best characterized PRRs; TLRs are transmembrane 

proteins located either at the plasma membrane or in endosomes, where they recognize hydrophobic 

ƳƻƭŜŎǳƭŜǎ ǎǳŎƘ ŀǎ ƭƛǇƛŘǎ ŀƴŘ ǇǊƻǘŜƛƴǎΣ ƻǊ ƴǳŎƭŜƛŎ ŀŎƛŘǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ƴŀƳŜ ά¢ƻƭƭ-ƭƛƪŜέ ŘŜǊƛǾŜǎ ŦǊƻƳ ǘƘŜ 

structural and functional homology of these receptor to Toll, an essential receptor of Drosophila innate 

immunity, involved in host defense against fungal infection [85]. TLR4 was the first mammalian homolog of 

the Toll receptor discovered [86]; after that, several proteins structurally related to TLR4 were identified in 

mammals and actually they are grouped in a large family consisting of at least 11 members, and among 

these TLR1-9 are conserved between human and mouse [87]. 

Although the broadest repertoire and the highest levels of expression of TLRs have been observed in 

phagocytic cells such as macrophages, neutrophils, and dendritic cells, it seems that the majority of cells in 

the organism express at least a subset of TLRs [88]. 
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TLRs are type 1 transmembrane proteins with an ectodomain, a single transmembrane domain, and a 

cytoplasmatic signaling domain. Several leucine-rich repeats (LRRs), that probably are the key elements in 

the interaction with microbes or microbial components, compose the ectodomain of TLRs. 

Microbial recognition of TLRs promotes their dimerization, and this triggers activation of signaling 

pathways, which originate from a cytoplasmic domain. The cytoplasmic region of TLRs, required for 

initiating intracellular signaling, is termed Toll/IL-1 receptor (TIR) domain because of the high homology to 

that of the IL-1 receptor family. By contrast, the extracellular domain of the two family of receptors are 

unrelated, with TLRs bearing leucine-rich repeats (LRRs), while IL-1 receptors presents an immunoglobulin-

like domain [87]. LLRs are hypothesized to directly interact with microbes or microbial components and the 

binding of TLRs with their PAMPs recruits citoplasmatic adaptors, that transmit the signal through a series 

of signaling events which culminates in the induction of inflammatory cytokines such as tumor necrosis 

ŦŀŎǘƻǊ ό¢bCύʰΣ L[-6, IL-1b, IL-мнΣ ŀƴŘ ǘȅǇŜ L LCb ό LCb ʰ ŀƴŘ LCb ʲύΦ 

Furthermore, TLRs signaling participates in the dendritic cells (DCs) maturation inducing the upregulation of 

costimulatory molecules on these specialized antigen-presenting cells. This process links innate and 

adaptive immunity, since DC maturation is an essential step in the induction of pathogen-specific adaptive 

immune responses [89]. 

All TLRs activate conserved pro-inflammatory pathways, which culminate in the activation of NF- Bˁ and 

activating protein-1 (AP-1). NF- Bˁ is a dimeric transcription factor that belongs to the Rel-homology 

domain-containing protein family, and in most types of cells the prototypical NF- Bˁ contains p65 and p50 

subunits. In the inactive state, NF- Bˁ is located in the cytoplasm in association with I.ˁʰΣ ŀƴ ƛƴƘƛōƛǘƻǊ 

protein; the activation of TLR2 leads to the phosphorylation of IKK (IBˁ kinase), the trimeric complex of 

LYYʰΣ LYYʲΣ ŀƴŘ ǘƘŜ ǊŜƎǳƭŀǘƻǊȅ ǎǳōǳƴƛǘ LYYʴ, also named NEMO, which in turn phosphorylates I.ˁʰ ŀǘ ǎŜǊƛƴŜ 

residues and promotes its ubiquitination and proteasomal degradation by the 26S proteasome, with the 

subsequent release of the RelA-p50 dimer. This transcriptional factor is translocated to the nucleus where it 

regulates the transcription of NF- Bˁ-responsive genes, in particular, cytokines, like IFN,̡ and chemokines 

[90]. 

