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1. Introduction

1.1 Through the ages of herpes simplex virus.

The first descriptions of lesions that resembleasé caused by herpes simplex virus (HSV),
have been found on a Sumarian Tablet (third milenBC) and on the Ebers Papyrus (1500
BC). Nevertheless, the first time we came acrossmedge of HSV was with the ancient
Greeks, where lesions that seemed to creep and alawg the skin were described by
Hippocrates with the term “herpes” (1). Through teaturies, investigators have described this
pathological skin condition with a variety of teraisd meanings up to the@nd 18' centuries
when a more rigorous definition of herpes emerggdteman described a recurrent HSV
infection as“a restricted group of localized vesicles with aosh) self-limited course’(see (1)
refs therein). The research has progressed fromsiimple classification of lesions to a
description of disease, epidemiology of infectioil @aowadays to the molecular characterization
of the virus. For many years, the virus was conedi¢o be a troublesome childhood disease and
an affliction of a few unfortunate individuals. Thexperimentation and recognition of the
aetiological agents started between th® 48d 28' centuries.

In the first half of the 20s, Gruter conducted salv@nimal experiments that confirmed the
infectious nature of HSV, showing how the virus Idobe transmitted serially from rabbit to
rabbit. It is to him that the virology communitytrétutes the merit for the isolation of HSV.

It is noteworthy that in the 1930s Andrews and Gelneal laid the foundation of HSV biology
by observing that only adults carrying neutraliziagtibodies were affected by recurrent
infections.

In the first part of the 50s, there was a big dgy@ent in herpesvirology with the advent of
culture protocols allowing isolation of other mesnd of the human herpesvirus family. During
the 1970s, genital herpes was recognized as ausesixually transmitted infection theduld
threaten the life of a fetus if the virus was canted shortly before or at deliverijhe public
tooks into account the problem when newspaperestiwere written on the subject, with sexual
freedom and increase in incidence of sexually tratted disease. The awareness grew even
more with the advent of the first cases of HIV.

The first antiviral therapy developed at the endtted 70s was vidarabine, that reduced the
fatality of HSV encephalitis, but the real theragpeadvance was the discovery of acyclovir and
the demonstration of its mechanism of action bydertrude Elion (1), who was awarded Nobel
Prize in Physiology and Medicine in 1988.

The vaccines against herpesvirus have been of igiteagst since the early ®@entury but their
history has been uncertain. Two vaccines have bealuated for prophylaxis and therapy, both
based on viral glycoproteins and an adjuvant. Tgeexe difficult to interpret results e.g. decrease
of the incidence of HSV-2 infection in women butt m@ men, so their efficacy has still to be
proven.

The beginning of modern research on HSV can besgdlbetween the 1960s and 1970s. During
this period the size and complexity of the struetof HSV DNA were discovered, as well as the
large number of proteins that make up HSV particldss could be called the golden age of
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research on HSV where a great amount of informatiothe function of viral genes and virus-

cell interactions was collected.

In the last twenty years research focused on tleeapeutic potential of HSV besides its

pathogenic properties. HSV has been taken intowsrt@s a promising viral vector to be used in
immunoprophylaxis and gene therapy. In particulzgre are two potential therapeutic uses for
HSV: 1) delivery of missing, damaged or modifiechge to the CNS and 2) engineering of the
virus to destroy cancer cells. The latter is th@dof my PhD thesis.

1.2 Herpesviridae family and its classification

A common feature of the famiblerpesviridaes the architecture of the virion. A typical hespe
virion is composed of: a core containing linear ldetstranded DNA, a 100-110nm diameter
icosadelthaedral capsid, an amorphous and asynecadeteigument around the capsid, and the
exterior lipid envelope with surface glycoprotepikes (2, 3).

The herpesviruses are highly widespread in natudesaveral animal species are the natural host
of at least one herpesvirus. Nine herpesviruseg lhaen isolated from humans and they are
listed in the table below (Table 1.1).

Table 1.1 - Viruses belonging to the human Herspesidae family (4).

Designation Vernacular name | Subfamily] Genome Size| Abbreviation
(bp)
Human Herpes simplex o 152 HHV-1
herpesvirus 1 virus 1 (HSV-1)
Human Herpes simplex a 152 HHV-2
herpesvirus 2 virus 2 (HSV-2)
Human Varicella-zoster a 125 HHV-3
herpesvirus 3 virus (VzV)
Human Epstein-Barr virus y 172 HHV-4
herpesvirus 4 (EBV)
Human Cytomegalovirus B 229 HHVS
herpesvirus 5 (HCMV)
Human B 162 HHV-6A
herpesvirus 6A
Human B 162 HHV-6B
herpesvirus 6B
Human B 153 HHV-7
herpesvirus 7
Human Kaposi's sarcoma Yy 230 HHV8
herpesvirus 8 associated virus (KSHV)

The known hepersviruses share four basic biologiadk:
i) Production of a large amount of enzymes engageduiieic acid metabolism (e.g.
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thymidine kinase, thymidylate synthetase, dUTPaf¥)lA synthesis and possibly,
processing of proteins.

i) Synthesis of viral DNA and assembly of capsid$mnucleus.

lii) Generation of infectious viral progeny associatéith the lysis of the infected cell.

Iv) Latency in the natural hosts with expression o @émall subset of viral genes.

There are three subfamilies of the Herpesvirithamily classified by the Herpesvirus Study
Group of the International Committee on the Taxowooh Viruses (ICTV) on the basis of
biological features.

Alphaherpesvirinaeviruses in this subfamily share efficient destiwc of infected cells in a
wide variety of hosts, rapid spread in culture,rslhe@productive cycle, and the ability to start a
latent state infection primarily but not only innsery ganglia. In this subfamily are the genera
Simplex viruses HSV-1, HSV-2, Varicellovirus (VZpseudorabis virus and equine herpesvirus
1), circopithecine hepersvirus 2, and bovine maiitisivirus.

Betaherpesvirinaethe majority of its members has a restricted hasge. The reproductive
cycle takes a long time, a growth in culture isnsnd the nuclei of infected cells become larger
(cytomegalia). The virus establishes latency inesav cells type like secretory glands,
lymphoreticular cells, kidneys and other tissuebe eneraCytomegalovirusHCMV) and
Muromegalovirugmurine cytomegalovirus) belong to this subfamily.

Gammabherpesvirinae all members replicate in lymphoblastoid cellad assome cause lytic
infections in some types of epithelioid and fibiediic cells. These viruses are specific for either
T or B lymphocytes and establish latent infection/mphoid tissue. The Gammaherpesvirinae
family contains two genera, Lymhocryptovirus (€@V) and Rhadinovirus (4). This thesis will
focus on HSV-1.

1.3 Epidemiology of HSV infection

HSV replicates in many cellular types, includingiras where it carries out a lytic cycle and is
capable of aggressive spread and tissue destrudti@ninitial HSV infection requires contact
between the virus and mucosal surfaces or abrddedT$e two viral serotypes (type 1 or 2) are
transported in a retrograde manner along the agbngurons that innervate the portal of entry
to the cell body’s nuclei in sensory ganglia. Ire thuclei they ultimately establish a latent
infection characterized by persistence of viral DMAthe absence of viral protein synthesis.
Viral replication occurs in a small number of newspthe viral genome then remains in a latent
state for the life of the host. In a large fractafnndividuals carrying latent HSV, various stimul
(damage to nerve endings, hormonal imbalances oti@nal stress) result in re-activation of
virus replication (5). The virus is then transpdrie an anterograde flow to mucosal membranes
at or near the portal of entry into the body, argible sores become active for transmission to
uninfected individuals (Fig. 1.1).

The host immune system condition influences theety HSV infection. Seronegative
individuals contract primary infection at their sirexposure to HSV-1fgcial) or HSV-2
(genital. This is different from an “initial infection” wdre a person with antibodies against
HSV-1 contracts HSV-2 or vice versa. The clinicanifestations caused by the two serotypes
are similar although they are usually transmittediifferent routes and localize at different areas
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of the body. These viruses have worldwide distrdyutvith different impacts depending on the
socio-economic situation of the individuals coneeknno seasonal changes and naturally infect
only humans. HSV infection is seldom fatal, excémt newborns, particularly in the pre-
acyclovir era.

The incubation period of HSV-1 or HSV-2 is aboutay/s and ranges from 2 to 12 days.

The diagnostic assessment is based on virus igolaticell culture and PCR detection of viral
DNA. Symptomatic oropharyngeal disease by HSV-dharacterized by sores of the buccal and
gingival mucosa (lasting 2-3 weeks) and by fevetwken 38 to 40°C. Intraoral ulceration
lesions indicate primary infection whereas lip é&s suggest recurrent infection.

Primary genital herpes by HSV-2 appears as maaumdgpapules, followed by vesicles, pustules
and ulcers. During pregnancy the infection is satednsmitted to the fetus (5% in utero), infact
the most transmissions occur during vaginal deyi@0%) or after birth. The infected babies
frequently die owing to encephalitis and dissenadainfection. To prevent mother-to-baby
transmission, caesarian section is applied.

Complications in men are rare; aseptic meningitid arinary retention are more common in
women. Non primary initial genital infection causglder symptoms than primary infection
(fewer lesions, less pain and less like hood ofgarations).

Immunocompromised patients are at increased riskewére HSV infection, they can develop
progressive disease involving respiratory tracgpbagus or gastrointestinal tract (5, 6). The
cure for initial or recurrent HSV infection is thepical, oral or intravenous administration of
acyclovir, a purine-nucleoside analogue prodrugs lactivated by viral thymidine kinase and
when it is incorporated into viral DNA, it acts aschain terminator. This treatment keeps
symptoms under control symptoms and has been siullgsemployed to treat other HSV
infection such as encephalitis, hepatitis, pulmpmafection, proctitis or eye infection (6).

Trigeminal
ganglion
(18)

anterograde
transpgrt of nerve axons retrograde
HSV e TG transport of
HSV to criginal
site of infection
Acute Latent Reactivation
- primary infection - no infectious virus - virus production in
at gither lip or eye detected in TG or infacted neurons
at the primary site
- virus replicates of infection - retrograde transport to site
locally in epithelium of infection
- viral gene expression
- virus travels to TG and suppressed - presence of clinical lesions
establishes a latent infection andfor virus at original site

of infection

Figure 1.1 - Progression of HSV-1 infectionn vivo. HSV-1 primary infection occurs in the mucosa of tips or eye. Here,
virus replicates actively in cells and enters ia #ensory neurons near the portal of entry. Theswinen is transported to the
nerve cell bodies in the trigeminal ganglia. Durlatgnt phase the viral gene expression is turifieitd ganglia, except for LAT
gene. Periodically, various stimuli cause virusctieation. In this phase virions travel in anterdg manner through the axons
of neurons toward the primary site of infectioi. (7



1.4 Herpessimplex virus 1

The first human herpes virus discovered was HSYd iais considered the prototype virus in

the family, and is still one of the most investaghtherpes viruses (8). The biological properties
which make it an interesting research subject laaé &) it remains latent in the human host for
life, b) it reactivates causing lesions and clamiges several infections. This virus is used ds too
and model to study translocation of proteins, stinaponnections in the nervous system,

membrane structure, gene regulation, gene thecamger therapy and many other biological
problems (9).

1.4.1 Virion Structure overview

As mentioned earlier in the text the HSV virion sists of four elements (6, 9): a core, an
icosadeltahedral capsid surrounding the core, amegt surrounding the capsid, and an
envelope.

A study conducted with cryo-electron tomographyH®V-1 described the virion structure in
great detail (Fig 1.2) (10). The virion consist af pleiomorfic membrane-bound patrticle. It is
generally spheric in shape, although some moved dwan sphericity which appears to be a
genuine feature. The bilayer membrane was seer@stimuous smoothly curved surface (5 mm
thick). Its diameter rangs from 170 to 200 nm, agerg 186 nm and an array of spikes protrude
from each virion, making the full diameter on awygra~ 200 nm.

The core contains densely coiled and complex DM&h spermidine and spermine proteins that
neutralize the DNA's negative charges, conferriigraidal shape (9).

The capsid consists of 162 capsomers arranged =16 icosahedral symmetry and an
intermediate layer organized in a T=4 lattice. ®éer and the intermediate layers are organized
so that channels along their icosahedral twofoldsazoincide, forming a direct pathway and
potential channel between the DNA layer and therext of the virion (11). The non-central
location of the capsid inside the virion allows fwoximal pole identification where the capsid is
near the envelope and distal pole where it is Atte tegument occupies about two-thirds of the
volume enclosed within the membrane and at 7 nmesblution it appears to consist of a
reticulum of particulate density. Some tegument ponents appear polymeric; some cellular
filaments resembling actin were incorporated (10).

The process which HSV acquires its lipid envelops given rise to disputes. Some studies
suggested that virion lipids are similar to tho$ecytoplasmic membranes and different from
those of nuclear membranes of uninfected cells.(T2)e envelope acquisition and the
subsequent viral egress have been proposed tovfdifeerent mechanisms (9 ):

a) single nuclear envelopment model: the capsids areleped at the inner nuclear
membrane and exit the perinuclear space by meapgrofuclear vesicles which bud
from the outer nuclear membrane. Vesicles are @ted, interact with Golgi apparatus
and virions are then released to the plasma mermabran

b) the dual envelopment pathway (de-envelopment-relepment pathway): capsids
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acquire a primary envelope at the inner nuclear bmane and lose it through fusion with
the outer nuclear membrane. The capsid is themagete into the cytoplasm. The de-
enveloped capsids acquire tegument in the cytoplasd undergo a secondary
envelopment at other membranes in the cytoplasohuding Golgi stacks and
multivesicular bodies;

c) single cytoplasmatic envelopment: capsids exit framcleus through enlarged nuclear
pores. They acquire the envelope budding into dgopic vesicles and are transported
to the plasma membrane.

At present, the single cytoplasmatic envelopmentig¢cthe most popular model of HSV
maturation and exit.

The envelope surface contains numerous spikes.spik@s arrangement is not random, they
usually are few and scattered at the proximal jaolé densely packed around the distal pole.
This distribution could reflect functional assomat such as local clustering of glycoproteins
destined to serially make contact with differenteqgtors during cell entry (13). At least 15
different viral transmembrane proteins have beentifled in HSV-1 particles (14).

Envelope glycoprotein

Envelope

Tegument

Capsid

Core

Figure 1.2 - Structure of a HSV1 virion A) AHSV-1 virion has a diameter of about 200 nme Tral particle consists of an
icosahedral capsid, which contains the viral DNA&wé genome of 152 kbp. Around the capsid, theas iamorphous tegument,
which contains viral structural and regulatory pio$ and is surrounded by an external envelopeagong glycoproteins (8).
B-C Virion segmented surface rendering tomogram.B) Virion outer surface with glycoproteins (yellowjopruding from the
membrane (blue)) Virion section. The capsid (light blue), the tegnh(orange) and the envelope (blue and yellowgleSar,
100 nm. (10).

1.4.2 HSV-1 genome organization

The HSV-1 genome contained in the virion core ckissbf linear, double stranded DNA
wrapped as a toroid or spool (15).vivo, the HSV-1 genome has been found to exist inestle
three different states: linear, circular, and coeeeric. In the virion, genomes are linear, but
within hours after infection, end joining has bdeuand to occur, resulting in “endless genomes”
that have been interpreted to represent circles {&p Thus, genome circularization has been
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thought to be a prerequisite for viral DNA replioat although there is no direct proof for
circular replication intermediates. Some experiraentesults evidence that genome
circularization is not a characteristic of a praile infection but instead may take place during
the establishment of latency (17).

The entire HSV-1 genome consists of 152,000 b witG+C content of 68%. These numbers
include only single copies of tleesequence at the ends of the L component and dak®into
account their variation in size (200 to 500 bp ¢actd number.

The HSV-1 genome consists of two unique sequermesently joined, referred to as Wlong)
and W (short); each region is flanked by inverted repetite repeats of the L component are
designatedab andb’a’, whereas those of the S component &kand ca. The number af
sequence repeats at the L-S junction and at therrhiius is variable and their sequences are
highly conserved. The HSV genome can then be repted as follows:

a ab-U -b'a\nc’-Us-cag

where @ and @ contain direct repeats (18). In the viral genomee origins of replication are
present: oriL located in |J and two copies of qgilocated in the flanking region of dU
Furthermore, the HSV-1 genome undergoes inversibas result from recombination events
mediated by the viral DNA replication machinery.eBk events generate four genomic isomers
with L and S sequences inverted relative to ondhamqprototype) in equimolar amounts (9,
17).

Herpes simplex virus DNA contains about 90 unigamdcriptional units, at least 84 encode
proteins, several stable non coding RNAs and miRN¥®. Each viral transcript encodes a
single protein except for the single transcriptGRRF P that also serves as the template for the
ORF O protein; Y26 which encodes for a transcript cleaved into pnaieins, and the mRNA of
U3 which contains the ORF of ,2 and 3. Many clusters of transcriptional units & co-
terminal (arranged either head-to head, head-todaitail-to-tail), several examples exist of
transcriptional units wholly embedded in the codsegiuence contained in the larger transcript,
some of the expressed ORFs are antisense to elaehartd several transcripts appear not to
encode proteins. Those best known are the latessnceted transcripts (LAT)(9).

1.4.3 Functional organization of HSV genome

HSV-1 genes fall into at least three kinetic classexpressed sequentially in a coordinated
fashion:a or immediate earlyf} or early andy or late. Thex genes map near the termini of the L
and S components and are expressed very soorirdéetion, approximately from 2 to 4 hours
post infection. The expression af genes does not require prior protein synthesig Vikal
tegument protein VP16 promotes their transcripiimeracting in the nucleus with host cell
octamer binding protein 1 (Octl) and host cellda¢HCF1) at the GnTAATGArTTC response
element in the promoters afgenes. Moreover the transcription initiationoo§enes requires the
demethylation of histones by lysine specific derjietbe 1 (LSD1) that belongs to the dynamic
repressor complex CoREST/REST. The protein is rectlby the VP16/Octl/HCF1 complex
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(20). Thea genes encode of six proteins designated as ifexk protein (ICP) ICPO, ICP4,
ICP22, ICP27, ICP47 anddl.5. Their task is to silence the cellular machyey inhibiting
transcription, immune response e.g. block of ieteni pathway, RNA splicing, RNA transport
out of the nucleus and protein synthesis. Sombeshtalso act by promoting the transcription of
B andy genes. This process facilitates the transitiomfcellular to viral gene expression. With
few exceptions3 andy genes are distributed in the unique sequencesottf the L and S
components. The exceptions are the3€Band ORF P genes located in the repeated sequences
flanking the L component. The expression of fhgenes takes place from 4 to 8 hours post
infection and requires at least the presence dftiomal ICP4. This protein acts as a repressor
and as a transactivator involved in replicationtha&f viral DNA and nucleotide metabolism. The
B genes are (B0, U 42, U29, U9, U5, U8 and Y52. Amongp genes, two subgroups have
been identifiedf31 genes are expressed within a short time afteconcomitantly with ICP8
(UL29 single strand binding protein) and ICP6,.3® the large subunit of ribonucleotide
reductase) protein synthesis. p#2genes are expressed later adtgrotein synthesis. When the

[ proteins are expressed, most of them localize tiltonucleus and assemble onto the parental
viral DNA molecules in structures callpdereplicative site¢ocated near ND10 structures. These
structures attract a variety of histones, histomelifiging enzymes, coactivators and
corepressors. The ND10 bodies are dynamic strigtuorsisting of a large number of proteins
(20).

They genes expression occurs after the onset of vikg Bynthesis. They are subgrouped into
yl andy2 genes. NeitheB2 noryl genes require viral DNA synthesis for their esgren. They
differ because inhibitors of DNA synthesis redy&ebut not32 gene expression. The products
include structural proteins of mature virions aegument components required to prepare newly
infected cells for an efficient infectiogl genes (ICP5, glycoproteins gB, gD and 38P) are
expressed early in infection and are stimulatedilgt DNA synthesis whereas tly2 genes are
expressed late in infection and are not expresseldd presence of effective concentrations of
viral DNA synthesis inhibitors.

1.4.4 Overview of viral replication

HSV can follow two alternative pathways to entetlsceOne is binding to cell membrane
receptors, followed by fusion at the plasma mendyrdhe other involves endocytosis of the
enveloped capsid and receptor-dependent fusioheoéthveloped virus with the membranes of
the endocytic vesicle (21, 22). The fusion of tiriwto the cell membrane or to the endocytic
vesicle causes the release of the virion into fheptasm. The capsid and some of the tegument
proteins are transported to the nuclear pore. ftegdction of pore components with the capsid-
tegument structure results in the release of WiMA into the nucleus. In this compartment the
transcription of the viral genome takes place al$ ageits replication and new capsid assembly.
The viral DNA is transcribed by a host RNA polymszavith the participation of viral factors in
all stages of infection.

The synthesis of viral gene products are tightutated as already described above. Assembly
occurs in several stages. After fheapsid protein synthesis , the capsid assemblyrsan the

11



infected cell nucleus. At the initial stages, sarapsid proteins are located in the cytoplasm. In
particular the major capsid protein VP5, VP26 arRR¥ are not able to localize to the nucleus
without the help of pre VP22 scaffolding proteimedav/P19C. When the complex enters the
nucleus, the capsid proteins are added as hexa@hpearions to form a partial capsid together
with scaffolding proteins. Empty shells containenginternal scaffolding are assembled first and
the scaffolding is lost in DNA encapsidation. Inrtgaular the encapsidation is a process that
requires HSV DNA concatemer cleavage into monomatstheir packaging. The viral DNA
has signals for cleavage and packaging irotlsequences, nam@aclandpac2 The process is
not well defined but the insertion of viral DNAgencomitant to the displacement of scaffolding
proteins like VP22a. The assembled capsid cangheseed to the egress from the cell.

1.4.5 Latency

When HSYV virions enter the nucleus, they can eisitart lytic replication or enter the latent
state. This is a particularly successful form ofaomodation with the host. Latently infected
neuronal cells stay alive, and HSV-1 latency somesi lasts the lifetime of the host. In the latent
state the viral DNA is circular in shape, bounchtstones, and maintained in a repressed state
with the exception of the latency-associated trapsc (LATS) and a set of microRNAs
(miRNAS) derived from LAT or its precursor RNA (20n a fraction of neurons harbouring
latent HSV, the virus can be reactivated; assembléah move anterogradely near the initially
infected site (9). During the establishment ofriate VP16 /HCF1 complex is not translocated to
the nucleus, and the transcription wfviral genes is prevented. At the beginning thel LA
promoter and 5’ LAT exon are associated with aegegl histones, markers of active chromatin
whereas the lytic gene promoters are not assocuwitdacetylated histone H3 (9). The LAT
gene localization is within the inverted repeat poment that encloses the unique long segment.
Its product is an 8.3 kb precursor present at l@pyc(minor LATS) and, upon splicing, it
generates a series of stable unpolyadenylated Riagr LATs, 2 kb and 1,5 kb in size) that
accumulate to high levels within the nuclei of Hdtg infected neurons (23). The LAT promoter
is 3 and antisense to the ICPO gene, a protein highiglved in a transactivation of several
viral genes. ICPO is able to start both viral ggmascription from quiescent genomes in cells in
culture and viral reactivation from latently infedt sensory neurona vivo (23). This protein
might thus play a key role in the balance betwaésnicy and viral reactivation.

LATs and miRNAs have a role in the maintenanceabdéricy but not in its onset. No viral
product expressed from LAT has been identified it®mrole in HSV-1 latency. It has been
observed thaALAT mutant viruses can establish a lytic state, thet yields of virus recovered
from the ganglia may be reduced relative to thogected with wild type virus; furthermore
these mutants exhibit increased expression of ggaks (18). The number of neurons in murine
ganglia infected with a LAT deleted virus is lowthian that of ganglia harbouring wild-type
virus. For these reasons LAT has been proposeprtect” neurons from apoptosis (24).

