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1. Introduction

1.1  Brief history of Herpesviruses

Lesions caused by HSMave beendescribed in the ancient literature millennia agm particular
descriptions of genital lesions that resemble those caused by HSV were found in a Sumeriathiatblet
millennium B@and in the Ebers Papyru$500 BC)In the ancientGreece Hippocrates used the Greek

g2 NR @& KS NLIS Bsionsitt@ seBSté ¢ddeihod Gawl along the skiff. Herodotus wastie first to
descrbe an association betweedhe cutaneous lesionand fever caused by HSV, and Galen recognized that
recurrent HSV lesionsglevelg at the same anatomical location. During the 18tentury, Bateman
accurately described thg G dzZNB 2 F | { £+ A Yy TS Ol Aoeajized vasicles withNBStoid, NA& O G
seltlimitingO 2 dzNJ& S ¢

The first description athe link between HSV and thlygenital organavas reported bylohn Atruc, physician

for King LouiXIV, after studying the afflictions of French prostitytesy” DéKMorbi& Venereis 6 M T 0 ¢ U
During the late 19 and early 2€h century, human volunteers weraften used to test theransmission of
infectious agentsin this contextVidal showed that HSV was infectious by passing it froaman to another
(1873). Animal studies conducted by Gruttmonstrated that HSV could be transmitted from rabbit to
rabbit, andthe virology communit attributes to him the merit fothe isolation of HSY1924).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 irfestiagents 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 ayrean article 0f1939, Burnett and Williams
descriled the nature oflatency, noting that HSV seems to persist for life and can be reactivated under
stressful conditions to producdsible lesions.

The advent of culture protocols in the first part of the 50s led a big development in herpesvirology allowing
the isolation d other members of the human herpesvirus familly 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 70¢hat reduced the fataly of HSV encephalitis, but only with the discovery

of acyclovir there was a real therapeutic advance. In 1988GPrtrude Eliot, one of the pioneer in the
study of acyclovir, who demairated its mechanism of action, was awarded Nobel Prize in Phggialad
Medicine for his studies.

Thevaccines against herpesvirus have been of great interest since the e&rlyeB€ury but thei history

has been uncertaintwo vaccines have been evaluatémt prophylaxis and therapy, both based on Vira

glycoproteins and an adjuvanbut they gave difficult to interpret results sieir efficacy has still to be



proven.Herpes simplex viruses were the first of the human herpesviruses to be discovered and are among
the mostintensively investigated of allruses.

The beginning of moderresearch 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 particleBhis peiod was the golden age of research on HSV and led to
collection of a great amount of information on viral genes functions and -cells interaction.
Herpesviruses were useds models and tools for the study of translocation of proteisgnaptic
connectins 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 potential3¥f,Fas 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 areighly widespread in nature and several animal species are the natural host of at
least one of this virus; in particular in human nirepresvirus have been isolatedafile 1).

Table 1¢ Human Herpesvirusgg].

Designation vernacular name abbreviation | subfamily | genome genome

size (bp) accession no.

Human Herpes simplexirus 1 | HHV1 (HSWL) | h 152000 NC 00186

Herpesvirus 1

Human Herpes simplex virus 4 HH\V2 (HSW2) | h 152000 NC 00178

Herpesvirus 2

Human Varicellazoster virus | HHV3 (VZVY h 125000 NC 00138

Herpesvirus 3

Human EpsteinBarr virus HHV4 (EBY | 172000 NC_00760

Herpesvirus 4

Human Cytomegalovirus HHV5 (HCMY 229000 NC_00623

Herpesvirus 5

Human HHV6A j 162000 NC_001664

Herpesvirus 6A

Human HH\V6B j 162000 NC_00898

Herpesvirus 6B




Human HHW7 j 153000 NC_001716

Herpesvirus 7

Human Y I LI2saréof@a HHV8 (KSHV)| ! 230000 NC_009333

Herpesvirus 8 | associated virus

The current herpesvirus classificatioras defined in 19812]. All Herpesviruses are capable of establishing

a latent infection intheir natural hosts in a specific set of cells, which varies from one virus to another.
Moreover Herpesviruses produce large amount of enzymgaged 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 infectedQitékr biological properties
vary, such as the length of the reproductive cycle, and these were ughe assis of classification, before
DNA sequrces of the viruses were known.

Thevirion of the members of the Herpesviridae family has a characteristic architecture: it is conyfased
central core containing linear doubktranded DNA, an icosahedral capsid of-100 nm, an asymmetrical
and amorphous tegument which surrounds the capsid, and a lipid envelope with surface glycaprotein
Members of thefamily Herpesviridae were clafied by the Hepesvirus Study Groupf the International
Committee on the Taxonomy of Viruses (ICTMp three subfamilies on the basis of biological
characteristics(Alphaherpesvirinae, Betaherpesvirina@ammaherpesviringeand then viruses in each
subfamily were divided into genera on the basis of molecular data.

Alphaherpesvirina@re characterized bghort reproductivecycle, rapid spread in tissue culture, efficient
destruction of infected cellg a wide variety of hosisand the ability teestablsh latent infectios primarily

in sensory ganglialThe subfamily consists of the geneBamplexvirusHSV1, HSV2) and Varicellovirus
(VZV)s KA OK KIF @S YIYYlfAlY KiRedviudand IhfeftRus datyng@BracheiikeR A & S |
virus, which havevian hosts.

Betaherpesvirinaare characterized by a limited host range, long reproductive cyael, slow infection
progression in tissue culture. Cells that are infected often become enldoytaimegalia), and the viruses
can maintain latency in sedmy glands, lymphoreticular cellkjdneys, and other tissues. The subfamily
consists of the genera Cytomegalovi(tlCMV)Muromegalovirus, and Roseolovir(lsH\V6, HHV7).
Gammaherpesvirinae were classified by a limited host range and ability to teghdgmphoblastoid cells,
with some viruses also causing lytic infection in some types of epitlagichfibroblastic cells. Viruses are
usually specific for either B or T lymphocytes, and latent visusequently demonstrated in lymphoid
tissue. The @mmaherpesvirinae subfamily consists tfe genera Lymphocryptovirus (EBV), and
Rhadinovirg (KSHV)

1.3Epidemiology of HSV infection



HSV has a worldwide distribution, with no distinction between developed countries and underdeveloped
countries, and noseasonal variation. HSV is transmitted only by humdmwuman 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, efarepewborns, and it
LISNAEAAGA AY AYFSOGSR AYRAQGARdAzZ & Ay I tF3dSyd F2N
recurring HSV infection, abling the transmission of HSV.

Initial HSV infection usually occurs in children and is most ofgmptomatic. 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 neuroffi§]. Viral replication occurs in a small number of sensory neurons, while in
other cells the viral genome remains anlatent state lifelong. Various stimuli, like physical or emotional
stress, fever, ultraviolet light, tissue damage are the main events that cause vaetivation. In a reverse
process, the virus is transported in an anterograde flow to mucosal mambrand visible sores become

active for transmissiofFig. 11].
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Fig.1.1: HSV life cycle and routes of infection in the hosta) Primary lytic infection of epitial or mucosal cells of the lips or
eyeresults from the attachment and penetration of HSV particles to host cells. (b) Progeny virion particles can encountsd and bi

to axonal termini that innervate the site of the primary infection; viral capsids are transported in a retrograde manhentoe



cell bodyin the trigeminal gangliaAt this point, limited expression of virion proteins magd virus spread to the CNS or (c) the
circular viral genome can persist as an episomal moleculdateat state within the neuron(d) Periodically, vaous 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 nerfe) Ted.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 dfrthe/ p

lesion[5].

HSV replicates in many cellular types, including neurons where it carries out a lytic cycleaable of
aggressive spread and tissue destruction

At their first exposure to HSY (facial) or HSY (genital) seronegativeindividuals contract primary
infection. Instead art A Y A (i A | foccursywhesa(érdo with antibodies againstSV1 contracts HSY

or vice versa. The clinical manifestations caused by the two serogy@esimilar but they are usually
transmitted by different routesandinfection localizesit different areaf the body.

HSVL1 seroprevalence is much more coromthan its counterpart HS¥: while most genital infections are
caused by HSY, there is an eveincreasing proportion attributable to HSM but genital HS\. infections
are usually both less severe than H5%nd less prone to recurrenceSVY1 andHSW2 have an incubation
period of about 4 days andt ranges from 2 to 12 dayS.he diagnostic assessment is based on virus
isolation in cell calire and PCR detection of vifANA.HSV1 causes\snptomatic oropharyngeal disease
whichis characterized by sores of the buccal gmbival mucosa (lasting2weeks) and by fever between
38 to 40°CPrimary infectionoccurs with intraoral ulceration $gonswhereas lip lesions suggest recurrent
infection. Primary genital herpes by H&2\Vappears as macules and papules, followed by vesicles, pustules
and ulcers. During pregnancy the infection is rarely transmitted to the fetus (5% in ukdié® mother-to-
baby transmissiorccur mainly during vaginal delivery (80%) or after birttesulting inencephalitisand
disseminated infection, which can cause the death of the newbGxasarian section is appligd prevent

this type of transmissiarComplcations in men are rare; aseptic meningitis and urinary retention are more
common invomen. Non primary initial genital infection cause milder symptoms than primary infection
Immunocompromised patients are at increased risk of severe HSV infection,ahedeeelopprogressive
disease involving respiratory tract, esophagus or gastrointedtiact [4].

