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Herpes simplex virus 1 (HSY¥) is a common human pathogen that can be found in
approximately half of thpopulation. Typically, it causes relatively mild symptoms such

as cold sores, though HSMcan also enter a latent stage and become undetectable to the
immune system, which allows it to persist in an individual for their entire life. However,
HSV-1 is al® one of the most promising candidates for gene therapy vector development
as it possesses multiple beneficial properties that set it aside from other potential oncolytic
viruses. These include the capability for repeated dosing, a-established
neurovrulence gene that can be deactivated, and the capacity to support large transgenes.
Accordingly, the only currently available oncolytic virus approved in the western world

Is based on HS\L with multiple other vector prospects currently in clinical develept.

A set of 36 HSV1 clinical strains isolated from patients was subjected to a panel of tests
in order to determine their potential for furthezctor development. To this end, the
strains were tested fanultiple parameterssuch astheir replication characteristics,
growth rates, oncolytic potential, and drug resistance. Several strains with promising
results in view of oncolytic vector developmesduld be identified such as strains
possessing significant oncolytic potential, high ouenafectivity, or a significant
tendencytoward lateral spreading from cell to cell. While further testing will be required
to make decisive conclusions, the results of this thesis seavesafubaselindor future
projects
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1. Introduction

1.1 Herpes simplex virus

1.1.1 Herpesviridae

Herpesviridaeare a large family of DNAviruses, consisting of 115 specigghin three
subfamiliesAlphaherpesvirinagBetaherpesviringeandGammaherpesvirinagatherer

et al., 2021)The viruses in these subfamilies resemble edlohr in various ways: for
example, they share similaeplication characteristics, host ranges, and reproductive
cycles(Davison, 2007)An important facet of all theseruses, however, is the fact that
they are capable of forming a latent infection whereby only a small fraction of the viral
genes are express@davison, 2007)This sate renders the virus nigh undetectable and
can allow for thevirus to persist for a lifetimgRoizman & Whitley, 2013; Sawtell &
Thompson, 2021)

Table 1. Human herpesviruses and the diseases they cause.

Virus Also known as Typical pathology
HHV 1 Herpes simplex virus type 1 Orolabial herpes
Genital herpes
HHYV 2 Herpes simplex virus type 2 Genital herpes
HHV 3 Varicella-zoster virus Chickenpox
Shingles
HHV 4 Epstein-Barr virus Infectious mononucleosis

Various lymphoproliferative diseases
(Burkittds | ymphoma)

HHV 5 Cytomegalovirus Infectious congenital diseases
HHV 6a Roselovirus Unknown pathology

HHYV 6b Roselovirus Sixth disease (exanthema subitum)
HHV 7 Roselovirus Unknown pathology

HHV 8 Kaposi's sarcoma-associated Kaposi's sarcoma

herpesvirus

Though only nine members éferpesviridaeare known to primarily spread between
humansthe virusesre quite distinct from each oth@renwithin this small grougTable

1). Varicellazoster virus is known for causing chickenpand shinglesEpsteifi Barr

virus has been implicated wiihfectious mononucleosis andrious types of cancer,
cytomegaloviruses are recognized as the most important cause of infectious congenital
disease in the world, Human Herpesviruses (HHV) 6 and 7 are considered the causative

agent ofexanthema subitunard HHV 8 i s associ at&rmdpe&i t h



Howley, 2013) However, arguably the most widely known members of this virus family
are herpes simplex viruspgg 1 (HSV1) and type 2 (HS\2), also referred to as HHV 1
and 2, respectivelyRoizman et al., 2013)Of these viruses, HSY has garnered the

largest amount of interest from the scientific commu¢Mpdy et al., 202Q)

1.1.2 A brief history of HSV

Herpes simplexiruses have beeaccompanyindgnumans for far longer than the scope of
recorded history extends. Indeed, they are closely analogous to the herpesviruses of
nonhuman apes, and interestingly, H3\6eems to have originally stemmed from a
nonhuman host, as it is more closely related to the chimpanzee herpes simplex virus than
HSV-1 (Wertheim etal., 2014) The first records of herpdike symptomsare from Egypt
anddate as far back as ABBCE (Ebbell & Banov, 1937)though tle virus gained its
name in ancient Greece where the schol ar
means to creep or to crawl, to describe a type of lesion spreading amongst the populace
(Roizman & Whitley, 2001)Another anecdote from thé'tentury alleges that herpes

had grown so rampant in the Roman Empire that the reigning emperor, Tiberius,
attempted to control the spread by banrkisging in all public ceremonid€hodosh &

Ung, 2020) Of course, the concept of a virus was completely foreign to the people of the
ancient empires, and only in the laté"l&ntury was it even definitively proven that
herpes could spread from person to pe(sbdal, 1873)

In the 20" century, medicinal research progressgdeaps and bounds, and the newly
created field of virology was no exception. Multiple important discoveries regarding HSV
were made, perhaps chief among them the fact that herpes was, in fact, caused by a virus
(Loéwenstein,1919) Other milestones include the discovef the fact that the virus
targets the nervous systd@oodpasture, 1929js capable of causing latent infection

(Burnet & Williams, 1939; Cushing, 1908hd that there were two separate types of the
virus, HS\\1 and HSV2 (Schneweis, 1962)Moreover, he development of plaque
assays for virus quantificatigCooper, 1962and other such methods helped pave way

for our modern, more comprehensive understanding of the virus.

1.1.3 Epidemiology

Of the two herpes simplex viruses, H3MVs more common. It has a seroprevalence of

around 66.6% of the global population, while H3\¢an be detected in about 13.2% of
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people(James et al., 2020However, these estimates do vary depending on the region:
for example, in Finland, the percentages resemblgltdbal average, with HSY having

a seroprevalence of roughly 52% and H3\W.3% (Pebody et al., 2004)put in the
developing world HSW2 appeardo be much more ubiquitous, with up to 80% of the
women of subSaharan Africa carrying the vir§gveiss, 2004)Classically, HSV1 has
been linked with cold sores whereas H3Was been known as the primary pathogen
leading to genital herpg&upta et al., 2007However, in recent years this dynamic has
started to shift, as HSY¥ accounts for more and more genital infections, especially

amongyounger femalem the developed worl@Looker et al., 2015; Tuokko et al., 2014)

HSV-2

Figure 1. A simplified depiction of HSV-1 6 s ¢l ade s, based on t(206). gr a
The virusé geneal ogy can be divided into six d
referred to as # Wetsaing negpactivaelynwhiledhE @est of the strains form the
fSout haaden 0

p h
i s

Indeed, as a result of its Igroexistence with humans, the H§&home appears to differ

slightly depending on where it originates frgBowen et al., 2019)By analyzingand
comparing the genes of cilating HS\+strains from around the world, it is possible to
create a phylogenetic tree for HIY which features three distinct clades based on their
origin(Kolbetal.,,2011) These three clades, then, car

North American/European clade A East er no, or Asian <cl ade



clade(Kolb et al., 2013)However, these variations are not geographically exclusive to
any continent and can @xist alongside each other due to factors such as immigration
(Norberg et al., 2004 Genomic sequencing of Finnish isolates suggests that the Finnish
circulating strains commonly fall into two of these clades, Western or EéBmnen et

al., 2019) It is important to note, however, that this thod&de structure might not be
entirely accurate. The work that led to the inception of this threeged model was
conducted on only single genes or small clusters of genes, and results obtained from more
recent research utilizing the whole genomic sequence suggest at a more complicated
structure with six or more cladesig. 1) (Kolb et al., 2013)

Notably, thereis considerableinterstrain variance within the genome of H3V
Reference strains differ from each other bothvitro and in vivo, and also display
intrastrain variability(Jones et al., 2019They differfrom clinical strains with regards

to, for example, their spread in different tissues and their sensitivity toward acyclovir
(Bowen et al., 2019)This genomic variation between circulating strains can be used to
trace the spread of the virus from person to pe(Bamdey et al., 2017put also to

explain the propertgof a certain strai(Gzpara et al., 2010)

1.1.4 Structure and genome

The HSV virion is comprised of four distinct parts: the core that houses the viral DNA,
the capsid that protects the core, a mostly unstructured protein layer known as the
tegument, and the envelope, a lipid bilayer the virus is thought to obtain upag &t

cell (Roizman et al., 2013Fig. 2). The HSV genome is made up of linear and double
stranded DNA and is approximately 152,000 base pairs (bp) long forIH{SMGeoch

et al., 1988and approximately 155,000 bp long for H2\{Dolan et al., 1998)Though
thegenoms of the two HSV types ar@3% similar(Dolan et al., 1998here are marked
differencesin the locations of endaclease cleavage sites and the stdethe proteins

they encode thaerve toseparate the twaruses(Roizman et al., 2013)

The genome of HSM consists of two covalently linked unique components, termed
Al ongo ovhildh contains 5§ wihychceostans 13ggends; fi s h
furthermore, both components are flanked by repeats on both sides that also contain

certain genesHig. 3)(Roizman et al., 2013)
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Figure 2. The herpesvirion and its various components. It is comprised of four distinct parts: the
DNA-housing core, the protective capsid, a mostly unstructured protein layer known as the
tegument, and the envelope, which contains various glycoproteins.

These unige sequenceare synthetizet in both orientationgluring replicationwhich

results in four distinct isomers. These incliidp r o t ,@t, Binpvaich both W and s

arein their standard configuratiotwo variations ofinverted, Isand L, in which ether

the short or long component is inverted, respectively, angdih which both components

are invertedMahiet et al.,, 2012) Cur r e nt | yhae bdeh Yroven tg encodes

90 unique transcriptional units, 84 of which code for protéR@zman et al., 2013)

These proteirencoding genes can bevdi ded i nto U, b, and o2 ¢
immediateearly, early, and late genewhich code for proteins that regulate viral
replication, synthesize and package DNA, and form the virion proteins, respectively
(Roizman & Whitley, 2001)This organization, then, helps to structure the caskiegle
expression of genes during an infection.

Arguably, one of the most important HYYenes i n t he coni3é¢Xt of
which is a noressential gene that encodes infected cell protein 34.5 (ICRB&iZ)man

et al., 2013)This protein is fundamental fori r a | n e ur o vabilityudirdeotc e |
neuronal cells(Chou et al., 1990)Without ICP34.5, the virus becomes attenuated,
rendering it unable to cause a lytic infection ie tiervous system and decreasing the
likelihood of a latent infectiofChou et al., 1990HSV-1 is very adept at dodging the
immune responses of a host b¢Melchjorsen et al., 2009and it has been proven that

ICP34.5 has an important role in blocking both adaptive and innate immunity. ICP34.5
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can block major himcompatibility complex Il respons€$rgovcich et al., 2002)and it
has the ability to inhibit protein kinase R function, which not only allows the virus to

proliferate but also interferes with type | interferon respofideset al., 1996, 1997)

U Us

T
| 2 4 4 4 4

71345 U, 23 U,27U,29 71345 »
Ug?

Figure 3. The genome of HSV-1, modified from Frampton Jr et al. (2005). It consists of two
components, Al on,g oandr A &4 Bothtcdmponents aréflanked by repeatsa an.d a b
Notabl vy, t he r e pferdJtandcaand csfor Ush areacandidereddidentical. Certain

genes of interest have been highlighted in the image. UL23 codes for thymidine kinase which is

essential for the mechanisms of many drugs that seek to treat herpes, UL27 codes for glycoprotein

B whichis necessaryf or t he virusds e20tcadgs for infected cell ptein g, , and
which is essential in viral replication. Us7, then, codes for glycoprotein I, which is crucial in
untransfor med 13k4e.19 scodreisnafldry ,I| @P34. 5, which is fu
to destroy neuronal cells.