HSV microRNAs derive at least in part from LATs. if not clear whether miRNAs are
synthesized from LAT or its precursor or from indegent transcription. Their functions seems
to be related to establishing or maintaining lataeféction. Alternatively they could also play a
role in the regulation of the synthesis or functodrsome essential proteins(20).
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Several findings show that HDAC-1 or HDAC-2/CoRESID1/REST repressor complex also
have a role in silencing HSV DNA in neurons. It Hasen reported that HDAC inhibitors
increase reactivation of virugn vivo and in vitro and that inhibitors of LSD1 (histone
demethylase) block viral replication and reactimatirom the latent state. The repressor complex
is required for activation af genes and to block the expressior3@ndy genes; it works in a
manner that is easily overcome in productive indes but not in infections leading to the
establishment of the latent state (20).

1.4.6 Entry

HSV is considered as the prototype for Herpesviridaefamily. It encodes a multipartite entry
machinery with essential distinct glycoproteins (g&, gD, gH/gL), each one with a specialized
activity, whereas smaller enveloped viruses posseass one or two fusion glycoproteins for
entry and fusion functions. The multistep procdgsision that characterizes HSV entry prevents
the indiscriminate activation of the fusion appasaf25).

HSV enters cells by fusion of the envelope with glasma membrane @after endocytosis
through neutral or acidic compartments, insensitivesensitive to bafilomycin A (BFLA),
respectively. The entry route of HSV differs froelldo cell. The cell is responsible for choosing
the entry pathway for the virus, routing HSV te thppropriate site on the cell membrane. For
example, HSV virions are routed to cholesterol-rreffts and a dynamin2 dependent acidic
compartment byVp3-integrin. In general, it has also been reported tellular factors other
than the glycoprotein D (gD) receptors may addidSy/ to acidic endosomes or a neutral
compartment (26).

The process of viral entry consists of four steggachment, recognition of cellular receptor by a
viral glycoprotein, triggering of fusion and fusierecution.

First, the virus interacts with the cell plasma rbeame through the binding of gC and gB to
glycosaminoglycans (GAGs) moieties of heparanasell{HS) or chondroitin sulphate (22, 27,
28). This non-essential binding enhances HSV infiggtbut lacks specificity and likely serves
to create multiple points of adhesion, tethering eoncentrating virions at the cell surface. This
binding is reversible, and the detached virudilisfectious (25). In some cellular types it has
been observed that virions accumulate near celllimame projections, named filopodia through
the interaction of gB with HS. From there, viriotnavel with a lateral movement along the
length of filopodia to arrive closer to the celldyo This phenomenon was called viral surfing
and it has been reported to increase infectiorcaffi directing the virus to cell membrane
regions enriched in recepto/siter viral attachment, gD binds in an irreversibh@nner to one
of its specific receptors. gD is able to bind toledst three alternative receptors: nectin-1,
herpesvirus entry mediator (HVEM or HveA, herpsesientry mediator A) and O-sulphated (3-
0O-S) moieties of HS. Many of the receptors are thyoaxpressed in a wide variety of human
cell types and tissues (24). It is unknown why HBXds to alternative receptors. The gD
affinity to nectin-1 and HVEM is of the same or@émagnitude (18M):; hence, affinity is not

a basis for preferential usage (29). Likely thisves to increase the chance of a successful
infection and spread in the human host. When gld<to its receptor a protein conformational
change occurs resulting in the triggering of th&dn process (24). The gD binding signals the
receptor-recognition and thus triggers fusion, égruiting the other three glycoproteins — gB,
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gH, gL. The trio of gB, gH, gL, executes fusionwihe plasma membrane or endocytic vesicle
of the target cell (Fig. 1.3). The trio appearsaastitute the conserved fusion machinery across
the herpesvirus family with the highest degree exfugnce conservation seen in gB (30). The
complex nature of the entry machinery that has theroexample in viruses, and has made the
complete understanding of the fusion triggeringchamism difficult. Due to the number of
proteins working on the entry pathway a fine comioaition is necessary among them. The gH
and gB proteins have created an intriguing sceraraut which of the two proteins could be the
fusion executor. gH has been considered for a jmegpd as a potential HSV-1 fusogen but
structural studies on its crystal found no homolegih any known fusion proteins (31); the
structure of gB has already been solved and esh#itemarkable homology to that of VSV
fusogen, gG. Considering the structure of the gHzginplex, it is likely that they may activate
gB for fusion rather than having a direct role e tmechanism of fusion. Exactly how the two
glycoprotein cooperate to execute fusion is stitlear (32).
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Figure 1.3 - Attachment and entry of herpes simpleinto cells. On the top is the pathway associated with HSV eyidsis.
Below is the pathway related to HSV-1 fusion at fflasma membrane. Initially HSV binds in an aspecifianner to
glycosaminoglycans on the cell surfach. (In the second step, gD binds to one of its tallueceptors 4) and after a
conformational change is able to recruit glycoprogB, gH and gL triggering fusion at the plasma rheane 8). The naked
capsid is transported to the nucleds9). Depending on the cell line the virus can alsteeiy endocytosis 5¢9). After
acidification and maturation of the vesicles, thedgenic complex may forns<6) and fusion between the virion envelope and
the vesicle occur</]. The naked capsid is then releases into the dopand is transported to the nucle®) (30).

1.5 Glycoproteins of HSV-1 involved in attachment and entry

1.5.1 Gycoprotein C

Glycoprotein C (gC) is encoded by the UL44 gend.(83s a 511laa mucin-type glycoprotein
heavily N- and O-glycosilated and its gene belaioghey class of HSV genes. gC contains a 25
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aa signal sequence at the N-terminus, a 453 aaceltrlar domain, a 23 aa transmembrane
anchoring domain and a short 10 aa C-terminal ¢gsopatic tail. gC facilitates the adsorption
of virions into cells by binding to heparan sulgisitglycosamminoglycans or to a chondroitin
sulphate (30). In fact, several observations regkdk importance in virus attachment: first, gC
projections are long and slender and they are & externally exposed structures of the virion
(34). Second, albeit gC is not essential for vipmeduction in cell cultures, mutant virions
deleted in gC, unlike the negative mutant gB, areable to bind to the cells. Furthermore, some
data showed that monoclonal antibodies for gB,aidl gH inhibited HSV-1 penetration but had
little or no effect on attachment. HSV-1 viriongttwthis glycoprotein deleted are defective in
penetration but bind to cells normally (27, 34,.38} serves multiple accessory functions, it has
the ability to bind to the C3b component of the ptement and is also a major viral antigen
which elicits a strong humoral and cellular immuasponse during infection (36). It plays an
important role in the induction of herpetic eyeedise in animal models of herpesvirus keratitis
(33).

1.5.2 Glycoprotein D

Glycoprotein D serves as the entry receptor-bingirggein and is the main determinant of viral
tropism (37). Recently it has been reported thatibteraction of gD with its receptors is not
only required to activate the HSV fusion machinbuoy, in some cell types, also to target the
virus to the endocytic pathway (38). The structofegD has been solved for gD alone,
encompassing amino acids up to 259, and bound tBNH\ up to aa 285 of gD) or nectin-1 (up
to aa 285 of gD) (39-41). gD is a type 1 membrdgeoprotein 369 aa long after the cleavage
of the signal sequence of 25 aa (42). Its structamesists of an ectodomain of 316 aa, a
transmembrane domain located between aa 317 andaB8% cytoplasmatic tail. The protein
has six cysteines that form three disulfide bor@gs(66-Cys 189, Cys 106-Cys 202, and Cys
118-Cys 127) and has three N-linked oligosacchaitlchment sites.

gD is essential to mediate HSV entry. Its ectodonmaiorganized in three regions with different
structural and functional characteristics: theeN¥tinal, the core and the C-terminal (Fig. 1.4
A). The first 20 aa of the N-terminal are disoradkrexible and extended when gD is not bound
whereas they fold back to form a hairpin when gbasnd to HVEM. This region, that contains
all residues involved in HVEM receptor binding, pao the core of the protein which it is
connected to through a short flexible proline-riddgion, encompassing aa 45-54 (25). No
electron density resulted for residue 1 to 22 endB/nectin-1 complex. The first 32 amino acids
are also involved in binding 3-OS-HS but are disadte for nectin-1 binding and usage (41,
43).

The core includes an Immunoglobulin Variable (Igdlded region (aa 56 to 184) and a helix
(-helix 3) of 17 aa that ends at aa 240. In thetalykelix 3 is positioned between IgV and the
N-terminus (Fig. 1.4 B,C). Downstream of the heBixs a long flexible proline rich region,
spanning aa 244-312. From studies presented by AmduRoizman (37) residues 61-218,
encompassing almost entirely the Ig core, do netete a function required for HSV-1 entry
into cells. Indeed, it was hypothesized that thedge can serve as a scaffold, and to connect the
functional C- and N-terminal regions. This consadiem was further confirmed because its
removal and substitution with a heterologous ligandh as a scFv to HER2 does not impair the
functionality of the protein (44).
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The C-terminus of the ectodomain (aa 250/260-3d63%ignated as pro-fusion domain (PFD),
carries a region required for the trigger of fusiand for the interaction with other viral
glycoproteins (45). It has a flexible conformatittvat has made it impossible to determine the
structure in receptor bound gD whereas in unbouhd ¢plds back around the core towards the
N-terminus. The PFD is essential for virus entmyfact the insertions or deletions in the segment
250-310 impair infection and cell-cell fusion (2%urthermore, it has been reported that the
soluble form of gD, as gD285 and gD306, rescueirlfiectivity of a gD null virus whereas
gD260 lacks this ability.

PFD is also responsible for the “switch-on” meckanihat allows activation of the virion near
the cell surface. In the receptor free complex, @erminal region is in an auto-inhibited
conformation where PFD folds back around the ctabilzed by contacts that include Trp294
outside of PFD. In particular, amino acids 280 @b 3are located in the position which is
occupied by the first 20 aa of D in the gD/HVEM qaex. This is consistent with the increased
receptor affinity of the C-terminal truncated fowhgD compared to the full length molecule
(41). The Trp294 side chain is located toward ageoon the gD surface anchoring the PFD in
proximity of the N-terminal region. The PFD of glashbeen supposed to stay in balance
between this closed state and a partially oper,stath the side chain of Trp294 in and out of
the groove respectively. The receptor binding miagnge this equilibrium and lock gD in the
open conformation.

gD residues involved in Nectin-1 binding, differdrdm those in HVEM, are not in the same
confined region but resulted independent and ldcat@vnstream of residue 32. The recent
gD/Nectin-1 solved structure definitively indendgifi the contact region between the two
molecules and show key residues (Y38, D215, Q1320 R222, F223) that make contact with
the receptor (Fig 1.4 D). In the glycoprotein/redoesurface contact there are several residues
that previously have been shown to affect nectimAtling when mutagenized (Y38, H39, Q132,
D215, L220, P221, R222, R223) whereas others haea proposed for the first time. Most of
the residues identified are in the gD C-termindl the ectodomain while Y38 and Q27 are
located in the N-terminal portion (41).

16



g 65
A 55 a2
c E = E
ECTODOMAIN §§ B0
= E (=]
] D
N-terminal ragian C-terminal region
PE————.
1 32 _250/260 310 369
o — @ B
H‘Em [ | = i}
prolinesich 19V domain ahelix3 o oiinerich M
b!ndlng segment 56-184 224-240 psegmunt 317339
domaln 4554 244312
B . c

s

.&»1‘,_ C .
ks

F223 w231 Y234
1238

Figure 1.4 - Structure of gD in HSV-1. A Linear representation of domains in mature gD. ddlers are the same in panel A,
B and C.B) Crystal structure of gD ectodomain in a free comfation, HVEM binding site is unstructure@) Crystal structure
of gD/HVEM (light blue). The N-terminal region ofDgforms a hairpin that contacts the receptor. Giitiesidues for nectin-
1binding are represented as brown space fill. Q&Y L5 are residues involved in HVEM binding, Igeadn yellow, HVEM
binding residues in green, residues 185 to 250 f@tarminus of ectodomain in light gray (29p) gD surface representation
located in gD/nectin-linterface. Nectin-1 contactaais colored in blue and magenta. Residues in e been shown to
impair nectin-1 binding while magenta residues haeen proposed for the first time (41).
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1.5.3 Glycoprotein B

Glycoprotein B (gB) is a 904 amino acid trimeriofgin encoded by the @7 gene. gB’s main
functions are associated with two steps in HSVye{rmon-essential function is attachment of
the virus to the cellular membrane through the ingdo a modified heparan sulphate. The
second, essential, function is the fusion of thrasywith the host membranes. The non specific
interaction between gB and the cells occurs viandihg site located between aa 68-76 of the
protein, whereas the fusion is executed not byalgBe but require in addition of gH and gL. To
further complicate herpes entry mechanism it hesenlkdemonstrated that gB interacts with its
own receptors, other than heparan sulfate (4@)ast been reported that a soluble form of gB
binds to cells lacking HS and this inhibits HSVhateiction in some cell lines (47). To date, three
possible gB receptors have been identified. Satwhcaworkers demonstrated that the paired
immunoglobulin like-type 2 receptor (PIloR interacts with gB mediating HSV-1 infections.
(48) Furthermore, their experiments showed thatRihiRo or anti-HVEM antibody inhibits
HSV-1 infection of monocytes, which constitutivedypress both PIL&kand HVEM. However,
interaction between gB and PIkRalone does not mediate membrane fusion in thenabsef
HVEM and gD. So PILR acts as an essential co-receptor for viral ert®y.( Another receptor
for gB was identified in myelin-associated glycdeino (MAG), expressed in neural tissue.
Indeed, gB is able to cause cell-cell fusion interg with MAG in the presence of gH /gL (48).
Recently, an intriguing discovery of a third gB eptor has been made (50). The non muscle
myosin heavy chain IIA (NMHC-IIA) has been foundimteract with gB, functioning as an HSV
entry receptor. An antibody against NMHC-IIA blocksfection in susceptible cells and
moreover the knockdown of the putative receptorbitd the infection in the presence of the
HSV entry machinery (gB, gD, gH/gL). The proteinnsrmally localized in the cytoplasm
where it is known to perform its function. DuringSM absorption there is a marked enrichment
of NMHC-IIA at the plasma membrane.

gB consists of an ectodomain of 696 amino acidsaresmembrane of 69 aa and a cytoplasmatic
tail of 109 aa (51). The ectodomain of gB is nekefite fusion and some identified mutations
confer temperature sensitivity entry (52).

The cytoplasmatic tail carries two alpha helicest tegatively regulate the fusogenic process.
The carboxyl-terminal helix contains two endocysodiomains, nhamed YTQV 889-892 and
LL871, and one mutation in the aminoterminal comfarsyncitial phenotype (R858kyn 3.
Deletion of the two alpha helices blocks gB in&ization as demonstrated by the increase of
fusion assay efficiency and the appearancesyh@henotype.

gB is the most conserved entry glycoprotein actbgsHerpesviridaefamily and its crystal
structure shows a surprising similarity with thesgpasion conformation of protein G from
vescicular stomatitis virus (VSV G) ectodomain (58). This similarity suggests that gB is the
fusion executor in HSV. Although both proteins dat show a typical fusion peptide they are
able to trigger the fusion between viral and calluhembranes.

The crystal structure of gB ectodomain shows thé& a trimer stabilized by several points of
contact. 10 cysteins residues to create 5 disuifitamolecular bonds (32). Each subunit of the
trimer consists of five domain (Fig. 1.5). Domainthe base is a continous polypetide chain
folded like a pleckstrin homology (PH) domain. Geatlg, this fold serves to proteins as a
scaffold mediating cytoplasmatic signaling pathwagsch as phophoinositide binding.
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Monoclonal antibodies against this domain are ablbélock HSV-1 entry (55). Uchida et al.
found the substitution D285N associated to A549dn{din Ill) to enhance virus entry. Maybe
the two mutations hypersensitize gB to respond rpooenptly to signals from gD therefore the
authors speculated that this includes the podgsiltiat the mechanism involves a change in the
yet unknown region of gB-gD contact (56). Domain designed asniddle consists of two
discontinous fragments (142-153 and 364-459) inctvla six-strand@ barrel similar to a PH
domain is present. Domain lll, namedase, comprises three discontinuous segments (117-
133, 500-572 and 661-669) and shows a lanigelix of 44 residues that form with the other
protomers essential contacts for the oligomerimatidomain IV is the crown of the molecule
and does not seem to be related to other knowmrtstas It encompasses two discontinuous
fragments linked by a disulfide bond. The last dom¥) is the arm and extends from the
crown to the bottom of the monomer. The lanpelix forms a central coiled coil structure with
other protomers which is the responsible for thradr stability (32).

A membrane
proximal cytoplasmic
region TM  domain

Figure 1.5 — Crystal structure of HSV-1 gB ectodomai — A) Linear representation of gB domair®. On the left: ribbon
diagram of single domains in one protomer. The fiwemains are highlighted. On the right: structurthe gB trimer (32).

1.5.4 gH/gL complex

The heterodimer gH/gL is highly conserved amongodsviridae family and both gB and gH/gL
are required for efficient viral entry and cell s in all herpesvirus (31). Numerous
neutralizing antibodies are directed to gH, streg#is importance in virus infection. The role of
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gH in fusion has been confirmed by experiments wim&utralizing antibodies to gH block virus
entry but not the binding to the host cell surfé&#). A receptor for this protein has not yet been
found, but indirect evidence points to the exiséent a receptor (26). It was reported that a
soluble form of gH/gL immobilized on plastic fatdtes the adhesion of CHO cells transiently
overexpressing a number of integrins, in particu®pB3 integrin (58).

gH, encoded by 22 gene, is a protein of 838 residues with a sigegtide of 18 aa, a large
ectodomain of 785 aa, only one transmembrane doaralra short cytoplasmatic domain. gL is
224 amino acid long and is devoid of a transmengr&gion. In the mature virions the two
proteins are always found in a stable 1:1 comp8%).(Recently the three-dimensional crystal
structure of the complex has been resolved for RSN/gL showing a “boot like” conformation
(Fig. 1.6) (31). gH consists of three domains wraoh located as continuous segments. Domain
H1 is placed in the upper part of the boot andiwsddd in two subdomains (H1 and H2)
connected by a short linker. This is the only damthat makes contact with gL forming a mixed
B oheet with four strands coming from gL. Three shwalices are also preset in H1 domain.
Domain H2 is globular consisting mainly of 13 algteices and corresponds to the terminal part
of the boot. It is composed byBasandwich of 10 strands with five strands for epatt.

Most of gL has not a regular conformation, only 36%4he protein has a secondary structure
with three helices and tw sheets. The protein contains two disulfide borstsesetial for the
function of the complex and to fold gL in the progéape. gL activity is needed for the correct
folding and trafficking of gH, but it cannot be defd as a chaperone protein because it remains
closely attached to gH also after the folding phdtsis more likely a scaffold that creates with
gH wide complementary contact surfaces. Thus, & praposed that gH and gL need each other
to stabilize their conformation.

In the past it was proposed that gH/gL exertedftimetion of a fusogen. On the basis of the
recent crystal structure of HSV-2 complex, gH/gL mut resemble any known viral fusogen.
Moreover, the putative fusion peptides inside ttracture are buried and involved in sheets.
Their removal would affect complex stability. Sdés been proposed that gB is the real fusogen
and the complex works as a positive regulator doatohg the transition of gB into its fusion
active state (31).
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Figure 1.6 —Structure of gH/gL complex in HSV-2. A Linear structure of gH and gL showing domain areangnts: domain
H1A and H1B (green), domain H2 (yellow), domain H8afhge), gL (blue). Unsolved structures are inditas dashed lines.
B) Three dimensional side view of gH/gL. Dotted lir®w unsolved fragments. Sugars, cysteins and Ifidestbond are

indicated in grey, yellow spheres and red stickeetvely (31).

1.6 Glycoprotein D Receptors

1.6.1 Nectins

Nectins are immunoglobulin (lg)-like Ca2+ dependsgit adhesion molecules (CAMs) essential
for several cellular activities like cell-cell adhen and polarization, differentiation, movement,
proliferation and survival. The family includes fommembers (Nectins-1, -2, -3, -4). They are
expressed in different cell types including epithledells, neurons and fibroblats and have two or
three splicing variants designated with Greek tst{80). Nectins are involved in the creation of
cell-cell junctions like adherent junctions betwaerighbouring epithelial cells and fibroblasts
and in the establishment of apical-basal polatityedi-cell adhesion sites. They also are implied
in the formation of tight junctions in epitheliaklts. Nectins form homais-dimes, but non
heteroeis-dimers. Each protein then forms homo-trans-dimers.

Nectinl and Nectin-2 were initially isolated asapiors fora-herpesvirus and were called PRR1
and PRR2 respectively. All the members, exceptiNdgt have an extracellular region with one
Ig V-like domain, two C-like Ig domains and 8 pdiahsites for N-Linked oligosaccharides, a
single transmembrane region, and a cytoplasmatietion (59-61). The second Ig-like loop of
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the protein is involved in the formation of the-disners, whereas the formation of the trans-
dimers needs of the first Ig like loop (59).

In this region the proteins bind the filamentous4Etin binding protein afadin, through its PDZ
domain, and the cell polarity protein partitionidgfective 3 (PAR3) (60). The interaction with
afadin is not necessary for the formation of thee dimers or the trans-dimers. The C-terminal
conserved domain, which is absent from necfnattivates a signalling that involve several
extracellular and intracellular molecules like R@§C42 and Rac small G proteins (59).

gD binds physically nectin-1 and crystal structafegD bound to Nectin-1 have been recently
solved. The binding site of gD spans from aa 15@ &nd requires exclusively tBesheets of the
V domain of nectin-1 (41) (Fig. 1.7). The highefingty was found for the truncated form of gD
at residue 250 (30). An important interaction imed Phe 129 of Nectin-1; in the complex this
residue is inserted in the pocket formed by resioetveen the3 helix and the side chain of
Phe 223 of gD. The mutation of Phe 129 impairshineing to gD. There are similarities in the
structures of the nectin-1 dimer and the gD/nettioemplex. The crystal structure of the
complex gD/nectin-1 showed that binding of gD cotdganany of the same residues involved in
nectin-1 dimerization. This finding demonstrateattgD binding impair nectin-1 dimerization
and thus interferes with nectin-1 mediated cellesiltn. Other non- enveloped adenovirus,
reovirus and measles interact with a similar regiohtheir receptors which are also Ig-like cell-
adhesion receptor CAR, JAM-A and SLAM (41).
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Figure 1.7 - Structure of the gD/nectin-1 complex. A) Linear representation of human nectin-1 and HSY¥EL N-
glycosylation sites are drawn as lollipops. Sigmedptides are shown as white boxes and the tranbraemsegments as hatched
boxes. B) Ribbon representation of the gD/nectin-1 complextt&€l lines represents unsolved loops (41).

1.6.2 HVEM

Herpes virus entry mediator A (HVEM, HveA) is a nimmn of the tumor necrosis factor receptor
superfamily (TNFR) (62). Its members are molecuhed transmit signals for the regulation of
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cell proliferation, differentiation and for apopt®$30). HVEM is mainly expressed on activated
T-lymphocytes where it mediates HSV entry , howetsedistribution may be wider considering
its presence in several cultured cells line togethith nectin-1 (30, 63). The receptor consists of
an ectodomain with four typical cystein-rich domgi(CRD) of ~40 residues each and a
cytoplasmic tail with sequences that signals thard binding (Fig. 1.8) (25, 39). In particular
the cytoplasmatic tail interacts with several mermmld TRAF family (TNFR-associated factor)
and leads to the activation of KB, Jun N-terminal kinase, and AP-1 (64). HVEM bimliiectly

to gD and mediates entry of most HSV-1 and HSVrais$ (65). HSSV entry and gD binding
are blocked by a monoclonal antibody that binds CRIBut biochemical studies showed that
both CRD1 and CRD2 are necessary and sufficient gi® binding (66). The gD-HVEM
interface focalized on the hot spot HVEM-Y23 phenng that protrudes into a crevice on the
surface of gD and site-directed mutagenesis shdhagdthis residue is essential for gD binding
(39, 65). Mutagenic studies have also showed thatral residues in the contact surface
between gD and HVEM are clustered near an intercntde antiparallel3-sheet formed by
HVEM residues 35 to 37. These residues, such @&uesin CRD2 contributed to gD binding
(65).

