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to Treat Them

ABSTRACT

Glioblastoma (GBM) is a lethal brain tumor which frequently recurs after treatment. A stem cell
like population of tumor cells, termed glioblastoma stem cells (GSCs), is theorized to cause recurrence.
GSCs populate tumors with a heterogeneous mixture of transformed cells which make up the bulk of the
tumor. Therapy removes the bulk of the tumor but fails to remove the GSCs, leading to recurrence. GSCs
are a critical target for developing new glioblastoma therapies to cure patients. Our lab studies the effect
of oncolytic herpes simplex virus-1 (oHSV) on bulk GBM tumor cells and GSCs. OHSV kills bulk GBM cells
while sparing normal tissue due to the deletion of the HSV1 y34.5 genes. Here we show that GSCs restrict
v34.5-deleted oHSV replication regardless of their genetic background or primary/recurrent status of the
patient tumor they were isolated from. Interestingly, the patient-matched bulk tumor lines (SCCs) were
permissive despite their similar genetics to the nonpermissive GSCs. We show that reprogramming SCCs
into GSCs reconstitutes the stem cell characteristics of the cells as well as the restriction of y34.5-deleted
HSV1 replication. GSCs restrict y34.5-deleted oHSV replication late into the infection by repressing the
translation of viral true-late proteins. We show viral de novo DNA replication and transcription occur in
GSCs, suggesting restriction occurs via repression of true-late HSV1 transcript translation. Expression of
Usl1 as an immediate-early protein complements the deletion of y34.5 when expressed ectopically via
lentivirus or through recombinant oHSV. Our observations suggest Usll complementation of y34.5-
deleted HSV1 only occurs in GSCs if Us11 is robustly expressed. We further engineer an IE-Us11 expressing
v34.5-deleted oHSV which grows in GSCs, without altering its natural Us11 locus. Finally, We observe



differences between GSCs and SCCs in response to CDK7 inhibitor THZ1. GSCs are more sensitive to THZ1
than patient-matched SCCs in vitro. Orthotopic implantation of GSCs into athymic mice causes a
breakdown of the blood brain barrier which THZ1 counteracts. In summary, we demonstrate where GSCs
restrict oHSV replication and provide insight into novel ways to develop new y34.5-deleted oHSVs as well

as the benefits of CDK7 inhibition for GBM.
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Chapter One: Introduction
Cole Peters'? and Samuel D. Rabkin®?
Program in Virology, Harvard University, Cambridge, Massachusetts, USA

’Department of Neurosurgery, Massachusetts General Hospital, Boston, Massachusetts, USA



Glioblastoma

Glioblastoma (GBM), also known as astrocytoma grade IV or glioblastoma multiforme, is the most
common primary brain tumor, afflicting 3-4 adults per 100,000 a year. GBMs usually present in older
patients (median 64 years old) but can arise in children. There are no clear environmental factors that
lead to increased risk of GBM except for ionizing radiation. Other environmental factors like being exposed
to vinyl chloride, pesticides, petroleum refining, or synthetic rubber manufacturing were identified to
pose some risk, but are not definitively linked to GBM development (1). No specific genetic mutation
specifically drives GBM development, but mutations in NF1/2, TP53, TSC1/2, loss of chromosome 10q,
amplification of EGFR, and loss of PTEN are observed in GBM tumors (2; 3). GBM tumors are classified as
primary or secondary. Primary tumors arise spontaneously, while secondary GBMs arise from previous
lower-grade brain tumors. The vast majority of GBMs are primary, which are much more lethal than
secondary GBM (4). Secondary GBMs are more likely to have mutations in isocitrate dehydrogenase-1,
which is associated with longer survival and has become a biomarker for dictating GBM treatment. There
is a familial risk of GBM, around 5% of cases. The occurrence is still relatively low, however, the relative
risk for a first-degree relative of a person with GBM is ~2.2, while second and third-degree relatives have
the same risk as the unrelated population (4). These tumors do not have clearly defined margins; invading
and spreading throughout the brain making them near impossible to surgically remove or target with
radiation (1; 5). Current therapy entails removing as much tumor tissue with surgery as possible before
using radiation and Temozolomide (TMZ) therapies. Due to the ineffectiveness of radiation and surgery
the mean survival time without TMZ is around 6 months, with TMZ treatment doubling the mean survival
time (6). Still, diagnosis with GBM is ultimately fatal with less than 5% of patients living 5 years post
discovery (5; 7). In short, it is near impossible to predict patients who will be afflicted by GBM, and once
diagnosed will quickly succumb to the tumor.

Heterogeneity of Glioblastoma Tumors



Unlike many other cancers GBM tumors are very heterogeneous, comprised from a variety of cells
with different morphologies and gene expression profiles. Analysis of The Cancer Genome Atlas GBM
specimens allowed researchers to classify four tumor subtypes based on gene expression: Proneural,
Neural, Classical and Mesenchymal (8; 9). The most common feature of GBM is the deletion of TP53,
present across subtypes in ~50% of all GBM tumors. The classical subtype typically overexpresses EGFR in
combination with a loss of chromosome 10. In addition, the CDKN2A gene encoding p16INK** and p14ARF
is deleted in a majority of classical GBMs. Neural subtypes are typified by markers or neuronal
differentiation as well as genes involved in neuron projection and synaptic transmission. The two subtypes
that are most frequently studied for GBM therapy are tumors belonging to the proneural and
mesenchymal subtypes. Proneural tumors frequently have amplified PDGFRA. This corresponds to
mutations within PI3KCA and PIK3RI genes. Additionally, SOX2, ASCL1, OLIG2, and DLL3 are
overexpressed, resembling the developmental signatures of neural stem cells (10). The mesenchymal
subtype is associated with a more differentiated gene expression profile driven by the NF-kB pathway.
This includes expression of CD44 and MERTK, as well as markers for tumor epithelial-to-mesenchymal
transition (11). These subtype characterizations don’t fully describe all GBM tumors, but do group them
in ways that have aided treatment prognosis and research. For instance, GBMs of proneural subtype
respond similarly to high-intensity and low-intensity concurrent chemotherapy/radiation treatment
whilst patients with classical GBM subtyped tumors responded much better to low-intensity treatments
(8). Conversely, the mesenchymal subtype of GBM are resistant to radiation (11), and patients with
mesenchymal tumors require more intense therapy for survival benefit (8). Single-cell sequencing
technology has revealed that even within individual GBM tumors there is a rich heterogeneity of tumor
cells which display markers from multiple subtypes (12).

The lethality of GBM stems from its vast heterogeneity, which allows the tumor to resist

chemotherapy, spread rapidly, and grow quickly. GBM tumors usually consist of several evolving tumor



sub-populations which spread throughout the brain making their potential growth and molecular
weaknesses hard to predict (12). This heterogeneity is largely attributed to a cancer stem cell (CSC)
population which can differentiate into other transformed subtypes, self-renew, and can migrate and
initiate a new tumor (13; 14). The CSC theory hypothesizes GBM tumors are propagated through a
glioblastoma stem cell (GSC) which resembles a transformed neural stem cell. The tumor may or may not
be initiated by GSCs, however the GSCs create subpopulations of quickly dividing tumor cells that make
up the bulk of the tumor (14) (Figure 1.1A). While GSCs are hypothesized to be a minority of the actual
tumor, they are thought to be crucial for invading nearby tissue, spreading throughout the brain, and
restarting tumor growth after therapy (about 70% of GBM tumors recur after therapy (1)). Whilst GSCs
drive tumor expansion, the bulk of the tumor cells in GBMs are not theorized to be especially tumorigenic
or able to invade. Recently, single cell sequencing parsed out low grade gliomas into several tumor cell
populations. The authors concluded a cancer stem cell population was driving two different, more
differentiated, tumor subtypes, bolstering the theory that CSCs actively drive intra-tumor heterogeneity
(15). Drawing from this research, current GBM studies focus on removing GSCs as critical targets for

improving the efficacy of therapies.
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Figure 1.1. Glioblastoma Stem Cells. (A) The cancer stem cell hypothesis as it applies to GBM. (B)
Schematic representation for isolation of glioblastoma stem cells (GSCs) and Serum-cultured cells
(SCCs) from patient glioblastoma tumors. Survival of athymic mice orthotopically implanted with GSCs
(EF) or SCCs (FCS) and immunohistochemistry of a GSC4 tumor. EF refers to the GSC media EF20, while
FCS refers to the fetal calf serum used to culture SCCs.



Culture Clash: Comparing the GSC and SCC Models

GSCs were isolated by culturing dissociated GBM specimens in a serum-free neurobasal media
enriched with growth factors used to grow neural stem cells (16; 17). Unlike the GBM cancer lines cultured
in serum culture, called serum cultured cells (SCC), placement of patient GBM samples into neurobasal
media only supports cancer stem cell growth, causing most of the tumor specimen to die. The cells that
do survive in neurobasal media grow as non-adherent spheres. These cells are capable of self-renewal
and differentiation into cells expressing astrocyte and neuronal markers (18; 19), and can form GBM
tumors when implanted orthotopically in immunodeficient mice (20) (Figure 1.1B). The tumor forming
capabilities of these cells are thousand-fold enhanced over brain tumor cell lines grown in serum
containing media (20). In addition, GSCs form tumors in mice brains that recapitulate the features
observed in the original patients’ tumor the cells were isolated from (18; 21). A leading theory in the GBM
field is that GSCs recapitulate the complexity of in vivo GBM tumors more accurately than SCCs, and other
serum cultured lines. This is supported by exome and RNA sequencing data which shows GSCs exhibit
characteristics more akin to real human GBM tumors than serum cultured GBM cell lines (12; 22; 23). This
suggests research on GSCs will be more relevant to developing a cure than studying SCC lines. Coming
back to the cancer stem cell hypothesis, GSCs represent the tumor initiating cells responsible for invasion
and resistance, while the SCCs resemble the ‘bulk’ tumor cells.

GSCs tend to be more resilient than their serum cultured counter parts when exposed to cancer
therapeutics and the immune system. Current treatment for GBM relies on radiation followed by
alkylating chemotherapy (24). GSCs directly combat this regimen much more effectively than bulk tumor
cells. After radiation therapy, GSCs repopulate the tumor and maintain its heterogeneity (25), possibly
even increasing the cancer stem cell population (26). After exposure to radiation GSCs increase DNA
damage repair pathways via upregulation of Notch, WNT, and EZH2 expression (27-29). GSCs can also

upregulate O-6-Methylguanine-DNA Methyltransferase (MGMT) expression to negate temozolomide



treatment following radiation (30). One of the indirect ways GSCs resist therapies is their ability to alter
their microenvironment. GSCs drive tumor angiogenesis through VEGF secretion, which when blocked by
Bevacizumab (31), switch to alternative Notch based signaling to promote tumor invasion and blood vessel
recruitment (32). GSCs and other cancer stem cells appear to rely on WNT and other developmental
signaling pathways which offer new ways to selectively target them. GSCs appear to rely on an aberrant
WNT signaling, relying on overexpression of ASCL1 to maintain a stem cell like state essential for
tumorigenesis (29). Dr. Suva’s laboratory determined that four transcription factors (SOX2, SALL2, OLIG2,
and POU3F2) drive the stem cell phenotype of GSCs. Similar to the induced pluripotent stem cells created
in the early 2000’s by Yamanaka (33), Suva was able to induce glioblastoma stem like cells from serum
cultured cells by overexpressing these factors (22). The original serum cultured cells were reprogrammed
into sphere forming, self-renewing, tumor forming GSCs. This demonstrated that the key differences
between GSCs and bulk tumor cells stem from a reliance on different core signaling pathways, not genetic
differences. Targeting these GSC core factors with RNAi inhibits tumor growth and significantly improves
survival of mice harboring GSC tumors (34). However, even in this study there was no cure illustrating that
the entire tumor does not rely on these factors or that the infiltration of GSCs throughout the brain makes
it nearly impossible to target each cancer cell through non-targeting therapies.

Interestingly, the reliance on these developmental signaling pathways harkens back to the
oncogene addiction theories of melanoma and breast cancers (35-37). That theory emphasized the tonic
signaling caused by constitutively active EGFR or HER-2 overexpression drove cancer cell growth, but
never connected this definitively to a set of downstream core genes. Today, the theory of the super-
enhancers is supplanting the theory of oncogene addiction. A super-enhancer is a collection of enhancers
that recruit RNA polymerase Il (RNAPII) and transcription factors disproportionately and is associated with
increased gene expression (38). In embryonic stem cells these are associated with transcription factors

associated with cell fate like Nanog (39). However, in cancers super-enhancers are associated with



oncogenes like MYC (38). Similar to inhibiting the activity of a protein feeding an oncogene addicted
tumor, targeting a cancer super-enhancer results in tumor cell death. JQ1 accomplishes this by inhibiting
the BRD4 protein from binding chromatin, thus preventing the expression of MYC, earning its designation
as a ‘MYC-inhibitor’ (40). Furthermore, super-enhancer addicted tumors are also much more sensitive to
disruption of RNAPII, perhaps due to an over-reliance on continual transcription of the super-enhanced
genes (41). The transcriptional activating CDKs, like CDK7, phosphorylate the C-terminus of RNAPII
activating it for transcription (42). THZ1 is a potent CDK7 inhibitor (43), which has been demonstrated to
preferentially destroy many different super-enhancer driven tumors (43-46). Based on their reliance on
aberrant WNT signaling it is not too unreasonable to hypothesize GSCs may be susceptible to super-
enhancer disruption, much more so than the bulk of the tumor. For my dissertation, we chose to test
THZ1’s ability to preferentially kill GSCs and its effect on orthotopic tumors.

An important caveat with this research is the lack of a unifying biomarker to distinguish GSCs in
patient tumors (14). Many markers for GSCs are proffered, notably CD133%*, however many GSC studies

have isolated functional CD133~ GSCs that display no uniform cancer stem cell marker(s). In general, GSCs
are identified in vitro by their stem cell morphology, expression of neural stem cell marker proteins
SOX2/0LIG2 as well as neural progenitor protein NESTIN1, and in vivo by their capacity to form orthotopic
tumors in immune-compromised mice. Despite the lack of a firm biomarker, isolating GSCs from patient
tumors remains the best model researchers have for studying GBM, as the historical serum cultured cell
lines don’t resemble actual GBM cells from patients (21; 29).
Current Therapeutic Research for Glioblastoma

GBM tumors are characterized as immunologically cold due to a lack of infiltrating activated T-
cells and a prevalence of regulatory T cells, MDSCs, and other immune-inhibitory cell types (47; 48). In
vitro, GSCs secrete immune-suppressive cytokines IL-10 and TGF-B (49), whilst in co-culture with T cells

GSCsinduce T regulatory cells and death of cytotoxic T cells (50). Despite the general immune-suppression



associated with the tumor, GBM tumors and GSCs vary in their expression of programmed death ligand 1
(PD-L1) (51; 52), which suppresses anti-tumor activity of T cells when it binds its receptor PD1 (53).
Antibodies blocking PD-L1 and CTLA-4 inhibitory pathways (Checkpoint Inhibitors) reactivate T-cell activity
against cancer cells (52; 53). In vivo orthotopic models using GSCs have responded well to T-cell
checkpoint inhibitor combination therapies regardless (52; 54). However, treatment of patients with both
anti-CTLA-4 and anti-PD-1 antibodies in combination is incredibly toxic and treatment with single antibody
alone does not benefit GBM patients over standard therapy (55). The low immunogenicity and mutational
rate of GBM cells is thought to contribute to the low efficacy of single checkpoint inhibitor therapies (56).
Therefore, researchers need other strategies that will potentially drive GBM tumors towards a ‘hot’,
immunoreactive phenotype. To increase the immunogenicity of GBM tumors researchers use oncolytic
viruses (OV) to induce an anti-tumor immunity (57). OVs selectively target and kill tumor cells resulting
release of tumor and viral antigens, which eventually promotes an anti-tumor and anti-viral immune
response without compromising safety due to attenuating mutations. Increasing the immune response to
tumors has become much more palatable to oncologists due to the incredible results observed from novel
immunotherapies such as adoptive transfer of chimeric antigen receptor T cells and dendritic cell (58-60).
Despite these breakthroughs GBM, and the critical GSC cells which drive the tumor, have not been shown
to be susceptible to current immunotherapies. Our research focuses on oncolytic herpes simplex virus-1
(oHSV), to target GBM tumors and recruit activated immune cells to provide ling-term immunity (52; 61;
62). GSCs are also more resistant to oHSV than bulk tumor cells (20). During the development of an
orthotopic tumor model using GSCs, Hiro Wakimoto discovered that GSCs lines, unlike the patient
matched SCCs, restrict the growth of several y34.5-deleted HSV1 viruses (20; 21). Notably GSCs are non-
permissive for G207 (strain F) and 1716 (strain 17) which both lack the ICP34.5/y34.5 genes. Infection of

GSCs with y34.5-deleted HSV1 does not result in infectious virus production. For my dissertation, I've



chosen to study the restriction of y34.5-deleted HSV1 in GSCs, where in the lifecycle the restriction occurs,
and how we can complement the deletion of y34.5.
Herpes Simplex Viruses

Herpes simplex virus-1 (HSV1) belongs to a large family of herpes viruses, herpesviridae, which
includes several hundred viruses with hosts ranging from most known mammals to coral (63). Delving
down into the cladogram, HSV1 is part of the alphaherpesvirinae subfamily along with other human
infecting viruses like Varicella Zoster and HSV2. These viruses all have large double stranded DNA genomes
housed within a proteinaceous capsid surrounded by a soluble proteinaceous tegument, and encased in
a glycoprotein studded lipid envelope. While the minimal infectious unit is simply HSV1 genomic DNA,
mature virions are icosahedrons, t=16, around 200nm in diameter. Once these viruses infect host cells
they deposit the viral genome into the nucleus. Each of these viruses has a lytic and latent lifecycle
depending on the cell they infect as well as other yet identified factors. The lytic cycle results in cell death
and production of progeny virions, and will be the focus of this chapter and the thesis project. However,
the latent lifecycle is a remarkable occurrence which occurs when nerves in the head or pelvis are infected
and allows the virus to reside in its host for years with intermittent activation and release of new infectious

viruses (64-66).
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The Herpes Simplex Virus-1 Lytic Lifecycle
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Figure 1.2. Diagram of HSV1 Lifecycle. 1. HSV-1 capsids enter the cell through virus receptors HVEM,
Nectin-1, and Heparin Sulfate. 2. HSV-1 capsids release tegument proteins into the cytoplasm and viral
dsDNA into the nucleus. 3. IE(a) viral genes are transcribed and translated before returning to the viral
genome which circularizes. 4. E(B) and leaky late(y,) viral genes are transcribed and translated. 5. E,

viral genes facilitate de novo HSV-1 DNA replication. 6. True Late (TL/y,) viral genes transcribed and

translated after/during de novo viral DNA replication. 7. Viral DNA is packaged into capsids which
mature and exit the cell. HSV1 proteins ICP4, ICp47, ICP8, TK, y34.5, gD, gC, Usl11 are denoted in their
associated kinetic color (IE —Red), (E —Green), (LL —Blue), (TL —Grey).
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HSV1 Replication

The HSV1 lifecycle begins with transfer of the virus to a new host, usually through a mucosal
membrane. HSV1 infects mucosal epithelia before travelling through nerve cells towards the trigeminal
ganglion (TG). Once in the TG, HSV1 sets up a persistent dormant infection with sudden bursts of re-
activation resulting in new virions travelling back to the epithelia resulting in everyone’s favorite morning
surprise, a herpes sore. The lytic lifecycle occurs in several distinct phases of viral gene expression allowing
researchers to categorize the multitude of genes (around 80 ORFs) into distinct classes based on the
kinetics of their expression; immediate-early, early, leaky and true late. Initially, HSV1 infected cells only
produce five immediate-early (IE, a) proteins: ICPO, ICP4, ICP22, ICP27, and ICP47. To try and minimize
your time reading this I'll limit myself to describing only the gene products essential to understanding the
thesis research (Figure 1.2). ICP4 is the master transcription factor and is essential for HSV1 to replicate.
ICP4 works with several proteins delivered in the tegument to begin transcription of all the IE genes,
without it HSV1 will not proceed to the next phase in its lifecycle. Not all the IE genes are essential; ICP47
(Us12) encodes a TAP channel blocking protein to prevent MHCI loading of viral peptides thus cloaking the
virus from the immune system (67; 68). Removing the ICP47 ORF complements certain mutant HSV1
viruses in non-permissive cells, covered later in the introduction. All the IE genes share similar sequences
in their promoters which drive their expression without requiring de novo protein synthesis (69). This
ensures that the genes downstream of IE promoters are expressed robustly upon infection, and can be
used to express transgenes during co-infection. Importantly, all other kinetic classes of HSV1 genes require
protein translation to occur before transcription occurs (69). This was determined by infecting cells in the
presence of cycloheximide (translation inhibitor) before washing out the cycloheximide and replacing it
with actinomycin D (transcriptional inhibitor). Only the IE proteins were synthesized because the E genes

are not transcribed, and thus not translated, until the IE proteins are present.
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After |E proteins are synthesized the early (E, B) genes are expressed to facilitate de novo viral
genome synthesis. Many of the E proteins are involved in synthesizing new viral DNA either through
polymerase activity or nucleotide metabolism, such as ICP6, ICP8, and HSV1 Thymidine Kinase (TK). ICP6
is a ribonucleotide reductase, which converts ribonucleotides into deoxyribonucleotides, which are in turn
used to produce DNA (70). The ICP8 protein binds single stranded DNA and is required for de novo DNA
synthesis. Due to its requirement for de novo viral DNA replication, ICP8 is associated with viral replication
bodies in infected nuclei (71). The TK gene converts thymidine into a DNA precursor, thus providing the
materials required to synthesize new viral genomes (72). TK is not essential to HSV1 growth, but TK
mutants, like the disptk- virus, are attenuated in nervous tissue highlighting its importance to HSV1’s
neuropathogenicity (73). Further, the herpes specific anti-viral drugs acyclovir (ACV) and ganciclovir rely
on TK activity to catalyze the chain terminating nucleotide analogs which proceed to shut down HSV1 DNA
replication (74-76). TK mutant HSVs can become very dangerous due to their resistance to these drugs,
and concerns for drug-resistant viral encephalitis (77). Treatment of infected cells with phosphonoacetic
acid (another DNA synthesis inhibitor) prevents the expression of TL but not LL or E genes (78; 79). The TL
genes absolutely require DNA synthesis to occur before they can be transcribed, even when the genes are
expressed via plasmid (80). Many have looked to determine if a common promoter sequence exists for
the TL genes, but have not been successful. In viruses with restricted TL gene synthesis altering the natural
promoter to y-actin does not restore expression indicating the promoter is most likely not the cause of
the kinetic expression, as in IE and E genes (81). Instead, it appears the common feature is a complex GC
rich UTR region in TL genes (69; 80; 82-85). These studies hint that a secondary structure may be
recognized by some cellular or viral protein which dictates its translation; however, there is no solid
consensus for what occurs to specify DNA replication must occur for TL gene transcription.

