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Herpes simplex virus 1 (HSV-1) is a common human pathogen that can be found in
approximately half of the population. Typically, it causes relatively mild symptoms such
as cold sores, though HSV-1 can 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 also 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 well-established
neurovirulence 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 HSV-1 with multiple other vector prospects currently in clinical development.

A set of 36 HSV-1 clinical strains isolated from patients was subjected to a panel of tests
in order to determine their potential for further vector development. To this end, the
strains were tested for multiple parameters, such as their replication characteristics,
growth rates, oncolytic potential, and drug resistance. Several strains with promising
results in view of oncolytic vector development could be identified, such as strains
possessing significant oncolytic potential, high overall infectivity, or a significant
tendency toward lateral spreading from cell to cell. While further testing will be required
to make decisive conclusions, the results of this thesis serve as a useful baseline for future
projects.
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1. Introduction

1.1 Herpes simplex virus

1.1.1 Herpesviridae

Herpesviridae are a large family of DNA viruses, consisting of 115 species within three
subfamilies Alphaherpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae (Gatherer
et al., 2021). The viruses in these subfamilies resemble each other in various ways: for
example, they share similar replication characteristics, host ranges, and reproductive
cycles (Davison, 2007). An important facet of all these viruses, however, is the fact that
they are capable of forming a latent infection whereby only a small fraction of the viral
genes are expressed (Davison, 2007). This state renders the virus nigh undetectable and
can allow for the virus to persist for a lifetime (Roizman & 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
HHV 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
(Burkitt's lymphoma)

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

HHV 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 of Herpesviridae are known to primarily spread between
humans, the viruses are quite distinct from each other even within this small group (Table
1). Varicella-zoster virus is known for causing chickenpox and shingles, Epstein—Barr
virus has been implicated with infectious mononucleosis and various 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 of exanthema subitum, and HHV 8 is associated with Kaposi’s sarcoma (Knipe &



Howley, 2013). However, arguably the most widely known members of this virus family
are herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2), also referred to as HHV 1
and 2, respectively (Roizman et al., 2013). Of these viruses, HSV-1 has garnered the

largest amount of interest from the scientific community (Mody et al., 2020).

1.1.2 A brief history of HSV

Herpes simplex viruses have been accompanying humans for far longer than the scope of
recorded history extends. Indeed, they are closely analogous to the herpesviruses of
nonhuman apes, and interestingly, HSV-2 seems to have originally stemmed from a
nonhuman host, as it is more closely related to the chimpanzee herpes simplex virus than
HSV-1 (Wertheim et al., 2014). The first records of herpes-like symptoms are from Egypt
and date as far back as 1500 BCE (Ebbell & Banov, 1937), though the virus gained its
name in ancient Greece where the scholars of the time used the word “herpes”, which
means to creep or to crawl, to describe a type of lesion spreading amongst the populace
(Roizman & Whitley, 2001). Another anecdote from the 1% century alleges that herpes
had grown so rampant in the Roman Empire that the reigning emperor, Tiberius,
attempted to control the spread by banning kissing in all public ceremonies (Chodosh &
Ung, 2020). Of course, the concept of a virus was completely foreign to the people of the
ancient empires, and only in the late 19" century was it even definitively proven that
herpes could spread from person to person (Vidal, 1873).

In the 20" century, medicinal research progressed by leaps 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
(Lowenstein, 1919). Other milestones include the discovery of the fact that the virus
targets the nervous system (Goodpasture, 1929), is capable of causing a latent infection
(Burnet & Williams, 1939; Cushing, 1905) and that there were two separate types of the
virus, HSV-1 and HSV-2 (Schneweis, 1962). Moreover, the development of plaque
assays for virus quantification (Cooper, 1962) and 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, HSV-1 is more common. It has a seroprevalence of

around 66.6% of the global population, while HSV-2 can be detected in about 13.2% of
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people (James et al., 2020). However, these estimates do vary depending on the region:
for example, in Finland, the percentages resemble the global average, with HSV-1 having
a seroprevalence of roughly 52% and HSV-2 13% (Pebody et al., 2004), but in the
developing world HSV-2 appears to be much more ubiquitous, with up to 80% of the
women of sub-Saharan Africa carrying the virus (Weiss, 2004). Classically, HSV-1 has
been linked with cold sores whereas HSV-2 has been known as the primary pathogen
leading to genital herpes (Gupta et al., 2007). However, in recent years this dynamic has
started to shift, as HSV-1 accounts for more and more genital infections, especially

among younger females in the developed world (Looker et al., 2015; Tuokko et al., 2014).

HSV-2

Figure 1. A simplified depiction of HSV-1’s clades, based on the graph from Kolb et al. (2013).
The virus’ genealogy can be divided into six distinct clades. Clade | and clade Il are sometimes
referred to as “Western” and “Eastern” strains, respectively, while the rest of the strains form the
“Southern” clade.

Indeed, as a result of its long coexistence with humans, the HSV genome appears to differ
slightly depending on where it originates from (Bowen et al., 2019). By analyzing and
comparing the genes of circulating HSV-strains from around the world, it is possible to
create a phylogenetic tree for HSV-1, which features three distinct clades based on their
origin (Kolb et al., 2011). These three clades, then, can be classified as the “Western”, or

North American/European clade, “Eastern”, or Asian clade, and “Southern”, or African



clade (Kolb et al., 2013). However, these variations are not geographically exclusive to
any continent and can co-exist 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 Eastern (Bowen et
al., 2019). It is important to note, however, that this three-clade structure might not be
entirely accurate. The work that led to the inception of this three-pronged 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 clades (Fig. 1) (Kolb et al., 2013).

Notably, there is considerable interstrain variance within the genome of HSV-1.
Reference strains differ from each other both in vitro and in vivo, and also display
intrastrain variability (Jones et al., 2019). They differ from 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 person (Pandey et al., 2017), but also to

explain the properties of a certain strain (Szpara 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 upon exiting the
cell (Roizman et al., 2013) (Fig. 2). The HSV genome is made up of linear and double-
stranded DNA and is approximately 152,000 base pairs (bp) long for HSV-1 (McGeoch
et al., 1988) and approximately 155,000 bp long for HSV-2 (Dolan et al., 1998). Though
the genomes of the two HSV types are 83% similar (Dolan et al., 1998), there are marked
differences in the locations of endonuclease cleavage sites and the sizes of the proteins
they encode that serve to separate the two viruses (Roizman et al., 2013).

The genome of HSV-1 consists of two covalently linked unique components, termed
“long” or UL, which contains 58 genes, and “short” or Us, which contains 13 genes;
furthermore, both components are flanked by repeats on both sides that also contain

certain genes (Fig. 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 unique sequences are synthetized in both orientations during replication, which
results in four distinct isomers. These include “prototype”, or, P in which both Ur and Us
are in their standard configuration, two variations of “inverted”, Is and I, in which either
the short or long component is inverted, respectively, and Is+r, in which both components
are inverted (Mabhiet et al., 2012). Currently, HSV’s genes have been proven to encode
90 unique transcriptional units, 84 of which code for proteins (Roizman et al., 2013).
These protein-encoding genes can be divided into a, B, and y genes, also referred to as
immediate-early, early, and late genes, which 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 cascade-like
expression of genes during an infection.

Arguably, one of the most important HSV genes in the context of gene therapy is y134.5,
which is a non-essential gene that encodes infected cell protein 34.5 (ICP34.5) (Roizman
et al., 2013). This protein is fundamental for viral neurovirulence, HSV’s ability to infect
neuronal cells (Chou et al., 1990). Without ICP34.5, the virus becomes attenuated,
rendering it unable to cause a lytic infection in the nervous system and decreasing the
likelihood of a latent infection (Chou et al., 1990). HSV-1 is very adept at dodging the
immune responses of a host body (Melchjorsen et al., 2009), and 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 histocompatibility complex II responses (Trgovcich 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 I interferon responses (He et al., 1996, 1997).

U Us

T
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7,34.5 U, 23 U, 27U, 29 7,34.5 »
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Figure 3. The genome of HSV-1, modified from Frampton Jr et al. (2005). It consists of two
components, “long”, or UL, and “short”, or Us. Both components are flanked by repeats a and a’.
Notably, the repeat pairs, b and b’ for UL and ¢’ and c for Us, are considered identical. 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 which is necessary for the virus’s entry into a cell, and UL29 codes for infected cell protein 8,
which is essential in viral replication. Us7, then, codes for glycoprotein |, which is crucial in
untransformed cells. Finally, y134.5 codes for ICP34.5, which is fundamental for the virus’s ability
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 contact (Roizman et al., 2013). The infection usually spreads
through direct contact with a lesion or exchange of infectious bodily fluids, with even
asymptomatic individuals able to pass on the virus (Corey & Spear, 1986). An HSV —
infection (Fig. 4) will begin with entry into the cell, which is facilitated by heparin
sulphate proteoglycans (WuDunn & Spear, 1989) and various cell surface receptors, such
as the viral glycoproteins (g) gB, gD, gH, and gL, that allow the virus to merge with the
cell membrane (Spear et al., 2000). The capsid will then be transported to the cell’s
nucleus by dynein along the microtubule network (Kristensson et al., 1986), where the
capsid will release the viral DNA (Ojala et al., 2000).

Next, the process of viral transcription will begin. This process can be described as a
highly regulated, cascade-like sequence, the first step of which is the derepression and
activation of a genes, which will regulate viral replication (Roizman & Whitley, 2013).
In the next step, B and y1 genes will be expressed, which will result in the synthesis of
proteins necessary for the viral DNA replication, and in the third and final step of this
process, v2 genes will be activated, after which the formation of the capsids and replication
of viral DNA will be completed (Amen & Griffiths, 2011). The capsid will be temporarily

enveloped when it exits through the nuclear membrane and the virion will finally be
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completed as it acquires its envelope after egress (Mettenleiter et al., 2013; Roizman et
al., 2013). Though the virus will attempt to delay apoptosis through various means, this

process of replication will ultimately lead to the death of the host cell (Yu & He, 2016).
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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's nucleus where the viral DNA will be released. This is followed by viral
transcription, where a, B, and y genes will be activated in a controlled sequence, which will
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 by being released, or “shed”, from the infected cells, thus
spreading to nearby cells, whereupon the process repeats. However, some viruses, such
as HSV-1, have also developed the ability to spread laterally from cell to cell, which
allows the virions to spread protected from neutralizing antibodies and other defenses
(Johnson & Huber, 2002). At the moment, the exact mechanisms of this lateral spread are
largely unclear, though it is known that the gEgl complex is essential in the process
(Dingwell et al., 1994). Furthermore, the four glycoproteins, B, H/L, and D are known to
form a fusion complex that allows viruses to enter the other cell, though this by itself is
not enough to facilitate the fusion of cells (Eisenberg et al., 2012). The 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 known (Carmichael et al., 2018). Nevertheless, lateral spread has been
recognized to be essential in latency, as a virus unable to spread cell-to-cell cannot
establish a latent infection (Wang et al., 2010).

Like other herpesviruses, HSV, too, can enter this latent, non-replicative state after the
initial lytic infection (Preston & Efstathiou, 2007). This occurs when the virus infects

sensory neurons and then travels to their nucleus, where it will often cease to replicate



and persist in an episomal form, which allows the virus to dodge immune responses of
the host body (Roizman et al., 2013). The primary site for the latent infection of HSV-1
in humans is typically the trigeminal ganglion (Carton & 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 HSV —infection 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 pyrexia (Roizman et al., 2013). As
the virus can also enter a latent state and later reactivate, recurring infections are also
possible. This reactivation can be caused by many external and internal factors, such as
mechanical or psychological stress (Padgett et al., 1998; Sawtell & Thompson, 1992).
The number and size of the lesions that appear during the initial infection will indicate its
severity, as well as the likelihood of a recurrent infection (Roizman et al., 2013).

The symptoms of genital infection by either HSV-1 or HSV-2 are largely the same,
usually consisting of papules and ulcers in the affected area and accompanied by similar
systematic symptoms as an oropharyngeal infection (Gupta et al., 2007). Notably,
individuals with genital infections caused by HSV-1 are much less likely to have a
recurrent infection than those infected with HSV-2 (Lafferty et al., 1987). Nevertheless,
these recurrent infections will typically be much milder than the initial infection (Gupta
et al., 2007).

In most cases, infections caused by HSV are benign. However, there are notable
exceptions to this rule. Neonatal infections, for example, are oftentimes dangerous and
can prove fatal, even with drug treatment (Pinninti & Kimberlin, 2018). Neonatal
infections are increasingly being caused by HSV-1, and the infection is usually acquired
from the mother during childbirth (James & Kimberlin, 2015). The most common form
of the neonatal disease is skin, eye, and/or mouth disease, which account for 45% of cases,
whereas the other forms of the disease, central nervous system disease and disseminated
disease, are less frequent; there is, however, overlap between the different forms and
approximately 50% of cases involve the central nervous system in some way (James &

Kimberlin, 2015).



Currently, the most important cause of corneal blindness in the world is infectious
keratitis, the most common viral cause of which is HSV (Ting 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 lesions (Roizman et al., 2013). Recurrent infections are common and can
lead to progressive damage of the eye (Roizman et al., 2013).

Perhaps the most dangerous complication, however, is herpes simplex virus encephalitis.
In general, HSV-1 is the most common cause of sporadic encephalitis in the world
(Venkatesan, 2015) and has an incidence of 2-4 cases/1,000,000 in Nordic countries
(Hjalmarsson et al., 2007). Initial symptoms include an altered state of mind, fever, and
seizures, and eventually, the disease can lead to either reduced neurological capacity or
death (Bradshaw & Venkatesan, 2016). Indeed, in untreated patients the disease has a
70% mortality rate and only 2.5% of patients are able to regain normal neurological
function afterwards (Whitley, 1990). However, encephalitis caused by HSV can be
treated with drugs such as acyclovir, which increases the survival rate drastically (Whitley
& 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 sub-Saharan Africa (Dwyer-Lindgren et al., 2019; Looker et al.,
2015). Notably, a genital HSV infection, typically caused by HSV-2, can increase the
likelihood of contracting HIV significantly (Looker et al., 2020), which explains the
interest in developing an HSV-2 vaccine. Furthermore, HSV-infections can also occur
during organ transplantation (Lee & 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 five times higher for immunocompromised individuals
(Tan et al., 2012). The virus is also more likely to gain resistance to antiviral therapies
(Bacon et al., 2003), and recurrent infections are much more frequent in these patients

(Roizman et al., 2013).



1.1.7 Treatment

At the moment, no curative treatment or vaccine for HSV exists, insofar that the latent
infection caused by the virus cannot be wholly eliminated (Kim & Lee, 2020), and rather,
the disease is controlled with drugs that stop the virus from replicating.

Nucleoside analogs, which include acyclovir and its derivatives, are the first-line
treatment for HSV infections as they are both highly specific and have very little toxicity
(Roizman & Whitley, 2001). Initially, nucleoside analogs are inert, but upon entering an
infected cell, they are converted into monophosphate derivatives by the herpes viral
thymidine kinase (TK) and then into triphosphate metabolites by the host cell kinases
(Han et al., 2018). After this, the active metabolites begin to inhibit the viral DNA
polymerase, which disables viral DNA replication and thus prevents the formation of new
virions (Gnann et al., 1983). Furthermore, some nucleoside analogs cause DNA-chain
termination by incorporating themselves into the viral DNA (Han et al., 2018). Notably,
all nucleoside analogs require functioning copies of the genes Ur23, which encodes the
TK, or Ur30, which encodes the catalytic subunit of viral DNA polymerase (Labrunie et
al., 2019; Roizman et al., 2013).

