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Glioblastoma Multiforme (GBM) is a highly aggressive brain tumor for which there is no
treatment. Oncolytic Viruses (OVs) are attenuated tumor-selective viruses designed to replicate
in and Kkill tumor cells without affecting normal tissue. Herpes Simplex Virus type-1 derived
oncolytic vectors (0HSV-1) are a promising and safe alternative to current GBM therapies, but
the deletions that render these oHSV-1 incapable of replicating in normal tissue also
compromise their lytic activity in tumor cells. Consequently, these viruses fail to vf3 eradicate
the tumor.

In this study, | developed a new oHSV-1, named ICP4-miR124t, whose selective replication
in GBM cells does not rely on defective genes, but rather is mediated by micro (mi)RNAs
differentially expressed between normal tissue and GBM. MiRNAs recognize complementary
target sequences in mRNAs resulting in repression of the mRNA. MiR124 is one of the most
abundant miRNAs in developing and mature neurons, but is absent in GBM since its presence
is incompatible with the tumor phenotype and viability. After introducing four tandem copies of
the miR124 target sequence in the 3'UTR of the HSV-1 essential ICP4 gene, | observed robust
replication of the resulting ICP4-miR124t oHSV-1 in primary glioblastoma cells, while viral
growth was highly impaired in the same cells upon induction of mir124. Toxicity tests involving
intracranial injection of immunocompetent and immunodeficient mice showed a dramatic
reduction in vector toxicity compared to unregulated control virus. Moreover, ICP4-miR124t-
injected animals showed a loss of viral DNA in the brain over time, whereas an increase was
observed in control virus injected animals.

In conclusion the ICP4-miR124t oHSV-1 developed in this study is promising for GBM
treatment because it is capable of killing miR124-negative tumor cells as efficiently as wild-type
HSV-1, while lacking toxicity for normal brain. These results are of major Public Health
importance not only as a potentially more effective alternative to current inefficient GBM
treatments, but also as a new paradigm to treat other kinds of tumors by taking advantage of the

differential miRNA expression between tumor and normal tissue.
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1 INTRODUCTION

1.1 Glioblastoma Multiforme (GBM) is the most malignant form of brain tumor without

available effective treatment

Glioblastoma Multiforme corresponds to the worst grade in Glioma classification according to
the World Health Organization (WHO grade IV). The classification includes all tumors arising
from the glial lineage in the brain and divides them into four grades (I-1V) depending on tumor
phenotype, clinical behavior and prognosis. GBM is defined as an infiltrating glioma, biologically
aggressive and resistant to therapy, characterized by the presence of tumor cell necrosis and/or
angiogenesis, cytological atypia and mitotic activity ' 2°.

GBM is the most common form of astrocytoma in the adult population, accounting for 50-
60% of all gliomas and 2% of all human tumors, with an incidence in the US of 4-5 cases per
100,000 persons per year. GBM incidence is higher in males and increases both with exposure
to ionizing radiation and with age (from 0.2 cases per 100,000 persons per year in people below
14 years of age to 4-8 cases per 100,000 persons per year in people above 45 years of age),
making these three variables the main GBM risk factors. GBM is a sporadic tumor, but its
incidence is increased in familial cancer syndromes, especially in Li-Fraumeni syndrome
characterized by loss of functional p53, a tumor suppressor protein 2.

GBMs have traditionally been sub-classified into two distinct types based on genotypic and
phenotypic differences (Table 1). The first and most common type (>90% of GBM patients)
includes primary tumors arisen de novo with no evidence of pre-existing lower grade glioma,
typically diagnosed in older patients. 70% of primary GBM are characterized by loss of
heterozygosity (LOH) of the long arm of chromosome 10, 36% show amplification of EGFR or
its EGFRVIII tumor variant and 25% show mutation of PTEN. The second type includes
secondary tumors derived from a lower grade astrocytoma, more often found in younger
patients. Most secondary GBM present mutations of TP53 (65%) and overexpression of both

1

PDGF and its receptor '. Despite their genotypic differences, both GBM classes show a

common mMiRNA expression pattern that is completely different from the one found in normal



brain, characterized among others by miR21, miR17 and miR10 overexpression and of miR124,

miR137, and miR128 downregulation 5

Table 1: Conventional GBM classification.

Phenotype Mean Genotype miRNA profile
age of compared to normal
onset brain
Class | | Primary 62 years | 70% LOH 10q . .
>30% | tumors 36% amplification of EGFR Tr.';f:"' miR17,
of all arisen de- and EGFRvIII mi
GBM novo 25% PTEN mutations
Class Il | Secondary 35 years | 68% TP53 mutations l,l:mR124. miR137,
<10% | tumors 54% LOH 10q, 19q miR128
of all derived from 82% LOH 22q
GBM a pre- high ate of PDGF
existing overexpression
lower grade
astrocytoma

A different, more accurate and more recent (2008) GBM classification is based on the
molecular heterogeneity associated with human gliomas and divides GBM in four molecular
sub-types, Mesenchymal, Proneural, Classical and Neural, based on the genomic abnormalities
identified by the Cancer Genome Atlas Research Network (TGCA) on 206 GBM patient samples
(Table 2) °. The Mesenchymal subtype is characterized by either hemizygous deletions of the
17q11.2 region containing NF1, or mutations in the NF1 gene and by chromosome 7p
amplification associated with over-expression of EGFR and EGFRVIIl tumor variant. The
Proneural subtype molecular signature includes TP53 mutation (or LOH) together with
amplification of PDGFRA on 4912, point mutations of IDH1 and alterations of PDGF. Most of
secondary GBM belong to this subtype. The Classical subtype presents chromosome 10q loss
including the PTEN gene, chromosome 7p amplification associated with over-expression of
EGFR and EGFRVIII, and 9p21 deletions containing CDKN2A and CDKN2B genes. The Neural
subtype is associated with the expression of neuronal markers like NEFL, GABRAL, SYT1 and
SLC12A5 and chromosome 7p amplification associated with over-expression of EGFR and
EGFRUVIIL. Interestingly, by comparing the expression profiles of these four molecular GBM
subtypes with normal brain transcriptome data, it appears that each subtype is derived from a

different neural cell type, with the Classical group being similar to astrocytes, the Proneural



group to oligodendrocytes, the Mesenchymal group to astroglia and the Neural group to
neurons. Moreover, there seems to be a correlation between a specific molecular subtype and
its response to standard GBM treatment, with the Classical group having the best outcome and

the Proneural group the worst®.