Synthesis of de novo viral DNA unlocks the late set of genes during HSV1. Leaky late (LL, y1) and

true late (L, y2) genes are expressed during the later stages if the infection. Both y; & y» proteins function
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to package nascent viral genomes, form the viral capsid, and prevent the cell from shutting down viral
production. These include the neurovirulence factor leaky late proteins y134.5 (ICP34.5) and glycoprotein
B (gB), and the true late proteins glycoprotein C (gC) and Us11. gC and gB stud the viral envelope and
attach to extracellular matrix proteins in order to bring the virus into contact with glycoprotein D’s
receptors, herpes virus entry mediator (HVEM), nectin-1, and heparin-O-sulfate (79). Once nascent viral
genomes are packaged the virus exits through the nucleus and buds from the cell, forming a lipid envelope
around it. Us11 and ICP34.5 play important roles in preventing infected cells from stopping HSV1 protein
translation, and will be described in detail below.
Oncolytic Viruses and oHSV

Oncolytic Herpes viruses (oHSV) are attenuated herpes viruses which selectively kill cancer cells
while sparing normal cells. Early trials in the 1950’s to 1970’s used unattenuated viruses as anti-cancer
agents to treat blood cancers, and saw minimal efficacy (86). The next leap in OV therapy came when
Robert Martuza and Don Coen demonstrated a Tk- HSV1, disptk-, could kill GBM cells in vitro and increased
survival in mice in an orthotopic tumor model (73). In 1995, G207 oHSV was created and shown to
specifically kill tumor cells, and prolong survival in GBM mouse models as well (61). G207 was taken into
clinical trials in 2000, after testing in non-human primates showed the virus was safe for intracranial
injection (87; 88). Ultimately, patients treated with G207 were not cured, but did not suffer HSV1
encephalitis or serious adverse consequence. G47A was created from G207 to enhance the efficacy of the
oncolytic virus (89). G207 and G47A were modeled after R3616 and SUP1 HSV1s because of the role they

provided on elucidating the function of y34.5 and Us11 (Figure 1.3).
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IE-Us11

Gene mutations

Reference

Expressing (deletion: A; inactivating mutation: -) [strain]

HSV1

R5103 AUs8-Us12; Ay34.5; AORF 0+P [F] Cassady KA, (1998)
R5104 AUs8-Us12; Ay34.5; AORF 0+P; U 23(TK)- due to a47 Pro- | Cassady KA, (1998)

Us10 + Usll insertion [F]

A34.5-(IE)Us11

AUs12+Us11 Pro; Ay34.5; a47 Pro-Us11 [Patton]

Mulvey M, (2003)

11S Ay34.5; U 23(TK)- due to a27 Pro-Us11 [Patton] Mulvey M, (1999)
11AS Ay34.5; U 23(TK)- due to a27 Pro-Usl1(antisense) [Patton] Mulvey M, (1999)
NM1 U123(TK)- due to a27 Pro-Us11 [KOS] Bryant KF, (2008)
Volney Aa47; a47 Pro-Usl11 [Patton] Mohr, | (2003)
G47A Ay34.5; ICP6- insertion of LacZ; Aa47; a47 Pro-Us11 [F] Todo T, (2001)
SUP1 Ay34.5; Aad7; ad7 Pro-Us1l [Patton] Mohr, 1 (1996)
R47A Ay34.5; Aad7; a47 Pro-Usl11 [F] Todo T, (2001)

Figure 1.3. Immediate-Early Us11 Expressing HSV1. Pro- is the promoter driving the gene; LacZ is the
E. coli gene encoding B-Galactosidase; Us/U, refer to Unique short/long regions of the HSV1 genome.
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Functions of ICP34.5 and Us11

ICP34.5 is homologous to cellular GADD34 protein (90). It directs phosphatase PPla to
dephosphorylate elF2a which allows cap-dependent translation to continue, regardless of ER stress kinase
activity (90-93). Viruses lacking ICP34.5 are severely attenuated and do not cause viral encephalitis during
infection of the central nervous system (93; 94). This attenuation is due to the role of ICP34.5 in inhibiting
the interferon and innate signaling pathways that maintain an anti-viral state in normal, non-transformed
cells (Figure 1.4). ICP34.5 also prevents autophagy through Beclin-1 binding domain, which inhibits
dendritic cell priming, thus cloaking the virus from the immune system (95-98). In addition, ICP34.5
inhibits IFN signaling by binding tank binding kinase-1 and preventing downstream interferon signaling
(99; 100). ICP34.5-deleted HSV1 lethality is restored in IFNaR or PKR deficient mice demonstrating the
incredible ability of this gene to shut down immune signaling in vivo (101-103). ICP34.5 has also been
suggested to bind PCNA (104) and interact with mitochondrial proteins (105).

The Us11 protein’s most well studied function is to inhibit PKR phosphorylation of elF2a (106-
110). ICP34.5 and Us11 work in tandem to maintain un-phosphorylated and active elF2a, therefore
keeping protein synthesis unhindered during infection. In addition to PKR, Us11 binds PACT to prevent it
from activating RIGI and the IFN pathway (111). This antiviral inhibition is achieved through Us11 binding
to double stranded RNA cloaking it from PKR, RIGI, and MDAS (112; 113). In addition, Us11 reduces the
activity of RNAsel through inhibiting 2’-5’0AS (114) and can inhibit apoptosis in infected cells suffering
from heat stress or staurosporine poisoning (115). Us11 is also implicated in nucleolar trafficking (116).
These two proteins play pivotal roles in oHSV development, as deletion of y34.5 makes vectors safe, while

expression of Us11 makes vectors better able to kill cancer cells (117).
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Figure 1.4. Antagonism of ER stress pathway by ICP34.5 and Usl1l. Schematic representation of
PKR/elF2a pathway interactions with Us11l and ICP34.5. dsRNA, double-stranded RNA; elF2aq,
eukaryotic initiation factor 2a; PKR, protein kinase RNA activated elF2a kinase; PPla, protein
phosphatase 1a; (P), phosphorylation on serine 51. Adapted from Lussignol et.al., JVI (2013).
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Gatekeepers of Protein Synthesis

One of the key processes dictating the success of oHSVs is the ability to maintain viral protein
synthesis during infection of bulk tumor and cancer stem cells. Inhibiting ER stress pathways from
terminating viral protein synthesis is vital for productive HSV1 infection. Demonstrated numerous times
in multiple cell lines, y34.5-deleted HSV1 infection results in elF2a phosphorylation (91; 107). The elF2a
protein is a subunit of the elF2 complex which brings methionine bound t-RNAs (tRNAM®!) to the nucleating
43S preinitiation complex (PIC) (118). The elF2y subunit binds tRNAM®t and brings it the PIC P site to initiate
peptide elongation. EIF2a does not directly bind tRNAM® but can interrupt the interaction between
tRNAMet and the elF2y subunit when phosphorylated. Phosphorylated elF2a binds to elF2B, a guanine
nucleotide exchange factor, and prevents it from catalyzing elF2y:GDP—>elF2y:GTP, the GTP form binds
the tRNAMet (118; 119). Phosphorylation of elF2a by ER stress kinases shuts off translation by preventing
tRNAMet from associating with the mRNA bound ribosome. Viral internal ribosome entry sites (IRES) may
get around the requirement of the elF2 complex by placing the mRNA’s AUG directly into the P site of the
preinitiation complex without the need for scanning, which relies on tRNAM®t delivery by a non-GTP bound
elF2 complex (120). Before the requirement of elF2, the mRNA must be bound by the 40S ribosome
subunit. The elF4F complex mediates this ribosome:mRNA binding (121). The methyl cap of mRNA is
bound by elF4E, and unwound by helicase elF4A (121). This occurs when elF4E is phosphorylated by
MNK1, which endows elF4G binding, which bridges the elFAE and elF4A proteins and stabilizes the
remaining elF4 subunits to form the elF4F complex (122; 123). MNK1 kinase activity is in turn regulated
by mTOR and PI3Kcla activity, which in turn is reliant on a stress free cellular environment. This complex
guides the 40S ribosomal subunit to the mRNA, which then waits for the elF2 tRNAM®, In this sense, it is
understandable why HSV1 encodes several proteins that antagonize the cell stress regulatory pathways.
HSV1 infection causes a cellular stress response, thus it is beneficial for the virus to encode multiple ‘stress

inhibitor’ proteins to keep the translational machinery of its host running smoothly.

18



Overview of Thesis

Us11 and y34.5 both contribute to preventing ER stress from terminating protein synthesis, which
would lead to an abortive infection. Further, Us11 expression complements the loss of y34.5. Mohr and
Gluzman discovered this complementation by growing y34.5-deleted HSV1 SPBg5e on non-permissive SK-
N-SH cells to select for mutant viruses which grew. They recovered the SUP1 virus with a deletion of the
immediate early ICP47/Us12 ORF (90; 108). This deletion places Us11 (normally a true late gene) under
ICP47’s promoter leading to quick expression upon infection and complementation of y34.5-deletion
(108). Interestingly, ICP47, Us11, and the downstream Us10 are orientated in a collinear fashion. Similarly,
all three genes share the same polyadenylation and termination sequence, which has made it difficult to
specifically quantitate them via northern blot or RTqPCR. G47A was created from G207 by incorporating
this same suppressor mutation, yielding a virus more cytotoxic to cancer cells while retaining its safety in
normal brain tissues (89). While G207 grows in SCCs, it is restricted in GSCs, just as SPBg5e was restricted
in SK-N-SH cells, before the Us11 suppressor mutation (20; 90). Expressing the beclin-1 binding domain of
y34.5 does not rescue G207 growth in GSCs suggesting the inhibition of ER kinases via IE Us11 expression
complements the y34.5-deletion (62).

ICP34.5 and Us11 are not essential for HSV1 growth, but play key roles in utilizing HSV1 as a viral
vector to kill tumor cells. Several y34.5-deleted HSV1s were rescued by deleting the ICP47 ORF or inserting
a Usl1 transgene (reviewed in (117)). However, no group has demonstrated Us11 complements y34.5-
deletion by expressing the gene independently separate from a recombinant HSV1. For this reason, we
chose to study the lifecycle of y34.5-deleted HSV1s in GSCs and the role Us11 plays in complementation.
In chapter two we demonstrate that multiple different patient-derived GSC lines restrict y34.5-deleted
HSV1 replication, while patient-matched SCC lines remain permissive. We further describe the kinetics of
the viral lifecycle within these cells, demonstrating true late gene translation is specifically restricted even

in the presence of true late gene transcription and de novo viral DNA synthesis. Our data suggests the
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restriction of y34.5-deleted HSV1 in GSCs does not rely on interferon signaling. Inhibition of ER stress
kinases has no effect on rescuing G207 growth in GSCs, calling into question the importance of PKR and
stress kinases. Genetic perturbation of the el4F machinery does not rescue G207, nor is there appreciable
difference in elF2a phosphorylation between G207 and G47A. In chapter three we show expression of
Us11 can rescue viral replication in GSCs, but not in untransformed neural stem cells. Rescue only occurs
if Usl1l is expressed at high levels during infection. Going further, we rescue G207 growth in GSCs by
engineering a IE-Us11 expressing G207. Expression of HSV1 Us10, located within the Us11 ORF, does not
affect G207 replication, nor does ICP47 expression affect G47A’s growth in GSCs. Chapter four discusses
the use of CDK7 inhibitor THZ1 to specifically kill GSCs. We find GSCs are more sensitive to the drug than
are their patient-matched SCCs in vitro, but fail to prolong survival in mice harboring orthotopic GSC
tumors. Alternatively, we observe a novel effect of THZ1 on maintaining the integrity of the blood brain

barrier during glioma development.
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Abstract

Oncolytic Herpes simplex virus-1 (oHSV) is engineered to safely target and kill GBM tumor cells
while sparing normal tissue. Removal of y34.5 genes safely attenuates HSV1 for injection into the brain at
the cost of reducing its ability to grow in some cancer cells. Patient-derived glioblastoma cells can be
cultured in vitro as GBM stem cells (GSCs) or as serum-cultured cells (SCCs) for study. Here we
demonstrate that multiple different GSC lines are non-permissive to y34.5-deleted oncolytic herpes
simplex virus (oHSV) G207 and other oHSVs even though SCCs from the same patient’s tumor are
permissive. We show this restriction occurs during infection of normal human neural stem cells, as well
as adherent and induced GSCs. The block occurs during translation of HSV1 true late genes, resulting in a
lack of capsid formation or true late protein synthesis. We observe de novo DNA synthesis and
transcription of HSV1 true late genes during infection. Protein translation is shutoff in G207 infected GSCs
after synthesis of HSV1 early and leaky late proteins. Recombinant y34.5-deleted oHSV1, G47A, expresses
Usll as an immediate-early protein, and is not restricted in GSCs. We observe both viruses induce
phosphorylation of elF2a upon infection, and are not affected by ER kinase inhibitors, or activation of the
elF4F complex via a constitutively activated MNK1. Our findings highlight the capability of tumor stem
cells to restrict oHSV replication through induction of protein synthesis shutoff hindering therapeutic

efficacy.
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Introduction

Glioblastoma (GBM) is a currently incurable brain tumor characterized by a heterogeneous
composition of cancer cells. Conventional therapy fails to cure GBM due to a treatment resistant
population of glioblastoma stem like cells (GSCs). For in vitro study, GSCs can be isolated from patient
brain tumors by dissociated tumor cells into a serum-free neural basal media supplemented with
epidermal growth factor and fibroblast growth factor-2 (124). In contrast, the historical method of
culturing GBM cell lines uses DMEM media supplemented with calf-serum. These cell culture methods
support two very distinct cell lines. GSCs are stem like: capable of self-renewal, are multipotent, and form
invasive tumors in athymic mice that recapitulate the heterogeneity and characteristics of the original
patient’s tumor (14; 124). Meanwhile, the serum-cultured cells (SCCs) grow adherently, display a more
differentiated morphology and gene signature, and are much less tumorigenic than GSCs (20-22). Our
lab’s involvement with the Massachusetts General Hospital Neurosurgery department yields us access to
patient tumor specimens straight from the OR. Specimens are separated into single cell suspension and
incubated in serum-free or serum-supplemented media to isolate patient-matched GSC and SCC lines (21).
Patient matched GSCs come from the same genetic background as the SCCs allowing us a unique
opportunity to study different cell types from the same GBM tumor. Differences observed between GSC
and SCC are most likely not due to genetic differences but attributable to variations in epigenetic status
or cell signaling pathways relevant to stem cell hierarchy. In contrast, GSCs from different patients harbor
a variety of different mutations highlighting the lack of a common genetic mutation which could direct
therapy for GBM (Table 2.1). We discovered patient GSCs similarly restrict oHSV replication regardless of
their individual genetic disparities. In contrast, all patient-matched SCCs were permissive for oHSV
replication.

oHSV are attenuated herpes simplex virus-1 (HSV1) engineered to infect and kill cancer cells while

sparing normal cells (117) (Table 2.3). G207, G474, and FA6, are all oHSVs constructed in the Rabkin lab
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for GBM therapy. G207 has both copies of y34.5 deleted as well as an inactivating insertion of the LacZ
gene encoding B-galactosidase into the HSV1 ICP6 gene (88). While G207 replicates and kills SCCs it does
not grow in GSCs (20; 125; 126). Viruses with y34.5-deleted are attenuated in multiple cancer cell lines as
well as in mice after intracerebral/corneal injection (93; 102; 127; 128). Gamma(1)ICP34.5 has many
functions making it difficult to determine what causes this attenuation. Removal of the y34.5 genes
increases autophagosome maturation (129), sensitizes the virus to interferon (IFN) (100; 101; 130), and
increases phosphorylation of elF2a which results in a shutoff of protein translation (90; 127; 131; 132).
Normal brain cells rely on a strong interferon response to repel virus due to the inhibition of immune cell
migration by the blood brain barrier (133-136). However, GBM cells often do not produce type | IFN or
IFN stimulated genes even during infection making them good targets for oncolytic viruses (137; 138).
Autophagy’s role in GBM biology is widely contested with some authors theorizing it aids GBM resistance
to chemotherapy and promotes pro-growth signals, while others maintain autophagy synergizes with
therapy, reviewed in (139; 140). In relation to oHSV, inhibiting autophagy benefits the virus, allowing it to
remain undetected by immune cells (96; 129). However, our lab demonstrated deleting the autophagy
inhibiting beclin-1 binding domain of y34.5 does not affect HSV1 growth in GBM cells in vitro (62). When
v34.5 negative HSV1s R3616 or R4009 (See Table 2.3) infect neuroblastoma SK-N-SH cells a protein shutoff
occurs which restricts vial growth, similar to our observations of G207 in GSCs (127). Protein synthesis
shutoff occurred as a result of DNA replication in their studies (127), which is important because de novo
DNA replication is a distinguishable step in the HSV1 lifecycle. The lack of canonical innate immune
signaling in response to HSV1 indicates GSCs restrict oncolytic virus by other methods, which we sought
to discover by monitoring the stages of the HSV lifecycle in GSCs.

HSV1’s lifecycle is characterized by an ordered cascade of gene expression. Upon infection, the
Immediate-early (IE) genes ICPO, ICP4, ICP22, ICP27, and ICP47 are expressed and translated (69; 141).

These IE genes all share promoters that are highly active during the initial infection (142). IE proteins

24



enable expression of the Early (E) genes (69; 141). E proteins return to the nucleus to begin de novo viral
DNA replication, which activates viral True-late (TL/y.) gene expression (141; 143). We can dissect which
point in the lifecycle a restriction occurs by monitoring the procession of HSV1 protein expression. For
example, treating infected cells with viral DNA synthesis inhibitor acyclovir (ACV) or phosphonoacetic acid
(PAA) will freeze the virus’s lifecycle at its de novo DNA synthesis step, resulting in no true late protein
expression (144; 145). We can treat virus infected cells with the relevant inhibitors to determine if the
next step in the lifecycle is affected, thereby revealing when the block occurs. We hypothesized our virus
face the same restriction in GSCs as R3616 faces in SK-N-SH cells, and this protein shutoff was a
generalizable characteristic of y34.5-deleted oHSVs.

SUP1 and R5104 are recombinant HSV1s that possess a suppressor mutation that complements
v34.5-deletion, allowing them to grow in cells non-permissive to y34.5-deleted HSV1 (108; 109). These
viruses lack the ICP47 ORF placing the normally TL Us11 gene under an |IE promoter, causing its expression
before viral DNA synthesis, and is subsequently believed to complement y34.5 deletion. The Us11 protein
antagonizes elF2a kinase PKR by directly binding it and its double stranded RNA ligand (110; 146). The
complementation observed when Us11 is expressed in the context of y34.5 deletion suggests the eiF2a-
mediated translational shutoff during infection restricts viral growth and Us11’s anti-PKR activity is
responsible for rescuing the viral growth (90; 127). The phosphorylation status of the elF2a protein
dictates whether capped mRNAs are efficiently translated in eukaryotic cells (147). Us11 prevents the
phosphorylation of elF2a by inhibiting PKR, while y34.5 directs PP1a to dephosphorylate elF2a (91; 110;
146; 148). Phosphorylation of elF2a prevents efficient methionine tRNA (tRNAV®) transfer to ribosomes
thereby halting the initiation of protein translation (147).The elF2a protein inhibits tRNAM®' association
with ribosome complexes when phosphorylated (118). Replacing elF2a’s serine 51 with an un-

phosphorylatable alanine prevents its phosphorylation, restoring y34.5-deleted virus growth in mice
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embryonic fibroblasts, demonstrating the profound role elF2a plays in y34.5-deleted HSV1 replication
(149).