AP-1 is a dimeric complex of basic region leucine zipper (bZIP) proteins that belongs to the Jun, Fos, 

activating transcription factor (ATF) and the Maf subfamily, which recognizes either 12-O-

tetradecanoylphorbol-13-acetate (TPA) response elements or cAMP-response elements, and regulates a 

wide range of cellular processes, like cell proliferation, death, survival and differentiation [91]. Many TRL 

ligands activate MAP kinases, such as c-Jun N-terminal kinase (JNK), p38 and extracellular signal regulated 

kinase (ERK), which in turn stimulate AP-1, and in particular c-Jun, that is one of the main characters in the 

inflammatory response. 

TIR-domain-containing cytosolic adapters interact in a TIR-domain-dependent manner with TLR, thus 

starting intracellular signaling; the principal adapters are myeloid differentiation primary response protein 
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88 (MyD88), TIR domain-containing adapter protein (TIRAP)/Mal, TIR domain-containing adapter inducing 

IFN̡  (Trif) (also known as TICAM1) and Trif-related adapter molecule (TRAM) (also known as TICAM2). 

Among these factor, MyD88 is recruited by almost all TLRs and is a key factor in the control of inflammatory 

responses. MyD88 association with TLRs leads to the recruitment of IRAK (interleukin-1 receptor associated 

kinase) family proteins, specifically IRAK1 and IRAK2, which present a serine/threonine protein kinase 

activity, and IRAK4 and IRAK-M, that negatively regulate TLR-mediated signaling. Phosphorylation of IRAK 

proteins allows their dissociation from MyD88, and consequent activation of tumor necrosis factor 

receptor-associated factor 6 (TRAF6), an E3 ubiquitin ligases, which in turn activates transforming growth 

factor-b-activated protein kinase 1 (TAK1), in a ubiquitin-dependent manner. TAK1, which is a member of 

the MAP kinase kinase kinase (MAP3K) family, forms a complex with TAB1, TAB2 and TAB3, and this 

interaction stimulates its kinase activity, thus TAK1 phosphorylates the IKK complex with the final activation 

of NF- Bˁ [90]. In TLR2 and TLR4 signaling mediated by MyD88, TIRAP/Mal is also required as an additional 

adapter. 

Unlike the other TLRs, TLR3 signaling is not mediated by MyD88, but uses the adapter Trif; its C-terminal 

region contains Rip homotypic interaction motif (RHIM), which mediates interaction with members of the 

receptor interacting protein (RIP) family [92]. From studies on RHIM and RIP1, it was possible to infer that 

in TLR3 signaling TrifςRIP1 interactions are responsible for NF- Bˁ activation. Moreover, Trif can interact 

with TRAF6 at the level of its N-terminal region, that contains typical TRAF6-binding domains, and even this 

interaction can lead to the NF- Bˁ activation. Therefore, both TrifςRIP1 and TrifςTRAF6 pathways are able to 

converge at the IKK complex and to induce NF- Bˁ [90]. 

In conclusion, TLR signaling occurs through two distinct pathway, a MyD88-dependent pathway and a 

MyD88-independent or TRIF-dependent pathway (Fig. 1.14). 
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Fig. 1.14: TLRs mediated signaling. TLR2 and TLR9 (not shown in this scheme) trigger the MyD88-dependent pathway of activation 

of NF- Bˁ; MyD88, associated with TIRAP, recruits TRAF6 and members of the IRAK family, then they activate TAK1, that in turn 

activates the IKK complex (LYYʰΣ LYYʲ and NEMO), which catalyzes the ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ LˁB proteins. The proteasome-dependent 

pathway ŘŜǎǘǊƻȅ LˁBs, leading to the release of NF- Bˁ (RelAςp50 heterodimer), that translocate into the nucleus (canonical 

pathway). TAK1 can also activate the MAPK pathway, with the consequent phosphorylation and activation of AP-1. NF- Bˁ and AP-1 

induce inflammatory cytokines triggering the inflammatory response. TLR3 interacts with TRIF, which recruits TRAF3, that in turn 

activate TBK1 and IKKi; these kinases mediate phosphorylation and dimerization of IRF3, which translocates into the nucleus and 

regulates gene transcription. Moreover, TRIF can interact with TRAF6 and RIP1, and so mediate NF- Bˁ activation. 