162
HveA ;(CRDD(CRD@(CRDS)(CRDzD—llT:Mn—
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Figure 1.8 - Linear structure of HveA —Black circles identified glycosylation sites when@l Thdicates the transmembrane
region (65).

Comparison between gD/HVEM and gD/nectin-1 complex

The binding site of nectin-1 and HVEM on gD arefafiént. Only the first 32 N-terminal
residues of gD folded as a hairpin interacts witiBN¥ and the binding involves hydrogen
bonds through main and side chain atoms. Indeecraedisperse gD residues, between N-
terminal and C terminal extension of its ectodomtake contact with the VV domain of nectin-1.
The structural superimposition of the two recepsitsws that the most part of amino acids of
nectin-1 involved in gD binding are deeply hiddgngb-N-terminal residues in the gD/HVEM
complex. It can be concluded that likely the bimgdia one receptor interferes with binding of the
other (41). A soluble form of nectin-1 is able todk virus entry in HVEM expressing cells (67).

1.6.3 3-O-sulfated Heparan sulfate

The third class of HSV-1 receptors ar®3ulfated heparan sulfates (3-OS HS). They are a
modified form of HS created by the enzymatic atyiwaf 3-O sulfotransferases (3-OSTs). This
type of non proteic receptors are polysaccharidgesitaining specific sulfated motifs that
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specifically mediate HSV-1 entry (68).

Heparan sulphate are expressed in a great vafietgllaypes (69). Interestingly, although both
HSV-1 and HSV-2 use HS during the attachment pimaseal entry, HSV-1 can bind to distinct
modification sites on HS that HSV-2 is unable thjak could explain some of the differences in
cell tropism exhibited by the two viruses (68). Hem sulphate chains consist of repeating
uronic acid (d-glucuronic acid or I-iduronic acahd d-glucosamine disaccharide units (69).

1.7 Virusesasoncolytic agents

Some viruses have an intrinsic cytolytic activihdasince their discovery, at the beginning of the
nineteenth century, they were considered attra@ents against tumors (70). The idea that a
virus could be employed as a drug to treat canssade stemmed from the observation that
some cancer patients affected by natural viralctidas, showed a brief period of clinical
remission. This was true especially for hematolalgralignancies like leukemia (71, 72). This
observation laid the groundwork for the birth otolytic virotherapy whose aim is to exploit the
ability of virus to infect and kill cells in ordéo obtain the selective elimination of cancer cells
The purpose of this strategy is twofold: (i) toilifihe growth of the tumor mass and (ii) to treat
tumors and metastases for which there are no duetfactive therapies (73). Oncolytic
virotherapy offers several advantages. First, ipassible to kill selectively only mitotically
active neoplastic cells through the genetic engingeof viruses. Second, it can make use of
replication competent viruses to obtain a spreadnf#ction to tumor cells distal from the
injection site. In this way tumor cells lysis istrmnfined to the initially targeted cells. Third,
some viruses can be “armed” to potentiate theiotytic activity through the introduction of
heterologous genes, e.g. boosting the antitumaraiunity with IL-12 cytokine introduction-.
Lastly oncolytic virotherapy can be combined wathndard clinical therapy (74). From the first
evidence of a viral antitumor activity, severaleaipts have been made to use viruses as
therapeutic agents coupling them with new advanceargical radiotherapy, chemotherapy, and
immunotherapy.

1.7.1 Virus retargeting

For viruses with either a natural or partial tropifor the target cancer cells the challenge with
viral tropism is to introduce mutations that make wirus able to enter and replicate only in
cancer cells and to preserve its oncolytic activithe approaches were: virus retargeting to
specific cancer surface molecules, virus activabgrcancer-specific proteases, control of viral
transcription and replication by tissue-specifiorppters and exploitation of cancer cell defects
(75).

Some of the viruses belonging to the retargeteskdiave their surface glycoproteins engineered
in order to recognize only specific cancer receptorto be activated by molecules present in the
cancer environment. In measles virus (MV), the epithl growth factor (EGF) or the insulin-
like growth factor 1 (IGF1) were inserted in MV haghutinin by Schneider and coworkers and
the resulting viruses could infect cells expressE@R and IGF-1 receptor that were not
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susceptible to infection before (76). Recent yehesuse of single chain antibodies to retarget
viruses has been widely applied. These moleculescome the problem of the large size of an
entire antibody tetramer and maintain the spetyfitor the target cells. Several viruses have
been engineered to express scFv like anti-EGFRwIHNti-prostate specific membrane antigen
(PSMA) for MV (77), anti-vascular endothelial grdwfactor (VEGF) for vaccinia virus (78) or
human epidermal growth factor receptor 2 (HER-2H8V (79, 80).

Another approach was to exploit the fact that reall cancer cells express matrix
metalloproteinases (MMPs) at high levels confernirgl cancer specificity to viruses. MV has
been engineered to express its fusion protein R @it hexameric sequence recognized by an
MMP instead of furin, the natural activator of M\sion protein. The modified virus was
rescued and strongly restricted on primary humapatoeytes (75, 81, 82), whereas it was
unable to infect cells that did not express MMFRhia extracellular matrix.

However, the greatest challenge in retargeting seisuto cancer specific receptors is to
deprogram the virus from its natural receptor red@n. This result can be achieved either
through mutagenesis of several residues known tegmonsible for the virus receptor binding
or through retargeted molecules on a virus surthe¢ can mask the normal site of virus
attachment.

Another strategy considered here is that in ordecantrol the specificity of viral replication,
essential gene products can be controlled by casmwecific promoters. DNA viruses are the
most suitable candidates for this approach becthese can tolerate large DNA insertions. In
adenoviruses, E1A gene that normally transactiveited promoters to initiate the replication
cycle has been put under the prostate specific mamelantigen to reach cancer type specificity
(83). Other adenoviruses have been engineered toriieolled by the survivin promoter, active
only in cancer cells (84).

Oncaolytic virus design can also exploit some carspcific defects in order to reduce viral
toxicity to normal tissue. For example, many o-H&¥ deleted in the neurovirulence gene or in
genes related to nucleotide metabolisms in ordebtain viruses able to replicate only in cancer
dividing cells (see below in the text). ONYX-015,darivative of adenovirus type 5 (dI1520
strain), is a conditionally replicating virus deldtin the E1B gene and it was the first tumor-
selective OV to show antitumor activity in a cliaisetting (85, 86). E1B gene interacts directly
with a cellular p53 blocking apoptosis in infecteglls, so its deletion makes the virus able to
replicate only in cells with a non functional p587). However, ONYX-015 possesses
insufficient antitumor potency as a single agertaose, after intra venous administration, it is
not able to infect efficiently tumor matastaseshibkits slow replication and spread in solid
tumors (24)Nowadays it is administered in combination with rde¢herapy and the results are
encouraging in patients with head and neck canedi01, an E1B-55k mutant adenovirus has
passed successfully a phase lll clinical trial mr@ and has been approved by the Chinese FDA
for its use in patients with head and neck cantepmbination with chemotherapy (87).

1.7.2 Arming viruses

Although the retargeting approach has been prowebet effective in specifically directing
viruses against cancer cells, other strategies bese evaluated to potentiate viral oncolysis and
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to increase the clearance of tumor masses thrdwglstimulation of the immune system. The
arming can be achieved for example (i) throughiiBertion of transgenes that convert a prodrug
into a harmful compound, (ii) the insertion of imnamodulatory molecules able to recruit the
immune system cells, (iii) the introduction of mpeptotic transgenes that force the cell to
commit suicide only at a late stage of infection.

An example of arming through an immune stimulatprgtein is the vaccinia virus that has
recently been used as an armed replication comipetaolytic virus that selectively infects
tumors. Vaccinia virus is suitable as oncolityc rigkecause it has evolved mechanisms that
facilitate intravenous stability and circulation thstant tissues. JX-594 is an engineered
vaccinia oncolytic virus with the deletion of virthymidine kinase gene and expression of
granulocyte-macrophage colony stimulating factdvi(GSF) and LacZ. Recently the first phase
| dose escalation trial of JX-594 with a singleranenous infusion in human metastatic solid
tumors was reported. The virus has been generaliytalerated (88).

An example of proapoptotic transgenes is an adem®wnodified to express the TNF-related
apoptosis inducing ligand (TRAIL). This moleculadis to apoptosis in a wide set of tumor cells
without dependence on p53 status. The virus wastefe bothin vitro andin vivo. mice tumor
models revealed efficient replication of this vecamd the elimination of preestablished liver
metastases (75).

1.7.3 Shielding viruses

The systemic route of administration for the treatinof tumor metastases is still an open issue
for oncolytic virotherapy. Preexisting immunity agst a specific viral agent can preclude its
spread in the tumor due to its inactivation byhbet immune system. To overcome this problem
some strategies have been designed to permit tegistence of the OV and the host immunity
(75). On the other side the injected OV itself aatduce a local innate immune response that
facilitates the elimination of tumor masses. Thstfpreclinical studies are normally conducted
on immunodeficient mice that do not represent &a¢ state of the final patient.

The combined use of virotherapy and chemiotherapyhelp to limit the action of neutralizing
antibodies in the blood stream. Cyclophosphamid®AjCis normally administered as
chemotherapeutic but at the same time it causesntiene-suppression state of the patient. For
this reason it was used in combination with différ®Vs and it has already shown enhanced
viral delivery and efficacy through a decrease @ditralizing antibodies or depletion of T cells
(89). In a recent study however, it has been shimanvescicular stomatitis virus (VSV) used in
combination with CPA caused a loss of chemotrerap functions, impairing the oncolysis.
This was likely the result of the viral-induced igation of immune suppressive components
(90). Another approach to tricking the immune sygstlays in the construction of chemical
shields with polymers such as polyethylene gly¢dEG). The polymer coated virus can get
around the immune system avoiding the macrophagesk and having time to reach the tumor.
So far adenovirus has been modified in this waythednethod has proved satisfactory (91).
The last strategy for virus shielding is the useaftier cells that delivery the virus through the
blood stream to the tumor mass. The cells, choseveetors, must have some characteristics:
they should be highly susceptible to virus infeatinot be rapidly lysed by the virus, and spread
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the infection to the cancer cells (92).

1.8 Oncolytic HSV

HSV offers several advantages for cancer therapoagared to other viral vector systems. In
addition to its natural neurotropism, (i) HSV habraad host range that allows it to infect and
replicate in many cell lines; (ii) a distinct behefompared to other o-viruses is the availability
of specific anti HSV therapy for the treatment eidasired infections (Acyclovir, Ganciclovir
etc.); (iii) it also has a large genome size ofwbd52 kbp, part of which consists of non
essential genes that can be replaced with novelageoesis technologies (e.g. GalK
recombineering) of up to 30 kbp. The adenoviruspsehgenome any way is five times smaller,
shares this last characteristic with HSV, wheréasgenome of MV and adeno-associated virus
(AAV) do not have space to additional genes. O#tantages are that (iv) the viral DNA does
not integrate into the cellular genome, eliminating concern of insertional mutagenesis (8, 24,
73); (v) the glycoproteins of the entry apparatus well known and tolerate the insertion of
heterologous ligands and modifications (80, 93; @4) clinical trials have highlighted that it is
possible to construct attenuated, replication caemaeHSVs that show efficacy in several tumor
types; (vii) HSV completes its replication cycle # h, in contrast to adenovirus whose
replication cycle typically lasts 48-72 h (95). &iry,(viii) a good characteristic is HSV’s ability
to spread cell to cell directly through cell jurmets and to disseminate in the extracellular space,
allowing an efficient viral penetration within stliumors (24).

The original pioneering research on HSV as onaplytiuses was conducted by Martuza and
coworkers and in 1991 they published the firstdemce that an oncolytic mutant HSV-1
prolonged survival time of nude mice bearing imaacal human glioma (96). The virus had
been deleted in the thymidine kinase (TK) gene,odad by Y23. TK cooperates in the
synthesis of deoxyribonucleotides to facilitateal/iDNA replication in non dividing cells and it
plays a protective role converting non-toxic pragrsuch as ganciclovir and acyclovir into toxic
metabolites (24, 96 ). However, it was so neuratax high titers and insensitive to antiherpes
treatments that its use in clinical trials was ptg (97). However, this constituted the proof of
principle that the strategy could be followed. Tpdaith regard to safety, TK genes must be
maintained to stop undesired infections due tom@keHSV mutations (73).

Further knowledge about cancers and virus biology &llowed the design of OV combining
different strategies as the modification of virabgism, the arming of viruses to enhance
antitumoral immunity or the shielding of viral pales to escape host immunity (Cattaneo
2008).

The first and second generation of 0-HSV share dtienuation of the virulence and are
conditionally replicating viruses (single or doubfautants) with the deletion of some
nonessential genes to avoid replication in norredécThe third generation includes attenuated
viruses with enhanced antitumor immunity (e.g G647 Subsequently the third generation
developments were focused on arming viruses wittokoyes like IL-12 and GM-CSF
incorporated in an attenuated backbone. The lasérggon includes the tropism retargeted
viruses whose aim is to enter cells through turpecsic receptors other than their own.
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Conditionally replicating HSV: A rapid cellular division is a main charactestif tumor cells
and this implies a large availability of nucle@tigrecursors for DNA synthesis. In this regard
early attempts to use o-HSV focused on genes iedolwm nucleotide metabolism to force
engineered viruses to replicate only in mitoticadigtive cells (97). So the first conditionally
replicating virus was a thymidine kinase-negativetant of HSV-1 dIsptk) (96). Other viruses
were developed with mutations in viral enzymes Imed in nucleotide metabolism as
ribonucleotide reductase (RR) and uracil deglycedygUNG) or DNA polymerase(97).
Subsequent viruses have been developed takingastdount the deletion of protein ICP34.5,
found to be a neurovirulence factor, determineggh grade of attenuation and causes the block
of viral replication and spread in CNS with a logplication in peripheral tissue. The ICP34.5
deleted viruses are avirulent on intracerebral uri®n of mice and are unable to establish
latent state after infection due to removal of @drtATs (73, 98). ICP34.5 maps in the inverted
repeats flanking the long unique sequence of HSVARNA therefore it is present in two copies
in the viral genome. Its product blocks the shiditebthost cell protein synthesis induced by viral
infection and counteracts the protein kinase R (PHRLt is responsible for phosphorilation of
the eukaryotic translation initiation factor 2 (21&). ICP34.5 antagonizes PKR by recruiting
the protein phosphatase 1 that dephosphorylatésaedRd restores late viral protein synthesis
(73). HSV y134.5 mutants include 1716, in strain 17, and R36d€ed on strain F. A potential
drawback is that they replicate less efficientlyhatower viral yield compared to wt (97).

HSV 1716was developed by MacLean and coworkers (99) onwtltktype strain 17 backbone.
It carries the deletion of both copiesye84.5 gene and replicates only in actively dividogjs.

In vitro andin vivo studies have shown its selective replication andlgtic activity in a variety

of tumor types including glioma, medulloblastomaglamoma, human embryonal carcinoma,
mesothelioma and non small cell lung carcinoma.

Intratumoral injection of HSV-1716 at a dose of Hu or 5x10 into an oral squamous cell
carcinoma (SCC) is safe but with little biologieadtivity (100). To date, there are four cancer
types in which HSV-1716 is used in clinical trigf3). In general, the virus is well tolerated but
shows little viral replication due to the low dosesed. An upcoming trial will include
increasing doses or repeating treatments (73).

Double mutated 0-HSV

NV1020 (named also R702Q0¢arries the deletion of a 15-kb region at the UjuSction
encompassing one copy of the diploid gen@sa4, andy134.5 encoding the proteins ICPO,
ICP4, and ICP34.5, respectively, and one cop¥bb6, the protein product of which has not
been fully characterized but is thought to be imedl in neuroinvasiveness of HSV-1 It was
originally designed to be a vaccine against HSVAH &SV-2 infection but it provided
unsatisfactory results. The removed region wasaosgl with a fragment of HSV-2LDNA
(Us2, Us3, gJ and gG) creating an intertypic recombinaii).(®V1020 has been used as an
oncolytic agent against various non CNS tumors fikestate and head and neck (97, 101). The
virus is replication competent but highly attendaid01). It is the first engineered HSV
administered through vascular infusion for treathdrhuman cancer in a phase | trial. Using an
intra arterial pump (hepatic artery), NV1020 wagdted in 12 HSV seropositive patients with
liver metastases derived from a primary colorettaior (three cohorts 3x$01x10 and 1x18
pfu). All the enrolled patients had previously éail chemotherapy. One month after virus
administration they started an intra arterial chéma@py (floxuridine plus dexamethasone). The
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virus was well tolerated, made the tumors respengichemotherapy again and show biological
activity with tumor size reduction, decrease incoaembryonic antigen (CEA, colorectal tumor
marker) and lack of immunoreactivity (101). Theules of a phase Il study on liver metastases
has been reported by Geevarghese et al., (104dgnBatreated with NV1020 showed hepatic
metastases stabilization ahdve become sensitive to chemotherapy again. Afiermonth
from the first virus infusion it is noteworthy tha considerable increase in NV1020
neutralizing antibody occurred without significaalverse effects.

G207 derives from strain F and is deleted in both copiefCP34.5 and has a LacZ insertion
within U 39 (ICP6) locus causing its inactivation. 39 encodes the large subunit of
ribonucleotide reductase that is required for mutalie synthesis in quiescent cells like neurons
while its enzymatic function is balanced by itsl@@r enzyme counterpart in rapidly dividing
cells (73, 103). The intracerebral inoculation dt0@ in murine and simian primates was not
pathogenic. It was the first oncolytic HSV adndtt® clinical trials in the United States (104).
The safety of G207 has been documented in a phiise involving 21 patients with recurrent
glioma, treated with stereotactic administrationtaghe highest possible dose (3%Hu). No
acute, moderate or severe toxicity were observedtfam maximum tolerated dose could not be
determined (104). The first clinical study had sdmmstations (e.g. single site of inoculation, no
in vivo assessment of viral replication) that were overeama phase Ib clinical trial in recurrent
malignant glioblastoma. The study aimed to confuinus safety after direct cerebral injection
adjacent to the tumor or the resected tumor, atet afultiple-injections as well as the virus
spread into the tumor and the degree of patientunmamesponse (105). The study was conducted
on six patients with recurrent glioblastoma. Theusiwas administered through a catheter
stereotactically implanted into the tumor. Firg%4. of a total dose of 1.15*1@fu was injected:;
second, either 2 or 5 days later the tumor massegexted and the remaining part of G207 was
injected in the brain surrounding tumor cavity. G20fected and replicated and the patient who
showed the highest grade of replication had thegden survival. Seroconversion of three
seronegative patients occurred and there was imhstochemical evidence of lymphocyte
infiltration into the tumor following G207 administion (93, 105).

G47A derives from G207 and carries an additional defeitiothea47 gene. The protein ICP47
is responsible for inhibiting the transporter assted with antigen presentation (TAP). In
infected cancer cells, ICP47 deletion induces amessed expression of MHC class | and
consequently enhanced antitumor immunity throughgan presentation (24). The deletion
places the late §11 gene under control of the immediate-earlyi/ promoter. Y11 product
suppresses the reduced growth propertieg34f5-deficient mutants, precluding the shutoff of
protein synthesis (9, 106). In most of the celedinested, G4¥replication is better than G207
with an increased viral yields and a greater cyttipaeffect (104). G4X efficacy was seen in
different animal models of several tumors (bregstystate, brain) (104). Recently the
combination of G4& and the alkylating agent temozolomide (TMZ) ha®rbeeen acting
synergistically in killing glioblastoma stem ce{iESCs) in mice with GSC-derived intracranial
tumors (107). Moreover systemic administration @7 by tail vein injection was effective in
inhibiting the growth of established breast carluag metastases in Balb/c nude mice (108). In
Japan, a clinical trial of patients with recurrghbblastoma is ongoing (104).

A limitation of Ay;:34.5 HSV is that protein synthesis and replicateme limited, and a
concerning situation is the heterogeneity of thaduAy;34.5 HSV is effective in tumor with a
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low PKR activity but certain type of tumor preségh activity of this enzyme. The expression
of PKR has been seen to correlate inversely witiPMARK kinase (MEK) expression.

Cell lines transducted with a constitutively actiM&EK were susceptible to R3616 that carries
the deletion of both copies §£34.5 in strain F backbone. The virus, administdrgdystemic
delivery (intra-peritoneum), showed greater ongolgttivity in xenografted tumors with higher
level of MEK compared to tumors with low expressairMEK (109).

To overcome the problem of MEK expression, two melcmant HSV (C130 and C134) were
generated carrying inhibitors of PKR activifRS1and IRS1respectively in place of;34.5
gene. The two viruses were able to restore latal rotein synthesis and did not show
neurovirulence. Their antitumor activity was greatiean in parental virus at lower doses;
improved survival was demonstrated in a human mahg glioma in severe combined immune
deficient (SCID) mice and a syngeneic immunoconmyeateurine neuroblastoma model (110).
Armed HSV:as mentioned before, HSV has the advantage o aate to host large transgenes
in its genome. The introduction of cytochines iRBV should augment the antitumor immunity
induction and potentiate cancer clearance. Virwgds IL4 in place of y;34.5 gene showed
higher antitumor activity and increased survival afice with intracranial tumors.
Immunohistochemical analyses for tumor revealedtration by macrophages and CD4+ and
CD8+ T cells (73, 104, 111).

IL-12 is another cytochine employed for boostingcdl immune response. It is expressed by
cells that present antigen, lymphocytes B and mgtesc One of its properties is to enhance
oncolytic activity, recruiting natural killer celland cytotoxic T lymphocytes, as much as the
development of a TH-1-type immune response mediadelikely second mechanism for its
antitumor activity is its antiangiogenic propesti€/4). Two HSV have been engineered to
express and secrete I1L-12.

MO002 is a conditionally replication competent virus gexted through the deletion of both
copies ofy;34.5 which were replaced with murine IL-12 (74).was tested in murine brain
tumors (neuroblastoma) through stereotactic impactind it showed an increase of the median
survival time of mice compared to controls. The inmostatining of explanted brain tissues
revealed a great infiltration of CD4+ lymphocyteswell as CD8+ cells and macrophages (74).
NV1042 was generated from NV1020 with the introductionmadrine IL-12 in the deletion of
the joint region of the long and short sequenc)1lt was evaluated in preclinical studies of
several cancer types e.g. murine model of prostateer, colorectal cancer, colorectal metastatic
liver cancer and prostate cancer that creates tasitagn the lung (113-115). The results of
experiments in transgenic TRAMP mice, that dev@iomary tumor spontaneously or metastatic
prostate cancer, showed the efficacy after intrausr(i.v.) administration. In particular the virus
was able to reduce the frequency of tumor growth thie formation of lung metastases (113).
Compared to NV1034, a virus that shares the sardkbbae but expresses GM-CSF, NV1042
has higher oncolytic activity at low doses forattimoral injections in colorectal cancer (115).
Another cytokine used in arming HSV has been tlaagjocyte-macrophage colony-stimulating
factor. It acts as a differentiation promoter in rmooytes, macrophages, neutrophils and
eosinophils from myeloid precursors cells and skatas the proliferation of dendritic cells. It
also acts as a vaccine adjuvant by stimulatinget@ession of IL-1 and acting as a growth
factor for antigen presenting cells (116). Thuspmeolytic virotherapy GM-CSF may contribute
in enhancing the immune response induced by galédll after infection.
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Oncovex is an attenuated HSV 1 derived from a fresh clingalate (JS-1) to avoid the use of
laboratory strains that after many passages mag lost some of their oncolytic potential (24).
The virus carries the deletion of ICP47 and batpies ofy;34.5 replaced with GM-CSF (117).
Oncovex has already been tested in phase | clinicab in several tumor types (breast,
melanoma, coloretal, head and neck cancer) shosimwgficant antitumor effect (117). The
phase Il studies have been completed in metastatianoma with many injections (about®10
pfu up to 24 administrations in some cases). Ireganvirus administration showed increased
survival percentage of patients with low side @Bed@he most important result was the efficacy
in sites distant from virus injection pointing oat systemic anti tumor immunity (118).
Considering the results obtained, the phase hiadi trial has been promoted.