The treatment for HSV infection is the topical, oral or intravenous administratiora@fclovir (ACV) a
purine-nucleoside analogue prodruyiral thymidire kinaseactivates ACV, whidl incorporated into viral
DNA and acts as a chain terminator. This treatment keepsnptoms under control and has been
successfully employed to treat other H8¥Wection such as encephalitis, hepatitis, pulmonary infecti

proctitis or eye infectiorj4].

1.4  Herpes Simplex Virus 1



HSV1 was he fird human herpes virus discovereitljs considered the prototype virus the family, andt
is still one of the mdsinvestigated herpes virusd$)]. Its biological propertieslike latency, capacity to
reactivate and to cause several infectionsake it an interesting research subjektSV1 hasbeen andis
used as tooland model to study translocation of proteins, synaptic connections in the nervotsngys

membrane structure, gene regulation, gerteetapy, cancer therapy and a lot other biologicalproblems

[4].

1.41 Virion Structure

HSYV virion consists abdr elementg[4, 6]: an electrondensecore, anicosanedral capsidaround the core
an amorphoustegument and anouter envelope containing glycoprotein spikedRecently the virion

structure of HSV has been described in great detail, thanks teateptron tomography dat§7] (Fig.1.2).

The virion consig of a pleiomorplic membranebound patrticle. It is generally sphesic The bilayer
membrane wagisualizedas a continous smoothly curved surface (Bnrthick). The virion has d@iameter
that rangesirom 170 to 200 nm, averaging 186 nm and an array of spikes protrude fromveatparticle

making thefull diameter on average, ~ 22#n.

The core containshe double strandedDNA genome in a liquid crystalline state; it is densely coiled and
complexa with the polyaminesspermidine and spermine thatnedtrf AT S GKS 5b! Qa yS3l i
confer a toroidal shapéo the viral genomd4]. The capsid consists of 162 capsomers arranged in a T=16
icosahedral symmetry and an intermediate layer organirea 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 layed #me exterior of the viriorj4, 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 positmmone side (the proximal pole), it is close to the envelope;

on the other side (the distal pole), it is separated by 30 to 35afiregument. The capsid occugpout

one-third of the volume enclosed in the envelopd. The tegumenis largely unstructurednd it appears

to consist of a reticulum of particulate density. Some tegument components appear polymeric; some
cellular filaments resembling actin were incorpta@d [7]. Tegumentis composed of at least 20 viral
proteins among which the most notable are VP16 (UL48) the virion transactivator proteiwjribe host

shut-off (VHS) protein (UL41y,P12 (UL36) a very large proteiklighly purified HSV virions contaatso

cellular and selected viral gene transcripd$. The envelope consists of a lipid bilayer with approximately

11 different viral glycoproteins (gB, gC, gD, gE, gG, gH, gl, gll, il 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

10



suggeste that virion lipids are similar to those of cytoplasmic membranes and different from those of
nuclear membranes of uninfected ce]B. The envelope acquigin and the subsequent viral egress have
been proposed to follow different mechanismis0]: a) single nuclear envelopment model, b) the dual
envelopment pathway (denvelopmentre-envelopment pathway), c) single cytoplasmatic envelopment.
Currently, the third mechanism is the most popular model of HSV maturation and exit. The @nvelop
surface contains numerous spikes, which are arranged in ararwtom 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 clustenhglycoproteins which have to make contact with several

receptors diring cell entry{11].

A Structure of the Herpesvirus virion

_ Glycoproteins
Capsid
Envelope

f __DNA

Tegument

Fig. 1.2: Structure of HSV1 virionA) $hematic representation oHSV1 virion and its component: the viral circular dsDNA
genome,theicosahedral capsidhe amorphous tegumentthe external envelop containing glycoproteins (dreamstime.cpns-C
Segmented surface rendering of a single virion tomogrBjnVirion 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 yelldvay, Scale
100 nm[7]..

1.4.2 HSV1 genome organization

The HSM. genome enclosedin the nucleocapsid, itinear, double stranded DNA wrapped as a toroid or
spool[12]. In vivo, the HSX genomecan assumat least three differentonformation linear, ciralar, and
conatemeric. In the virion, genome Igear, butcircularizes rapidly in the absence of protein synthesis
after it enters the nuclei of infected cell$2, 13]. Complete sequencing of the H3&\genome described the

genome as 152,26lip, with a G+C content of 68%.

The HSM genome consists of two unique sequences covalently joidedignatedas U (long) and
(short); each region is flanked by inverted repeats: the repeats of the L component are designated ab and
0 Wwhielik2aS 2F GKS { O02YLRyYySyid INB I O I % Rnctdh & ¢ K.
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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:
aLanbcU -0 -UsccaS

where aL ad aS contain direct repeaf3(]. In the viral genomé¢here arethree origins of replication: oriL

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

The HSVL genome undergoes inversions that result from recombination evergdgiated by the viral DNA
replication machinery. These events generate foengmic isomerswith L and S sequences inverted

relative to one another (mtotype) in equimolar amount$10, 14]. Herpes simplex virus DNA contains

about 90 unique transcriptional units, at least 84 encode proteins, several stamlecoding RNAs and
mMiRNAg15]. The majority of herpesvirus genes contain: a promoter region 50 to 200 bp upstream of a

¢! ¢! O©2EZ F GNIYAaONRLIGIAZY AYAGALF GA 2 yunt@dslat& leader (2 ¢
sequence of 30 to 300 bp, a single major open readiagé (ORF) with &ranslation initiation codon
YSSGAy3d (GKS K2&a0G NBIldANBYSyYy( T anNhnSated sequedy, Gnd &Y A G A
polyadenylation signal with standard flanking sequen&sagh viral transcript encodes a single protsith

three known exceptionsdRF PORF OUL26 UL3Yp al y& Of dzaiSN&R 2F (NI ya ONXR L.
(arranged either heatib head, headto-tail, or taitto-tail). Sveral examples exist of transcriptional units

wholly embedded in the coding seque conained in the larger transcriptSome of the expressed ORFs

are antisense to each othgiew of the transcripts accumulating in infected cells arise as a consequence of
splicing of RNANd several transcripts appear not to encode protdiagencyassociated transcripts LAT)

[10].

1.4.3 Functional organization of HSV genome

HSV1 genesare divided intathree kinetic classes, expressed sequentidllgr immediate earlyj or early
and or late(Fig. 1.3)

Theh genes map near the termini of the L and S componeits 1 K G KS SEOSLIiAz2y 27F b,
within the invered repeats of the L and S components, respectively. Immediate early gemesgpressed

shortly after infection, approximately from 2 to 4 hours post infectidhis not required prior protein
synthesis, but it is necessaltyet viral tegument protein VP16vhich promoted' genes transcription: in the

nucleus VP1lénteracts with host cell octamer binding protein 1 (Octl) and host cell factor (HCF1) at the
GNTAATGAITTC resporsé SYSy i Ay (i KGenesMdewar(itieNBR16/D&1/HCF1 complex

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

CoREST/REST, allowing thenscription initiation ofh genes[16]. Theh genes encodesix proteins

12



designated as infectedell protein (ICP) ICPO, ICRZR22, ICP27, ICP47 and 8STheysubvertthe cellular
machinery by inhibitingranscription, mmune responseblock of interferon pathwal RNA splicing, RNA
transportout of thenucleus and protein synthesis. Futhermore some of the immediate early geneote

the transcription of and‘ genes facilitatingthe transition from cellular to viral gene gnession.

i and‘ genes are distributed itJL andUS sequences, with the exception ®€P34.5located in the
repeated sequenceffanking the L componenthe expression of the genes takes place from 4 toh®urs
postinfection and requires at least the presence of functional |@#ichactsboth as a repressoand as a
transactivator Thei genesencode proteins involved in replication of the viral DNA and nucleotide
metabolismandthey can be divided intowo subgroupsi 1 andi Hi ®genes are expressed within a short
timeafter,2 NJ I £ Y240 O2y OdzNNBydfeée 6AGKI (KSICRSWESsingle ¥ & 8@
strand binding protein and ICPBL39 the large subunit of ribonucleotideeductase). The 2 genes are
expressed later aftet protein synthesisnd are exemplified by UL23 encoding Dkheressential genes
areUL30, UL42, UL52, UL9, UL8 andwiiibh encode proteins of theelicaseprimase complexand DNA
polymeraseMost ofi proteinslocalizeto the nucleus and assemble onto the parental DNA molecules
in structures called prereplicative sites located near NDBd@ies, dynamic structures consisting of a large
number of proteins[16]. Prereplicative sitesttract a variety of histones, histormodifying enzymes,

coactivators anatorepressorand then they develop in the replication compartment.