 

TLR2 is mainly expressed by myeloid cells and recognizes a variety of microbial components, in particular 

lipoproteins, lipopeptides, peptidoglycan, glycolipids, lipopolysaccharide (LPS) from various bacterial and 

fungal pathogens [87]; this property of TLR2 can be explained by its capacity to functional cooperate with 

several receptors, which are either structurally related, like TRL1 and TLR6, or unrelated. 

TRL2, in complex with TLR1, is able to recognize HCMV, through the interaction with its glycoprotein gB and 

gH: gB and gH co-immunoprecipitate with TLR2 and TLR1, and antibodies specific for gB and gH block the 

inflammatory cytokine responses induced by the infection, both in model cell lines and in permissive 

human fibroblast [78, 93]. Regarding HSV-1, using both cell lines and animal model, it was observed that 

TLR2 mediates the inflammatory cytokine response to the virus [94-96]. Furthermore TLR2 partecipates in 

the inflammatory response to VZV infection [97] and it is involved in the activation of NF- Bˁ and chemokine 

response against EBV infection [98]. 

It is not clear how herpesviruses stimulate TLR2, but since this PRR recognizes hydrophobic PAMPs, such as 

lipopeptides, a plausible hypothesis is that TLR2 detects hydrophobic peptides in gH and gB or a lipid 

component exposed during viral entry [74]. The importance of TLR2 in host defense against herpesviruses is 
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not completely clear, because in mouse model both beneficial and deleterious effects have been observed; 

certainly a lack of TLR2 leads to impaired expression of cytokines and reduced activation of NK cells [95, 96, 

99]. In human, some genetic studies have pointed out the protective role of TLR2 during natural 

herpesvirus infections, suggesting the possible involvement of TLR in the control of HSV in latency [100, 

101]. 

TLR9 is an endosomal receptor for CpG unmethylated DNA, which are typical of bacteria, but very rare in 

vertebrates, where CpG motifs are highly methylated [102]. It can be distinguished two types of CpG DNA, 

A/D-type CpG DNA and B/K-type CpG DNA, which are structurally different, but both able to induce 

inflammatory cytokines such as IL-12 and TNF-a, even if with different efficiency, in a TLR9 dependent way. 

TLR9 activation is strongly influenced both by CpG content and level of methylation of the motif [103]. TLR9 

expression differs between human and mouse: in human it is expressed only in B cells and plasmacytoid 

DCs (pDCs), while in mice TLR9 can be find in a wide range of cell types [84]. The genomic DNA is probably 

the most potent immune-stimulating component of herpesvirus particles and TLR9 is able to recognize both 

alpha, and beta and gamma herpesviruses; this interaction leads to the activation of IRF7 [104], and results 

in expression of type I IFNs in human and mouse pDCs [105, 106]. Several animal studies have been 

performed and it results that TLR9 role in the immune response to herpesvirus is specialized but often 

redundant, and moreover the TLR9 dependent response becomes more active when pathogens reach 

lymphoid organs and blood, where pDCs are abundantly present [74]. 

TLR3 recognizes dsRNAs [107], which accumulate intracellularly with viral replication [108], and it is 

implicated in the identification of this structures during Herpesviruses infection. Consequently TLR3 

stimulates a signaling pathway mediated by TRIF/TICAM1 that stimulates IRF3 and NF-ˁ. ŀƴŘ finally leads 

to the synthesis of type I interferons (IFN-ʰκʲ) and other pro-inflammatory cytokines, which exert anti-viral 

and immunostimulatory activities. An example of viral dsRNA able to induce TLR3 is represented by the 

latency-associated EBV-encoded small RNAs (EBERs), which are non-polyadenylated, non-coding dsRNAs 

with stem-loop structures [109]; instead for alpha and beta Herpesviruses specific dsRNAs have not yet 

been characterized. TLR3 is constitutively expressed by numerous cell types, as well as epithelial cells and 