Additionally, an exclusively intravenously administered drug, foscarnet, can be utilized
to treat severe herpes infections in case of acyclovir resistance (Labrunie et al., 2019). It
is a DNA polymerase inhibitor that works by inhibiting the attachment of nucleotide
precursors to DNA, which prevents the virus from replicating (Zeichner, 1998). Unlike
nucleoside analogs like 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 cause severe adverse reactions, such as renal failure (Zeichner, 1998).

As a genital HSV-2 infection can increase the likelihood of an HIV infection due to the
ulceration it causes (Freeman et al., 20006), it is no surprise that the development of an
HSV vaccine is seen as a very important factor for public health, especially in lower-
income countries. Currently, most vaccine development projects are focused on
preventing or treating HSV-2, but as the two viruses are very similar, HSV-2 vaccines
could also prove useful in preventing HSV-1 —infections (Johnston et al., 2016). Vaccine
development has proven challenging, however, as animal models do not accurately
represent an HSV infection in a human (Kollias et al., 2015) and, especially in the case
of prophylactic vaccines, follow-up is a lengthy and costly process (Johnston et al., 2011).

Regardless, many prospective vaccines have entered clinical trials. Recent results from

10



pre-clinical testing of a new HSV-1 —based live attenuated virus vaccine have been
promising (Bernstein et al., 2020). Furthermore, recent advances in mRNA vaccines have
also seen the development of a trivalent vaccine against genital herpes, currently

undergoing preclinical trials (Hook et al., 2022).

1.1.8 RNA interference and HSV

RNA interference is a natural defense mechanism utilized by fungi and invertebrates (Tan
& Yin, 2004) and essentially, it describes a process whereby small complementary non-
coding RNA, such as siRNA, is used to silence messenger RNA and, by extension,
disable the protein synthesis of the threatening pathogen (Levanova & Poranen, 2018).
Under normal circumstances, siRNA possess a very limited target sequence, which
greatly curtails their effectiveness against viruses with mutated genomes; however, by
utilizing so-called “pools” or “swarms” of enzymatically synthesized Dicer substrate
siRNAs which cover a target sequence of up to 3000 bp (Nygardas et al., 2009), this
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 HSV-1 infections in vitro (Levanova et al., 2020; Romanovskaya et
al., 2012) and in vivo (Paavilainen et al., 2017). Crucially, the siRNA-swarms have also

been proven efficient against acyclovir-resistant strains of the virus (Kalke et al., 2020).

1.2 Gene therapy

1.2.1 Overview

Gene therapy is an emerging treatment modality, which enables completely new
approaches to curing and treating diseases. The European Medicines Agency’s (EMA)
Guideline on quality, non-clinical and clinical requirements for investigational advanced
therapy medicinal products in clinical trials (2019) defines gene therapy as a method
aiming to express a certain transgene, which will then allow for the “regulation, repair,
replacement, addition or deletion of a genetic sequence” — that is, the target organ or, in
the case of cancer, tumor, can be affected on a genetic level.

All gene therapy methods are contingent on a vector, a “vessel” that can transport the
transgene. In most cases, a virus is utilized to fill this role (Wirth et al., 2013). As viruses

are very distinct from each other, the gene transfer approach can be carefully optimized

11



for each target tissue and disease: for example, HSV-1 displays wide tissue tropism,
which is especially strong toward the nervous system (Zerboni et al., 2013), while the
prevailing tropism of adeno-associated viruses (AAV) depends on their serotype (Drouin
& Agbandje-Mckenna, 2013). AAVs are a very popular choice for a viral vector, as they
have been proven to be one of the safer options available and the fact that they exert their
effect through an episomal form is beneficial for many gene therapy approaches (Naso et
al., 2017). They are not the perfect choice for every situation, however: the size of the
inserts that can be used with AAV vectors is limited, as only sequences under 5000 bp
can be effectively packaged (Naso et al., 2017), though this problem can be circumvented
with the use of overlapping vector strategies (Chamberlain et al., 2016). Moreover, the
fact that AAV only contains a single strand of DNA slows down the initial transgene
expression, though, again, there are ways of alleviating this problem (McCarty et al.,
2001). However, perhaps the most prevalent problem AAV’s face is the issue of pre-
existing immunity: that is, the patient’s body will already possess antibodies against the
vector, which will severely limit their efficiency (Falese et al., 2017). While HSV-1
vectors will be discussed later in the chapter, it is notable that this problem is absent with
HSV vectors.

On the other hand, retroviruses and lentiviruses are RNA viruses, which enables different
approaches to gene therapy. Unlike HSVs and AAVs, they always integrate into the host
cell’s genome and thus modify the patient’s genes (Hindmarsh & Leis, 1999). It is
important to note that retroviral and even the safer lentiviral vectors are always slightly
oncogenic, which increases the likelihood of problematic and potentially long-lasting side
effects (Modlich & Baum, 2009). For example, integrating vectors can cause genotoxicity
via insertional mutagenesis, which can cause adverse effects such as dysregulation of
gene expression or oncogenesis (Ranzani et al., 2013), though this problem has been
taken into account when designing newer viral vectors (David & Doherty, 2017).
Retroviral and lentiviral vectors are, in the vast majority of cases, used ex vivo; that is,
the vectors are inserted into their cells in an in vitro environment, outside of the patient’s
body (EMA, 2022b).

As a principle, gene therapy can accommodate a multitude of approaches. One of the
most successful methods thus far to have received approval from regulatory agencies is
chimeric antigen receptor T (CAR T) therapy, which works by integrating a desired gene
into cells grafted from the patients which will then be reintroduced (Ahmad, 2020). In

this method, a CAR fusion protein is transduced into T cells collected from patients
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(Sermer & Brentjens, 2019). As 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 of antigen-expressing cells (Mohanty et al., 2019). One example
of this approach is Abecma, a recently approved lentivirus-based CAR T therapy that is
used to treat multiple myeloma (Anderson, 2022). CAR T therapy has also faced
adversity, as its administration can often result in a cytokine shock (Brentjens et al., 2013)
and can also carry a significant risk of neurotoxicity and CAR T cell-related
encephalopathy syndrome (Sermer & Brentjens, 2019). However, increased
understanding of the therapy’s adverse effects has made the treatment of these reactions
easier and more efficient (Brudno & Kochenderfer, 2019).

Furthermore, ex vivo —mediated retroviral therapy or non-integrating vectors, such as
AAV or HSV, can be used to repair genes to treat, for example, hereditary 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, either ex vivo or directly depending on the vector, the production of these
necessary proteins can be induced (Booth et al., 2016). For example, Strimvelis is a
retrovirus-based gene therapy product that is used to treat severe combined
immunodeficiency caused by adenosine deaminase (ADA) deficiency. The disease is a
hereditary, often fatal metabolic disorder that causes immunodeficiency due to mutations
in the ADA-gene, which causes a deficiency in the enzyme (Ferrua & Aiuti, 2017).
Strimvelis works by introducing a functioning copy of the ADA-gene into grafted CD34+
cells via a retroviral vector (Booth et al., 2016). The modified cells are then introduced
back into the patient’s bone marrow and will eventually begin to generate lymphocytes
that can produce ADA normally, enhancing the patient’s immune response (Ferrua &
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
treating cancer with gene therapy is to attack the tumor directly with specifically modified
viruses, a method known as oncolytic virotherapy. This type of therapy was first
attempted in the first half of the 20" century, but researchers soon discovered that while
the viruses were initially efficient in reducing the tumors, this effect was only temporary
(Newman & Southam, 1954). However, 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 replication-competent viruses, such as oncolytic HSV or
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adenoviruses, straight into the tumor (Mullen & Tanabe, 2002). The viruses will then
begin to replicate, which will eventually lead to the lysis of their host tumor cells (Mullen
& Tanabe, 2002). This is especially effective, as it has been proven that the body’s
defense mechanisms against viral infections, such as interferon-f signaling, are notably
impaired in cancerous cells (Lurie & Platanias, 2005). Oncolytic viruses can also induce
the activation of the host body’s immune system, as well as confer an improved response
to chemotherapy (Mullen & Tanabe, 2002). An important facet of oncolytic viruses is
that they can be rendered specific to the tumor cells by either adding tumor-specific
promoters to critical loci in their genome or by removing the genes that allow the viruses
to replicate in non-neoplastic cells (Mullen & Tanabe, 2002), such as has been done with
the oncolytic HSV-1 -based talimogene laherparepvec (T-vec) (Johnson et al., 2015). As
such, theoretically, the virus cannot replicate in the host’s normal cells and will only kill
tumor cells. Thus far, T-vec is the only oncolytic virus to have been approved in the

western world (Table 2).

1.2.2 Current landscape

Though the technology is still in its relative infancy, multiple different kinds of therapies
have already received approval both in Europe and the USA (Table 2). Especially in
Europe, many of these therapies have received an orphan status, meaning that they are
designated for exceedingly rare conditions (EMA, 2022b). Around half of the available
therapies are indicated toward cancer, with CAR T —cells being the most common
approach. Various kinds of viruses have been used as viral vectors, with AAVs,

retroviruses, and lentiviruses being the most ubiquitous (David & 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 —therapy
2021 2021 myeloma virus
Breyanzi N/A February Large B-cell Lenti- CAR T —therapy
2021 lymphoma virus
Imlygic December October Melanoma HSV-1 Oncolytic virus
2015 2015
Kymriah August August Blood cancer Lenti- CAR T —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 —therapy
2020 lymphoma virus
Yescarta August October B-cell Retro- CAR T —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 harbors a 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 candidates (Wirth et al., 2013). HSV-1 has wide tissue tropism (Buthod et al.,
1987) and is safe even when replication-competent (Manservigi et al., 2010), which are
both very useful properties in terms of vector development. Furthermore, its genome is
episomal, which means that it will not integrate to the host’s genome unlike retroviral
vectors, and as such, any HSV-vector is unlikely to cause undesired mutations in the
patient (Roizman, 1996). Unlike, for example, AAV-based vectors, HSV-based vectors
can support insertions of up to 30 000 bp, as the HSV genome is particularly large and

capable of withstanding large insertions (Ventosa et al., 2017) in addition to containing
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many non-essential genes, which can be replaced with large transgenes without severely
affecting the functionality of the virus (Roizman, 1996). Furthermore, HSV’s genome has
been sequenced and, as a result, its neurovirulence gene has been identified (Chou et al.,
1990). This enables researchers to modify the gene in a way that will adjust the virus’s
replication and render the virus safe for use in human gene therapy, for example by
restricting its ability to replicate in all non-neoplastic cells (Liu et al., 2003).

As already discussed, HSV-vectors’ 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 “emergency brake”, should something go wrong with the vector. HSV-1 has
also shown great potential in the treatment of neurological disorders, with replication
defective HSV-1 —vectors already proven to be effective in treating neurodegenerative
diseases and chronic pain in man (Fink et al., 2011), and the field has already seen further
developments with the emergence of regulatable vectors (Wu et al., 2011) and HSV-1
amplicons (Spaete & Frenkel, 1982). One additional important advantage HSV-based
vectors boast is the possibility of repeated dosing. Unlike other vector types, such as
AAVs, HSV-1 —vectors can be dosed repeatedly without the patient forming any
resistance to the vector (Chahlavi et al., 1999).

Notably, one of the few virus-mediated genetic therapies available, and the first approved
oncolytic therapy in the Western world, is an HSV-1 —vector (Johnson et al., 2015). This
melanoma treatment, T-vec, is marketed as Imlygic. As an oncolytic virus, it has been
modified to be tumor selective, 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 against a tumor with
minimal damage to the surrounding tissue. Moreover, it also possesses a transgene for
granulocyte-macrophage colony-stimulating factor, which enhances the vector’s ability
to activate the body’s own immune system against the tumor (Johnson et al., 2015; Liu
et al., 2003). The therapy is repeatedly administered directly into the tumor and has been
proven both effective and safe for the patients (Kaufman et al., 2014). T-vec viruses are
replication competent and manufactured in Vero cells (EMA, 2015), thus making them
relatively affordable: in the USA, treatment with Imlygic costs around $65,000 (Amgen,
2015) and in Finland only 1450-11600€ per treatment (Pharmaca Fennica, 2022). In stark
contrast, the prices of other gene therapy treatments range from $373,000 per treatment
for Yescarta (Drugs.com, 2021) to $2,100,000 per treatment for Zolgensma (Drugs.com,
2020).
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1.3.3 Developmental pipeline

According to a search conducted in the ClinicalTrials.gov database (NIH, 2022), as of
8.3.2022, there are 17 different HSV-1 -based vectors in clinical phases, a vast majority
of these vectors being oncolytic viruses (Fig. 5). The therapy currently furthest along in
the developmental pipeline is Beremagene geperpavec or B-vec (Table 3). It is a topical
gene therapy for the treatment of the skin disease recessive dystrophic epidermolysis
bullosa and it has currently completed Phase III testing following promising results from
phase 1/2 trials (Krystal Biotech, 2021). Similarly, both G207 (Friedman et al., 2021) and
HF-10 (Hirooka et al., 2018) have exhibited sufficiently favorable safety profiles to
proceed to Phase II. Perhaps the most unique one of the prospective vectors is NP2,
however. NP2 expresses the human proenkephalin gene, the protein products of which
have been proven to inhibit pain signaling (Dickenson & Kieffer, 2006). Phase I testing
suggested that NP2 is not only safe but also works as a neuronal analgesic when used in

sufficiently high doses (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 llI 2021 NCT04917874
C134 Oncolytic virus Phase | 2018 NCT03657576
C5252 Oncolytic virus Phase | 2021 NCT05095441
G207 Oncolytic virus Phase Il 2020 NCT04482933
G47A Oncolytic virus Phase Il 2014 UMINO00015995
HF-10 Oncolytic virus Phase llI 2017 NCT03153085
HSV1716 Oncolytic virus Phase I/11 2012 NCT01721018
KB105 Gene repair Phase I/11 2019 NCT04047732
KB407 Gene repair Phase | 2021 NCT05095246
MO032 Oncolytic virus Phase /11 2021 NCT05084430
NP2 Other Phase Il 2011 NCT01291901
NV1020 Oncolytic virus Phase I/11 2018 NCT00149396
Ol;l%R- Oncolytic virus Phase | 2020 NCT04348916
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 determine the production rate of both released (shed) virus and cell bound
virus, the clinical strains were used to infect four different cell lines, and at 24 hours post-
infection (hpi), a plaque assay was utilized to quantify the virus titers. The titer was
presented as plaque-forming units (PFU), that is, particles capable of forming plaques,
per ml. Cell bound titer was determined from lysed cells, while released virus titer was
determined from the supernatant (Fig. 6). Moreover, a released-to-cell bound ratio was
calculated for each strain in each cell line (Fig. 7). Finally, the results from each strain
were compared with those obtained with the reference strain 17+.

In Vero African green monkey kidney cells (Fig. 6 A) the shed titers for the clinical strains
ranged from 4.96*10° PFU/ml to 6.16*10° PFU/ml, with an average of 1.37*10% PFU/ml
and a SD of 1.46*10° PFU/ml. The cell bound titers ranged from 1.48*10° PFU/ml to
6.21*10” PFU/ml with an average of 1.67*107 PFU/ml and SD of 1.27*10". Of the
clinical strains, V22 possessed the highest released titer and V14 the highest cell bound
titer while V19 had both the lowest shed titer and cell bound titer. Clinical strains V2,
V9, V10, V12, V13, V17, V18, V19, V20, V21, V30, V32, and V33 had significantly
lower shed titer than the reference strain 17+, while only strain V22 had a higher titer.
Cell bound titers were more level in Vero cells, as only strains V17, V19, V32, V33, and
the reference virus H1052 had a significantly lower titer than 17+, while V14 possessed
a significantly higher titer than 17+. When comparing the ratio of released virus to cell
bound virus, no strain possessed a higher proportion than 17+, but strains V2, V9, V12,
V13, V19, V20, V21, V26, and V30 had a significantly lower percentage of shed virus
(Fig. 7 A).