Also involved in mRNA translation, the elF4F complex organizes ribosomal subunits to capped
transcripts (118). ICP6, which is interrupted by an insertion of the LacZ gene in our oHSVs, activates the
complex resulting in higher phosphorylation of elF4E subunit and greater viral replication (150). Unlike
elF2a, phosphorylation of elF4E activates the elF4F complex and leads to greater levels of translation,
again demonstrating HSV1 evolved to encode several proteins which actively promote protein translation
during infection (123; 147). This further suggests restriction of y34.5-deleted HSV1 is caused by a
translational shutoff. We hypothesized protein synthesis shutoff during infection is normally
circumvented by HSV1 proteins y34.5 and Usl1, and their ability to maintain a minimum amount of
protein synthesis allows productive infection. Here we demonstrate that y34.5-deleted HSV1 are
restricted in glioblastoma stem cells, but not in SCCs from the same patients’ tumor. This restriction occurs
by a specific ablation of HSV1 true-late protein synthesis. Interestingly, we observe that elF2a and elF4E
do not appear to control this phenotype. Lastly, we describe in detail the replication kinetics of y34.5-
deleted HSV1 with and without immediate-early expression of Us11 to illustrate its effects on oncolytic

vectors
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Results
G207 and other y34.5-deleted HSV1’s are restricted in GSCs but not in SCCs

While developing an orthotopic GBM model our lab noticed GSCs 4, 8, and BT74 were not
permissive to y34.5-deleted HSV1 G207 or R3616 (20). This contrasted with the previously shown
replication of G207, and other y34.5-deleted oHSVs in established glioma cell lines (91; 151-154). To
determine if a general character of GSCs is to restrict G207 replication, we assayed viral growth on nine
GSC lines and their matched SCCs. Because SCCs are cultured from the same tumor specimens as their
matched GSCs, any differences in replication are likely not due to genetic differences in individual tumors,
but rather to differences of stem cells to differentiated tumor cells (Table 2.1). In addition, both cell lines
grow with similar kinetics. To measure viral growth we infected cells at a multiplicity of infection (MOI) of
two, statistically infecting at least 95% of cells. Infecting at a high MOI limits the number of secondary
infections and allows us to observe a single virus growth cycle, or ‘burst’ of virus. SCC8s were permissive
to G207 as well as G47A, and FA6 (Figure 2.1A), using plaque assay of infected cell lysates. Similar to
previous reports we observed the same matched GSCs were not permissive to G207, even though G47A
and FA6 grew to high titer (Figure 2.1B). To determine whether insertion of LacZ into ICP6 affected cell
permissivity in the context of y34.5-deleted HSV1, we infected GSC8 cells with R47A (ICP6+ G47A) and its
parent virus R3616 (ICP6+ G207). R47A grew in GSCs whilst R3616 did not, similar to G47A and G207
(Figure 2.1C), indicating ICP6 does not greatly affect the restriction we observe. In addition, we tested
whether G207 could replicate if infected in excess, as some HSV1 mutants such as ICPO-null can be rescued
by infection at high MOI (39). We found G207 was still restricted at high MOI (10) in GSC8, meaning the
restriction cannot be overcome by multiple infections of the same cell (Figure 2.1D). The inability of
multiple G207 viruses to complement each other during superinfection indicates that any Us11 delivered,

via the tegument (155), into newly infected cells cannot circumvent the block that occurs.
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To expand upon these findings, we assayed viral growth in GSCs 18, 29, 31, 70R, 70RR, 75, and
123 using the titers measured at 6 and 24 hours post infection (hpi) to determine cell permissivity en
masse (Table 2.2). The 6 & 24 hpi time points correspond to the eclipse and plateau of viral titer during
MOI(2) infection as observed in Figure 2.1A & 1.1B. We observed G207 titers never rose 5-fold above the
6hpi timepoint (Table 2.2, highlighted panels). This contrasts with G207’s growth in patient matched SCCs
which varied from 10-100 fold over the 6hpi timepoint. Interestingly, our small scale screen of GBM cells
did not reveal a significant difference between primary (initial tumor) and recurrent (arising after
treatment) GSCs in terms of restricting viral growth (Figure 2.1E, Table 2.2). G207 and G47A both infect
GSCs at the same rates as demonstrated by Xgal staining at 6hpi (Figure 2.1F). Interestingly, we observed
restriction of G207 and G47A in normal human neural stem cells (huNSC), while wildtype HSV1 grew
(Figure 2.1G), indicating the restriction may be due to some innate stem cell characteristic, since neural

stem cells were also capable of restricting G47A.
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Table 2.1. Genetic characterization of GBM patient cell lines. GSCs and SCCs were analyzed by
SNaPshot® Multiplex System. Primer extension-based analysis of SNPs was carried out for SNPs in:
ABL1, AKT1, ALKM, APCM, ARID1A, ATMM, ATRX, AURKA, BRAF, BRCA1, BRCA2, CCNE1, CDH1, CDK4,
CDKN2A, CICN, CSF1R, CTNNB1, DAXX, DDR2, DDX3X, EGFR, ERBB2, ERBB3, ERBB4, ESR1, EZH2, FBXW?7,
FGFR1, FGFR2, FGFR3, FLT3, FOXL2, GNA11, GNAQ, GNAS, H3F3A, HNF1A, HRAS, IDH1, IDH2, JAK2,
JAK3, KDRM, KEAP1, KITM, KRAS, MAP2K1, MAP3K1, MDM2, MEN1, METM, MLH1, MPLM, MSH6,
MYCM, MYCN, NFIN, NF2M, NOTCH1, NPM1, NRAS, PDGFRA, PIK3CA, PIK3R1, POLE, PTCH1, PTEN,
PTPN11, RB1IM, RETM, RHOA, RNF43, ROS1, SDHB, SMAD2, SMAD4, SMARCA, SMARCB, SMOM, SRCM,
STAG2, STK11, SUFU, TERT, TP53, TP63, TSC1, TSC2, TSHR, & VHLM genes.
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Table 2.1. (Continued)

GSC4 5CCa

GSC8

Mutations

IDH1

TERT

GSC18 G5C29 S5CC31

GSCha

GSC75 5CC123

TR33

PTEN

NF1

PI3KR1

RB1

TSC1

TSC2

POLE

APC

BRCAZ2

CIc

MLH1

MSH2

PRGFRA

RET

PTCH1

MAP3K1L

CCNB1

MYC

ARID1A

HRAS

Missense Variant

Upstream gene variant

Stop gained

Frameshiftvariant

Protein altering variant

Splice acceptor variant

Copy Number

COKNZA

MYC

MYCN

PDGRRA

MDM2

RB1

Amplification

Dreletion

Fusion

MR2-MAMLZ

Yes

FR3-TACC3

Yes
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Table 2.2. OHSV replication in GSC and SCC lines. Titer at 24hpi was divided by titer measured at 5-
8hpi to obtain ratio. Cells were considered permissive if ratio was at least 5, or half a log increase from
eclipse. N/T-not tested. NO SCC-no SCC line exists.

Cell Line Virus GSC SCC
MGG4 G207 0.7 9.7
Primary FAG 13.7 136.6
GATA 32.7 415.7
MGGS G207 0.5 63.2
Primary FAG 154.9 34.5
GATA 42.3 327.6
MGG18 G207 3.5 N/T
Primary FAG N/T
GATA 343
MGG29 G207 1.3 83.3
Primary FAG 25.8 83.3
GATA 21.4 68.5
MGG31 G207 0.97 59.7
Recurrent EAB N/T 612
GATA 192 207
MGG75 G207 0.5 8.2
Primary FABG 6.3 27.3
GATA N/T N/T
MGG70R G207 0.4 No SCCs
Recurrent FAB 29.7
GATA 8.1
MGG70RR G207 0.7 No SCCs
Re-recurrent |FAB 39.2
GATA 7.0
MGG123 G207 0.7 99
Recurrent FAG 198.5 N/T
GATA 20.7 614

31



Table 2.3. Schematic of HSV1 and viruses used in oncolytic therapy research. |E, immediate-early;
polyA, polyadenylation; LacZ, B-galactosidase; pro, promoter; RR, ribonucleotide reductase; TK,
thymidine kinase; oHSVs in clinical trial are marked with *. Table adapted from Peters et. al. MolTher
Oncolytics, 2015.

HSV1
TR U, IR, IR« Ug TR
[+ [ __LE —
-
R A " ICP4T|
“y34.5 345" TUstt |
.~Us10 !
Oncolytic virus HSV gene mutations Transgenes
(deletion: A; inactivating mutation: -)
1716* v34.54
1716-6 v34.54, ICPG- ICP6-LacZ fusion in ICP6
Disptk TKA
G207* v34.54, ICPG- ICP6-LacZ fusion in ICP6
G4TA" v34.84A, ICPG-, ICP4TA, ICP47 IEpro-Us11 ICP6-LacZ fusion in ICP6
R3616 v34 54
R4009 v34.5-
R5104 V3460, UsBA, Us9A, Us10A, Us114A, ICP4TA, ICPAT
IEpro-Us114Us10
RATA yv34 54 ICP4TA, ICP47 IEpro-Us11
115 yv34.8A, TK-, ICP27 |Epro- Us11+Us10
11A5 v34 60 TK- ICP27 [Epro- Us114Us10{anti-sense)
pAUS11 Premature polyA in Us11 GFP
34 54 pAls11 yv34.5A, Premature polyA in Us11 GFP
SUP1 v34 .54, ICP4TA, ICP47pro-Us11 v34 5pro-Gluc
OncoVexGMEsFr v34 84 ICP4TA CMVpro-GM-CSF iny34 5
(Talimogene
laherparepvec /
IMLY GIC)
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Figure 2.1. Recurrent and primary GBM stem cells are permissive to y34.5-deleted oHSV G207
infection, but restrict their growth. Viral growth of G207, FA6, or G47A in GSC8 (A) and SCC8 (B) cells
after infection at MOI (2), as measured by plaque assay on Vero cells in logs of plague forming units
(PFU) using whole cell infected lysates (n=3). (C) Viral growth of R3616 or R47A in GSC8 cells after
infection at MOI (2). (D) Viral growth of G207 in GSC8 cells after infection at MOI (10). (E) Viral growth
of G207, FA6, or G47A in recurrent SCC123 and GSC123 cells after infection at MOI (2). (F) Infectivity
assay of SCC29 and GSC29s infected with G207 or G47A and stained for B-galactosidase activity with X-
gal six hours post infection. (G) Viral growth of wild type HSV1, G207, or G47A in normal human neural
stem cells after infection at MOI (2).
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Stem cell qualities of GBM cells may affect permissivity to G207

GSCs grow in vitro as non-adherent spheres, whereas SCCs grow adherent to plastic (Figure 2.2A).
GSCs can be grown as adherent stem cells when supplied with growth factors on a lamin/poly-O ornithine
coated plate (156). Growing GSC29 and GSC64 on coated plates resulted in adherent glioma cells which
expressed neural stem cell markers nestin when grown in EF20 media and astrocyte marker GFAP when
cultured in serum (Figure 2.2B). Neither GFAP+ nor nestin+ adherent GSCs cells were permissive to G207
growth indicating the adherence of the SCCs or their culture media was not the cause of GSC non-
permissiveness to G207 (Figure 2.2C). We were unable to culture adherent GSC4 and 8 cells because they
quickly died upon exposure to laminin and/or serum (data not shown).

The Suva lab demonstrated SCC8s (referred to as DGC8s) could be reprogrammed into induced
GSCs (iGSC) by overexpressing four transcription factors: POU3F2, OLIG2, SOX2, and SALL2 (22), similar to
the Yamanaka method of converting human skin cells into embryonic stem cells (33). We tested whether
reprograming DGCs into iGSCs would alter the permissivity of the cells to G207 by expressing two or four
of the reprogramming factors (Figure 2.2D). Conversion of DGC8s into iGSC8s reestablished the restriction
of G207 growth observed in GSCs (Figure 2.2E). To ensure that there were no differences between our
SCC8 cells and their DGC8 cells we tested Suva’s DGCS cells and found that both cell lines were permissive
to infection before reprogramming (Figure 2.2F). We discovered that reprogrammed DGCs became
permissive to G207 after several passages and began to become adherent (Figure 2.2G), indicating that
‘stemness’ bestowed by reprogramming may be unstable in vitro. Passaging GSC cells in vitro for long
periods of time results in alterations in the cell line such that the original stem like phenotypes can be lost

(23). For this reason, we continued our studies using GSCs that were minimally passaged.
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Figure 2.2. GBM cell fate may affect restriction of y34.5-deleted HSV1. (A) Picture of MGGS8 cells
grown in EF20 (left) or serum (right). (B) Adherent (Ad) GSC29 cells cultured in laminin/poly-o-ornithine
coated plates in either EF20 (EF) or fetal calf serum media (FCS). Representative images of
immunostaining of neural differentiation markers GFAP (red) and nestin (green). (C) Viral growth of
G207, FA6, or G47A in AdGSC29s cultured in EF or FCS media after infection at MOI (2). (D) Picture of
SCC8 and iGSC8 cells formed after lentivirus expression of the four transcription factors (4TF): Pou3F2,
Sall2, Sox2, Olig2. Viral growth of G207, FA6, or G47A in iGSC8s passage 8 (E) and DGC8s passage 20
(F) after infection at MOI (2). (G) Ratio of titers measured at 24hpi to 6hpi of iGSC8s infected with oHSV
at MOI(2) plotted versus passage number.
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Viral capsids are not produced during G207 infection of GSCs

The lack of plaques after infection of GSCs with G207 suggests a lack of infectious progeny, but
we could not rule out whether viral capsids were being produced. We used transmission electron
microscopy to evaluate capsid assembly in infected GSCs and SCCs late in infection. Viral capsids were
present in the nucleus of G207-infected SCCs, but not in G207-infected GSCs, while they were present in
both G47A and FA6 infected GSCs and SCCs (Figure 2.3A). Forty-eight and sixty-eight% of GSCs examined
by TEM after G47A and FA6 infection, respectively, contained at least one capsid, while none were seen
after G207 infection (Figure 2.3B, n=25 cells). Capsids observed in cell nuclei were on average 100nm in
diameter, whereas the few virions we detected outside the nucleus were near 200nm in diameter (Figure
2.3C). This confirms G207 infection of GSCs does not result in capsid formation, suggesting capsid protein
is not produced during infection or that viral DNA replication is blocked preventing capsid formation
around nascent viral genomes.
G207 replicates its DNA and true late viral RNAs suggesting protein synthesis is inhibited late in infection

HSV1 true-late genes require de novo viral DNA replication for expression and subsequent
synthesis (141; 143). Therefore, we tested whether G207 DNA replication was blocked in infected GSCs.
To determine if viral DNA replication was occurring, we used qPCR to measure HSV-1 ICP4 gene levels
over time relative to cellular gene GAPDH from an initial 2-hour post infection time point. We found viral
DNA is amplified during G207 infection in GSCs and SCCs to similar levels as G47A and FA6 (Figure 2.4A).
There were ten-fold more viral genomes in SCCs as compared to GSCs which correlates with the greater
growth we observe in SCCs (Table 2.2, compare GSC vs SCC). To ensure that the increases observed were
due to de novo viral DNA replication, we treated infected GSC4 cells with HSV1 DNA synthesis inhibitor
acyclovir (ACV). ACV blocked HSV-1 DNA replication and virus growth in GSC4 (Figure 2.4B), indicating we
are observing de novo viral replication. Although we had already shown that each virus infects GSCs at

similar frequencies by Xgal, we further confirmed that all 3 viruses equally transport to the nucleus by
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isolating infected cell nuclei immediately post infection and determining the relative and absolute copy
numbers of viral genomes using gPCR. About 1.8 HSV1 genomes per nuclei were present for each virus,
measured using a standard curve of KOS HSV1 DNA (Figure 2.4C). Relative quantification of this data
demonstrated near equal amounts of viral genomes were present suggesting all oHSVs infect GSCs with

similar efficiencies (Figure 2.4D).
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Figure 2.3. Capsid production is inhibited in GSCs during G207 infection. Electron micrographs of SCC8
and GSC4 cells infected with oHSV at MOI (2). Micrographs were taken 24hrs post infection in SCC8s
(i-iii, v-vi) or 16hrs post infection in GSC4s (iv, vii-ix). Boxed areas are magnified in panels on the right.
Arrowheads indicate virus capsids. (B) Quantification of capsid positive cells (n=25 cells). (C)
Measurement of capsids located in cell cytoplasm versus the nucleus in G47A and FA6 infected GSC4
cells.
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Figure 2.4. GSCs support G207 DNA replication. (A) QPCR using HSV-1 ICP4 (present twice in the
genome) and cellular GAPDH primers on DNA isolated from GSC8 and SCC8 cells infected with G207,
FA6, and G47A at MOI(2) for times indicated. Fold increase was calculated using the AACt method
comparing the relative change in ICP4 and GAPDH in relation to a sample taken 2hours post infection.
(B) QPCR on GSC4 cells infected with G207, FA6, and G47A at MOI(2) in the presence of 10uM ACV or
vehicle and corresponding plaque assay of GSC4s infected in the presence of ACV. Absolute (C) and
relative (D) quantification of oHSV genomes in GSC4 nuclei during infection by qPCR. KOS HSV-1 DNA
was diluted step fold for use as standard curve to determine the absolute number of viral genomes

present at 2 hpi.
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If de novo DNA replication occurs in G207 infected GSCs the lack of capsid assembly would be
explained by a lack of true late gene transcription or translation. We probed whether viral true late
transcription was being reduced or stopped using gRT-PCR on cDNA from cells infected with G207, G474,
and FA6 at several times post infection. G207-infected GSCs produced similar amounts of IE and E gene
transcripts as FA6 and G47A infected GSCs (Figure 2.5A). Unexpectedly, true-late gC and Us11 transcripts
were present in G207-infected GSCs at levels similar to FA6 and G47A (Figure 2.5A). These results were
reproduced using different GSCs and Tagman probes (Figure 2.5B), indicating HSV1 true late transcription
was unaffected by the restriction factor(s) inhibiting G207 replication in multiple GSC lines. However, to
rigorously prove full length viral RNAs were being produced in GSCs we performed northern blot on
infected cell RNAs. Full length gC (~2.3kb) and Us11 (~1.3kb) RNAs were present in infected GSC4s (Figure
2.5C). The upper band (white asterisk) in the Us11 blot corresponds to ICP47 RNA, and is noticeably absent
in the G47A lane. Us11 and ICP47 mRNAs contain complementary sequences to our Us11 probe, because
both transcripts are expressed in the same direction from the same strand. Additionally, we saw a
decrease in spliced GAPDH transcript in infected GSCs (Figure 2.5C), which has been reported during HSV1
infection (157). Upon observing GAPDH decreases during infection we repeated our RT-gPCR experiments
using 18S rRNA as a calibrator gene. We observed the same patterns of viral gene expression in all viruses,
albeit reduced about ten-fold at later times during infection (Figure 2.5D). These observations
demonstrate that G207 infection results in productive DNA replication and true-late transcription. The
presence of true late RNAs but an absence of viral capsid suggests GSCs restrict translation late in the viral
lifecycle. However, we cannot conclude whether the absence of viral late translation was due to viral RNA

not effectively being exported from the nucleus.
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Figure 2.5. GSCs do not inhibit true late gene mRNA synthesis during G207 infection. (A) SYBR RT-
gPCR of cDNA from infected GSC8s using primers for HSV-1 ICP4 (IE, a), TK and ICP8 (E, B), and Us11
and gC (L, vz) genes. Fold increase was calculated using the AACt method using GAPDH as the calibrator

gene. (B) TagMan RT-qPCR of cDNA from infected GSC29 and GSC31 for ICP27 (IE, a), TK, and gC levels
as compared to GAPDH. (C) Northern Blot of infected GSC8 20hpi with oHSV, probing for gC, Us11, and
control GAPDH spliced mRNA using nonradioactive digoxigenin-labeled dsDNA probes (2.3kb gC; 1.3kb
Us11; 1.7kb ICP47; 1.5kb GAPDH). * indicates ICP47 mRNA; red arrow indicates non-stripped probe
from GAPDH; black arrow indicates Us11. (D) SYBR qPCR of cDNA from infected GSC8s using primers
for gC and 18s5 RNA as a calibrator gene.
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To address this possibility, we proposed to fractionate infected GSCs to determine if viral mMRNA
was present in the cytoplasm. Unfortunately, it was incredibly difficult to isolate clean cytoplasmic
extracts from GSCs. After several rounds of optimization, we were unable to isolate cytoplasmic fractions
that were not contaminated by nuclear protein (Figure 2.6A), as indicated by the presence of histone H3.
Our nuclear fractions were free of cytoplasmic vinculin protein and spliced GAPDH as measured by PCR
on cDNAs (Figure 2.6A, 6B), indicating our fractionation worked for resolving nuclear fractions.
Cytoplasmic fractions were also positive for nuclear restricted 7sk RNA (Figure 2.6B), thereby rendering
cytoplasmic fractionation by RTqPCR to assess viral transcripts difficult to interpret. To circumvent this
pitfall, we assayed viral RNA location using RNAscope, a form of RNA immunohistochemistry (158). GSC4
and GSC8 cells infected with G207 and G47A were positive for gC transcript at late times post infection
(Figure 2.6C). Foci clustered at the edge of cells suggesting probes were picking up transcript outside of
the nucleus (Figure 2.6C, arrows). The presence of HSV1 true late RNAs in G207 infected GSCs at levels
similar to G474, which grows without restriction, suggests GSCs restrict viral replication at a phase after

viral transcription but before capsid assembly.
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Figure 2.6. Difficulties determining viral RNA location during infection. (A) Western blot of GSCs
fractionated with either a 0.1% or 0.05% NP40 fractionation buffer. Blotting was carried out on
fractions for cytoplasmic vinculin, and nuclear Parp-1 & Histone 3 protein (H3). GAPDH has been
reported in both fractions. (B) PCR on cDNA from fractionated GSCs using cytoplasmic spliced GAPDH
or nuclear 7sk primers. Cycles are noted above lanes, as are the fraction the cDNAs came from:
cytoplasmic, C; nuclear, N. (C) RNAscope for viral HSV1 gC protein 12hours post infection. Arrowheads
demark gC probe hybridization.
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True late protein synthesis is inhibited during G207 infection in GSCs

The lack of capsid production despite true late transcription suggests viral and/or host protein
synthesis is shutoff late in infection. We used western blot to assess different kinetic classes of viral
proteins after infection of GSCs and SCCs. Cells infected with G207, G474, or FA6, resulted in immediate
early (IE, a), early (E, B), and leaky late (y1) proteins (Figure 2.7A). In line with our prediction, G207-
infected GSCs had little to no true late (y2) proteins. In conjunction with our RNA data this indicates that
viral replication is blocked during true-late protein synthesis. In matched SCC8 cells, true-late gC and Us11
protein synthesis begins around 9 hrs post G207 infection (Figure 2.7B), which corresponds to the period
when we see true-late RNA levels begin to exponentially expand (Figure 2.5A). We also demonstrated
Us1l is expressed very early during G47A infection, indicating the immediate-early promoter of ICP47 is
driving its expression (Figure 2.7C). We observed expression of leaky-late proteins (y:) VP5 and gD (Figure
2.7D), suggesting this protein synthesis block only prevents true-late HSV1 translation and that the protein
restriction we observe occurs late in the infection, towards the culmination of the viral lifecycle. We
observed slightly less gD expression in G47Ainfected GSCs as compared to FA6, which correlates with the
increased capsids observed in FA6 infected GSCs (Figure 2.3), but not with the burst in titer from 6hpi
(Table 2.2).