1.1.5 Infection and latency

Transmission by HSV requires contact with mucosal surfaces or broken skin and typically
occurs during intimate conta¢Roizman et al., 2013)The infection usually spreads
through direct contact with a lesion or exchange of infectious bodily fluids, with even
asympbmatic individuals able to pass on the vi(@orey & Spear, 1986)An HSV'i

infection Fig. 4) will begin with entry into the cell, which is facilitated by heparin
sulphate proteoglycarfg/uDunn & Spear, 1983nd various cell surface receptors, such

as the viral glycoprotein®) gB, gD, gH, and gL, it allow the virus to merge with the

cell membrangSpear et al.,, 20000 The <capsid will then be
nucleus by dynein ahg the microtubule networfKristensson et al., 1986)vhere the

capsid will release the viral DNfOjala et al., 2000)

Next, the process of viral transcription will begin. This process can be described as a
highly regulated, cascadi&e sequence, the first step of which is the derepression and
activation of U genes, W(Raizmdn & Whitley, 2003 gu |l a
I n t he nexigensstwdlpe expgopesdawhidh wall result in the synthesis of
proteins necessary for the viral DNA replicatiamdin the third and final step of this

p r o c gyenss,will be activated, after which the formation of the capsids and replication

of viral DNA will be completedAmen & Griffiths, 2011) The capsid will béemporarily

envelgped when it exits through theuclearmembrane and the virion wiflnally be
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completed as it acquires gmvelopeafteregresgMettenleiter et al., 2013; Roizman et
al., 2013) Though the virus will attempt to delay apoptosis through various messs,
process of replication willltimatelylead to the death of the host q@¢fu & He, 2016)

J o genes — [} genes — y genes (s!

Figure 4. The course of an HSV infection. The infection will begin with entry into the cell, which

is facilitated by a merging of the virus particle and the cell membrane. The capsid will be
transported to the cell ds nucleus where the vira
transcription, where U, b, and 92 genes wil/| be
replicate the viral DNA and produce necessary proteins for the creation of new viral particles.

Upon egress, the newly created capsids will be enveloped by the cellular membrane.

Typically, viruses spread bg e i ng r e lshed $raandthe infected BGellsthus
spreading to nearby cellwhereupon the process repeats. However, some viruses, such
as HSVY1, have also developed the ability to sprésdrally from cell to cell, which
allows the virions to spreaggrotectedfrom neutralizing antibodies and othéefenses
(Johnson & Huber, 2002At the moment, the exact mechanisms of tisralspread are
largely unclearthough it is known that the gEgl complex is essential in the process
(Dingwell et al., 1994)Furthermore,tte four glycoproteins, B, H/L, and &e known to

form a fusion complex that allowsrusesto enter theother cell, though this by itself is

not enough to facilitate the fusion of cellEisenberg et al., 2012y he protein tyrosine
phosphatase is known to act as one of the host factors for the rest of the process, but the
others are not yet know(@€armichael et al., 2018Neverthelesdateralspread has been
recognizedto be essential in latency, as a virus unable to spreadoemdll cannot
establish a latent infectigifwang et al., 2010)

Like other herpesviruses,3V, too, can enter thiatent, norreplicative state after én

initial lytic infection (Preston & Efstathiou, 2007This occurs when the virus infects

sensory neurons and then travels to their nucleus, where it will often cease to replicate
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and persist in an episomal form, which allows the virus to dodge immune responses of
the host bodyRoizman et al., 2013)he primary site for the latent infection of HEV

in humans is typically the trigeminal gangligGarton & Kilbourne, 1952; Cushing,
1905) where the latent infection can last for a lifetime. A small fraction of these latent
viruses can periodically reactivate, whereby virions will exit the neurons and cause a new
lytic infection (Roizman & Whitley, 2001)

1.1.6 Pathology

A typical oropharyngeal HSYinfection is either asymptomatic or causes visible herpetic
lesions in the mouth or lips of the patient, the appearance of which can be accompanied
by various other symptoms, such as a sore throat and pyRoiEman et al., 2013As

the virus can also enter a latent state atel leeactivate, recurring infections are also
possible. This reactivation can be caused by many external and internal factors, such as
mechanical or psychological stre$%adgett et al., 1998; Sawtell & Thompson, 1992)

The number and size of the lesions that appear during the initial infection will indicate its
severity, as welds the likelihood of a recurrent infecti@lRoizman et aJ 2013)

The symptoms of genital infection by either H&Vor HS\A2 are largely the same,
usually consisting of papules and ulcers in the affected area and accompanied by similar
systematic symptoms as an oropharyngeal infecf®uapta et al., 2007)Notably,
individuals with genitalinfections caused byHSV-1 are much less likely to have a
recurrent infection than those infected with H3\Lafferty et al., 1987)Nevertheless,

these recurrent infections will typically be much milder than the initial infe¢tupta

et al., 2007)

In most cases, infections caused by HSV are benign. However, there are notable
excepions to this rule. Neonatal infections, for example, are oftentimes dangerous and
can prove fatal, even with drug treatméRinninti & Kimberlin, 2018) Neonatal
infections are increasingly beimgused by HSM, and the infection is usually acquired

from the mother during childbirtfJames & Kimberlin, 2015)'he most common form

of the neonatal disease is skin, eye, and/or mouth disease, whiohtfocd5% of cases,
whereas thetber forms of the disease, central nervous system disease and disseminated
disease, aréessfrequent; here is, however, overlap between the different forms and
approximately 50% of cases involve the central nervous system in sonm@amags &
Kimberlin, 2015)



Currently, the most important cause of corneal blindness in the world is infectious
keratitis, the most common viral cause of which is HMg et al., 2021)An infection

of the eye can cause conjunctivitis, inflammation of the eye, both unilaterally and
bilaterally as well as many other symptoms, such as photophobia, oedema of the eyelid,
and dendritic lesionfRoizman et al., 2013Recurrent infections are common and can
lead to progressive damage of the @geizman et al., 2013)

Perhaps the most dangerous complication, however, is herpes simplex virus encephalitis.
In general, HSV1 is the most common cause of spotadncephalitis in the world
(Venkatesan, 2015nd has an incidence of42cases/1,000,00 Nordic countries
(Hjalmarsson et al., 2007nitial symptoms include an altered staif mind, fever, and
seizuresand eventuallythe disease can lead to either reduced neurological capacity or
death(Bradshaw & Venkatesan, 2016hdeed, in untreated patients the disease has a
70% mortality rate anadnly 2.5% of patientsare able to regain normal neurological
function afterwards(Whitley, 1990) However, encephalitis caused by HSV can be
treated with drugs sucls acyclovirwhichincreases the survival rate drasticgliyhitley

& Gnann, 2002)

It is also important to consider the effect an HSV infection has on immunocompromised
individuals, especially as both HSV and human immunodeficiency virus (HIV) are quite
common in areas such as sbahaan Africa(Dwyer-Lindgren et al., 2019; Looker et al.,
2015) Notably, a genital HSV infection, typically caused by H8\Wcan increase the
likelihood of contractingHIV significantly (Looker et al., 200), which explains the
interest in developing an HS¥ vaccine Furthermore, HSVnfections can also occur
during organ transplantatigibee & Zuckerman, 2019)infections caused by HSV in
immunocompromised hosts are much more severe than in patients with functioning
immune systems; for example, the mortality associated with herpes simplex virus
encephalitis has been found to be fimees higher for immunocompromised individuals
(Tan et al., 2012)The virus is also more likelp gain resistance to antiviral therapies
(Bacon et al., 2003)nd recurrent infections are much more frequenhese patients
(Roizman et al., 2013)



1.1.7 Treatment

At the moment, no curative treatment or vaccine for HSV exisgsfar that the latent
infection caused by the virus cannot be wholly eliminéikaoh & Lee, 2020) and rather,

the disease is controlled with drugs that stop the virus from replicating.
Nucleosideanalogs which include acyclovir and itslerivatives, are the firdine
treatment for HSV infections as they are both highly specific and have very little toxicity
(Roizman & Whitley, 2001)Initially, nucleosideanalogsare inet, but upon enteringn
infected cell, they are converted into monophosphate derivatives byehgesviral
thymidine kinase (TK) and then into triphosphate metabolites by thechlbdtinases
(Han et al., 2018)After this, the active metabolites begin to inhibit the viral DNA
polymerase, which disables MIiBNA replication and thuprevents théormationof new
virions (Gnann et k, 1983) Furthermore, some nucleosidaalogscause DNAchain
termination by incorporating themselves into the viral Dfian et al., 2018)Notably,

all nucleosideanalogsrequire functioning copies of the genes2B, which encodes the
TK, or U.30, which encodes the catalytic subunit of viral DNA polyme(haabrunie et

al., 2019; Roizman et al., 2013)

Additionally, an exclusively intravenously administered difegcarnet, can be utilized

to treat severe herpes infensin case of acyclovir resistan€eabrunie et al., 2019)t

is a DNA polymerase inhibitor that works by inhibiting the attachment of nucleotide
precursors to DNA, which preventke virus from replicatingZeichner, 1998)Unlike
nucleosideanalogslike acyclovir, foscarnet requires no activation and can be used on
viruses that lack a normally functioning TK that is necessary for acyclovir; however, it
can also causesere adverse reactions, such as renal fa(leechner, 1998)

As a genital HSV2 infection can increase the likelihood of an HIV infection due to the
ulceration it cause@~reeman et al., 2006it is no surprise that the development of an
HSV vaccineis seen as a very important factor for public health, especially in dower
income countries. Currentlymost vaccine developmenrojeds are focused on
preventing or treating HS\2, but as the two viruses are very similar, HSVaccines
could also prove useful in preventing H3Y infections(Johnston et al., 2016Yaccine
development has proven challenging, however, as animal models do not accurately
represenan HSV infection in a humagKollias et al., 2015and, especially in the case

of prophylactic vaccines, followp is a lengthy and costly procédshnston et al., 2011)

Regardless, many prospective vaccines have entered clinical Reaksnt results from
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preclinical testing of a new HS\ ibased live attenuated virus vaccine have been
promising(Bernstein et al., 2020Furthermore, recent advances in mRNA vaccines have
also seen the development of a trivalent vaccine against genital herpes, currently

undergoing preclical trials(Hook et al., 2022)

1.1.8 RNA interference and HSV

RNA interference is a naturdéfensemechanism utilized by fungi and invertebraféan

& Yin, 2004) and essentially, it describes a process whereby small complementary non
coding RNA, such as siRNAis used to silence messenger RNA and, by extension,
disable the protein synthesis of the #teming pathoge(Levanova & Poranen, 2018)
Under normal circumstances, siRNA possess a very limited target sequence, which
greatly curtails their ééctiveness against viruses with mutated genoimasever, by
utiizingsocal | ed Apool so or Aiswar mso of enzyr
siRNAs which cover a target sequence of uB@®0 bp(Nygardas et al., 2009}his
problem can be circumvented. Enzymatically synthetized siRNA swarms represent an
emerging, novel form of treatment for HSV infections. These swarms have been proven
effective in treating HSM infectionsin vitro (Levanova et al., 2020; Romanovskaya et

al., 2012)andin vivo (Paavilainen et al., 2017 rucially, the siRNAswarms have also

been proven efficiet against acycloviresistant strains of the virgKalke et al., 2020)

1.2 Gene therapy

1.2.1 Overview

Gene therapy is an emergirigeatmentmodality, which enables completely new
approaches to curing and treating diseases. The European Medigmesn c y 6 s ( E M
Guideline on quality, noglinical and clinical requirements for investigational advanced
therapy medicinal products in cloal trials (2019) defines gene therapy as a method
aiming to express a certain transgene, W
replacement, additi on ofthatig thetargeborgan®mf,in a g
the case of cancaymor, can be affected on a genetic level.