The! genes expression occurs afteiral DNA synthesibas started and their expression is enhanced by
viral DNA synthesisThey are subgrouped intd genes, early/late or leaky latand+ 2 genes late or true
late. The difference betweeh rand! 1 geness thatinhibitors of DNA synthesis reduc#& but noti 2 gene
expressionThe! genes encodatructural proteins of mature virions and tegument components genes
(ICP5, glycoproteins gB, gD and ICP34.5p¢pecssed early in infection and are stimulated by viral DNA
synthesis whereas the2 geneqUL44 glycoproteins gC, UL41, UL36, UL38 and WreBxpressed late in
infection and are not expressed in the presence of effective concentrationgiraf DNA synthesis

inhibitors.
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1.4.4 Brief overview of virugeplication assembly and egress

To initiate infection, the virus must attaaleceptors on the cell surfacd-usion of the envelope with the
plasmamembrane rapidly follows the initial attachmeridSV can follow two pathways to enter cells: 1)
binding to cell membraneeceptors, followedby fusion at the plasma membran2) endocytosis of the
enveloped capsid and receptdependent fusion of the enveloped virus with the membranestlod
endocytic vesicld17]. The deenveloped tegumentapsid structure iseleased into the cytoplasm and

then transportedto the nuclear porestaking advantage ahe cellular microtubule networkiwhere DNA is
released intathe nucleusand it iscircularized in this compartmentiral genome is transcréal, replicated

and new capsids are assembletihe viral DNA is transcribed hyost RNA polymerasél with the
participation of viral factorsat all stages of infectionThe swthesis of viral gene products are tightly
regulated as describeth the previous section! F 4 SNJ h | yR i 3SyS SELINBaahi
elements in either oriL or oriS and begins to unwind the viral [N 1.4)ThenUL9 recruits the ssDNA
binding protein ICP8a unwound portion of viral DNA and this complecruit to replication forksthe
remaining five proteingssential for the viral replication: the helicapgmase complex of three proteins,

UL5, UL8, and UL52, viral DNA polymerase cataytiunit (UL30) and its processivity factor (ULZRg
helicaseprimase 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 llivgroircle

form. The rolling circle replication forms long he@il concatamers of viral DNA, which become cleaved

into individual units during packaging of viral DNA into caji€ifl
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Assemblyoccurs in several stages. After the OF LJA A R LINEha Spsid asaeinplyiiokcbra i &he
infected cell nucleus. At the initial stag&4?5, the major capsid protein, VP26, located on the outer tips of
hexons, and VP23, a triplex proteiwe located in the cytoplasm. Other two viral proteingepvVP22 a
scaffolding proteinand VP19@articipate in this processWhen the complex enters theucleus, the capsid
proteins are added as hexons and pentons to form a partial capsid togeitiescaffolding proteinskirst

there is the assembly ofnepty shells cotaining an internal scaffolding, themluringDNA encapsidatign

the scaffoldis lost ina process thatrequires HSV DNA concatemer cleavage into monomers and their
packaging. The viral DN#as signals for cleavage and packaglogatedin the a sequences, named pacl

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

Origin of replication
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Fig.1.4: Schematic representation of the HSV genome replicatinrthe nucleus.UL9 binds to osequencesnd begins to unwind

the viral DNAwith the ssDNA binding protein ICPBe complex recruito replication forks the helicasprimase complex UL5, ULS,
and UL52, viral DAl polymerase catalytic subunit UL88d its preessivity factor UL4ZThe rolling circle replication forms long

headtail concatamers of viral DNA

Thematuration by addition o¥siral andcelluar tegument proteins and th&nal envelopmenbccurs in the
cytosol. Thus, herpesvirus nucleocapsids/e to cross the nuclear envelopéntranuclear hepesvirus
capsids display a diameter 6f125 nm whichis too large to cres through ntact nuclear poresTwo

modelsof virus exithave beerproposed(Fig. 1.5)

- the sirgle envelopment modelirionsacqure an envelope by budding of intranuclear capsids atittresr
nuclear membrandollowed by lumenal transport of these enveloped particles through éhdoplasmic

reticulumand the secretory pathway to the cell surface for release

- the envelopment- de-envelopment- re-envelopment pathwayintranuclear capsids acquire a (primary)
envelope by budding at the inner nuclear membramesulting in the formation of primary enveloped

virions residing in the perinuclear spaddgir envelope fuses with the outer nuclear membrane {de
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envelopment), thus releasing the nucleocapsid into the plgem for further maturation like the
acquisition of thetegument finally, virions undergo a secondary envelopment {gavelopment) by
nucleocapsid budding into a trat@olgi compartment, or tran&olgi network, or into an endosaal

compartment.

Fig. 15: Schematic representation of the two alternative pathways of herpes virus egré&3s.the left, the single envelopment

pathway, on the righthe envelopment de-envelopment- re-envelopment model

1.4.5 Latency

In neuronal cel, HSVL1 virionscan either start lytic replication or enter the latent state. Latently infected
neuronal cellsremain alive, and HSY latency lats for lifetime. In neuronal cells the viral genome is
maintained in episomal form, bound to histonésis maintained in a repressed state with the exception of

the latencyassociated transcripts (LATs) and a set of microRNAs (miRNAs) derived from LAT or its precursor
RNA, and no replicating virus is obsery&6]. LAT gene is localized within the inverted repeat component

that bracketsthe unique long segment. It is transcribed in an 8.3 kb precursor present at low copy (minor
LATs) whichupon splicinggenerates a series of stable npalyadenylated RNA#najor LATs, 2 kb and 1,5

kb in size) that accumulate atigh levels in the nucleufl8]. LATs and miRNAs have a role in the
maintenance of latency but not in its onset. No vpedduct expressed from LAT hasemn identified nor its

rolein HSW I G Sy Oéd C2NJ 6KSaS NBlIasSPaé[ YOS dzKR {a.ank 8F Y LI
latently infected celé VP16/HCF1 complex is not translocated to the nucleus, ptegithe transcription

of viral genes.Severallines of evidenceshow that HDAQ or HDAQ/CoREST/LSD1/REST repressor

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

Entry in the host cell ia critical step in the HSV life cycle and it determines the tropism and pathology of
each member of the herpesvirus familynlike smaller enveloped viruses, which possess only one or two
fusion glycoproteins, HSV encodes a multipartite entry machinery Witdistinct 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 appafh8isHSV enters

cells by fusion of the envelope with the plasma or endocytic membranes. Membrane fusion is an
energetically unfavorable and not spontaneus procégxording 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 contatte monolayer rupture allows mixing of lipids, which diees

in a hemifusion stalk. Subsequently, the radial expansion of the stalk leads to fusion pore formation, whose
enlarganent leads to complete fusiof20]. In virus entryglycoproteins called fusion proteins provide the
energy necessary for @nbrane deformation and bendindypon 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 caelid it isthe cellwhichis primarily responsible to choose the
entry pathway for the virus and it routes HSV to the appropriate site on the cell membranex&mple,

h @ dntegrin, an epithelial cell integrin, routes HSV virions to cholestichl rafts (lipid rafts); this
pathway of entry requires dynamin2, proceeds to acidic endosomes, and is independent of cg@#olin

The process of viral entry consists of four steps: attachment, redognitf cellular receptor by a viral
glycoprotein, triggerin@f fusion and fusion execution.

The first interaction between the virus and the cell plasma membiarepresentedoy the binding of gC

and gB to glycosaminoglycans (GAGs) portions of hepatfates(HS) or chondroitin sulphaf®?2, 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 (GlcApkeéd to Nacetylglucosamine (GIcNAc), variably sulfatelfVv
infectivity is enhanced by the nesssential binding with heparan sulfate, and even if this binding is not
specific, it helps to create multiple point of adhesi@oncentrating virions at theatl surface; moreover

this binding is reversible, since the detached virus is still infecfifi}s

The role of glycoprotein C is increasethe efficiency of virus binding by approximately 10 falad to

confer greater efficiency for vus attachment to cell surfacegC is not essential for either virus entry or
replication and if absent its function can be carried out by gB.