We next examined whether this restriction was specifically inhibiting HSV proteins, or also
affected cellular proteins, using a puromycin pulse. Puromycin incorporates into nascent peptides
terminating their elongation while also labeling de novo (truncated) proteins (40). G207-infected GSCs
undergo a severe protein synthesis shutoff between 6 and 9hrs post infection, seen to a much lesser
extent with G47A-infected GSCs (Figure 2.8A). Addition of acyclovir (ACV) does not influence protein
synthesis shutoff during infection of GSCs, suggesting the shutoff occurs independently of viral DNA
replication (Figure 2.8B). ACV treatment did reduce true-late gC protein expression in G47A infected GSCs,

but had no effect on Us11 expression in G47A infected GSCs because it is expressed before DNA replication
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(Figure 2.8B). In matching SCCs, we observed protein synthesis was reduced very late in infection, but
much less than in GSCs (Figure 2.8C). A pan-HSV1 antibody reveals that viral proteins in general
accumulate to a similar, though lessor, degree in G207 infected GSCs as G47A infected cells, regardless of
protein synthesis shutoff (Figure 2.8A-C, HSV1 panel). Expectedly, Usll is absent from G207-infected
GSC8 and 4, while present in G47A-infected cells and G207 infected SCCs (Figure 2.8A-C, arrows). We
observe SCCs support HSV1 protein accumulation similarly to GSCs but show much less total inhibition of
protein synthesis. The observed translational shutoff occurs during the same interval we observe the
appearance of true late proteins in G47A-infected GSCs (compare Figure 2.7A-gC blot with 1.8A-G207
puromycin blot), and G207-infected SCCs (compare Figure 2.7B-gC blot with 1.8A-G207 puromycin blot).
This suggests that oHSV infection induces a global translational shutoff in GSCs that is blocked by y34.5 or
Us11. Contrastingly, in SCCs viral protein synthesis continues. Thus, GSCs and SCCs differ in permissivity
to G207 and G47A due to differing abilities of the cells to respond to HSV1 infection, or the virus to

respond to cell-induced translational shutoff.
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Figure 2.7. GSCs prevent true late protein synthesis during G207 infection. (A) Western blot of GSC8
and (B) SCC8 cells infected with G207, FA6, or G47A viruses at MOI (2) at timed intervals during
infection. Blots were performed using lysates from the same infection on different gels (denoted by
*). 10ug of total protein sample was loaded per lane. Viral IE (a), E (B), LL (yl), L (vz) proteins expressed

during infection are indicated. HPI denotes hours post infection when cell lysates were harvested (all
blots have been brightened 20-25%). (C) Western blot for Us11 in GSC4 cells infected with G47A. (D)
Western blot of GSC8 and SCC8 cells infected as in (A) but probed for leaky-late proteins VP5 and gD.
(E) Western blot of GSC8 infected for 24pi in the presence or absence of proteasome inhibitor MG132.
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Figure 2.8. G207 infection of GSCs causes termination of protein synthesis. (A) Western blot of GSC8
cells infected with G207 and G47A at MOI (2) for 3-12 hours and pulsed with 10ug/ml puromycin 15
minutes before lysates were harvested and probed with anti-puromycin antibody (upper), striped and
probed with an anti-HSV1 antibody (lower). (B) Western blot of GSC4 cells infected at MOI (2) in the
presence or absence of acyclovir (ACV) 10uM and pulsed with puromycin. Blot was probed with anti-
puromycin, HSV1, GAPDH, and HSV1 gC antibodies. (C) Western blot for puromycin on SCC4 cells
infected with G207 or G47A and pulsed with puromycin and anti-HSV1 antibodies.
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Because the western blots for HSV1 proteins measure an accumulation of total proteins, and the
puromycin pulse truncates peptides, we could not ascertain whether the protein shutoff was specifically
affecting the TL protein synthesis or generally affected all kinetic classes of HSV1 proteins. To determine
whether the observed protein shutoff specifically hinders TL protein synthesis we incubated cells with an
amino-acid analog azidohomoalanine (AHA), at 6and 12 hrs post infection and used click chemistry to
label nascent peptides with biotin (159). We immunoprecipitated AHA-biotin labeled proteins and
ascertained protein expression via western blot. AHA incorporation was reduced late in infection as
assayed by streptavidin during both G207 and G47A infection (Figure 2.9), signifying a generalized host
protein shutoff does occur during infection from either virus. However, there is less reduction of AHA
labeled protein in G47A infected cells than G207. Pan HSV1 anti-body revealed HSV1 proteins are still
being synthesized at 12hrs post infection in both viruses, despite the lessening of host translation (Figure
2.9). Incredibly, blotting for E protein ICP8 divulged E protein synthesis continues during G207 infection,
late in infection during the protein synthesis shutoff (Figure 2.9). The presence of nascent ICP8 during
protein synthesis shutoff when we observe no accumulation of TL protein gC suggests TL mRNAs are
specifically inhibited from being translated in GSCs.

Phosphorylated elF2a is increased during both G207 and G47A infection

The prevailing model used to explain y34.5-deleted HSV1 attenuation relies on observing
phosphorylation of elF2a correlating with a lack of viral protein synthesis (90; 127; 148). Rescue of these
mutants by Usl11 expression has been interpreted as being due to Usl1 inhibiting PKR, and preventing
elF2a phosphorylation (108; 110; 130; 149). Us11 inhibits PKR activation, but not previously activated
PKR, from phosphorylating elF2a (110; 146). We looked at elF2a phosphorylation and PKR activation in
infected GSCs by western blot to see whether G47A was better able to suppress phosphorylation of elF2a
by PKR due to its IE Us11 expression. Perplexingly, G207 and G47A induced p-elF2a in both GSC8 and

GSC4 (Figure 2.10A). In contrast, y34.5* FA6 completely inhibited phosphorylation of elF2a in GSC8s
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(Figure 2.10A). Similarly, p-elF2a levels rose in SCCs infection with G207 or G47A (Figure 2.10B), even
though they are permissive to both viruses. In contrast cells infected with FA6 (y34.5+) had very low levels
of p-elF2a. Activation of PKR (p-PKR thr446/451) was observed in GSCs after G207, FA6, and G47A
infection (Figure 2.10A) and at late times in SCCs (Figure 2.10B). Interestingly, G47A infected GSCs only
had high p-PKR at late times post infection, unlike FA6 infected cells, while the reverse was true for p-
elF2a. This indicates that while Us11 may be inhibiting PKR it is unable to prevent elF2a phosphorylation,
or dephosphorylation. This suggests an elF2a kinase other than PKR may be phosphorylating elF2a. If so,
PKR might not play a major role in the restriction of G207 in GSCs. The similarities observed between G207
and G47A infected GSCs suggest elF2a phosphorylation is not the dominant indicator of productive late
translation in HSV1-infected GSCs. We did attempt to knock down PKR using shRNAs expressed from
tetracycline dependent lentivirus, but were unable to successfully knock down PKR (Figure 2.10D and data
not shown).
Inhibition of ER stress pathways does not rescue G207 replication

To test whether inhibiting multiple ER stress pathways might rescue G207 replication in GSCs we
treated GSCs with C16 (PKR inhibitor), ruxolitinib (JAK1/2 inhibitor), sunitinib (multi-kinase inhibitor), or
rapamycin (mTOR inhibitor), and infected them with G207 or FA6. None of the inhibitors rescued viral
replication in GSCs (Figure 2.11A). Sunitinib raised G207 titers by 36hpi, but not by a significant amount
(p <0.6). We also tested infected cDNA samples for the type 1 interferon, interferon B, but saw no change
upon infection (Figure 2.11B). Intriguingly, knock-down of STING inhibited the growth of G47A in GSCs,
and this was not due to any accelerated kinetics of viral lysis as FA6 grew (Figure 2.11C). STING knockdown

did not rescue G207 replication in GSCs.
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Figure 2.9. True-Late Protein Synthesis is Specifically Restricted in GSCs. Immunoprecipitation
experiments showing incorporation of azidohomoalanine (AHA) into nascent peptides. GSC4 cells were
labeled with AHA during infection and conjugated to biotin using Click-iT™ chemistry, the lysates were
immunoprecipitated using streptavidin coated agarose beads. The immunoprecipitates (left) and
whole lysates (right) were analyzed by immunoblotting (IB) using anti-biotin, HSV1, ICP8 (E), gD (LL),
Usll (TL), and gC (TL) antibodies. *Indicates a new membrane was used. Flow through, FT;
immunoprecipitate, IP on G47A infected GSCs without AHA labeling (left). Input lysates were probed
for B-actin as a loading control.
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Figure 2.10. Infection of GSCs with G207 and G47A results in phosphorylated elF2a. Western blot of
GSC8 (A) and SCCS8 (B) cells infected with G207, FA6, or G47A at MOI(2) for indicated times. (C) GSC4
infected with G207 or G47A at MOI(2) for indicated times. (D) GSC4 cells transduced with TetON pLKO
lentivirus expressing a scrambled or PKR shRNA. Doxycyline was added at 1ug/ml and lysates harvested
24hours later. All figures were made using the same blot after successive striping. 10ug of protein was

loaded per well.
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Figure 2.11. Inhibiting ER stress pathways does not rescue G207 replication. (A) Viral yield of G207
and FA6 from GSC8 cells incubated with PKR inhibitor (C16), JAK1/2 inhibitor (Ruxolitinib), and pan
kinase inhibitor (Sunitinib). (B) RTqPCR of infected GSC8 cells for interferon B (IFN) during infection.
Expression levels were normalized to GAPDH, calculated by the delta cT method and represented as a
fold change over the mock. (C) Western blot of GSC4 transduced with shRNA to STING and
corresponding plaque assay.
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Activation of elF4E does not rescue G207 replication

After observing elF2a phosphorylation was not significantly different during G207 and G47A
infection, we looked at the elF4F complex. The elF4F complex facilitates ribosome association with mRNAs
to promote protein synthesis (123; 160). The elF4E subunit of the complex is phosphorylated by MNK1 to
maintain the elF4F complex’s function (123). We observe P-elF4E is lost during infection of GSCs by G207,
as opposed to G47A (Figure 2.12A upper and lower). In contrast, permissive SCCs had elevated levels of
p-elF4E during G207 infection as compared to mock cells (Figure 2.12B). Aside from infectious progeny,
the change in p-elF4E levels is the greatest difference between G207 and G47A we’ve observed. This
raised the possibility that loss of p-elF4E contributes to the selective shutdown of protein synthesis after
G207 infection, and that elF4E phosphorylation is required for translation of HSV1 true late genes.
Previous studies rescued a translational block of oncolytic polio virus by expressing a constitutively active
MNK1 mutant which continually phosphorylated elF4E (161). Expression of wt and constitutively-active
MNK1 T344D increased p-elF4E levels in GSC4s after infection by G207 or G47A (Figure 2.11C). Despite
this sustained induction of p-elF4E, neither G207 true-late protein synthesis or virus replication was
rescued in GSCs (Figure 2.11D), suggesting elF4E phosphorylation is not sufficient for restoring true-late

proteins synthesis.
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Figure 2.12. Phosphorylation of elF4E does not complement y34.5 deletion. (A) Western blot of GSC4
(top) and GSC8 (bottom) cells infected with oHSV at an MOI(2) for elF4E, 20ug of protein was loaded
per well. (B) Western blot of GSC4 (top) and SCC4 (bottom) during infection and probed for elF4E and
elF2a. (C) Western blot of GSC4 cells transduced with empty, MNK1 wt, or MNK1 T344D mutant
expressing lentiviruses, infected with G207 or G47A at MOI(2) for 24 hours, and probed with total and
phosphorylated elF4E, gC, Us11, and vinculin (loading control) antibodies. (D) Virus yield of G207 or
G474, at indicated times, on transduced GSC4 cells as measured by plaque assay on Vero cells.
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Discussion

In summary, we report y34.5-deleted HSV1 G207 is restricted in GSCs after de novo DNA
replication and true late gene expression via a protein synthesis shutoff. Our results provide a detailed
description of the block to y34.5-deleted HSV1 which consolidates previous research into the
interdependence of Us11 and y34.5 (108; 110; 127; 149). The restriction of G207 in each GSC tested, in
contrast to its permissivity in all patient-matched SCCs, suggests a stem cell specific factor(s) is responsible
for blocking replication of y34.5-deleted HSV1. The protein synthesis shutoff that occurs during G207
infection, but not during G474, suggests an intrinsic anti-viral state exists in GBM tumor stem cells that is
absent from bulk tumor cells. Our results intimate that elF2a and elF4E do not play decisive roles in
shutting off protein synthesis in these cells, but further studies focusing on knocking out/down the elF2
and elF4 kinases is required to strengthen this theory. Additionally, the effects of the stem cell factors
used to induce stem cell like states in SCCs should be tested individually for their ability to restrict HSV1
TL protein synthesis.

Glioblastoma has remained an incurable tumor with a relatively short terminal prognosis since its
discovery. Even today, with the advantages in chemo-, immune-, and personalized- therapy the median
survival for the tumor remains around 15 months (24). The same Temozolomide chemotherapy used ten
years ago is still in use today because many of the newer drugs that are effective in GBM models fail once
introduced in the clinic (6; 24). In vitro models of GBM suffer from an inability to faithfully reflect the cell
heterogeneity and the lack of cancer stem cell progenitors observed in patient tumors. Researchers have
struggled to develop an in vitro tumor model that can preserve the observed heterogeneity of GBM
because culture conditions favor highly proliferative populations. This inability to study the natural GBM
heterogeneity in vitro may effectively skew research towards therapies which kill only an unimportant
subset of GBM cells, thus promoting therapies that will not be productive in clinic. Our data demonstrating

two cell populations from the same GBM tumor display diametric responses to oncolytic herpes virus
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lends credence for researching GBM therapies on heterogeneous cells to ensure all subpopulations of the
tumor are killed by therapy.

GSC and SCC lines from the same patient allow us to study two phenotypically distinct, yet
genetically similar, cell populations from the same tumor. GSCs differ from SCCs in their transcriptional
profiles (22; 29). This dissimilarity most likely results in the difference in tumor forming potential (21), as
well as permissivity to oHSV. This report suggests restriction of y34.5-deleted oHSV occurs uniformly
throughout GSCs despite differences between them, including subtype, mutations, and recurrence. This
suggests a common anti-viral factor(s) is expressed by all GSCs. The Suva group discovered GSCs rely on
an active WNT signaling pathway to self-renew and form tumors (29). WNT signaling plays an important
role in maintaining neural stem cell populations (162), while HSV1 infection activates AKT which aids WNT
signaling by preventing destruction of B-catenin (163). When B-catenin is not destroyed it promotes
transcription of IFN-B, leading some to hypothesize WNT driven stem cells might exist in a heightened
antiviral state (164). The lack of IFNB transcripts or an effect of JAK/STAT inhibitors, which would prevent
IFN signaling, on viral growth suggests the IFN pathway is not activated during oHSV infection in GSCs.
This suggests IFN signaling does not play a major role in permissivity to oHSV in GBM but still might be
important for separating cell hierarchy. Conversely, researchers working with Zika virus found SCCs have
a higher basal interferon stimulated gene expression than GSCs (165), which limited Zika OV replication
in the SCCs instead of the GSCs, further muddling any clear theory for restriction. Still, our data suggest
GBM stem cells do not rely on classic antiviral factors such as interferon, STING, or PKR that have been
associated with cellular control of HSV1 (160; 166; 167).

Reprogramming SCCs into GSCs by expressing stem cell factors does convert SCCs into ‘GSC-like’
cells with similar self-renewal and tumor forming capability (22). This conversion similarly causes SCCs to
become non-permissive to G207 (Figure 2.2) demonstrating some as-of-yet undefined difference in ‘stem

like’ gene expression betwixt GSCs and SCCs that plays a role in restricting viral growth. To truthfully
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demonstrate a ‘stem-like’ state activates this anti-viral response we would need to differentiate GSCs into
SCCs to observe if permissivity to G207 is restored in induced SCC cells. We attempted to differentiate
GSCs into SCCs several times using laminin coated plates and serum culturing, however we were unable
to consistently ‘differentiate’ GSCs. Serum cultured GSCs became adherent and displayed differentiated
cell type markers but were not permissive to G207 (Figure 2.2). We cannot confirm that these cells were
functionally differentiated though, as we did not measure self-renewal or tumor forming potential nor did
we measure loss of stem cell markers and other phenotypic qualities. Further epigenetic characterization
to understand the specific mechanics of GSC2>SCC reprogramming, as was done to determine the factors
required to reprogram SCCs, could elucidate potential stem cell antiviral pathway(s) that are upregulated
upon this transition. In addition, new routes to improve oHSVs by arming vectors with genes meant to
differentiate GBM stem cells would be elucidated by determining what this anti-viral factor(s) is.

In neuroblastoma SK-N-SH and glioblastoma cell line U373, y34.5-deleted HSV1 (R3616, SPBg5e)
was unable to overcome translational shutoff, similar to our observations in GSCs (90; 127). However, in
R3616-infected SK-N-SH cells, virus DNA replication caused protein synthesis shutoff, which we did not
observe in G207-infected GSCs (Figure 2.8B). We also observed accumulation of viral proteins despite the
shutoff, which was not assessed by other groups (108; 109; 127; 148), who only searched for total proteins
synthesized. The inability of G207 to prevent translational shutoff in cells was reasoned to be one of the
key reasons it is safe for intracranial injection (93; 101; 127; 128), however, G47A prevents the severe
shutoff while still being safe indicating something else must differ from GSCs and normal brain cells to
restrict one or both viruses. Neither virus could grow in normal NSCs (Figure 2.1E), suggesting that GSCs
are able to shutdown viral protein synthesis when infected better than SCCs, but NSCs are capable of
shutting down viral protein translation even better, making it safe for intracerebral injection.

The inhibition of TL protein synthesis suggests the GSC factor(s) can specifically recognize viral TL

mRNAs, and prevent them from being translated. A previous study found VHS-deficient HSV1 were
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prevented from translating TL transcripts and sought to restore TL translation by replacing the UTR of TL
gC with y-actin (168). TL protein synthesis was not restored through this alteration; however, Usl1
expression did rescue TL translation. Us11 may have some undiscovered ability to repress a specific viral
RNA sensing protein, or may generally inhibit the buildup of dsRNA which might only occur late in HSV1
infection. The lack of y34.5 leads to phosphorylation of elF2a which compounds problems faced by the
virus to translate its transcripts. Expression of Us11l may be required to mitigate an overabundance of
dsRNA which in the presence of p-elF2a leads to a shutoff of protein synthesis even in cancer cells.

To expand upon our results, we would genetically manipulate GSCs and SCCs to better probe the
original reasons hypothesized for the shutoff of protein synthesis during infection. To definitively test the
roles of elF2a and PKR, knock-out studies followed by addition of constitutively inactive forms (elF2a
ser51ala, PKR thr446ala) (169; 170) could be introduced. If this was sufficient to rescue G207 replication
we would expect combination with Salubrinal or other elF2a kinase inhibitors to similarly complement
viral growth, as expression of Us11 from recombinant y34.5-deleted HSV1 does. We could also analyze
the true-late gene promoters or UTRs to look for some difference that might explain whether these
transcripts are specifically precluded from being translated, although as of yet no definitive sequence
within a TL promoter or UTR has been identified to enhance its translation (81; 85; 168).

Segueing into what could be preventing TL translation, inhibition of the elF4F complex is another
possible mechanism for blocking TL HSV1 protein synthesis. Phosphorylated-elF4E levels are enhanced in
many cancers allowing quick protein synthesis, growth, and invasion (171). MNK1 phosphorylates elF4E,
is overexpressed in GBM, and when inhibited decreases cell growth and colony formation in GBM cells
(172). Silencing the MNK1 gene in GBM U87 cells, which results in less p-elF4E, decreases their
tumorigenicity, demonstrating its oncogenic role (173). We observed a noticeable difference in
phosphorylated elF4E levels between SCCs and GSCs infected with G207 (Figure 2.12). This was in contrast

to levels of phosphorylated elF2a which were similar between GSCs and SCCs infected with either G207
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or G47A. Phosphorylated elF4E was present during late times post infection in GSCs infected with G47A
but not G207. This was the only remarkable molecular difference we observed in GSCs between G207 and
G47A in relation to the protein synthesis shutoff. However, GSCs transduced with constitutively active
MNK1 were not any more permissive to G207 growth or true late gene protein synthesis, despite higher
levels of p-elFAE observed in G47A infected cells (Figure 2.12). The ineffectiveness of raising p-elF4E levels
on TL translation suggests elF4E does not play a critical role in oHSV replication, but further studies using
constitutively inactive elF4E (ser209ala) or MNK1 (Thr344ala), would elucidate if it’s vital for replication
of y34.5-deleted HSV1. Other viruses such as vesicular stomatitis virus, Influenza A, and Adenovirus, all
inhibit the elF4F complex to shutoff host protein synthesis whilst still translating their capped mRNAs
(174-176). Unlike these viruses, HSV1 activates the complex via ICP6, resulting in higher levels of p-elF4E
(150). We could hypothesize that HSV1 support of the elF4F complex is meant to increase translation of
normal capped host and viral mRNAs and plays no role in specifically translating HSV1 mRNAs over host
ones. This theory relies on destroying cellular mRNAs via VHS in order to saturate ribosome complexes
with HSV1 transcripts, precluding cellular transcription by volume rather than specificity (81; 168).
Alternatively, the discovery that Ns-methyladenosine modification of mRNAs leads to enhanced peptide
synthesis, even in the presence of elF inhibition offers another untested strategy of HSV1 (177). Several
RNA viruses are modified in this fashion to promote viral transcript translation during host shutoff (178).
It is possible that HSV1 transcripts may have these modifications to circumvent host shutoff as well. It is
currently unknown whether HSV1 true late mRNAs are selectively modified with these markers to
continue their translation in an inhospitable translational environment. An interesting avenue would be
to explore whether different kinetic classes of HSV1 are differently modified post-transcriptionally, and if
this affects the translation of certain transcripts. This would also provide an additional cell defense
mechanism to prevent the maturation and spread of a virus while still maintaining the survivability of the

host.
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Abstract

Deletion of the y34.5 genes severely attenuates HSV1, making it safe for intracerebral injection
for glioblastoma therapy. However, loss of these genes prevents viral replication in glioblastoma stem
cells which are theorized to be a critical target for curing patient tumors. Spontaneous loss of the
ICP47/Us12 open reading frame complements the deletion of y34.5 in non-permissive cancer cells, while
remaining safe for injection into the brain. The deletion of the ICP47 ORF places the downstream Us11
gene under the ICP47 immediate-early promoter. This allows expression of Usll immediately upon
infection, which differs from its normally late expression. To date, the consensus on complementation of
y34.5-deletion relies on studies using recombinant viruses which interrupt the natural ICP47 ORF or
transplant the Us11 & Us10 ORFs into an alternate place within the HSV1 genome, disrupting other genes
in the process. These studies concluded minimal expression of Us11 was sufficient to rescue virus growth
in non-permissive cell lines, without testing the effect of the protein by itself on y34.5-deleted HSV1
replication. Here we demonstrate for the first time that expression of the Us11 protein in trans, without
altering either the normal ICP47, Us11, or Us10 locus, is sufficient to rescue y34.5-deficient HSV1 G207 in
glioblastoma stem cells. High levels of Usl1l must be present to complement the y34.5-deletion, as
minimal expression in trans or in recombinant virus does not restore viral replication. We demonstrate
that Us11 is not required for HSV1 growth in the presence of y34.5 expression. Furthermore, we conclude
that the Us10 ORF located within Us11 plays no role in y34.5 complementation, but were unable to
complement y34.5 deletion by expressing truncated forms of Usll. Design and synthesis of a y34.5-
deleted HSV1 expressing the full length Us11 under the HSV1 immediate-early 4/5 promoter restored
growth in nonpermissive glioblastoma stem cells without altering the ICP47 locus, demonstrating ICP47

does not play a self-inhibitory role during y34.5-deleted HSV1 replication.
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Introduction

The most common medical ailments associated with herpes simplex virus-1 (HSV1) are cold sores
and herpes keratitis. These maladies occur when the virus infects epithelium near the mouth or eye. More
dangerously, when HSV1 travels to the brain it can cause encephalitis, a dangerous infiltration of immune
cells near the brain which can damage the organ and be lethal. HSV1 is known as a neurotropic virus
because it naturally infects and spreads throughout nervous tissue (79). The ability to cause such
devastating disease to human eyes and brain directed a majority of early HSV1 research towards
elucidating the function of viral genes involved in neuropathogenicity. Isolation of attenuated HSV1 led to
the discovery of y34.5 (ICP34.5) genes which cause neurovirulence (93). HSV1 viruses lacking y34.5 are
non-lethal in wildtype mice while remaining lethal in elF2a kinase (PKR) and Interferon (IFN) /B receptor
knockout mice, demonstrating the protein significantly mitigates host immune responses on viral
replication (101). In vitro, ICP34.5 is not essential for viral replication in cells lacking IFN signaling, like Vero
cells (93; 179). Similarly, some immortalized cancer cell lines lack sufficient anti-viral programs to restrict
y34.5-deleted HSV1 growth (20; 179; 180).