Retargeted 0-HSV A correlated problem to attenuated HSV vectors bha&en their low
replication in dividing cells as well as their padyility to kill tumor cells at low doses(119). The
viral spread is also reduced and because thesgegimannot overcome host defenses in normal
cells their activity depends in large part on thdr genotype A different approach has been to
create replication competent non attenuated virdasgeted to tumor specific receptors. A
selective tropism should make viral attenuation astnecessary (73). This goal has been
achieved through modifications that impaired thstfviral step of life cycle like attachment and
binding to cellular receptors. Deletion of HS bimglisites on gC (N-terminal) and gB (polylysine
tract) removes the ability of HSV to bind glycosamaglicans on cell surfaces. The first
attempt to retarget HSV in this way was obtainedugh the deletion of an HS binding site
followed by the fusion of N-terminal of gC with ¢hyopoietin (EPO) (120). The resulting virus
KgBpK'gC was not able to make a productive infection butwstd a reduced ability to bind
GAG, a specific binding to EPO receptor and an &eduability to stimulate EPO dependent cell
lines (FD-EPO) (24, 121). However, gD of EPO ret¢ted virus could still interact with its
cognate receptors.

Retargeting through genetic engineering of gD dusea heterologous molecule was used to
modify the spectrum of HSV receptors. The IbE3 is expressed in malignant glioma and can
be a good target for oncolytic virotherapy. R514 A inon attenuated replication-competent virus
that carries IL-13 between aa 24-25 of gD (119he Virus is able to enter cells that express
IL13a2R but it still retains the ability to infect throngHSV receptors. R5141 is a further
modification of R5111 in which the ability to useatin-1 and HVEM has been ablated by the
deletion of the signal peptide of gD, the deletaints first 32 aa, and the introduction of the
amino acid substitution V34S. The retargeting waseved introducing the sequence of IL13 in
1-32 deletion. R5141 was able to infect cells esgirgg ILL32R and not cells expressing
nectin-1 or HVEM separately (122). R5181 was anotreis engineered according to the same
strategy through the insertion of urokinase-typesminogen activator and no deletion in gD
gene. UPAR is expressed in glioma cells and diffdyefrom IL13 receptor has not a
transmembrane domain but binds to membranes thrau@Pl anchor. The virus can interact
with cells expressing only uPA receptor, but retaits natural tropism. However, these were
proof of the principle that the retargeting of H&Weasible and can be applied to retarget HSV
to a number of tumor specific receptors (with otheut transmembrane and cytoplasmatic
domain). R5181 was further modified to make it amio the IL13 recombinant virus R5141. In
this attempt it was discovered that the 61-218 segel do not execute a function required for
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HSV-1 entry into cells. Based on these demonstiatiMenotti et al. constructed fourth
generations of HSV retargeted to HER2 receptayujin a scFv anti HER2 (44, 80, 123). The
characteristics of this receptor will be discusgedhe next chapter. The first recombinants
obtained were R-LM11 and R-LM11L (123), carrying tlscFv against HER2 between aa 24-25
of gD. They were able to infect cells expressirifR2 as a sole receptor but retained the ability
to enter in J-nectin-1 cells. The first recombisatdémonstrated that it is possible to exploit the
characteristic of antigen-antibody binding to rg&r HSV. In addition, it surprisingly
demonstrates that gD is able to tolerate largertioss as the scFv is as large as gD itself. The
second and third generation of retargeted HSV sbrdi viruses carrying single or multiple
mutated residues responsible for binding to nettim particular D215G, R222N, F2231 and
V34S substitutions (R-LM39). The mutations did natrk in ablating the binding to nectin-1, in
fact R-LM39 was still able to infect cells expresgithe receptor. The fouth generation
engineering was based on knowledge inferred by3tdemensional structure of gD: it was
supposed that the insertion of a large insert saschcFv in the deletion of aa 6-38 of gD could
sterically mask the nectin-1 binding site bettamthhe previous position (between 24-25) which
was lateral to the site of interaction. Moreovie scFv size could make the interface between
virus gD and nectin-1 inaccessible. The resultimgs R-LM113 confirmed the hypothesis, in
fact it was completely retargeted to cells expres$iER2 as sole receptor (80). Furthermore, it
showed to be fully detargeted from both nectin-d EVEM.(37, 44)

Table 1.2 - O-HSV generated and applications in @olytic virotherapy

Oncolytic HSV Engineered mutation(s) Tumor type Clinical trials Ref
disptk tk (96)
HSV1716 v:34.5 gene deletion (bothRecurrent Completed: | and 124
copies in strain 17) glioblastoma 1.
Metastatic melanoma Completed pilot 125
Oral squamous cell 100
carcinoma Completed: Il
R3616 v:34.5 gene deletion (bothPancreatic cancer 126
copies in strain F)
NV1020 15 kbp region in UYUs | Prostate

junction (deletion ofa0, o4, | Head and Neck
v134.5and Y56 genep
Colorectal cancer Completed:I and Il (102, 127)
liver metastases

failing the first-line

chemotherapy
G207 v134.5 gene deletion (bothRecurrent Completed: | and (105, 128)
copies in strain F), {39 | glioblastoma b/l
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deletion

G47A v134.5 gene deletion (bothGlioblastoma Ongoing 104
copies in strain F), {39 and
047 genes deletion

M002 y134.5 gene deletion replacedslioma 129
by miIL-12

NV1042 15 kbp region inWUs | Prostate, colorectal, (97, 113,
junction (deletion ofu0, o4, | colorectal cancer 115)
v134.5 and W56 genes) liver metastases and
replaced by miL12 prostate cancer lung

metastases
Oncovex ICP47 deletion and bothSolid tumors with Completed: | 130

copies of y34.5 gene cutaneous and s.c.
deletion replaced by GM-tumor deposits

CSF
Head and Neck Completed: I/l 131

cancer

132
Unresectable stage | Completed: Il

llc/IV melanoma

1.9  Tumor specific receptors

1.9.1 HERZ2 receptor

The human epidermal growth factor receptor 2, dadiiso ERBB2, HER2/neu or c-erbB2, is a
type 1 transmembrane tyrosine kinase belonging ttosely related family of 4 cell surface
receptors (ERBB 1, ERBB 3, ERBB 4). HER2, as alleotmembers of the ERBB family,
consists of an extracellular ligand binding domairsjnglea-helical transmembrane portion and
a cytoplasmic tyrosine kinase domain. The extratallportion is in turn subdivided into four
domains (Fig. 1.9). Domain | and Il are normaliwalved in peptide binding whereas the
domain Il is essential in homo- or heterodimermatihat triggers the internal signaling cascade.
The HER2 distinctive feature is how the domains spatially organized in the ectodomain. In
absence of ligands, ERBB1, ERBB3 and ERBB4 taka olose conformation where domain II,
located near domain 1V, is not available to takaetaot with other receptors. Conversely, HER2
exists in a fixed open conformation that is simitar ligand-activated receptor state: the
interaction between domain | and Il is presentlaithe domain HIV interaction does not
occur. In this way domain Il results constitutiveyposed (Fig. 1.9) (133). This arrangement
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makes HER-2 unable of binding to a ligand and table partner for heterodimerization with
other family members. ERBB3 receptor seems to &davorite.

HER2 has the strongest catalytic kinase activitgg BER2-containing heterodimers have the
strongest signaling activity (134). The HER2 dimation activates signaling cascade that
regulate cell proliferation, survival, invasiondaangiogenesis (Fig. 1.10) (135). In particular,
HER2 activation and signaling play an essentia mlembryogenesis of the heart demonstrated
by the fact that embryos lacking of HER2 receptierfdr the onset of myocardium dysfunction

in the maintaining of blood flow (136). HER2 is plyoexpressed in normal adult tissues with
the exception of the heart.
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%EGFR(ERBB]] : _ ERBM
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Figure 1.9 — Domain organization of ERBB receptordmily. ERBB1,ERBB3 and ERBB4 exist in a closed conformation
where in absence of ligand the domain Il is notoseal and not available for the interaction witheotteceptor. ERBB2 exist in
an open conformation permanently available for diragion (137).

A potent mitogen signal is associated with HERZpéar activation. The receptor is able to bind
to a great amount of phosphotyrosine-binding pnst&ich as the growth-factor-receptor bound-
2 (GRB2) and Src-homology-2-containing (Shc) (Fi@). These adaptor proteins mediate in
turn the recruitment of Ras and activation of thiogen-activated protein kinase (MAPK)
cascades. This signaling lead to activation ofdtaption factors which regulate genes that
affect various cellular function (Fig. 10) Furtheara, heterodimers containing HER-2 show an
enhanced affinity and specificity to several ligaril33).

HER2 receptor was found to be overexpressed intél#@5% of human breast cancers and its
amplification occurred also in ovarian cancers trgag€arcinoma, a small proportion of non-
small cell lung tumors and salivary gland tumor87)1 HER2 amplified breast cancer are
characterized by an increasing in proliferatiomsamore aneuploidy, tendency to metastasize to
CNS and viscera, resistance to endocrine therapyedisto a poor prognosis (134). Breast
cancers can arrive up to 25 to 50 copies of the Hgehe and up to a 40 to 100 fold increase in
HER2 protein. The difference in expression betwaemor and healthy tissues makes this
receptor an ideal target faancer therapy. Early experiments showed that mg@dinat the
receptor extracellular domain were able to inhibitmor growth in cancer cells overexpressing
HER2 (137).
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Two drugs are currently FDA-approved for treatmaEit ER2-positive cancers.

Trastuzumab is a humanized monoclonal antibody tbebgnizes the domain IV of HER-2
extracellular domain. It seems to affect highly ausmwith increased HER2 homodimer. The
mechanism of action is still unclear but it seemanthibit the receptor signaling, to disrupt
HERZ2/Src interaction as well as to cause the ialeration and downregulation of the receptor.
This antibody was used in combination of chemoimenraith promising cytotoxic results. For
example doxorubicine is more effective in combiomti with trastuzumab because of
coamplification with HER2 of its target topoisomsea2(134). Several large clinical triasl have
shown that administration of trastuzumab in theiahiadjuvant (post-surgical) setting in
combination or sequentially after chemotherapy Itesin an improvement in disease-free
survival with a 50% reduction of the risk of relepss well as overall survival (137).

Lapatinib is an oral small inhibitor of tyrosinenkise activity of HER1 and HERZ2. It is effective
in tumors resistant to trastuzumab as showed bgaseplll study in which patients who had
previously failed therapy with anthracycline, tagamnd trastuzumab had a significant
improvements after lapatinib administration in camation with capecitabine (135).
Trastuzumab and lapatinib are also synergistigéclmical models, suggesting that these agents
could be combined in the clinic (138).

Other monoclonal antibodies against HER2 are umuegstigation to be used as therapeutic
agent. Pertuzumab (Genentech/Hoffmann-La Rocha)hamanized monoclonal antibody that
binds to an epitope in domain Il. It acts througlke tnhibition of singaling cascade and ihas
shown excellent activityn vitro against several breast cancer cell line that espiERBB
ligands andn vivo against human breast cacner xenograft tumors (137)

One of the last therapeutic approach for HER2 pastumor is the use of scFv antibody that
bind specifically to the receptor. Recently recomaloit immunotoxins, consisting of single-chain
variable fragments (scFv) anti-Her2/neu fused tmmabinant gelonin (rGel) were evaluated for
the effect on antitumor efficacy and off-targetitaty in vitro (139).

HER2 HER3

-

=
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AktD
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MEK1/2 027
B
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MAPK Cyclin Fasl \
l Cell cycle progression Survival
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Figure 1.10 - Signaling cascade after HER2 dimerizatn. After ligand binding, dimerization occurs leadirmaéctivation of
the intracellular tyrosine kinase. HER2 can creat@d or heterodimers with other members of HER fankiiKHR, forkhead in
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rhabdomyosarcoma; Grb2, growth factor receptor-ndoprotein 2, GSK-3 glycogen kinase synthase-3; KMARitogen-
activated protein kinase; mTOR, molecular targetapfamycin; PI3K, phosphatidylinosito 3-kinase; PTHEXosphatase and
tensin homologue deleted on chromosome 10; SOS pf@evenless guanine nucleotide exchange fat8%)(

1.9.2 PSMA receptor

The prostate specific membrane antigen (PSMA) 1@ kDa type Il membrane glycoprotein.
Human PSMA gene was cloned by means of the 7E11limof human LNCaP cell line and was
found to be located in chromosome 11p11-12. Théepraonsists of an extensive extracellular
domain, spanning from amino acids 45 to 750, alsihgdrophobic transmembrane domain (aa
20-44) and a short Nitytoplasmatic tail (aa 1-19). The extracellular damis glycosylated
contributing to 25% of the protein molecular weightg. 1.11). The short cytoplasmatic tail
carries a short internalization motif MXXXL. The ceptor undergoes internalization and
recycling at high rate especially when it is bouby antibody J591(140). The PSMA
endodomain interacts with actin binding DilaminFd.la) that maintain the receptor anchored
to plasma membrane decreasing the internalizatitan of 50% (140). PSMA is expressed as a
non cavalently linked homodimer on the cell surfadend was demonstrated that the
dimerization is critical to maintaining the confation and enzymatic activity of PSMA (141).
PSMA has different names that reflect its role @vesal cellular pathway as in prostate
carcinogenesis and progression, glutamatergic tramsmission and folate absorption (140).
PSMA name derived from its strong expression inpiustate, NAALADase is due to its ability
to metabolized the N-acetyl-aspartyl-glutamate ogansmitter in the brain, folate hydrolase
FOLH1 because it removes glutamates form poly-gaghated folate in the small intestine and
Is also named glutamate carboxypeptidase Il, GE®H carboxypeptidase (140).

PSMA is mainly expressed in glandular cells of gexretory acinar epithelium in normal
prostate and immunohistochemical analysis reve#kedexpression also in kidney, brain,
skeletal muscle, colon heart or breast(142), evdahe staining is much less intense than in
prostate. The amount of PSMA in these tissues stimated three orders of magnitude less than
in prostate (141).
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Figure 1.11 — Schematic PSMA structureThe type 2 transmembrane protein consists of al smtacellular domain (CD), a
single hydrofobic transmembrane domain (TM) andrgd ectodomain (ED). A- endocytic targeting matifl filamin A (FLNa)
binding site. Y- nine predicted ectodomain N-glydaton sites. B-D- domains of unknown functionttbacompass aa 44-150
and 152-274 respectively. C-E proline and glyeink regions. F-G- catalytic domain aa 274-587 affithal domain of
unknown function form 587 to 750 with a helical éinzation domain (141).

The receptor has been described several times uwlpted in prostate cancer and its increase
correlates with more aggressive tumor forms (148 analysis of resected tumors showed that
high expression of PSMA matched with high relapsecgntage in short time. PSMA is also
expressed in the tumor-associated neovasculatuseliof tumors while it is absent in normal
vascular endothelium. The anti PSMA antibody J58% buccessfully employed to targeting
neovasculature of solid tumors vivo. In a recent paper Wrenicke et al. reported tHat 3
specimens from GBM patients exhibited positiverstay for PSMA (144).

PSMA expression was found to be suppressed by gedr(l45). This feature makes it a good
target as a therapeutic agent because normallnpsitindergo androgen deprivation therapy.
PSMA has been exploited as antigenic target foargety of clinical application because of its
large ectodomain and specific tissue expressiarst&cint (Citogen) was the first mAb FDA
approved as imaging molecule. It binds to an imitatar epitope highlighting only dead or
necrotic cell and this feature was used to reaablgicells in proximity to dying tumor cells in
soft tissues (143). It is less effective in ideyitif bone metastases because low dead cell
percentage is present (141). The second genewatamtibodies is still under investigation.

J591, a humanized monoclonal antibody against ttteacellular domain of PSMA was
conjugated with radionuclides and cytotoxic drut46, 147). The scFv to PSMA derived from
J591 has been employed as targeting agent in nseasls. scFv was inserted as a C-terminal
extension on the MV attachment protein. The PSMAs/induced tumor regression of LNCaP
and PC3-PSMA tumor xenografts (148). It has regebéen reported that J591 linked to the
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saporin toxin ofSaponaria officinalisshows a potent and selective antitumor effect® SMA-
positive cellsn vitro andin vivo (149). Moreover, this antibody labeled with a 1X¥ is still in
phase Il trials (150).

PSMA likely has a role in cell adhesion in fact P&S®kpressing cells are resistant to proteolytic
disassociation when grown on bone marrow matrixs Tdature could explain why bones are the
preferential site of prostatic metastases (151).

1.9.3 EGFRuVIII receptor

As mentioned in 1.9.1 paragraph, epidermal growathor receptor (EGFR , Erbbl or HER1), a
170-kDa transmembrane glycoprotein belongs to aetyorelated family of 4 cell surface
receptors. EGFR is involved in cellular prolifecatipathway and has a trophic effect on several
cells. Wt EGFR gene amplification occurs with 368040% of frequency in GBM and its
expression at high levels correlates with varigyges$ of cancer (152). Of this 36% - 40% more
than a half has rearrangements of the EGFR genesgéwmfic mutant form of EGFR receptor,
EGFRUVIIL, is highly expressed on many glioblastoyaeast carcinomas, and other tumors and
is associated with increased invasiveness and groate of tumors. This mutated receptor
forms resulted in the deletion of exons 2 to 7. Tésult is an in frame deletion of 26 amino
acids from the ectodomain of the receptor (Fig2).In place of the deletion a glycine codon,
absent in the protein wt form, is generated. Tthasiscript arises from an aberrant splicing
explains why the sequence is the same despite ahable sequence losses in the amplified
genes (153). Several antibodies have been desditila¢dire specific to EGFRvIII and do not
cross-react with wild-type EGFR (154). EGFRuvllpegssion has no effect on survival of GBM
patients but is predictive of GBM-like clinical behor. The deletion in EGFRvIII ectodomain
results in a constitutive tyrosine kinase activigcause the receptor in unable to bind any known
EGFR ligand (155).

Deletion of AAs 6-273
Rﬁelds the EGFRMIIL. Extracellular
) * Domain
;193_"‘1 J’ —|_ Insertion of anovel | (AAs 1-621)
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Figure 1.92 - Comparison of the structures of the EGR and EGFRvIIl. The EGFRVIII variant receptor is characterized by a
deletion of exons 2—7 of the wild type (Wt) EGFR g@ef new glycine residue is inserted at the fugimction.

38



EGFR does not appear to be ever present in ndoinasd tissues, appearing as a completely
specific tumor marker, expressed in high quantiéesugh to be a potential therapeutic target.
The ectodomain deletion abolishes the receptoityld interact with the ligands but makes it
able to dimerize stably. The constitutive activatresulting in activation of the kinase domain
resulting in stable phosphorylation of tyrosinsideies on the C-terminal tail.

The internalization of EGFRVIII is reduced compatedhe wt form of the receptor probably
due to the absence of the ligand. In this wayntliated receptor has a longer residence time on
the cell surface, prolonging its effect signalihgvivo it was highlighted that EGFrvlll confers a
greater proliferation capacity and a cellular rasise to apoptosis. This ability seems to result
from preferential activation and signaling mediateg PI3K, as regards the resistance to
apoptosis appears to be involved the Bcl-XL actora{ member of the Bcl-2) (155) (Fig 1.13).

EGFR Iﬂ
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Figure 1-13 - The epidermal growth factor receptor (EGFR)vIII confers enhanced glioblastoma multiforme (GBM)

tumourigenicity through several key mechanismsThe EGFRuvIII receptor increase cell proliferatitmough promotion of
PI3K/Akt signalling; Shc and Grb2 association ands Rativity while inhibiting cell cycle regulatoraich as p27KIP1 and
upregulating abnormal spindle-like microcephalyeagsted (ASPM) expression. Furthermore, EGFRvIlIinpotes survival in
cells by increasing expression of anti-apoptotiotgins such as Bcl-XL, and enhances angiogenesisahéhvasion by un-
regulating vascular endothelial growth factor (VBGHterleukin-8 (IL-8) and matrix metalloproteimasl3 (MMP13)

expression. Red lines with blunt ends indicate il effects; black lines with arrow heads ind&atimulatory effects.
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2. Objective

The aim of this thesis has been the genetic enginmgecharacterization and anti-tumor efficacy

in vitro andin vivo of oncolytic HSVs retargeted to tumor specificeors. Retargeting implies

the modification of viral tropism in order to makisSV-1 able to recognize and bind only to the

cancer receptors for which it was engineered. Atdame time the HSV-1 was rendered unable

to recognize its natural receptor (detargeting) B¥Wand Nectin-1 (Fig. 2.1). In particular, three

tumor cancer-specific receptors were selected: I2EReeptor, highly expressed in ovarian,

breast cancer and in glioma multiforme (virusesNR249 and R LM113 and R-LM291); PSMA

receptor (virus R-LM593), over-expressed in prastancer and neovasculature of solid tumors;

and EGFRvIII (virus R-LM613), expressed in gliomas.

The devised strategy has made use of (i) in-deptiwledge of glycoprotein gD of HSV, which

determines viral tropism, (ii) the availability sfngle chain antibodies against the examined

receptors and (iii) technology for o-HSV-1-BAC emgering.

Receptor specific single chain antibody was inselite gD in two positions: N-terminus

(deletion 6-38) in R-LM249 and R-LM291 or in plastthe immunoglobulin core (deletion 61-

218) in R-LM113, R-LM593 and R-LM613.

| describe:

(1) R-LM249 genetic engineering to HER2 retarggtend its efficacy against ovary and
breast tumom vivo,

(i) R-LM113 (HER2 retargeted) efficacy againstoffliastomas;

(i) R-LM291 (HERZ2 retargeted) genetic engineertogntroduce two mutation in gB for the
purpose of improve rate of entry in HER2 positiaacer cells;

(iiii)  R-LM593 genetic engineering to prostate sfieanembrane antigen (PSMA) aiavitro
characterization;

(iiii) R-LM613 genetic engineering to epidermalbgrth factor receptor variant Il (EGFRUVIII)
andin vitro characterization.

Wild-type HSV retargeted HSV
[ HiglL
F gHig
® Heterologous ® TR
re:eptor receptor
HVEM HVEM HVEM nemf ©
nectini nectin1 nectini nectin1
T R R N RN T, T R R T SR S O R A 0, S T R R e,
Foa = & ¥ %
4 i T
i : 1'
B Virus entry and He Wrus entry and | Virus entry and Virus entry and
|1 Normal replication l 8 replication Z | l: Normal replication 1 replication
Lcell i icancer cell l I Heell l i licancer cell l g
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Figure 2.1 -Tropism of an oncolytic HSV detargeted from itsumat receptors , HVEM and Nectin-1 and retargeted tancer
specific receptor, as compared to the tropism dfi&¥/ (156).
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3. Material and Methods

3.1 Cdls

In this research these cells have been used:

HER?2 positive cells

Human SK-OV-3 (human ovarian adenocarcinoma), SK-BRBJT-474 and MDA-MB-453
cells (human mammary adenocarcinoma) express HER2gh levels. MCF-7 cells (human
mammary adenocarcinoma) have an intermediate HKR2ssion level.