Attachment to the host celimay take place dfilopodialike membrane protrusionan some cellular types,

HSVL1 virions induce the formation of these actiith structures, in a process in which proteins of the Rho
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GTPase family are involved, awidions are transported to the cell surface. This extracellular transport of
GANR2Yya A& OFfftSR dadaNFAy3a¢ |yR 3. aSSvya (2 NB3Id
filopodia, allowing the travel of virion® the cellular bodyAthough not essentialyiral surfingincreases
infection efficacyby directing the virus taegions ofcell membrane regions enriched in receptond)ere

gD can acf24).

gD interacts with at least three alternative receptors: nedtjrherpesvirus entry mediator (HVEM or HveA,
herpesvirus entry mediator A) and-€Dlphated (30-S) moieties of H¥Fig. 1.6). These receptors are
expressed in a wide variety of human cell types and tisREsand gD, after viral attachment, binds one of

its specific receptors in an irreversible manner to initiate the fusion prodesspossible that the ability of
HSVL1 to bind alternative receptors could explain the capacity of this virusrttry into a wide range of
different cell types

gD exibits a similar affinity to nectifl and HVEM (IDM), thus this property can not be considered
discriminating for the preferentialise of a receptor or anotheg26]. Probablythe availability of multiple
receptorsallows the virus to increase the chance of a successful infection and spread in the human host.
The binding of gD tone ofits receptor induces a conformational chanigegD, which triggers the fusion
process[25] by recruiting the other three essential glycopeats, 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 alghut gH/
and gB glycoproteins, their role in fusion execution and reciprocal interactions. For a long period, gH has
been considered a potential H8Vfusogen, 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 togG, thevesicular stomatitis virugVSV)usogen,and to viral fusia glycoproteis in general

[28, 29]. Considering the structure of the gH/gL complex, it is probable thatlgldfay activate gB for
fusion rather than execute directly the fusion, but how the two glycoprotein cooperate is still ufi2igar

On this basis, givethe number of proteins involved in the entry pathwal, is clear thata fine

communication is necessary among all the glycoproteins.

18



YF

f gHIL
cacs! His ' . S HVEM i ‘3 Fusion &tpm
Endocyiosis Fusﬂganc
comples
Ta rul:aar
pare

ruogmc Oron ™= M
R wndocytic vasicle o nuclaa J";: Nuslius
nre 'O

Fig.1.6: Schematiaddrawing of HSV entryEntry 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 thargBgiglh

an actie 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 ofthe endocytic vesicles, it occurs the formation of a fusogenic complex (6), followed by membrane fusion

(7). Finally nucleocapsids are transported to the nucleus (&0D)

1.5.1 Viral glycoproteins and cellular receptors involved in attachment and entry

Glycoprotein C and Heparan sulphate

¢KS !'[nn '+ B®pfdein € WgORRIGEMunRtype glycoproteinN- and Gglycosilaed[31].

gC contains a 2%a signal sequence at the-tBrminus, a 453 aa extracellular domain, a 23 aa
transmembraneanchoring domain and a short 10 adag@minal cytoplasmatic tailAs anticipated above, gC
is themajor actor duringviral attachment since it facilitates the adsorptioof virions into cells by binding
to heparan sulpha SQa 3t &802al YYAy 23t & Ol [$0 AltAoNdgh gRis dBpeRsAdeNd A G A
the infection of cultured cells, its presence can increase the efficiency of virus binding abfmit,18t
least for HSM, so its main function seems to be the concentration of ¥ires on cell surfaces, enabling
the more stable interaction of gD with an entry receptg€haslong and slendeprojections, whictare the
most externally exposed structures of the virif@?]. gC role is confirmed by the fathhat monoclonal
antibodies for gB, gD, and gH inhibited HSYenetration but hadlittle or no effect on attachment
moreove, virions deleted of these glycoproteise defective inpenetration but bind to cells normally.
Other property of gC is its ability to binlkde C3b component of the complemeand, in the context of the
immune response, giS a major viral antigewhichelicits a strong humoral and cellular immune response
[33].
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Glycoprotein D and its receptors: nectin, HYEND-S- HS

¢tKS | {c 1 sh39%a gsefutsarRSylycoprotein D, which consists of a 25 aa signal peptide, a
long 315 aa ectodoamin containing three glycosylation sites, 6 cysteine residudsrthathree disulfide

bonds (Cy86 - Cysl189, Cy86 - Cy02, and Cys118 Cyd427) andthree Nlinked oligosaccharide
attachment sites, a 22 aa transmembrane domain, and a 32 aa C terminal cytoplasmic (R¥hétig. 1.7

A). gD has a key role in viral entry: it is the viral ligand for all knownlHS¥ry receptors and the main
determinant of viral tropism[35], and consequently it is absolutely required for virus entry and virus
induced ceHto-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 HSY gDare HVEM, nectii, nectin2, and 30-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 recef&dr(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 toaa 285 of gD) and nectih (upto 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 sufficienet@able HSV entry into cells and structural studies show

that it is composed of three regions with peculiar structural and functional characteristics:-therihal

(res £37), carrying the receptdbinding sites, the central core (res-884), and the @erminal carrying the
pro-fusion domaif41] (Fig. 7C)

The Nterminal extension contains all the contact residues to HVEM and is disordered and flexible in the
crystals of gD alone, but in the complex-gWEM it forms a HaNLIJA Yy f 22 L) | YR -shegt, Ay (S
which is believed to stabilize the compléxg. 7D) Futhermore the first 32 amino acids are involved in
binding 30SHS but are dispensable for necfirbinding[42].

¢CKS O2NB | aadzySa |y LYYdzy23f 20 efrahds formingNtivd adtipaalled L 3 + 0
i -sheets with an unconventional disulfid@nding patterng38]® L G A a T2 haieBpdRi7azd | K
and a long flexible proline hcregion.

The Ig core of gD seems to function as a scaffold, necessary to connect the functiandl terminal

regions: codons P18 do not encode executable functions required for viral entry into ¢88§ and
substitution of this region with a heterologous protein, such as a scFv to HER2, does not impair the
functionality of the proten [43].

The proefusion domain (PFD), localized in thée@ninus of the ectodomain (res 250/26810), is involved

in triggering the membrane fusion and in the interaction with other viral glycoprotpdi PFD is
responsible forl KS G-A¢g A G OROKFIyAayY GKIG Fff26a | OQGAQGIGAZY
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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 onlg&®and gD306 are able to rescue the infectivity of a
gD null virus whereas gD260 is not able. In theref@ptor complex the PFD domain has a flexible
conformation, while in unbound gD it folds back around the core towards titeriinus, in an aute
inhibited conformation[19]. This is also confirmed by the observation that the deletion of ther@inal
domain of gD increases the redepaffinity of the glycoprotein, compared to the full length molec[88)].
Concerning residues involved in Neetirbinding, the recent gD/Nectih solved structure permitted to
identify the contact region between the two molecules and show key residly38, H39, Q132, D215,
L220, P221, R222, F223) that make contact with the rec¢p8h(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 inrgiotinl binding are hiddef89]; moreover soluble forms of
each receptor can block virus entry mediatedtbg otherreceptor[44], so it is very probable that the two

receptors interfereamong themselvem the binding with gD.
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Fig.1.7 Structure of HSM. glycoprotein gDA) 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 -liddh C) Crystal structure of
unbound gD ectodomain, where HVEM binding site (green) is unstruttireCrystal 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 forhbédatiting

are represented as brown space fill (V34, Y38, D215, R222, M2#Ig)arrows point to the contact residues to HVEM (Q27, L25). E)
Surface representation of gD that shows the interface with nemtih O2f 2 NBR Ay o6fdzS FyR YI3Syil
& Y I 3 Sresidlies affects nectifi binding; most of the contactavolve residues from the gD C terminal extension and, Y38 and

Q27 from the Nlerminal extensiorf39].
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Nectins:Nectins are immunoglobulin (Hjke 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
cellcell adhesion and polarization, differentiation, movement, proliferation and survival. It has been
identified four distinct nectins, numised from 1 to 4, which have two or three splicing variants indicated

with Greek letterd30]. Originally ectinl andnectin-2 were isolated as poliovirus receptwelated 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 formdisdimers on the plasra membranes

and transdimers with nectis present on the adjacent cell.

Almost all rctins have an extracellular region with one Idik¢ domain, two dike Ig domains and 8
potential sites for Ninked oligosaccharides, a single transmembrane region, araytoplasmatic tail

region, that contains a conserved motif involved in the binding of the filamentotec(if) binding protein
afadin[46]. The binding afadirg nectin is not necessary for nectin dimerization, but links nectins to the
actin cytoskeleton and activates signalling pathways that involve several extracahdaintracellular

factors like small GTPases (Ras, Rac, CD{BiL2)

From the crystal structure of gD bound to neetirfFig. 1.8)t was observed that the binding site of gD
extends from aa 1 to 250, requiring exclusively thsheets of the Ig Mke domain of the receptof39].

Phel29 is a key residue in neefinsh y OS A G LINBONHZRSE Ayid2 | LRO1SO 7
helix of gD and the side chain of Phe223, and the destruction of this interaction with mutation of Phe129 to
alanine prevents nectil binding to gD and HSV entry.

The crystal structure ahe complex gD/nectifi highlighted similarities between this heterodimer and the
structures of nectidAl dimer, in particular it can be observed that gD contacts many of the same residues
involved in nectinl dimerization, demonstrating that gD binding iaifs normal cellular conformation of
nectin-1 and thus interferes with its role in mediated cell adion.