In WM1799 human melanoma cells (Fig. 6 B) the shed titers for clinical strains ranged
from 1.38*10* PFU/ml to 8.36*10° PFU/ml, with an average of 1.90*10° PFU/ml and SD
of 1.86*10° PFU/ml. The cell bound titers ranged from 4.37*10° PFU/ml to 2.35*10’
PFU/ml with an average of 4.84*10° PFU/ml and SD of 4.85*%10° PFU/ml. V12 and V1
had the highest released and cell bound titers, respectively, while V30 had both the lowest
shed and cell bound titers. Only the clinical strains V2, V30, V32 and V33 and the
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reference strain KOS differed significantly from 17+, all of them having a lower shed
virus titer. On the other hand, no strain possessed a significantly different cell bound titer
from 17+. This was also true of the released-to-cell bound ratio, as no strain differed
significantly from 17+ (Fig 7 B).

In U373MG astrocytoma cells (Fig. 6 C) the shed titers for clinical strains ranged from
3.50*10% PFU/ml to 1.98*10° PFU/ml, with an average of 2.82*10* PFU/ml and SD of
4.31*10* PFU/ml. The cell bound titers ranged from 1.63*10° PFU/ml to 5.00*10°
PFU/ml with an average of 1.63*10° PFU/ml and SD of 1.17*10° PFU/ml. V6 had the
highest shed titer while V18 had the lowest, whereas V5 had the highest cell bound titer
and V19 the lowest. No strains had a significantly lower released titer than 17+, however
strains V3, V4, V5, V6, V7, V11, and V12 had a significantly higher titer. The situation
was similar with cell bound titers, as only H1052 possessed a significantly lower titer
than 17+. On the other hand, strains V1, V4, V5, V6, V7, V12, V26, V35, and V36 had
significantly higher titers. When compared to 17+, only two strains, V7 and V12,
possessed a significantly higher percentage of shed virus and no strains had a significantly
lower percentage (Fig. 7 C).

Finally, in HCE human corneal epithelial cells (Fig. 6 D), the shed titers for clinical strains
ranged from 1.30*10° PFU/ml to 6.44*10* PFU/ml, with an average of 1.63*10* PFU/ml
and SD of 1.61*10* PFU/ml. The cell bound titers ranged from 7.20*10* PFU/ml to
1.53*10° PFU/ml with an average of 4.81*10° PFU/ml and SD of 3.65*10° PFU/ml. V4
had the highest released virus titer, while V12 had the highest cell bound titer. V2 had
both the lowest released and cell bound titers. Clinical strains V4, V5, V12, V13, and
V19 had a significantly higher shed titer than the reference strain, while strains V2, V18,
V29 and all three other control strains had a significantly lower shed titer. 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 lower titer than 17+ .When
comparing the ratio of shed to cell bound virus, no strain proved to possess a higher
proportion of shed virus than 17+, though strains V29 and V36 had a significantly lower
percentage of shed virus (Fig. 7 D).

Across all cell lines, strains V4, V5, and V12 were the most prolific shedders, displaying
a significantly higher titer 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 cells, 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/mI, 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 of the mean (N<8 per treatment, data from two individual experiments). The reference
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 =, p<0.05; #n,
p<0.01; mrm, p<0.001 for cell bound virus).
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Figure 7. Relative released virus in different cell lines. Shed and cell bound titers were compared
with each other, and the relative shed of each strain was determined in Vero (A), WM1799 (B),
U373MG (C), and HCE (D) cells. The bars represent the titers in percentage of shed titer
compared to the total, combined titer and the whiskers represent the standard deviation of the
mean (N<8 per treatment, data from two individual experiments). The reference virus used for
comparisons, 17+, has been highlighted with a grey background. The p-values were calculated
against the shed/cell bound ratio of the reference strain 17+ (*, p<0.05; **, p<0.01).
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Other low-shedding 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, V12, and V36 had a significantly higher cell bound titer than 17+ in
two separate cell lines.

The recombinant virus strain H1052 was the only one to have a significantly lower cell
bound titer in more than one cell line, with the difference being significant in Vero cells,
U373MG cells, and HCE cells. Strains V2, V9, V12, V13, V19, V20, V21, V26, and V30
had a significantly lower ratio of shed virus to cell bound virus in Vero cells while the
strains V29 and V36 had a significantly lower ratio of shed virus in HCE cells. Strains
V7 and V12 had a significantly higher proportion of shed virus in U373MG cells. There
were no significant differences in terms of shed to cell bound ratios in WM1799 cells.
The only clinical strain to have a significantly different shed to cell bound ratio in two
cell lines was VI12. Its ratio was significantly lower than 17+ 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 4.7 for inclusion criteria). Vero cells were infected with 5 MOI of each virus in a
96-well format for the larger growth curve, and in a 24-well format for the “strains of
interest” —growth curve. In both cases, the initial virus dilution was collected and referred
to as the 0 h time point. Subsequent samples were obtained from the supernatant at 6, 24,
48, and 72 hpi, which were then used to determine the titers at each time point.

The used viral dilutions were titered, and V5 had the highest titer at 6.75*10* PFU/ml,
while KOS possessed the lowest titer at 9.00*10° PFU/ml, which was notably less than
the other viruses (Fig. 8). At the 6 hpi eclipse phase, the titer of all viruses had reached
the minimum concentration. At 24 hpi, the titer had decreased for strains V2, V3, V4, V8,
VI11,V12,V13,V15,V16,V18,V19,V27,V29, V33, V35, and KOS, remained the same
for V9, and increased for the rest when compared to the previous time point. V5 had the
highest titer at 1.48*10* PFU/ml and KOS the lowest for at 50 PFU/ml. However, at the
next time point, 48 hpi, all strains displayed an increase in their titer: V22 now had the
highest titer at 5.88*10* PFU/ml, while V2 had the lowest at 7.50*10%> PFU/ml. Finally,

at 72 hpi, the virus concentration had 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 highest titer at 5.25%10* PFU/ml. Of the clinical strains, V34 had
the highest titer at 3.5*10* PFU/ml and V19 the lowest titer 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 plaque 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 at the 6 hpi time point, after which it
started to increase for around half of the strains. The titer still decreased for strains V2,
V3, V4, V8, V11, V12, V13, V15, V16, V18, V19, V27, V29, V33, V35, and the
reference strains, while it stayed the same for V9. At 48 hpi, however, the titer had
increased across all strains, though none of them reached the initial infection titer at this
time point. Finally, at 72 hpi, the titers waned for most of the strains, with the exception
of V2, V11, V29, V35, and the reference strains. Though the final titer of the reference
strains KOS and F exceeded the initial infection titer, 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 curve (Fig. 9).
The initial 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 initial titer at 1.00 PFU/ml. As with
the larger growth curve, the titer of each virus had dropped at the 6 hpi time point, with
V3 having the highest titer at 0.068 PFU/ml and H1052 the lowest at 0.003 PFU/ml. At
the 24 hpi time point each strain’s titer had grown, with H1052, in particular, showing a
drastic increase. At this time point, V5 had the highest titer at 6.06 PFU/ml and V12 the
lowest at 0.321 PFU/ml. The titers had continued to increase at 48 hpi, with the exception
of H1052. V6 had the highest titer at 13.05 PFU/ml, while H1052 predictably had the
lowest titer at 1.215 PFU/ml. At the final time point, 72 hpi, the titer for all strains began
to decrease. V6 still possessed the highest titer at 7.45 PFU/ml and H1052 the lowest at
0.181 PFU/ml.
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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 the experiment displayed relatively similar growth curves, in
that their titer decreased after the wash, after which it started to steadily increase. All
strains, with the sole exception of H1052 which had its peak at 24 hpi, displayed their

highest post-infection titer at 48 hpi, after which the concentration started to decrease.
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Unlike in the previous setting (Fig. 8), all of the clinical strains and the reference strain
17+ reached and exceeded the initial infection titer. This occurred at 48 hpi for V7 and
V12 and already at 24 hpi for the others. However, the reference strain H1052 never

reached the initial infection titer.

2.1.3 Plague morphology

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

could be distinguished between the plaque 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 comparing the viability of the cells infected with the viruses to an uninfected
control at 96 hpi (Fig. 11). All tested strains were oncolytic in all cell lines, though the
effect was far more pronounced in SW480 adenocarcinoma cells and Raji lymphoma
cells, where cell viability dropped to under 50% for all clinical strains, whereas in

U373MG cells viability dropped 10—40% with the used virus dose and timeframe.

Cells only 17+

Figure 11. Microscope images of the cells only —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) statistically significant 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 a significantly higher decline in viability.

In SW480 cells (Fig. 12 B) the reference strains H1052 and KOS displayed a significantly
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 Raji cells (Fig. 12 C) clinical strains 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, V26, and 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 V31 all showed significantly 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 Raji 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 cells, where 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 Raji cells.
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Figure 12. Measured viability of cells infected with the virus strains in comparison to the cells only
—control. The oncolytic effect of each strain measured across the three cancerous cell lines
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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 —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 to acyclovir was determined for each strain with a plaque assay conducted in
Vero cells. The acyclovir-treated cells, with concentrations ranging from 0.03125 pg/ml
to 128 ng/ml, were 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 formation of any secondary
plaques, and the plaques were calculated at 72 hpi. As in previous experiments (Kalke et
al., 2020), the limit of acyclovir sensitivity was set at a half-maximal inhibitory
concentration (ICso) value of 1.90 ng/ml. The acyclovir-resistant control A305 reached
and exceeded this level with an ICso value of 2.61 ug/ml. None of the other viral strains
could be considered resistant to acyclovir (Fig. 13). The ICso values for the clinical strains
ranged from 0.14 pg/ml to 1.13 pg/ml, with the average ICso value being 0.30 pg/ml with
a SD of 0.18 pg/ml. V1 possessed the highest ICso value of the clinical strains at
approximately 1.13 pg/ml, followed by KOS, V7, and V16 with ICso values of 0.76
pug/ml, 0.65 pg/ml, and 0.65 pg/ml, respectively. In contrast, the clinical strains V10 and

V11 were the most susceptible to acyclovir, with an ICso value 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 ug/ml to 128 ug/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 plaque 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 1Cso-value of 1.90 ug/ml, marked with a red dashed line on the graph.

2.2.2 Sensitivity to siRNA swarms

Each strain’s sensitivity to siRNA swarms was tested by infecting U373MG cells, which
had been transfected with siRNA swarms, with 1000 PFU of each of the clinical and
reference strains. The released virus was measured from the supernatants of each
treatment group after a three-day incubation. Two siRNA swarms were used: the HSV-
specific UL29 and the non-HSV-specific control swarm PET. Both swarms had had their
adenosines fully replaced with fluoro-modified adenosines (please see chapter 4.9 for
more details on the modification).

Viral replication in wells that had been treated with 100% F-A UL29 was very low, as
only V7, V12, V24, and V27 produced any plaques, with V27’s possessing the highest
titer at only 125 PFU/ml (Fig. 14). The efficacy of the swarms was 100.00% for most of
the clinical strains and all of the reference strains, with only strains V7, V12, V24, and
V27 producing any plaques. For these strains, the efficacy of the swarms ranged from
99.78% to 99.97%. In contrast, the virus concentrations in wells treated with 100% F-A
PET were 10,000-100,000 -fold higher, and each infection produced high 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 strain’s sensitivity toward siRNA swarms was tested by infecting U373MG cells
transfected with siRNA-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 clades (Lasanen et al., 2021). According to the
results, most of the strains represent the Eastern clade (Table 4). Reference strains 17+,
F and KOS were used to ensure the veracity of the result, and each was located in the
expected clade. As H1052 is based on the reference strain 17+, it localized in 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 \)
V31 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 genes that contribute to cell-to-cell spread, Up.27 and Us7, were analyzed by

first utilizing PCR to amplify the sequences of interest that were then purified and
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subjected to sequencing. 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 each other contain similar mutations, such as single
nucleotide polymorphisms.

When the Ur27 —gene was analyzed, four larger subgroups were formed (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+.
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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 the Us7 —gene (Fig. 16). The first group
was by far the largest, consisting of the clinical strains V7, V9, V1, V28, V24, V29, 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 third group

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 Master’s thesis was to characterize a selection of 36 clinical strains with
regard to their potential as gene vector development candidates. This required the
evaluation of multiple different properties each strain possessed, ranging from infectivity
to responsiveness to pharmacological treatment. All available confirmed HSV-1 -strains
were utilized in the experiment. First, the replication characteristics of each strain were
studied in four cell lines to determine both the shed virus titer from the supernatant and
the cell bound virus 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 rates. A second, smaller growth curve was
obtained in a repeat experiment, with the strain selection based on preliminary results
from the cell bound and shed titer analyses. Fourth, the strains’ response to treatment with
the nucleoside analogue acyclovir and siRNA swarms was determined. Finally, a genetic
analysis of three relevant glycoproteins was performed on every clinical strain. Analysis
of one of the glycoproteins was conducted to detect each strain’s clade on the eastern-
western axis, while the other analysis was related to glycoprotein sequences involved

with the viral particle’s entry to the cell.

3.2. The strains displayed a wide variety of infection profiles

The reference strains included in the experiment were 17+, KOS, and F. Additionally,
H1052, an attenuated vector backbone with a deleted neurovirulence gene and a GFP-
marker gene, was used as a control. Of these virus strains, 17+ was used as the point of
comparison in most of the experiments, as the infection characteristics of the strain are
well known and it has been used as a reference strain in previous experiments (Bowen et
al., 2019). In general, the results with the other reference viruses didn’t greatly differ from
17+, with the exception of the H1052, which had significantly less cell bound virus in
three of the four cells lines. This was expected, as H1052 has been modified with the
attenuation of both copies of its neurovirulence gene (Mattila et al., 2015), which has a
major repressive effect on its replication ability. Curiously, though this effect is not
supposed to be as pronounced in cancer cell lines (Liu et 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 that the deletion of the y134.5 gene attenuates the replication of the virus in
glioblastoma cells (Kanai et al., 2012), no such reactions seem to have been observed in
WM1799 human melanoma cells, or melanoma cells in general. On the contrary,
experiments with y134.5-deleted vectors such as HSV 1716 have shown promising results
with this particular type of cancer (MacKie et al., 2001). This suggests that H1052 may
harbor yet unknown secondary mutations that affect cell-to-cell spread, which is quite
possible as H1052’s entire sequence is yet to be established.

Viruses have two patterns of spreading: they can either be shed from their host cells and
then infect other cells externally, or be directly transmitted from cell to cell (Zhong et al.,
2013), with the latter pattern observed as typical for HSV (Abaitua et al., 2013). There
were no instances of a strain possessing a low cell bound virus titer and a high released
virus titer, which suggests that all clinical strains that possessed an apparently low cell
bound titer also had a low overall infectivity (Fig. 6). As low infectivity is generally a
detrimental property for oncolytic vector prospects due to the issues it causes with
production and, indeed, the spread of virus in the target cells, it may be reasonable to
view these strains as less viable for oncolytic vector development. However, a less
aggressive infection could also be viewed as a favorable property for other types of
vectors, such as vaccine viruses. Many such clinical strains could be identified. V2 proved
especially notable, 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, none of these
strains displayed a significantly higher cell bound titer than 17+ in any of the cell lines.
However, V33 was the only one to have a significantly lower cell bound titer than the
reference, which occurred in Vero cells.