Table 2: Novel molecular-based GBM classification.

Genotype and Expression Transcriptome miRNA
Pattern expression
pattern
Mesenchymal | 17gq11.2 hemyzigous deletions | similar to normal . .
35% of all (NF1) astroglia TmiR21, miR17,
GBM 7p amplification inducing EGFR miR10, miR9
and EGFRvIll over-expression
Proneural TP53 LOH or mutations (54%) similar to normal lt:mR124, .
34% of all PDGFRA amplification on 4q12 | oligodendrocytes | MR137, miR128,
GBM IDH1 mutations miR?
(most of PDGF alterations
secondary younger age of onset
GBM belong

to this class)

Classical 10q loss (expressing PTEN) similar to normal
23% of all 7p amplification inducing EGFR | astrocytes
GBM and EGFRvlll over-expression
9p21.3 deletions (CDKN2A/2B)
Neural expression of neuronal markers | similar to
15% of all (NEFL,GABRAA1, SYT1, neurons
GBM SLC12A5)

Tp amplification inducing EGFR
and EGFRvIll over-expression

The four sub-types of GBM show different genotypic alterations, but the same miRNA expression signature, including
miR124 down-regulation.

Currently there are no effective therapies for GBM. The prognosis for patients diagnosed
with the disease is usually very poor with an average survival of only 14 months after standard
therapy. The standard therapy for GBM includes three steps that typically increase the lifespan
of the patient by only of few months and have multiple side effects. First is surgery to remove as
much as possible of the tumor mass and to provide diagnostic certainty. Second is radiotherapy
to kill tumor cells through induction of DNA damage and apoptosis. Localized radiotherapy on

the tumor bed has proven useful in increasing the lifespan of GBM patients without major



cognitive complications. Third is chemotherapy is but the blood brain barrier (BBB) limits the
number of compounds that can reach the brain. BCNU (1,3,bis(chloroethyl)-1 nitrosurea),
Temozolomide (alkylating agent) and bevacizumab (an artificial antibody against VEGF) are
currently used to treat GBM patients after surgery, in association with radiotherapy 2.

The limitations of the current GBM therapies clearly illustrate the need for a novel strategy to
combat this very aggressive tumor. Oncolytic viruses represent a promising new approach to

cancer therapy to be used alone or in combination with existing procedures.

1.2 Herpes Simplex Virus Type-1 (HSV-1) based Oncolytic Viruses (OVs) are a
promising but still ineffective therapy against GBM

Oncolytic vectors (OVs) are attenuated lytic viruses designed to specifically replicate in tumor
cells without affecting the surrounding normal tissue . Herpes Simplex Virus Type-1 (HSV-1) is
an attractive platform for the development of a GBM-specific OV because of its neurotropism,
high efficiency of infection, and its ability to rapidly replicate in infected cells. HSV-1 infectivity is
much higher than that of other viruses used to generate OVs in that a 1:1 ratio of the number of
HSV-1 viral particles and the number of target cells is sufficient to infect 100% of the cells.
Infectivity is much lower in the case of Vesicular Stomatitis Virus (VSV), which requires a ratio of
1:5000 between the number of host cells and viral particles to achieve efficient infection, or in
the case of Adenovirus (AdV) where the effective ratio of cells to virus is 1:3000. Moreover, at
least half of the very large, 152-kb genome of HSV-1 codes for functions that are not essential
for viral propagation in vitro and can be deleted or modified without affecting the ability of the
virus to quickly infect and spread. Lastly, several anti-herpetic drugs are readily available to
keep oncolytic HSV (oHSV) replication under control in therapeutic applications 8.

HSV-1 is a double-stranded DNA virus with a very wide host cell range. In many cells, once
the virus enters, its lytic replication process begins, causing cell death and release of viral
progeny as quickly as 10h after initial infection. The HSV-1 Iytic cycle starts with the interaction
between the viral essential glycoprotein gD and one of its receptors on the cell surface, followed
by a signaling cascade that activates the two other essential glycoproteins gB and gH, both
necessary to complete the fusion/entry process; the HSV-1 envelope and cell membrane fuse to
allow entry of the viral DNA-containing capsid into the cytoplasm. To infect its target cell HSV-1
can use several different common receptors, including HVEM (HveA), Nectin-1 (HveC) and 3-O-

9,10

sulfated heparan-sulfate . Virtually all cells express at least one of these receptors,



accounting for the broad host range of the virus. Upon entry into the cell, capsids inject the viral
DNA into the nucleus where the replication process takes place. Newly synthesized viral DNA is
assembled into new viral capsids in the nucleus, and then the DNA-containing capsids acquire
new envelopes by nuclear membrane budding and further processing through the Golgi
apparatus. The mature virus finally exits into the extracellular space by lysis of the infected
cell ""3. Only in sensory neurons HSV-1 can establish a latent state, characterized by silencing
of lytic genes, expression of latency-specific RNAs (LATs) and persistence of the viral genome
as an episome with no risk of insertional mutagenesis of the host genome. The HSV-1 genome
is organized into a Unique Long (U, ) and a Unique Short (Us) region, each flanked by inverted
repeats (Figure 1) "' The junction between the internal repeats is called the joint and

contains one copy of the ICPO, ICP4 and y34.5 genes.