The lethality of y34.5-deficient HSV1 in PKR null mice is interesting because PKR is a target of the
HSV1 true late Us11 protein. PKR is an elF2a kinase and is activated during viral infection when double
stranded RNA (dsRNA) appears in the cytoplasm (181). PKR monomers binds dsRNA in tandem, activating
the protein by cross phosphorylating active site threonine 446 (181; 182). Once activated, PKR
phosphorylates elF2a at serine 51 resulting in a severe reduction in capped mRNA translation (182). Us11
antagonizes this antiviral system by competitively binding dsRNA, obscuring PKR’s ligand, or PKR itself
(146; 183). In addition, Us11 is phosphorylated by PKR at Thr71, Ser76, and Thr83 upon binding, although
it is not clear what role this has on signaling or viral replication (183; 184).

Both Us11 and y34.5 are multifunctional proteins. In addition to neurovirulence caused by y34.5,

which has not been specifically attributed to a single activity of the protein, ICP34.5 has been shown to
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interact with Tank Binding Kinase-1 (TBK1) (99), p32 (105), beclin-1 (96; 98), PCNA (185), and most
importantly protein phosphatase 1a (PP1a) (148; 186). The interactions with TBK1 and PCNA seem to rely
on ectopic overexpression and are inconsequential during normal HSV1 replication (185; 187). P32 is a
mitochondrial protein but was observed co-migrating with y34.5 near the nuclear membrane during
infection (105). Beclin-1 helps nucleate autophagosomes in cells experiencing starvation and stress from
infection (188). ICP34.5 binds Beclin-1 directly to prevent autophagosome development or maturation
(96; 97). However, one key function of y34.5 is its ability to prevent its host cell from shutting off protein
synthesis (91; 92; 107; 149; 189). PP1a can be recruited by GADD34 to dephosphorylate elF2a (189). A
large portion of the y34.5 protein shares significant homology to GADD34 and the mouse homolog
Myd116 (132). During infection, y34.5 mimics GADD34 to dephosphorylate elF2a using PP1a (148; 189).
Both Us11 and y34.5 antagonize the PKR/elF2a signaling pathway to stop the host from shutting down
translation including that of viral proteins. Interestingly, expression of Us11 early during infection restores
the growth of y34.5-deleted HSV1 in nonpermissive cell lines (94; 109; 110; 149; 190). The first
observation that y34.5-deleted virus growth could be restored by Us11 was the SUP1 virus isolated from
nonpermissive neuroblastoma cells (90). A spontaneous suppressor mutation removed the ICP47 coding
region along with Us11‘s natural promoter, leaving the Usll gene downstream of an immediate-early
promoter. ICP47 deletion complements y34.5-deletion HSV1 growth in multiple nonpermissive cell lines,
and was used to create many oncolytic HSV1 viruses (oHSV) being tested clinically (117).

The oHSV G47A was engineered using the SUP1 virus as a model. It was constructed from G207
(y34.5-deleted, ICP6-LacZ fusion) using homologous recombination to remove the ICP47 ORF (89; 191).
Deletion of ICP47 mimics the suppressor mutation discovered in SUP1 and complements y34.5-deletion
(90; 108; 190). We observed G47A grows better in canonical glioblastoma (GBM) lines like U87 and U373
than G207 (20; 89; 126). However, current research on GBM utilizes glioblastoma stem cells (GSCs) due

to their more relevant genetic and morphological resemblance to patient tumors (14; 21; 192). GSCs are
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nonpermissive to y34.5-deleted virus, but are permissive to oHSVs with the Us11 suppressor mutation.
However, studies demonstrating Usll complementation rely on recombinant viruses with other
mutations which may confound their conclusions. Here we express Usl1l ectopically to prove the Usl1l
protein rescues y34.5-deletion with no unintended consequences from genetically manipulating the virus.
We demonstrate Us11 is not necessary for HSV1 replication if y34.5 is present, but complements virus
growth when absent. If Us11 is not robustly expressed y34.5-deleted virus replication is still restricted,
demonstrating complementation occurs in a concentration dependent manner. We show full length Us11
protein complements y34.5-deletetion, but did not observe restoration of viral growth when expressing
truncated versions of Us11l. We also demonstrate the Us10 gene, which is encoded within the full length
Us1l mRNA, has no effect on viral replication in GSCs. Finally, we engineered a novel, replication
competent, y34.5-deleted HSV1 that expresses Us11 under an immediate-early promoter without altering
the ICP47 or Us11 locus. This virus replicates in GSCs, demonstrating Us11 is sufficient to complement

v34.5-deletion and that ICP47 does not play an autoinhibitory effect.
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Results
Us11 is not essential for growth in GSCs when y34.5 is present

To determine the necessity of Us11 expression for HSV1 growth in the presence or absence of
y34.5-deletion we utilized recombinant viruses lacking Us11. First, we tested if Us11 was essential for viral
growth in GSCs when y34.5 is present. GSC8 cells were infected with pAUs11 (y34.5+, prematurely
polyadenylated Us11) and its rescue virus pAUs11R (107). Both viruses grow in GSCs (Figure 3.1A),
demonstrating that Us11 is not necessary for growth when y34.5 is present. Next, we tested whether
removal of Us11 from a y34.5-deleted HSV1 would further temper its growth using a A34.5 pAUs11 virus
(107). Removal of Us11 severely attenuates y34.5-deleted virus and prevents its replication in GSCs similar
to G207 (Chapter 2 and data not shown). Transduction of Vero cells with a lentivirus expressing the full
length Us11 increased A34.5 pAUs11 replication by around 200-fold (Figure 3.1B), indicating that ectopic
Us11 expression greatly enhances y34.5-deleted HSV1 replication. Expression of Us11 did not enhance
G207 growth in Vero cells (Figure 3.1B), indicating the benefit observed for A34.5 pAUs11 in Vero cells
may not be the same restriction faced by y34.5-deleted HSV1 in GSCs. In addition, this experiment

validated the functionality of our Us11 expression vector.
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Figure 3.1. Us11 Expression aides viral replication in the absence of y34.5. (A) Viral growth of Us11
lacking HSV1 pAUs11 and rescue virus in GSC4 cells after infection at MOI (2), as measured by plaque
assay on Vero cells in logs of plaque forming units (PFU) using whole cell infected lysates. (B) Plaque
formation efficiency of G207 and A34.5-pAUs11 on Vero cells as compared to Vero cells expressing
Us11 via lentivirus.
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Figure 3.2. Low level Usl1 expression is not sufficient to complement y34.5 deletions in GSCs. (A)
Schematic of Us11 expression vectors used for GSC transduction. (B) Western blot of GSC4 and GSC8
cells infected with G207, G474, or pAUs11 viruses at MOI (2) 24 hours post infection. (C) Viral growth
of G207 and G47A on transduced GSCs expressing Us11 driven by the EF1 promoter.
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Ectopic expression of Us11 complements G207 growth in GSCs

After observing that restoring Us11 to y34.5-deleted HSV1 had a positive effect on viral growth,
we tested whether ectopic expression could rescue G207 in GSCs. We constructed several lentiviral
expression vectors using cytomegalovirus (CMV) immediate-early (IE), HSV IE, and EF1 promoters to drive
Us11 expression in GSCs (Figure 3.2A). Multiple GSC lines were successfully transduced with our vectors
(Figure 3.2B), but showed poor levels of Us11 expression as compared to G47A infection. These low-level
Us11 expressing GSCs remained non-permissive to G207 (Figure 3.2C). Our initial constructs lacked Kozak
sequences prior to the Us11 ORF, which was corrected for subsequent GSC transductions by adding the
GCCGCCACC sequence immediately upstream of the start codon via PCR mutagenesis. However, addition
of the Kozak sequence did not significantly increase expression of Us11 in GSC4 or GSC8 cells (data not
shown). Hypothetically, if even low levels of Us11 expression do not rescue G207 it may indicate Usl1
does not fully complement y34.5 deletion. Alternatively, Usll expression levels must exceed some
threshold in order to complement y34.5 deletion. In chapter two, we observed that the passage number
of the GSCs had an effect on viral growth (Figure 2.2). After long passaging in vitro., GSCs became
nonpermissive to even G47A (data not shown), indicating passaging GSCs for long periods of time would
prevent Usll expression from complementing y34.5-deletion. We repeated our complementation
experiments using low passage GSCs which robustly expressed Us11 after transduction. Us11 expression
from constitutive CMV or inducible HSV IE promoters rescued G207 growth in low passage GSCs (Figure
3.3A). This correlated with expression of TL gC protein to similar levels as in G47A infected GSCs (Figure
3.3B). Furthermore, we observed expression of Us11 in transduced GSCs was different depending on the
passage number of the cells (Figure 3.3C), suggesting the number of passages influenced
complementation. In addition, the expression of Usll was increased in low passaged permissive GSCs
infected with G207 in contrast to the high passaged ones, indicating that higher Usll expression

correlated with cell permissivity.

67



HSVIE-Us11

1 m G207
O G47A

A ] Empty

GSC4 B

Wirus Yield (log PFU)
e

Wirus Yield (log PFU)
i

T 6 24 6 24 T 6 24 6 24
Hour Post Infection Hour Post Infection

W G207
] O G47A

GscCs8

Wirus Yield (log PFU)
e

Wirus Yield (log PFU)
i

T 6 24 6 24 T 6 24 6 24
Hour Post Infection Hour Post Infection

B. GSC8CMV-empty GSC8 HSVIE-Us11

G207 G47A G207 G47A
HPI: M 6 12 6 12 M 6 12 6 12
gC - “ .

CAPDH s o amme am— e o e a—
—empt IE-Us11 IE-Us11

C Pty Lowp ge High p ge
M G207 G47A M G207 M G207
- — —

Usll

Vinculin === * — * n —_—
%, iy
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Figure 3.4. The Us11 ORF is sufficient to complement y34.5-deletion. (A) Schematic of full length Us11
mRNA lentivirus. The Us11 mRNA encodes both Us11 and Us10 ORFs and is driven by the HSVIE4/5
promoter. (B) Viral growth of G207 and G47A on transduced GSCs expressing Us11 ORF or Us11 and

Us10 driven by the HSVIE4/5 promoter.
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Us11 is sufficient to complement y34.5-deleted HSV1 replication in nonpermissive cells

Reports concluding Usll complemented y34.5-deletion used viruses with an ICP47 deletion
(G47A, R47A, Supl, TVEC(IMLIGIC)/JS1) or an insertion of a Us11 expression cassette inserted into the TK
gene (R5401, 11S) (108; 109; 117). The rescue phenotype credited to Us11 in these papers could also be
attributed to Us10 which is encoded within the full length Us11 mRNA inserted into these viruses. To
determine whether Us10 plays a role in complementing y34.5-deleted HSV1 we engineered a lentivirus
expressing the full length Us11 mRNA, which contains the Us10 ORF (Figure 3.4A). Addition of the Us10
ORF did not change the effect Us11 had on G207 growth (Figure 3.4B), suggesting Us10 does not affect
v34.5-deleted HSV1’s growth in nonpermissive cells. During these experiments, expression of Us10 or
Us12 did not affect growth of G207 in U373 cells by Max Paget (193).

We next attempted to determine the essential domains of Us11 required to rescue G207 growth
in GSCs. Previous reports have identified the transactivation (194; 195), PKR binding (183), and dsRNA
binding (196) domains of Us11. We cloned these Us11 domains into our HSVIE promoter driven lentivirus
to determine their ability to rescue G207 growth in GSCs (Figure 3.5A). However, we failed to rescue G207
growth in GSCs transduced with these Us11 truncations (Figure 3.5B). Unfortunately, the only antibodies
available for Us11 were engineered to detect the C-terminus (197), thus our N-terminal constructs were

poorly detected via western (Figure 3.5C).
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Figure 3.5. Full length Us11 is required to complement y34.5-deletion. (A) Schematic representation
of Us11 showing previously defined domains of Us11. Different Us11 truncation mutants cloned into
HSVIE4/5 promoter driven lentivirus. (B) Viral growth of G207 and G47A on transduced GSCs expressing
Us11 truncation mutants. (C) Western blot of transduced GSCs infected with G207 or G47A. White
arrow indicates full length Us11 protein, black arrow represents truncation.
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Genome assembly of G207, G474, and FA6 oHSVs

Designing novel oHSVs using our panel of viruses was complicated due to incomplete sequencing
and genetic records of our vectors. To address this, we sequenced G207, G47A, and FA6 DNA isolated
from Vero cells. Sequencing was performed using an Illumina MiSeq Next Gen Sequencing platform which
produced reads of 150 base pairs and a coverage of 800X-1000X. Reads were aligned using TopHat2. We
artificially reduced coverage by randomly removing reads until 50X coverage was attained to simplify
assembly. Assembly was performed using SGA assembler and the HSV1 F genome GenBank: GU734771.1
(198). Annotated maps were created using NCBI BLAST from assembled genomes (Appendix), FASTA files
available on request. Using the wildtype F strain as a reference genome, G207 has deletions of the
ICP34.5/RL1 gene from positions 207-570 and 125628-125991. In addition, the ICP6 gene has an insertion
of LacZ (AJ308295.1: 732-3802) starting at position 87644 of ICP6 and continuing until position 87688. The
same LacZ insertion was also observed in FA6. G47A has a 364 base pair deletion position 145159-145552
which corresponds to ICP47 ORF, placing Us11 under the ICP47 IE promoter as predicted. With these
results, we were able to design a plasmid with accurate homology regions for engineering new viruses.
Recombinant G207 growth is restored in GSCs by expressing Us11.

After determining Usl1l expression complements G207 in GSCs, we set out to engineer a
recombinant G207 virus expressing Us11 without removing the ICP47 gene or otherwise perturbing the
Us10-Us12/ICP47 gene tract. We constructed a homologous recombination plasmid (ICP6s- Us11-Us10 +
hUBC-eGFP) to replace the LacZ gene of G207 with the Us11+10 ORFs as well as an eGFP protein. We
constructed two ICP6s- Us11-Us10 + hUBC-eGFP plasmids using either a HSVIE4/5 or CMV promoter to
drive expression of Us11&Us10. The GFP selection marker is driven by the human ubiquitin promoter runs
in an opposite orientation of the Us11&Us10 ORFs. On either side are ICP6 sequences flanking the gene
cassette to remove the LacZ gene inserted into ICP6 within G207 (Figure 3.6A). We inserted the

Us11mRNA in a reverse orientation to the ICP6 coding region to avoid creating a Us11-ICP6 fusion protein.
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Vero cells were transfected with G207 DNA and linearized ICP6s- Us11-Us10 + hUBC-eGFP plasmid to
isolate recombinant virus after homologous recombination. Recombinant virus was isolated based on GFP
positivity and the loss of LacZ (Figure 3.6B). Southern blot shows recombinant G207-Us11 contains two
copies of Us11 (Figure 3.6C), indicating recombination occurred within the ICP6 region as planned. G207-
IEUs11 grows as well as G47A in GSC8s (Figure 3.6Di), and in U373 cells (Figure 3.6Dii). As expected, GSC4s
infected with G207-1EUs11 expressed true-late protein gC at similar levels as G47A (Figure 3.6E). To test
whether robust Us11 expression in recombinant IE-Us11 viruses is responsible for rescuing y34.5-deleted
virus we infected GSCs and SCCs with 11S and 11AS. The 11S HSV1 (A34.5, Tk-, IE- Us11) has an Us11-Us10
gene cassette driven by the HSV1 ICP27 IE promoter inserted into the Tk gene of a y34.5-deleted Patton
strain HSV1 (108). This insertion rescued growth of A34.5 HSV1 in GBM U373s, but expressed Us11 at
much lower levels than SUP1 (A34.5, ICP47 deletion) or Wt HSV1 (108). Both 11S and 11AS (antisense
Us11 insertion) viruses grow to similar titers as G47A in SCC8 cells (Figure 3.6F). In contrast, 11S and 11AS
do not grow in GSC8s (Figure 3.6F), suggesting complementing the y34.5-deletion in GSCs requires more

robust Us11 expression than is produced by the 11S mutation.
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Figure 3.6: Recombinant G207 expressing Us11 and ICP47 as an immediate-early gene grows in GSCs
(A) Schematic representation of engineering recombinant G207 by homologous recombination. G207-
IE Us11 has an insertion of the Us11 full length mRNA driven by the HSVIE4/5 or CMV promoter in the
opposite direction as the natural ICP6 gene. Selection marker GFP is driven by the human ubiquitin
promoter (hUBC) terminating in Woodchuck Hepatitis Virus posttranscriptional regulatory element
(WPRE). (B) Images of virus plaques after Xgal stain (left) or GFP expression (right). (C) Southern blot
using Us11 probe on G207, G47A, and G207-Us11 (CMV and HSVIE4/5). Us11 insert indicated with
arrowhead. (D) Viral growth of G207, G207-IE Us11, G207 —CMV Us11, and G47A on (i) GSC4 and (ii)
U373 as measured by plague assay on Vero cells. (E) Western blot of GSC4s infected with G207, G207-
IE Us11, and G47A and probed for early (ICP8) and true late (gC) proteins. (F) Viral growth of 115, 11AS,

and G47A on SCC8 (left) and GSC8 (right) as measured by plague assay.
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Discussion

The Identification of the suppressor mutation (deletion of ICP47)(90), quickly gave rise to a series
of y34.5-deleted viruses with ICP47 deletions (R1054, SUP1, G47A) which restored viral replication in cell
lines non-permissive to Ay34.5 HSV1 (89; 90; 108; 109; 190). Historically, the method used to study Us11
complementation of y34.5-deletion relied on inserting Us11&Us10 ORFs into wildtype HSV1 genes or
deletion of ICP47 which obscured any possible effects ICP47 and/or Us10 may have had on viral
replication. From these viruses came the theory that Us11 complements y34.5-deletion via inhibiting PKR
phosphorylation of elF2a, and preventing the translational shutoff that occurs during attenuated virus
infection (109; 190). However, studies with R5104 (AUs8-12, Tk-, ICP27 IEpro- Us11&Us10) revealed that
Usll is unable to effectively inhibit elF2a phosphorylation, and thus protein synthesis shutoff, if
expressed after PKR activation (110). We observed elF2a is phosphorylated to similar levels during
infection with G207 or G474, indicating that PKR or some other elF2a kinase activation is occurring before
Usll is expressed and continues to phosphorylate elF2a throughout infection, or that in Us11 expressing
virus replication in GSCs is insensitive to elF2a phosphorylation (Chapter 2).

Surprisingly, no other group expressed the Us11 protein in non-permissive cells ectopically to test
whether expression outside of a recombinant HSV1 would recreate the phenotype observed during ICP47
deletion. In fact, Us11 has only been expressed in trans to study its localization and effect on autophagy
(184; 199), or binding to kinesin heavy chain (200), and never studied in context of its effect on viral
replication. Our observations suggest that while Us11 does complement y34.5-deleted HSV1 growth in
GSCs (Figure 3.3), there is a requirement for some threshold of expression (Figure 3.2, 3.3). Along with
other research demonstrating Us11 complements virion host shutoff (VHS) deleted HSV1 (81), our results
suggest Usll complements y34.5-deletion by some non-redundant manner. If Usll were capable of
masking y34.5-deletion through a redundant manner, we would expect that very little of the protein

would be sufficient to rescue virus growth. We do not observe this when Us11 is expressed poorly in trans
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or in recombinant virus 11S, suggesting some threshold of protein must be present to make up for the
loss of ICP34.5.

The rescue of VHS-deficient virus suggests that Us11 is able to mask the accumulation of viral and
cellular mRNAs, and most likely dsRNAs (81; 201). Taken together we hypothesize that Us11 interacts with
viral or host RNAs, or mediates host protein interactions with viral RNAs, to promote TL protein synthesis.
Us11 interaction with RNAs could simply prevent PKR activation, however, our data indicates that PKR
and its downstream phosphorylation of elF2a remain similar in the presence of IE-Usll and seem
inconsequential to viral growth in GSCs. We speculate that Us11 may transport specific mRNAs to areas
of translation or VHS degradation to allow the continuation of HSV1 protein synthesis. The HSV1 TL genes
do not share a common promoter region as do the IE and E genes, but all have GC rich, UTRs which are
hypothesized to form complex secondary structures (69; 80; 82-85). Speculatively, TL viral RNAs may be
more reliant on Usll or other RNA binding proteins for efficient translation. For example, the elF4A
helicase component of the elF4F complex removes these secondary structures which promotes
translation of RNAs with hairpins much more than RNAs with simple UTRs (171; 202). Inhibiting elF4A with
hippuristanol prevents TL translation of even wildtype HSV1 in Hela cells (168). As to whether Usl11
facilitates elF4F formation or TL RNA association with the complex, we only observed p-elF4E (a marker
of elF4F complex formation) in permissive cells when Us11 was expressed (Figure 2.12), which could be
due to Us11 trafficking of mRNAs. Us11 binds double stranded RNA, and has been demonstrated to bind
specific RNA sequences (113; 203). Us11’s RNA binding properties may also preclude host anti-viral factors
such as the NFARs from binding TL transcripts, leading to more efficient TL mRNA export and translation
(168). NFARs bind to secondary structures such as viral IRES and may bind the complex UTRs present in
the TL transcripts (204). Future research into Us11 should be performed in the absence of y34.5 or VHS
to determine the functions of the protein without confounding factors present in the virus. A

comprehensive Usl1 interactome during infection of both GSCs and SCCs would help to elucidate novel
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functions of Us11l. We would expect that novel interactors would uncover evidence that Usll binds
cellular RNA binding proteins which may be different depending on the permissivity of the cell. We would
determine whether these Usll interacting partners preferentially bind HSV1 TL transcripts in the
presence or absence of Usll. We would hypothesize that proteins which bind Us1l and TL HSV1
transcripts in GSCs would be restriction factors involved in restricting TL protein synthesis.