On the other hand, strains V4, V5, V7, V12, and V36 had a significantly higher amount
of cell bound virus 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 as such, 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 shed to cell bound virus 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 tendency to stay cell bound
than the other clinical strains. Having a low proportional shed titer could be seen as a

favorable property for a viral vector, as cell-to-cell spread is the more effective pattern of
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proliferation, owing in part to the fact that extracellular viruses are far more vulnerable
to the antibody-mediated immune responses of the host. Additionally, having a low
shedding viral vector could help minimize the risk of the vector unintendedly spreading
to the environment through excretions (Schenk-Braat et al., 2007).

While strains V9, V12, V13, V19, V20, V21, and V26 also had a significantly lower shed
to cell bound ratio than the reference viruses, these results were observed in Vero cells,
where the overall released virus level was notably lower than in other cell lines (Fig. 6).
Indeed, V12 had a higher shed to cell bound ratio in U373MG cells, which suggests that
the host cell line can have a major impact of the infectivity of the clinical strains. In Vero
cells there were only two instances of a clinical strain possessing a significantly higher
shed or cell bound titer than the reference virus. The seemingly poor infectivity of the
clinical strains in comparison to the reference strains in Vero cells could be explained by
the fact that the reference strains had already undergone multiple passages in the cell line
previously, which has proved to increase the infection efficiency of viruses (Kuny et al.,
2020). In U373MG cells none of the strains had a significantly 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. WM1799 melanoma cells,
however, were unique in that no statistically significant differences could be observed
between the cell 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 infectious or less infectious in the cell line.
Considering these results, and seeing as WM 1799 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 possible in the scope of this thesis.

3.3. All clinical strains proved oncolytic across tested cell lines

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

The oncolytic effect was at its strongest in Raji cells, a B-lymphoma cell line in which
cellular viability after infection ranged from 7% to 34%. Hematopoietic cells are resistant

to HSV-1 replication in vivo (Wu et al., 2001), and accordingly, oncolytic HSV (oHSV)
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have seen only very limited testing in such cell lines. Nevertheless, a study conducted
with a third-generation oHSV in Raji cells demonstrated a significant drop in viability
compared to the mock treatment (Ishino et al., 2021), roughly in line with our own
discoveries. Moreover, studies utilizing an oncolytic reovirus (Alain et al., 2002) and
vaccinia virus (Lei et al., 2022) have 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 line, it was still notable, with the viability of the infected cells
ranging from 17% to 43%. As in a previous experiment conducted with HSV and SW480
cells, the clinical isolates or “wild types”, proved to be the most oncolytic with very
similar drops in viability observed (Haghighi-Najafabadi et al., 2021). Comparing these
results with ones obtained from experiments where a recombinant measles virus (Amagai
et al., 2016) and an adenovirus (Gao et al., 2019) had 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 aims and design of these experiments.

The effect was the least pronounced in U373MG cells, where cellular viability after
infections ranged from 60% to 87%. Similar results were observed in a previous
experiment where an oncolytic adenovirus was used against multiple 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 infection (Vera et al., 2016). Even the modified oHSV G47A
had an effect comparable to our clinical strains on the cellular viability after three days
(Sgubin et al., 2012). As such, the poor effectiveness the clinical strains displayed against
this cell line should not be considered 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 strains, though not for the reference strains.
Previously, it has been demonstrated that fresh clinical isolates have more oncolytic
potential than reference strains like 17+ (Liu et al., 2003). Indeed, the passages of our
isolates were low, ranging from 2 to 4.

Nevertheless, some strains proved more oncolytic that others. Of all the clinical strains,
V35 showed the most oncolytic potential, as its effect was significantly stronger than 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

39



separate cell lines. At the other end of the spectrum, V17 caused a significantly 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 Raji cells, 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 positive property 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, clear drop seen at 6 hpi and the highest virus concentration achieved in the
supernatant at around 48 hpi, after which the titer started to drop for most strains (Fig. 8).
This type of growth profile is typical for HSV-1 (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 showed a considerably later increase in titer, occurring between the 48
hpi and 72 hpi time points. This could be interpreted as the strains having a slower
infection progression, and this theory is supported by the fact that V2’s titer was the
lowest out of any strain at 48 hpi while V11’s was the third lowest (Fig. 8). However, it
should be noted that the shed virus titer of V2 was already observed to be significantly
lower than 17+’s in Vero cells, suggesting that the strains infection might not be very
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, followed by relatively slow
increase in titer, which reached its highest value at 72 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
exceeded the initial infection titer (Fig. 9), suggesting that 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 the wells. It 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 wash prior to 6 hpi time point. This hypothesis is further supported

by the fact that the more successful second growth curve was conducted with a higher
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cell confluency. However, as stock propagation is a time-consuming process and can
subject the viral stocks to cross-contamination, it proved unfeasible 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 from the difference 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 V2 was not utilized. Nevertheless,
all of the strains proved capable of replicating in Vero cells, and as such, none can be
considered unsuitable for vector development or production based on their growth

characteristics.

3.5. All clinical strains are responsive to both acyclovir and RNAi treatment

Sensitivity to acyclovir was determined for each HSV strain, and though some strains
displayed notably higher ICso than others, it was found that none of the values exceeded
the level considered to represent acyclovir resistance (Fig. 13). This is an unsurprising
finding, as the prevalence of acyclovir resistant strains is very low among the population,
ranging from 0.3% 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., 2020), whereby none of the tested clinical strains proved
resistant to acyclovir treatment. Nevertheless, this is an important discovery, as acyclovir
and other nucleoside analogues can be used as an “emergency brake” to cease the
proliferation in the highly unlikely event that the HSV-based vector should start
multiplying out of control.

Another, more novel method 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 strains of the virus, even those that were known to be
acyclovir resistant (Kalke et al., 2020). As expected, similar results were obtained during
the testing of the clinical strains in this experiment (Fig. 14), with all 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 non-specific swarm PET, further
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reinforcing the hypothesis that HSV-specific RNAI treatment is an effective alternative

treatment in vitro.

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

By utilizing methodology developed by Lasanen et al. (2021), all of the clinical strains
could be located in the Eastern and Western clades typical of Finnish herpesviruses, with
around two thirds of the viruses belonging to the Eastern clade (Table 4). This is in line
with previous results (Bowen et al., 2019), indicating 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 data of the original donors is

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

3.7. Circulating variations in UL27 and Us7 have only limited effect on

replication properties

Phylogenetic trees based on the genes Ur27 and Us7 indicated that multiple distinct
subgroups could be observed (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 discernible impact on the other characteristics of
the viruses in question.

When comparing the results of the shed- to cell bound experiment to the phylogenetic
trees, only very inconsistent parallels could be drawn, which is in agreement with
previous observations (Bowen 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, though the effects are not statistically significant. Furthermore,
V18, V19, V21, and V32 were closely related in terms of the Ur27 gene, but also had
closely matched cell bound titers. However, as none of the cell bound titers were
significantly different from 17+, these observed genetic differences appear to have no
effect on the strains’ infectivity. The mutations observed in this limited set of sequences
seemed to have no detectable effect on the oncolytic efficiency in any 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 not affect the phenotype of the infections

caused by the viruses (Bowen et al., 2019).
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Perhaps the clearest differences, however, could be observed when comparing Eastern
and Western strains. Especially in Us7 sequence -based results, the groups consisted
mainly of either Western or Eastern strains, with the exception of the reference strain
17+’s group, which contained both kinds of strains. Considering the evolutionary aspect
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 characteristics
(Table 5). One of the most important properties a viral strain can have on 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 proved to have
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 reference. Though 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 cell-to-cell. During the experiment, its cell bound titer
did not significantly differ from the reference virus’ results. However, when considering
the results from the growth curve experiment, it needs to be taken into account that this
might have been due to the slow growth rate of V2. Most intriguing, 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 high cell bound
component, both of which could be considered attractive attributes 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 other cell lines will need to be conducted in various different 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 some cases, 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 Determination of cell

V29, V36 High proportional cell bound and shed
bound titer 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 the experiment (Table 6). An African green
monkey kidney cell line referred to as Vero (CCL-81, ATCC, Manassas, VA, USA) was
used for all plaque assays as well as the acyclovir assay and for the growth curve. A
human glioblastoma cell line, currently reclassified as U251 (HTB-17, 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
cells were used to determine the replication properties of the clinical strains alongside a
human corneal epithelial cell line referred to as HCE (kindly provided by Arto Urtti from
the University of Helsinki and the University of Eastern Finland), and a metastatic human
melanoma cell line referred to as WM1799 (WM1799-01-0005, Rockland, Limerick, PA,
USA). Additionally, the oncolytic potency of the strains was characterized using
U373MG cells, a Burkitt’s lymphoma cell line referred to as Raji (CCL-86, ATCC), and
a human colon adenocarcinoma cell line referred to as SW480 (CCL-228, ATCC).

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
pl/100 ml), and 1% GlutaMAX

HCE Human corneal epithelial DMEM with 7% inactivated FBS, gentamycin (20
cells pl/100 ml), and 1% GlutaMAX

WM1799 Metastatic human MCDB 153 (80%) with 20% Leibovitz’s L-15, 2%
melanoma cells FBS, and CaClz

Raji Lymphoblast-like cells RPMI 1640 with 10% inactivated FBS, gentamycin
from a Burkitt's lymphoma (20 pl/100 ml), and 1% GlutaMAX

SW480 Human colon DMEM with 7% inactivated FBS, gentamycin (20
adenocarcinoma cells pIi/100 ml), and 1% GlutaMAX

Vero cells were maintained in M199 medium (Lonza, Basel, Switzerland) with 7% heat-
inactivated FBS (Gibco, Carlsbad, CA, USA). U373MG, HCE, and SW480 cells were
maintained in DMEM with Hepes (Lonza) that had been supplemented with 7% FBS and

45



1% GlutaMax (Gibco). Finally, Raji cells were maintained in RPMI 1640 medium
(Lonza) supplemented with 10% FBS and 1% GlutaMax. All cell lines were cultured with
the antibiotic gentamycin. The upkeep of WM1799 cells was handled off-site by
collaborators, according to the manufacturer’s instructions, utilizing a medium with 80%
of MCDB 153 (Sigma Aldrich, St Louis, MO, USA), 20% Leibovitz’s L-15 (Sigma
Aldrich), 2% FBS (Rockland), and CaCl2 (Sigma Aldrich). A 1:10 dilution of 0.5%
Trypsin-EDTA (Gibco) in PBS (Gibco) was 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 permit 018/M/2018, which has been obtained from the National board
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 this experiment 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 cultures in non-human primate cell lines, and as such, do not have a
human origin. The samples represent the current circulating strains of HSV-1 in Finland,
though the effects of recent immigration are not represented in the samples. Upon
sampling, an immunoperoxidase rapid culture assay had been used to type the viruses as
HSV-1 (Ziegler et al., 1988), which was then further confirmed by an HSV type-specific
gD (Us6) gene-based PCR test. Prior to the beginning of the experiment, the anonymous
isolates were randomized, after which they were referred to as strains V1-V36.
Furthermore, the green fluorescent protein-expressing strain H1052, which has had its
neurovirulence gene deleted (Ayi34.5) (Mattila et al., 2015), was also included as a
control.

Multiple reference wild-type strains were used: HSV-1 F (Ejercito et al., 1968), HSV-1
17+ (McGeoch et al., 1986), and HSV-1 KOS (Smith, 1964). Furthermore, an acyclovir-
resistant, thymidine kinase -deficient strain A305 (Post et al., 1981), was utilized as a
control in the acyclovir assay. Viral stocks for the assays were prepared prior to
commencing the study by first infecting fully confluent Vero T-25 flasks (Sarstedt,
Niimbrecht, Germany) with 0.1 PFU per cell of each virus and then incubating them at
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37 °C, 5% CO; until the cytopathic effect reached its plateau. Autoclaved 9% milk (Valio,
Helsinki, Finland) in PBS was then added to the flasks, which were placed at —80 °C to
detach the cells. The contents were thawed again and aliquoted into cryovials (Corning
Inc., Corning, NY, USA), which underwent three freeze-and-thaw cycles. Afterwards,
the aliquots of each virus were resuspended and aliquoted again. The titers of the
reference strains had to be determined with a plaque assay, whereas the titers of the
clinical strains and the gene-modified viruses were already known prior to the start of the

experiment (Table 7).

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

Virus Titer (PFU/ml) Virus | Titer (PFU/ml)
V1 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
V11 1,87E+06 V32 6,35E+06
V12 4,00E+05 V33 5,95E+06
V13 1,10E+06 V34 2,10E+06
V14 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 A305 3,50E+09
V21 9,00E+05

4.3 Plaque assay

A plaque assay was utilized to measure the titer of the viruses throughout the study. First,
a set of dilutions was prepared on a 96-well plate (Corning Inc.) with fully confluent Vero
cells in 100 pl of culture medium. 11 pl of supernatant was transferred to the first row of
the titration plate and mixed. The rest of the dilutions were prepared by always

transferring 11 pl to the next row. The plates were then incubated for approximately 1-2

47



h at 37 °C and 5% CO,, after which 100 ul of DMEM (incl. Hepes) supplemented with
2-5% FBS, 20 pl/100 ml of gentamycin, and 80 mg/l of human IgG HyQvia (Takeda,
Tokyo, Japan). Some experiments necessitated the use of a 24-well plate (Corning Inc.)
instead of a 96-well plate. In such cases, the wells contained 900 pl of medium, and 100
ul of supernatant was transferred from well to well, and 400 pl of the IgG-containing
medium was added. The plates were then incubated at 37 °C and 5% CO: for
approximately 72 h, after which the cells were fixed with 4 °C methanol and stained with
0.1% crystal violet. The number of plaques was then counted and used to calculate the

titer as PFU/ml units for each virus.

4.4 Acyclovir assay

Sensitivity to acyclovir was analyzed in a 96-well format for each strain, as previously
described in Bowen et al. (2019) and in Kalke et al. (2020), with HSV-1 A305 as an
acyclovir-resistant control. Fully confluent Vero cells were pre-treated with varying
concentrations of acyclovir (Sigma Aldrich), ranging from 128 pg/ml to 0.03125 pg/ml.
These wells, alongside control wells without acyclovir, were then infected with 50 PFU
of each virus in duplicates by adding infectious medium (DMEM with 5% FBS and
gentamycin) on top of the ACV-supplemented medium. After a 1-3 h incubation period,
medium with human IgG (DMEM incl. Hepes supplemented with 2% FBS, 20 p1/100 ml
of gentamycin, and 80 mg/l of IgG HyQvia) was added to the cells to prevent any
secondary plaque formation. After a 72-hour incubation at 37 °C and 5% CO», the 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 calculate the ICso value 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 HSV-1 based gene therapy, methodology previously described in Bowen et al.
(2019) was utilized. The experiment was carried out in multiple cell lines: Vero, HCE,
U373MG, and WM1799. Fully confluent cells on 96-well plates were infected with 0.1
MOI of each virus in 50 pl of medium (DMEM incl. Hepes supplemented with 2-5%
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 was removed, and the cells
washed before being left in 200 pl of fresh culture medium. The cells were then incubated
at 37 °C and 5% CO,. At 24 hpi, the supernatant was collected, and the cells were
preserved in 100 pl of 9% autoclaved milk in PBS or in 100 pl of 10% FBS. All samples
were stored at —80 °C. Three freeze-and-thaw cycles were performed to break up the cells
and to release the virus particles prior to their titrations, while the supernatant samples
required no further actions. Finally, a plaque assay was used separately on supernatant
samples and cell samples to determine the concentrations of shed virus and cell-bound

virus.