Al | gene therapy methods are contingent
transgene. In most cases, a virus is utilized to fill this(Mlieth et al., 2013)As viruses

are very distinct from each other, the gene transfer approach can be cagiuliged
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for eachtarget tissue and disease: for example, HS#isplays wide tissue tropism,
which is especially strong toward the nervous systéemnboni et al., 2013)while the
prevailing tropism of adenassociated viruses (AAV) depends on their sg@tDrouin

& AgbandjeMckenna, 2013)AAVs are a vey popular choice for a viral vector, as they
have been proven to be one of the safer options available and the fact thaeththee

effect through an episomal forisbeneficial for many gene therapy approagh&so et

al., 2017) They are not the perfect choice for every situation, however: the sike of
inserts that can be used with AAV vectors is limited, as only sequences under 5000 bp
can be effectively packagéNaso et al., 2017}hough this problem can be circumvented

with the use of overlapping vector strategi€hamberlain et al., 2016Moreover, the

fact that AAV only contains a singkgrand of DNA slows down the initial transgene
expression, though, again, there are ways of alleviating this prqMe@arty et al.,

2001) However, perhaps t he faoesthe igsuesof grd e nt
existing immunity: that is, the patiento
vector, which will severely limit their efficienc{fFalese et al., 2017)While HS\+1

vectors will be discussed later in the chapter, it is notable that this problem is absent with
HSV vectors.

On the other hand, retrouses and lentiviruses are RN#&uses, which enables different
approaches to gene therapy. Unlike HSVs and AAVs, they always integrate into the host
cell 6s genome and t hudqHndmadh & beis, 199t ip at i e
important to notehat retroviraland even the safer lentiviral vectors are always slightly
oncogenic, which increases the likelihood of problenaatat potentially londastingside
effects(Modlich & Baun, 2009) For example, integrating vectors can cause genotoxicity
via insertional mutagenesis, which can cause adverse effects such as dysregulation of
gene expression or oncogene@anzani et al., 2013}houghthis problem has been
taken into account when designing mgwiral vectors (David & Doherty, 2017)
Retroviral and lentiviral vectors griem the vast majority of casesisedex vivq that is,

the vectors are inserted into their cells inramitro environment out si de of t
body(EMA, 2022b)

As a principle, gne therapy caaccommodate a multitude of approach®@se of the

most successful methods thus far to have received approval from regulatory aigencies
chimeric antigen receptor T (CAR T) therapshichworks by integrating a desired gene

into cells grafted from the patientghich will then be reintroduce(@hmad, 2020) In

this method, a CAR fusion protein is transduced into T aalkectedfrom patients
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(Sermer & Brentjens, 2019As these modified cells are then reintroduced into the
patient, the CAR T cells will bind to specified cancer antigens and activate, which will
result in the eradication aihtigerexpresingcells (Mohanty et al., 2019Y0ne example

of this approach is Abecma, a recently approved lenthdased CAR T therapy that is

used to treat multiple myelomgAnderson, 2022) CAR T therapy has also faced
adversity, ags administrabn can often result in a cytokine shq&entjens et al., 2013)

and canalso cartly a significant risk of neurotoxicity an€CAR T cellrelated
encephalopathy syndromgSermer & Brentjens, 2019) However, increased
understanding of the therapyos ardatensse e
easier and more efficie@Brudno & Kochenderfer, 2019)

Furthermoregex vivoi medated retroviral therapy anorrintegrating vectors, such as

AAV or HSV, can be used to repair genes to treat, for exgrhpkeditary diseases that

are caused by genetic mutations. Oftentimes these mutations can cause a deficiency or
even total lack of a critical protein, and by inserting a functioning version of this gene
into the patient, eithexx vivoor directly dependng on the vector, the production of these
necessary proteins can be indu¢Badoth et al., 2016)For example, Strimvelis is a
retrovirusbased gene therapy product that is used to treat severe combined
immunodeficiency caused by adenosine deami(@B&) deficiency The diseasés a
hereditary, often fatal metabolic disorder that causes immunodeficiency due to mutations
in the ADA-gene, which causes a deficiency in #iezyme(Ferrua & Aiuti, 2017)
Strimvelis works by introducingfanctioningcopy of the ADAgene into grafted CB4+

cells via a retroviral vectdiBooth et al., 2016)The modified cells are then introduced
back into the pat i ewehtdaby bdpio to generaderlymphacytesn d
t hat can produce ADA normally, (@Eerhaa&h ci ng
Aiuti, 2017).

Today, cancers are the most important indication for gene therapy, by a large margin
(Wirth et al., 2013)In addition to the aforementioned CAR T therapy, one approach to
treatirng cancer with gene therapy is to attacktthmordirectly with specifically modified
viruses, a method known as oncolytic virotherapy. This type of therapy was first
attempted in the first half of the 2@entury, but researchers soon discovered that while
the viruses were initially efficient in reducing thenors this effect was only temporary
(Newman & Southam, 1954 owever, the myriad advancements made in the field since
then have made oncolytic therapy a viable avenue of research once again. Typically, this
approach is utilized by injecting repitton-competent viruses, such as oncolytic HSV or
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adenoviruses, straight into tiemor (Mullen & Tanabe, 2002)The viruses Wi then

begin to replicate, which will eventually lead to the lysis of their tumabrcells(Mullen

& Tanabe, 2002)Thisisespeci ally effective, as it F
defensanmechanisms against viral infections, such as interférsignaling are notably

impaired in cancerous cellsurie & Platanias, 2005)0ncolytic viruses can also induce

the activation of the host bodyds i mmune
to chemotherapyMullen & Tanabe, 2002)An important facet of oncolytic viruses is

that they can be rendered specific to thmor cells by eiber addingtumorspecific
promoters to critical loci in their genomoe by removing the genes that allow the viruses

to replicate in nomeoplastic cell§Mullen & Tanabe, 2002)»uch as has been done with

the oncolytic HSV1 -based talimogeniaherparepvec (ec)(Johnson et al., 2015As

such, theoretically, the vir uasdwd anfyRilbt r e |
tumor cells. Thus far, Ivec is the only oncolytic virus to have been approved in the
western world Table2).

1.2.2 Current landscape

Though the technology ®ill in its relative infancy, multiple different kinds of therapies

have already received approval both in Europe and the U8BI€ 3. Especially in

Europe, many of these therapies have received an orphan status, meaning that they are
designated for exeedingly rare conditionEMA, 2022b) Around half of the available
therapies are indicated toward cancer, with CARCElls being the most common
approach. Various kinds of viruses have been used as viral vectors, with AAVS,

retroviruses, and lentiviruses being the most ubiquifbasid & Doherty, 2017)
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Table 2. Currently available gene therapies in Europe and the United States according to EMA
(EMA, 2022a) and the FDA (FDA, 2022).

Product Approved  Approved Indication Vector Mechanism
(EMA) (FDA)
Abecma August March Multiple Lenti- CAR T i therapy
2021 2021 myeloma virus
Breyanzi N/A February Large B-cell Lenti- CAR T i therapy
2021 lymphoma virus
Imlygic December October Melanoma HSV-1 Oncolytic virus
2015 2015
Kymriah August August Blood cancer Lenti- CAR T i therapy
2018 2017 virus
Libmeldy December N/A Metachromatic Lenti- Ex vivo -delivery of
2020 leukodystrophy virus functional gene
Luxturna November December Retinal AAV Delivery of functional
2018 2017 dystrophy gene
Strimvelis  April 2016 N/A Adenosine Retro- Ex vivo -delivery of
deaminase virus functional gene
deficiency
Tecartus December  July 2020 Mantle cell Retro- CAR T i therapy
2020 lymphoma virus
Yescarta August October B-cell Retro- CAR T i therapy
2018 2017 lymphoma virus
Zolgensma May 2020 May 2019 Spinal muscular AAV Delivery of functional
atrophy gene
Zynteglo May 2019 N/A Beta- Lenti- Ex vivo -delivery of
thalassemia virus functional gene

1.3 HSV-1 as a gene therapy vector

1.3.1 Advantages of HSV-1 as a vector

HSV-1 harborsa wide array of properties that make it an attractive prospect for gene
vector development, and for this reason, it has been one of the most widely researched
vector candidate$Wirth et al., 2013)HSV-1 has wide tissue tropisButhod et al.,
1987)and is safe even when replicatioompeten{Manservigi et al., 2010which are

both very useful properties in terms of vector development. Furthermore, its genome is
episomal, which means thatitwil not i ntegrate to the hos
vectors, and as such, any HS¥Cctor is unlikely to cause undesired mutations in the
patient(Roizman, 1996)Unlike, for example, AAvbased vectors, HSYased vectors

can support insertions of up to 800 bp, as the HSV genome is particularly large and

capable of withstanding large insertiqiv&ntosa et al., 2017h addition to containing
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many noressential genes, which can be replaced with large transgenes without severely
affecting the functionality of the viryRoizman, 1996F ur t her mo memehad SV 6 s
been sequenced and, as a result, its neurovirulence gene has been id€nuiieet al.,

1990) This enables researchers to modify t
replication and render the virus safe for use in human gene therapy, for exampl
restricting its ability to replicate in all nemeoplastic cellgLiu et al., 2003)

As already discussed, HSXector®safety is greatly enhanced by the fact that acyclovir

is so efficacious in stopping the spread of the infection, and the drug can be essentially
used as an fAemergency brakeodo, shosthad som
also shown great potentiad the treatment of neurological disordevath replication

defedive HSV-1 i vectors alreadyroven to be effective in treating neurodegenerative
diseases and chronic pain in n{&imk et al., 2011)and the field has already seen further
developments with the emergence of regulatable ve{fduset al., 2011 and HSVV1
amplicons(Spaete & Frenkel, 1982Dne additional important advantage HBased

vectors boast is the possibility of repeated dosing. Unlike other vector types, such as
AAVs, HSV-1 ivectors can be dosed repeatedijthout the patient forming any
resistance to the vect@hahlavi et al.1999)