Murine. D2F2/HER2 cells are BALB/c mouse mammary tumolisc&ransduced with the
huHER2 gene antiE-huHER?2 cells are a murine mammary carcinomalioelttransduced with the
huHER2 gene.FVB 6443.0 cells derived from explanted tumor ofF&B/N HER-2/neu
transgenic mouse (Genentech). TT12E2 (mammary mama of rat HER-2/neu transgenic
mice) express high levels of rat HER2/neu and wiee2a negative control.

Hamster J-HER2 cells derived from J cell stably transéectith plasmid encoding HER2
receptor (79).

PSMA positive cells
LNCaP-FGC (human prostate carcinoma) have a high & PSMA expression.
J-PSMA cells derived from J cell stably transfecteth pIRES-PSMA plasmid.

EGFRuvIII positive cells
U251-EGFRVIII is a human glioblastoma cell linenséected with pcDNA-EGFRUVIII
J-EGFRUVIII cells are derived from J cell transfelctdth pcDNA-EGFRvIII

Other control cells

Human HEp-2 (human epithelial cells), U251 (human glagboma cells), I-143tk- (human) was
a derivative the thymidine kinase (tk) positivel tiees R970-5 by selection with BrdUrd (157).
SJ-Rh4 (human rhabdomyosarcoma) do not express lHB&R®%/ere used as negative control.
Murine: L (mouse fibroblasts), NIH3T3 (mouse fibroblasts)

Hamster BHK (baby hamster kidney), J cells are derivaahfrBHK tk-. They lack of Nectin-1
and HVEM receptors and are resistant to HSV inbec(61).

The following cell lines were generated from J selfter transfection of single receptors: J-
Nectin-1, J-HVEM, J-EGFR. They are maintained undenstant selection with G418 (400
Cg/ml).

Rabbit Rabbit skin (RS), RGDp6 (R&xpressing glycoprotein D under the control of Hiaw
promoteryU, 26.5) (80).

Simian Vero (green monkey kidney cells).
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Cells were grown in Dulbecco’s modified Eagle medi(DMEM) supplemented with 5-10%
FBS (Gibco), PenStrep (1%; Euroclone) except forC®&3, BT-474, MDA-MB-453 that were
grown in RPMI 1640 Ultraglutamine (Lonza) suppleteehwith PenStrep and 10% FBS heat
inactivated at 56°C for 30 minutes. All cells wenaintained at 37°C in 5% of G@tmosphere.

3.2 Construction of cell lines expressing heterologous receptors

J cells were transfected with pIRES-PSMA, pcDNA EGkhd pcDNA EGFRUVIII to generate J-
PSMA, J-EGFR and J-EGFRvIII respectively. Cells aveelected with neomycin G418 at a
concentration of 400 to 80@y/ml for 5 days. Single clones were obtained bytiirg dilution
and were checked for membrane expression of hetwos receptor by indirect
immunofluorescence (IFA) with mAb 9G6 (Santa Cria) HER2, mAb PMSA cl 1071A4
(MBL), mAb sc-120 for EGFR and EGFRvIIl (Santa Cruliluted 1:50 in 20% newborn calf
serum (NCS) in phosphate-buffered saline (PBS)loi@d by fluorescein isothiocyanate
(FITC)-conjugated anti-mouse IgG (Jackson Immureassh).

3.3 Plasmids

pGalK carries the coding sequence of galK enzameis described in ref. (158).

PMR1-ENV1 carries the nucleotide sequence of scFv to EGFRVHE plasmidwas kindly
provided by lan Lorimer, Ottawa Health Researdtitute and was described in (159).

pSL1180-scFv-PSMAcontains the nucleotide sequence of scFv (J59PSIA. The plasmid
was kindly provided by Micheal Sadelain, Memorid&h-Kettering Institute (160).

pIRESneo-PSMAwas kindly provided by Angelo Baccala, ClevelarithiC.

pPcDNA-EGFR | isof awas generated by amplification of EGFR receptoiirgpdequence from
genomic DNA of CHO-EGFR cells (kindly provided bye$#e Russell (161) and subcloned in
pcDNA 3.1(-) vector (Invitrogen). A 4000 bp PCRdraent was obtained with primers T75
TAA TAC GAC TCA CTA TAG GG_3) and BGHrev (5 TAG AAG GCA CAG TCG
AGG_3). The fragment was sequenced with the same prireds aligned with submitted
sequence NM_005228 on GeneBank database. The Ktdfliadlll site were used to subclone
in pcDNA 3.1(-).Sequence positive EGFR clones were transfecte®inds and tested for cell
surface expression of the EGFR receptor by immuoodiscence.

The EGFRuvIII variant receptor is characterized byeketion of exons 2—7 of the wild type
EGFRgene. This results in an in-frame truncation ofreorécids 6 to 273 in the extracellular
domain of the full length protein EGFRVIII.
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pcDNA-EGFRvVIII was generated from pcDNA-EGFR. The EGFRUVIII cogdinsert was
amplified by PCR using a synthetic oligonucleotidegenerate the truncated N-terminal region
of EGFRVIII and to insert a Xbal site. These prismarere used: Xba EGFRvIIl_f '(5TGT
GCT CTA GAT GCG ACC CTC CGG GAC GGC CGG GGC AGC GCTT GGC GCT GCT
GGC TGC GCT CTG CCC GGC GAG TCG GGC TCT GGA GGA AGAA AGG TAATTA
TGT GGT GAC AGA TCA CGG) and BGH rev (5TAG AAG GCA CAG TCG AGG). The
fragment of about 3200 bp was subloned into pcDNA(3 in Xbal and Hindlll sites.

Sequence EGFRVIII positive clones were transfeate®S cells and tested for cell surface
expression of the EGFR receptor by immunofluoreseemith mAb anti-EGFR Santa Cruz sc-
120 diluted 1:50 in 20% NCS in PBS followed by flescein isothiocyanate (FITC)-conjugated
anti-mouse IgG (Jackson Immunoresearch).

gB D285N A549Twas obtained through mutagenesis of wt gB clonedcidNA 3.1(-). The
amino acid substitutions D285N and A549T descriibe(b6) and EcoRI (nt 856-861), Nhel (nt
1651-1656) as silent sites for clone screening weserted by means of Quick Change XL Site
Directed Mutagenesis Kit® of wt gB in pcDNA3.1 (jith primers gB_D285N_EcoRI_f (5
GCT CGG TGT ACC CGT ACA ACG AAT TCG TGC TGG CGA CT&C_3),
gB_D285N_EcoRI_r (5 GCC AGT CGC CAG CAC GAATTC GTT GTA CGG GTACAC
CGA GC_3), gB_A549T_Nhel_f (5. GCA AGC TGA ACC CCA ACA CGA TCG CTAGCG
CCA CCG TGG GCC GGC GGG )3gB_A549T_Nhel_r (5. CCC GCC GGC CCA CGG
TGG CGC TAG CGATCG TGT TGG GGT TCAGCT TGC').3

3.4 \iruses

All recombinant HSV-1-BACs in this research weraived from pYEbacl02, which carries
pBeloBAC11 sequences inserted betweeB &hd Y4 (162).

R-LM5 was described in (80) and derived from-¢iGFP-HSV-BAC (Fig 3.3.1 A). R-LM5 is a

recombinant virus carrying wild-type (wt) gD and BGFP reporter under the viral promoter
027 and was generated by homologous recombinatiorammalian cells (Fig. 3.3.1 B).
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Figure 3.3.1 — Schematic representation of (A) gD imus-EGFP-HSV-BAC and (B) R-LM5 (80).

loxP

R-LM113 was described in (80) (Fig. 3.3.2). It was gersgtdtom gD minus EGFP-HSV-BAC
(Fig. 1 A) and carried scFv to HER2 in place of de¢etion aa 6-38 of gD.
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Figure 3.3.10 — gD in R-LM113. scFv HER2 with a 11aa glycine serine linker wasrieskin deletion aa 6-38 of gD. \and
Vy, light and heavy-chain variable domains of the-BlER2 antibody 4D5 (80).

R-LM249

R-LM249 was obtained by means of 2-step replacemetmmbination inEscherichia coli
DH10B strain as described in (44, 163). The pS2M#tke vector carries the sequence coding for
a chimeric glycoprotein gD engineered with a singiain antibody (scFv) anti HER-2 flanked
by serine-glycine linkers (upstream 8 aa residi#8SGGGSG; downstream 12 aa residues:
SSGGGSGSGGSQEG) in place of gD amino acid residude 818. Mutagenesis and cloning was
performed on pLM5, a plasmid containing WT-gD plb80 bp upstream and downstream
flanking sequences (80). First, 2 Ndel sites waseiited in the coding sequence for gD amino
acid residues 61-62 and 218-219 of mature gD witltagenic primers gD_61/62_Ndel_f
(5_ACG GTT TAC TAC GCC CAT ATG GAG CGC GCC TGC C)3and gb_218/
219 Ndel_f (5. GAC GGT GGA CAG CAT CCA TAT GCT GCC CCG CTT C)3Next, an
oligo encoding a 9 aa serineglycine linker wasriiegein place of the sequence encoding amino
acid 61-218 of gD by annealing and ligating inte Mdel cut vector the 2 phosphorylated oligos
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P-SG9Bam7/Nde_f (5TAG TAG TGG CGG TGG CTC TGG ATC CGG)3and P-
SG9Bam7/Nde_r (5TAC CGG ATC CAG AGC CAC CGC CAC TAC B containing a silent
BamHlI site. The scFv to HER-2 was amplified from2p$9a (164) with primers scFv_Bam_f
(5_GGC TTA TGG ATC CGA TAT CCA GAT GAC CCA GTC cCcCcC)3 and
scFv_SG_x37_BamH_r (5CGG AGG ATC CAC CGG AAC CAG AGC CAC CGC CAC TCG
AGG_3) and inserted into the BamHI site of the seringigle linker. Last, the cassette
containing the engineered gD, plus gD genomic epstrand downstream flanking sequences
was subcloned to pST76KSR shuttle vector to ola&249 for homologous recombinationBn
coli (Fig. 3.3.3). The recipient genome gbGFP-HSV-BAC, carrying EGFP as reporter gene,
was described in ref. (80). The recombinant videsignated R-LM249, was reconstituted as
described in ref. (44).
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Figure 11.3.3 - Schematic representation of two-p replacement inEscherichia coli DH10B.

R-LM291, R-LM593 and R-LM613 construction
GalK recombineering technology

All the other recombinant HSV-1-BAC viruses repdrie this thesis were generated by the galK
recombineering technique, an efficient galactokerlagsed positive/negative selection system
(galK), that makes it possible to modify BAC DNAavhomologous recombination (158). It
exploits a modifiedE.coli strain (SW102) deleted for galK that makes baatenable to grow in
medium with galactose as only carbon source. Howélve galK function can be addedtrans
restoring the ability to metabolize galactose. rertto this, SW102 strain carriesprophage
RED recombination system under the control of goEnature sensitivel] repressor, cl857, that
inhibits the expression of recombinases at 30°CeNbacteria are shifted to a temperature of
42°C recombinases are actively expressed and cdiat@e¢he recombination between the HSV-
1-BAC backbone and the insert carrying transgéarekéd by homology sequence arms to the
target.

The technology consists of two stepsrst, the galK gene, amplified from pGalk plasmis
inserted in the target site on HSV-1-BAC backbamdacteria via homologous recombination
(Fig. 3.3.4A). Bacteria are plated on medium supeleted with chloramphenicol (antibiotic
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resistance carried by HSV-1-BAC) and galactose rdg carbon source, where only positive
galK clones are able to grow (positive selecti@fg. 3.3.4B). Second, through a second
homologous recombination the galK cassette is cegldy a cloned fragment or PCR product
carrying the transgene of interest (Fig. 3.3.4Q¢ctoporated bacteria are plated on medium
plates supplemented with chloramphenicol the t@nalogue of galactose 2-deoxy-galactose
(DOG) and glycerol as the sole carbon source. D@Gnat toxic for bacteria unless
phosphorylated by galK. The resulting resistanbe@s will be positive for transgene although
some background is present consisting of bacthat have lost galK not introducing the new
transgene (Fig. 3.3.4D).

A W ek Az T dsDMA with

N s ¢

[z galK  [Fi
BA BAC
sSW102 Gar SW102 Gal*
ari2 / i

edium +
1st Targeting * ;"QEE?L"J;" P 2nd Targeting + ;‘*’::::’"E"g‘é’“‘

galK |H2
BAC BAC
SW102 Gal* SW102 Gal-
ori2

Figure 3.3.12 — GalK recombineering technology. A)Knock-in of galK cassette in BAC recipient aBjl selection on
galactose plate€) Knock out of galK cassette and insertion of DNAgiment of interesD) Counterselection of recombinants
on DOG-glycerol plates. cat: cloramphenico aceigferase as BAC selection marker. H1 and H2: homaogns in BAC and
DNA fragments for homologous recombination . Maatifby (158).

GalK protocol

galK knockin

Briefly, the galK gene is amplified with primer&rward: 5’-50bp-homology CCT GTT GAC
AAT TAA TCA TCG GCA-3' and reverse: 5-50bp-homolpgompl-strand-TCA GCA CTG
TCC TGC TCC TT-3' following this PCR protocol: 94°I5 sec, 60°C 30 sec, 72°C 1 min for
30 cycles. For each 5@ PCR reaction, il of Dpnl are added, mix and incubate at 37°C for 1
hour in order to remove any plasmid template. TEBR Product is gel extracted with Wizard®
SV Gel and PCR Clean-Up System (Promega). A si8Jld02 colony containing the recipient
BAC is inoculate in 5 ml of LB low salt with chlamghenicol 12.51g/ml at 30°C.

The next day 2 ml of SW102 culture are diluted @® Inl of LB low salt and chloramphenicol
and shaken at 32°C to an g@pof about 0.55-0.6. The culture is then dividedwo bottles and
left to shake in waterbath at 30°C or 42°C respebtifor 15. The two samples, hereafter called
induced and un-induced, are transferred in préeco80 ml conical tubes and centrifuge at
3000 rpm for 8 minutes at 0°C. The supernatanbiggd off from both tubes and the pellet are
resuspended in 5 ml of sterile®l by gently swirling in ice/waterbath slurry. Aftegsuspension
H,O is added to 50 ml and tubes are centrifuge addia.last step of resuspension is repeated.
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After the second washing, the supernatant is caedgleemoved and 30 of cells are
electroporated with 30 ng of galK amplificate i0,2 cm cuvette (BioRad) at 25 mF, 2,5 kV and
200 ohms. Bacteria from both induced and un-indugedecovered in 1 ml of LB low salt for 1
hour at 30°C. Then, bacteria are washed twice W¢hsalt 1x and plated on M63 minimal
media plates supplemented with chloramphenicol g/l and galactose as carbon source.
Plates are left at 30°C.

After about 5 days colonies should be visible anlynduced bacteria plates. Single colonies are
streaked into McConkey agar plates, supplementéd 1% of galactose and chloramphenicol
12,5ug/ml, to assess the presence of galK (backgroutahies will be white/colorless). Red
galkK+ colonies are however screened by colony POGRgaIK gene presence with primers
galk_129 f (5 ACAATC TCT GTT TGC CAA CGC ATT TGG_3 and galK_417_r (5 CAT
TGC CGC TGATCACCATGT CCACGC R

galK knock out

Before starting it is necessary to amplify, digegh Dpnl and purify from agarose gel the insert
for galK substitution.

Then, red galk+ colonies from McConkey agar platesinoculated in 5 ml of LB low salt and
chloramphenicol 12.5g/ml and grown overnight at 30°C. The protocol amwnts in the same
manner as the galK knock-inin step until electragion. Then, 5Q of electrocompetent cells
induced and un-induced are electroporated with @@®f the amplified insert. The recovery
occurs by shaking in 10 ml of LB low salt at 30@ # hours. After two washes with M9 salts,
the bacteria are plated on M63 minimal media platiéis chloramphenicol 12.ag/ml, glycerol

as carbon source and DOG 0.2%.

After 5 days colonies are visible both in induced ain-induced plates with or without a great
difference in number. This second selection stepess stringent in fact some colonies are
background bacteria that have lost galK no intraaydhe transgene of interest.About 30
colonies are picked up, screened by colony PCRtHer desired insert and confirmed by
sequence analysis.

Adjustments to galK recombineering protocol
Considering the size of inserts used (scFv of alg®@@ bp), some changes were made to the
original protocol in order to increase recombinatisficiency:
« Homology arms between insert and target sequence leegthened to 400 bp instead of
50 bp.
« DOG concentration was increased to 0.3% to make silection of the second
recombination more stringent
* In the second recombination step 400 ng of template used instead of 200 ng.

Minimal media and the indicator plates were pregpargng following solutions:

Luria-Bertani medium (low salt)
1% Tryptone
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0.5% Yeast Extract
0.5% Nacl

for agar plates 0.15% of Agar is added.

M9 washing solution (1x)
0.6% NaHPOy

0.3% KH,PO,

0.1% NH,CI

0.05% NaCl

M63 solution (5x)

1% (NH;)2SO,

6.8% KHPO,

0.0025% FeS@7H,0
adjust to pH 7 with KOH

Gal positive selection:

1xM63 + agar (15 g/l) + D-galactose (0.

mg/l; Sigma) and chloramphenicol (1218/ml; Sigma).

Gal counterselection:

1xM63 + agar + glycerol (0.2%; Sigma) + D-biotin ifig/l) + L-leucine (45 mg/l; Sigma) +

DOG (0.2%; Sigma) and chloramphenicol (12d/ml).

Gal indicator plates MacConkey agar
chloramphenicol (12.5g /ml).

BAC-LM291, BAC-LM593 and BAC-LM613 were generatedraugh galK recombineering

technology (Fig. 3.3.5 and 3.3.6).

A BAC-LM249 1B Uz ua B IR R

C BAC-LM291

loxP

(Difco, BD Biosciences) + D-gabset (1%) and —

scFv HER2

D
IR us us g8 IR_IR sra1s IR
= BAC-LM290

loxP
scFv HER2

scFv HER2
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Figure 3.3.13 - Schematic representation of BAC-LKI91 generation. A-B)GalK cassette was inserted in gB of R-LM249
(44) between nucleotides 852-1648, generating ntermediate BAC-LM290C) BACLM290 becomes BAC-LM291 after
second step of galK recombineering where galK gesereplaced by D285N-A549T insert (primers indad)l.

IR U3 U4 IR IR locus IR
A gD minus-EGFP-HSV-BAC ]

B \‘<
P gD minus-galK ~EGFP- HSV-BAC
R_ u3z ua IR__IR g0 R
C BAC-LMS55
\ IR R IR LTS
D —_—
- BAC-LMS56
gD
E BAC-LM593 R U3 Ug R IR 6-38 IR
scFv PSMA y
11GS linker
\ I U3 U4 IR IR 6.38 IR
F Y
11GSlinker
. o galk  BAC-LMS7
gh
G BAC-LM613 i IR IR ) i

loxP
scFv EGFRvlII

Figure 3.3.14 — Schematic representation of BAC-LM5® and BAC-LM613 generation. A-B)GalK gene was inserted in
place of gD locus in gninus-EGFP-HSV-BAC (80), generating the intermedgi&galK-EGFP-HSV-BAC.C) BAC-LM55
carries the repaired wt-gD after second step df gatombineering on gD minus-galK-EGFP-HSV-BAG-E) In order to insert
scFv anti-PSMA in gD, first galK cassette was itesgtrbetween amino acids 6-38 of wt-gD in R-LM56 aatbsequently the
insert was replaced by scFv PSMA in R-LM593 follaWey 11GS linkerF-G) In R-LM57, galK gene was inserted in place of
scFv PSMA leaving the 11GS (glycine-serine)linkeside gD sequence. Then, galK was replaced by aocBvEGFRvIII to
generate R-LM63.

49



Primers used for generation of recombinant viruiseBis research are summarized below (Table
3.3.1and 3.3.2).

Table 3.3.3- Primers for knock in of galK cassettéDNA template is pGalK (158)).

Primer name Sequence HSV-1 BAC
gDup_GalK_f TAAGCTTCAGCGCGAACGACCAACTACCCCGATCATCAGTTATCCTTAAGCTGTTGACAATTAATCATCGGCA gD galk BG53
gbdown_GalK_r TGTCCACCTTTCCCCCCTTCCAGACTCGCTTTATATGGAGTTAAGGTCCAAGCACTGTCCTGCTCCTT gD galk BG53
gD5 galK_f TTGTCGTCATAGTGGGCCTCCATGGGGTCCGCGGCAAATATGCCTTGGCGTGTTGACAATTAATCATCGGCA LM56
gD39_galK_r ATCGGGAGGCTGGGGGGCTGGAACGGGTCCGGTAGGCCCGCCTGGATGTEAGCACTGTCCTGCTCCTT LM56
gD5_galK f TTGTCGTCATAGTGGGCCTCCATGGGGTCCGCGGCAAATATGCCTTGGCEIGTTGACAATTAATCATCGGCA LM57
gD44-39_11SG_galK_r AGGCCCGCCTGGATGTGGGATCCACCGGAACCAGAGCCACCGCCACTCGBRGCACTGTCCTGCTCCTT LM57
gB_852_galK_f CGGTAAACTGCATCGTCGAGGAGGTGGACGCGCGCTCGGTGTACCCGTACTGTTGACAATTAATCATCGGCA LM290
gB_1648_galK_r TCGCCGAGCATCCGCGCGCTCACCCGCCGGCCCACGGTGGCCGAGGCGBRGCACTGTCCTGCTCCTT LM290

Table 3.3.4 - Primers for knock out of galK cassé&t and insertion of the final construct. DNA templates for each primers
pair were pEA99, which contains the wt gD codingusnce in pcDNA 3.1(-) (165); pSL1180-scFv-PSMA, RMENV1 and
gB D285N A549T respectively.

Primer name Sequence HSV-1
BAC
gDup_50mer_f TAAGCTTCAGCGCGAACGACCAACTACCCCGATCATCAGTTATCCTTAAG LM55
gDdown_50mer_r TGTCCACCTTTCCCCCCTTCCAGACTCGCTTTATATGGAGTTAAGGTCCC LM55
gD5_J591_f TTGTCGTCATAGTGGGCCTCCATGGGGTCCGCGGCAAATATGCCTTGGCBGGTGCAGCTGCAGCAGTCAGG LM593
— — ACC
D39 SGI11 r ATCGGGAGGCTGGGGGGCTGGAACGGGTCCGGTAGGCCCGCCTGGATGTGA CCACCGGAACCAGAGCCA LM593
9 — — CCcGC
BAC_LM613_f TTGTCGTCATAGTGGGCCTCCATGGGGTCCGCGGCAAATATGCCTTGGCAGGTGAAACTGCAGCAGTCTGG LM613
AGGCCCGCCTGGATGTGGGATCCACCGGAACCAGAGCCACCGCCACTCGRTGATTTCCAGCTTGGTGCCAT LM61
BAC_LM613 r o 613
TACGGGACGACGGTAAACTGCATCGTCGAGGAGGTGGACGCGCGCTCGGTBCCCGTACAACGAATTCGTGC LM291
gB_D285N_Eco93mer_f TGGC
GACTGGCGACTTTGTG
GGCCATCACGTCGCCGAGCATCCGCGCGCTCACCCGCCGGCCCACGGTABAGGCGATGGTGTTGGGGTTC LM291
gB_A549T_87mer_r AGCT
TGCGGGCCTC

3.5 Reconstitution of viral progeny from BAC-DNA and virus cultivation

Briefly, the BAC-DNA was extracted from SW102 straiith NucleoBond PC100 (Macherey
Nagel) and was quantified by means of EppendorfpBabometer. The BAC DNA was
transfected into wt-gD-expressing and complemen®8@&Pp6 cells (166); next, a single round
of infection was performed in RS cells to removg amus pseudotyped with wt-gD. Starting
from seeds in RS, retargeted viruses were culiivatecell lines expressing the heterologous
receptors: R-LM249 and R-LM291 in SK-OV-3 cells| RH13 in J-HER2 cells, R-LM593 in J-
PSMA and R-LM613 in J-EGFRvIIl and U251EGFRvIII nféction was monitored by
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observation of the cythopathic effect and EGFPrégoence. Viral stocks were prepared from
lysates of infected cells collected at low speedtrdegation (2000 rpm, 1. Extracellular
virions were harvested from infected cell supemiateby ultracentrifugation with 45Ti rotor
Beckman (14.000 rpm, 50 The titer of viral stocks and extracellular wimi preparations was
determined in SK-OV-3 (HER-2 retargeted viruses) Wi51EGFRvIIlI cells monolayers,
overlaid with 1% SeaPlague Agarose (Lonza) in RRBMO Glutamax-1, supplemented with 6%
FBS. For virus retargeted to PSMA the titer wasedrained by TCID50 in J-PSMA cells
overlaid as above mentionédral stock and extracellular virions were storgdaliquots at -80°C.