4.6 Oncolysis assay

The capacity of the viruses to lyse cancer cells was determined with an oncolysis assay.
Three cancer cell lines, U373MG, Raji, and SW480 were infected with 2 MOI of each
viral strain in a 96-well 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 line, were seeded in 50 pl of RPMI 1640
supplemented with 10% FBS, gentamycin, and 1% GlutaMax, and infected with 50 ul of
viral dilution made with the same medium. “Cells only” —wells were not infected, so as
to act as controls for the experiment. After an incubation period of approximately 1 hour
at 37 °C and 5% CO,, U373MG and SW480 cells were washed twice with medium
(DMEM incl. Hepes supplemented with 2% FBS and gentamycin), then left with 100 pl
of culture medium.

The viability of the cells was analyzed at 96 hpi with the CellTiter-Glo® viability assay
(Promega, Madison, WI, USA). First, the CellTiter-Glo® reagent was added onto cells:
100 pl was added for Raji-cells, but for U373MG and SW480 cells 50 pl of the medium
was replaced with the reagent. The plates were then protected from light and mixed for 2
minutes on an orbital shaker, followed by a 15-minute incubation at RT. Finally,
VICTOR Nivo Multimode Microplate Reader (PerkinElmer, Waltham, MA, USA) was
used to measure the amount of luminescence in each well, which correlates with the

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

A screening growth curve was composed for each virus by utilizing a modified version
of the protocol presented in Nygardas et al. (2013). 50% confluent Vero cells on a 96-
well plate were infected with roughly 5 MOI of each virus in four replicates. After 2 h of
incubation at 37 °C and 5% COa, the cells were washed and left to incubate under the
same conditions with 200 ul of DMEM (incl. Hepes) supplemented with 2% inactivated
FBS and gentamycin. 20 pl supernatant samples were taken at 6 h, 24 h, 48 h, and 72 hpi.

The titer of each virus at each of these time points was determined with a plaque assay.

Table 8. The strains used in the second growth curve and the reasoning for their inclusion.

Strain Reason for inclusion

V3 High replication (cell bound titer)

V4 High replication (cell bound titer)

V5 High replication (cell bound titer)

V6 High replication (cell bound titer)

V7 High oncolytic potency

V11 High replication (cell bound titer)

V12 High replication (shed titer)

V16 High replication (cell bound titer)

V22 High replication (cell bound titer)

V27 High oncolytic potency

17+ Reference strain

H1052 Gene modified strain (representative backbone
of oHSVs)

The second growth curve was done with a smaller group of viruses. This group (Table 8)
was chosen based on the results from earlier experiments. Fully confluent Vero cells on
a 24-well plate were infected with approximately 5 MOI of each virus in duplicates. The
plates were then incubated at 37 °C and 5% COz for 2 hours, after which the cells were
washed with DMEM (incl. Hepes) supplemented with 2% inactivated FBS and
gentamycin and then placed back in the incubator with 1000 pl of the same medium. 50
ul samples of the supernatant were taken at the same time points as with the screening

experiment, and the titers for each strain were determined with the plaque assay.

4.8 Viral genetics

Quantitative PCR was used to prepare samples for genetic analysis of glycoproteins
relevant to cell-to-cell spread, as well as to determine the genetic clades of each strain.
For glycoprotein analysis, the genes UL27 and Us7 were chosen as targets for the analysis:

UL27 codes for gB, which is essential in the virus’s fusion into cell membranes, while
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Us7 codes for gl which is critical in the lateral spread of nontransformed viruses
(Roizman et al., 2013). The samples were diluted in PBS, either 1:10 or 1:100 depending
on the virus, and the samples were boiled at 98 °C for 10 minutes and then refrigerated
while the standards and PCR -mixes were prepared. The PCR -mixes contained H>O,
SYBR Green (ThermoFisher, Waltham, MA, USA), and different primers based on the
experiment. The PCR-mix was added to each of the RotorGene tubes (Qiagen, Hilden,
Germany) on a cold block, after which the master mixes were combined with the samples.
Additionally, a control series of viral genomes with known copy numbers ranging from
10 to 10' copies per reaction were prepared for the Eastern/Western genotype
determination, of which controls 107, 10°, and 10° were utilized during glycoprotein
analysis. A “no-template” —control was prepared by adding only PCR-mix and no sample
to the tube. The samples were loaded onto the Rotor-Gene Q PCR cycler (Qiagen) and

the run (Table 9) was initiated.

Table 9. The PCR run.

Cycle Cycle point

Hold 1 Hold @ 95°C, 10min Os

Cycling Step 1: Hold @ 95°C, 15s
(45 repeats) Step 2: Hold @ 55°C, 30s

Step 3: Hold @ 72°C, 45s

Hold 2 Hold @ 95°C, Omin 15s

Melt Ramp from 72°C to 95°C

Hold for 90s on the 1st step

Hold for 5s on next steps

4.8.1 Analytical agarose gel

The primers pairs used in the glycoprotein analysis experiment, Up27 (5°-
CGGTGGTCTCCAGGTTGTTG-3’ and 5’-TGGTCTACGACCGAGACGTT-3") and
Us7 (5°-ACGTGTTACGCGTATGGGTC-3’ and 5’-TATACCAACAGGGGAGGCGT-
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3’), were designed to target Ur27 and Us7, respectively. After the PCR-run was
completed, the integrity of each sample was checked with an agarose gel run. 5 pl of each
sample was mixed with 1 pl of DNA Gel Loading Dye (6X) (ThermoFisher) and run in
a 1% agarose gel at 40 V for 5 min, and then at 90 V for 1 h. Finally, the DNA in the PCR
products was purified with the GeneJET PCR Purification Kit (ThermoFisher) using the
provided manufacturer’s protocol. The concentration of each sample was measured with
a DS-11 spectrophotometer (Denovix Inc., Wilmington, DE, USA), and 5 ul of each
sample with both primer pairs were sent for sequencing (LightRun, Eurofins Genomics,

Denmark) in 1.5 ml SafeLock Eppendorfs (Sigma Aldrich).

4.8.2 Eastern/Western genotyping of virus strains with PCR

The recognition of the genetic clade was carried out based on sequence variation of the
glycoprotein gG-1 gene (Bowen et al., 2019; Lasanen et al., 2021). In addition to the “no-
template” —control, a water control was added for the assessment of possible PCR
contaminations by substituting the adding H>O to the PCR-mix. The PCR run was
conducted twice: the first run used the primers referred to as S1, which detects Western-
type HSV genome, and R, which anneals to all HSV-1 strains, while in the second run S1
was replaced with F, which anneals to all HSV-1 strains. The copy numbers from each

virus were then used to determine their clade.

4.9 Sensitivity of the viral strains to modified antiviral siRNA swarm

The prophylactic antiviral efficacy of UL29-targeting siRNA swarms as an antiviral
treatment against the strains was quantified by transfecting U373MG cells with HSV
specific or nonspecific siRNA swarms and then infecting them with the strains according
to previous work by Kalke et al. (2020) and Levanova et al. (2020). A HSV-specific RNA
swarm Ur29 (Romanovskaya et al., 2012) and a non-specific swarm PET (Levanova et
al., 2020) were used in the experiment. Both had been 100% 2’-fluoro modified
(Levanova et al., 2020).

Two RNA-mixes, containing either UL29 or PET with RNAIMAX Lipofectamine
(Invitrogen, Carlsbad, CA, USA) and OptiMEM (Gibco) were prepared at a concentration
of 5 pmol/well, according to the manufacturer’s protocol. Similar mixes were prepared
for the controls, which were an unmodified UL29-swarm, immunostimulatory,

nonspecific 88bp double-stranded RNA (Jiang et al., 2011), and a mock transfection mix
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which contained only lipofectamine and OptiMEM. The mixtures were vortexed and then
incubated at RT for approximately 20 minutes with a second vortexing in the middle of
the incubation period. The cell plates were washed and then left with 80 ul of OptiMEM,
and 20 pl of the appropriate RNA-mix was added to each well in such a way that there
were four parallel wells of both UL29 and PET for each virus. Furthermore, a set of four
parallel wells were prepared for each of the control transfections, as well as a set of four
wells that were not treated in any way. The plates were then placed in the incubator (37
°C, 5% CO) for 4 hours.

After the incubation, the transfection medium in each well was replaced with 100 ul of a
corresponding viral dilution with 1000 PFU in DMEM (incl. Hepes) supplemented with
2% of FBS and gentamycin. The control wells were infected with the reference strain
17+, as were the four untransfected wells, acting as infection control. The plates were
placed in the incubator (37 °C, 5% CO3) to be incubated for 48 hours, after which the
supernatant from each well was transferred to a separate plate that was stored at —80 °C.
The plates were then thawed and the samples titered to determine the efficiency of the

antiviral RNAI.

4.10 Live cell imaging

In vitro -imaging of the virus plaques during various parts of the experiment was carried
out with the EVOS FL Auto imaging system (ThermoFisher) and with the Primovert

inverted microscope (CarlZeiss, Oberkochen, Germany).

4.11 Statistical methods

Statistical analyses were performed with SPSS statistics v.25.0.0.1 (IBM, Armonk NY,
USA). The statistical significances were calculated with Mann-Whitney’s non-parametric
U-test by comparing two individual groups at a time, with the threshold of significance
set as a P-value of <0.05. The sigmoidal dose-response curves and their associated ICso
values were fitted and calculated with Origin 2016 v.b9.2.3.303 (Academic) (OriginLab
Corporation, Northampton, MA, USA).

53



Acknowledgements

Firstly, I’d like to thank my supervisors Kiira Kalke, for her constant and continuous
support throughout the project, and Veijo Hukkanen, for lending his considerable
scientific expertise to this project. I’d also like to acknowledge Liisa Lund, who provided
tremendous amounts of help with the lab work, and Fanny Frejborg, who helped me to
get to grips with writing the thesis. Furthermore, 1’d like to thank Tuomas Lasanen for
creating the phylogenetic trees and his assistance in conducting the viral genetic analysis.
Finally, I’d like to thank all the members of the HSV group, past and present, for
welcoming me into the fold with such open arms as well as everyone else working at

Medisiina D7 for creating such a friendly atmosphere.

54



Abbreviations

AAV
ADA
ATP
bp
CART
DNA
DMEM
EMA
FBS
FDA

g

GFP

h

hpi
Hepes

HHV
HIV
HSV
HSV-1
HSV-2
ICP34.5
ICso

Ig

ml
mRNA
MOI
oHSV
PCR
PFU
p.i.
RNA

Adeno-associated virus
Adenosine deaminase
Adenosine triphosphate

Base pair

Chimeric antigen receptor T
Deoxyribonucleic acid
Dulbecco's modified Eagle's medium
European Medicines Agency
Fetal bovine serum

Food and Drug Administration
Glycoprotein

Green fluorescent protein
Hour

Hours post-infection

N-2-hydroxyethylpiperazine-N'-2-ethane

sulfonic acid

Human herpesvirus

Human immunodeficiency virus
Herpes simplex virus

Herpes simplex virus type 1
Herpes simplex virus type 2
Infected cell protein 34.5
Half-maximal inhibitory concentration
Immunoglobulin

Milliliter

Messenger ribonucleic acid
Multiplicity of infection
Oncolytic herpes simplex virus
Polymerase chain reaction
Plaque-forming unit
Post-infection

Ribonucleic acid

55



RNAI
RT

SD
siRNA
TK

T-vec

Ribonucleic acid interference
Room temperature

Standard deviation

Small interfering ribonucleic acid
Thymidine kinase

Talimogene laherparepvec

56



References

Abaitua, F., Zia, F. R., Hollinshead, M., & O’Hare, P. (2013). Polarized Cell Migration
during Cell-to-Cell Transmission of Herpes Simplex Virus in Human Skin
Keratinocytes. Journal of Virology, 87(14), 7921-7932.
https://doi.org/10.1128/JV1.01172-13/ASSET/1629858F-CB06-4061-85C8-
832343126D08/ASSETS/GRAPHIC/ZIV9990978290008.JPEG

Ahmad, A. (2020). CAR-T Cell Therapy. International Journal of Molecular Sciences,
21(12), 1-3. https://doi.org/10.3390/1JMS21124303

Alain, T., Hirasawa, K., Pon, K. J., Nishikawa, S. G., Urbanski, S. J., Auer, Y., Lulder,
J., Martin, A., Johnston, R. N., Janowska-Wieczorek, A., Lee, P. W. K., &
Kossakowska, A. E. (2002). Reovirus therapy of lymphoid malignancies. Blood,
100(12), 4146—4153. https://doi.org/10.1182/BLOOD-2002-02-0503

Amagai, Y., Fujiyuki, T., Yoneda, M., Shoji, K., Furukawa, Y., Sato, H., & Kai, C.
(2016). Oncolytic Activity of a Recombinant Measles Virus, Blind to Signaling
Lymphocyte Activation Molecule, Against Colorectal Cancer Cells. Scientific
Reports 2016 6:1, 6(1), 1-10. https://doi.org/10.1038/srep24572

Amen, M. A., & Griffiths, A. (2011). Packaging of non-coding RNAs into herpesvirus
virions: Comparisons to coding RNAs. Frontiers in Genetics, 2(NOV), 81.
https://doi.org/10.3389/FGENE.2011.0008 1/BIBTEX

Amgen. (2015). FDA Approves IMLYGIC™ (Talimogene Laherparepvec) As First
Oncolytic Viral Therapy In The US. https://www.amgen.com/newsroom/press-
releases/2015/10/fda-approves-imlygic-talimogene-laherparepvec-as-first-
oncolytic-viral-therapy-in-the-us

Anderson, L. D. (2022). Idecabtagene vicleucel (ide-cel) CAR T-cell therapy for relapsed
and refractory multiple myeloma. Future Oncology, 18(3), 277-289.
https://doi.org/10.2217/FON-2021-1090

Bacon, T. H., Levin, M. J., Leary, J. J., Sarisky, R. T., & Sutton, D. (2003). Herpes
simplex virus resistance to acyclovir and penciclovir after two decades of antiviral
therapy. Clinical Microbiology Reviews, 16(1), 114-128.
https://doi.org/10.1128/CMR.16.1.114-128.2003

Bartlett, D. L., Liu, Z., Sathaiah, M., Ravindranathan, R., Guo, Z., He, Y., & Guo, Z. S.
(2013). Oncolytic viruses as therapeutic cancer vaccines. Molecular Cancer, 12(1).
https://doi.org/10.1186/1476-4598-12-103

Bernstein, D. 1., Cardin, R. D., Smith, G. A., Pickard, G. E., Sollars, P. J., Dixon, D. A.,
Pasula, R., & Bravo, F. J. (2020). The R2 non-neuroinvasive HSV-1 vaccine affords
protection from genital HSV-2 infections in a guinea pig model. Npj Vaccines 2020
5:1, 5(1), 1-8. https://doi.org/10.1038/s41541-020-00254-8

Booth, C., Gaspar, H. B., & Thrasher, A. J. (2016). Treating Immunodeficiency through
HSC Gene Therapy. Trends in Molecular Medicine, 22(4), 317-327.
https://doi.org/10.1016/J.MOLMED.2016.02.002