PO ICPO ICP22
34.5 77 LAT C (UL44) ULSE, ar o :
Y 1 | m o 9B(UL27) 9c | j N L.ATI y345 ICP4
|
III |II II II II| |II I| II II| III
Py ||I | |
A A | Joint | f
II I| |I I| II I|
III |I. || || II |I
uLsy - [ | IcPa
UL38 ICPAT7

(US12)

Figure 1: Organization of the HSV-1 genome.

The 152-kb HSV-1 genome is organized into a Unique Long (UL) and a Unique Short (US) regions, each flanked by
inverted repeats, terminal (TR) and internal (IR). The region between UL and US, called the joint, consists of the two
internal repeats and contains one copy each of the LAT, ICPO, ICP4 and y34.5 genes. The unique regions can flip
back and forth, creating four possible HSV isomers. Here is depicted the isomer conventionally used to represent the
HSV-1 genome. All most relevant genes for this study are depicted.

The unique regions can flip back and forth, creating four possible HSV isomers and making
the HSV genome unstable and prone to internal recombination '°. The viral genome codes for at
least 84 proteins plus several untranslated transcripts. Its genes are expressed in a temporal
cascade in which the five immediate early (o) genes that code for regulatory proteins (ICPO,
ICP4, ICP27, ICP22, ICP47) are expressed first and drive the expression of early (B) genes,

necessary for DNA replication, and late (y) genes that code for structural proteins assembled

5



into viral particles. HSV-1 genes are also classified into essential and non-essential based on
their requirement for viral growth in vitro. Only half of HSV-1 genes are absolutely necessary for
viral reproduction both in vitro and in vivo. The remaining genes are mainly involved in virus-
host interactions that allow the virus to overcome the natural defenses of the cell against
infection in vivo ""'°.

One of the most common designs to create a tumor-specific oHSV takes advantage of the
deletion of one or more of the non-essential genes that HSV-1 uses to block the cell’'s natural
antiviral defenses. The result of the deletion is a replication-impaired vector that grows very
poorly in normal cells but can replicate efficiently in cancer cells where these antiviral pathways
are impaired or non-functional. Two different conditionally replication-defective oHSVs named
HSV1716 and G207 have been tested in clinical trials on GBM patients while a third, named
OncoVEX, is undergoing clinical trials on melanoma patients and a fourth, named NV1020, has
been tested in clinical trials on metastatic colorectal cancer (CRC) patients (Table 3). Each of
these has been shown to be safe for patients but evidence of anti-tumor efficacy has been

sporadic >*".

Table 3: oHSV-1 in clinical trials.

oHSVI716 (Ay34.5) GBM Completed I-lll phase Well tolerated up to
patients 1x1045 p.f.u. per
patient
G207(Ay34.5, AICPS) GBM Phase | completed -> Well tolerated up to
patients OV too weak to 1x10*9 p.f.u. per
effectively kill patient
xenografts tumor
models
OncoVEX (Ay34.5, AICP47, | Melanoma | Phase lll started Well tolerated. Shown
+ GMCSF) patients some promising
immuno-mediated
antitumor effect
NV1020 (Ajoint, AULSE, CRC Phase Il completed Well tolerated. Slight
AUL24, restricted TK patients increase in median
expression under ICP4 survival of treated
promoter) patients

Four replication-compromised oHSV-1 have been tested in clinical trials, the first two on GBM patients. All

demonstrated to be safe for patients, but too attenuated to effectively overcome the tumor.




HSV1716 carries deletions of the RL-1 gene encoding the y34.5 protein. This protein is
normally expressed by the virus to overcome the activity of PKR, a kinase that is induced by the
cells in response to infection or other forms of stress. Activated PKR phosphorylates the a
subunit of the elF2 translation initiation factor (elF-2a), causing a complete block of protein
synthesis. Viral y34.5 works by activating PP1 phosphatase, that in turn dephosphorylates elF-
200 and restarts protein synthesis necessary for the virus to complete its lytic cycle. A virus
deleted for y34.5 cannot replicate in normal cells, but only in cells where the PKR pathway is
compromised and non-functional, such as in tumor cells that typically exhibit constitutive
activation of the PKR-inhibiting EGFR/Ras/MEK pathway. HSV1716 showed promising results
in phase I-1l clinical trials. Up to 10° infectious units were injected in 12 patients bearing either
newly diagnosed or recurrent high grade malignant glioma and were well tolerated, exhibiting no
sign of toxicity in the normal tissue surrounding the tumor and showing some evidence of
efficacy by increasing the life span of a few patients (respectively 15, 18 and 22 months of life
after GBM diagnosis, in three patients) when combined with classical chemo- and radiotherapy
after tumor surgery. However, tumor eradication was not observed and none of the patients
were cured >*18%,

G207 is a doubly attenuated vector created to increase tumor specificity and safety for the
normal brain by deleting the UL39 viral gene in addition to both copies of RL-1. UL39 encodes
the ICP6 protein, the viral counterpart of the large subunit of mammalian ribonucleotide
reductase (RR), an enzyme required for the de-novo synthesis of dNTPs essential for DNA
replication. The virus requires ICP6 to infect post-mitotic cells like neurons, where DNA is not
replicated and cellular RR is not expressed. In the absence of ICP6 the virus can only infect
mitotic cells, such as cancer cells where RR is usually overexpressed because of the
constitutive activation of the Rb/p16/EF2 pathway. Thus a virus deleted for both y34.5 and ICP6
will grow only in cells that do not express PKR but overexpress RR, a common phenotype of
GBM cells but not of normal cells 2. G207 has been tested in primates in preclinical studies and
in phase | studies on patients with grade IV GBM. The vector was shown to be safe for patients
at doses as high as 10° infectious particles, much higher than those used with HSV1716 2'.
However, anti-tumor efficacy studies performed by intra-tumor injection of G207 into highly
invasive GBM xenografts derived from patient biopsies showed that despite some anti-tumoral
effect, specifically a reduction in tumor volume, G207 did not significantly improve animal
survival compared to other treatments, indicating that this oHSV had no clinical efficacy by

itself 2



OncoVEX is a oHSV recently entered into clinical trials for melanoma. It is a doubly
attenuated virus that carries deletions of both y34.5 and ICP47 along with insertion of a GM-
CSF expression cassette. GM-CSF is an immunostimulatory molecule whose expression
enhances the tumor-specific immune response against tumor antigens released after lytic
replication of the virus, as demonstrated in mouse models. This vector has completed a Phase
II' clinical study where it was injected into accessible melanoma lesions, resulting in the
regression of the injected lesions as a direct oncolytic effect and in the regression of the non-
injected lesions as a secondary immune-mediated antitumor effect in 28% of treated patients. A
Phase IlI clinical trial on patients with grades Ill and IV unresectable melanoma has recently
started 2%