3.6 \Viral yield assay

Cells were seeded in replicate 12-well plates ardevinfected with different viruses (R-LM5,

R-LM249, R-LM291 or R-LM613) at 1 or 0.1 pfu/celbrf 90 min at 37°C. Non penetrated
extracellular virus was inactivated by means oH8 pvash (40 mM citric acid, 10 mM KClI, 135
mM NaCl, pH3 (167)) Replicate cultures were froa#r8, 24, or 48 h after infection, and the
viral progeny (cell associated and supernatant) titested on SK-OV-3 cells for HER2

recombinant viruses and U251EGFRuvIII for R-LM613LR5 was used as control and was
titrated on the same cells of recombinant viruatiibn.

3.7 Infection assay

A number of cell lines in 96-well plates (Zlell/well) were infected with recombinant viruses

stocks (MOI 5). Infection was monitored as EGFPregpion 24 or 48 h later. Digital pictures were

taken with a Kodak camera connected to a Zeissplaiofluorescence microscope. For fluorometer
measurement, the infection was conducted in theesanay, after 24 or 48 h plates were read at
485/528 nnby Synergy HTTR-I fluorometer (Bio-TEK).

3.8 Inhibition of virusinfection

SK-OV-3 cells grown in 96-well plates were expostdt 2 h on ice with increasing
concentrations of antibodies (R1.302 against netitHerceptin against HER2, or mouse
immunoglobulins) diluted in Dulbecco’s modified BEagnedium without serum and then with
the viral inoculum at an MOI of 2 PFU/cell (asdied in SKOV3 cells) for a further 90 min on
ice. Following virus adsorption, the unattachedisitvas removed and the cells were washed
twice with ice-cold RPMI Glutamax supplemented witb% fetal bovine serum. The cells were
overlaid with medium containing the

same concentration of antibodies or immunoglob@in(lgG), rapidly shifted to 37°C, and
incubated for 16 h. Infection was quantified as B@FP fluorescence intensity by means of a
Victor plate reader (Perkin Elmer). The 100% valeygresented data obtained with cells infected
with virus in the absence of antibodies.
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3.9 Invitro cytotoxicity

3.9.1 Erythrosin B assay

Cells were seeded in 12-well plates, infected tiet day after at 3 pfu/cell, or left uninfected.

At different time points cells were trypsinized andllected, and the number of viable and
nonviable cells was determined by means of thehEwgin B (Sigma) dye exclusion assay. The
number of viable cells (Erythrosin negative) ineictied samples was expressed as percentage of
viable cells versus the respective uninfected sampl

3.9.2 Alamar Blue Assay

Cells were seeded at 4xX1€ells /well in 96 multiwell plates. For any virtssted three replicate
plates were prepared. Next day, the replicate mdtwere infected with escalating doses ranging
from MOI 10 to 0,0032 of virus (R-LM291, R-LM613 &-LM5). The Alamar Blue (10 ul/well,
Life Technologies) was added to medium at 24, 4820hours post infection and incubate 4h at
37°C. Then, plates were read at at 570 and 600 itimawluorometer.

The cellular viability was expressed as percentafgdifference in reduction of Alamar Blue
between infected and uninfected cells, taking extoount the fluorescence contribution of the
medium. The following formula was used:

x 100

[(Sox) )\2 Ao)\1 - (Sox) Ale)\Z] - [(Sox) )\ZAD)\l - (sox) )\lAD\Z]

where(gox)A2 = 117,216;(g0x)A 1= 80,586 A A andA A, are the absorbance for infected well at
570 nm and 600 nmA°A; andA°A; are the absorbance for uninfected cells at 570 min6&0

nm respectivelyA[A;andA\,are the absorbance of medium at 570 nm and 600 nm
respectively.

3.10 In vivo experiments

3.10.1 Tumor growth

Athymic Crl:CD1+oxnlnu(referred to as nude) mice were purchased froml|€h&iver, and
maintained under sterile conditions. Experimentsewauthorized by the institutional review
board of the University of Bologna, and were perfed according to Italian and European
guidelines. Groups of individually tagged virgimfale nude mice of 6 weeks of age received
the s.c. injection of a tumorigenic dose of SK-O\¥@ls (2*16 cells) or SJ-Rh4 cells (30*10
cells) or BT-474 cells in 0.2 mL PBS. Tumor growths assessed weekly by measuring with a
caliper, tumor volume was calculatedrds (a*b)]*/6, wherea is the maximal tumor diameter,
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and b the tumor diameter perpendicular @ To perform cytofluorometric analysis, tumor
samples, washed in PBS, were mechanically and estmatly dissociated (0.5 mg/mL trypsin,
0.2 mg/mL EDTA,; Invitrogen) at 37 °C for 5 min. Celspension was filtered across al 7
cell strainer (Falcon Plastics).

3.10.2In vivo infection.

Mice with SK-OV-3 or SJ-RH4 s.c. tumors received.annjection of R-LM249 in 0.2 ml PBS,
and were killed 6, 48, and 72 h later. Resectedbtarnwere cut in half and observed under a
fluorescentin vivo imager (Lightools Research). Accurate observatibother organs did not
reveal any fluorescence.

3.10.3 Antitumor activity.

At 3 days after tumor cell injection or at definii@mor volumes, mice were randomized in
groups of 5-10, and R-LM249 injected in 0.2 ml ABSumor site or i.t. “No virus” control
groups, run in parallel, consisted of mice untre@ard treated with PBS only (not statistically
different). Latency time corresponded to a tumorss® 0.03 cm3. Tumor volumes for each
group and time were calculated as mean =SE, dhiiliae of the group were alive.

3.10.4 Statistical analysis.
Tumor-free survival curves (Kaplan—Meier) were cangal by the Mantel-Haenszel test. Tumor
volumes were compared by the Studentést.
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4. Results

41 R-LM249

Schematic flow of steps for generation and assay of R-LM249

f ™
Engineering of the shuttle plasmid encoding chimeric gD (scFv antiHER2
in deletion aa 61-218) plus gD flanking sequences.

\ J
! | Fig. 4.1.1 \

Generation of BACLM-249 through atwo step replacementtechnique.

¥

\
rTransfection of recombinant DNA BAC-LM-249 into gD complementing

cell line (RGDp6) and single round of infection in RS cells to remove
. pseudotyped virus.

J

In \ntro. infection assay with R-LM249 to verify retargeting and [Fig. 4.1.2:4.13 ]
detargeting.
In vitro characterization of R-LM249: viral yield , neutralization assay :

) o Fig.4.1.5;4.1.6
and citotoxicity assay. |
In vivo safety profile and replication assay. Fig.4.1.7 I
In vivo oncolotyc activity in ovarian and breast tumor model. Fig.4.1.8;4.1.9;4.1.10 ]

4.1.1 Genetic engineering of the recombinant HSY-BAC R-LM249

Our goal was to generate a oncolytic HSV-1 thathat same time was retargeted to HER2
receptor and detargeted from HSV-1 natural receftdectin-1 and HVEM) through the genetic
engineering of gD, the main determinant of HSVdpism. The gD crystal structure showed a
natural Ig-folded core (39-41) that was found toveeas a scaffold between the N-terminal and
C-terminal of the gD ectodomain (37YVe replaced the Ig-folded core (aa 61-218) of gihwai
scFv directed to HER2 (scHER2) (164): scHER2 secgievas flanked by a short Ser-Gly linker (8
aa) at the N-terminus and a longer Ser-Gly linker ga) at the C-terminus and gD had no mutations
at N-terminus sequence. The chimeric gD was inttedun the HSV-1-BAC genome in place of wt
gD by means of the two step replacement techniBuefly, we created the shuttle vector pS249
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containing the chimeric gD flanked by the its upatn and downstream sequences and we
introduced it in a gEEGFP-HSV-1-BAC that carries/[1[/[/EGFP cassette inside BAC sequences
between WY3-U 4 of HSV-1 (44). Fig.4.1.1 shows the linear map #mel crystal structure of gD
(Panel 4.4.1B), gD without its Ig-like folded caigutless gD, Panel 4.4.1C) and the final construct
of the protein with the superimposition of the sét#crystal (Panel 4.4.1D).

A 60 219 ™
.p.
L V|_ L VH L
I scFv to HER-2

12

Figure 4.1.15 - Linear and three-dimensional diagram of gD in R-LM249. A) Linear map of gD that shows the scHER2
insertion in deletion aa 61-218 of gD. The sizetw scFv insert is drawn to scale. L linker, sgnal peptide, YV and \:
variable light and heavy chains of scFv, TM transthene domain andl deletion.B) Monomeric structure of gD ectodomain
(PDB entry 2C6 (40)); color legend: red - gD N-termin(aa 23-32), blue - C-terminus (aa 257-307), dhdhee line —
unresolved residues, gray — gD deletion in R-LM248 61-218) and yellow as other portio@3.gD without aa 61-218D)
Structure of gD in R-LM249 with superimposition sfHER?2 crystal (PDB entry 1N8Z) drawn to scale. Thentation of two
crystals is arbitrary. For crystal graphic creatigsual molecular dynamics (VMD) software was u§beB).

4.1.2 R-LM249 is retargeted to HER2 receptor and dargeted from HSV-1 natural
receptors

We reconstituted R-LM249 virus in a gD complemegtaell line (RGDp6) in order to promote
the efficiency of particle assembly and virus spredasudotyped viruses carrying wt-gD were
removed by a single round of infection in RS célls.evaluate the retargeting and detargeting of
R-LM249, first we infected a pool of hamster cdlgnsfected to express single receptors and
several cell lines from human, murine, simian aadbit origin. The parental J cells do not
express any HSV-1 receptor unlike J-HER2 (exprgsBiBER2 receptor) and therefore they are
not susceptible to wt HSV-1 infection. J-Nectinlda®tHVEM cells express Nectin-1 and
HVEM receptors respectively and are infected byH&8V-1 as all other cells tested. The viral
infection was monitored as EGFP fluorescence (Eifj.2). R-LM249 infected at high levels
only J-HER2 and SK-OV-3 cells and did not infedheat cells of the pool except for RS and
VERO cells where small and sparse plaques occufreaontrol, we tried to grow the virus in
these two cell lines and EGFP fluorescence andpegiic effect were lost in few passages.
Further to this, the virus was titrated on RS afR® to quantify the degree of replication and
the results showed a range of titer of about 4ders of magnitude lower than in cells
permissive to infection as SK-OV-3 cells (data siodwn).
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Next, we performed the same infection assay meaagputhe EGFP fluorescence by a
fluorometer. R-LM249 showed a high specificity ftwe heterologous receptor, infecting only
HER2 positive cells i.e. J-HER2, SK-OV-3 (high eagsion) and MCF-7 mammary carcinoma
cells (intermediate HER2 expression) (Fig. 4.1.3)hese results also demonstrated that R-
LM249 needs a high HER2 expression to infect effidy cells. R-LM249 failed to infect HER2
negative cells as SJ-Rh4 and cells positive fortiNecand HVEM.

- -

J-HVEM ;

SK-OV-3 MDA-MB-453

Figure 4.1.16 - R-LM249 infects efficiently HER2 exmessing cells.Cell lines were infected at MOI 5 and grown at 376€ f

24 h. The infection was monitored by EGFP fluoresee Digital pictures were taken with a Kodak caanennected to a Zeiss
Axioplan fluorescence microscope.
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Figure 4.1.17 - R-LM249 infection assay shows effée retargeting to HER2 receptor. Cell lines were infected with R-
LM249 and were monitored by EGFP fluorescence 2drhost infection. Fluorescence emission was nmmedswith a
fluorometer (r.f.u. reltative fluorescence unit3he + and — in the bottom line refer to level$&R2 expression (44).

57



256
51

Events

Events

cytometry (Becton

J J-HER-2

Events

| oM J \ M
|

512

Events

M1

g MDA-MB-453 ¢

Events
Events

Events

- M1

| .
100 R0 0 0eqod
FLA

Figure 4.1.18 - HER2 expression levels in differergell lines. The membrane HER-2 expressiaas evaluated in J, J-HER2,
SJ-Rh4, MCF-7, MDA-MB-453, SK-BR-3 and SK-OV-3 celhdis by indirect immunofluorescence with mAb MGR+8i a
HER?2 (red curve) or secondary antibody alone (eroptye). HER-2 median fluorescence intensities wérd; J-HER-2, 407;
SJ-Rh4, 4; MCF-7, 72; MDA-MB-453, 340; SK-BR-31241;daBK-OV-3, 1655.Cells were analyzed by FACScan flow

Dickinson) (44).

To confirm the first results about retargetingaliiyield of R-LM249 was compared with that of
R-LM5, a HSV-1-BAC carrying EGFP gene within the 8Aequences and wt-gD (80). SK-OV-
3 and 1143tk cells, expressing HER2 or not respectively, werkedted with two different
multiplicities of infection (MOI) and frozen at 24, 48, and 72 hours post infection. This virus
replication assay supported and strengthened elinnary results of cell infections. The viral
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titration showed that both viruses were able towgefficiently in SK-OV-3 cells while R-
LM249 failed to replicate in 1143tk exhibiting a titer of 6 logarithms lower than RAB (Fig.
4.1.5).

SK-0V-3 1-143-tk~

=0 R-LM249 MOI

o) B8 1 —8— 0.1

3 6 i —

E 4 :

= _ R-LM5 MOI
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Figure 4.1.19 - R-LM249 and R-LM5 viral yield in SK-OV-3 (HER2 positive) and 1143tk- cells (HER2 negative Cells
were infected at 0.1 and 1 multiplicity of infeaiigMOlI, pfu/cell) and harvested at 3, 24, 48, 7@odlst infection. Samples were
titrated in SK-OV-3 cells (44).

4.1.3 R-LM249 is selective for HER2 receptor usagend cytotoxic to HER2 positive
cells

To evaluate the level of specificity through whiRHLM249 enters the cells through the binding
to HER2 receptor we performed an inhibition of sirinfection assay. SK-OV-3 cells were
infected with R-LM249 in presence of escalatingetosf Herceptin, the humanized monoclonal
antibody (mAb) to HER2 used in clinical therapy. Aentrol, infection was measured in
presence of mAb R1.302 to nectin-1 or unspecificiseolgG. The inhibition curve showed that
only Herceptin impaired R-LM249 infection in a dodependent manner (Fig. 4.1.6A) while
mADb R1.302 and mouse IgG did not exert any inhrlgigffect.

As further proof of R-LM249 specificity we measurisl cytolytic activity compared with that
of R-LM5 in number of cells expressing HER2 at elifint degrees. SK-OV-3, SK-BR-3 and
MDA-MB-435 cells exhibit an high level of HER-2 engssion (Fig. 4.1.4), whereas 1-143tk-,
HEp-2 and SJ-Rh4 cells do not. Cell lysis was estidth by the erithrosin dye exclusion test. R-
LM249 was cytotoxic for all HER-2 positive cellsacanot cytotoxic for HER-2 negative cells.
Conversely, R-LM5 was cytotoxic for all cells tesigig. 4.1.6B).
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Figure 4.1.20 - The HER2 receptor usage of R-LM249 ispecific. A) Inhibition of virus infection in presence of esataig
doses of Herceptin to HER2, mAb R1.302 to nectir-hanimmune mouse Ig®) Cytotoxicity of R-LM249 and R-LM5 at

MOI 3 for HER2 positive (i) or HER2 negative (ii)llse Cell viability was measured by means of thetBigsin exclusion assay
(44).

These firstin vitro experiments established that R-LM249 was completetargeted to HER2
receptor and detargeted from HSV-1 natural recead also that the receptor recognition was

highly specific and efficient to mediate a cytoty#ctivity. These results allowed us to move to
In vivo experiments in mice.

4.1.4 R-LM249 has a high safety profile and is abl® replicatein vivo

We tested the safety profile of R-LM249 comparethwhat of R-LM5, by determination of the
LDso. Nude mice were intraperitoneally i.p. injectedthmR-LM249 or R-LM5 doses ranging
from 5x10 to 5x1¢ pfu/mouse. Mice were kept under examination far fitilowing 21 days
and then survivors were sacrificed. The resultsvgltoa high safety profile of R-LM249 that
caused neither the death nor signs of toxicity f mmouse injected, even those receiving the
viral highest dose (5x£®fu). R-LM5 had a pfu/Lg of about 5x10 (Fig. 4.1.7A). To assess
the ability of virus to replicatan vivo and to exhibit target specificity, R-LM249 was
administered through intratumor injection (i.t.) mude mice bearing subcutaneously HER2
positive or negative tumor masses. After 48 howst piral inoculation tumors were resected
and cut to expose the inner parts. EGFP fluorescesas detected only in HER-2 positive tumor
masses demonstrating the ability of virus to infaietl spread only in presence of the desired

target (Fig 4.1.7B). Indeed, the HER2 negative tamtdd not show any sign of infection at any
time.
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Figure 4.1.7 - R-LM249 safety profile and replicatn in vivo. A) Kaplan-Meier survival curve of nude mice injectgd with
R-LM249 or R-LM5. Five mice were injected for eaabsd. R-LM249 was injected also at 5%Ehd 5x18 left all mice alive
(not reported on the plotB) EGFP fluorescence of HER2 positive (SK-OV-3 cedisll negative (SJ-Rh4 cells) tumor masses.
Each tumor sample was obtained from 1 nude mousieeandicated time after i.t. injection of R-LM248& 2x1d pfu/mouse.
The EGFP fluorescence was visualized under a fhoargin vivoimager (44).

4.1.5 R-LM249 is effective and specific in reducingumor growth of subcutaneous
ovarian tumor model

SK-OV-3 cells share with a subset of human breadt @varian cancer high levels of HER2
receptor expression and the resistance to the médgtin. For these reasons, we chose this
cell line to test the oncolytic activity of R-LM248 vivo. These experiments were conducted in
collaboration with Prof. Pier Luigi Lollini’s groupt the University of Bologna. Nude mice were
injected subcutaneously (s.c.) with SK-OV-3 celid after 3 days they received in the same site
a R-LM249 administration ranging from %@ 1¢ pfu/mouse. Treated mice showed an
inhibition of the tumor growth at doses higher tH#f pfu with the result of 20% of tumor free
mice in each group. The most effective doses wd€ 2xfu/mouse that strongly slowed tumor
growth as showed by masses smaller than 03icrsize for up to 2 months after tumor cell
injections (Fig. 4.1.8A). Next, we injected theudrin tumor that had already reach a tumor
volume of about 0,2 cfnR-LM249 at 2x10pfu/mouse was effective in reducing tumor masses
that were maintained under 1 Tmp to 2 months after tumor cell inoculation (Figl.8B).
Subcutaneous tumors observed 15 days after viesntent showed a visible regression in
volume (Fig. 4.1.8C). The experiment was also peréal for tumor masses larger than 0.2 cm
with no sign of appreciable regression in sizegawit shown). The specificity of R-LM249 was
also demonstrated by results in mice inoculateth WIER2 negative cells (SJ-Rh4) and treated
with R-LM249. In these mice, the virus was not atdereduce the tumor mass at both doses
tested (2x10and 18 pfu/mouse) (Fig. 4.1.8D).
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Figure 4.1.21 - Inhibition of tumor growth by R-LM249 in vivo. A) R-LM249 was injected at escalating doses in nud& mi
bearing progressive HER2 positive or negative tumBexh point represents mean tumor volume + SEM nfide mice that
received R-LM249 i.t. 3 days after the s.c. injgctof SK-OV-3 cells. Statistical significance offdience vs control group “No
virus” (Student'st test): 16, not significant; 16 and 18, P< 0.05 from day 53; 2x10P<0.01 from day 21B) Each point
represents mean tumor volume + SEM of nude miceirmgpea SK-OV-3 tumor treated i.t. with R-LM24@) Mouse bearing a
0.22 cni SK-OV-3 tumor [efi) was treated i.t. with £pfu R-LM249. Right Picture taken 15 days lat&) Kinetics of SJ-Rh4
s.c. tumor appearance in groups of 5-10 nude méeaed with R-LM249 as iA. No significant difference vs. control group
(“No virus”) (44).

To assess the ability of R-LM249 to prolong tumoowgh inhibition we performed repeated i.t.
administrations in nude mice with the most effeetilose. Virus was injected at 3, 21, 39 and 63
days after that mice received a subcutaneous iationlof SK-OV-3 cells. The 2xI@fu/mouse
dose of R-LM249 exhibited a lengthening in the Intdon time of tumor growth. In particular,
60% of mice were tumor free up to seven monthg dfte last virus injection (Fig. 4.1.9A).
Next, mice were sacrificed and the necroscopic @xatmon did not discover tumor masses at
low magnification under white light and at 488 nior EGFP expression). The 40% of mice that
were not tumor free showed a tumor size under i @mto at least 2 months after the last
treatment (Fig. 4.1.9B).
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Figure 4.1.22 - R-LM249 oncolytic activity after r@peated injections.Groups of 5 nude mice received the s.c. inoculation
HER-2-positive SK-OV-3 cells and were treated witpeated i.t. injections of R-LM249 at days 3, 29, and 63 (red arrows).
A) Kaplan—Meier analysis of tumor free survival tirfemor-free survival of R-LM249-treated mice wagrsficantly different
from that of control group (“No virus”)R < 0.005 by the Mantel-Haenszel te&). Tumor growth curves, each point represents
mean tumor volume * SEM of 5 nude mice (includingnor-negative mice). All time points after day 18res significantly
different P < 0.01 by the Studentigtest) (44).