Notably, one of the few virusiediated genetic therapies available, and the first approved
oncolytic therapy in the Western world, is an HEYvector(Johnson et al., 2015} his
melanoma treatment,-Wec, is marketed as Imlygic. As an oncolytic virus, it has been
modified to beumorselective, meaning that it does not harm cells of the nervous system,
thus removing the risk of encephalitis, and rather only selectively replicates in cancerous
cells (Bartlett et al., 2013)As such, it acts as a precision weapon agaitsmnar with

minimal damage to the surrounding tissue. Moreover, it also possesses a transgene for
granulocytemacrophage colong t i mul ating factor, which e
to activate the body0s tumev@ohnsonmiah 2015 byius t e m
et al., 2003)The therapy is repeatedly administered directly intduh®rand has been

proven both effective and safe for the patiéiigufman et al., 2014)l-vec viruses are
replication competent and manufactured in Vero ¢&MA, 2015) thus making them
relatively affordable: in the USA, treatment with Imlygic costs ardbét 000(Amgen,
2015)and in Finland oni\14501160@1 p e r  t(Rha&raacankrenmita, 2022) stark

contrast, the priceof other gengherapy treatments range from $373,000 per treatment

for YescartgDrugs.com, 2021fp $2,100,000 per treatment for Zolgengiaugs.com,

2020)
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1.3.3 Developmental pipeline

According toa search conducted in ti@inicalTrials.govdatabas€NIH, 2022), asof
8.3.2022 there are 17 different HSY -based vectors in clinical phases, a vast majority

of these vectors being oncolytic virus€sy( 5. The therapy currently furthest along in

the developmental pipeline is Beremagene geperpavee/ec @able 3) It is a topical

gene therapy for the treatment of the skin disease recessive dystrophic epidermolysis
bullosaand it h& currentlycompleted?hase Il testing following promising results from
phase 1/2 trial&Krystal Biotech, 2021)Similarly, both G207Friedman et al., 2028nd

HF-10 (Hirooka et al., 2018have exhibited sufficieit favorablesafety profiles to
proceed to Phase Il. Perhaps the most unique one of the prospective vectors is NP2,
howewer. NP2 expresses the human proenkeplugdire, the protein products of which

have been proven to inhibit pasignaling(Dickenson & Kieffer, 2006)Phase | testing
suggested that NP2 is not only safe but also works as a neuronal analgesic when used in
sufficiently high dose§Fink et al., 2011)

17,6 %

88,2 %

Oncolytic virus = Gene therapy = Other

Figure 5. HSV-based gene therapies in clinical development by indication.
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Table 3. HSV-1 -based vectors in clinical development.

Virus Function Status Study Identifier
initialized
B-vec Gene repair Phase IlI 2021 NCT04917874
Cl34 Oncolytic virus Phase | 2018 NCT03657576
C5252 Oncolytic virus Phase | 2021 NCT05095441
G207 Oncolytic virus Phase Il 2020 NCT04482933
G47mp Oncolytic virus Phase Il 2014 UMIN000015995
HF-10 Oncolytic virus Phase Il 2017 NCT03153085
HSV1716 Oncolytic virus Phase 1/l 2012 NCT01721018
KB105 Gene repair Phase /Il 2019 NCT04047732
KB407 Gene repair Phase | 2021 NCT05095246
MO032 Oncolytic virus Phase 1/l 2021 NCT05084430
NP2 Other Phase Il 2011 NCT01291901
NV1020 Oncolytic virus Phase /11 2018 NCT00149396
ONCR- Oncolytic virus Phase | 2020 NCT04348916
177
OrienX010 Oncolytic virus Phase | 2019 NCT04206358
RP1 Oncolytic virus Phase | 2020 NCT04349436
RP2 Oncolytic virus Phase | 2020 NCT04336241
RP3 Oncolytic virus Phase | 2021 NCT04735978
rQNestin Oncolytic virus Phase | 2017 NCT03152318
VG161 Oncolytic virus Phase | 2021 NCT05162118
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2. Results

2.1 Determination of replication characteristics

2.1.1 Determination of cell bound and shed virus concentrations

In order to determin¢he production rate of both released (shad)s andcell bound
virus, the clinical strains were used to infect four differentlreds, ancat24 hourspost
infection (hpi), a plaque assay was utilized to quantify the viitess. The titer was
presented as plagderming units (PFU), that is, particles capable afing plagues,
per ml.Cell boundtiter was determined from lysed cells, whikdeased virusiter was
determined from the supernatant (Fay. Moreover, areleaseeo-cell boundratio was
calculated for each strain in each cell likgg( 7). Finally, the results from each strain
were compared with those obtaineith the reference strain 17+.

In VeroAfrican green monkey kidnegells Fig. 6A) theshediters for the clinicaktrains
ranged from 4.96*10PFU/ml to 6.16*10 PFU/mI, with an average of 1.37*4BFU/ml
and aSD of 1.46*1¢ PFU/ml. Thecell boundtiters ranged from 1.48*f0PFU/ml to
6.21*10 PFU/mI with an average of 1.67*A®FU/ml and SD of 1.27*10 Of the
clinical strains, V22 possessed the highekgasediter and V14 the highestell bound
titer while V19 had both the lowest sh&ter andcell boundtiter. Clinical strains V2,
V9, V10, V12, V13, V17, V18, V19, V20, V21, V30, V32, and V33 had significantly
lower shediter than the reference strain 17+, while only strain V22 had a higker
Cell bouncdtiters were more leveh Vero cells, as only stragnv17, V19, V32, V33, and
the reference virus H1052 had a significantly lowiter than 17+, while V14 possessed
a significantly highetiter than 17+. When comparing the ratiorefeasedirus to cell
boundvirus, no strain possessed a higher propottiam 17+, but strains V2, V9, V12,
V13, V19, V20, V21, V26, and V30 had a significanlbyver percentage of shed virus
(Fig. 7 A).

In WM1799 human melanomeells (Fig.6 B) the shediters for clinical strains ranged
from 1.38*1¢ PFU/ml to 8.36*10 PFU/m, with an average of 1.90*2®FU/ml and SD

of 1.86*1¢ PFU/mI. Thecell boundtiters ranged from 4.37*PO0PFU/ml to 2.35*10
PFU/mI with an average of 4.84*4BFU/ml and SD of 4.85*f0PFU/ml. V12 and V1
had the highestleasedndcell bounditers, respectively, while V30 had both the lowest
shed andcell boundtiters. Only the clinical strains V2, V30, V32 and V33 and the
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reference strain KOS differed significantly from 17+, alltteém having a lower shed
virustiter. On the other hand, no strain possessed a significantly diffsgibbundtiter

from 17+. This was also true of threleaseeo-cell boundratio, as no strain differed
significantly from 17+ Fig 7 B).

In U373MG astocytomacells (Fig. 6 C) the shed titers for clinicsttains ranged from
3.50*1¢ PFU/ml to 1.98*18 PFU/mI, with an average of 2.82*1BFU/ml and SD of
4.31*10¢" PFU/mI. Thecell boundtiters ranged from 1.63*POPFU/ml to 5.00*16
PFU/mI with an average of 1.63*4@FU/ml and SD of 1.17*FOPFU/ml. V6 had the
highest shed titer while V18 had the lowest, whereas V5 had the hagiidsbundtiter

and V19 the lowest. No strains had a significantly lorgérasediter than 17+, howeer
strains V3, V4, V5, V6, V7, V11, and V12 had a significantly higher titer. The situation
was similar withcell boundtiters, as only H1052 possessed a significantly lower titer
than 17+. On the other hand, strains V1, V4, V5, V6, V7, V12, V26, V35Va86cad
significantly higher titers. When compared to 17+, only two strains, V7 and V12,
possessed a significantly higher percentage of shed virus and notstichasignificantly
lower percentage (Fig. 7 C).

Finally, in HCEhuman corneal epitheliakls (Fig. 6 D) the shed titers for clinical strains
ranged from 1.30*10PFU/ml to 6.44*16 PFU/mI, with an average of 1.63*1BFU/m|

and SD of 1.61*1HPFU/mI. Thecell boundtiters ranged from 7.20**f0PFU/ml to
1.53*1¢ PFU/mI with an average of 4.8161PFU/ml and SD of 3.65*f0PFU/ml. V4

had the highesteleased virusiter, while V12 had the highesell boundtiter. V2 had
both the lowestreleasedand cell boundtiters. Clinical strainsv4, V5, V12 V13, and

V19 had a significantlyigher shed titer @#n the reference strain, Wdistrainsv2, V18,

V29 and allthree other control straifead a significantly lower shedét. Clinical strains

V4, V5, V7, V12, V24, and V36 had a significantly higher cell bound titer than 17+,
while only the control strain H1052 possessed a significantly lovegrttian 174When
comparing the ratio of shed tll boundvirus, no strainproved topossesa higher
proportion of shed virus than 174houghstrains V29 and V36ad a significantly lower
percentage of shed virusig. 7 D).

Across all cell lines, sains V4, V5, and V12 were theost prolific shedderslisplaying

a significantly highetiter than 17+ in both U373MG cells and HCE cells. The lowest
shedding strain was V2, which, when compared with 17+, had a significantly lower shed
titer in Vero cel§, HCE cells, and WM1799 cells.
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Figure 6. Shed and cell bound titers in different cell lines. African green monkey kidney (Vero,
A), human melanoma (WM1799, B), astrocytoma (U373MG, C), and corneal epithelial (HCE, D)
cells were infected with each strain in a 96-well format. At 24 hpi, a plaque assay was used to
calculate the titers separately from the supernatant to get the released virus titer, and from lysed
cells to get the cell bound virus titer. The bars represent the titers in PFU/ml, with the black bars
depicting the shed titer and the grey bars the cell bound titer. The whiskers represent the standard
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deviation ofthemean ( NO8 per treatment, dat a T THerefenenca wo i n
virus used for comparisons, 17+, has been highlighted with a grey background, and was used to

calculate p-values (*, p<0.05; **, p<0.01; *** p<0.001 for released virus, and o, p<0.05; oo,

p<0.01; aar, p<0.001 for cell bound virus).
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Other lowshedding strains were V18, V30, V32, and V33 in addition to the reference
strain KOS, each of which had significantly lower shed titers than 17+ in two cell lines.
Strains V4, V5, V7, \12, and V36 had a significantly higher cell bound titer than 17+ in
two separate cell lines.

The recombinant virustrain H1052 was the only one to have a significantly lavedir
boundtiter in more than one cell line, with the difference being signiticaivero cells,
U373MG cells, and HCE cells. Strains V2, V9, V12, V13, V19, V20, V21, V26, and V30
had a significantly lower ratio of shed virusdell boundvirus in Vero cells while the
strains V29 and V36 had a significantly lower ratio of shed vitusCE cells. Strains

V7 and V12 had a significantly higher proportion of shed virus in U373MG cells. There
were no significant differences in terms of sheadt boundratios in WM1799 cells.

The only clinical strain to have a significantly differenedhocell boundratio in two

cell lines was V12. Its ratio wasignificantly lower than 1# in Vero cells but
significantly higher than 17+ in U373MG cells.