In the context of viral entry, particularly interesting is the connection between ndctamd integrin:

recently it has been observed the abilityofK S S LIJA G K St A I -integBrytdrelacddiz tha mettin b @i o
1 receptor to cholesteretich microdomains, platforms for a number of Hike receptors, independently

by HSWi A Y FSOG A 2 Yy ® -integrin ddksiad theddel@lar fabtad that rms HSV to the acidic
endosomal pathway, and moreover the presence of TLRs in these membrane regions opens the way to a
LI2adaArAoftsS Ay@2t @SYSy (i 2[FL4MOi o AYy GKS AYyylFraGS AYYdzyA
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Fig.1.8: Structure ofthe gD/nectin-1 complex A) Schematic representation of human nectih and HS\M. gD. Nglycosylatiorsites
are drawn as lollipopssignals peptides as white beg, the transmembrane domanas hatchedoxes arrowheads indicate the
location of truncations for production of soluble proteins. B) Ribbon representation of the gD/nectincomplex. Dotted lies

represents unsolved lood89].

HVEM:HVEM, or Herpes virus entry mediator A (HveA), was identified as a HSV receptor and subsequently
was clasified as a novel member of the tumor necrosis factor receptor (TNFR) superfdBjjlyvhich
groups signaling molecules involved in the regulation of cellular process like cell proliferation,
differentiation and apoptosis, cytokine release, and expression of cell surface activadiders[30, 49].
Binding to HVEM triggers the signal and thanks to the cytoplasmic tail, idtietacts with several
members of the TRAF family (TN&&Rociated factor), it leads to the activation of-Ng&; Jun Nerminal
kinase, and AR [50]. HVEM is expressed in several cultured cell line, but mainly in cells of the immune
system, in particular in activated-iymphocytes[30, 48]. HVEM binds wiltiype gD. The affinity of the
binding is of the same order of magnitude as that of nectinl/gD binding, and the interaction requires the
same egion of gD, i.e., the first 250 residues, or lon@di. The structure of HVEM is very similar to that of
other members of the TNFR fami(ifzig. 1.9)it consists of an ectodomain with four typical cystdch
domains (CRD) gf40 residues each and a cytoplasmic tail with signaling ac{®8y CRD 1 and 2 are
involved in the contact with gD, in particular CRD 1, whose residu83 85m intermolecular antiparallel

i -sheet with g[38]. A monoclonal mtibody that binds CRD1 blocks gIBIVEM interaction, but thanks to

systematic structurdased 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 bindindptargd its function

as an HSML receptor[52, 53).
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®
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Figl.9: Linear structure of HVEM/HveADiagram of fulength HVEM, with indicated the positions ofglcosylation sites

(lollipops), transmembrane regions (TM), the four cystein rich domains (CRD), and the sites of truncation [aZfows)

3-O-sulfated Heparan sulfate3-O-sulfated heparan sulfates {8S HS) are polysaccharides, containing

specific sulfated motifs added by aglucosaminyl 3 sulfotransferass (30STs) on heparan sulfatésg.

1.10) 3-O-sulphates are rare substitutions in heparan sulphate, generated by at leastG3I8 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 m{s4]e

Heparan sulphate are expressed in a great variety of cell types, but although they are used in the
attachment by both HSY and HS\2, only HSM. can bind to the distinct modification sites orC&S HS,

and this aspects could explain some of the differerine=ll tropism exhibited by the two virusfsh).
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Fig. 1.10 Chemical structure of &-sulfated Heparan SulfateHeparan Sulfate disaccharide comprising a hexuronic acid

(glucuronic acid or iduronic acid) and glucosamine; the site target of®GtSuffotransferases activity is indicated in rgb).

Glycoproteins gH/gL
¢t KS 3SySa ! [HH YR !'[m SyO2RS& NBa@lSHisanpélez If ¢

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 thee@ninus, and a 14 aa-teérminal cytoplasmic tail. gL

is a 224 aa protein with a52aa 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 [§H)]; 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-agfiregatior[58, 59]. Similarly, cells infected with
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a glnull 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 fysasnits deletion produced neinfectious

progeny and abolished cetlell fusion[27, 60], but these virions are still able to attach to the cell surface.
Numerousneutralizing antibodies directed to gH have been isolated and in infection their use blocks virus
entry but not the binding to the host cell surfaff&l].

Recently the crystal striwre of the complex gH/gL of H®\Vhas been resolve(Fig. 1.1y A G KI & |
fA1S¢ O2yF2NXIFGA2Y | YR [RY. Danain BR(WE4.4827)SiRthe2upperipdtidlS S R 2
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 H29r332644) is globular, consist mainly of 13 alpha helices and
corresponds to the terminal part of the boot. TheeZminal domain H3 (res 64B97) is located at the toe

end of the boot and it is a 18 (i NJ ydarl\Rich; with five strands for each parpm which extend many

loops. gL has not a regular conformation, in fact only 30% of the protein has a secondary structure, which
AyOf dzZRSa (GKNBS KStA0Sa yR (g2 i aKSSGAaT Y2NB20OSN
function of the canplex.

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 wiely 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 associatedwiit K YSYO NI yS TFdzA A2y > -BelidSIQrest A O f
377-397) with properties typical of a fusion peptide and two heptad repeats with propensity to form a
O2Af SR O2Af @ ! ONER a &helix K B positbnallySangeivetinrall §el oFtholgds,fitds

able to interact with biological membranes and to convert a soluble gD @fiD)linto a membranédound
glycoprotein, it can be replaced by fusion peptides derived from glycoproteins of unrelated i6Zses

FYR FAYLFEt& | LISLI A-Refx 1dnllutes fugiok Sf liph<om¢aaS 64|0Tvo Reftad b
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[62164].

According the crystal structure of H8\kterodimer, gH/gL do not resemble any known viral fusogen; in
FRRAGAZ2Y (GKS Lidzil GAG@S T dza Ahgingins ltht ltalkeA pRrSia the: fdddBation dZNA S R
multistranded sheets, and their removal woultfext 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 staf@7]. Since gL binds a region of gH around the hydrophothielix, the role of

gL in the eterodimer could be the shieldingtloé 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, direet 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 intagy 8 = Ay @IJIONIMYOWEINE Yy 6 SGGOGSNI R
functionalized with a solulkd 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 y@iho AYGiSINRYS |yR (GKFd GKA&a AydSN
of HSV1 [21].
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Fig. 1.11Structure of HS\2 gH/gL complexA) Schematicepresentationof gH and gL domains, dashed lines represent unsolved
structures, gH domains are green (H1), yellow (H2) and red (H3), and gL is blugild®pn diagram of gH/gthowing disordered
segments (dotted lines), sugars (gray), cysteins and disulfide bonds (yellow spheres and red sticks) [ChowdagiH/R@t9stal].

GlycoproteinBandd NB OSLIJi2NBRY t LJAwh > a! D FyR bal/

¢ KS + 3 ényofes fljcepmotein 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 antifusion activity, which is locateih the cytoplasmic tail. The gB binding site for heparan sulphate is
located between aa 6&6, but this glycoprotein is also able to interact with other receptors. The first
SOARSYOS 2F G(KS SEA&aGSYyOS 27F aLISOA WHe® it ®as obdeB/&IS LIG 2 1
that a soluble form of gB binds to cells lacking heparan sulphate and this binding inhibitsikf&tion in

some cell lineg67]. Currently, three gB receptors have beeertfied: the paired immunoglobulin like

type 2 receptor (PILR ) the myelinassociated glycoprotein (MAG), the non muscle myosin heavy chain 1A
(NMHGIIA).

HSV1 gB is a homotrimeric type | membrane glycoprotein and consists of a wide ectodomainahB®6
acids, the longest among H3\lycoproteins and fdlycosylated at multiple sites, a transmembrane of 69
aa and a cytoplasmatic tail of 109 [@8]. The cytoplasmatic tail is involved in the negative regulation of the
fusogenic process, specifically through the activity of two alptelices, containing two endocytosis
domains, named YTQV 8892 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 amlysis of gB crystal structure it results a remarkable homology with the postfusion conformation
of protein G from vescicular stomatitis virus (V$9], suggesting the involvement of gB in the fusion
process. Although neither HAVgB nor VSV gG show a canonical fusion peptide, both glycoproteins are
able to trigger the fusion between viral and cellular membranes and this swegb#wit the two proteins

may represent a novel class of fusion glycoprot§a@s 29].

Three gB protomers (residues XT30) create a trimeric spike, which is stabilized by several points of
contact, in particular are present 10 cysteins residues that create 5 disulfide intramolecular [[28hds

Each subunit of the trimer consists of five domain (narhél 111, 1V, Fig. 1.2).