Bowen, C. D., Paavilainen, H., Renner, D. W., Palomaéki, J., Lehtinen, J., Vuorinen, T.,
Norberg, P., Hukkanen, V., & Szpara, M. L. (2019). Comparison of Herpes Simplex
Virus 1 Strains Circulating in Finland Demonstrates the Uncoupling of Whole-
Genome Relatedness and Phenotypic Outcomes of Viral Infection. Journal of
Virology, 93(8). https://doi.org/10.1128/JVI1.01824-18

Bradshaw, M., & Venkatesan, A. (2016). Herpes Simplex Virus-1 Encephalitis in Adults:
Pathophysiology, Diagnosis, and Management. Neurotherapeutics : The Journal of
the American Society for Experimental NeuroTherapeutics, 13(3), 493-508.
https://doi.org/10.1007/S13311-016-0433-7

57



Brentjens, R. J., Davila, M. L., Riviere, L., Park, J., Wang, X., Cowell, L. G., Bartido, S.,
Stefanski, J., Taylor, C., Olszewska, M., Borquez-Ojeda, O., Qu, J., Wasielewska,
T., He, Q., Bernal, Y., Rijo, I. V., Hedvat, C., Kobos, R., Curran, K., ... Sadelain,
M. (2013). CD19-targeted T cells rapidly induce molecular remissions in adults with
chemotherapy-refractory acute lymphoblastic leukemia. Science Translational
Medicine, 5(177). https://doi.org/10.1126/SCITRANSLMED.3005930

Brudno, J. N., & Kochenderfer, J. N. (2019). Recent advances in CAR T-cell toxicity:
Mechanisms, manifestations and management. Blood Reviews, 34, 45-55.
https://doi.org/10.1016/J.BLRE.2018.11.002

Burnet, F. M., & Williams, S. W. (1939). HERPES SIMPLEX: A NEW POINT OF
VIEW. Medical Journal of Australia, 1(17), 637-642.
https://doi.org/10.5694/1.1326-5377.1939.TB114698.X

Buthod, L. M., Schindler, N. L., & Rogers, H. W. (1987). Determination of cell line
suitability for rapid isolation of herpes simplex virus. Journal of Virological
Methods, 18(1), 37-46. https://doi.org/10.1016/0166-0934(87)90108-X

Carmichael, J. C., Yokota, H., Craven, R. C., Schmitt, A., & Wills, J. W. (2018). The
HSV-1 mechanisms of cell-to-cell spread and fusion are critically dependent on host
PTP1B. PLoS Pathogens, 14(5). https://doi.org/10.1371/JOURNAL.PPAT.1007054

Carton, C. A., & Kilbourne, E. D. (1952). Activation of Latent Herpes Simplex by
Trigeminal Sensory-Root Section. The New England Journal of Medicine, 246(5),
172-176. https://doi.org/10.1056/NEJM195201312460503

Chahlavi, A., Rabkin, S. D., Todo, T., Sundaresan, P., & Martuza, R. L. (1999). Effect of
prior exposure to herpes simplex virus 1 on viral vector-mediated tumor therapy in
immunocompetent mice. Gene Therapy 1999 6:10, 6(10), 1751-1758.
https://doi.org/10.1038/sj.gt.3301003

Chamberlain, K., Riyad, J. M., & Weber, T. (2016). Expressing Transgenes That Exceed
the Packaging Capacity of Adeno-Associated Virus Capsids. Human Gene Therapy
Methods, 27(1), 1-12. https://doi.org/10.1089/HGTB.2015.140

Chodosh, J., & Ung, L. (2020). Adoption of Innovation in Herpes Simplex Virus
Keratitis. Cornea, 39 Suppl 1(1), S7-S18.
https://doi.org/10.1097/1C0O.0000000000002425

Chou, J., Kern, E. R., Whitley, R. J., & Roizman, B. (1990). Mapping of herpes simplex
virus-1 neurovirulence to gamma 134.5, a gene nonessential for growth in culture.
Science, 250(4985), 1262—1266. https://doi.org/10.1126/SCIENCE.2173860

Cooper, P. D. (1962). The Plaque Assay of Animal Viruses. Advances in Virus Research,
8(C), 319-378. https://doi.org/10.1016/S0065-3527(08)60689-2

Corey, L., & Spear, P. G. (1986). Infections with herpes simplex viruses (1). The New
England Journal of Medicine, 314(11), 686—691.
https://doi.org/10.1056/NEJM198603133141105

Cushing, H. (1905). THE SURGICAL ASPECTS OF MAJOR NEURALGIA OF THE
TRIGEMINAL NERVE.A REPORT OF TWENTY CASES OF OPERATION ON
THE GASSERIAN GANGLION, WITH ANATOMIC AND PHYSIOLOGIC
NOTES ON THE CONSEQUENCES OF ITS REMOVAL. Journal of the American
Medical Association, XLIV(13), 1002-1008.
https://doi.org/10.1001/JAMA.1905.92500400006001 A

David, R. M., & Doherty, A. T. (2017). Viral Vectors: The Road to Reducing
Genotoxicity. Toxicological Sciences: An Official Journal of the Society of
Toxicology, 155(2), 315-325. https://doi.org/10.1093/TOXSCI/KFW220

Davison, A. J. (2007). Comparative analysis of the genomes. In A. Arvin, G. Campadelli-
Fiume, E. Mocarski, P. S. Moore, B. Roizman, R. Whitley, & K. Yamanishi (Eds.),

58



Human Herpesviruses: Biology, Therapy, and Immunoprophylaxis (1st ed.).
Cambridge University Press.

Dickenson, A., & Kieffer, B. (2006). Opiates: basic mehcanisms. In S. McMahon & M.
Koltzenburg (Eds.), Wall and Melzack’s textbook of pain (5th ed., p. 1153).

Dingwell, K. S., Brunetti, C. R., Hendricks, R. L., Tang, Q., Tang, M., Rainbow, A.J., &
Johnson, D. C. (1994). Herpes simplex virus glycoproteins E and I facilitate cell-to-
cell spread in vivo and across junctions of cultured cells. Journal of Virology, 68(2),
834-845. https://doi.org/10.1128/JVI1.68.2.834-845.1994

Dolan, A., Jamieson, F., Cunningham, C., Barnett, B., & McGeoch, D. (1998). The
genome sequence of herpes simplex virus type 2. Journal of Virology, 72(3), 2010—
2021. https://doi.org/10.1128/JV1.72.3.2010-2021.1998

Drouin, L. M., & Agbandje-Mckenna, M. (2013). Adeno-associated virus structural
biology as a tool in vector development. Future Virology, 8(12), 1183—-1199.
https://doi.org/10.2217/FVL.13.112

Drugs.com. (2020). Why is Zolgensma so expensive? https://www.drugs.com/medical-
answers/zolgensma-expensive-3552644/

Drugs.com. (2021). What is the cost of Yescarta? https://www.drugs.com/medical-
answers/cost-yescarta-3342568/

Dwyer-Lindgren, L., Cork, M. A., Sligar, A., Steuben, K. M., Wilson, K. F., Provost, N.
R., Mayala, B. K., VanderHeide, J. D., Collison, M. L., Hall, J. B., Biehl, M. H.,
Carter, A., Frank, T., Douwes-Schultz, D., Burstein, R., Casey, D. C., Deshpande,
A., Earl, L., El Bcheraoui, C., ... Hay, S. I. (2019). Mapping HIV prevalence in sub-
Saharan Africa between 2000 and 2017. Nature 2019 570:7760, 570(7760), 189—
193. https://doi.org/10.1038/s41586-019-1200-9

Ebbell, B., & Banov, L. J. (1937). The Papyrus Ebers : the greatest Egyptian medical
document. Levin & Munksgaard.

Eisenberg, R. J., Atanasiu, D., Cairns, T. M., Gallagher, J. R., Krummenacher, C., &
Cohen, G. H. (2012). Herpes virus fusion and entry: a story with many characters.
Viruses, 4(5), 800—832. https://doi.org/10.3390/V4050800

Ejercito, P., Kieff, E., & Roizman, B. (1968). Characterization of herpes simplex virus
strains differing in their effects on social behaviour of infected cells. The Journal of
General Virology, 2(3), 357-364. https://doi.org/10.1099/0022-1317-2-3-357

EMA. (2015). T-vec: Summary of Product Characteristics.

EMA. (2019). Guideline on quality, non-clinical and clinical requirements for
investigational advanced therapy medicinal products in clinical trials.

EMA. (2022a). European Medicines Agency. https://www.ema.europa.eu/en

EMA. (2022b). European Public Assessment Reports (EPAR).

Falese, L., Sandza, K., Yates, B., Triffault, S., Gangar, S., Long, B., Tsuruda, L., Carter,
B., Vettermann, C., Zoog, S. J., & Fong, S. (2017). Strategy to detect pre-existing
immunity to AAV gene therapy. Gene Therapy, 24(12), 768-778.
https://doi.org/10.1038/gt.2017.95

FDA. (2022). U.S. Food and Drug Administration. https://www.fda.gov/

Ferrua, F., & Aiuti, A. (2017). Twenty-Five Years of Gene Therapy for ADA-SCID:
From Bubble Babies to an Approved Drug. Human Gene Therapy, 28(11), 972-981.
https://doi.org/10.1089/HUM.2017.175

Fink, D. J., Wechuck, J., Mata, M., Glorioso, J. C., Goss, J., Krisky, D., & Wolfe, D.
(2011). Gene therapy for pain: results of a phase I clinical trial. Annals of Neurology,
70(2), 207-212. https://doi.org/10.1002/ANA.22446

Frampton, A. R., Goins, W. F., Nakano, K., Burton, E. A., & Glorioso, J. C. (2005). HSV
trafficking and development of gene therapy vectors with applications in the nervous

59



system. Gene Therapy, 12(11), 891-901. https://doi.org/10.1038/SJ.GT.3302545

Freeman, E. E., Weiss, H. A., Glynn, J. R., Cross, P. L., Whitworth, J. A., & Hayes, R. J.
(2006). Herpes simplex virus 2 infection increases HIV acquisition in men and
women: systematic review and meta-analysis of longitudinal studies. AIDS (London,
England), 20(1), 73—83. https://doi.org/10.1097/01.AIDS.0000198081.09337.A7

Friedman, G. K., Johnston, J. M., Bag, A. K., Bernstock, J. D., Li, R., Aban, 1., Kachurak,
K., Nan, L., Kang, K.-D., Totsch, S., Schlappi, C., Martin, A. M., Pastakia, D.,
McNall-Knapp, R., Farouk Sait, S., Khakoo, Y., Karajannis, M. A., Woodling, K.,
Palmer, J. D., ... Gillespie, G. Y. (2021). Oncolytic HSV-1 G207
Immunovirotherapy for Pediatric High-Grade Gliomas. The New England Journal
of Medicine, 384(17), 1613—1622. https://doi.org/10.1056/NEJIMOA2024947

Gao, H., Zhang, X., Ding, Y., Qiu, R., Hong, Y., & Chen, W. (2019). Synergistic
Suppression Effect on Tumor Growth of Colorectal Cancer by Combining
Radiotherapy With a TRAIL-Armed Oncolytic Adenovirus. Technology in Cancer
Research & Treatment, 18. https://doi.org/10.1177/1533033819853290

Gatherer, D., Depledge, D. P., Hartley, C. A., Szpara, M. L., Vaz, P. K., Benkd, M.,
Brandt, C. R., Bryant, N. A., Dastjerdi, A., Doszpoly, A., Gompels, U. A., Inoue,
N., Jarosinski, K. W., Kaul, R., Lacoste, V., Norberg, P., Origgi, F. C., Orton, R. J.,
Pellett, P. E., ... Varsani, A. (2021). ICTV Virus Taxonomy Profile: Herpesviridae
2021. The  Journal of  General Virology, 102(10), 1673.
https://doi.org/10.1099/JGV.0.001673

Gnann, J., Barton, N., & Whitley, R. (1983). Acyclovir: mechanism of action,
pharmacokinetics, safety and clinical applications. Pharmacotherapy, 3(5), 275—
283. https://doi.org/10.1002/J.1875-9114.1983.TB03274.X

Goodpasture, E. W. (1929). Herpetic infection, with especial reference to involvement of
the nervous system. Medicine. https://doi.org/10.1097/00005792-199303000-00006

Gupta, R., Warren, T., & Wald, A. (2007). Genital herpes. Lancet, 370(9605), 2127—
2137. https://doi.org/10.1016/S0140-6736(07)61908-4

Haghighi-Najafabadi, N., Roohvand, F., Shams Nosrati, M. S., Teimoori-Toolabi, L., &
Azadmanesh, K. (2021). Oncolytic herpes simplex virus type-1 expressing IL-12
efficiently replicates and kills human colorectal cancer cells. Microbial
Pathogenesis, 160. https://doi.org/10.1016/J. MICPATH.2021.105164

Han, E. S., Goleman, D., Boyatzis, R., & Mckee, A. (2018). Brenner and Stevens’
Pharmacology Fifth Edition. In Elsevier.

He, B., Chou, J., Brandimarti, T., Mohr, 1., Gluzman, Y., & Roizman, B. (1997).
Suppression of the phenotype of gamma(1)34.5- herpes simplex virus 1: failure of
activated RNA-dependent protein kinase to shut off protein synthesis is associated
with a deletion in the domain of the alpha47 gene. Journal of Virology, 71(8), 6049—
6054. https://doi.org/10.1128/JV1.71.8.6049-6054.1997

He, B., Chou, J., Liebermann, D. A., Hoffman, B., & Roizman, B. (1996). The carboxyl
terminus of the murine MyD116 gene substitutes for the corresponding domain of
the gamma(1)34.5 gene of herpes simplex virus to preclude the premature shutoff of
total protein synthesis in infected human cells. Journal of Virology, 70(1), 84-90.
https://doi.org/10.1128/JV1.70.1.84-90.1996

Hindmarsh, P., & Leis, J. (1999). Retroviral DNA integration. Microbiology and
Molecular Biology Reviews : MMBR, 63(4), 141-151.
https://doi.org/10.1128/MMBR.63.4.836-843.1999

Hirooka, Y., Kasuya, H., Ishikawa, T., Kawashima, H., Ohno, E., Villalobos, I. B., Naoe,
Y., Ichinose, T., Koyama, N., Tanaka, M., Kodera, Y., & Goto, H. (2018). A Phase
I clinical trial of EUS-guided intratumoral injection of the oncolytic virus, HF10 for

60



unresectable locally advanced pancreatic cancer. BMC Cancer, 18(1).
https://doi.org/10.1186/S12885-018-4453-Z

Hjalmarsson, A., Blomgqvist, P., & Skoldenberg, B. (2007). Herpes simplex encephalitis
in Sweden, 1990-2001: incidence, morbidity, and mortality. Clinical Infectious
Diseases : An Official Publication of the Infectious Diseases Society of America,
45(7), 875-880. https://doi.org/10.1086/521262

Hook, L. M., Awasthi, S., Cairns, T. M., Alameh, M.-G., Fowler, B. T., Egan, K. P,
Sung, M. M. H., Weissman, D., Cohen, G. H., & Friedman, H. M. (2022). Antibodies
to Crucial Epitopes on HSV-2 Glycoprotein D as a Guide to Dosing an mRNA
Genital Herpes Vaccine. Viruses 2022, Vol. 14, Page 540, 14(3), 540.
https://doi.org/10.3390/V14030540