/5уʰҌ 5/ǎΣ ŀƴŘ ƳƻǊŜƻǾŜǊΣ ƛƴ Ƴƻǎǘ ŎŜƭƭ ǘȅǇŜǎΣ ƛǘǎ ŜȄǇǊŜǎǎƛƻƴ ƛǎ ǎǘǊƻƴƎƭȅ ƛƴŘǳŎŜŘ ōȅ ǘȅǇŜ L LCbǎ ŀƴŘ ǾƛǊŀƭ 

infections [110]Φ /5уʰҌ 5/ǎ ǇŀǊǘƛŎƛǇŀǘŜ ƛƴ ǘƘŜ ŎǊƻǎǎ-presentation of viral antigens, contributing to 

development of an efficient CD8+ T cell response against HSV-1. The mechanism that allows endosomal 

TLR3 to detect cytoplasmatic viral dsRNA is unknown, but it is assumed that phagocytosis of infected cells 

or autophagy could be involved [74]. In vivo studies support the hypothesis of an important role for TLR3 in 

stimulation of the adaptive immune response [111] and have confirmed its role in the IFN response to HSV-

1 [112]. 

 

Non-TLR receptors 
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In addition to TLRs, the organism avails itself of a set of intracellular cytoplasmatic PRRs involved exclusively 

in the recognition of nucleic acids, like RNA replication intermediates, but especially incoming genomic 

DNA, which have an important role in the activation of innate immune responses against herpesviruses. 

Regarding viral genomic DNA, it is not entirely clear how it could become accessible to PRRs, since it is 

enclosed in the viral capsid and delivered directly to the nucleus. While it is easier to understand how the 

presentation of viral DNA could occur in the endocytic pathway of entry, namely via degradation followed 

by translocation to the cytosol, the situation is not clear in the non-endocytic entry and it must be present 

an alternative way, that probably involves autophagy or proteasomal degradation of the nucleocapsid [74]. 

The signaling pathway linking cytosolic DNA sensors to final effector are still not entirely known: DNA 

sensing leads to the activation of TANK-binding kinase 1 (TBK1) and IRF3, that stimulates the production of 

type I IFNs and pro-inflammatory cytokines. TBK1 associates with DDX3, a DEAD box RNA helicase [113], 

and interacts with SEC5 (EXOC2), an exocyst protein, in a complex that includes the endoplasmic reticulum 

adaptor STING (stimulator of IFN genes), which has an essential role [114], but all the steps of this pathway 

of signaling are not defined. 

RNA. RIG-I like receptors (RLRs), similar to TLR3, are able to sense intracellular herpesvirus RNA; RIG-I is a 

DExD/H box RNA helicase that interacts with dsRNA through its helicase domain, and activates IRF3, NF- Bˁ 

and MAP kinases through a signaling activated by its CARD-like domains. For example, in EBV infected cells 

it has been observed the induction of IFNs and IL-10 triggered by EBERs and mediated by RIG-I [115, 116]. 

MDA5 is structurally similar to RIG-I, as a matter of fact it also presents a single helicase and two CARD-like 

domain. In primary human monocyte-derived macrophages, MDA5 and its adaptor protein mitochondrial 

antiviral signalling protein (MAVS) induce IFN responses following HSV-1 infection and production of 

replication-induced higher-order RNA structures [117]. 

Since RLRs are expressed by many cell types in the body and are also strongly induced by IFNs, these 

receptors could be involved in the recognition of herpesvirus in permissive cells, especially at later stages of 

infection, when their expression is upregulated; in this context, it is much more probable that RLRs 

contribute to the control of productive infections, rather than partecipate in the initial antiviral IFN 

response [74]. 

 

DNA. The ISG DAI (DNA-dependent activator of IFN-regulatory factors) was the first cytoplasmic DNA 

sensor to be identified able to activate IRF3 and promote type I IFN expression in response to HSV-1 and 

HCMV infection in vitro [118, 119]. 