NV1020 is an attenuated, joint-deleted oHSV vector with only one copy of the ICPO, ICP4
and »34.5 genes normally present in two copies in the HSV1 genome. The vector also carries
deletions of the UL24 and UL56 non-essential genes and expresses the TK gene with
immediate-early kinetics from the ICP4 promoter. This set of mutations makes the virus very
attenuated and able to grow only in malignant cells that can complement the activities of the
deleted viral genes, but not in normal quiescent cells ?°. NV1020 has completed Phase | and Il
clinical trials on patients with refractory metastatic colorectal cancer (mMCRC) of the liver . The
virus was shown to be safe for the patients at a concentration of up to 1x10® infectious units
without major adverse effects and demonstrated some effectiveness in reducing tumor size after
chemotherapy and in increasing the median survival of the treated patients. A Phase Il clinical
trial for this virus has been proposed .

Despite being safe for patients and showing some tumor killing ability, the oHSV tested so
far in clinical trials are too attenuated to efficiently replicate in GBM and eradicate the tumor in
the gaffected patients. To obtain a more effective oHSV that can grow and efficiently kill only
tumor cells without affecting the surrounding normal tissue, | created a different kind of vector
that is not deleted for any of its genes, but in which the expression of ICP4, one of its essential
genes, is controlled by miR124, a neuronal-specific miRNA that is highly expressed in normal
brain but not in GBM.

1.3 MiR124 absence is specific for GBM cells
Micro (mi)RNAs, short ~21-23 nucleotide-long non-coding RNAs, are key regulators of almost
every cellular pathway in protozoa, metazoa and plants that function by post-transcriptionally

repressing gene expression at the mRNA level.
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Figure 2: MicroRNAs biosynthesis.

MiRNAs are short ~21-23 nucleotide-long non-coding RNAs that function by post-transcriptionally repressing gene
expression at the mRNA level. MiRNAs work in the form of miRISCs, ribonucleoprotein complexes comprised of the
guide miRNA strand and several proteins of which AGOs and GW182 are the best-known components. In animals,
the main mechanism of interaction between miRNA loaded on the miRISC and its target mRNA involves inexact
base-pairing between the two molecules. After recognition of its target mRNA, the miRISC works either by directly
inhibiting mRNA translation or by inducing mRNA deadenylation and consequent degradation. Another mechanism of
miRNA-mediated mRNA silencing typical of plants but very rare in animals involves exact base-pairing between the
entire miRNA and the 3'UTR of its target mRNA that induces mMRNA degradation through an endonucleolytic
mechanism typical of RNAI.

MiRNAs work in the form of miRISCs (Figure 2), ribonucleoprotein complexes comprised of
the guide miRNA strand and several proteins of which AGOs and GW182 (glycine-tryptophan

2128 |n animals, the main mechanism of

protein of 182 kd) are the best-known components
interaction between miRNA loaded on the miRISC and its target mMRNA involves inexact base-
pairing between the two molecules. In fact, the only requirement for an miRNA to work is perfect
homology between its seed sequence, the nucleotide stretch between positions 2 and 8, and a
complementary region usually in the 3'UTR of the target mMRNA ?°. This characteristic not only

allows for the regulation of multiple mMRNAs by a single miRNA, but also for the regulation of a



single mRNA by different miRNAs, fine-tuning cell gene expression and increasing the
complexity of the system. After recognition of its target mRNA, the miRISC works either by
directly inhibiting mRNA translation or by inducing mRNA deadenylation and consequent
degradation. There is another mechanism of miRNA-mediated mRNA silencing that is typical of
plants but occurs very rarely in animals. In this case, base-pairing between the miRNA and the
3'UTR of its target MRNA is perfect along the entire 20-22 nucleotide length of the miRNA and
induces mMRNA degradation through an endonucleolytic mechanism typical of RNAi 33",

According to the miRBase database, 1527 precursors and 1921 mature human miRNAs had

been discovered by Nov 2011. Most of these miRNAs are expressed in a tissue-dependent and
developmental stage-dependent manner, contributing to the diversity of protein expression in

different organs and during different life stages.
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Figure 3: MiRNAs involved in the development of the Central Nervous System (CNS).

During neuronal development, pluripotent embryonic stem cells (ESCs) gradually differentiate first into multipotent
neural stem cells (NSCs), then into lineage-specific neuronal progenitors (NPCs), and then into mature neurons and
glia (oligodendrocytes and astrocytes). This complex process occurs through a combination of internal and external
signaling pathways in which miRNAs play an essential role. MiR124 is a key player in neurogenesis being gradually
upregulated during neuronal differentiation. In the mature brain, miR124 is expressed in virtually all post-mitotic
neurons but not in glial cells, NPCs or NSCs.