Domain | (res 154 co 0> GKS aolasSésxs Aa | O2yliAydz2dza L2t & LIS
L §O14aGNRAY K2Y2ft238 6t1 0 R2YFAYS GKFG A& 0 &l
followed by a long loop and a short helix that coveys® 2 LISy Ay 3 2F (GKS 1 &l YRGA

presents in proteins of the cytoplasmic signaling pathways that bind phosphoinositide and peptide; the
fundamental role of domain | is stressed by the observation that monoclonal antibodies agairstblar
to block HSM entry[68]® 52 Yl Ay LLX GKS GYARRf S¢S Aa O2ALR
and 364459), that forms a si& 0 NI Yy R | OF NNBf &AYAfFNI G2 | LXS
GO2NB¢ 3z O2 gdrtidugua segmiertisg BIB3R 306572 and 661669) and in particular it has a

aSR
01 a
long" helix of 44 residues that oligomerizand fornms the central coileecoil with the other protomers.
52YIFAYy L3 GKS aONRgy£IT O2 YLINA aQ86, 5d3686D) likadab@ Ay G A Y
disulfide bond, its structure is not similar to other known structure, and it is fully exposed on top of the

trimericcomplex5 2 Y Ay + 3 (i K §25) is Allvh§ extemMsiBriticstretches from top to bottom
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of each monomeand it adjusts into the groove between the core domains of the two adjacent protomers,
contributingto the stability of the trimef28§].

Numerouslines ofevidencessupport the viewthat gB could have an essential role in-ogll fusion: first of

all gB deletion mutant virus produces narfectious particles which present a pesttachment defect,

particular mutations in gB C terminus cause a syncytial phenotype, moreover antiliodgs have a
neutralizing activity and finally gB is necessary in thecedllifusion assay, along gD, gH angB@L 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 ithe execution of fusiof69]. However, it was only the determination of gB

crystal structure that atiwed 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 crf2&h In particular, there are three

f 2y 3 ORelicdsNiketclads | fusion proteins, and two loops, residues, 173 and258¢ 265, that are
structurally homologous to the fusion loops of VSV G and class Il fusion proteins, with three essential
residues (W174, Y179, A261) identified thgbwstructurebased mutagenesigqQ.

t L [ Ralred immunoglobulif A 1 S { & LJSsuriace receptdr expres€e8 ibyfimmune cells, belonging

G2 GKS daLI ANBR NBOSLIWG2NE FlYAfe&s || 3INRdzZLJ 2F KA3IK
functions, while the other activating ones. PlldR@s are present in most mammals and play an important
NREfS Ay GKS NB3IdZA I GA2Yy 2lertsAnvinfibigr$ sigfeSng tickvityA ofrriedIbuNIi A O
by its cytoplasmatic domain, that contains an immunoreceptor tyrodiaged inhibition maf (ITIM)[71].

¢KS AYUGSNIYOGA2Yy 27F tlinfection, agtibodies ardi. L [ YW R AKFFGGESA Iy A Y KA
on HSVI infection of monocytes, butthe only dBL [ wh Ay (i SNI Ol A 2 YAYEMMbWdIng, S | 0
y20 adzZFFAOASYG G2 YSRAFGS YSYONIYS 7Tdza Areogptor forOO2 NR
HSVL1 entry[71].

MAG: myelinassociated glycoproteiris a celsurface protein that isexpressed 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 VZ§B and HSY ¢ gB, it can enhance H9Mnfection and promote cetliell

fusion whan coexpressed with VZV gB and gH/gL. Therefore, it can be inferred that MAG is involved in the
fusion of neurotrophic herpesviruses H&nd VZV with cell membranie, particular of neural tissugr2).

NMHGCIIA: non-muscle myosin heavy chain llA, is a subunit of-muscle myosin [IA (NMA), an ATP

powered motor protein, localized in the cytoplasind 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 el interaction, it was observeal rapid induction

of NMHCIIA expression on cell surfaddMHCIIA can interact with gB and function as an entry receptor

for HSVL: its overexpression in a cell line resistant to HMSiwiakes these cells susceptible to herpes

infection, viceversa knockdawof NMHGIIA in permissive cells inhibited H%\entry and celtell fusion
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assay. Furthermore, the treatment of susceptible cells with antibody anMHGIIA blocks HSY
infection and the use of a specific inhibitor of myosin light chain kinase, waghlate NMIIA
redistribution, reduced NMHGA movement and also HSVentry [73]. So, the ubiquitously expressed
non-muscle myosin heavy chain IlA can acts as a functionallHS3Nfy receptor that mediates HSV
infectivity.

A membrane
proximal cytoplasmic
ion TM domain

111117 142 154 904

Fig. 1.12 Structure of HSM. gB.A) Schematicepresentationof gB domains. B) Ribbon diagram of a gB protomer, where each

domain is colored as in A. C) gB trimerMaJecular surface of gB trimer, that shows the accessible area of the cofidglex

16 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 antigertific receptors, which are generated by gene
rearrangements and hyper mutans; the secod is evolutionally conserveds the first line of defense
utilized from organisms in the protection from invading microbial pathogaemsis 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 | interferons (IFNs) and natkilker (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 responsé§r4].

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

CD80, CD86 and CD40, and antigen presentation through histocompatibility complex class I, which in
addition promotes crospresentation of viral antigengurthermorechemokines and antigespecific CD8+

T cell responses ar@duced by type | interferon, and they lead to the stimulation and recruitment of
lymphocytes and monocytes to the site of inflammation. So in general, type | interferons can alter
AAAYATFAOLyGte GKS OStft G2 SadilobtuAdieds ofleffectar moleduled A NI €
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 imnredjatase

activates NFB and other lines of defensgithin a few minutes after infection and it requires only the
interaction with virion components, since it can be triggered byitiétivated viruse$75-78]; the second

wave of NF B activation is more sustained, it takes place later, as it requires viral gene pro8t3.

The signaling activity is mediated by Pattern recognition receptors (PRRs) which sense pathogens by
detection of pathogerassociated molecular patterns (PAMHABY], for example virion proteins, viral
genomic DNA, or doublstranded viral RNAs. It can be distinguished PRRs on the plasma membrane and
intracellular PRR&ig.1.13): TolHike receptors (TLRs), membrabeund receptors localized in the plasma
membrane and endosomal compartments; Riike receptors (RLRS), retinoic atmducible gene | (RH}

and melanoma differentiatiorssociated gene 5 (MDAS), intracellular PRRs which ietep 0 NR LK 2 & |
panhandle RNA and higher order RNA structures, respectively; five intracellular DNA sensing proteins that

is DNAdependent activator of IFXegulatory factors (DAI; also known as ZBP1), absent in melanoma 2
(AIM2), RNA polymerase llI, &oerich repeat flightless\ y § SNI OG Ay 3 LINE ( Siddyciblen 6 [ w v
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 pmoflammatory and microbicidal activities, including cytokines

YR G@8LJS L L Cb84. Thé RRRS mebiafe activdtion af the transcription factors nuclear
factorS . O9b€C€ FyR | OGA@GF G2 N LINE GirSlanyhatory réspohsesp IFNaréghlatodyf | G S
factor (IRF) family membei$RF3 and IRFF)NBE Ay @2t OSR Ay SIEKISNBAGYERA2ZO/MSA 21yY
expression requires IRFsandNE @ ! Lan F OQGAGFGSa GKS AyFElLYYlFaz2ys
stimulates a proteolytic caspasedependent pathway that cleaves pinterleukinm i NN Y R LINJ
IL-18 into the mature bioaive 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 PatternRecognition Receptor involved in Herpesviruses recognition
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The herpes virion isensed by multiple gitern recognition receptor:TLR2, located in the plasma
membrane, at or around cholesteralich membrane microdomainsis the first line of defenseand
recognizes proteic or lipidic PAMPELRY, in endosomes, mainly in plasmacytoid cefls, a series of
cytoplasmatic receptors, specificalyAl, DHX9, DHX36, AIM2 and IFI16, adole to recognize double
stranded DNA; TLR&esent in endosomesand MDASnN the cytoplasm, arable to sense viral BN(Fig.

Herpesvirus

Glycoproteins
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Viral DNA / Viral@
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Fig. 1.13Innate immune recognition by herpesviruseSchematic 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 rg&jonse

TolHike receptors

TolHike receptors (TLRs) are the first discovered and best characterized PRRs; TLRs are transmembrane
proteins located either at the plasmaembrane or in endosomes, where they recognize hydrophobic

Y2t SOdzf Sa adzOK & fALARA YR LINRGSAYAE S ¢2 NI SNIR@ESSA (
structural and functional homology of these receptor to Toll, an essential receptorasopiila innate

immunity, involved in host defense against fungal infec{i®®]. TLR4 was the first mammalian homolog of

the Toll receptor disavered[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 TLR® are conserved between humand mousg87].