4.1.6 R-LM249 is effective and specific in reducingumor growth of subcutaneous
mammary tumor model

As already shown, BT-474 cells express high leifeH&R2 receptor (Fig. 4.1.4), and are
generally used as model for breast carcinoma (18%er the promising results in a
subcutaneous model of ovarian cancer we switched dobcutaneous mammary tumor model
and repeated intratumoral administrations of tweedoof R-LM249. The model consisted of
nude mice bearing HER2 positive tumors from BT-£&dl line. In Fig. 10A black arrows
indicate virus administrations. The result was m@mkition in the growth of human mammary
tumors. In particular, 60% of mice were tumor frafter approximately 80 days from cells
inoculation (Fig. 4.1.10 B), while the remaining%4®&Ghowed the size of the tumor drastically
reduced (Fig. 4.1.10A). For this experiment, thestreffective dose was i@fu/mouse unlike
the ovarian model where it was 2Xfpfu/mouse.
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Figure 4.1.23 - Antitumor efficacy of R-LM249 in BT474 subcutaneous mammary tumor modeNude mice s.c. inoculated
with BT-474 cells, were injected i.t. with 2x1@nd 1x16 pfu/mouse of R-LM249 in ten repeated administratid) Tumor
growth curve, each point represents mean tumomwelst SEM. B) Kaplan — Meier survival curve for BT-474 tumor mess
treated with R-LM249 compared to control mice (PBS).
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4.2.1 R-LM113 is safe in NOD/SCID mice

R-LM113 is a replication competent HSV-1-BAC fullgtargeted to the human HER2 receptor
and detargeted from natural HSV-1 receptors (88§ Viral tropism was modified through the
insertion of the scHER2 in place of amino acids86d@letion in virion envelope glycoprotein
gD. The deletion eliminated residues involved inEW binding and one of the residues (aa 38)
involved in Netin-1 binding. Moreover the size dietheterologous insert was able to mask
residues responsible of Nectin-1 recognition (8Bgcause the HER2 receptor is highly
expressed in some forms of glioblastoma, we usisdsitus in a orthotopic mouse model of this
malignant brain tumor. The experiments were perémnin NOD/SCID mice strain highly
sensitive to HSV-1 infection in collaboration witie group of Dr. Paolo Malatesta (IST-Genoa).
First of all, we assessed the safety profile of B1ll3 compared with that of R-LM5. Both
viruses carry EGFP as reporter gene inserted ietoBAC sequences.

Five mice were injected intracranially with 3X1pfu/mouse of R-LM113. As control the same
number of mice received 1®fu/mice of R-LM5. The R-LM113 dose administeredsathe
maximum allowed by the small volumes that can hected intracranially (i.c.). All mice
inoculated with R-LM5 died for lethal encephalitistween 7 to 10 days after viral injection and
the explanted brains showed large EGFP positivasafeig. 4.2.1 a,b,c). The same brains were
sectioned and stained with haematoxylin and easthshowed an extensive extravasation (Fig.
4.2.1 d). Furthermore the sections resulted pastvgranulocytes and macrophages markers by
means of myeloperoxidase (MPO) and F4/80 staironigdicate their massive infiltration (Fig.
4.2.1 e). Conversely, mice treated with R-LM118 dot die and were sacrificed 7, 12 and 25
days after virus administration to control the pre of viral spread and neuroinvasiveness.
Mice showed neither any sign of EGFP fluorescence af extravasation (Fig. 4.2.1 f-i).
Moreover there was not macrophages and granumdgftitration (Fig. 4.2.1 j). The results
indicate that R-LM113 is safe because it is noedblinfect normal brain tissue, whereas R-
LM5 is lethal even at lower doses than that use@®o recombinant virus.
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Figure 4.2.1 - R-LM113 in safein vivo. NOD/SCID mouse brains were explanted after injeatibh®® pfu/mouse of R-LM54-

c) or 3x16 pfu/mouse of R-LM113 (f-h) and observed in merdlegrescence and brightfield. Viral spread is vimeal by
EGFP fluorescence. Coronal section of adult NOD/S@I@use brains after injection of R-LM#,€) or R-LM113 (i,j) stained
with heamatoxylin and eosinl,f) or with antibody for the indicated markeesj). Extravasation area areas (empty arrowheads in
d), infiltration of granulocytes (arrowheadseénand macrophages (arrowédin the parenchyma are present in R-LM5 injected
brains. Conversely, granulocytes are exclusivelynébinside blood vessels of R-LM113 injected brgarsowheads if). Scale

bars 2qum.
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4.2.2 Generation of ann vivo high grade glioma model expressing HER2

To test R-LM113 oncolytic activity in high graddaaghain vivo, we needed to generate a glioma
model expressing the HER2 receptor. Murine glioroaléss (mGBM), derived from PDGF-B
induced murine gliomas, are able to develop seagndamors after their orthotopic
transplantation in adult mice and emit red fluoess® because they carry and express a
transgenic DsRed protein (170, 171). mGBM cellsewstably transfected with a plasmid
carrying the coding sequence of HER2 receptor. ptesence of heterologous receptor in
membrane was assessed by indirect immunofluorescghd) (Fig. 4.2.2 a,e ). We did not
know if the presence of HER2 could impair mGBM segdhenotype or their ability to develop
high grade glioma tumors. For this reason mGBM-HER®& the parental cell line mGBM were
stained with several typical gliomas markers inimmunocytochemical analysis (Fig 4.2.2
b,c,d-f,g,h ). The results confirmed that the HER#hsfection did not compromise the mGBM
cellular profile. In particular we took into accdustaining for Ng2 (chondroitin sulfate
proteoglycan) as a marker of oligodendrocytes; iNeatintermediate filament protein express in
nerve cells for radial growth of the axons and Gfigthat is a marker of oligodendrocytes
development. Next, mGBM-HER2 cells were transpldntaracranially in adult NOD/SCID
mice for the evaluation of their tumorigenic potahtThe brains explanted, after two months,
showed a broad red fluorescent area (Fig. 4.2@#kesponding to the tumor mass, that had a
rather compact structure and wide necrotic areasowuded by highly proliferating cells
forming pseudopalisades. The staining with haenydito:and eosin as well as MPO and F4/80
revealed signs of extravasation and lymphocytakratfon (Fig. 4.2.2 i). All results confirmed
that the HER2 transfection in mGBM cells did nofeef their cellular and tumorigenic
properties.
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Figure 4.2.2 - mGBM-HER2 cells did not change theirbiological and tumorigenic potential after HER2 stdle
transfection. (a-d) Immunostaining of mGMBd-d) and mGBM-HER?2 €-h) with the markers indicated on each pictuié. (
Merged fluorescence and brightfield images in dovsaw of a brain explanted from a mouse injectattacranially with
MmGBM-HER2. The tumor mass is visible as DsRed fluanese. k,I1) Haematoxylin and eosin staining of coronal sectd
tumors derived by mGBM-HER2 cells; dashed lines trdoe pseudopalisade boundaries while arrows higtdidy the
extravasation arean{u) Immunostaining of coronal section of tumors dedivby mGBM-HER?2 cells. The antibody used are
indicated on each pictures (green). Arrows indicai@crophages in n, arrowheads indicate granulodytes, 0. Ds-Red
fluorescence is visible in p-u. Nuclei are courtired in blue with Hoechst 33342 in a-h, n-u. 8dwlr, 15um (a,e); 25um (b-
d,f-h,k); 12 mm (j); 4Qum (1,) .

4.2.3 R-LM113 infects and spreads in mGBM-HER2

Once it was established that the mGBM-HER2 cellsewaologically identical to parental
mGBM, we verified that they were susceptible arthpssive to R-LM113 infection. Replicate
cultures of mMGBM-HER2 and mGBM cells were exposeddrial dilutions of R-LM113 or R-
LM5 as control. The infection was detected afteln 28 EGFP fluorescence (Fig. 4.2.3 a-d and
a-d’). In another experiment the efficiency of infeatiof R-LM113 in mGBM-HER2 was
guantified respect to that of R-LM5 with a fluoretar. Two replicas of cells were infected at
the same MOI with the two viruses (titrated on SK-8cells). R-LM113 infected about 11+3%
of mMGBM-HER?2 cells while R-LM5 infected about 71+38fcells (Fig. 4.2.3 e,f).

R-LM113 was also able of cell-to-cell spread in MEBIER2 cells as indicated in Fig.4.2.3
(g,h,i). Cells were infected at low MOI (0.025 pfel) and monitored over time for plaques
formation.
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Figure 4.2.3 - Infection efficiency and spread of RM113 in mGBM-HER2 cells. (ad') Pictures of mGBM-HER2
(a,b,a,b") and mGBM ¢,d,c,d") cells infected with R-LM1134,c) and R-LM5 b,d). Micrographs were taken in brightfields
(a-d) and EGFP fluorescenca'{d'). (e-f) Representative dot plots of MGBM-HER?2 cells infectéith R-LM113 and R-LM5 at
MOI 5. The percentage of infected cells as EGFBrélacence is reported on the graph and was evdldateugh Image J
analysis for the measurements of plot area andehoence intensity for each cell. The lines reprssthe threshold usedy-{)
Cell-to-cell spread of R-LM113 in mGBM-HER2 cells infed at MOI 0,025 and monitored for 72 h. Scale B@apm.

4.2.4 Oncolytic activity of R-LM113in vivo

To evaluate R-LM113 oncolytic potentiad vivo we performed two series of experiments that
differed for the time of a administration: [) inetlearly treatment, a mixture of non-infected and
R-LM113 infected mGBM-HER2 cells was inoculated;ilf) in the late treatment the virus was

injected when the tumor was already developed enlitain. The latter experimental scheme
would like to mimic as close as possible the theusip application of an oncolytic virus.
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Early treatmentfor this experiment a pool of 24 NOD/SCID micereeenrolled and in three
independent sessions, mice were inoculated inmadha with 2x10' mMGBM-HER2 cells. In
particular, at the same time of uninfected cellscuation, 12 mice (herein referred to as “R-
LM113 early treatment set”) were injected also witkl(d! mGBM-HER2 cell previously
infected in vitro with R-LM113. The other 12 mice were used as m@nt'early-treatment
control set”). Mice were monitored for 160 days.

The results showed that mice belonging to “R-LMXS8Bly-treatment set” had a significant
lengthening in median survival time compared totids (119 days vs 55 days respectively, log
—rank test p< 10) (Fig. 4.2.4 a). All control animals showed neogital symptoms within 69
days and their brain emitted DsRed fluorescencepfesence of tumor masses (Fig. 4.2.4 b).
Conversely, in the R-LM113 early treatment set,yotwo mice exhibited neurological
symptoms caused by tumor masses. Three mice dfahted set group were sacrificed 66 days
after cells transplantation in order to verify tieus infection. No detectable fluorescence was
identified at a first macroscopic analysis whilteasectioning, the histological staining showed
small cellularized areas with signs of sparse E@E8&rescent cells as marker of active R-
LM113 infection (Fig. 4.2.4 c).

Treated mice that developed neurological symptas 69 and 160 days after cells injections
(n=5) were analyzed and their brains showed theepiee of large DsRed tumor masses, two of
which showed EGFP positive areas (Fig. 4.2.5 a).

Two animals of the R-LM113 early treatment set sugd until the end of experiment without
developing any neurological symptoms. One of themried a DsRed positive tumor without
signs of EGFP fluorescence (Fig 4.2.5 h.Bhe tumor mass was still expressing HER2
suggesting that the virus did not select for HERBative tumor cells (Fig. 4.2.5 c). The other
mouse bore a very small region of DsRed and EGERiy® cells indicating that R-LM113 was
actively hindered tumor growth (Fig. 4.2.5 9-d

In conclusion the results evidenced that R-LM113 whle to infect, spread and destroy tumor
cellsin vivo, doubling the median survival time of the treatinget compared to control.
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Figure 4.2.4 - R-LM113 counteracts the growth of HERZxpressing gliomas. aKaplan-Meier plot for animals transplanted
with mGBM-HER2 cells alone (red line, Early treatmenntrol set) or together with R-LM113 infected mGB#MER2 (green
line, R-LM113 earlytreatment set). The crossescaid mice censored for subsequent analpp$idlerged DsRed fluorescence
and brightfield image of a brain from a mouse @ tiontrol set (arrowhead labeled as b*incx)Coronal section of the brain
from a mouse of the R-LM113 early-treatment setsoezd 66 days post-transplant (arrowhead labelext asa); in green is
shown EGFP expressed from the virus, 23 in bluatioei.
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Figure 4.2.5 - R-LM113 counteracts the growth of HER expressing gliomas. aMerged red and green fluorescence and
brightfield images of the brain from a mouse of BxeM113 early-treatment set which displayed neagaal symptoms 120
days after transplant. To note, the presence aifge IDsRed tumor scattered of EGFP-positive ateb9.Matched fluorescence
micrographs of a brain (outlined with dashed liegplanted from a mouse of the early treatmentaaificed in absence of any
neurologic symptom at the end of the planned olasienv period. To note the presence of a DsRed pesitimor mass (b)
lacking any detectable EGFP fluorescence () YJmmunofluorescence staining for HER2 of cells disated from the tumor
represented in B-B'. OB: olfactory bulb. Scale banniin a, 0.5mm in b, 40um in d) Merged red and green fluorescence and
brightfield images of the brain from a mouse of R¥M113 early-treatment set censored 161 days-fpassplant (arrowhead
labeled as d* in a). d') Coronal section of tharbslown in d, along the dashed line.

Late treatment2x1d*mGBM-HER?2 cells were intracranially inoculated i@ ROD/SCID mice
and after 45 days R-LM113 or UV-inactivated R-LM1HA3 control, were injected in the same
stereotaxic coordinates in 20 mice and 8 mice amby. The time elapsed between two
inoculations (cells and virus) was chose becausast 10 days before the median survival time
of early control set of the previous experimentlyOnice surviving at least 5 days after virus
injection were considered, because the virus hmad to replicate and spread and mice had time
to recover from intracranial injection.

Mice treated with the virus were called “R-LM1lE3e treatment set” while control mice were
called “UV-R-LM113 late treatment control set”.
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The results showed that mice belonging to “R-LM1ag-treatment set” had a significant
lengthening in median survival time compared totads (21 days vs 10 days respectively,
p<0,003) (Fig. 4.2.6 a). The first three mice @& treatment set with neurological symptoms had
large DsRed tumor masses scattered with EGFP Hoenee indicating that the virus spread
inside the tumor (Fig. 4.2.6 b). Likely these gleenwere already too advanced for effective
treatment with the virus.

The mouse that survived longer in the late treatrsehdied 37 days after virus injection. The
brain revealed a small Ds-Red tumor mass scatterédsFP-positive cells (Fig. 4.2.6 c).

In order to assess the viral spread just after RELBlinjection, the virus was administered to
four additional mice which were sacrificed five daafter, although they did not show any sign
of neurological symptoms. In brains explanted, OsRanors scattered by EGFP fluorescence
were present. Noteworthy, EGFP fluorescent cellseweund in a site distant from which of
injection, highlighting the ability of virus to spad into the tumor (Fig. 4.2.6 d).

d 10 Wb —— R-LM113 late-treatment set
' —— UV-R-LM113 late-treatment control set
c 0.8
RS
g
g o8
o
£
2 04
=
=
w
0.2
l'_c
0.0 T r T
0 10 20 30 40

Days after HSV injection

Figure 4.2.6 — R-LM113 R-LM113 improves mouse surval when injected in already established HER2-expraig
gliomas. g Kaplan-Meier plot for mice bearing mGBM-HER2 tumdn®culated with R-LM113 (greetine) or with UV-
inactivated R-LM113 (red line)b( ¢) Merged red and green fluorescence hrightfield images of brains from mice of the R-
LM113 late-treatment set died at 6 days (b, arradhabeled as b* in panel a) and at 37 days (c, areatHabeled as c* in
panel a) following R-LM113noculation.d) Coronal section of a mGBM-HER2-bearing mouse ingatéth R-LM113 and
sacrificed 5 days post inoculation. In green isvghehe virally-expressed EGFP, in red #redogenous fluorescence of DsRed
expressed by mGBM-HER?2, in blue the nuclei. The rigbétshows a magnification of the region distant apprately 1.3mm.
AON accessory olfactory nucleuSTX, cortex; rf, rinal fissure.
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43 R-LM291

Schematic flow of steps for generation and assay of R-LM291

Wt gB mutagenesis to introduce D285N-A549 substitutions Fig.4.3.1

y

BACLM-291 generation through GalK recombineering technology

|

[ Transfection of recombinant DNA BAC-LM-291 into SK-OV-3 cells ]

!

Infection assay with R-LM291 in several cell lines to verify retargeting _

and detargeting; Infection assay in murine cell lines Fig.4.3.2,4.3.3 ]
In vitro characterization of R-LM291: citotoxicity assay and viral Fig. 4.3.5;4.3.6 ]
yield .

Glorioso and coworkers reported that HSV expresaingutant gD whose binding to wt Nectin-
1 was severely impaired developed two spontaneongensatory mutations in gB (D285N-
A549T) when it was forced to enter in cells cargyia mutant form of Nectin-1 (56). The
hyperactive gB, as it has been named by the aytivas found to increase the rate of entry of
the virus even in the absence of receptors foreamtith gD or compensate for inefficient gD-
receptor interaction. R-LM249 showed promising hssim ourin vivo experiments. Considering
that mutations D285N-A549T in gB could increasehbatus ability to spread from cell to cell
and its oncolytic activity we decided to introdureitations in gB described by Uchida in R-
LM249 genome through galk recombineering technaldgdye resulting virus was named R-
LM291 (Fig. 4.3.1).
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D)

Figure 4.3.1 — Schematic diagram of R-LM291 backboné&he viral HSV-1-BAC backbone is the same of R-LM24%ig.1,
except for the two mutations in gB (light violet) 88N and A549T (asterisks).

loxP
scFv HER2

First, we inserted galK cassette between nucle@b®eand 1648 of gB of R-LM249, generating
R-LM290 (Fig 3.3.5 in material and methods). Newt, performed the gB mutagenesis with four
mutagenic primers in a plasmid carrying the wt glling sequence. The insert was amplified by
PCR using the mutated plasmid as template andstedectroporated in galK positive clone of
R-LM290. Bacterial colonies carrying R-LM291 wesereened by colony PCR and the virus
was reconsituted through transfection in SK-OV-lBsce

4.3.1 R-LM291 infects HER2 positive cells and sprels more efficiently in murine
cells.

In order to verify that R-LM291 maintained the rgeted tropism towards HER2-positive cells
maintenance we performed an infection assay inrakgells lines expressing HER2 receptor or
cells lines expressing HSV-1 natural receptors. Thiection was monitored as EGFP
fluorescence at 48 h post infection. The resultsv&d that R-LM291 was still able to recognize
HER2 as the sole receptor for entry in cells. lnkléeinfected efficiently only HER2 positive
cells i.e. J-HER2, SK-OV-3 cells. In micrographsMERO and RS infected cells we noted an
increase in fluorescence compared to R-LM249 irdacassay (Fig. 4.3.2). The results observed
in VERO and RS cells may derive from an acquiretitpof R-LM291 to enter through a
broader receptor spectrum as reported by Gloriasocaworkers (56). However, the virus was
not able to grow in VERO or RS cells, loosing EGRi®rescence and cytopatic effect in few
passages. The titration in these cells confirmeatst4 logs lower than in SK-OV-3 cells.
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Figure 4.3.2 - R-LM291 infects efficiently HER2 expessing cellsCell lines were infected at MOI 3 and grown at 376€Z4
h. The infection was monitored by EGFP fluorescemugital pictures were taken with a Kodak cameoarected to a Zeiss
Axioplan fluorescence microscope.

EGFP fluorescence emission by infected cells waantfied by a fluorometer. The results
confirmed the first analysis based on cell infattid-HER2 and SK-OV-3 were infected
efficiently by the virus and VERO and RS cells gavBEGFP signal of detection different from
R-LM249 (Fig. 4.1.3 and 4.3.3).
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Figure 4.3.3 — R-LM291 infects HER2 positive cellsCell lines were infected with R-LM291 and monitorby EGFP
fluorescence 24 h post infection. The fluorescevadee of the medium was subtracted from the infeae uninfected cells
values. Fluorescence emission was measured witlo@meter (r.f.u., relative fluorescence units).

The mutation in gB conferred to R-LM291 the abilityspread more efficiently in murine cells
compared to R-LM249. We infected at low MOI threarme mammary cells lines expressing
HER2: 1E-huHER2, D2F2/E2-HER2 and FVB 6443.0 exgdnfrom a tumor of a FVB/N
HER-2/neu transgenic mouse (Genentech) with R-LMZ®1.M249 and R-LM5 as control.
Cells were monitored up to 72 hours post infectimmugh EGFP fluorescence detection. SK-
OV-3 cells were infected as control. R-LM291 showare plaques already at 48 hours of
infection in all murine cells tested (Fig 4.3.4)s Axpected, R-LM5 infected efficiently all cell
lines that are susceptible to HSV-1 infection. R249 infected slowly with plaques of small
dimension.
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48 h p.i. SK-OV-3 1E-huHER2 D2F2/-HER2 FVB 6443.0

R-LM5

R-LM249

R-LM291

72hp.i SK-OV-3 1E-huHER2 D2F2/-HER2 FVB 6443.0

R-LM5

R-LM249

R-LM291

Figure 4.3.4 — R-LM291 infected more efficiently mtine cells than R-LM249. Cells were infected with low MOI of R-LM5,
R-LM249 and R-LM291. The infection was monitoredEb@FP fluorescence over the time (48h and 72h pésttion). Digital
pictures were taken with a Kodak camera connectedzeiss Axioplan fluorescence microscope.
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4.3.2 R-LM291 exerts the same cytolytic activity ahviral replication as R-LM249
in HER2 positive cells.

Our goal in generating R-LM291 was to increaseomsolytic activity as compared to the
parental virus R-LM249. To verify this aspect, weasured R-LM291 cytolytic activity in SJ-
Rh4 and SK-OV-3 cells. The latter exhibits highdewof HER-2 expression. Cell toxicity was
measured over time by the Alamar Blue assay anmgpaced to that of R-LM5 and R-LM249
(Fig. 4.3.5). All three viruses were cytotoxic tK-®V-3 cells, leaving only 35% of viable cells
at highest MOI, at 6 days post infection (Fig. 8.3). As expected, R-LM249 and R-LM291
exhibited no cytotoxic activity at any doses teste®J-Rh4 cells whereas R-LM5 was able to
kill 65% of cells 6 days post infection (Fig. 4.3B%

A ——R-LM5day 6 B —+—R-LM5 day 6
—a—R-LM249dayf S.l th R-LM 249 day 6
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Figure 4.3.5 — R-LM291 and R-LM249 exerted the sameytotoxic activity only in HER2 positive cells.Cytotoxicity of R-
LM5, R-LM249 and R-LM291 in HER2 positive (SK-OV-3A) or HER2 negative (SJ-Rh4) cellB)( Cell viability was
measured by means of the Alamar blue exclusionya€sdls were seeded in replicated 96 multiwell gdadnd infected at the
MOI indicated in thex axis. Every two days cells were assayed for reolucf resazurin to the fluorescent molecule, refior
and we reported the reading at 6 days post infeclibe absorbance was measure at 570/600 nm \iitbrameter.

In addition, we assessed the difference betweeMRI replication ability compared to that of
R-LM249. Thus, we performed a viral yield assay panng R-LM249, R-LM291 and R-LM5
as control. SK-OV-3 cells and SJ-Rh4 cells weredtéd at MOI 1 with each virus. The titration
was performed in SK-OV-3 cells on samples harve3i&dl, 48 and 72 h post infection.

The results showed that R-LM291 titration curve ventical to that of R-LM249. Both viruses
replicated only in SK-OV-3 cells and failed to riepte in SJ-Rh4 cells (Fig. 4.3.6). As expected,
the control virus R-LM5 replicated efficiently iroth cell lines tested.
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Figure 4.3.6 — R-LM291, R-LM249 and R-LM5 viral yied in SK-OV-3 (HER2 positive) and SJ-Rh4 (HER2 negati®)
cells. Cells were infected at 1 multiplicity of infectioMQI, pfu/cell) and harvested at 3, 24, 48, 72 htpofection. Samples
were titrated in SK-OV-3 cells.