MiR124 is the most abundant miRNA of the adult mammalian central nervous system
(CNS), accounting for 25-48% of all miRNAs present in the brain *. The CNS is composed
primarily of neurons and glia. During neuronal development, pluripotent embryonic stem cells
(ESCs) gradually differentiate first into multipotent neural stem cells (NSCs), then into lineage-

specific neuronal progenitors (NPCs), and then into mature neurons and glia. This complex
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process occurs through a combination of internal and external signaling pathways in which
miRNAs play an essential role **. As illustrated in Figure 3, miR124 is a key player of
neurogenesis being gradually upregulated during neuronal differentiation not only in humans but
also in many other species from nematodes to zebrafishes to chicks to mice *. The miR124
stem loop sequence is, in fact, well conserved from nematodes to primates. In the mature brain,
miR124 is expressed in virtually all post-mitotic neurons but not in glial cells, NPCs or
NSCS 33,35-37.

Several in vitro studies have shown that overexpression of miR124 in non-neuronal cells like
Hela cells *® or ESCs *° can induce a shift toward neuronal differentiation. Moreover, it has
been reported that miR124 is directly involved in modulating the transition from NPCs to mature
neurons. During this process the factor RE-1 Silencing Transcription Factor (REST), a negative
regulator of mirl24 gene expression, is gradually lost, inducing the upregulation of miR124.
MiR124 in turn inhibits the expression of non-neuronal genes *° like SCP1 (small C terminal
phosphatase-1), a component of the REST transcription complex, SOX9 (SRY-box transcription
factor), involved in glial cell specification by controlling glial-gene expression in the CNS, CDK6
(cyclin dependent kinase-6), involved in the cell cycle G1/S transition, and PTBP1
(polypyrimidine tract binding protein-1), an inhibitor of neuronal specific alternative splicing that
allows the expression of neuronal genes to prevail *'*%. MiR124 is also important for
determining the fate of CNS-cells other than neurons *. It has been demonstrated that in a
population of NPCs, miR124 overexpression decreases the rate of glial cell formation by
reducing the amount of phosphorylated STAT3, a very important transducer of glial cell

differentiation **

. Human miR124 is encoded by three genes located on three different
chromosomes and found often epigenetically silenced through hypermethylation in several
precancerous lesions and in different types of leukemia, lymphoma and brain, colon, breast and
lung cancer ***°. In particular, miR124 is significantly downregulated in anaplastic astrocytomas
(AA ' WHO grade lll) and Glioblastoma Multiforme (GBM WHO grade IV) relative to non-
neoplastic tissue, while being 8- to 20-times upregulated during differentiation of cultured mouse
NSCs ¥. Transfection of miR124 into mouse-derived NSCs and mouse and human-derived
GBM primary cells has been shown to induce morphological changes consistent with neuronal
differentiation. Transfection of miR124 into GBM cell lines U251 and U87 has been shown to
induce neuronal differentiation through cell cycle arrest in G1, associated with the
downregulation of CDK6 and pRB, both substrates of miR124 post-transcriptional silencing,
meaning that expression of miR124 in GBM is incompatible with maintenance of the tumor

42,43

phenotype and viability
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The lack of current effective therapies for Glioblastoma Multiforme indicates an urgent need
for innovative approaches to fight this very aggressive cancer. While existing HSV-based
replication-impaired OVs have been shown in clinical trials to be safe for GBM patients at
relatively high doses, they are not sufficiently effective to offer a significant benefit to the
affected patients. In this study | describe the creation of a novel miR124-regulated replication-
competent oncolytic vector called ICP4-miR124t that is able to specifically kill GBM cells without
affecting the surrounding normal tissue by taking advantage of the consistent tumor-specific
downregulation of miR124 compared to normal brain. An attractive aspect of this strategy is that
GBM cells cannot up-regulate miR124, causing resistance to the virus, without losing their
malignant phenotype and viability **, thus excluding the possibility of tumor-cell escape from the
treatment. In addition, unlike the existing oHSVs, ICP4-miR124t maintains the full complement
of viral genes and is therefore able to grow like an unregulated virus in permissive cells that lack
miR124. The results of this study indicate that ICP4-miR124t is indeed both selective for the
tumor where it maintains its full replication efficiency and non-toxic when injected at high doses
into the brains of healthy mice where its replication is repressed. Thus a miR124-controlled

oHSV could potentially be a safe and effective therapeutic tool against GBM.
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2 METHODS

21 Celllines

All cells utilized in this study were maintained at 37°C with 5% CO,

Vero African Green Monkey Kidney (CCL-81), U20S Human Osteosarcoma (HTB-96),
HEK 293T/17 Human Epithelial Kidney (CRL-11268) and U87 Human Grade IV Glioblastoma
immortalized adherent cell lines were purchased from ATCC (Manassas, VA) and grown in
Dulbecco’s Modified Minimum Essential Medium (DMEM, HyClone) with 10% Fetal Bovine
Serum (FBS, Sigma), 2 mM L-glutamine (Cellgro), 100 U/mL Penicillin (Cellgro), and 100
ug/ml Streptomycin (Cellgro).

SHSY5Y Human Neuroblastoma-derived immortalized adherent cells, generously donated
by E.A. Chiocca (Ohio State University), were grown in 1:1 mixture of MEM and F12 medium
with 10% FBS (Sigma), 0.1 mM Nonessential amino acids (NEAA, Cellgro), 100 U/mL
Penicillin (Cellgro), and 100 ug/ml Streptomycin (Cellgro).

50B11 (Rat-Dorsal Root Ganglia-derived) immortalized adherent cells, generously donated
by Dr A. Hoke (Johns Hopkins University, Baltimore, MD, USA) *’, were grown in Neurobasal
medium (Gibco) with 10% FBS (Sigma), 2% B27 supplement (Gibco), 20% glucose (Sigma), 1
mg/ml blasticidin (Lonza), and 2 mM L-glutamine (Cellgro). To induce differentiation, cells
were maintained in growth medium with 75 uM Forskolin (Sigma) for 24-48 h *’.