Although the broadest repertoireand the highest levels oéxpression ofTLRshave been observed in
phagocytic cells such as macrophages, nephils, and dendriticells, it seemshat the majority of cells in

the organismexpress at least a subset of TI.&.
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TLRs are type 1 transmembrane proteins with ectodomain,a single transmembranedomain and a
cytoplasmatic signaling domain. Sevdmlcinerich repeats(LRRs)that probably are the key elements in

the interaction with microbes or microbial componentsompose the ectodomain of TLRs

Microbial recognition of TLRs promotes their dimerization, and this triggers activation of signaling
pathways, which origiate from a cytoplasmic domain. The cytoplasmic region of TLRs, required for
initiating intracellular signaling, is termed TolMLreceptor (TIR) domain because of the high homology to
that of the IL:1 receptor family By contrastthe extracellular domim of the two family of receptors are
unrelated, with TLRs bearing leucinieh repeats (LRRs), whilelllreceptors presents an immunoglobulin

like domain[87]. LLRsre hypothesized to directly interact with microbes or microbial componantsthe

binding of TLRs with their PAMPs recruits citoplasmatic adaptors, that transmit the signal through a series
of signaling events which culminates in the inductionrdfammatory cytokines such as tumor necrosis

FI OG2N-6thbdivu> L[yR GeéLS L LCb 6 LCb h FyR LCb i0d
Furthermore, TLRs signaling participates in the dendritic cells (DCs) maturation inducing the upregulation of
costimulatory molecules on thesspecialized antigepresenting cells. This process linksate and
adaptive immunity, since DC maturation is an essential step in the induction of patispgeiiic adaptive
immune responsef39].

All TLRs activate conservedo-inflammatory pathwag, which culminate in the activation of NB and
activating proteinl (AR1l). NF*B is a dimeric transcription factor that belongs to the -Rahology
domaincontaining protein family, and in most types of cells the prototypicaf Blleontains p65 and p50
subunits. In the inactive state, NB is located in the cytoplasm in association with ¥ |y A Y KA
protein; the activation of TLR2 leads to the phosphorylation of KK Kihase), the trimeric complex of
LYYhZ LYY 2 YR (K 8lsoNSnadkEM@, &Mk in turdzohdzghorylatedsty YFE G & S NA
residues and promotes its ubiquitination and proteasomal degradation by the 26S proteasome, with the
subsequent release of the Rghd0 dimer. This transcriptional factor is translocated to tluieleus where it
regulates the transcription of NFB-responsive genes, in particular, cytokines, likel [FAdhd chemokines

[90].

AR1 is a dimeric complex of basic region leucine zipper (bZIP) proteins that belongs to the Jun, Fos,
activating transcripon factor (ATF) and the Maf subfamily, which recognizes eitherO-12
tetradecanoylphorboll3-acetate (TPA) response elements or cAMEponse elements, and regulates a
wide range of cellular processes, like cell proliferation, death, survival and diftgien [91]. Many TRL
ligands activate MAP kinases, such asit Nterminal kinase (JNK), p38 and extracellular signal regulated
kinase (ERK), which in turn stimulate-ARand in particular-dun, that is one of thenain characters in the
inflammatory response.

TIRdomaincontaining cytosolic adapters interact in a -Oidtmaindependent manner with TLRhus

starting intracellular signaling; the principal adapters are myeloid differentiation primary response protein
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88 (MyD88), TIR domaicontaining adapter protein (TIRAP)/Mal, TIR dor@ntaining adapter inducing
IFN (Trif) (also known as TICAM1) and-felated adapter molecule (TRAM) (also known as TIGAM2
Among these factor, MyD88tiscruitedby almost all TL&Rand is a key factor in the control of inflammatory
responses. MyD88 association with TLRs leads to the recruitment of IRAK (intetleakeptor associated
kinase) family proteins, specifically IRAK1 and IRAK2, which present a serine/threonine kirzasa
activity, and IRAK4 and IRAK that negatively regulate ThiRediated signaling. Phosphorylation of IRAK
proteins allows their dissociation from MyD88, and consequent activation of tumor necrosis factor
receptorassociated factor 6 (TRAF6), an ERjuikin ligases, which in turn activates transforming growth
factor-b-activated protein kinase 1 (TAK1), in a ubiquitépendent manner. TAKL1, which is a member of
the MAP kinase kinase kinase (MAP3K) family, forms a complex with TAB1, TAB2 and TAS, and
interaction stimulates its kinase activity, thus TAK1 phosphorylates the IKK complex with thetfirzdica

of NF*B[9Q]. In TLR2 and TLR4 signaling mediated by MyD88, TIRAP/Mal is aisedrag an additional
adapter.

Unlike the other TLRsLR3 signaling is not mediated by MyD88, but uses the adapter Trittétsn@al
region contains Rip homotypic interaction motif (RHIM), which mediates interaction with members of the
receptor interacting protein (RIP) fam{§2]. From studies on RHIM and RIP1, it was possible to infer that
in TLR3 signaling TgRIP1 interactions are responsible for-Ng- activation Moreover, Trif can interact
with TRAF6 at the level of itstirminal regionthat contains typical TRAHGnding domains, and even this
interaction can lead to the NFB activation. Therefore, both T¢RIP1 and TGTRAF6 pathways are able to
converge at the IKK complex and to induce*BIQ].

In conclusion TLR signalingccus through two distinct pathwaya MyD88dependent pathway and a
MyD88independent or TRiBependent pathwayFig.1.14)
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Fig. 1.14TLRs mediated signalindLR2 and TLR9 (not shown in this scheme) triggeMiiz88dependent pathway of activation

of NR¢B; MyD88, associated with TIRAEgruits TRAF6 and members of the IRAK farttign they activate TAK1, that in turn
activates the IKK complek (Y Y h sandINEM®, which catalyzes theJK 2 & LIK 2 NB B grofeih<2Tye prdtdasomeédependent
pathway R S & (i B® EeadingSto the release of NB (RelAp50 heterodimer) that translocate into the nucleugcanonical
pathway) TAK1 can also activatiee MAPK pathwaywith the consequent phosphorylatioand activation of AR. NF*B and APL
induceinflammatory cytokinegtriggering the inflammatory respons@LR3 interacts with TRIF, which recruits TRAF3, that in turn
activate TBK1 and IKKi; these kinasesliate phosphorylationand dimerizationof IRF3 which translocates into the nucleus and

regulates gea transcription. Moreover, TRIF can interact WitRAF6 and RIPaAnd somediate NF* B activation

TLR2is mainly expressed by myeloid cells and recognizes a variety of microbial components, in particular
lipoproteins, lipopeptides, peptidoglycan, glygidis, lipopolysaccharide (LPS) from various bacterial and
fungal pathogen$87]; this property of TLR2 can be explained by its capacity to functiooplecate with

several receptors, which are either structurally relatekke 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 cammunoprecipitate with TLRand 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 fibroblas{78, 93]. Regarding HSY, using bth cell lines and animal modet, was observedhat

TLR2 mediates the inflammatory cytokine response to the y8496]. Futhermore TLR2 partecipates in

the inflammatory response to VZV infectifg¥] and it is ivolved inthe activation of NF B and chemokine
response against EBV infectif98].

It is not clear how herpesviruses stimulate TLR2, but since this PRR recognizes hydrophobic PAMPSs, such as
lipopeptides, aplausible hypothesis is that TLR2 detebiglrophobic peptides in gH and gB or a lipid

component exposeduring viral entry[74]. The importance of TLR2 in host defense against herpesviisises
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not completdy clear, becausa mouse modeboth beneficial and deleterious effects have been observed;
certainlya lack of TLR2 leads to impaired expression of cytokines and reduced activation of [&5,&8|s

99]. In human, some genetic studies have pointed out the protective role of TLR2 during natural
herpesvirus infections, suggesting the possimvolvement of TLR in the control of HSV in lated€p,

101].

TLRAs an endosomal receptor for CpG unmethylated DNA, which are typical of bacteria, but very rare in
vertebrates, where CpG motifs are highly methylafg@@2]. It can be distinguished two types of CpG DNA,
A/Dtype CpG DNA and Btifpe CpG DNA, which are structurally different, but botheatd induce
inflammatory cytokines such as1R and TNf, even if with different efficiency, in a TLR9 dependent way.
TLR9 activatiois strongly influencetoth by CpG content and level mfethylation of the motiff103]. TLR9
expressiondiffers between human and mouse: in human it is expressed on/ drlls and plasmacytoid

DCs (pD@swhile in miceTLRZan be find in a wide range oéll typeg[84]. The genomic DN#s probably

the most potent immunestimulating conponent of herpesvirus particles and TLR9 is able to m@zedoth

alpha, and beta and gamma herpesviruses; this interadéads to the activation of IRFZ04], and results

in expression of type | IFNB human and mouse pDCHO5, 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 pathegems
lymphoid organs and blood, where pDCs are abundantly prd3dht

TLR3recognizes dsRNA407], which accumulate intracellularly witkiral replication[108], and it is
implicated in the identification of this structures during Herpesviruses infection. Consequently TLR3
stimulates a signaling pathway mediated by TRIRWCthat stimulates IRF3 and NF. FinglIR leads

to the synthesis of type | interferons (IFN k) iand other preinflammatory cytokines, which exert asntiral

and immunostimulatory activitiesAn example of viral dsRNA able to induce TLR8piesented by he
latencyassociatedeEBVencodal small RNAs (EBERS), which are-puiyadenylatel, noncoding dsRNAs

with stemtloop structures[109]; instead for alpha and beta Herpesviruses specific dsRis¥es notyet

been characterizedTLR3 is constitutively expressed by numerous cell types, as well asliapithts and

/ 5yhb 5/a3 YR Y2NB2OSNE Ay Yz2ad OStft GeLsSasz Arida
infections [1100® / 5y h b 5/ & LI NI-predentalioni & virklyantigemsS con@iblBng do
development of an efficient CD8+ €licresponse against HIV The mechanism that allows endosomal
TLRS3 to detect cytoplasmatic viral dsRNA is unknown, but it is assumed that phagocytosis of infected cells
or autophagy could be involvd@4]. In vivo studiesupportthe hypothesif an important role for TLR3 in
stimulation of the adaptive immune respongEL]] and have confirmed its role in the IFN response to-HSV
1[112.