2.1.2 Growth curve

Two growth curves were compiled during the experiment: one with all the clinical strains,
and another one with a curated set of strains considered to be interesting (please refer to
chapter 47 for inclusion criteria). Vero cells were infectadth 5 MOI of each virus in a

96-well format for the larger growth curve, and in a4 | | format for t
i nt eigrewghtcdrve. In both cases, the initial virus dilution wakectedandreferred

to as the O h time point. Subsequent samples were eltiiom the supernatant at 6, 24,

48, and72 hpi, whichwere then used to determine titers at each time point.

The used viral dilutions weritered and V5 had the highester at 6.75*1¢' PFU/m|,

while KOS possessed the lowdisér at 9.00*1G PFU/mI, whichwas notablyless than

the other viruseéFig. 8). At the 6 hpieclipse phasehetiter of all viruses hadeached

the minimum concentratio’\t 24 pi, thetiter had decreased for strains V2, V3, V4, V8,
V11,Vv12,Vv13,Vv1i5,V16, V18, V19, V27,V29, V33, V35, and K@&nainedhe same

for V9, and increased for the rest when compared to the previous time point. V5 had the
highesttiter at 1.48*10* PFU/ml and KOS ta lowest for at 50 PFU/mI. However, at the
nexttime point, 48 hpi, all straingisplayedan increase in thetiter. V22 now had the
highesttiter at 5.88*10* PFU/ml, while V2 had the lowest at 7.50*1BPFU/ml. Finally,

at 72 hpi, the virus concentratibad increased for only 4 clinical strains, V2, V11, V29,

23



V35, and the reference viruses, and remained unchanged for V30 and V36. At the final
time point, F had the highester at 5.25*1¢ PFU/ml. Of tte clinical strains, V34 had
the highestiter at 3.5*1¢ PFU/ml and V19 the lowesiter at 500 PFU/ml.
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Figure 8. Growth curve for all clinical strains and reference strains. Vero cells were infected with
approximately 5 MOI of each virus in a 96-well format. The initial virus dilution created to infect
the cells was used as the 0 h time point, while subsequent samples were obtained from the
supernatant at 6, 24, 48, and 72 hpi. A plagque assay was then used to determine the titers at
each time point. The titers are represented with a logarithmic scale.

The general shape of the growth curve was the same for most of the clinical strains. The
titer of each strain had decreased after the washes athjbigie point, after which it
started to increase for around half of the strains.tiféestill decreasd for strains V2,

V3, V4, V8, V11, V12, V13, V15, V16, V18, V19, V27, V29, V33, V.3&8nd the
reference stras) while it stayed the same for V9. A8 hpi, howeverthe titer had
increased across all strains, though none of them reached the initiabmfeet at this

time point. Finally, a2 hpi, thetiters waned for most of the strains, with the exception

of V2, V11, V29, V35, and the reference strains. Though the titealof the reference
strains KOS and F exceeded the initial infectier, this was not true for any of the

clinical strains.
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In addition to the reference strains H1052 and 17+, the clinical strains V3, V4, V5, V6,
V7, V11, V12, V16, V22, and V27 were included in the second growth tige9).
Theinitial 0 hpi titers were relatively even, with V5 once again possessing the highest
initial titer at 4.50 PFU/ml, while V4 had the lowest initizier at 1.00 PFU/mI. As with

the larger growth curve, theer of each virus had dropped at thé@ time point, with

V3 having the highestiter at 0.068 PFU/ml and H1052 the lowest at 0.003 PFU/ml. At
the 24hpit i me p o i n ttiteehadghowrs with Id105%® articularshowing a
drastic increase. At this time point, V5 had the highiestat 6.06 PFU/ml and V12 th
lowest at 0.321 PFU/mI. Thigers had continued to increase att¥#}, with the exception

of H1052. V6 had the highesiter at 13.05 PFU/mI, while H1052 predictably had the
lowesttiter at 1.215 PFU/mI. At the final time point, 7i, thetiter for all strains began

to decrease. V6 still possessed the hightestat 7.45 PFU/ml and H1052 the lowest at
0.181 PFU/m.
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Figure 9. Growth curve for a curated group of strains with unique characteristics. Vero cells were
infected with approximately 5 MOI of each virus in a 24-well format. The initial virus dilution was
used as the 0 h time point, and supernatant samples were obtained at 6, 24, 48, and 72 hpi. The
titers at each time point were determined with a plaque assay. The titers are represented with a
logarithmic scale.

Most of the strains used in teeperimentdisplayed relatively similar growth curves, in
that theirtiter decreased after the wash, after which it started to steadily increase. All
strains, with the sole exception of H1052 which had its peak apR4lisplayed their
highest postnfection titer at 48hpi, after which the concentration started to decrease.
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Unlike in the previousetting (Fig.8), all of the clinical strains and the reference strain
17+ reached and exceeded the initial infectiter. This occurred at 4Bpi for V7 and
V12 and already at 2Hpi for the others. However, the reference straird$2l never

reached the initial infectiotiter.

2.1.3 Plague morphology

Vero cellsinfected with each virus strain were observed during the infection and imaged
at 72hpi (Fig. 10). All 36 clinical strains produced plaques in Vero céliswever, none
of the infections produced strictly uniform plaques, and as such, no noticeable differences

could be distinguished between the plague morphologies of any of the strains of interest.

Figure 10. Transmitted light microscopy images of virus plaques from the strains of interest, taken
at 72 h post-infection. The infection was conducted in Vero cells. The scale bars depict the
magnification of the images.
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2.1.4 Determination of oncolytic effect

The oncolytic effect of each strain was studied across three cancerous cell lines by
infecting them with approximately 2 MOI of each virus. The oncolytic effect was
estimated by comparirtpe viability of the cells infected with the viruses to an uninfiécte
control at 96 hpi (Figll). All testedstrains were oncolytic in all cell lines, though the
effect was far more pronounced in SW4a@f@enocarcinoma cellsnd Rajilymphoma

cells, where cell viability dropped to under 50% for all clinical strains, whdreas
U373MG cells viability dropped 1@0% with the used virus dose and timeframe.

Cells only 17+

Figure 11. Microscope images of the cells only i control and 17+ -treated cells in U373MG (A),
Raji (B), and SW480 (C) cells. The images were taken at 96 h post-infection. The scale bar
represents the magnification of the images.
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Each strain was compared to the reference virus 17+ within the cell line. In U373MG
cells (Fig.12 A) statisticallysignificant differences were rare. Strains V10, V14, and V17
caused a significantly lower drop in cell viability than 17+, while strains V13, V27, and
V35 had asignificantly higher decline in viability.

In SWA480 cells (Figl2B) thereference strains H1052 and KOS displagesiignificantly

lower decrease in cell viability compared to 17+. The only strains not to have a
significantly higher oncolytic effect than 17+ were V17 and the reference strain F.

In Rajicells (Fig. 12 C) clinicastrains V2, V4, V5, V29, V31, and V35, and the reference
strain H1052 had a significantly more potent oncolytic effect than 17+, while in addition
to the reference strains H1052 and KOS, the clinical strains V9, V10, V11, V13, V18,
V19, V21, V23, V25, V26and V30 caused a significantly smaller drop in viability.
Across all cell lines, V35 showed the most oncolytic potential by rendering the cells
significantly less viable than 17+ in all three cell lines. Strains V2, V4, V5, V27, V29,
and V3lall showed gnificantly more oncolytic effect in two cell lines. On the other
hand, the reference virus KOS was the least oncolytic, as the cells infected with the virus
were significantly more viable than cells infected with 17+ in all SW cells and Raiji cells.
The least oncolytic clinical strain was V17, which had a significantly higher viability than
17+ in U373MG cells and displayed no other significant differences. Similarly, the only
significantly different result for the reference strain F occurred in Raji, selisre the
oncolytic effect was found to be significantly lesser than 17+. Lastly, though V10 was
significantly more oncolytic in SW480 cells, it was significantly less oncolytic than 17+
in both U373MG and Raiji cells.
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Figure 12. Measured viability of cells infected with the virus strains in comparison to the cells only
i control. The oncolytic effect of each strain measured across the three cancerous cell lines



U373MG (astrocytoma, A), SW480 (adenocarcinoma, B), and Raji (lymphoma, C). The cells were
infected with approximately 2 MOI of each virus and the oncolytic effect was estimated by
comparing the viability of the cells infected with the viruses to an uninfected cells only i control at
96 hpi. The bars represent the percentile viability of the cells treated with each virus in comparison
with the uninfected cells only control and the whiskers represent the standard deviation of the
mean (N=4 per treatment). The p-value (*, p<0.05) of the relative inter-cell line oncolytic effect of
each strain was measured by comparing it to the reference virus 17+. The reference virus used
for comparisons, 17+, has been highlighted with a grey background.

2.2 Sensitivity to antiviral treatments

2.2.1 Acyclovir sensitivity

Sensitivity toacyclovir was determineidr each strainvith a plaqueassay conducted in
Vero cells. Theacyclovirtreatedcells with concentrations ranging from 0.03125 pg/mi
to 128 pug/mj were infectedvith 50 PFU of each virus in a 98ell format HumanlgG
was addedbo the cells 1 hour after tivefection to prevent thiormationof any secondary
plagues, and the plagues were calculated &piZ s in previousexperimentgKalke et
al., 2020) the limit of acyclovir sensitivity was set at lalf-maximal inhibitory
concentration {so) value of 1.90 pug/ml. The acycloviesistant contlo @3 05 r eac
and exceeded this level with #Dso value 0f2.61pug/ml. None of the other viral strains
could be considered resistanatyclovir (Fig.13). ThelCsovalues for the clinical strains
ranged from 0.14 pg/ml to 1.13 pg/ml, with the averagg W&lue being 0.30 pg/ml with
a SD of 0.18 pg/ml. V1 possessed the highest Malue of the clinical strains at
approximately 1.13 pg/ml, followed by KOS, V7, and V16 withsd@alues of 0.76
pg/ml, 0.65 pg/ml, and 0.65 pg/ml, respectively. In contragt,dimical strains V10 and
V11 were the most susceptible to acyclovir, with agpV@lue of 0.14 pg/ml.
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Figure 13. The individual ICso-values of acyclovir for each strain. Sensitivity to acyclovir was
measured with an assay conducted in Vero cells, which were first treated with acyclovir
concentrations ranging from 0.03125 pg/ml to 128 pg/ml. The cells were then infected with 50
PFU of each virus in a 96-well format. Human IgG was added to the cells 1 hour after the infection
to prevent the creation of any secondary plaques. A plague assay was used to calculate the titers
at 72 hpi, which were then utilized to determine the ICso-values for each strain. The bars represent
the ICso value of each strain. As in previous research (Kalke et al., 2020), the limit of acyclovir
sensitivity was set at an ICsp-value of 1.90 pg/ml, marked with a red dashed line on the graph.

2.2.2 Sensitivity to siRNA swarms

Each strais sensitivity to SIRNA swarms was tested by infecting U373MG cells, which
had beertransfected with siRNAwarms, with 1000 PFU of each of the clinical and
reference strainsThe releasd virus was measured from the supernatants of each
treatment group after a thré@y incubation. Two siRNA swarms were used: the HSV
specific U29 and tle norHSV-specificcontrol swarmPET. Both swarms had had their
aderosnes fully replaced with fluoronodified adenosines (please sdapter 4 for
moredetails on the modification).