PC12 (rat pheochromocytoma) cells were grown in DMEM (HyClone) plus 5% FBS (Sigma)
and 10% Horse serum (HS), 2 mM L-glutamine (Cellgro), 100 U/mL Penicillin, 100 pg/ml
streptomycin, Pen/Strep (Cellgro). To induce differentiation, cells were maintained in growth
medium with 1% serum and 50 ng of 2.5s Nerve Growth Factor (NGF) (Sigma) until cells
showed neuronal-like phenotype .

GBM30 and GIli68 patient-derived primary glioma spheroids lines, generously donated by
E.A. Chiocca (Ohio State University), were grown in Neurobasal medium (Gibco) plus 2% B27
w/o vitamin A, 2 mg/ml amphotericin (Lonza), 100 pg/ml gentamycin (Lonza), 2 mM L-glutamine
(Cellgro), plus 10 ng/ml Recombinant Human Epidermal Growth Factor (EGF) (Shenandoah
Biotechnology) and 10 ng/ml Human Recombinant Basic Fibroblast Growth Factor BFGF
(Shenandoah Biotechnology).
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2.2 HSV-1 infection on U20S and VERO cells

2.21 Infection to test viral growth

Vero and U20S cells were the two established immortalized adherent cell lines routinely used in
our laboratory to test viral growth. The day before infection cells were plated as a 70% confluent
monolayer. 24 h later 100% confluent wells were infected at an established multiplicity of
infection (MOI) in serum free media and incubated at 37°C in 5% CO,. 2 h after the infection
each well was overlaid with DMEM plus 10% FBS and maintained at 33°C in 5% CO,, a
condition that does not interfere with viral growth but stops cells from becoming over-confluent
in the plate. At different time-points after initial infection, viral supernatant was collected and

titered to quantify viral yield.

222 High scale viral production

In order to have enough virus to perform both in vitro and in vivo experiments all viruses used in
this study were grown to high titer on U20S. 24 h before infection U20S were plated as a 50%
confluent monolayer on T150 tissue culture flasks (6 T150 flasks per virus). The day of infection,
100% confluent U20S were infected with a MOI=0.001 as previously illustrated (see section
2.2.1). 72-96 h after infection, flasks were treated with 5 M NaCl solution to a final concentration
of 0.45% to detach the virus from cell membranes and incubated for 30" at RT while slowly
shaking. Following Sodium-Chloride (NaCl) treatment both cells and supernatant were
collected, sonicated using the Ultrasonic Processor XL sonicator (Misonix Inc.) to free the virus
still trapped inside cells and then cleaned from cellular debris through centrifugation at 3000
revolutions per minute (rpm) for 10’ followed by filtration through a 0.8 um Versapor filtering
membrane (PALL Corporation). The clean viral supernatant was then concentrated by 19,000
rpm centrifugation for 30-45’ and the viral pellet resuspended in the minimum possible volume
of a 10% Glycerol solution in 1X Phosphate-Buffered-Saline (PBS) by slow overnight shaking at
4°C. The resulting concentrated virus was divided in 10 ul aliquots and stored at -80°C. One

aliquot was used for titration in U20S as described in section 2.2.3.
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223 Viral titration in plaques forming units (p.f.u /ml)

Titration of viral supernatant was performed through infection of a 48 well of either Vero or
U20S with serial 10-fold dilutions of viral supernatant. The day before infection cells were plated
as a monolayer on a 48 well dish at a density of 0.8x10° cells/well for Vero and 1.5X10°
cells/well for U20S. 24 h later cells were infected with serial 10-fold dilutions of each
supernatant in 120 ul of serum-free media and incubated at 37°C in 5% CO,. 2 h after the
infection each well was overlaid with 120 ul of growth media plus 5% methylcellulose and
maintained at 33°C in 5% CO,. 72-96 h after infection methylcellulose containing supernatant
was removed and plates were washed with PBS and incubated for 2 h at room-temperature
(RT) in a crystal-violet solution (50% Methanol, 0.1% Crystal-Violet) to stain viral plaques. The
staining solution was then removed and each well washed twice with water and allowed to dry.
Live cells stained purple; dead cells from viral infection resulted in clear plaques that were
counted with an inverted microscope. The titer results were then calculated in p.f.u /ml (plaque

forming units per ml of viral preparation). Triplicates were used for statistical analysis.

224 Viral titration in Viral Genome Copy Number calculated by qPCR

In order to perform in vivo experiments, viral titers calculated in p.f.u /ml, as described in section
2.2.3, were converted into gc /ml through gPCR. Two separated aliquots of virus prepared as
described in section 2.2.2 were processed to extract viral DNA using DNAeasy Blood and
Tissue Kit (QIAGEN) according to the manufacturer’s instructions. qPCR was performed using
the StepOne Plus Real Time PCR System (Applied Biosystem) with customized primers (gD-F
and gD-R from Applied Biosystems) and probe (FAM-TAMRA TagMan Probe from Applied
Biosystems) for the HSV glycoprotein D (gD) gene (see primer table). The values were then
compared to the known number of copies of a pEntr-gD DNA plasmid present in a midi DNA
plasmid preparation obtained using the DNAeasy Blood and Tissue Kit (QIAGEN) according to
the manufacturer’s instructions The pEntr-gD construct had been previously created in the
laboratory by cloning the entire gD gene between two EcoRI restriction sites in the pEntr1A
vector (Invitrogen). Viral genome copies were quantified based on a standard curve calculated
according to the manufacturer’s instructions by qPCR amplification of serial 10-fold dilutions of
the pEntr-gD plasmid of known concentration (Standard Curve Method from Applied

Biosystems).
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2.3 Polymerase Chain Reaction

Table 4: PCR primers used.