Us11 is a multifunctional protein which has already been used for multiple oncolytic viruses to
improve their efficacy. Our novel G207-IE Us11 virus is the first y34.5-deleted virus with an intact ICP47
that grows in GSCs. From our observations with the ICP47+ 11S virus, we could have prematurely
concluded that ICP47 inhibits Us11 expression, or its complementation of y34.5-deletion. Instead, our
ICP47+ IE-Us11 virus grew in GSCs demonstrating that ICP47 protein can be expressed with IE kinetics
along with Us11 (Figure 3.6). This is important because the ICP47 gene contributes to hiding viral
replication in infected cells from anti-viral T cell responses (205). Currently, the oncolytic virus
community’s viewpoint on successful vectors has shifted from relying on direct lysis of tumor by the virus,
to the necessity of recruiting an anti-cancer immune response. However, recruitment of the immune cells
must be balanced with evading anti-viral immunity to achieve optimal virus replication and immune
activation. Some novel oHSVs like TStealth™ have similar mutations (A34.5, AICP47 ORF) as
TVEC/IMLYGIC, but express the bovine herpesvirus UL39.5 protein, which similarly inhibits MHCI peptide
presentation (206). The reliance on removing ICP47 to drive Us11 expression clearly works, but comes at
the price of losing the virus’ natural ability to avoid detection from non-cancer targeting T cells. Our
construct avoids this problem while still maintaining robust virus replication in GSCs. Immediate future
studies would test the safety of G207-IE Us11 for intracerebral injection and in vivo efficacy in GSC cancer
models. We would test the efficacy of G207 IE-Us11 against G207 and G474, and the ability to activate
tumor infiltrating lymphocytes. If efficacious, the GFP insertion in this virus could be used to as a negative

selector for making armed oHSVs (viruses expressing immune-stimulatory molecules, reviewed in (54;
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117)) while retaining the natural ICP47 locus. Additionally, we could delete the ICP47 gene of G207-IE
Usll to directly compare the effect of ICP47 deletion between two identical HSV1’s with IE-Usl11

expression, to determine whether ICP47 has any pivotal role in HSV1 replication or oHSV efficacy.
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Abstract

Glioblastoma (GBM) recurs after conventional therapies due to a cancer stem cell population
which repopulates tumors with resistant daughter cells. To address this, a potent anti-cancer stem cell
specific drug should be used in combination with conventional therapies to rid the primary tumor of this
dangerous cell population. Cancer associated super enhancers are a novel target to disrupt cancer stem
cell resistance. These super enhancers cause elevated expression of critical transcriptional targets and are
highly sensitive to perturbation (45). Novel CDK7 inhibitor THZ1 disrupts RNA polymerase activity at these
enhancers and results in rapid cancer stem cell death. Here we show THZ1 treatment preferentially kills
GBM cancer stem cells over bulk GBM cells. THZ1 does not directly affect self-renewal or other stem cell
properties of GSCs. Mice harboring orthotopic GSC tumors receiving THZ1 show a modest survival benefit.
However, THZ1 treatment seems to protect the integrity of the blood brain barrier during glioma genesis.
In addition, we develop a GSC flank model to study proof of concept theories for drugs which do not cross

the blood brain barrier.

79



Introduction

Glioblastoma (GBM) is the most common malignant brain tumor in adults and is thought to be
driven by a population of ‘stem like’ tumor cells (14). These glioblastoma stem cells (GSCs) are believed
to play a major role in tumor invasion and recurrence after therapy (17; 25; 27). GSCs are isolated from
patient tumors and grown as spheres in vitro or passaged through mice as orthotopic xenografts (20).
Because these GSCs are capable of self-renewing indefinitely, in addition to their stem like qualities, they
are considered cancer stem cells (207).

GSCs are theorized to be responsible for the development of resistant GBM tumors during therapy
leading to recurrence. Transcriptional analysis of clinical GBM samples concluded four GBM subtypes
(proneural, mesenchymal, classical, neuronal) exist, allowing researchers to target essential GSC factors
(8). The Suva lab determined the core transcriptional and epigenetic regulatory programs which give
proneural GSCs their ‘stem cell’ character (29). Four factors drove Achaete-scute homolog 1 (ASCL1)
activity, promoting WNT signaling, which when inhibited stopped GSC cell growth and self-renewal.

ASCL1 has also been shown to regulate tumor-initiating capacity and survival pathways in Small
Cell Lung Cancer (SCLC) (208; 209). ASCL1 is implicated in overactive MYC and MYCN activity in SCLCs
(210), which is thought to be essential for maintaining SCLC cancer stem cells (211). MYC is dysregulated
in the majority of human cancers (212), including being amplified in many proneural and mesenchymal
GBMs (12; 22; 213). In these cancers the ASCL1/WNT/MYC signaling axis is thought to be driven by a super-
enhancer, regions with multiple enhancers which define cell type by driving specific genes (38). Cancer
super-enhancers are often found at MYC loci, leading to robust expression of MYC and highlighting the
importance of MYC in tumorigenesis (38; 214). These observations highlight a model wherein GSCs drive
tumorigenesis by MYC super-enhancers which drive ASCL1 overexpression.

Super-enhancers disproportionately recruit RNA polymerase Il in order to over-express tumor

driving genes (38). RNA polymerase Il (RNAPII) requires several co-factors for efficient transcription. Cell
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Dependent Kinase-7 (CDK7) phosphorylates the C-terminal domain (CTD) of RNAPII (215), which enhances
transcription (216). THZ1 is a covalent CDK7 inhibitor which prevents CTD-RNAPII phosphorylation and is
incredibly toxic to several tumor cell lines (43). Interestingly, several non-GBM tumors with high ASCL1
expression were more sensitive to THZ1 than those with low expression (44). Super-enhancer associated
oncogenes are reported to be overly sensitive to transcriptional inhibition, suggesting a potential cancer
stem cell targeting approach (217). We reasoned that THZ1 inhibition of CDK7 could prevent or pause
RNAPII transcription of key GSC genes and be a potent drug for treating GBM. Here we show GSCs are
more sensitive to THZ1 than patient-matched non-stem like tumor cells. THZ1 treatment results in
decreased phosphorylation of the CTD of RNAPII, but does not affect GSC self-renewal at sub-lethal doses.
Survival was marginally increased using THZ1 to treat orthotopic GSC tumors. However, THZ1 may play a
role in preserving the blood brain barrier during glioma genesis as demonstrated using Evan’s blue
staining. In final, we created a GSC flank tumor to study THZ1 and other drugs which are unable to

effectively cross the blood brain barrier.
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Results
CDK7 Inhibitor THZ1 is Toxic to GBM GSCs and SCCs

We tested the effect of THZ1 on patient-matched GSCs and SCCs to determine if CDK7 inhibitor
THZ1 preferentially kills GSCs. Primary Massachusetts General Glioma (MGG) patient derived GSCs and
Serum-cultured GBM cells (SCCs) were susceptible to THZ1, with GSCs being much more sensitive than
their patient-matched SCCs (Figure 4.1A). Cell lines obtained from recurrent tumors were also susceptible
to THZ1 at similar concentrations (Figure 4.1B), indicating recurrence did not enrich for cells resistant to
a CDK7 inhibiting agent. GSCs from primary tumors were generally more susceptible to THZ1 than GSCs
from recurrent ones (Table 4.1), but not by significant margins (1-2fold). In contrast, all SCC lines were
almost ten-fold more resistant to THZ1 treatment than their patient-matched GSCs suggesting THZ1's
effect may affect tumor stem cells more significantly than bulk tumor cells. The adherence of the cell lines
did not alter the effect of THZ1 (Figure 4.1C). We observed that THZ1 was toxic to normal human
astrocytes, less so for 293T cells, and non-toxic for Vero cells (Figure 4.1D).
THZ1 Does Not Alter Self-renewal at Sub-Lethal Doses

After observing that THZ1 was more toxic to GSCs than SCCs, we tested THZ1’s effect on GSC self-
renewal by sphere formation assay. Non-lethal 1nM doses had no effect on self-renewal while the 1C90
dose (10nM) reduced it when multiple cells were plated per well (Figure 4.2A). Lethal THZ1 doses
abrogated all sphere formation. Similarly, the number of spheres which grew per well was not affected by
non-lethal doses of THZ1 (Figure 4.2B). 10nM of THZ1 (1C90) reduced the number of spheres per well,
while the 100% lethal dose abrogated all sphere formation. These results suggest THZ1 has little effect on

ability of GSCs to self-renew, rather any decrease in self-renewal was due to cell death.
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Figure 4.1. Sensitivity of GSCs to CDK7 inhibitor THZ1. (A-D) Viability assays of cells using alamar blue
after incubation with THZ1 for four days. All values measured against vehicle (0.5% DMSOQ) which

3
corresponds to THZ1 concentration at 1000nM. Each experiment used 5x10 cells/well in triplicate
wells. AdGSC4 cells were tested in laminin coated wells.
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Table 4.1. Sensitivity of GSCs to THZ1. Absolute IC50 values were determined using PRISM graphpad
5.0. Primary and recurrent refers to whether cells were cultured from patients who had not received
treatment (primary) or had (recurrent).

Cell Line THZ1 1C50 [nivi)

MGG (P/R) GSC scC
a(p) 20 171
a(p) 13 114
23(P) 22 177
31(R) a4 537
64 (R} 50 HfA
123 (R) 31 275
152 [R) 48 NfA

IC50s for THZ1 treatment based on Alamar blue
viability assay (4days). MGG- Massachusetts
General Hospital Glioma; P — Primary tumor; R —
Recurrent tumor; N/A — no cell line available.
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85



THZ1 Treatment Inhibits RNA polymerase Il phosphorylation

THZ1 binds CDK7 covalently which inhibits its kinase activity (43). CDK7 kinase activity increases
rates of transcription by phosphorylating the CTD-RNAPII (215). Expectedly, we observed decreased levels
of phosphorylated CTD on RNAPII after incubating GSCs with THZ1 in a dose dependent manner (Figure
4.3A). Concordant with the inhibition of CTD phosphorylation, we observed a decrease in levels of ASCL1,
which was previously demonstrated to play a major role in GSC self-renewal, proliferation, and
tumorigenicity (29). Importantly, THZ1 reduced phosphorylation of RNAPII at levels where no toxicity was
observed by viability assays (Figure 4.1A). In addition, we probed THZ1 treated cells for CDK7 and its Cyclin
H binding partner to determine whether THZ1 reduces levels of either protein. We observed that neither
CDK7 or cyclin H levels changed during THZ1 treatment (Figure 4.3B), suggesting THZ1 does not affect the
production or maintenance of these proteins during treatment.

CDK7 Cys312Ser Mutation Partially Rescues RNA Pol Il Phosphorylation but Does Not Protect GSCs from
THZ1

Early characterization of THZ1 determined it covalently attaches to cysteine 312, which is ablated
when exchanged with a serine residue (43). To test whether this would de-sensitize GSCs we expressed
FLAG tagged CDK7 C312S in GSC4s via lentivirus transduction (Figure 4.4A). CDK7 C312S expression
prevented THZ1-mediated reduction of RNAPII phosphorylation at a low THZ1 dose (10nM) compared to
GSCs expressing wildtype CDK7 (Figure 4.4B). Interestingly, overexpression of CDK7 C312S did not increase
RNAPII phosphorylation during a lethal dose (100nM) of THZ1, and similarly did not prevent GSC cell death
during THZ1 incubation (Figure 4.4C). MYC expression was unaffected by THZ1 treatment until lethal doses
were reached, despite the sub-lethal effects of the drug on RNAPII phosphorylation, differing from other

reports demonstrating MYC driven tumors were susceptible to THZ1 (218).
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Figure 4.3. THZ1 causes dephosphorylation of RNA polymerase Il. (A) GSC8 or (B) GSC4 cells were
incubated with THZ1 (100ng/ml = 176nM) for times indicated before proteins were harvested and used
for western blot. 10ug of protein lysate were loaded per well and probed with anti- CTD-RNAPII ser5;
ASCL1; GAPDH; CDK7; Cyclin H; and vinculin. All blots were performed on the same membrane after

stripping.
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THZ1 Treatment has minimal effect on GSC tumors

A large problem we faced when proceeding to animal studies was the inability of THZ1 to cross
the blood brain barrier (BBB) (219; 220). Recent work in our lab demonstrated that nodular GSC tumors
allowed infiltration of therapeutic antibodies into the brain near implanted tumors indicating the BBB is
disrupted enough to allow normally excluded molecules from entering the brain (52). GSC4 forms nodular
gliomas which we hypothesized could disrupt the BBB enough to allow THZ1 entry (21). Thirteen days post
intracranial GSC4 implantation, mice were injected intraperitoneally (I.P.) with THZ1 (10mg/kg) or vehicle
once daily for thirty-two days. We did not observe any effect of THZ1 on survival or toxicity of THZ1 (Figure
4.5A). Our initial treatment regimen began day thirteen and extended to day 45, however the first death
occurred around day 70 post implantation. We hypothesized that THZ1 treatment ended too early. We
repeated our prior experiment but postponed THZ1 treatment until 20 days post implantation and
extended treatment to forty days (six 5-day cycles). Extending THZ1 treatment resulted in a non-significant
long-term survival benefit (Figure 4.5B). However, the moderate increase in survival spurred us to
determine if THZ1 had an effect on the BBB when given late post implantation. Mice were implanted with
GSC4 cells and treated with THZ1 late after implantation. Seventy-two days post implantation (dpi) mice
were injected with Evan’s blue dye intravenously and sacrificed. Evan’s blue dye binds albumin and is
normally excluded from entering the brain when the BBB is intact (221). We failed to observe any
differences between treated and untreated mice at this time point but continued treatment until mice
became moribund, at which point we injected them with Evan’s blue dye. In moribund mice, we observed
a stark difference between THZ1 and vehicle treated mice (Figure 4.6). THZ1 treatment reduced the
amount of Evan’s blue dye in moribund mice suggesting that THZ1 treatment reduces the breakdown of

BBB during glioma growth.
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Figure 4.5. THZ1 shows limited efficacy in orthotopic GSC models. (A-B) Athymic nude mice were

implanted with 5x105 GSC4 cells and treated with THZ1 via intraperitoneal injection. Average weights
of all mice are shown on the right. (A) THZ1 was delivered 13 days post implantation (10mg/kg mouse)
or vehicle 2.5% DMSO 1xPBS once daily for five 5day cycles. (B) THZ1 was delivered 20 days post
implantation once daily for forty days, taking weekend breaks, or six 5day cycles.
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Figure 4.6. THZ1 effect on blood brain barrier. Athymic nude mice harboring orthotopic GSC4 tumors
were treated with THZ1 via I.P. Upon moribund appearance mice were injected into the tail vein with
2% Evan'’s blue dye (w/v in PBS) (3.75 ml/kg), sacrificed 30min post injection by pentobarbitol. Brains
were perfused with 4%PFA before harvesting to observe Evan’s blue. Mice with blue stain around and
within dissected brains were denoted as positive for blood brain barrier disruption, depicted in the
graph (n=8 mice for THZ1, 7 mice for vehicle).
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Development of a transplantable GSC Flank Model

Established GBM flank models rely on serum cultured cells for subcutaneous models to study the
effects of drugs which cannot cross the BBB as proof of principle. In order to study THZ1 effects on a more
relevant flank xenograft tumor, we set out to create a flank model using neural basal cultured in
suspension GSCs. We injected 10° GSCs or SCCs into flanks of mice from several immunocompromised
backgrounds (NSG, NOD/SCID, SCID, Athymic Nude). NOD/SCID/y2 Receptor knock out mice (NSG) are
severely immunocompromised, lacking B, T, and NK cells (222). We found that athymic nude mice were
not receptive to flank implants of GSCs (data not shown). Flank tumors grew quickest in NSG mice (Figure
4.7A). This tumor was excised from the mouse and dissociated into single cells and implanted into the left
flanks of 25.5wk old Nude mice that failed to develop flank tumors to GSC4. One mouse developed a
tumor on its left flank (Figure 4.7B). This tumor was resected and cultured in neural-basal media and
referred to as GSC8-NSG cells to denote its origin. GSC8-NSGs grew as non-adherent spheres in vitro and
resembled GSC8s morphologically. Both GSC8 and GSC8-NSG were both sensitive to THZ1 in vitro (Figure
4.7C), indicating xenotransplantation did not alter susceptibility. We proceeded to test whether a flank
GSC model could be created to test THZ1 efficacy as an in vivo proof of concept. Five athymic nude mice
were injected with 10® GSC8-NSG after one passage in vitro, to make cell stocks. Four out of five mice
developed a flank tumor by day 40 post implantation (Figure 4.7D). After testing this model, we proceeded
to test THZ1 effect on GSC8-NSG flank tumors, but after an initial failure to engraft | ran out of time and
had to focus on other thesis projects and manuscript writing. Subsequently, another group developed and
published a novel GSC derived flank model using adherent GSCs shortly after we stopped our experiments

(223).
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Figure 4.7. Development of GSC flank model. (A) NSG, NOD-SCID, and SCID mice were implanted with

106 GSC or SCC cells into their right flank. (B) The tumor from NSG mice implanted with GSC8 cells was
dissociated and injected into an athymic nude mouse flank. (C) Viability assay of GSC8 and NSG-GSC8
via alamar blue after four day incubation with THZ1. NSG-GSC8 refers to cells harvested from the
subcutaneous tumor from the athymic mouse (B) implanted with the tumor arising from the NSG

6
mouse implanted with GSC8 cells (A). (D) Five athymic mice were implanted with 10 NSG-GSC8 cells.
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Discussion

Current GBM therapies mainly attack the bulk of the tumor but neglect to remove the cancer stem
cells that repopulate the tumor. Cancer stem cells have been difficult to identify in patient tumors by
protein expression, but new single cell sequencing techniques have made it possible to identify unique
transcripts upregulated in cancer stem cells as opposed to the bulk of the tumor cells (12; 15; 22).
Similarly, the prevalence of super-enhancers in cancer stem cells may provide new therapeutic targets for
drugs to specifically eradicate GBM stem cells while leaving conventional therapies to deal with the bulk
of the tumor. The sensitivity of GSCs to THZ1 suggests de novo GBM stem cells may be susceptible to
RNAPII inhibitors. The inability of CDK7 C312S to desensitize GSCs to THZ1 argues that THZ1 may affect
other RNAPII kinases such as CDK12/13 (43). To expand upon these results, we would determine whether
THZ1 treatment reduces phosphorylation of RNAPII CTD in SCCs expecting greater doses to be required.
We would also test whether knocking out CDK7 and/or CDK12/13 and replacing them with the THZ1
resistant forms would rescue GSC viability. Another failure to rescue GSC viability would indicate that THZ1
has an alternative target in GSCs which similarly causes a reduction in RNAPII phosphorylation during
treatment. Still unknown is whether THZ1 affects CDK7 binding to Mat1 and cyclin H to form a trimeric
complex in order to phosphorylate the CTD of RNAPII (224). If THZ1 inhibits complex formation it could
provide a model for inhibiting other RNAPII activating complexes, as of now THZ1 has been used as a
scaffold to create several other CDK inhibitors (225).

While our in vivo experiments demonstrated there was little to no survival benefit conferred by
THZ1, the effect on BBB stability is intriguing. To take this research forward we could artificially disrupt
the BBB with mannitol during THZ1 treatment (226). Combination with THZ1 may enhance survival during
BBB disruption, indicating it as a viable therapeutic if re-engineered to cross the BBB. Alternatively, we
could test THZ1’s ability to protect BBB integrity during mannitol treatment as an off-target effect. Further

research on THZ1’s non-cancer effect could be studied for use as a BBB stabilizer during other treatments
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to treat or protect against vasogenic edema. Vasogenic edema is an accumulation of fluid in the
extracellular parts of the brains due to a breakdown of the BBB (227). Edema normally occurs after a
traumatic brain injury or stroke, but can also occur during neurosurgery to remove brain tumors or during
certain cancer therapies (227). To mitigate BBB disruption gluticosteroids and Coriticosteroids are utilized.
However, both steroids have an immunosuppressive effect which can undermine anti-cancer therapy. To
study whether THZ1 could replace these treatments we could treat immune-competent mice with
mannitol or weaken the BBB by trauma followed by THZ1 or steroid treatment to monitor BBB integrity
in tandem with effects on immune cells. Taking it further we could test THZ1 effect on orthotopic brain
tumors treated with drugs which penetrate the BBB, such as temozolomide, and monitor BBB and
neurotoxicity. We would also re-visit the development of a GSC flank tumor for proof of concept
experiments. Flank tumors are much easier to implant, treat, and monitor. Developing a stable flank GSC
model which retains the in vitro characteristics of GSCs while also forming heterogeneous tumors when
implanted would benefit the GBM research community by providing a relevant proof of principle tumor

model which requires little technical expertise to setup correctly.
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Methods

Cells: Glioblastoma stem cells (GSCs) and serum cultured GBM cells (SCCs) were isolated from
glioblastoma patients at Massachusetts General Hospital with approval of the Institutional Review Board
(20; 21). GSCs were cultured in Neural Basal media supplemented with epidermal growth factor (EGF) and
fibroblast growth factor (FGF,) at a final concentration of 20ng/ml, and passaged using Trypsin LE or
mechanical separation. SCCs and 293T cells (obtained from MIT/ATCC) were cultured in DMEM with 10%
fetal calf serum (HyClone, GE Healthcare). Vero cells (ATCC) used for plaque assay were cultured in DMEM
with 10% calf serum (HyClone, GE Healthcare). All cells were confirmed to be mycoplasma free (LookOut
mycoplasma kit; Sigma).