4.4 0-HSV retargeted to additional tumor specific receptors (PSMA and
EGFRVIII)

Schematic flow of steps for generation and assay of R-LM593 and R-LM613

Genetic engineering of R-LM593 and R-LM613 through galK Fig 4.4.1
recombineering technology in bacteria = ]

J

Transfection of recombinant DNA BAC into RGDp6 (gD
complementing cells) and single round of infection in RS cells to

____remove psudotyped virus y
Infection assay of cell lines with R-LM593 and R-LM613 to verify .
retargeting and detargeting Fig.4.4.2;4.4.3;4.4.4 ]

J

In vitro characterization of R-LM593 and R-LM613: citotoxicity assay Fig. 4.4.5:4.4.6;4.4.7 ]
and viral yield

So far, the focus of my work was viruses retargededER?2 receptor. The results proved that the
retargeting strategy was effective to drive thenebinant HSV-1, modified with the insertion of
a scFv antibody, towards a specific heterologogspt®rin vitro and on tumor modeh vivo.
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Hence, we took into account additional targetgdrticular, we focused on the prostate specific
membrane antigen (PSMA) and epidermal growth faeoeptor variant 11l (EGFRuvIII) which,
as already reported in the introduction, are ovamessed in prostate carcinoma and glioma
multiforme, respectively.

Standard therapies demonstrated to be not suffid@nthe eradication of these tumors. In
particular, prostate cancer treatments place theerma at risk for temporary or permanent
impotence, especially those patients who have gioderprostate surgery and radiation therapy.
Patients affected by glioma have a median surviva¢ from diagnosis of one year and these
statistics have not changed in the past 50 yeaesicé] the need to search new and novel
therapies is very high.

ScFv antibodies are available for both receptorkimgathe two targets suitable for the
generation of new recombinant 0-HSVs.

As a first attempt, we introduced the scFv to PSahél EGFRUVIII in the N-terminal position of
gD with galK recombineering technology. The resgtviruses were called R-LM593 and R-
LM613 (Fig. 4.4.1 A and B ). As in R-LM113 the saFwere followed by a 11 serine glycine
linker at C-terminal that was introduced during teeombineering procedures.

11GS linker

e

loxP
scFv EGFRvlII

Figure 4.4.1 — A-B Linear maps of R-LM593 and R-LM613Both scFv were inserted in the deletion of aa63@bby
means of galk recombineering technology.avid \f;: variable light and heavy chains of scFv.

4.4.1 R-LM593 and R-LM613 are retargeted to PSMA ad EGFRVIII, respectively

As for the other retargeted viruses described sp fiest we verified the retargeting to
heterologous receptors and the detargeting from-H®Mtural receptors. We infected several
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cells lines (hamster, human, simian and rabbit)itoang the infection as EGFP fluorescence.

R-LM593 was able to infect J-PSMA cells, that esgr®&SMA and no HSV-1 natural receptor,
and LNCaP cells derived from a metastasis of huprastate carcinoma expressing PSMA at
high levels and susceptible of wt HSV-1 infectidig( 4.4.2). The virus tropism resulted very
specific as it infected only PSMA positive cellsdagid not infect any cell devoid of HSV-1
receptors as J cells or expressing HSV naturaptecd-nectin-1 H-HVEM, 1-143-tkand 293T
cells. This indicated that the detargeting/retangetvas effective. However, we found small and
sparse plaques in RS and VERO cells. This was ammmnieature of all our retargeted virus (see
also R-LM249 and RLM-291). The plaques remainedlismasize and the virus cultivated on
these cells was lost in few passages.

J-Nectin-1

SJ-Rh4

Figure 4.4.2 - R-LM593 infects only PSMA expressincells.Cell lines were infected at MOI 3 and grown at 376€%4 h.
The infection was monitored by EGFP fluorescencat post infection. Digital pictures were takeithva Kodak camera
connected to a Zeiss Axioplan fluorescence micnosco

R-LM613 only infected cells expressing EGFRvVIIIREGFRVIII and U251EGFRuvIII, proving
that its tropism has been redirected to the receaptget (Fig. 4.4.3). In addition, the virus was
detargeted from HSV-1 natural receptors as evidkitgethe absence of positive-fluorescent
cells in J, J-Nectin-1, J-HVEM, 1-143-tend 293T cells. Noteworthy, the virus did not otfd-
EGFR, expressing the wt form of the receptor. Temsult indicated that the scFv EGFRVIII
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allows to discriminate between the native formtad teceptor and the mutant one. Also in this
case RS and VERO gave a background infection.

- i A
k - i

Figure 4.4.3 - R-LM613 infects only EGFRvIII expresig cells.Cell lines were infected at MOI 3 and grown at 376€%4
h. The infection was monitored by EGFP fluoresceatc®4 h post infection. Digital pictures were taketh a Kodak camera
connected to a Zeiss Axioplan fluorescence micnosco

The results of infection assays were confirmedboth viruses by fluorometer reading of the
EGFP signal in infected cells (Fig. 4.4.4 A and B).
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Figure 4.4.4 — R-LM593 and R-LM613 infect only cellexpressing their target receptors. A) R-LM593 infection.B) R-
LM613 infection. Cell lines were infected with R-LM3 or R-LM613 and monitored by EGFP fluorescencé 4®st infection.
The fluorescence value of the medium was subtracted the infected or uninfected cells values. Fasoence emission was
measured with a fluorometer (r.f.u., relative fleszence units).
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4.4.2 R-LM593 and R-LM613 specifically kill the cls expressing the targeted
receptors

To assess ability of the recombinant viruses tbdells expressing the target receptors and to
further strengthen evidence for their specificitye measured R-LM593 and R-LM613
cytotoxicity by means of Alamar Blue assay. For RH93 the assay was performed with
escalating MOI in four cell lines: two were PSMAsgove (LNCaP and J-PSMA) and two were
PSMA negative (J-nectinl and SJ-Rh4). R-LM5 wad us® control in the same cell lines. R-
LM593 was cytotoxic only in LNCaP and J-PSMA celiswering, at the highest doses, the
percentage of viable cells to about 40% in 6 daysLNCaP cells and 60% in 4 days for J-
PSMA (Fig 4.4.5 A,C). By contrast, R-LM593 did nekxert a cytotoxic activity in PSMA
negative cells after 6 day for SJ-Rh4 and 4 dayslfNectinl (Fig 4.4.5 B,D)J nectin-1 cells
showed a recovery of viability when infected witlLRI5 at low MOI. This was due likely to a
small pool of J-Nectinl cells that became resistarthe HSV infection and started to replicate.
The results further demonstrated that R-LM593 whecgvely retargeted to PSMA receptor and
detargeted forma HSV-1 natural receptors. R-LM%e®gsected was cytotoxic in all cell lines
except for cells not expressing HSV-1 recepter J-PSMA.
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Figure 4.4.5 - R-LM593 is cytotoxic for cell linesexpressing PSMA.Cytotoxicity of R-LM5 and R-LM593 was tested in
PSMA positive A,C - LNCaP, J-PSMA) or PSMA negativB,D J-nectin-1,SJ-Rh4) cells. Cell viability was meadurg means
of the Alamar blue exclusion assay. Cells were stt@deeplicated 96 multiwell plates and infectedret MOI indicated in th&
axis. Every two days cells were assayed for rednaif resazurin to the fluorescent molecule resord¥e reported the reading
at 6 days post infection. The reduction in J-PSMWA J-nectinl was measured until 4 days after tiofedecause they died
completely at day 6. The absorbance was measuftD#600 nm with a fluorometer.

The cytotoxic activity of R-LM613 was assessedwo glioblastoma cell lines: U251EGFRVIII
that express the target receptor EGFRVIII and tB&1Uthat does not express EGFRvIII. Both
cell lines were permissive and susceptible to wivHSinfection. The results showed that R-
LM613 did not exhibit any cytotoxic activity in U25(Fig. 4.4.6 A) while it was highly
cytotoxic for U251 EGFRUVIII cells carrying the ceilability to 40 % at the highest dose (MOI
10) in 6 days (Fig. 4.4.6 B). The control virus RIh, as expected, was cytotoxic for both cell

lines.
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Figure 4.4.6 - R-LM613 is cytotoxic only in EGFRUVIII expressing cellsCytotoxicity of R-LM5 and R-LM613 was tested in
EGFRUVIII negative A- U251) or EGFRUVIII positiveR - U251EGFRUVIII) cells. Cell viability was measurey means of the
Alamar blue exclusion assay. Cells were seedecpiicated 96 multiwell plates and infected at eatia MOI. Every two days
cells were assayed for reduction of resazurin ¢ofitorescent molecule, resorufin. The absorbares measure at 570/600 nm
with a fluorometer.

4.4.3 R-LM613 grows efficiently in U251EGFRvIII andJ-EGFRvIII cell

To further validate our results about R-LM613 werieal out a virus yield assay infecting
EGFRUVIII positive cell lines i.e. U251EGFRvIII addEGFRUVIII, or cells negative for the same
receptor but expressing HSV-1 natural receptord-Nectin-1, JHVEM and U251. The same
cells were infected with R-LM5 as control. R-LM61i&plicated efficiently in U251EGFRUVIII
and J-EGFRuvIII indicating that it was able to recizg the target receptor in a specific fashion.
Conversely, the R-LM613 titer was nearly equal ton @ derived cells while in U251 cells it
reached 19 pfu/ml even if with an efficiency 100 times lowtiran in U251EGFRuVIII  (Fig.
4.4.7).
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Figure 4.4.7 - Viral yield of R-LM613 and R-LM5 in cdl expressing EGFRVIII receptors and cell expressingr not HSV-1
natural receptors. Cell were infected at 1 MOI (pfu/cell) and harvesttd3,24, 48h post infection. Samples were titrated
U251EGFRVIII cells.
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5. Discussion

Tumors are still one of the major causes of humanatty. Despite humerous advances made
for their treatment (surgical resection, chemothbgraadiotherapy or a combination of these),
some aggressive types of cancer cannot be tretigstively. Furthermore chemotherapy is very
invasive as it Kkills indiscriminately healthy celisd tumor cells, with considerable side effects
to the patients.

Oncolytic virotherapy is a promising therapeutppeach against cancer. Some viruses exert
cytolytic activity on infected cells in order tosme a fast and effective viral progeny spread to
the surrounding tissues. This feature can be etepldio kill tumor cells selectively, sparing
healthy ones. Furthermore these viruses are ableptwate within cells, unlike drugs that have
in addition, a limiting half-life.

HSV arises as a promising oncolytic vector for salveeasons: it has a genome size that can
accommodate large transgenes (up to 30 kbp) aisdainenable to genetic engineering; it is a
mild human pathogen against which effective antalgi exist (e.g. acyclovir). Moreover, some
attenuated oncolytic HSV are already in clinicals (130, 131). A side effect related to the
attenuation strategy is that it affects virus poyern fact, these viruses are highly safe but
characterized by lower viral replication, as congplaio wt HSV.

Based on these observations, the objective ofthi@isis was to construct replication-competent
recombinant HSV retargeted to tumor specific remespand simultaneously detargeted from the
natural HSV-1 receptor, HVEM and Nectin-1.

Three tumor specific receptors were selected ferrgtargeting approach: HER2, which is over-
expressed in 25-30% of breast and ovarian canaeglamma multiforme; PSMA, which is over-
expressed in prostate cancer and in neovasculatwaid tumors; and EGFR variant Ill, which
is expressed in gliomas.

The general strategy for retargeting was basedhenatailability of single chain antibodies
(scFv) to the target receptors. The scFvs are emidan the full chain antibodies and offer a
high binding specificity. The host spectrum of HSWas been modified by the insertion of scFv
in the envelope glycoprotein gD. Indeed, gD detagwsithe HSV natural tropism by binding to
HVEM, Nectin-1 and 3-O-sulfate heparan sulfateotfinding to the receptor, gD triggers
fusion by recruiting the glycoproteins gB, gH, agd. The results of this thesis show the
successful construction of chimeric forms of gD {giFv) that render HSV-1 able to interact
only with tumor specific receptors and no longethwthe natural receptors. The genetic
manipulations of viruses were performed using a BA®/-1 genome (162).

0-HSVs retargeted to HER2 receptor

The HERZ2 receptor was the first receptor targatesur studies. This target is clinically relevant
because of its high expression in breast and ottanors, as well as in gliomas. The mAb
trastuzumab, represented the first HER2-specificay available, becomes ineffective within a
year from the beginning of the therapy, and cartm@oused against brain tumors because mAbs
fail to cross the blood brain barrier (172).

We have generated three HER2-retargeted virugeR-1(M113 (80), which carries the scFv to
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HER2 in the deletion of aa 6-38 of gD; (ii) R-LM24@hich carries the insertion of scFv in
place of aa 61-218, which were deleted (80); Ri#)-M291, a derivative of R-LM249 carrying
two mutations in gB known to increase the rate mifyeof HSV (56); these mutations should
better the ability of R-LM249 to enter cells (56).

R-LM113 was preliminarily characterized vitro (80). The results of the experiments showed
that the virus is fully detargeted from the HSVeceptors HVEM and Nectin-1, since it is
unable to grow to titers higher than®1@* pfu/ml in J-nectin-1, J-HVEM, I-143tk- and Hep2
cells. Conversely, R-LM113 was able to infect apdead in HER2 positive cells such as J-
HER2 and SK-OV-3.

The rationale of RLM113 engineering was to locdte scFv to HER2 in a frontal position
relative to the contact surface between gD andifdcand eliminate the portion of the protein
involved in binding to HVEM and Nectin-1. The détet also encompasses aa 38 later found to
be important for the binding to Nectin-1 (41).

The HER?2 receptor is expressed in a significantlmemof high grade gliomas, where it induces
an increase of anaplasia correlated to a poor pgiil73).

In this thesis, the virus has been tested for #dfetg profile and employed in an vivo model of
HERZ2-expressing gliomas (171, 173). The murinebdgistoma (GMB) cells were based on the
over-expression of platelet derived growth factqiPB®GF-B) (171, 174). The experiments were
conducted in collaboration with Dr. Paolo Malaté&staoup (IST institute of Genoa).

LM113 showed a high safety profile after intracednnjections, as compared to wt HSV-1 R-
LM5 in NOD/SCID mice. Animals inoculated with therws did not show any sign of virus
spread in the brain, while the wt virus was letbatn at lower doses. The oncolytic activity
vivo was evaluated with two different approaches: ingswvas administered at the same time as
tumor cells (early treatment set), or after 45 dajlewing cell inoculation (late treatment set) .
The treatments with R-LM113 improved the survivale of mice in both experiments. The best
effect was observed in the early treatment groupreimice showed no signs of encephalitis,
confirming the safety of the virus. The analysidocdins with established tumors (late treatment
set) in the period immediately following virus aamstration has shown the ability of R-LM113
to spread away from the injection site. This regiltmportant in view of clinical application on
glioma that are a highly invasive and infiltratingnors.

This is the first report on the efficacy of a ndteauated, replication competent, and retargeted
0-HSV-1 in a model of intracranial glioblastoma.

R-LM249 was designed following the observationsZbpu and Roizman that the gD fragment
from aa 61 to 218 does not carry out any functexuired for the virus entry into cells (37). It
was speculated that this portion of gD, which cmies almost completely with the Ig-folded
domain, serves as a link between the N-terminaladorand the profusion domain of gD. The
scFv to HER2 was inserted in place of the Ig-foldechain by means of a two-step replacement
technique. R-LM249 is at the same time retargedddER?2 receptor and detargeted from HSV-1
natural receptors. In fact it was able to infedlyddER2 positive cells such as J-HER2, SK-OV-
3, MDA-MB-453 and BT-474, and failed to infect Jllsethat express no HSV-1 receptor.
Moreover, the receptor usage was specific sincantfieetion was inhibited only by antibodies
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against HER2 receptor.

Although we do not have any direct evidence werasstinat the detargeting from both receptors
is the result of a conformational change in gD tlu¢he size of the insert and the deletion of
some residues essential to binding to Nectin-1 gad@15) and HVEM.

We were able to grow the virus to®}fu/roller bottle and to evaluate the virus oncialyctivity

in vivo.

The latter study provided two important resultsith virus exhibited a high safety profile
documented by a high ldpcompared to wt HSV-1 ii) R-LM249 was able to inbithe growth

of HER2 human tumors cells. The virus was testec subcutaneous ovarian tumor model and
in a subcutaneous breast tumor model in nude nhicéhe ovarian cancer model, a single
administration resulted in a significant and lagttherapeutic effect (weeks after treatment) in
HER2-positive tumors up to 0.2 éniThe repeated injections led to a high percentdigamor
free mice up to five months after the last treatineshile the remaining mice showed strongly
delayed and reduced tumor growth. The most effealivse was 2xI(fu/mouse. These doses
are in accordance with those used for other o-HfB8Mw®ice (129). It is unclear why a higher
dose was less effective. One likely explanatiorths, virion aggregates reduced the effect; in
alternative it caused massive apoptosis of targis by reducing the reservoir of cells in which
the virus could replicate and spread.

Glorioso and coworkers recently reported the ideation of two mutations in gB
D285N/A549T, selected by repeated passage of antH&sNnt gD defective in Nectin-1 binding
(56), which increases the virus’ rate of entry ictgls. This discovery was the basis for the
genetic engineering of R-LM291, that maintains #@ne backbone of R-LM249 with the
addition of mutations in gB. So far, the virus lieen characterized in cell cultures. R-LM291
has maintained the retargeting to HER2 receptortl@dnability to use HVEM and Nectin-1 as
receptors for entry. The viral yield shows thatréhés no substantial increase in the virus
replication in HER2 positive cells, as comparedRteM249. The important feature is that the
virus exhibited an improved cell-to-cell spreadnarine cells, as compared to the progenitor R-
LM249.

0-HSV retargeted to PSMA and EGFRVIII receptors

The viruses R-LM593 and R-LM613 are retargeted ®MR and EGFRVIIl receptors,
respectively. These viruses were generated onllganast year of my thesis, and they have not
yet been characterized as farimwivo anti-tumor efficacy is concerned. The rationaletfeir
generation is as follows:

Prostate cancer is the leading cause of death lesnrathe eastern part of the world. In America
it is the second leading cause of death with 1868w cases per year. Effective therapies are
not available for local and advanced cancer stet8)( This tumor is a promising candidate for
oncolytic virotherapy because the site of the primtamor is easily accessible to a loco-regional
virus administration.

The PSMA receptor is a membrane glycoprotein esgesn highly localized or metastatic
prostate tumors. It is being employed as a targetirhaging-based diagnosis and for the
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immunotherapy of the tumor (175). In the R-LM598ugi, the anti-PSMA scFv was engineered
at the amino terminal portion of gD (delta 6-38e in vitro characterization showed that the
retargeting and detargeting have been successititigved, since the virus is able to infect only
cells which express the target receptor, such RSMA and LNCaP. In addition, the cytotoxic

activity is exerted only towards PSMA positivelsel

Glioblastomas account for approximately 20% of lahin tumors. The disease has a poor
prognosis in almost all cases because the tumersesistant to conventional therapies. The
average survival time from diagnosis is one yearcesthese statistics have not changed in the
last 50 years, glioblastomas are among tumors suisdble to test the efficacy of oncolytic
HSV. The virus can be inoculated with stereotatttca-tumoral injections or during surgery.
The brain compartments affected by the treatmesmteacluded from the immune system and
make these tumors suitable to oncolytic virus adstration, regardless of the serostatus of the
patient.

The EGFRUVIII receptor is over-expressed in glionamsl is a mutant form of EGFR. It is
generated by a deletion of exons from 2 to 7 of@re which leads to a deletion of 267 amino
acids in the extracellular domain of the recepitwerefore, EGFRvVIII is unable to bind ligands
and is constitutively active (152). The virus R-LMBwas engineered to carry the scFv anti-
EGFRUVIII in the N-terminal portion of gD. Infecticmssaysn vivo have shown that the virus is
able to infect only cells expressing EGFRuvIII, suah J-EGFRVIII and U251EGFRvIII, on
which it exerts a specific cytotoxic activity thet not found in cells expressing the HSV-1
natural receptors. The yield of R-LM613 confirmdaatt the virus can replicate only in
EGFRUvlll-expressing cells.

5.1 General considerations and perspectives

A most remarkable aspect of our results is thatcgD tolerate dramatic genetic modifications,
yet viruses carrying such extensively modified ferafi gD are viable. My studies show that gD
can tolerate the deletion of the Ig-folded core asdeplacement with a heterologous fragment,
or the insertion of the scFv at the N-terminusta@ molecule; in this case gD had a relatively
small deletion. Overall, gD can tolerate the inserbf heterologous sequences almost as large
as the gD ectodomain itself. This extreme plastioit gD has enabled the construction of a
number of candidate 0-HSVs retargeted to threermdifft cancer-specific receptors.

In light of the results, we can state that two ieyed positions in gD were identified, in which
an scFv to tumor-specific receptor can be inseffeé first position is located at the N-terminus
of gD (deletion from aa 6 to 38); and the second ieplacement of the Ig-folded core of the
protein (from aa 61 to 218) (44, 80). It is notethgrthat the insertion of scFvs at the two
positions did not affect the ability of the the gsRo interact with their cognate receptors, and
this property was transferred to gD. In turn, gDsveill capable (i) of adopting the proper
conformation, and undergoing structural changesired for the subsequent steps in virus entry.
Moreover (ii) the retargeted viruses grew to yiglast one order of magnitude lower than those
achieved by viruses carrying wt gD, indicating thaerall gD was still capable of carrying out
its major functions, i.e. receptor recognition, aighaling to downstream virion glycoproteins
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gH/gL and gB.

The retargeting strategies similar to the onesoperéd in my studies have been attempted with
two other enveloped viruses, measles virus (168) land VSV (177), which have been
retargeted towards a number of receptors (CEA, D38, PSMA, EGFR, EGFRvIII and
HERZ2). These viruses are being tested with promisasults in models of intraperitoneal and
subcutaneous tumors, doubling the survival of éeainimals. Probably, the most promising
results are those obtained with measles virusgetiad to EGFR or EGFRvIII, when applied in
an orthotopic xenografts glioma model in immunociefit mice (178) these viruses caused a
significant increase of survival time. These exastrengthen the feasibility of the retargeting
strategy.

Concerningin vivo studies, it remains to determine (i) the oncolgfficacy of the retargeted
viruses in models of immunocompetent mice and dii)youte of administration other to
intratumoral.

The immune system could facilitate the clearancén@ftumor but on the other side it could also
decrease virus efficacy. HSV-1 is a common humahagageen and general population carries
antibody against the virus. Studies in prior HS\vionized mice demonstrate that immune
response does not significantly interfere with #peutic efficacy (179). In a clinical trial phase |
study the initial intratumoral injection reliablpduced a strong anti-HSV immune response in
HSV seronegative patients, evidenced by increasaniibody titer. However, this does not
appear to affect the extent of the other cliniesjponses (130). One of our future objectives will
be to evaluate the effect of preexisting immunitytioe efficacy of our oncolytic HSV redirected
to HER2. Moreover, we want to test HER2 retargetiedses in an immunocompetent mouse
model that leads to the appearance of HER2 positiveors based on a transgenic mouse
produced by Genentech.

So far, our studies have assessed the efficadh@®ioco-regional route of administration. Local
administration results effective for tumors thah aa@asily be reached through intra-tumoral
injections or for tissue adjacent to resected t@mGtearly, the ideal type of administration of o-
HSV is by a systemic route (intraperitoneal forraperitoneal tumors, or intravenous for
metastases).

The currently available HER-2-retargeted o-HSV setxbe optimized in order to be suitable
for systemic delivery. We plan to introduce thddaling modifications: HSV glycoproteins gC
and gB carry heparan sulphate binding sites whietiate virus attachment to a variety of cells,
including cells negative for HSV receptors. We gitan to delete the heparan sulphate binding
site, and eventually replace them with scFv to HERoO that the final virus will bind with
increased strength to the target tumor cells.

In conclusion, up to now the studies carried owehshown that i) the o-HSV retargeting is a
feasible strategy and that ii) viruses retargetEdR2 receptor (R-LM113 and R-LM249) cause a
target-specific inhibition of human tumor growthhe use of scFv potentially allows for

targeting any cellular receptor and the strategy loa applied for retargeted HSV to a wide
spectrum of receptor families for which a singlaichantibody is available.
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