Primer F Primer R
gD gPCR customized primers to gD-Fwr gD-Rev
. 5CCCCGCTGGAACTACTATGACAS’ 5GCATCAGGAACCCCAGGTTS
quantify oHSV genome copy number
(Section 2.2.4)
gD gPCR customized TAMRA gD-Probe
. TTCAGCGCCGTCAGCGAGGA
probe (Section 2.2.4)
5" Phosphorylated oligos to T124-F: T124-R:
5'PactagtGGCATTCACCGCGTGCC 5'agctcTAAGGCACGCGGTGAATGCC
generate pLuc-124T construct
) TTAtagtaccagGGCATTCACCGCGTGCCT | gcagtcatTAAGGCACGCGGTGAATGCCagga
(Section 2.4) TAaggatcctGGCATTCACCGCGTGCCTTA | tectTAAGGCACGCGGTGAATGCC Cetggtacta
atgactgcGGCATTCACCGCGTGCCTTAga | TAAGGCACGCGGTGAATGCCactagt3’
gctd’
5" Phosphorylated oligos to Teon-F: Teon-R:
5’PactagtATCGAATAGTCTGACTAC 5’agctcgagAGTTGTAGTCAGACTATT
generate pLuc-Con construct

(Section 2.5)

AACTtagtaccagATCGAATAGTCTGACTA
CAACTaggatcctATCGAATAGTCTGACTA
CAACTatgactgcATCGAATAGTCTGACTA
CAACTctcgagct3’

CGATgcagtcatAGTTGTAGTCAGACTATTCG
ATaggatcctAGTTGTAGTCAGACTATTCGAT
ctggtactaAGTTGTAGTCAGACTATTCGATac
tagt3’

Amplification of CS cassette to
target gC (Section 2.7.1)

gC-CS F:

5’gcaatcgtgtacgtcgtccgcacatcacagtcg
cggcagcgtcatcggcggGGCCTGGTGATGAT
GGCGGGATCGY

gC-CSR:

5’gagggggaccaaactatatagatattaaaaaggt
aacgggggggtctcgcgTCAGAAGAACTCGTCA
AGAAGGCGY

Diagnostic PCR to check CS
cassette insertion and excision in gC
(Section 2.7.1)

gCF:
5’atgacgtggcaccgcgactce 3’

gCR:

5’cgcggceaatgatcacaactccc3’

Amplification of eGFP with T2A
( Section 2.7.1)

T2A-eGFP-F:

5 GAGGGCAGAGGAAGTCTGCTAA
CATGCGGTGACGTCGAGGAGAATCCT
GGCCCAatggtgagcaagggcgagga3’

gC-eGFP-R:

5’gagggggaccaaactatatagatattaaaaaggt
aacgggggggtctcgcgTTACTTGTACAGCTCGT
(o{ox}

Amplification of T2-eGFP to
target gC (Section 2.7.1)

gC-T2A-F:
5'gcaatcgtgtacgtcgtccgcacatcacagtcgegge
agcgtcatcggcggGAGGGCAGAGGAAGTC
TG CTA%

gC-eGFP-R:
5'gagggggaccaaactatatagatattaaaaaggtaacg
999999tctcgcgTTACTTGTACAGCTCGTCC3’

Primer F

Primer R

5 Phosphorylated oligos to
generate  ICP4-4xT124-IScel-Kan-
pEntr1A construct (Section 2.7.2.1
step 1)

ICP4 Oligo F:

5’Paagttgtggactgggaaggcgcectgggac
GAAGACGACGGCGGCGTTCGA3’

ICP4 Oligo R:
5’PaattACTAGTttacagcaccccgtccceccTC
GAACGCGCCGCCGTCGTCTTCY

Amplification of pL-124-ICP4 to

ICP4-F:
5'aagttgtggactgggaaggcgcctgggacG

ICP4-R:
5'gctactgcaaaacttaatcaggttgttgccgttattg
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Table 4: continued

include |CP4p0|yA after 4x124 | AAGACGACGGCGGCGTTCGA3’ cgtcttcgggtcGAGCTCAAGGCACGCGGTGA
. ATGCCGCAG3
element (Section 2.7.2.1 step 4) =
Amplification  of  |-Scel-kan I-Scel-Kan-F: I-Scel-Kan-R:
. . . 51taatGAGCTCtaatGCGGCCGCtaatATCT | 5taatGAGCTCtaatGCGGCCGCtaatTGCCAT
selection cassette to insert flanking

] ] ATGTCGGGTGCGGAGAAAGAGGtaatga | TTCATTACCTCTTTCTCCGCACCCCGACA

direct repeats Section 2.7.2.1 Step 7) aatggcaaggatgcgacgaTAAGTAGGGATAA | TAGATcaaccaattaaccaattctgattag3’
CAGGGTAA3'
Amplification of 4xT124 cassette ICP4-F: ICP4-R:
to target ICP4 (Section 2.7.3) 5'aagttgtggactgggaaggcgcectgggacgaagac 5'gctactgcaaaacttaatcaggttgttgccgTTTATTge
gacggcggegttcgad’ gtcttcgggtc3’
Diagnostic PCR to check for UL37-F: UL38-R:
. .. 5'CAATAGGCGCTGCATAGGTC 3’ 5TTCATTGCGACCCCAGAT3
correct Cre-mediated excision of the
BAC (Section 2.7.5)
Amplification of MTA gene from BriTA-F: NrHTA-R:
. 5'GAAGATCTatgtct: il 5'GCGGCCGCAALt tgt
pgk-rtTA-Sv40polyA (Section 2.8.2 algiclagaciggacaagag acceggggageatgiea
caaa 3 agg3d’
step 1)
Amplification of Human Pri- BmiR124-F: NmiR124-R:

. . 5'tcgaGGATCCtgtcagt 5'tgcaGCTAGC 1 tcge3d’
miR124 from U87 total DNA (section N cod gleagigegeacgeacac gea cagacceeloceeiege
2.8.2 step 2)

Amplification of Puro gene from X-Puro-F: XS-Puro-R:
PCDH-CMV-EF1 (Section 2.9.1 step 5’atatatTCTAGAatgaccgagtacaagcccac3’ 5’t:tatatatatctagaggtaccgtcgactcaggcaccgggt
tg3’
1)
Amplification of pri-miR137 from NmiR137-F: BmiR137-R:
. 5'tcgaggatccAAACACCCGAGGAAA 5'tcgagctagcGCTCAGCGAGCAGCAA
U87 total DNA (section 2.9.2) 9299 gagelag
TGAAAAGT GAGTTC3

DNA fragments for subcloning were amplified by Polymerase Chain Reaction (PCR) using
either High Fidelity Accuprime PFX DNA Polymerase (Invitrogen) or High Fidelity Accuprime GC-
rich DNA Polymerase (Invitrogen). Routine analytical PCR for detection of an amplification
product or estimation of a product size was performed using Go-Taq (Promega) according to the
manufacturer’s instructions. Listed in table 4 are the PCR primers utilized to generate the different

constructs.