Ishino, R., Kawase, Y., Kitawaki, T., Sugimoto, N., Oku, M., Uchida, S., Imataki, O.,
Matsuoka, A., Taoka, T., Kawakami, K., van Kuppevelt, T. H., Todo, T., Takaori-
Kondo, A., & Kadowaki, N. (2021). Oncolytic Virus Therapy with HSV-1 for
Hematological =~ Malignancies.  Molecular ~ Therapy, 29(2), 762-774.
https://doi.org/10.1016/J.YMTHE.2020.09.041

James, C., Harfouche, M., Welton, N. J., Turner, K. M., Abu-Raddad, L. J., Gottlieb, S.
L., & Looker, K. J. (2020). Herpes simplex virus: global infection prevalence and
incidence estimates, 2016. Bulletin of the World Health Organization, 98(5), 315.
https://doi.org/10.2471/BLT.19.237149

James, S. H., & Kimberlin, D. W. (2015). Neonatal herpes simplex virus infection:
epidemiology and treatment. Clinics in Perinatology, 42(1), 47-59.
https://doi.org/10.1016/J.CLP.2014.10.005

Jiang, M., Osterlund, P., Sarin, L. P., Poranen, M. M., Bamford, D. H., Guo, D., &
Julkunen, 1. (2011). Innate Immune Responses in Human Monocyte-Derived
Dendritic Cells Are Highly Dependent on the Size and the 5’ Phosphorylation of
RNA Molecules. The Journal of Immunology, 187(4), 1713-1721.
https://doi.org/10.4049/JIMMUNOL.1100361

Johnson, D. C., & Huber, M. T. (2002). Directed Egress of Animal Viruses Promotes
Cell-to-Cell Spread. Journal of Virology, 76(1), 1-8.
https://doi.org/10.1128/JV1.76.1.1-8.2002/ASSET/2D2D3446-0ABA-4D6A-9F 19-
7D52D3C7517F/ASSETS/GRAPHIC/JV0121623003.JPEG

Johnson, D., Puzanov, 1., & Kelley, M. (2015). Talimogene laherparepvec (T-VEC) for
the treatment of advanced melanoma. [Immunotherapy, 7(6), 611-619.
https://doi.org/10.2217/IMT.15.35

Johnston, C., Gottlieb, S. L., & Wald, A. (2016). Status of vaccine research and
development of vaccines for herpes simplex virus. Vaccine, 34(26), 2948-2952.
https://doi.org/10.1016/J.VACCINE.2015.12.076

Johnston, C., Koelle, D. M., & Wald, A. (2011). HSV-2: in pursuit of a vaccine. The
Journal of Clinical Investigation, 121(12), 4600. https://doi.org/10.1172/JC157148

Jones, J., Depledge, D. P., Breuer, J., Ebert-Keel, K., & Elliott, G. (2019). Genetic and
phenotypic intrastrain variation in herpes simplex virus type 1 Glasgow strain 17
syn+-derived viruses. The Journal of General Virology, 100(12), 1701-1713.
https://doi.org/10.1099/JGV.0.001343

Kalke, K., Lehtinen, J., Gnjatovic, J., Lund, L., Nyman, M., Paavilainen, H., Orpana, J.,
Lasanen, T., Frejborg, F., Levanova, A., Vuorinen, T., Poranen, M., & Hukkanen,
V. (2020). Herpes Simplex Virus Type 1 Clinical Isolates Respond to UL29-
Targeted siRNA Swarm Treatment Independent of Their Acyclovir Sensitivity.
Viruses, 12(12). https://doi.org/10.3390/V12121434

Kanai, R., Zaupa, C., Sgubin, D., Antoszczyk, S. J., Martuza, R. L., Wakimoto, H., &

61



Rabkin, S. D. (2012). Effect of y34.5 deletions on oncolytic herpes simplex virus
activity in  brain tumors. Journal of Virology, 86(8), 4420-4431.
https://doi.org/10.1128/JV1.00017-12

Kaufman, H. L., Andtbacka, R. H. I., Collichio, F. A., Amatruda, T., Senzer, N. N.,
Chesney, J., Delman, K. A., Spitler, L. E., Puzanov, L., Ye, Y., Li, A., Gansert, J. L.,
Coffin, R., & Ross, M. 1. (2014). Primary overall survival (OS) from OPTiM, a
randomized phase III trial of talimogene laherparepvec (T-VEC) versus
subcutaneous (SC) granulocyte-macrophage colony-stimulating factor (GM-CSF)
for the treatment (tx) of unresected stage IIIB/C and IV melanoma. Journal of
Clinical Oncology, 32(15_suppl), 9008a-9008a.
https://doi.org/10.1200/JC0O.2014.32.15 _SUPPL.9008A

Kim, H. C., & Lee, H. K. (2020). Vaccines against Genital Herpes: Where Are We?
Vaccines, 8(3), 1-13. https://doi.org/10.3390/VACCINES8030420

Knipe, D. M., & Howley, P. (2013). Fields Virology (6th ed., Vol. 2).

Kolb, A. W., Adams, M., Cabot, E. L., Craven, M., & Brandt, C. R. (2011). Multiplex
sequencing of seven ocular herpes simplex virus type-1 genomes: Phylogeny,
sequence variability, and SNP distribution. Investigative Ophthalmology and Visual
Science, 52(12), 9061-9073. https://doi.org/10.1167/I0VS.11-7812/-
/DCSUPPLEMENTAL

Kolb, A. W., An¢, C., & Brandt, C. R. (2013). Using HSV-1 Genome Phylogenetics to
Track  Past Human  Migrations. PLOS  ONE, 8(10), e76267.
https://doi.org/10.1371/JOURNAL.PONE.0076267

Kollias, C. M., Huneke, R. B., Wigdahl, B., & Jennings, S. R. (2015). Animal models of
herpes simplex virus immunity and pathogenesis. Journal of Neurovirology, 21(1),
8-23. https://doi.org/10.1007/S13365-014-0302-2

Kristensson, K., Lycke, E., Roytta, M., Svennerholm, B., & Vahlne, A. (1986). Neuritic
transport of herpes simplex virus in rat sensory neurons in vitro. Effects of
substances interacting with microtubular function and axonal flow [nocodazole,
taxol and erythro-9-3-(2-hydroxynonyl)adenine]. The Journal of General Virology,
67 (Pt 9)(9), 2023-2028. https://doi.org/10.1099/0022-1317-67-9-2023

Krystal Biotech. (2021). Krystal Biotech Announces Completion of the GEM-3 Pivotal
Phase 3 Study Evaluating B-VEC for the Treatment of Dystrophic Epidermolysis
Bullosa.

Kuny, C. V., Bowen, C. D., Renner, D. W., Johnston, C. M., & Szpara, M. L. (2020). In
vitro evolution of herpes simplex virus 1 (HSV-1) reveals selection for syncytia and
other ~minor variants in cell culture.  Virus  Evolution,  6(1).
https://doi.org/10.1093/VE/VEAAO013

Labrunie, T., Ducastelle, S., Domenech, C., Ader, F., Morfin, F., & Frobert, E. (2019).
UL23, UL30, and ULS characterization of HSV1 clinical strains isolated from
hematology department patients. Antiviral Research, 168, 114-120.
https://doi.org/10.1016/J.ANTIVIRAL.2019.05.012

Lafferty, W. E., Coombs, R. W., Benedetti, J., Critchlow, C., & Corey, L. (1987).
Recurrences after Oral and Genital Herpes Simplex Virus Infection.
Http.://Dx.Doi.Org/10.1056/NEJM198706043162304, 316(23), 1444-1449.
https://doi.org/10.1056/NEJM198706043162304

Lasanen, T., Paloméki, J., Kalke, K., Lund, L., Nyman, M., Orpana, J., Vuorinen, T.,
Pimenoff, V., & Hukkanen, V. (2021). Divergent Herpes Simplex Virus 1 Strains
Are Sustained in the Finnish Population and Reflected by the Glycoprotein G
Sequences. In Abstracts of the 45th Annual Herpes Workshop, IHW 2021 (Abstract
1.08) (p. 48).

62



Lee, D. H., & Zuckerman, R. A. (2019). Herpes simplex virus infections in solid organ
transplantation: Guidelines from the American Society of Transplantation Infectious
Diseases Community of Practice.  Clinical  Transplantation,  33(9).
https://doi.org/10.1111/CTR.13526

Leege, T., Fuchs, W., Granzow, H., Kopp, M., Klupp, B. G., & Mettenleiter, T. C. (2009).
Effects of Simultaneous Deletion of pULI1 and Glycoprotein M on Virion
Maturation of Herpes Simplex Virus Type 1. Journal of Virology, 83(2), 896-907.
https://doi.org/10.1128/JV1.01842-08/ASSET/4222A478-174F-4383-B2EB-
08F1B603BSAF/ASSETS/GRAPHIC/ZJV0020914330008.JPEG

Lei, W., Ye, Q., Hao, Y., Chen, J., Huang, Y., Yang, L., Wang, S., & Qian, W. (2022).
CDI19-targeted BiTE expression by an oncolytic vaccinia virus significantly
augments therapeutic efficacy against B-cell lymphoma. Blood Cancer Journal 2022
12:2, 12(2), 1-10. https://doi.org/10.1038/s41408-022-00634-4

Levanova, A. A., Kalke, K. M., Lund, L. M., Sipari, N., Sadeghi, M., Nyman, M. C.,
Paavilainen, H., Hukkanen, V., & Poranen, M. M. (2020). Enzymatically
synthesized 2'-fluoro-modified Dicer-substrate siRNA swarms against herpes
simplex virus demonstrate enhanced antiviral efficacy and low cytotoxicity.
Antiviral Research, 182, 104916.
https://doi.org/10.1016/J.ANTIVIRAL.2020.104916

Levanova, A. A., & Poranen, M. M. (2018). RNA interference as a prospective tool for
the control of human viral infections. Frontiers in Microbiology, 9(SEP), 2151.
https://doi.org/10.3389/FMICB.2018.02151/BIBTEX

Li, Y., Wang, S., Zhu, H., & Zheng, C. (2011). Cloning of the herpes simplex virus type
1 genome as a novel luciferase-tagged infectious bacterial artificial chromosome.
Archives of Virology, 156(12), 2267-2272. https://doi.org/10.1007/S00705-011-
1094-9

Liu, B. L., Robinson, M., Han, Z. Q., Branston, R. H., English, C., Reay, P., McGrath,
Y., Thomas, S. K., Thornton, M., Bullock, P., Love, C. A., & Coffin, R. S. (2003).
ICP34.5 deleted herpes simplex virus with enhanced oncolytic, immune stimulating,
and anti-tumour properties. Gene Therapy, 10(4), 292-303.
https://doi.org/10.1038/SJ.GT.3301885

Looker, K. J., Magaret, A., May, M., Turner, K., Vickerman, P., Gottlieb, S., & Newman,
L. (2015). Global and Regional Estimates of Prevalent and Incident Herpes Simplex
Virus Type 1 Infections in 2012. PloS One, 10(10).
https://doi.org/10.1371/JOURNAL.PONE.0140765

Looker, K. J., Welton, N. J., Sabin, K. M., Dalal, S., Vickerman, P., Turner, K. M. E.,
Boily, M. C., & Gottlieb, S. L. (2020). Global and regional estimates of the
contribution of herpes simplex virus type 2 infection to HIV incidence: a population
attributable fraction analysis using published epidemiological data. The Lancet.
Infectious Diseases, 20(2), 240-249. https://doi.org/10.1016/S1473-
3099(19)30470-0

Lowenstein, A. (1919). Atiologie Untersuchungen uber den fieberhaften Herpes
[Etiology studies of febrile herpes]. Munch Med Wochenschr, 66, 769.

Lurie, R. H., & Platanias, L. C. (2005). Mechanisms of type-I- and type-II-interferon-
mediated signalling. Nature Reviews Immunology 2005 5:5, 5(5), 375-386.
https://doi.org/10.1038/nri1604

MacKie, R. M., Stewart, B., & Brown, S. M. (2001). Intralesional injection of herpes
simplex virus 1716 in metastatic melanoma. Lancet (London, England), 357(9255),
525-526. https://doi.org/10.1016/S0140-6736(00)04048-4

Mahiet, C., Ergani, A., Huot, N., Alende, N., Azough, A., Salvaire, F., Bensimon, A.,

63



Conseiller, E., Wain-Hobson, S., Labetoulle, M., & Barradeau, S. (2012). Structural
Variability of the Herpes Simplex Virus 1 Genome In Vitro and In Vivo. Journal of
Virology, 86(16), 8592. https://doi.org/10.1128/JV1.00223-12

Manservigi, R., Argnani, R., & Marconi, P. (2010). HSV Recombinant Vectors for Gene
Therapy. The Open Virology Journal, 4(3), 123-156.
https://doi.org/10.2174/1874357901004030123

Mattila, R. K., Harila, K., Kangas, S. M., Paavilainen, H., Heape, A. M., Mohr, L. J., &
Hukkanen, V. (2015). An investigation of herpes simplex virus type 1 latency in a
novel mouse dorsal root ganglion model suggests a role for ICP34.5 in reactivation.
Journal of General Virology, 96(8), 2304-2313.
https://doi.org/10.1099/VIR.0.000138

McCarty, D. M., Monahan, P. E., & Samulski, R. J. (2001). Self-complementary
recombinant adeno-associated virus (scAAV) vectors promote efficient transduction
independently of DNA synthesis. Gene Therapy, 8(16), 1248-1254.
https://doi.org/10.1038/sj.gt.3301514

McGeoch, D., Dalrymple, M., Davison, A., Dolan, A., Frame, M., McNab, D., Perry, L.,
Scott, J., & Taylor, P. (1988). The complete DNA sequence of the long unique region
in the genome of herpes simplex virus type 1. The Journal of General Virology, 69
( Pt 7)(7), 1531-1574. https://doi.org/10.1099/0022-1317-69-7-1531

McGeoch, D. J., Dolan, A., Donald, S., & Brauer, D. H. K. (1986). Complete DNA
sequence of the short repeat region in the genome of herpes simplex virus type 1.
Nucleic Acids Research, 14(4), 1727-1745. https://doi.org/10.1093/NAR/14.4.1727

Melchjorsen, J., Matikainen, S., & Paludan, S. R. (2009). Activation and Evasion of
Innate Antiviral Immunity by Herpes Simplex Virus. Viruses, 1(3), 737.
https://doi.org/10.3390/V1030737

Mettenleiter, T. C., Miiller, F., Granzow, H., & Klupp, B. G. (2013). The way out: what
we know and do not know about herpesvirus nuclear egress. Cellular Microbiology,
15(2), 170-178. https://doi.org/10.1111/CM1.12044

Modlich, U., & Baum, C. (2009). Preventing and exploiting the oncogenic potential of
integrating gene vectors. The Journal of Clinical Investigation, 119(4), 755.
https://doi.org/10.1172/JCI38831

Mody, P. H., Pathak, S., Hanson, L. K., & Spencer, J. V. (2020). Herpes Simplex Virus:
A Versatile Tool for Insights Into Evolution, Gene Delivery, and Tumor
Immunotherapy. Virology: Research and Treatment, 11, 1178122X2091327.
https://doi.org/10.1177/1178122X20913274

Mohanty, R., Chowdhury, C. R., Arega, S., Sen, P., Ganguly, P., & Ganguly, N. (2019).
CAR T cell therapy: A new era for cancer treatment (Review). Oncology Reports,
42(6), 2183-2195. https://doi.org/10.3892/OR.2019.7335

Mullen, J. T., & Tanabe, K. K. (2002). Viral oncolysis. The Oncologist, 7(2), 106—119.
https://doi.org/10.1634/THEONCOLOGIST.7-2-106

Naso, M. F., Tomkowicz, B., Perry, W. L., & Strohl, W. R. (2017). Adeno-Associated
Virus (AAV) as a Vector for Gene Therapy. Biodrugs, 31(4), 317.
https://doi.org/10.1007/S40259-017-0234-5

Newman, W., & Southam, C. M. (1954). Virus treatment in advanced cancer; a
pathological study of fifty-seven cases. Cancer, 7(1), 106—-118.