DEAH box protein 9 (DHX9) and DHX36, which belong to the family of DExD/H box helicases, are able to 

recognize CpG-containing DNA in pDCs and to induce a signaling pathway MyD88 dependent which leads to 

the activation of NF-ˁ. ŀƴŘ LwCтΣ ŀƴŘ ǘƘŜ ŎƻƴǎŜǉǳŜƴǘ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǇǊƻ-inflammatorȅ ŎȅǘƻƪƛƴŜǎ ŀƴŘ LCbʰΣ 

after HSV-1 infection [120]. 
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AIM2, which belongs to the pyrin and HIN domain-containing protein family (PYHIN family), is another 

cytosolic dsDNA sensor that stimulates caspase 1 activation through inflammasomes. AIM2 binds DNA 

through its HIN domain and interact with ASC/PYCARD (apoptosis-associated speck-like protein containing 

a CARD) through pyrin domain and consequently recruits pro-caspase 1, which is activated and leads to the 

ƳŀǘǳǊŀǘƛƻƴ ƻŦ L[ мʲ ŀƴŘ L[ му [121]. 

IFI16, another PYHIN family protein, bound directly to isolated viral DNA motifs and stimulates the 

ŜȄǇǊŜǎǎƛƻƴ ƻŦ LCbʲ ŀƴŘ ǇǊƻ-inflammatory genes during HSV-1 infection [122]; IFI16 is present both in the 

nucleus and in the cytosol of the cell, so it is still not clear where exactly the DNA recognition takes place. 

Besides AIM2 and IFI16, other PYHIN family protein that recognize intracellular DNA have been identified 

and collectively are termed ALRs, AIM2-like receptors. 

 

1.6.2 Viral evasion of Innate Immunity 

Considering the numerous systems that the organism and the cell possess to counteract pathogens, viruses 

had to evolve strategies to modulate host cells, evade host immune response and finally establish infection. 

For herpesviruses, evasion from the innate immune system and its modulation are essential both to initiate 

replication and successfully colonize the host, since herpes are some of the larger viruses, present slow 

replication cycle and are able to establish latent infections, with periodic reactivations. 

Herpesviruses follow several ways to evade innate immune response: they can (I) avoid to be sensed by 

PRRs, or (II) block the action of these receptors, or still (III) inhibit the signaling pathway and gene 

expression that cells activate to counteract the infection. 

(I) HSV-1 UL41 gene encodes a structural tegument protein called vhs, virion host shut-off protein, that acts 

as an mRNA-specific RNase and triggers rapid shutoff of host cell protein synthesis, with the disruption of 

preexisting polyribosomes and degradation of viral and host mRNAs [123]. Moreover, with the destruction 

of viral RNA in the early stages of the infection, vhs is able to make less effective the activation of the TLR3 

and RLRs dependent RNA-sensing pathways in dendritic cells [124]. Another viral factor involved in the 

innate immune evasion is the HSV-1 ς encoded neurovirulence protein ICP34.5: it antagonizes the antiviral, 

interferon-inducible PKR signaling pathway and directly binds to the mammalian autophagy-inducing 

protein Beclin 1, inhibiting its function, and therefore contributing to viral neurovirulence. Through this 

mechanism, HSV-1 counteracts the delivery of PAMPs from the cytoplasm to the endosome and counteract 

the detection of viral nucleic acids by endosomal TLR3 and TLR9 [125]. 

(II) The inhibition of the activity of specific PRRs is a second possible strategy followed by viruses to evade 

innate immunity and it can be exemplified by ICP0 and pp65. 

ICP0 is one of the most studied HSV-1 proteins: it is an immediate early multifunctional protein able to 

enhances viral replication and to block chromatin silencing of viral lytic genes, it presents an E3 ubiquitin 
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ligase activity that promotes degradation of certain host proteins, such as promyelocytic leukemia (PML) in 

nuclear bodies, SUMO-1, and the catalytic subunit of DNA protein kinase [126]. In the context of evasion 

from innate immunity, ICP0 reduces the TLR2-mediated inflammatory response to HSV-1 infection, likely by 

promoting the degradation of MYD88 and MAL/TIRAP thanks to its E3 ligase activity [127]. Moreover there 

are several evidences that some herpesvirus protein are able to inhibit cytosolic DNA sensors like DAI, 