Viruses: FA6 was constructed from HSV1 strain F by insertion of LacZ into the ICP6 (U 49) gene (20). G207
was constructed from R3616, both copies of y34.5 deleted (gift from B. Roizman, University of Chicago)
(228), by insertion of LacZ into ICP6 (229). G47A and R47A were constructed by deleting ICP47 from G207
and R3616, respectively (89). 1716-6 (y34.5A, ICP67) and A68HR-6 (ICP67) are HSV1 strain 17 and described
previously (62). Patton strain HSV1 pAUs11, A34.5-pAUs11, pAUs11R, 11S, and 11AS were gifts of lan
Mohr (New York University) (107; 108). Briefly: pAUs11 has an insertion of a polyadenylation sequence
immediately downstream of the Us11 start codon, causing termination of Us11; A34.5-pAUs11 was built
from pAUs1l by deleting both copies of y34.5 genes; pAUs11R is the rescue virus; 11S has the Usl1
through Us10 sequence, and 11AS the antisense orientation, inserted into the TK gene under an ICP27
promoter (108). Both viruses have both copies of y34.5-deleted. All viruses were purified as described
previously (230). Recombinant G207 was engineered using an ICP6 plasmid with homology regions
flanking the LacZ insertion of G207, with a multiple cloning site in between. This allowed us to clone the
Us11 full length mRNA driven by either the CMV or HSVIE4/5 promoters into the plasmid. Additionally

enhanced GFP was cloned in the opposite direction of the Us11 mRNA, under a human Ubiquitin promoter
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(hUBC). Recombinant G207 was created through homologous recombination in Vero cells and selected by

GFP*, LacZ plaques.

Virus yield assay: GSCs were dissociated mechanically in PBS+glucose (Sigma) and infected for 1.5 hrs.
SCCs were plated the day before infection and infected in 1% inactivated fetal calf serum/PBS for 1.5 hrs.
After infection cells were washed twice with 1xPBS and incubated in appropriate media until supernatant
and cells were harvested. Infected whole cell lysates were frozen/thawed/sonicated before being used to
determine virus yield by plaque assay on Vero cells. Vero cells seeded in 6-well plates were infected with
serially diluted virus, and then incubated in DMEM with 1% IFCS, 0.1% pooled human IgG (McKesson
Plasma Biologics) for four days. Wells were fixed with 0.2% glutaraldehyde/2% paraformaldehyde and
stained for B-galactosidase with X-gal stain (0.2mg/ml X-gal, 1ImM FerriCyanide , ImM FerroCyanide ,

2mM MgCl2 in 1xPBS). Cells were counterstained with neutral red dye.

Infectivity assay: GSCs were infected with virus at MOI 2 and harvested 6-8 hrs post infection. Infected
GSCs were fixed in 0.2% glutaraldehyde/2% paraformaldehyde, stained with Xgal stain for 2 hrs at 37°C,
washed, counterstained with neutral red, and then applied to coverslips and dried. SCCs were fixed and

stained in 24-well plates without resuspension. LacZ* blue cells were counted to determine infectivity.

Viability Assay: Cells were seeded in 48-well plates, infected at MOI 2, and incubated at 37°C for 8 days.
GSCs and SCCs were dissociated by pipeting or trypsin/EDTA, respectively, and viable (trypan blue-
excluding) cells were counted on a hemocytometer. For THZ1 testing, cells were seeded in 96 well plates

and incubated with THZ1 or vehicle for 4 days before analyzing via alamar blue assay.

Western Blotting: Cells were harvested in RIPA buffer (Boston Bioproducts) supplemented with cOmplete
protease inhibitor (Roche) and phoSTOP phosphatase inhibitor (Roche) on ice, sonicated and centrifuged.
Supernatant was collected and assayed for protein concentration using a protein assay dye reagent

(BioRad). Protein (10-20ug in Laemmli buffer; Boston Bioproducts) was separated on SDS/4-15%
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polyacrylamide gels (BioRad) and transferred semi-dry onto PVDF membranes (Turbo-blot; BioRad).
Membranes were blocked in 5% skim milk in TBS-T (Boston BioProducts) and incubated with the following
primary antibodies diluted in milk against: HSV1 glycoprotein C39G (Abcam; 1:3000), HSV1 ICP4 (US
Biological H2033-21B; 1:1000), HSV1 ICP8 (gift from D. Knipe, Harvard Medical School; 1:10000),
glycoprotein D (East Coast Bio; 1:1000), ICP5 (East Coast Bio; 1:1000), Us11l monoclonal (gift from B.
Roizman University of Chicago; 1:2000), Us11 polyclonal (gift from M. Mulvey, BeneVir; 1:5000), Us11
polyclonal (gift from D. Coen, Harvard University; 1:2000), pThr446 PKR, pThr451 PKR, PKR, pSer251elF2a
(Abcam; 1:1000), elF2a (Cell Signaling Technologies (CST); 1:1000), pelF4E(CST; 1:1000, in TBST), elFAE
(CST; 1:1000), GAPDH (ACRIS; 1:10000), B-Actin (SIGMA, 1:10000), Streptavidin-HRP (CST, 1:10000), and
Vinculin (CST; 1:1000). Puromycin pulse experiments were performed by adding 10ug/ml of puromycin to
cells for 15min, washing with PBS, and harvesting into RIPA buffer. Membranes were incubated with anti-

puromycin C-terminus polyclonal antibody (gift from P. Walter, UCSF; 1:1000).

Electron Microscopy: Cells were infected at MOI 2 for 16-24 hrs before washing in 0.1M sodium
cacodylate buffer, pH 7.4, and fixed in 1.25% formaldehyde, 2.5 % glutaraldehyde, and 0.03% picric acid.
Fixed cells were stained with 1% osmium tetroxide/1.5% potassium ferrocyanide and incubated in a 1%
uranyl acetate solution in maleate buffer. Samples were dehydrated in ascending 70%, 90%, and 100%
ethanol solutions, followed by a final dehydration in propyleneoxide, embedded in 1:1 Epon:
propyleneoxide, and polymerized at 60°C. Cut (100 um) sections were mounted onto electro sprayed
grids, and imaged using a Tecnai G2 Spirit BioTWIN Transmission Electron Microscope with an AMT 2k

CCD camera.

RNA/DNA Isolation: DNA was purified using the Qiagen Core Kit B kit and aliquoted in nuclease-free water
for use in gPCR (100ng). Total RNA was harvested using Trizol, followed by DNAse treatment with RQ1

(Promega) and 1ug used for cDNA synthesis with the High-Capacity cDNA Reverse Transcription Kit
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(AppliedBiosystem). QPCR was performed using SYBR Select master mix (Applied Biosystems) or Tagman

Master mix and probes (Applied Biosystems). Fold increase was calculated using the AACt method:

(1+primer efficiency of viral primer) 'viral(zn) ~Ctviral(xh))

; — ) ) Tt —Ctoan
(1+primer efficiency of callibrator primer) ¢'callibrator(zh) ~Ctcallibrator(xh))

Fold Change =

where Ct is the cycle threshold; h is the hour post infection; and primer efficiency is calculated using the
slope of Cts from stepwise dilutions of template per primer. GAPDH or 18sRNA were used as calibrator
genes, whilst ICP4 was used for viral quantification in gPCR. A two-hour post infection sample was used
as the baseline for measuring fold increase. For measuring transcription, RNA was reverse transcribed
before qPCR was performed using 1/250™ of the total cDNA reaction per well, which is equivalent to ~1000
cells. QPCR was carried out on a StepOne Plus PCR machine (Applied Biosystems); an initial 10 min
denaturation at 95°C, followed by forty cycles of 60°C for 30 sec and denaturation at 95°C for 15 sec, after
which a melting curve was performed up to 95°C. Primers used were GAPDH CCCACTCCTCCACCTTTGAC
& TTTTTCTGAGCCAGCCACCA; 18sRNA GTAACCCGTTGAACCCCATT & CCATCCAATCGGTAGTAGCG; ICP4
TGATGAAGGAGCTGCTGTTG &  GTACGCCCTGATCACGC; gC  CCCCAACAATGTCACACAAA &
GGTGTTGTTCTTGGGTTTGG; Usll GGCGACCCAGATGTTTACTTA & ACCCGAATCTCCACATTGC; TK
AAAAACGGAAGCGGGTAGGT & CATGCCGGATTTTAGCCGTG; IFNB AAACTCATGAGCAGTCTGCA &

AGGAGATCTTCAGTTTCGGAGG.

Plasmid Lentivirus Construction: Lentiviral backbone plasmid CD513B-1 (CMV promoter) was purchased
from Systems Biosciences (SBI). Us11 cDNA was amplified from FA6 viral DNA using primers to insert Bmtl
and Notl sites as well as a Kozak sequence (GCTAGCGCCACCATGAGCCAGACCCAACC &
GCGGCCGCCTATACAGACCCGCGAGCCGTACGTG). CMV-Us11 lentivirus plasmid was created by digesting
plasmid and Us11 PCR product with Bmtl and Notl sequences and ligation using T4-ligase (NEB). HSVIE4/5
promoter from pFLS-HSVIE4/5 (created by cloning the pHSV-LAC IE promoter (231) into the FLS shuttle

vector (232)) was excised by Spel+Avrll digest and ligation into the CMV-Us11 plasmid/Spel+Xbal to create
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the 1E4/5-Us11 lentivirus plasmid. Infectious lentivirus was generated from 293T cells transfected with
pVSVg, psPAX2, and Us11 lentivirus plasmids using FuGene (Promega), harvested 48 hrs post transfection,
and filtered through a 0.45um Polyethersulfone filter. Plasmid sequencing was performed at the MGH
Center Computational & Integrative Biology plasmid sequencing core. Cells were transduced by incubating

cells with lentivirus and selecting with puromycin (0.5ug/ml for GSCs and 1-10ug/ml for all other cell lines).

Northern Blotting: Total RNA (20ug) was denatured at 95°C for 5 min in RNA loading buffer (50% (v/v)
glycerol, 1 mM EDTA, pH 8.0, 0.25% bromophenol blue, 0.25% xylene cyanol) and electrophoresed on a
denaturing 1.0% agarose formaldehyde gel in running buffer (10 mM MOPS, pH 7.0, 8 mM sodium acetate,
1 mM EDTA, and 2.2 M formaldehyde). After electrophoresis, the gel was rinsed in water, and washed
twice in 20x SSC (3M NacCl, 300 mM sodium citrate). Transfer onto a positive nylon membrane (BrightStar)
was performed in 20x SSC using an upward capillary transfer method. RNA was UV cross-linked to the
membrane, prehybridized in Perfect HyB hybridization buffer (SIGMA) for three hrs, and hybridized with
digoxigenin-labeled probes at 68°C overnight. Probes were created using DIG incorporation and primers
amplifying the spliced GAPDH gene (TCTAGAGTCAGCCGCATCTT & AAGCTTTCATTGATGGCAACAATA) from
GSC cDNA and the glycoprotein C (TCTAGAGAGGAGGTCCTGACGAA & AAGCTTAACCAGACAAACTCCACG)
and Us11 (TCTAGAATGAGCCAGACCCAACC & AAGCTTCTATACAGACCCGCGAG) from HSV1 DNA. Detection
of probe was carried out using an anti-DIG antibody fused to HRP (CST). Southern blotting was performed
in essentially the same manner using the same transfer methods except for a preincubation of the gel in
acid/base solution to denature DNAs. Probes were designed to bind Usl1 sequences using the same

digoxigenin label.

RNAscope: RNA immunohistochemistry was performed using the HSV1 UL44 RNAscope probe and
RNAscope”® 2.5 HD Duplex Assay (ACD) as instructed. GSCs were infected at MOI(0.1-1) on laminin coated

coverslips and fixed with 4% PFA. RNAscope 2.5 HD duplex assay was carried out with the UL44 probe.
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After RNAscope was completed slides were briefly incubated in hematoxylin counterstain and mounted

with DAPI media (Vectashield).

Azidohomoalanine Labeling: Click-iT™ Protein Reaction Buffer Kit, containing the azidohomoalanine
(AHA), copper sulfate, biotin label, and Click-iT™ buffers, were purchased from Thermo Fisher (cat#:
C10276). Infected cells were washed three times with warm 1xPBS before being incubated in methionine
free DMEM (Thermo Fischer). During incubation in methionine free media, AHA was added to a final
concentration of 50uM for two hours before harvesting cells. AHA labelled cells were lysed in RIPA buffer
as described in western blotting methods. Click chemistry was performed on lysates and then
immunoprecipitated on streptavidin coated agarose beads (Pierce). Immunoprecipitation was performed
for 1 hour at room temperature in the Click-iT™ reaction. After immunoprecipitation, beads were
centrifuged and washed with IP buffer (25mM TrisHCI pH7.4, 130mM NaCl, 2.7mM KCl, 1%EDTA pH8.0,

1% IGEPAL) four times before boiling beads in laemmli SDS buffer for 10min.

Mouse studies: 8wk old Athymic Nude mice were implanted with 10°> GSC4 EF cells (p22) in 3ul of EF20
media. 13 or 20 days post implantation mice were injected with THZ1 (10mg/kg mouse) or vehicle 2.5%
DMSO 1xPBS once daily for thirty-two or forty-five days, in 5day cycles. Injections came from a weekly
stock (2mg/ml 2.5%DMSO) created the first day of each weekly cycle and kept at 4*C. The main stock is
80mg/ml in DMSO. Mice were weighed before and during injection of THZ1 to monitor their health and
determine dosing. Mice were sacrificed upon observing 20% loss of their starting weight, or displaying
moribund characteristics. Mice were sacrificed by injection of pentobarbital (23ul p.b. /g mouse), right
ventricle severed, followed by perfusion with PBS and 4% PFA, followed by cervical dislocation, and
removal of the head. Sacrificed mice brains were fixed in 10% formalin and later used for paraffin
sectioning. To test whether BBB was deteriorated we used Evan’s blue dye injected through the tail vein
(2.5 ml/kg, 4% w/v in saline) for 2 hrs before sacrifice. Flank tumors were produced by dissociating

individual cells and implanting 10° cells per mouse in right flanks. Flank tumor volume was measured by
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2
the formula wa; where w is width, and £ is length. Mice were sacrificed when tumors reached 2500mm?

or greater in volume.

Statistics: All statistical analysis was performed using GraphPad PRISM analytical tool’s unpaired student

T test.
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The Role of Us11 During oHSV1 Infection in Glioblastoma

We began these studies because we were interested in determining why G47A was capable of
killing and growing in glioblastoma (GBM) stem cells (GSCs) while G207 was not. Because G47A was
engineered from G207, we had a simple genetic system for comparing what was sufficient to rescue
replication of y34.5-deleted HSV1 in GSCs. Additionally, a large body of literature existed on the
complementation of y34.5 deletion. The discovery of y34.5’s role in neuropathogenicity led to multiple
reports demonstrating infection of neuroblastoma and serum-cultured GBM cells with y34.5-deleted
HSV1s led to protein synthesis shutoff and restriction of viral replication (127; 132; 233). Next, the deletion
of the ICP47 ORF, which places true late (TL) gene Us11 under the ICP47 immediate-early (IE) promoter,
was demonstrated to complement the y34.5-deletion in these nonpermissive cells (90; 108; 109; 190).
Placement of Us11, and often Us10, into other HSV1 genes driven by IE promoters rescued y34.5-deleted
viral growth and restored protein synthesis late in infection in nonpermissive serum cultured brain cancer
lines (107-110). Additionally, placement of Us11 under an IE promoter enhanced y34.5+ HSV1 growth as
well, demonstrating Us11 augments viral replication when expressed early in infection (234; 235). Our
work addresses the short falls of this literature’s focus on cells that are not translatable for primary GBM
studies. This is due to GSC culturing techniques being discovered after the author’s work rather than a
fault of the original research. The authors of these reports also focused on demonstrating Us11’s
complementation via recombinant HSV1 vectors. As such Us11 was never demonstrated to directly rescue
v34.5-deletion via forced expression in nonpermissive cells via transfection, transduction, or addition of
purified protein.

Initially, we believed we could quickly demonstrate Us11 rescues G207 growth by expressing it in
GSCs. Aside from the presence of ICP47 in G207 (it is absent in G47A), there were no other obvious reasons
for the differences in growth between the two viruses. In addition, we also wanted to expand upon the

initial three GSC, as well as SCC, cell lines tested for oHSV growth to validate that Us11 complementation
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was significant for designing oncolytic HSV1 (oHSV) for treatment of GBM. Presently, multiple oHSVs being
tested clinically are y34.5-deleted with the ICP47 suppressor deletion with some exceptions (reviewed in
(127)). Specifically, rQNestin34.5 places a copy of y34.5 under a cell type specific Nestin promoter, hrR3
possesses both copies of y34.5 but has a deletion of ICP6, and Seprehvir (1716) has deletions of y34.5
genes without the suppressor deletion (117; 236; 237). The fact that these vectors are going to be used in
humans makes the importance determining whether Us11 complements y34.5 deletion a significant issue.
Our initial attempts to express Us11 were unsuccessful at rescuing G207 growth. At first we contemplated
that the lack of a kozak sequence or the specific promoter were the cause. We observed paltry expression
of Us11 in transduced GSCs, which we originally attributed to the CMV promoter, due to prior reports that
stem cells silence CMV promoter driven transgenes (238). However, transducing GSCs with an EF1 or PGK
promoter driven vector did not noticeably increase expression, suggesting the promoter was not the
problem. Similarly, the addition of a kozak sequence did not significantly alter expression, nor affect
rescue of G207 growth. We achieved an increase in expression once we swapped the HSVIE4/5 promoter
into our vectors, but still failed to achieve what we termed ‘robust’ expression of Us11, akin to levels
expressed during G47A infection.

The amount of in vitro passages the GSCs had undertaken was determined to be problematic after
correspondence with DAC committee member Rosalind Segal. Re-attempting our transductions in low
passage GSCs increased the expression of the Usl1 transgene which led to rescue of G207 replication.
This raised the question of whether our original Us11 complementation experiments in high passage GSCs
were plagued by an in vitro culturing artifact or if we missed the chance to probe for some novel restriction
factor. We chose not to focus on the later in the interest of determining Us11’s complementation of G207
in GSCs. The complementation we observed in low passaged Us11 expressing GSCs is repeatable, and low
passaged GSCs are still nonpermissive to G207. While not described here, we did observe GSCs passaged

more than thirty times eventually restricted even G47A’s growth. Hypothetically, we could compare the
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high and low passage GSCs for genetic disparities or differences in gene expression. We could also test
whether y34.5+ HSV1 were restricted in these cells, reasoning that if restrictive it could indicate a novel,
and potentially GBM relevant, restriction factor for HSV1. The 11S (TK’, IE-Us11, Ay34.5) expresses Us11
under an IE promoter, but was still restricted in GSCs. Digressing back to complementation of y34.5, the
11S virus was shown to express Usll at low levels in semi-permissive U373 cells (108). This led us to
hypothesize that there is some minimum level of Us11 protein required to complement y34.5-deletion.
GSCs are notoriously difficult to transfect (239), otherwise we would have tried transfecting cells with
increasing amounts of Usl1 expressing plasmid until during 11S or G207 infection until reaching G47A
levels of expression. Going forward we could culture GSCs as adherent cells before transfecting with Us11
plasmid contacting nanoparticles (240). Nanoparticle delivery greatly enhances uptake of DNAs by stem
cells and is currently the most common way of quickly manipulating GSCs without using a viral vector (34;
213; 241). We'd expect that Us11 transfection via nanoparticles would rescue of 11S and G207 growth in
a concentration dependent manner. Although no published literature exists demonstrating transfection
of GSCs with protein, we would further complement nanoparticle transfection assay by determining if
virus growth was rescued in a concentration dependent manner by directly adding Us11 protein into GSCs
using a protein transfection reagent. We expect Us11 transfection would restore 11S and G207 growth to
G47A levels, but not proceed past that with the addition of more Us11.
Us11’s Role in Enhancing HSV1 True-Late Protein Translation

Interestingly, Us11 isn’t necessary for y34.5+ HSV1 growth in GSCs suggesting both proteins have
redundant functions. Us11l and y34.5 both antagonize the PKR/elF2a pathway preventing shutoff of
protein synthesis (91; 107; 189). IE-Us11 expression rescues y34.5-deleted HSV1, and is normally
associated with less PKR activation (110; 146). We did not observe less PKR or elF2a phosphorylation in
GSCs expressing Usll or infected with G47A arguing that Usl1l may be affecting GSCs in a different

manner to complement y34.5 deletion. Similar restriction of HSV1 replication occurs when the VHS gene
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is removed, and is also complemented by IE-Us11 expression (81). VHS is responsible for degrading RNAs
late during infection (242), which correlates with less PKR activation (243). Interestingly, degradation of
host and viral RNAs is linked to better expression of HSV1 TL proteins but this effect seems independent

of PKR or elF2a phosphorylation (168; 201). According to the authors:

“The concomitant accumulation of inactive translation initiation complexes in restrictive
cells in the absence of vhs triggered formation of stress granules. Strikingly, translation of
earlier viral transcripts [...] was not affected, even at late times post infection, when

translation of viral true-late mRNA was severely impaired “(81).

While we did not look for stress granules in GSCs, we observed the same allowance of early
transcript translation while protein synthesis of TL transcripts was restricted. Stress granules and P-Bodies
form around pools of non-translating RNA (244), which form during AVHS HSV1 infection (201). ICP34.5’s
effect on P-Body and stress granule formation has not been studied. However, it is likely that y34.5-
deletion leads to P-body formation due to the transcription of TL transcripts but an inability to translate
them. As the local concentration of RNAs within these bodies increases so do the anti-viral sensing
proteins such as PKR and 2’-5’ OAS (244). The large amounts of RNA in these bodies most likely results in
dsRNA moieties which activate PKR. PKR does localize to P-bodies during HPV infection, which is also a
dsDNA virus (245), but its localization to granules during HSV1 infection has not been studied. Deletion of
VHS or y34.5 both inhibit TL translation, while not affecting TL transcription. Us11 rescues TL translation
in either scenario, indicating Us11 functions to enhance translation of TL transcripts and/or remove host
proteins which specifically inhibit TL translation. Us11 interacts with PatL1, a cellular kinesin light-chain-
related motor protein involved in the assembly of P-bodies (246). Speculatively, Us11’s RNA binding motif

(113; 196; 203) may allow selective binding to the complex UTRs of TL transcripts, sequestering them from
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P-bodies and stress granules, or shuttling them to productive translational centers. Determining if certain
host and viral proteins bind to viral transcripts based on their kinetic transcription in the context of y34.5-
deletion or presence of Us11 may reveal novel restriction factors or mechanisms of the Us11 protein. The
realization that RNA modifications found on RNA viruses may also be present on transcripts from DNA
viruses will hopefully propel research into this possible lifecycle regulation.