Viral replication in wells that had been treated with 100% B.29 wasvery low, as
only V7, V12, V24, and V27 produced any
titer at only 125 PFUNI (Fig. 14). The efficacy of the swarms was 100% for most of

the clinical strains and all of the reference strains, with onlynstidy, V12, V24, and
V27 producingany plaquesFor these strains, the efficacy of the swarms ranged from
99.78% t09997%. In contrastthe virus concentrations in wells treated with 100% F
PET werel0,000-100,000 -fold higher, and each infection prodaethigh amounts of

plaques
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Figure 14. Virus titers of cells treated with either antiviral 100% F-A UL29 or control swarm 100%
F-A PET. Each strainds sensitivity toward si
transfected with sSiRNA-swarms with 1000 PFU of each of the clinical and reference strains. The
titer of each virus was measured after a three-day incubation by utilizing a plaque assay. The
bars represent the measured titer for each strain, with the black representing cells treated with
100% F-A UL29 and grey bars representing cells treated with 100% F-A PET. The whiskers depict
the standard deviation of the mean (N=4 per treatment). The titers are represented with a
logarithmic scale.

2.3 Viral genetics

2.3.1 Eastern/Western clades

The clade of each virus isolate was determined with PCR by using primers that can detect

the minor genetic variance between the clgtlesanen et al., 2021According to the
results, most of the strains represent the Eastade [able4). Referencestrains 17+,
F and KOS were used to ensure the veracity of the result, andvaadbcatedn the
expectecclade. As H1052 is based on the reference strain 1¥agalizedin the same
clade(Mattila et al., 2015)
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Table 4. Strains of interest arranged by their clade. The clade of each virus isolate was
determined with by using PCR primers that detect the minor genetic variance between the clades
(Lasanen et al., 2021). H1052 was placed in the Western clade, as it is based on the reference
virus 17+,

Western clade Eastern clade
V4 V1
V5 V2
V10 V3
V11 V6
V14 V7
V22 V8
V23 V9
V31l V10
V32 V12
V33 V13
V36 V15

H1052 V16
F V17
17+ V18
V19

V20

V21

V24

V25

V26

V27

V28

V29

V30

V34

V35

KOS

2.3.2 Phylogenetic tree of glycoprotein genes

Two viral genesthat contribute tocell-to-cell spreadU 27 and W7, wereanalyzedoy

first utilizing PCR toamplify the sequence®f interest that were then purified and
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subjected tosequencing. Phylogenetic trees were then created based on the sequence
information received. The strains were placed in the tree based on the similarity in their
genetic code, and strains closer to eaitter contain similar mutations, suchsaggle
nucleotide polymorphisms

When the W27 1gene wasinalyzed four larger subgroups wefermed (Fig.15). The

first group consisted of the clinical strains V6, V22, V3, V31, V26, V30, V17, V24, V16,
V13,V2, V27, V29, V20 and KOS, while the second group consisted of clinical strains
V15, V18, V19, V32, V21, V28, V34, and V35. The last two groups, formed around the
reference strains F and 17+ were smaller: clinical strains V4, V23, and V14 showed close
resemblance to F, and the strains V25 and H1052 were placed close to 17+.

U227
V6
V3
V22
2
V31
V24
V26
Va7
KOS

V29

V16
V13
V30

e V27

V32

V35
V15

V19
V28
V18
v21

e V34

\al

V36

tF
V4
V14
V23

V33
'

I \
V9

V25
17+
H1052

V5

V12
0.002

Figure 15. Phylogenetic tree based on sequencing information from UL27-gene. The phylogenetic
tree was built based on information from the targeted sequencing of the gene of interest. The
groups have been specified with red boxes.
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Three groups were formed upon the analysis of t&igene (Figl6). The first group

was by far the largest, consisting of the clinical strains V7, V9, V1, V28,¥24, V31,

V26, V19, V12, V15, V6, V17, V35, V21, V16, V18, V30, V34, V2, V13, V3, V8, and
V20, and the reference strain KOS. The second major groups consisted of the reference
strain F and the clinical strains V14, V22, V23, V4, and V33 and the final ghoap

was made up of the reference strains 17+ and H1052 with clinical strains V25 and V27.
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Figure 16. Phylogenetic tree based on sequencing information from Us7-gene. The phylogenetic
tree was built based on information from the targeted sequencing of the gene of interest. The
groups have been marked with red boxes.
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3. Discussion

3.1. Summary of the study

The aim of this Masterodés thesis was to c
regard to their potential as gene vector development candidates. This required the
evaluation of multiple different properties each strain possessed, rangingfeativity

to responsiveness to pharmacological treatment. All available confirmedlHSkains

were utilized in the experiment. First, the replication characteristics of each strain were
studied in four cell lines to determine both the shed virusftiven the supernatant and

the cell boundvirus titer from lysed cells. Second, the oncolytic potential of each strain
was assessed in three cancer cell lines. Third, a growth curve was created for all the
clinical strains to determine their growth ratessécond, smaller growth curve was
obtained in a repeat experimentith the strain selection based on preliminary results
fromthecellboundand shed titer analyses. Fourth,
the nucleoside analogue acyclovir and siRdWwarms was determined. Finally, a genetic
analysis of three relevant glycoproteins was performed on every clinical strain. Analysis
of one of the glycoproteins was <conducte
western axis, while the other ansiywasrelated to glycoprotein sequences involved
with the viral particleds entry to the c¢

3.2. The strains displayed a wide variety of infection profiles

The reference strains included in the experiment were 17§, K@ F. Additionally,
H1052 an attenuatedector backbonevith a deleted neurovirulence gene and a GFP
marker gene, was used acontrol. Of these virus straind 7+ was used as the point of
comparison in most of the experiments, as the infedi@racteristic®f the strain are
well knownand it has been used as a reference strain in previous exper(B@men et

al., 2019) In general, the resukgtht he ot her r eference Viruse
17+, with the exception of the H1052, which had significantly éedsboundvirus in
three of the four cells lines. This was expected, as H1052 has been modifietewith t
attenuation of both copies of its neurovirulence génattila et al., 2015)which has a
major repressiveeffect on its replication ability. Curiously, though this effect is not
supposed to be as pronounced in cancer cell (lnaset al., 2003)the strain displayed

the lowest titers of all the strains in both U373MG and WM1799 cells. While there is
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proof t hat t h €4.5dgene attenuates the feplidatiore of the virus in
glioblastoma cellg¢Kanai et al., 2012)no such reactions seem to have been observed in
WM1799 human melanomaells, or melanoma cells in general. On the contrary,

e X p er i meddisdeletwd vectors such as HSV 1716 have shown promising results
with this particlar type of cancefMacKie et al., 2001)This suggests that H1052 may
harboryet unknown secondary mutations thateaff celtto-cell spread, which is quite
possible as H10526s entire seguence 1S Yy
Viruses have twatternsof spreading: they can either be shed from their host cells and
then infect other cells externally, or be directly transmiftech cell to cell(Zhong et al.,

2013) with the latterpatternobserved as typical for HS{Abaitua et al., 2013)There

were no instances of a strain possessing ackdikboundvirus titer and a highreleased

virus titer, which suggests that all clinical strains that possessegbparentiyfow cell
boundtiter also had aow overallinfectivity (Fig. 6). As low infectivity is generally a
detrimental property fooncolytic vector prospectslue to the issues it causes with
production and, indeed, the spread of virus in the target teflgy be reasonable to
view these stiias as less viable for oncolytic vector developmétiawever,a less
aggressive infection could also be viewed as a favorable property for other types of
vectors such as vaccine virusedany such clinical strains could be identified. V2 proved
especiallynotable, as it produced significantly less shed virus than the reference in three
cell lines. Other similar clinical strains possessing significantly lower shed titers than 17+
in more than one cell line included V18, V30, V32, and V33. Expectedly, rfdhese
strains displayed a significantly highezll boundtiter than 17+ in any of the cell lines.
However, V33 was the only one to have a significantly logedk boundtiter than the
reference, which occurred in Vero cells.

On the other hand, straingt\V5, V7, V12, and V36 had a significantly higher amount

of cell boundvirus than 17+ in the cell lines U373MG and HCE. V4, V5, and V12 also
possessed a significantly higher shed titer than 17+ in the same cell lines and V7 in a
single cell line, and asush, it is likely that these strains have an overall high infectivity.
V36, however, did not possess a significantly different shed titer in any of the cell lines.
Indeed, in HCE cells, the proportion of shedcall boundvirus for this strain was
significantly lower than with the reference virus, a trait it shared with the clinical strain
V29. This suggests that V36 and perhaps V29 have a higher tendencydellstayind

than the other clinical strains. Having a low podional shed titer could be seen as a

favorable property for a viral vector, as eHcell spread is the more effectipatternof
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proliferation, owing in part to the fact that extracellular viruses are far more vulnerable
to the antibodymediatedimmune responseof the host.Additionally, having a low
shedding viral vector could help minimize the risk of the vector unintendedly spreading
to the environment through excretigi®henkBraat et al., 2007)

While strains V9, V12, V13, V19, V20, V21, and V26 also had a significantly lower shed

to cell boundratio than the reference viruses, these results were observed in Vero cells,
where the verall released virugevel was notably lower than in other ciatles (Fig.6).

Indeed, V12 had a higher shedctl boundratio in U373MG cells, which suggests that

the host cell line can have a major impact of the infectivity of the clinical strai@rb

cells there were only two instances of a clinical strain possessing a significantly higher
shed orcell boundtiter than the reference virus. The seemingly poor infectivity of the
clinical strains in comparison to the reference strains in Veroamllsl be explained by

the fact that the reference strains had already undergone multiple passages in the cell line
previously, which haprovedto increase the infection efficiency of virug&uny et al.,

2020) In U373MG cells none of the strains hadignificantly lower titer than 17+ and

the same was mostly true of HCE cells, though there were three instances of a
significantly lower shed titer than the reference virus. WM1m®8anomacells,
however, were unique in that no statistically signiftcdifferences could be observed
between thecell bound titers. It is difficult to ascertain the reason behind this
phenomenon, though it can be speculated that none of the strains possessed any mutations
that would have rendered them either more infectausss infectious in the cell line.
Considering these results, and seeing as WM1799 is a cancer cell line, it would have been
beneficial to conduct a viability assay with the cell line alongside the others.

Unfortunately this was not possibli@ the scope of thithesis

3.3. All clinical strains proved oncolytic across  tested cell line s

The oncolytic potential of each strain was measured in three cancerous cell lines, each
representing a different type of cancBegardless of the cell line, the clinical strains
proved oncolytic, and a drop in viability could be observed in every cell line for every
strain fFig. 12.

The oncolytic effect was at its strongest in Raji cells/lgrBphoma cell line in which
cellularviability after infection ranged from 7% to 8} Hematopoieticells are resistant

to HSV-1 replicationin vivo (Wu et al., 2001)and accordingly, oncolytic HSV (oHSV)
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have seen only vg limited testing in such cell lines. Nevertheless, a study conducted
with a thirdgeneration oHSV in Raji cells demonstrated a significant drop in viability
compared to the mock treatme(ishino et al., 2021)roughly in line with our own
discoveries. Moreover, studies utilizing an oncolytic reov{idsin et al., 2002)and
vaccinia virus(Lei et al., 2022have recorded a similar drop in viability to what was
observed here.