DHX9 and IFI16; one of these viral factors is the HCMV tegument protein pp65/UL83. It was already known 

the capacity of pp65 to inhibit virus-induced expression of ISGs [128, 129], but recently it was observed that 

UL83 directly interacts with IFI16, inhibiting the antiviral response mediated by this sensor [130], and that 

its deletion mitigate the virus activity in vivo [131]. The activity of MCMV M45 protein and HHV8 viral 

protein kinase (v-PK) are similar to the one of UL83: the RHIM-containing factor M45 disrupts the RHIM-

based DAIςRIP1/3 interaction and so blocks DAI signaling [132], while v-PK inhibits signaling activities of 

DHX9 by the direct interaction with the receptor [133]. 

(III) The third strategy adopted by viruses to evade innate immunity consists in the inhibition of signaling 

activated by PRRs and consequently of antiviral gene expression programs.  

The IRF-IFN pathway is targeted by all classes of herpesviruses, since type I IFNs plays a fundamental role in 

innate defense against herpesviruses. ICP0 participates even in this type of immune evasion: it is able to 

inhibit nuclear accumulation of IRF3 and induction of IFNs by degrading IRF3 or by sequestrating the 

complex IRF3-CBP/p300 [134, 135]. ICP27, another immediate early protein of HSV-1, binds the inhibitor of 

Bˁ (Iˁ Bh ύΣ ōƭƻŎƪǎ its phosphorylation and ubiquitination, and stabilizes this factor, and therefore in this way 

represses NF- Bˁ activity [136]. 

Particularly interesting is the strategy adopted by HHV8: its genome contains a cluster of ORFs with 

homology to the cellular transcription factors of the IRF family that encodes viral interferon regulatory 

factors (vIRF-1, vIRF-2 and vIRF-3). Among these viral proteins, vIRF-3, a 73 kDa protein homolog to cellular 

IRF-4 and vIRF-2, targets IRF-3, IRF-5 and IRF-7, avoids their DNA binding and accordingly down-regulates 

virus-mediated activation of IFN gene promoters and diminishes the early inflammatory response [137-

139]. 

In conclusion, the presence of so many and various strategies implemented by herpesviruses to evade 

innate immune system, stress the importance of this type of immunity in the control of herpesvirus 

infections (Fig. 1.15). 
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Fig. 1.15: Herpesvirus evasion of Innate immune system. Scheme of the viral proteins encoded by herpesvirues to evade from 

PRRs recognition. ICP34.5 and Vhs of HSV-1 prevent the recognition of viral nucleic acids; HSV-1 ICP0 inhibits TLR2 signalling by 

stimulating the degradation of TLR adaptor molecules; MCMV M45 protein inhibits the recruitment of RIP1 to DAI; HHV8 ORF45 

protein interacts with IRF7 and inhibits its nuclear translocation; several viral proteins, such as HHV8 v-IRF3, interact with NF-ˁ.Σ 

IRF3 and/or IRF7 and inhibit transcription of genes involved in the immune response [74]. 

 

1.7 Herpes as oncolytic agent 

Since the beginning of the nineteenth century, viruses have been taken into consideration as possible 

agents for tumor destruction. The use of viruses in the treatment of cancer originated from the observation 

that, occasionally, cancer patients who contracted an infectious disease went into brief periods of clinical 

remission. In particular in patients affected by leukemia, it was observed that contraction of influenza 

sometimes produced beneficial effects [140]. 

In the first clinical trials, body fluids containing human or animal viruses were used to transmit infections to 

cancer patients; most often the viruses had no effects on tumor growth, but sometimes, particularly in 

immunosuppressed patients, the persistence of the infection lead to tumors regression. In any case, 

morbidity due to the infection of normal tissues was too high. In 1950s and 1960s the advent of rodent 

models and the introduction of new methods for virus propagation permitted the first attempts to force 

the evolution of viruses with greater tumor specificity, but there was no great success. So, it occurred a 

near-abandonment of the fields in the 1970s and 1980s [141]. Thanks to advance in technology, in 












































































