To determine whether specific factor(s) within GSCs restrict TL translation we could conduct a
CRISPR KO or shRNA screen in GSCs to determine if a gene is involved in restricting G207 growth. To
accomplish this we would engineer a G207 virus with a TL promoter driven gC-GFP fusion in either the
normal gC locus or by inserting a recombinant version within the ICP6-LacZ fusion. GSCs would be
transduced with lentivirus encoding the Cas9 enzyme and a library of barcoded guide RNAs to interrupt
individual genes (247). Ideally the Cas9 would be under an inducible doxycylcine promoter allowing us to
select transduced GSCs before activating the knock out. We would infect GSCs with G207- gC-GFP at low
MOI to monitor cell to cell spread, indicative of multiple rounds of productive infection. Cells which are
permissive to G207-gC-GFP would be visualized by GFP expression, and sequenced to determine which
guide RNAs (gRNA) were present. After determining which gRNAs were present in permissive GSCs we
would repeat knockout experiments with single gRNAs. Any hits we achieve could then be assayed via
western blot, plaque assay, and AHA labeling to determine if the gene was knocked out and if TL
translation is rescued. Following this we could determine expression differences of our hit(s) in different
patient’s GSCs as well as patient matched SCCs to correlate expression with permissivity. We would expect
expression of this factor(s) to be low in SCCs, if not absent. Similarly, over-expressing factor(s) we found
in GSCs should reduce or restrict G207 growth in the SCCs. Alternatively, we could perform all experiments
with normal G207 virus and use immunohistochemistry to identify cells positive for TL HSV1 proteins. One
pitfall of this screen approach is that it will not resolve any restriction factor(s) if multiple genes are

required in tandem to restrict G207 TL translation in GSCs.
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To determine Us11’s role in restoring TL translation during y34.5-deleted HSV1 infection, we
would continue our Us11 truncation studies to find the minimal domain(s) of Usl1l required to
complement viral growth. We would focus on the C-terminus of the protein since our N-terminal mutants
were not efficacious. Addition of a FLAG or H6 tag would facilitate easier detection of our Us11 mutants.
We expect that the RNA binding domain (C-terminus) as well as a portion of the N-terminus are required
to restore growth based on our best rescue coming from our Us11 84-152 mutant.

To determine whether Us11 can specifically bind TL HSV1 RNAs we could immunoprecipitate Us11
during infection of GSCs and SCCs. Isolating RNA bound by Us11 and synthesizing cDNA would allow us to
determine what Us11 binds by sequencing. We expect that TL RNAs would be enriched and could further
test this in vitro with pure Us11 protein and synthesized TL RNAs. We could determine if Us11 RNA binding
is dependent on whether the RNA is double stranded by adding complementing RNA. If Us11 binds TL
RNAs only during high concentrations of antisense RNAs it would indicate that TL RNAs may not be the
prime target, suggesting Us11’s RNA binding serves to remove/mask PKR ligands rather than specifically
enhance TL translation. More interestingly, if we find Usl1l binds based on sequence or secondary
structure it would suggest Us11 may specifically bind TL RNAs and perhaps enhance their translation.

Additionally, a screen of Us1ll protein interactors could be determined by co-
immunoprecipitating FLAG-tagged Us11 followed by mass spectrometry (248). Using SCCs as the control
we would compare GSC and SCC co-immunoprecipitates to determine GSC specific Us11 binding partners.
Similar to the proposed CRISPR KO screen, identified proteins could be removed by knockout or shRNA,
and the effect of their removal observed. We'd expect that proteins that interact with Us11 within GSCs
but not SCCs may be restriction factors which potentially restrict TL protein synthesis. These experiments
could potentially discover new stem cell specific anti-viral restriction factors which affect replication by

inhibiting viral translation.

108



Lastly, we could examine the properties of the TL RNAs themselves to look for clues as to why
they are not translated during infection. From our data we can conclude that transcripts are being
transcribed in GSCs during G207 infection, but not translated. To determine whether these RNAs can be
translated in the absence of a GSC factor we could isolate total RNA from G207 infected GSCs late post
infection and incubate them in cell free rabbit reticulocytes lysates. We’d expect that TL proteins would
be synthesized in reticulocyte lysate. If TL proteins were not synthesized it could indicate that TL RNAs
may be post-transcriptionally modified in GSCs with some repressive marker. This modification could be
the lack of 5’ cap or lack of poly adenylation, checked by RNA immunoprecipitation with elF4E (cap
binding) or polyA binding protein, or something more obscure such as SUMO-lation or adenosine
methylation. Using Trizol to isolate RNA would preclude some GSC protein from contaminating the RNA
added to the reticulocytes. Isolation of RNA from G207 infected SCCs and G47A infected GSCs would serve
as a positive control for TL protein synthesis. Results from these experiments would indicate whether
GSCs modify, or alter, some intrinsic quality of TL transcripts which prevents their translation.

While TL transcripts lack a common promoter their 5’"UTRs are GC rich and proposed to form
complex secondary structures (69; 80; 82-85). The first step in determining if TL RNA structure is
responsible for the restriction we observe would be to use software programs to predict stem loop
structures based on the sequence of natural and G47A Us11 transcripts (249). An important point we must
make is that we know the IE4/5 promoter sequence we used facilitates translation of Us11 in GSCs, similar
to the IE47 promoter in G47A. We've observed TL transcription, thus eliminating the possibility that GSCs
restrict the transcription based on promoter sequence, however, the sequences downstream of TL TATA
boxes may be critical to their translation. The Us11 TATA box lies in the region 145321 to 145338 (80),
which was removed by the BstEll EcoNI deletion of ICP47 in G47A (89). Therefore, we predict that some
difference between the Usll 5’ UTR present in G207 but not in G47A must be responsible for this

restriction in translation (both have identical 3’UTRs). Using RNA structure predictions, we would mutate
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5’UTR nucleotides downstream of the TATA box to reduce secondary structure, or mimic the G47A 5’UTR
and express these via lentivirus in GSCs. Constructs expressing the G207 Us11 protein transcript under its
full length TL promoter (80) with alterations to its 5’UTR to resemble the 5’UTR of G47A would be expected
to be expressed during A34.5 pAUs11, which has a prematurely polyadenylated Us11, or G207 infection.
We would expect to find a stem loop or minimal region of the 5’UTR that when mutated to mimic G474A’s
Us11 5’UTR would be expressed during y34.5-deleted HSV1 infection. A similar study substituted the
5’UTR of gC with y-actin but failed to restore TL translation in a VHS mutant. However, this study only
substituted the +41 to +140 nucleotide region of the 5’UTR, perhaps overlooking the importance of those
41 nucleotides downstream of the TATA box. If our approach works, and it could signify the immediate
sequence downstream of TL TATA box regions is responsible for restriction of TL translation during HSV1
infection.

Following up on the above experiments, profiling the position of ribosomes on TL transcripts could
indicate whether these transcripts’ complex structure blocks translation. To test this RNA from GSCs
infected with G207 or G47A would be subjected to ribosome profiling using cycloheximide to stabilize
ribosomes on mRNA without effecting initiation (250; 251). We would expect that if the secondary
structure of TL 5’UTRs inhibited translation we would observe an enrichment of ribosomes at complex GC
rich sequences predicted to be part of stem loops in the UTR region. We would expect this only in the
G207 infected profiles, whereas we’d expect enrichment of ribosomes at start codons in the G47A
samples, indicative of efficient initiation (252; 253). We would also fractionate infected GSCs and perform
polysome profiling to determine if TL transcripts are associated with polysome fractions. The lack of TL
protein synthesis suggests that TL transcripts from G207 infected cells would not be associated with
polysome fractions, as observed in VHS mutant studies (81). These studies would shed light on whether
the restriction was due to difficulties of TL transcripts associating with ribosomes.

Translational Regulation in Cancer Biology
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The dysregulation of the cell cycle allows cancer cells to endlessly proliferate, resist apoptosis,
and invade. The past decade has seen an increased interest on researching the dysregulation of protein
synthesis pathways that allow the unending production of peptides to fuel cancer cell growth. For
instance,the eukaryotic initiationfactorselF2aandelF4Ewhich control the beginning steps of translation
are both overexpressed in most malignant cancers (254). Activation of elF4E occurs in many cancers to
promote protein synthesis and invasion (255). MAP kinase-interacting serine/threonine-protein kinase 1
(MNK1), the activating kinase of elF4E, is overexpressed in GBM (173). MNK1 is important for
maintaining protein translation in GSCs and its inhibition decreases cell growth and colony formation
(172). MNK1 is also activated during wildtype HSV1 infection to facilitate viral translation (256). The
Gromeier lab demonstrated that overexpression of MNK1 enhanced oncolytic polio in GBM (161),
suggesting MNK1 signaling, enhances oncolytic virus replication in cancer cells. Our results suggested
that elFAE phosphorylation occurs during productive infection, but does not control synthesis of the TL
proteins. Further research using non-phosphorylatable elF4E would determine the importance of elF4E
in GSC biology, as well as its effect on oHSV, with or without IE-Us11. One question we raised was
whether IE-Us11 causes the efficient formation of the elF4F complex and phosphorylation of elF4E, or if
this is caused by an upstream effect of Us11. The TL transcripts of HSV1 possess GC rich UTRs which are
thought to form secondary structures (69; 80; 82-85). RNAs with secondary structures are less
competitive for elF4E binding, and are less efficiently translated (171). Increasing the levels of elF4E
increases the translation of capped RNAs with secondary structure (202), which would benefit HSV1
translation of its TL genes. We showed that overexpressing elF4E did not restore TL translation, but this
could be due to a sequestration of elF4E or TL transcripts from each other. In this fashion Us11 may play
a role in increasing elF4E availability or competitiveness of TL transcripts for elF4E binding. GSCs and
SCCs could regulate the levels or activation of elF4E differently, which could provide a targetable
difference between bulk and stem cell in GBM. There could be a therapeutic window for targeting this

pathway, selectively killing GSCs.
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Us11 can also abrogate staurosporine mediated cell death (115). Staurosporine inhibits a wide
slew of kinases, leading to apoptosis (257). Staurosporine also leads to an inhibition of protein synthesis,
which when maintained prolongs cell survival (258). While not ever studied, Us11 could inhibit apoptosis
by maintaining protein translation, throgh some mechanism (inclding the speclative ones I've
hypothesized). The seemingly disparate mechanisms Us11 has been demonstrated to possess can all be
related to its RNA shuttling ability to keep protein translation operating during cell stress. It would be
interesting to revisit many of these studies with the goal of demonstrating Ukl’s ability to maintain
protein synthesis, and the effect this has on preventing apoptosis, and enhancing TL or structured RNA
translation.

Protein Translation as a Target for Cancer Super Enhancers

The enhanced susceptibility of GSCs to THZ1 indicates another venue to study the differences
between GSCs and SCCs. RNA polymerase inhibitors are used to treat some cancers currently, but cannot
be relied upon due to liver toxicity (259). The sensitivity of cancer stem cells in comparison to bulk tumor
cells to THZ1 (43; 45; 46), and other RNA polymerase Il (RNAPII) inhibitors (260-263), offers a potential
therapeutic window to ablate cancer stem cells after conventional radiation and chemotherapy remove
the bulk of the tumor. Cancer super enhancers (SE) disproportionately recruit RNAPII to express tumor
driving genes (38). SE form near genes essential for cell type (38), like MYCC for cancer (38; 214), or SOX2
for stem cells (264). The transcripts from these SE seem to turnover quickly, thus their sensitivity to RNAPII
inhibitors (262; 263). That means these transcripts also require efficient translation before they are
degraded. This rapid synthesis of cancer cell specific mMRNA and protein must play a major role in the
propagation of cancer stem cells, since even minorly disrupting the transcription or translation of these
genes is severely toxic. As described above, many of the eukaryotic initiation factors are overexpressed
in cancer cells. This overexpression in most likely not by coincidence and is a requirement to
actively promote tumor growth whilst still retaining a cancer stem cell phenotype. The requirement of

an efficient
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translational apparatus to keep up with the increased transcriptional load in cancer stem cells highlights
two potential pathways for therapy. Interestingly, the reliance on RNAPII activity and increased levels of
translation may be what desensitizes cancer stem cells to proteasome inhibitors (265), which would be
an alternative method of removing the products of the increased translation and transcription. This is
unfortunate as many proteasome inhibitors are currently used to treat some many cancers because many
cancer cells are characterized by high proteasome activity (266).
The Future of Oncolytic Virus

It has been a momentous time to study oncolytic viruses (OV) during my dissertation research.
Upon starting in 2011 OVs were just re-emerging in the US after much of the research field was shifted to
Europe and China because of the gene therapy trial at university of Pennsylvania in 1999 which killed its
patient (267). Since my entry, several viruses which were never considered to be usable as a therapeutic
vector have been developed into OVs, including Zika and maraba viruses (268; 269). Vectors which were
confined to academic study have made their way into the clinic, including the first ever approval of an
oncolytic virus to treat a cancer in the US in 2015 (117). This acceptance into the field of oncology has
progressed hand in hand with immunotherapy, both of which are experiencing a boon in private industry,
as well as an exponential increase in the number of clinical trials (270). Despite the advances, there are
still many short comings of OVs which researchers have not adequately addressed, but may in the coming
future.
Challenges Facing Oncolytic Virotherapy

There are several key issues that hinder OVs from clearing tumors. Human beings have evolved
alongside wildtype vectors to resist and repel their replication. This increases the hurdles OVs must
overcome to spread and kill cancer cells as effectively as a wildtype virus, while remaining safe. The first
issue for designing vectors is determining how we can best balance viral cytotoxicity with safety. Creating

an OV that is capable of rapidly killing and replicating in cancer cells often comes with the unwanted ability
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of the virus to infect and kill the patient’s normal cells as well. To create these viruses, we believe it is
important to identify restriction factors that inhibit an oncolytic virus’s replication and use that knowledge
to craft better vectors. The y34.5-deletion is well studied due to its role in HSV1’s neuropathology (93).
This attenuation restricts HSV1 replication to transformed cells, but does prevent replication in certain
cancer cells, as detailed in chapter 2. Removal of the ICP47 gene, and subsequent expression of Usl1,
restores growth in cancer cells while maintaining its safety (117). Surely, there are more combinations of
suppressor mutations which can endow an attenuated HSV1 with oncolytic activity. Historically,
determining these complementing mutations was performed by circumstance without specific
engineering. Today, it is possible to scan through a viral genome and systematically create a library of
vectors and experimentally determine which loss of function mutants can complement one another.
Furthermore, these could be tested in tumor cell lines to determine whether certain tumors are more
susceptible to certain sets of co-mutations. In relation to OV development, there are several companies
and researchers searching for the most optimal viral vector for treating tumors. Research at the Salk
Institute, led by Clodagh O’Shea, have created a method for quickly exchanging Adenovirus segments
from different viruses and strains to make recombinant vectors via Gateway recombination (271). This
allows her group to rapidly synthesize viral vectors, and her methodology should influence design of
future OV screens to determine gene function in the context of cancer. The Replimune Company, started
by Rob Coffin, conducted a screen of several HSV1 strains to isolate one capable of growing on multiple
cancer cell lines. HSV1 RH18A was chosen for its general cytolytic effect on all tumor lines tested, on the
basis that it will be universally effective. A similar pipeline was used to develop the adenoviruses used by
PsiOxis (272). Currently, these methodologies are looking for the most effective viral vector, but are not
directly searching for alterations which endow oncolytic activity. If a research group could be convinced
to combine these novel screening processes there would be a surge of novel vector ideas to be explored

for therapy, as well as expanding the current knowledge of the coordination between viral genes. Once
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this is undertaken, these novel vectors could be assayed for their immune-stimulatory capability and
armed with oncolytic transgenes as is the current trend.

The second issue facing OV efficacy is how to maximize viral spread within a tumor. Direct
injection into a tumor efficiently infects cells around the needle track, but spread outwards from initial
infection is often limited due to a compacted extracellular matrix (ECM). One method for circumventing
this problem is to simply inject multiple places within the tumor, or surrounding metastases, as is done
for TVEC/IMLYGIC (273). However, this does not address the problem of spreading as witnessed by the
lack of effect TVEC has on visceral tumors (274), or tumors difficult to inject in multiple places like GBM.
Arming OVs with ECM proteases (275) or DNAse (276) allows vector to spread better, but carries the risk
of allowing other cancer cells greater motility as well (277). A non-enzymatic method for distributing OVs
to spots of increased tumor growth relies on carrier stem cells. Neural and mesenchymal stem cells home
to sites of tumor growth upon injection (278; 279). To deliver virus to these critical sites, cells can be
‘loaded’” with OVs which exit the carrier into the surrounding tumor cells (280). This delivers OVs to
multiple areas of the tumor, which would be difficult to accomplish by direct injection, and mitigates the
problem posed by neutralizing antibodies. Problems with carrier cells arise when the OVs are unable to
effectively lyse and spread due to the cells non-transformed nature, as well as carrier cell migration being
adversely affected by infection. One potential solution would be to design carrier cells or vectors with a
druggable ‘latency system’ whereby control of key viral promoters such as ICP4 is controlled. This way
infected carrier cells would be able to travel further into the tumor until researchers picked the right time
to initiate virus replication. An idea of mine was to engineer vectors expressing enzyme dead Cas9 fused
to epigenetic silencing element HP1 to control viral replication by targeting certain promoters. Addition
of a drug would drive expression of a different guide RNA which would re-target the dCas9-HP1 to the
inhibitory viral targeting gRNA promoter thus allowing the virus to replicate, hopefully increasing virus

replication at cancer stem cell niches that carrier cells home to. These methods of increasing the spread
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of OV within the tumor have increased OV efficacy, but still do not enable virus to infect the entire tumor.
For now, the best method for delivering virus to the maximal amount of tumor cells is either a massive
single dose of OV systemically, a practice espoused by Stephen J. Russell, or multiple doses of virus over
an extended period. Both methods have their strengths and weaknesses.

The third issue facing OV development is whether the focus of a vector should be direct oncolysis
or recruitment of an anti-tumor immune response. The past few years have seen the focus shift towards
immune stimulation, away from direct oncolysis. OVs expressing granulocyte-macrophage colony-
stimulating factor (GM-CSF) or Interleukins (IL) currently dominate the field because they elicit the best
survival responses in research models and clinical trials (281). Meanwhile, other OVs expressing altered
IRES’s or transgenes which enhance chemotherapeutic treatments, such as cytosine deaminase or
sodium/iodide symporter, are still being tested clinically, despite not relying on direct attraction of an
anti-cancerimmune response (117; 282). Proponents of Immune stimulatory or oncolytic camps ask which
is better? While this question is often presented at conferences for Pls to bluster or wax poetic about, I've
come to the opinion that almost every researcher hypothesizes a cancer-specific, incredibly cytotoxic,
virus that enables immune cell infiltration into a tumor will provide the best therapeutic response. The
real challenge for the coming rounds of armed OVs is whether they can address these three issues.

How to design better vectors

We've demonstrated that separate cell populations within a single tumor can restrict OV
replication. We observed this difference was rooted in control of the protein synthesis of true-late HSV1
proteins. The differences in translational regulation between normal and tumor cells may heavily
influence the success of OVs, but could provide a novel targeting criteria as well. Can we engineer OVs
which can take advantage of the differences in translational regulation? Our research did not address this
question, but did demonstrate that normal neural stem cells (NSCs) are still restrictive to oHSVs capable

of killing GSCs. Further experimentation could reveal why the restriction of protein synthesis is overcome
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in GSCs but not NSCs. We showed Us11 expression restored virus growth, and future research would
determine if Us11 directly counteracted the restriction of TL translation. This in turn could lead to cancer
stem cell targets which could be incorporated into future OVs.

We engineered G207-1EUs11 by relying on homologous recombination within a Vero cells during
co-transfection. There are other ways to engineer OVs which allow quick insertion or substitution of the
transgene(s) or more efficient recombination into the vector backbone. The bacterial artificial
chromosome (BAC) is essentially a large plasmid which allows amplification of large viral genomes within
bacteria. This is accomplished by inserting an E. coli F-factor regulatory region as well as a selection marker
into a circularized viral genome (232; 283). In addition to the regulatory components of the F-factor there
is a ‘stuffer’ sequence which prevents viral genome encapsidation. Flanking these sequences are FLP/FRT
and/or Cre/LoxP recombinase sites which allow recombination of a transgene into the viral BAC and the
excision of the stuffer and F-factor regions sequentially (232; 284) or simultaneously (285). Transgenes
are cloned into a shuttle plasmid flanked by recombinase sites and mixed together with BAC DNA with
recombinase to insert the transgene. BACs harboring the transgene(s) are isolated and transfected into
Vero’s expressing the correct recombinase to remove the stuffer and F-fator, yielding armed virus (232).
BACs can also be used to make specific mutations in individual genes using lambda phage Red
recombinase (286).

CRISPR/Cas9 mutagenesis offers a much quicker avenue for engineering vectors through
homologous recombination (287; 288). The Cas9 enzyme cleaves DNA targeted by a guide RNA (gRNA)
allowing HSV1 DNA to be broken until a recombination occurs which removes the target sequence (288).
Cancer stem cells reliance on SE to drive oncogene transcription could be a good target for a Cas9
expressing OV. Theoretically supplying an OV with a Cas9 enzyme and gRNA against mutated oncogenes
would infect cancer cells and interrupt oncogene expression, while not targeting non-mutated oncogenes.

Cas9 does cleave off target DNAs adding a potential danger to this method. Instead, nuclease-deficient
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Cas9 fused to functional effectors such as transcriptional repressors could be incorporated to target SE
transcription. This could add an oncolytic edge to vectors restricted in certain cancer cells, such as G207
in GSCs. CRISPR can definitely enhance the speed by which we create OV vectors. A limiting efficiency of
Gibson or en passant cloning is the reliance on a specific restriction enzyme site to linearly cut the DNA
desired to clone into. CRISPR/Cas9 could revolutionize vector assembly by allowing researchers to clone
anywhere within viral genomes. Although unsure exactly how, | imagine a method of combining
CRISPR/Cas9 with en passant cloning with a recombinase BAC system to allow scarless and efficient
removal and movement of a BAC sequence within large DNA virus vectors. This would allow researchers
to quickly generate new vectors by moving BAC sequences to new locations without having to essentially
start over each time they want to engineer a BAC in a new place within the genome.

The approval of IMLYGIC and the discovery of the T cell checkpoint inhibitors’ combinatorial effect
with OV on survival ushered in a renaissance in the development of OVs. Currently, many companies are
competing to produce the most efficacious OV, most focusing on immunostimulatory transgenes. With
this competition, basic research will also expand on OVs, their interplay with the immune system and
cancer microenvironment. Hopefully, this will lead to more ambitious designs of OVs with unconventional

methods for targeting tumor cells.
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