Though the oncolytic effect of the clinical strains was not as severe in the SW480
adenocarcinoma cell linet was still notable, with the viability of the infected cells
ranging from 17%o0 43%. Asn a previous experiment conducted with HSV and SW480
cell s, the clinical Il sol ates or Awild ty
similar drops in viallity observed(HaghighiNajafabadi et al., 2021 ompring these
results with ones obtained from experiments where a recombinant measl¢Amiagsi

et al., 2016)and an adenanus (Gao et al., 2019%ad been used against the cell line, it
could be suggested that HSV seem to have more oncolytic potential than other viruses.
However, it should be noted that these results might not be directly translatable owing to
the different airs and design of these experiments.

The effect was the least pronounced in U373MG cells, where cellular viability after
infections ranged from 60% to 87%imilar results were observed in a previous
experiment where an oncolytic adenovirus was used agauisple glioma cells lines,

as the virus was unable to cause a major drop in viability in this cell line with low MOI
infections even 5 days after infectivera etal.,2016) Even t he modi fi e
had an effect comparable to our clinical strains on the cellular viability after three days
(Sgubin et al., 2012As such, the poor effectiveness the clinical strains displayed against
this cell line should not be consigel a poor result, but rather it suggests that several
modifications would be needed for oHSV targeted toward gliomas.

Regardless of the cell line, however, the drop in viability caused by the clinical strains
was relatively uniform for the clinical strainthough not for the reference strains.
Previously, it has been demonstrated that fresh clinical isolates have more oncolytic
potential than reference strains like 1(T-tu et al., 2003) Indeed, thepassageof our
isolates werelow, ranging from 2 to 4.

Nevertheless,@ne straingrovedmore oncolytic that others. Of all the clinical strains,
V35 showed the most oncolytic potential, as its effect was significantlyggrohan 17+

in all three cell lines. Other notably oncolytic strains included V2, V4, V5, V27, V29, and
V31, all of which proved significantly more oncolytic than the reference virus in two
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separate cell lines. At the other end of the spectrum, V17 c¢ausignificantly smaller
drop in viability when compared to 17+ in U373MG cells, though its oncolytic potential
did not significantly differ from 17+ in other cell lines. Similarly, V10 proved
significantly less oncolytic than 17+ in both U373MG and Baljis, though it also caused

a significantly larger drop in viability in SW480 cells. Thus V10 and V17 are the least
suitable candidates for continued oncolytic virus development, though their low oncolytic

potential could also be considered a positivgerty for other gene therapy applications.

3.4. The growth rates for all strains were relatively uniform

The growth curves for most of the clinical strains proved to be quite similar, with an
expected, cleadrop seerat 6 hpi and the highest virus cemtration achieved in the
supernatant at around 48 hpi, after whtoh titer started to drop for most stra{R#g. 8).

This type of growth profile is typical for HS\XL (Leege et al., 2009; Li et al., 2011)
however, there were also multiple strains that had differing results, most notably V2 and
V11 which both shaed a considerably later increase in titer, occurring betwee#8the

hpi and 72 hpi time points. This could be interpreted as the strains having a slower

i nfection progression, and this theory I
lowestoutony strain at 48 hpi while V1106s wa
should be noted that the shed virus titer of V2 was already observed to be significantly

| ower than 17+6s in Vero cell s, suggest.i
productive. V11 produced no such results. It is also worth noting that all of the reference
strains displayed similar properties to these two clinical strains, insofar that all of them
experienced a dramatic drop in titer at the 6 hpi time point, folldweaelatively slow
increase in titer, which reached its highest vaiué2 hpi.

The fact that none of the clinical strains could reach the initial infection titer was
surprising, as most of the strains in the second growth curve experiment reached and
exceeed the initialinfection titer (Fig. 9), suggestirtbat this result may be derived from

the employed methodology. Indeed, reaching the desired 5 MOI with the available virus
stocks proved difficult, and necessitated the limiting of the cell count in é¢fis. Wit is

possible that this resulted in some of the viruses being unable to find cells to infect, and
as such, a large part of the infectious material could not reach a cell and was subsequently
removed during the wagtrior to 6 hpi time point. This Ipothesis is further supported

by the fact that the more successful second grawtiie was conductewith a higrer

40



cell confluency. However, as stock propagation is a-toresuming procesand can
subject the viral stocks to cresentaminationit provedunfeasible to repeat the process

for all of the strains within the constraints of this thesis.

In general, the growth curves of each clinical strain were mostly uniform, with the
variance of titers at the different time points possibly stemming fromffeesthce in the

initial infection titer and cell confluency. Strains V2 and V11 proved to cause a slower
infection that the other strains in the first growth curve experiment, though in the second
experiment this was no longer the case for V11, while ¥& mot utilized. Nevertheless,

all of the strains proved capable of replicating in Vero cells, and as such, none can be
considered unsuitable for vector developmentproductionbased on their growth

characteristics.

3.5. All clinical strains are respons ive to both acyclovir and RNAI treatment

Sensitivity to acyclovir wasletermined for each HSV straiand though some strains
displayed notably higher Kgthan others, it was found that none of the values exceeded
the level considered to represent acyclogsistance (Fig. 13). This & unsurprising
finding, as the prevalence of acyclovir resistant strains is very low among the population,
ranging from B% in immunocompetent individuals to 7% in immunocompromised
individuals (Bacon et al., 2003)This result is also in line with previous experiments
(Bowen et al., 2019; Kalke et al., 202@hereby none of the tested clinisédains proved
resistant to acyclovir treatment. Nevertheless, this is an important discovery, as acyclovir
and other nucl eoside analogue® tc@ancédas e
proliferation in the highly unlikely event that the H®Msed vecto should start
multiplying out of control.

Another, more novemethod of stopping the spread of HSV is based on the utilization of
RNAI through the use of siRNA swarms. Previously, this form of treatment has been
proven efficient against all tested straofghe virus, even those that wdaeown to be
acyclovir resistan{Kalke et al., 2020)As expected, similar results were obtained during

the tesing of the clinical strains in thiexperiment (Fig. 14), witkall but four of the

clinical strains completely unable to produce any new viruses when the cells had been
treated with siRNA. Even in cases where viruses could be detected, the measured titer

was significantly lower than in cells treated with the 4specific swarm PET, further
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reinforcing the hypothesis that HS3pecific RNAitreatment is an effective alternative

treatmentin vitro.

3.6. Each strain could be assigned with an Eastern o r Western genetic trait

By utilizing methodology developed Hyasanen et al2021) all of the clinical strains
could belocatel in the Eastern and Western clades typical of Finnish herpesviruses, with
around two third of the viruses beloimty to the Eastern clade (Table 4). This is in line
with previous resultéBowen et al., 2019)ndicating that the eastern variant of the virus
may be more ubiquitous in Finland. However, as the anonymized clinical samples were
chosen based on availability, and the demographic datdoe original donors is

unavailable, more profound analysis of the results is currently impossible.

3.7. Circulating variations in U .27 and Us7 have only limited effect on

replication properties

Phylogenetic trees based on the gene27/UJand W7 indicated thatmultiple distinct
sulgroups could bebserved(Fig. 15, 16) However, when these groups were cross
referenced with results from other experiments within the thesis, it could be concluded
that the mutations in these genes had no discelimiplact on the other characteristics of

the viruses in question.

When comparing the results of the shaxlcell boundexperiment to the phylogenetic
trees, only very inconsistent parallels could be drawhich is in agreement with
previous observation®owen et al., 2019)The reference virus F and the clinical strains
closely related to it seemed to have a lower shed titer but also a higher proportion of shed
virus overall in Vero cells, thalh the effects are not statistically significant. Furthermore,
V18, V19, V21, and V32 were closely related in terms of th27gene, but also had
closely matcheccell boundtiters. However, as none of treell boundtiters were
significantly different from 17+, these observed genetic differences appear to have no
effect on the str ai obsdvednthis kmitdd set of $equences h e
seemed to have no detectable effect on the oncolytic efficiarayy of the cell lines,
either, and similarly, no correlations could be found between the pharmacological
sensitivities of the strains and their genetics. As such, it can be theorized that the change
in genotype brought on by these mutations does rexttéfie phenotype of the infections
caused by the virus¢éBowen et al., 2019)
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Perhaps the clearest differences, however, could be obsghesdcomparing Eastern

and Western strains. Especially isddbsequencebasedresults, the groupsonsisted
mainly of either Western or Eastern strains, with the exception of the reference strain
17+6s group, which <cont airingéhd evblubidndry akpeat d s
of the strains, this is not surprising, yet it lends credibility to the results of the clade

analysis.

3.8. Conclusions and future considerations

Overall, several notable strains could be distinguished based on their ch&trester
(Table 5). Onef the most important properties a viral straam haveon a base level is

high replication capacity Strains V4, V5, V7, V12, and V36 proved particularly
noteworthy in this regard. Furthermore, of these strains, V4 and V5 proveavéo
notably higher oncolytic potential when compared to the reference virus, making them
the first candidates for further developments in creating an oHSV. However, two strains,
V10 and V17, had significantly less oncolytic potential than the referéhoeigh more
experiments in cell lines representing other target tissues would be required to confirm
this, these less cytotoxic vectors could be considered interesting development targets for
applications such as rescue vectors.

Perhaps the most unique strain to have emerged, however, is V2. Its shed virus titer was
lower than the reference across all four cell lines, suggesting that it, like V29 and V36,
has a strong bias toward spreading-tteltell. During the experiment, itell bounctiter

did not significantly differ from the re-
the results from the growth curve experiment, it needs to be taken into account that this
might have been due toeglslow growth rateof V2. Most intiguing, however, was the

fact that V2 also proved to be significantly more oncolytic than 17+ in SW480 cells and
Raji cells, meaning that it has a high cytotoxic potential as well as datjibound
component, both of which could be considered attraetitrdoutes for an oHSV.

However, it should be noted that any results presented in this thesis should be considered
preliminary, owing to the general nature of the experiments performed herein. Additional
experiment in othecell lines will needto beconducted in varioudifferent cell lines to

gain a more thorough understanding of the clinical strains. Nevertheless, the results of
this thesis suggest that many of the 36 clinical strains showed potential for continued

development as oHSV, and in songases, for other applications. The baseline
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information compiled in this thesis could serve as a useful baseline to base future

decisions on.

Table 5. Notable clinical strains.