NIH. (2022). ClinicalTrials.gov. https://clinicaltrials.gov/

Norberg, P., Bergstrom, T., Rekabdar, E., Lindh, M., & Liljeqvist, J. (2004). Phylogenetic
analysis of clinical herpes simplex virus type 1 isolates identified three genetic
groups and recombinant viruses. Journal of Virology, 78(19), 10755-10764.
https://doi.org/10.1128/JV1.78.19.10755-10764.2004

64



Nygérdas, M., Paavilainen, H., Miither, N., Nagel, C.-H., Royttd, M., Sodeik, B., &
Hukkanen, V. (2013). A Herpes Simplex Virus-Derived Replicative Vector
Expressing LIF Limits Experimental Demyelinating Disease and Modulates
Autoimmunity. PLoS ONE, 8(5).
https://doi.org/10.1371/JOURNAL.PONE.0064200

Nygardas, M., Vuorinen, T., Aalto, A. P., Bamford, D. H., & Hukkanen, V. (2009).
Inhibition of coxsackievirus B3 and related enteroviruses by antiviral short
interfering RNA pools produced using @6 RNA-dependent RNA polymerase.
Journal of General Virology, 90(10), 2468-2473.
https://doi.org/10.1099/VIR.0.011338-0/CITE/REFWORKS

Ojala, P. M., Sodeik, B., Ebersold, M. W., Kutay, U., & Helenius, A. (2000). Herpes
simplex virus type 1 entry into host cells: reconstitution of capsid binding and
uncoating at the nuclear pore complex in vitro. Molecular and Cellular Biology,
20(13), 4922-4931. https://doi.org/10.1128/MCB.20.13.4922-4931.2000

Paavilainen, H., Lehtinen, J., Romanovskaya, A., Nygérdas, M., Bamford, D. H.,
Poranen, M. M., & Hukkanen, V. (2017). Topical treatment of herpes simplex virus
infection with enzymatically created siRNA swarm. Antiviral Therapy, 22(7), 631—
637. https://doi.org/10.3851/IMP3153

Padgett, D., Sheridan, J., Dorne, J., Berntson, G., Candelora, J., & Glaser, R. (1998).
Social stress and the reactivation of latent herpes simplex virus type 1. Proceedings
of the National Academy of Sciences of the United States of America, 95(12), 7231—
7235. https://doi.org/10.1073/PNAS.95.12.7231

Pandey, U., Renner, D. W., Thompson, R. L., Szpara, M. L., & Sawtell, N. M. (2017).
Inferred father-to-son transmission of herpes simplex virus results in near-perfect
preservation of viral genome identity and in vivo phenotypes. Scientific Reports
2017 7:1, 7(1), 1-11. https://doi.org/10.1038/s41598-017-13936-6

Pebody, R. G., Andrews, N., Brown, D., Gopal, R., De Melker, H., Francois, G.,
Gatcheva, N., Hellenbrand, W., Jokinen, S., Klavs, 1., Kojouharova, M., Kortbeek,
T., Kriz, B., Prosenc, K., Roubalova, K., Teocharov, P., Thierfelder, W., Valle, M.,
Van Damme, P., & Vranckx, R. (2004). The seroepidemiology of herpes simplex
virus type 1 and 2 in Europe. Sexually Transmitted Infections, 80(3), 185-191.
https://doi.org/10.1136/ST1.2003.005850

Pharmaca Fennica. (2022). IMLYGIC injektioneste, liuos Ix10e6 PFU/ml, 1x10e8
PFU/ml.

Pinninti, S., & Kimberlin, D. (2018). Neonatal herpes simplex virus infections. Seminars
in Perinatology, 42(3), 168—175. https://doi.org/10.1053/J.SEMPERI.2018.02.004

Post, L., Mackem, S., & Roizman, B. (1981). Regulation of alpha genes of herpes simplex
virus: expression of chimeric genes produced by fusion of thymidine kinase with
alpha gene promoters. Cell, 24(2), 555-565. https://doi.org/10.1016/0092-
8674(81)90346-9

Preston, C. M., & Efstathiou, S. (2007). Molecular basis of HSV latency and reactivation.
In A. Arvin, G. Campadelli-Fiume, E. Mocarski, P. S. Moore, B. Roizman, R.
Whitley, & K. Yamanish (Eds.), Human Herpesviruses: Biology, Therapy, and
Immunoprophylaxis (1st ed.). Cambridge University Press.

Ranzani, M., Annunziato, S., Adams, D. J., & Montini, E. (2013). Cancer gene discovery:
exploiting insertional mutagenesis. Molecular Cancer Research : MCR, 11(10),
1141-1158. https://doi.org/10.1158/1541-7786.MCR-13-0244

Roizman, B. (1996). The function of herpes simplex virus genes: a primer for genetic
engineering of novel vectors. Proceedings of the National Academy of Sciences of
the United States of America, 93(21), 11307.

65



https://doi.org/10.1073/PNAS.93.21.11307

Roizman, B., Knipe, D. M., & Whitley, R. J. (2013). Herpes Simplex. In D. M. Knipe &
P. M. Howley (Eds.), Fields Virology (6th ed., pp. 1823—1897).

Roizman, B., & Whitley, R. (2013). An inquiry into the molecular basis of HSV latency
and reactivation. Annual Review of  Microbiology, 67, 355-374.
https://doi.org/10.1146/ANNUREV-MICRO-092412-155654

Roizman, B., & Whitley, R. J. (2001). The nine ages of herpes simplex virus. Herpes :
The Journal of the IHMF, 8(1), 23-27.

Romanovskaya, A., Paavilainen, H., Nygardas, M., Bamford, D. H., Hukkanen, V., &
Poranen, M. M. (2012). Enzymatically produced pools of canonical and Dicer-
substrate siRNA molecules display comparable gene silencing and antiviral
activities against herpes simplex virus. PloS One, 7(11).
https://doi.org/10.1371/JOURNAL.PONE.0051019

Sawtell, N., & Thompson, R. (1992). Rapid in vivo reactivation of herpes simplex virus
in latently infected murine ganglionic neurons after transient hyperthermia. Journal
of Virology, 66(4), 2150-2156. https://doi.org/10.1128/JV1.66.4.2150-2156.1992

Sawtell, N., & Thompson, R. L. (2021). Alphaherpesvirus Latency and Reactivation with
a Focus on Herpes Simplex Virus. Current Issues in Molecular Biology, 41, 267—
356. https://doi.org/10.21775/CIMB.041.267

Schenk-Braat, E. A. M., van Mierlo, M. K. B., Wagemaker, G., Bangma, C. H.,, &
Kaptein, L. C. M. (2007). An inventory of shedding data from clinical gene therapy
trials. The Journal of  Gene Medicine, 9(10), 910-921.
https://doi.org/10.1002/JGM.1096

Schneweis, K. E. (1962). Serologische Untersuchungen zur Typendifferenzierung des
Herpesvirus hominis[Serological Examinations on the Type Differentiation of
Herpes Virus Hominis). Zeitschrift Fur Immunitatsforschung Und Experimentelle
Therapie, 124(1), 24-48.

Sermer, D., & Brentjens, R. (2019). CAR T-cell therapy: Full speed ahead.
Hematological Oncology, 37 Suppl 1(S1), 95-100.
https://doi.org/10.1002/HON.2591

Sgubin, D., Wakimoto, H., Kanai, R., Rabkin, S. D., & Martuza, R. L. (2012). Oncolytic
Herpes Simplex Virus Counteracts the Hypoxia-Induced Modulation of
Glioblastoma Stem-Like Cells. Stem Cells Translational Medicine, 1(4), 322.
https://doi.org/10.5966/SCTM.2011-0035

Smith, K. (1964). Relationship Between The Envelope And The Infectivity Of Herpes
Simplex Virus. Proceedings of the Society for Experimental Biology and Medicine.
Society for Experimental Biology and Medicine (New York, N.Y.), 115(3), 814-816.
https://doi.org/10.3181/00379727-115-29045

Spaete, R. R., & Frenkel, N. (1982). The herpes simplex virus amplicon: a new eucaryotic
defective-virus cloning-amplifying  vector. Cell, 30(1), 295-304.
https://doi.org/10.1016/0092-8674(82)90035-6

Spear, P. G., Eisenberg, R. J., & Cohen, G. H. (2000). Three classes of cell surface
receptors for alphaherpesvirus entry. Virology, 275(1), 1-8.
https://doi.org/10.1006/VIR0O.2000.0529

Szpara, M. L., Parsons, L., & Enquist, L. W. (2010). Sequence Variability in Clinical and
Laboratory Isolates of Herpes Simplex Virus 1 Reveals New Mutations. Journal of
Virology, 84(10), 5303-5313. https://doi.org/10.1128/JVI.00312-
10/SUPPL_FILE/SUPPTABLE3 HSV1 DNA DIFFERENCES.XLS

Tan, F. L., & Yin, J. Q. (2004). RNAIi, a new therapeutic strategy against viral infection.
Cell Research, 14(6), 460—466. https://doi.org/10.1038/SJ.CR.7290248

66



Tan, I. L., McArthur, J. C., Venkatesan, A., & Nath, A. (2012). Atypical manifestations
and poor outcome of herpes simplex encephalitis in the immunocompromised.
Neurology, 79(21), 2125. https://doi.org/10.1212/WNL.0B0O13E3182752CEB

Ting, D. S. J., Ho, C. S., Deshmukh, R., Said, D. G., & Dua, H. S. (2021). Infectious
keratitis: an update on epidemiology, causative microorganisms, risk factors, and
antimicrobial resistance. Eye 2021 35:4, 35(4), 1084-1101.
https://doi.org/10.1038/s41433-020-01339-3

Trgovcich, J., Johnson, D., & Roizman, B. (2002). Cell surface major histocompatibility
complex class II proteins are regulated by the products of the gamma(1)34.5 and
U(L)41 genes of herpes simplex virus 1. Journal of Virology, 76(14), 6974—6986.
https://doi.org/10.1128/JV1.76.14.6974-6986.2002

Tuokko, H., Bloigu, R., & Hukkanen, V. (2014). Herpes simplex virus type 1 genital
herpes in young women: current trend in Northern Finland. Sexually Transmitted
Infections, 90(2), 160. https://doi.org/10.1136/SEXTRANS-2013-051453

Venkatesan, A. (2015). Epidemiology and outcomes of acute encephalitis. Current
Opinion in Neurology, 28(3), 277-282.
https://doi.org/10.1097/WCO.0000000000000199

Ventosa, M., Ortiz-Temprano, A., Khalique, H., & Lim, F. (2017). Synergistic effects of
deleting multiple nonessential elements in nonreplicative HSV-1 BAC genomic
vectors play a critical role in their viability. Gene Therapy, 24(7), 433-440.
https://doi.org/10.1038/GT.2017.43

Vera, B., Martinez-Vélez, N., Xipell, E., De La Rocha, A. A., Patifio-Garcia, A., Sacz-
Castresana, J., Gonzalez-Huarriz, M., Cascallo, M., Alemany, R., & Alonso, M. M.
(2016). Characterization of the Antiglioma Effect of the Oncolytic Adenovirus
VCN-01. PLOS ONE, 11(1), e0147211.
https://doi.org/10.1371/JOURNAL.PONE.0147211

Vidal, E. (1873). Inoculabilit¢ des pustules d’ecthyma [Inoculability of ecthyma
pustules]. Annales de Dermatologie et de Syphiligraphie, 4.

Wang, F., Zumbrun, E. E., Huang, J., Si, H., Makaroun, L., & Friedman, H. M. (2010).
Herpes simplex virus type 2 glycoprotein E is required for efficient virus spread from
epithelial cells to neurons and for targeting viral proteins from the neuron cell body
into axons. Virology, 405(2), 269-279.
https://doi.org/10.1016/J.VIROL.2010.06.006

Weiss, H. (2004). Epidemiology of herpes simplex virus type 2 infection in the
developing world. Herpes : The Journal of the IHMF.

Wertheim, J. O., Smith, M. D., Smith, D. M., Scheffler, K., & Kosakovsky Pond, S. L.
(2014). Evolutionary origins of human herpes simplex viruses 1 and 2. Molecular
Biology and Evolution, 31(9), 2356-2364.
https://doi.org/10.1093/MOLBEV/MSU185

Whitley, R. (1990). Viral encephalitis. The New England Journal of Medicine, 323(4),
242-250. https://doi.org/10.1056/NEJIM199007263230406

Whitley, R., & Gnann, J. (2002). Viral encephalitis: familiar infections and emerging
pathogens. Lancet (London, England), 359(9305), 507-513.
https://doi.org/10.1016/S0140-6736(02)07681-X

Wirth, T., Parker, N., & Yla-Herttuala, S. (2013). History of gene therapy. Gene, 525(2),
162-169. https://doi.org/10.1016/J.GENE.2013.03.137

Wu, A., Mazumder, A., Martuza, R. L., Liu, X., Thein, M., Meehan, K. R., & Rabkin, S.
. (2001). Biological purging of breast cancer cells using an attenuated replication-
competent herpes simplex virus in human hematopoietic stem cell transplantation.
Cancer Research, 61(7), 3009-3015.

67



Wu, Z., Mata, M., & Fink, D. J. (2011). Prevention of Diabetic Neuropathy by
Regulatable Expression of HSV-Mediated Erythropoietin. Molecular Therapy,
19(2), 310-317. https://doi.org/10.1038/MT.2010.215

WuDunn, D., & Spear, P. (1989). Initial interaction of herpes simplex virus with cells is
binding to heparan sulfate. Jowrnal of Virology, 63(1), 52-58.
https://doi.org/10.1128/JV1.63.1.52-58.1989

Yu, X., & He, S. (2016). The interplay between human herpes simplex virus infection
and the apoptosis and necroptosis cell death pathways. Virology Journal, 13(1), 1—
8. https://doi.org/10.1186/S12985-016-0528-0/FIGURES/3

Zeichner, S. (1998). Foscarnet. Pediatrics in Review, 19(12), 399-400.
https://doi.org/10.1542/PIR.19-12-399A

Zerboni, L., Che, X., Reichelt, M., Qiao, Y., Gu, H., & Arvin, A. (2013). Herpes simplex
virus 1 tropism for human sensory ganglion neurons in the severe combined
immunodeficiency mouse model of neuropathogenesis. Journal of Virology, 87(5),
2791-2802. https://doi.org/10.1128/JV1.01375-12

Zhong, P., Agosto, L. M., Munro, J. B., & Mothes, W. (2013). Cell-to-cell transmission
of viruses. Current Opinion in Virology, 3(1), 44-50.
https://doi.org/10.1016/J.COVIR0.2012.11.004

Ziegler, T., Waris, M., Rautiainen, M., & Arstila, P. (1988). Herpes simplex virus
detection by macroscopic reading after overnight incubation and immunoperoxidase
staining.  Journal  of  Clinical  Microbiology,  26(10), 2013-2017.
https://doi.org/10.1128/JCM.26.10.2013-2017.1988

68