NonTLR receptors
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In addition to TLRs, the organisamails itself of set of intracellulacytoplasmatic 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 immwsponses against herpesviruses.
Regardingviral 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 engloc pathway of entry, namely via degradation followed

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

an alternative way, that probably involves autophagy or proteasomal degradation of theocaplsid74].

The signaling pathway linking cytosolic DNA sensors to final effector are still tialyeknown: DNA
sensing leads to the activation of TANiIKding kinase 1 (TBK1) and IRF3, that stimulates the production of
type | IFNs and primflammatory cytokines. TBK1 associates with DDX3, a DEAD box RNA FEligase

and interacts with SEC5 (EXOC2), an exocyst protein, in a complex that includes the endoplasmic reticulum
adaptor STING (stimulator of IFN genes), which has sangal role[114], but all the steps of this pathway

of signaling are not defined.

RNA.RIGI like receptors (RLRs), similar to TLR3, are able to sense intracellular herpesvirts@NAa
DExD/H box RNA helicase that interacts with dsRNA through its helicase domain, and activates‘IRF3, NF
and MAP kinases through a signaling actidatg its CARIke domains. & example, in EBV infected cells

it has been obserd the induction of IFNs and-10 triggered by EBERs and mediated byIRI1G5, 116].

MDADbis stucturally similar to RIG as a matter of fact it also presents a single helicase and two -eRD
domain.In primary human monocytderived macrophages, MDA5 and its adaptor protein mitochondrial
antiviral signalling protein (MAVS) induce IFN resporfstiewing HSVL infection and production of
replicationinduced higheworder RNA structuregl17].

Since RLRs are expressed by many cell types in the body amdsarstrongly 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 the initial antiviral IFN

responsg74.

DNA. The ISG DAI (DN¥ependent activator of IFkegulatory factors) was the first cytoplasmic DNA
sensor to be identified able to activate IRF3 and promote type | IFN expression in responseli@amtsV

HCMYV infection in vitrg118, 119].

DEAH box protein 9 (DHX9) and DHX36, which belong to the family of DEXD/H box helicases, are able to
recognize Cp@ontaining DNA in pDCs and to induce a signaling pathwag®&lg&pendent which leads to

the activationof NE . ' YR LwCTX YR (KS -Ditayimadie dzO@ii2$BENSEE AN
after HSVL infection[120].

37



AIM2, which belongs to the pyrin and HIN domeantainirg protein family (PYHIN familyls andher
cytosolic dsDNA sensor that stimulates caspase 1 activation through inflammasomes. AIM2 binds DNA
through its HIN domain and interact with ASC/PYCARD (apoptsisiated speekke protein containing

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

YI GdzNI A2y 2@20L] ™mi FyR L[ wmy

IFI16, another PYHIN family protein, bound directly to isolated viral DNA motifs and stimulates the
SELINBaaAz2y 2infflamma&doy genésyliringlHSRinfection[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 recognitiplade

Besides AIM2 and IFI16, other PN'HAmily protein that recognize intracellular DNA have been identified

and colectively are termed ALRs, AlNIRe receptors.

1.6.2 Viral evasion of Innate Immunity

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

had to evolve strategies to modulate host cells, evade host immune responsinally establish infection.

For herpesviruses, evasion from the innate immune system and its modulation are essential both to initiate
replication andsuccessflly colonize the hostsince herpes are some of the larger viruses, present slow
replication cycle and are able to establish latent infectionith periodic reactivations.

Herpesviruses follow several ways to evade innate immune response: they can (l) abeidsénsed by
PRRs, or (Il) block the action of these receptors, or still (Ill) inhibit the signaling pathway and gene
expression that cells activate to counteract the infection.

() HSV1 UL41 gene encodes a structural tegument protein caltegivirionhost shutoff protein, that acts

as an mRNApecific RNase and triggers rapid shutoff of host cell protein synthesis, with the disruption of
preexisting polyribosomes and degradationvafal andhost mMRNA$123]. Moreover, with the destruction

of viral RNA in the early stages of the infectiohgis able to make less effective the activation of THeR3

and RLRs dependent Ridénsing pathways in dendritic ce[b24]. Another viral factor involved in the
innate immune evasion is the H3\ encoded neunvirulence protein ICP34.5:antagonizesHhe antiviral,
interferon-inducible PKR signaling pathwawyd directly binds to the mammalian autophagyducing
protein Beclin 1, inhibiting its function, and therefore contributing to viral neurovirulence. Ghrahis
mechanism, HSY counteracts the delivery of PAMPs from the cytoplasm to the endosome and counteract
the detection of viral nucleic acids by endosomal TLR3 and[TR§9

(I) The inhibition of the activity of specific PRRs is a sepossiblestrategyfollowed by viruses to evade
innate immunity and it can be exemplified by ICP0O and pp65.

ICPO is one of the most studied HEWroteins: it is an immediate early multifunctional protein able to

enhances viral replication and to block ehratin 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, SUM®, and the catalytic subunit of DNA protein king$26]. In the context of evasion

from innate immunity, ICPO reduces the TuRdiated inflammatory response to HS\Vinfection likelyby
promoting the degradi@on of MYD88 and MAL/TIRAP thanks to its E3 ligase afi2if}. Moreover there

are several evidences that some herpesvirus protein are able to inhibit cytosolic DNA sensors like DAI,
DHX9 andFI16; one of these viral factorstie HCMV tegument protein pp6BL83. It was already known

the capacity of pp65 to inhibit virdieduced expression of ISER8 129, but recently it was observed that

UL83 directly interastwith IFI16, inhibiting the antiviral response mediated by this sefikd@, andthat

its deletion mitigate the virus activity in viyd31]. The activity of MCMV M45 protein and HHV8 viral
protein kinase (\PK) are similar to the one of UL8Be RHIMcontaining factor M45 disrupts the RHIM
based DAJRIP1/3 interaction and so blocks DAI slgwg[132], while vPK inhibits signaling activities of
DHX9 by th direct interaction with the receptdil33.

(1) The third strategy adopted by virgse evade innate immunity consists in the inhibition of signaling
activated by PRRs and consequently of antigeale expression prograsn

The IRAFN pathway is targeted by all classes of herpesviruses, since type | IFNs plays a fundamental role in
innate defenseagainst herpesviruses. ICBArticipateseven in this type of immune evasion: it is able to
inhibit nuclear accumulation of IRF3 and induction of IFNs by degrading IRF3 equmstsating the
complex IRFEBP/p30(Q134, 135. ICP27 anotherimmediate early proteirof HSVL1, binds theinhibitor of

‘B(FB" 0 = dspBo&phadylation and ubiquitinatiorand stabilizeshis factor, and therefore in this way
represses NFB activity[136].

Particularly interesting is the strategy adopted by HHVS8: its genome contains a cluster of ORFs with
homology to the cellular ainscription factors of the IRF family that encodes viral interferon regulatory
factors (VIRA, VIRR2 and vIRE). Among these viral proteins, viRFa 73 kDa protein homolog to cellular

IRF4 and vIRR, targets IRB, IRF5 and IRF, avoids their DNAinding and accordingly dowregulates
virusmediated activation of IFN gene promoters and diminishes the early inflammatory respbBize

139.

In conclusion, the presence of so many and various strategies implemented by herpesviruses to evade
innate immune systemstress the importanceof this type of immunityin the cotrol of herpesvirus

infections Fig.1.15).
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Fig. 115: Herpesvirus evasion ofnnate immune systemScheme of the viral proteins encoded by herpesvirues to evade from
PRRs recognition. ICP34.5 aridsof HSVL preventthe recognition of viral nucleic acids; HSWCPO 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 nuclegarislocation; several viral proteins, such as HHUBRB, interact with NF . X

IRF3 and/or IRF7 and inhibit transcription of genes involved in the immune resp@ihse

1.7 Herpes as oncolytic agent

Since the beginning of the nineteenth century, viruses hbgen taken into consideration as possible
agentsfor tumor destruction. The use of viruses in the treatment of camréaginatedfrom the observation

that, occasionally, cancer patients who contracted an infectious disease went into brief periods of clinical
remission. In particular in patients affected bukemia, it was observed that contraction of influenza
sometimes produced beneficial effedts4d.

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 psstene of the infection leadto tumors regressionin any case,
morbidity due to the infection of normal tissues was too highl1950s and 1960the 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 thevasno great success, it occurred a

nearabandonment of the &lds in the 1970s and 198(Q441]. Thanks to advance in technology, in
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