Clinical strains

Notable

characteristic

Characteristic

observed during

V4, V5, V7,V12, High infectivity
V36
V29, V36 High proportional cell

bound titer

Determination of cell
bound and shed

virus concentrations

V2, V4, V5, V27,

High oncolytic

V29, V31, V35 potential Determination of

V10, V17 Low oncolytic cytotoxicity in
potential cancerous cells

V2 Slow infection Growth curve

progression
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4. Materials and methods

4.1 Cell lines

Multiple cell lines were utilized during thexperiment (Tald 6). An African green
monkey kidney cell line referdeto as Vero (CCi81, ATCC, Manassas, VA, USA) was
used for all plaque assays as well as the acyclovir assafoatite growth curve. A
human glioblastoma cell line, currently reclassified as U251 (HI/B ATCC) but here
referred to as U373MG for the sake of continuity with earlier publications from the group,
was used for the RNA interference experiment. Furthermore, these Vero and U373MG
cels were used to determine the replication properties of the clinical strains alongside a
human corneal epithelial cell line referred to as HKIEdly provided by Arto Urtti from

the University of Helsinki and the University of Eastern Finland), and sstaétahuman
melanoma cell line referred to as WM1799 (WM1890005, Rockland, Limerick, PA,
USA). Additionally, the oncolytic potencyof the strains was characterized using
U373MG cell s, a Burkittos |y mpehAred,ande |l |

a human colon adenocarcinoma cell line referred to as SW480-22&LATCC).

Table 6. Cell lines used in the experiments.

Cell line Origin Maintenance

Vero African green monkey Medium 199 or DMEM with 7% FBS and
kidney cells gentamycin (20 pl/100 ml)

U373MG Human glioblastoma cells DMEM with 7% inactivated FBS, gentamycin (20

ul/200 ml), and 1% GlutaMAX

HCE Human corneal epithelial DMEM with 7% inactivated FBS, gentamycin (20
cells pl/200 ml), and 1% GlutaMAX

WM1799 Metastatic human MCDB 153 (80%) with 20% L e i b o v-15t 220
melanoma cells FBS, and CaClz

Raji Lymphoblast-like cells RPMI 1640 with 10% inactivated FBS, gentamycin
from a Bur ki 1 (20 pl/200 ml), and 1% GlutaMAX

SW480 Human colon DMEM with 7% inactivated FBS, gentamycin (20
adenocarcinoma cells pl/200 ml), and 1% GlutaMAX

Vero cells were maiained in M199 medium (Lonza, Basel, Switzerland) with 7%-heat
inactivated FBS (Gibco, Carlsbad, CA, USA). U373MG, HCE, and SW480 cells were
maintained irlDMEM with Hepes (Lonza) that had been supplemented with 7Sodfi8l
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1% GlutaMax (Gibch Finally, Raji cells were maintained in RPMI 1640 medium
(Lonza) supplemented with 10% FBS and 1% GlutaMax. All cell lines were cultitfed w

the antibiotic gentamycinThe upkeep of WM1799 cells was handled -site by

coll aborators, accor di ngutlizing atmedummishB@d a c t 1
of MCDB 153 (Sigma Aldrich, St Louis, MO, USA2 0% Lei b-&5\($ignads L
Aldrich), 2% FBS(Rockland) and CaCl2(Sigma Aldrich). A 1:10 dilution of 0.5%
TrypsinEDTA (Gibco) in PBS (Gibcowas used to detach the cells during cell

passaging

4.2 Viruses

This project includes genetically modified viruses and is included in a larger research
project under the permt18/M/2018, which has been obtained from Kaionalboard

of gene technology. Approval for the study of anonymous HSV isolates has been
provided by the Turku University Central Hospital under the permit number J10/17. The
clinical isolates used in thigxperiment were originally obtained from anonymous clinical
samples of herpetic lesions and archived by the diagnostic service of the Department of
Virology, University of Turku. However, all viruses used in the project have been
obtained from viral cultuein nonthuman primate cell linesand as such, do not have a
human origin.The samples represent the current circulating strains of HB\Finland,
though the effects of recent immigration are not represented in the samples. Upon
sampling, an immunopexidase rapid culture assay had been used to type the viruses as
HSV-1 (Ziegler et al., 1988Wwhich was then further confirmed by an HSV tgpecific

gD (Us6) genebased PCR test. Prior to the beginning of the experinfengrionymous
isolates were randomized, after which they were referred to as straf&36/1
Furthermore, the green fluorescent profxpressing strain H1052, which has had its
neur ovi rul enc e34.§)¢Mattila et al.| 2015ewds a(sapincludeds a
control

Multiple referencewild-type strains were used: HSY F (Ejercito et al., 1968)HSV-1

17+ (McGeoch et al., 1986and HSV1 KOS (Smith, 1964)Furthermore, an acyclovir
resistant, thymidine kinaseleficient straing805 (Post et al., 198]1was utilized as a
control in the acyclovir assay. Viral stocks for the assays were prepa@dto
commencing the study by first infecting fully confluent Vere2T flasks (Sestedt,

Numbrecht, Germany) with 0.1 PFU per cell of each virus and then incubating them at
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37 °C, 5% CQuntil the cytopathic effect reached its plateau. Autoclaved 9%(Walko,
Helsinki, Finland) in PBSvas then added to the flaskgjich wereplaced at 80 °C to
detach the cells. The contents were thawed again and aliquoted into cryGommg
Inc., Corning, NY, USA, which underwenthreefreezeandthaw cycle. Afterwards,
the aliquots of each wis wereresuspend® and aliquoted again. Thiers of the
reference strains had to be determined with a plaque assay, wheré¢igsrshef the
clinical strains anthe genemodified virusesvere already known prior to the start of the

experiment (Tabl&).

Table 7. The viruses used in the experiment and their titers.

Virus Titer (PFU/mI) Virus | Titer (PFU/mI)
Vi 1,18E+06 V22 2,00E+06
V2 3,07E+05 V23 2,07E+06
V3 1,19E+06 V24 2,80E+06
V4 7,55E+05 V25 2,10E+06
V5 4,00E+06 V26 9,65E+05
V6 1,50E+06 V27 1,50E+06
V7 1,00E+06 V28 3,00E+07
V8 2,07E+06 V29 1,15E+07
V9 2,20E+06 V30 2,35E+06

V10 4,45E+06 V31 1,06E+07
Vil 1,87E+06 V32 6,35E+06
V12 4,00E+05 V33 5,95E+06
V13 1,10E+06 V34 2,10E+06
Vi4 1,50E+07 V35 7,65E+05
V15 8,25E+06 V36 2,90E+07
V16 3,20E+06 H1052 4,90E+05
V17 3,70E+05 17+ 7,00E+06
V18 2,45E+06 KOS 3,20E+05
V19 7,45E+05 F 1,00E+07
V20 3,85E+05 P30 3,50E+09
V21 9,00E+05

4.3 Plaque assay

A plaque assay was utilized to measuretitiee of the viruses throughout the study. First,
a set of dilutions wagreparedn a 96well plate (Corning Ing with fully confluent Vero
cells in 100 pl of culture medium. 11 ul of supernatant was transferrie first row of
the titration plate and mixed. The rest of the dilutions wearepare by always

transferring 11 ul to the next row. The plates were then incubated for approximately 1
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h at 37 °C and 5% COQafter which 100 pl of DMEM (incl. Hepesyupplemented with

2-5% FBS, 20 pl/100 ml of gentamycin, and 80 mg/haimanigG HyQvia (Takeda,
Tokyo, Japan). Some experiments necessitated the as2davell plate (Corning Ing.

instead of a 96vell plate. In such cases, the wells contained 900 pl of medium, and 100
pl of supernatantvas transferred from well to well, and 400 pl of the {g@htaining
medium was added. The plates were then incubated at 37 °C and 5%orCO
approxmately 72 h, after which the cells were fixed with 4 °C methanol and stained with
0.1% crystal violet. The number of plagues was then counted and used to calculate the

titer asPFU/mlunitsfor each virus.

4.4 Acyclovir assay

Sensitivity to acyclovir waanalyzedn a 96well format for each strain, as previously
described in Bowen et a2019)and in Kalke et al(2020) with HSV-1 &9 dn
acyclovirresistant controlFully confluent Vero cells were piteeated with varying
concentrations of acycloviS{gma Aldrich), ranging from 128 pug/ml to 0.03125 pg/ml.
These wells, alongside control wells without acyclovir, wheninfected with 50 PFU

of each virus in duplicatesy adding infectious medium (DMEM wit5% FBS and
gentamycin) on top of the AGSupplemented mediumifter a 23 h incubation period,
mediumwith humanlgG (DMEM incl. Hepesupplemented with 2% FBS, 20 ul/100 ml

of gentamycin, and 80 mg/l of IgG HyQvia) was added to the cells to prevent any
secondary plaque formation. After a-ii@ur incubation at 37 °C and 5% &@he cells

were fixed with 4 °C methanol and then stained with crystal violet as with the plaque
assay. The reduction in the number of plaques was utilized to calculateghali@ of

acyclovir for each of the strains.

4.5 Comparison of cell -bound and released virus

To determine the characteristics of viral spread in cell types representing potential target
tissues of HSVL based gene therapy, methodology previously described in Bowen et al.
(2019)was utilized. The experiment waarried out in multiple cell lines: Vero, HCE,
U373MG, and WM1799. Fully confluent celbn 96well plateswere infectedvith 0.1

MOI of each virusn 50 pl of medium (DMEM incl. Hepes supplemented with%2
inactivated FBS and gentamycin). In both repeats of this experiment, four parallel

replicates represented each viral strain.
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After an incubation period of 1.5 h, the infection medium veasoved,and the cells
washed before being left in 200 pl of fresh culture medium. The cells were then incubated
at 37 °C and 5% C£ At 24 hpi, the supernatant was collected, and the cells were
preserved in 100 pl of 9% autoclaved milk in PBS or in 100 ul of 10% FBS. All samples
were stored &t80 °C. Three freezandthaw cycles were performed to break up the cells

and to release the virus particles prior to their titrations, while the supetrsamples
required no further actions. Finally, a plaque assay was used separately on supernatant
samples and cell samples to determine the concentrations of shed virus -doodie ||

virus.

4.6 Oncolysis assay

The capacity of the viruse® lyse caner cells was determined with an oncolysis assay.
Threecancercell lines, U373MG, Raji, and SW480 were infected with 2 MOI of each
viral strain in a 96wvell format with four parallel samples for each strain. For U373MG
and SW480 cells, the infection was carried out by replacing the upkeep medium with 100
ul of viral dilution in DMEM (incl. Hepes) supplemented with 2% FBS and gentamycin.
Raji-cells, which are a suspension cell lineere seeded in 50 pl of RPMI 1640
supplemented with 10% FBS, gentamycin, and 1% GlutaMax, and infected with 50 pl of
viral dilutionmadew t h t he s ame méwkellsweare notfinfeetdd)se aso n |
to act as controls for the experiment. After an incubation period of approximately 1 hour
at 37 °C and 5% C£) U373MG and SW480 cells were washed twice with medium
(DMEM incl. Hepes supplenmted with 2% FBS and gentamycin), then left with 100 pl

of culture medium.

The viability of the cells waanalyzedat 96 hpiwith the CellTiterGlo® viability assay
(Promega, Madison, WI, USA). First, the CellTiBlo® reagent was added onto cells:
100 plwas added for Ragells, but for U373MG and SW480 cells 50 pl of the medium
was replaced with the reagent. The plates wereghaectel from light and mixed for 2
minutes on an orbital shaker, followed by a-rtihute incubation at RT. Finally,
VICTOR Nivo Multimode Microplate Reader (PerkinElmer, Waltham, MA, USA) was
used to measure the amount of luminescenceach well, which correlates with the

amount of ATP and can be used to determine the proportion of viable cells.
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