2.4 Cloning techniques

Listed in table 5 all the constructs described in this study.
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Table 5: DNA constructs generated in this study.
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Table 5: continued
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241 DNA restriction digest and purification from agarose gel

Plasmids and PCR products were restriction-digested at 37°C for 1 h, run on a 1% agarose
0.001% Ethidium Bromide (EtBr) gel, and gel purified using the QIAEXIl Gel extraction kit

(QIAGEN) according to manufacture’s instructions.

24.2 Ligation of DNA fragments and transformation of competent bacteria

Linearized vector backbones and DNA inserts were ligated together at a 1:7 backbone: insert
ratio using T4 DNA ligase (NEB) according to manufacturer’s instructions and incubated at 16°C

overnight.

243 Transformation of competent bacteria cells

Ligation products were transformed into DH103 competent bacteria (NEB) according to the
manufacturer’s instructions, plated on Luria-Broth (LB) agar plates (1% NaCl, 1% Bacto-
Trypton, 0.5% Yeast-Extract, 0.02% NaOH, 1.5% agar) containing the appropriate selection
drug and incubated overnight at 37°C.
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244 DNA extraction for screening of transformed bacteria colonies

Transformed bacteria colonies grown on agar plates were picked, expanded overnight in LB
broth (1% NaCl, 1% Bacto-Trypton, 0.5% Yeast-Extract, 0.02% NaOH) plus the appropriate
selection drug and processed to extract plasmid DNA using the QlAprep Spin Miniprep Kit

(QIAGEN) according the manufacturer’s instructions.

2.5 Engineering of a firefly-Luciferase expression plasmid carrying the miR124

responsive element, 4xTmiR124

MiRBase (http://www.mirbase.org/cgi-bin/mirna_entry.pl?acc=MI0000443), a miRNA online

database, was used to obtain the miR124 target sequence. The miR124-target utilized as a
template was a miR124-perfect match to promote degradation of the target mMRNA, instead of its
translational inhibition. A miR124 responsive element (4xT124) was designed so that four
copies of the 22- nucleotides (nt) long miR124 target sequence, each separated from the next
by a different 7- or 8- nt random spacer were inserted into the 3’ untranslated region (UTR) of
the luciferase reporter gene in a firefly-Luciferase (fLuc) expression plasmid (pMIR-Report
Luciferase-Promega) as shown in Figure 4. The resulting plasmid was called pLuc-T124. This
design has been shown to maximize the effect of the miRNA on the fLuc target gene while
minimizing the risk of internal recombination between target sequences “°*2. To be used as
control, a similar construct called pLuc-Tcon was created using a tandem of four copies of a
random miR target sequence (Tcon) that didn’t respond to miR124 (Figure 4). To generate
pLuc-T124 and pLuc-Tcon constructs, both miR124 and Con responsive elements were
designed and purchased as single-stranded 5’-phosphorylated DNA oligonucleotides (oligos)
carrying a Spel restriction site at the 5’ end and a Sacl restriction site at the 3’ end. Each oligo
was dissolved in water to a final concentration of 3 ug/ul. 1 pl of each oligo was added to 48 pl
of annealing buffer (10 mM Tris pH 7.5-8.0, 50 mM NaCl, 1mM TE) and incubated at 95°C for
4’, shifted to 70°C for 10’ and then shifted to room temperature (RT) for 30’ and stored at 4°C.
The annealed oligos and pLuc expression plasmid were digested with Spel and Sacl (NEB,
New England Biolabs) at 37°C for 1 h and gel purified. The linear pLuc backbone was then
ligated to each of the annealed oligos and the ligation product was transformed into DH10p3
competent bacteria (NEB) and selected on LB Ampicillin (amp) (100 pg/ml) agar plates. Amp-

resistant colonies were finally screened for correct insertion of either 4xT124 or Tcon oligos by
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diagnostic digestion with BamHlI, a restriction site present in the inserted fragment. One positive

clone was selected for both pLuc-T124 and pLuc-Tcon. Both construct are illustrated in table 4.

BaanI

Spel — T124 T124 T124 T124 —— Sacl
8nt 8nt Bnt
BamHI
Spel — TCon TCon TCon TCon — Sael
nt nt 8nt
Spel

CMV Y Luciferase ] SV4OpolyA HAmpR ’—
Sacl

Figure 4: Design of a miR124-controlled Luciferase construct.

A tandem of four 20-nucleotides long miR124 target sequences, each separated from the next by a unique 8
nucleotides spacer (4xT124) was inserted in the 3’'UTR of the fLuc reporter gene to create the pLuc-T124 construct.
Similarly, a control sequence (Tcon) designed using a random miR target sequence non-responsive to miR124 was
inserted in the 3'UTR of the fLuc reporter gene to create the pLuc-Tcon control construct.

fLuc-4x124T

2.6 Analysis of MiR124 activity on the 4xT124 response element

To verify that the presence of miR124 effectively blocked luciferase activity in the pLuc-
4xmiR124t plasmid and not in the pLuc-Con control, U20S and HEK293AD cells, which do not
express miR124 according to the miRNA.org official website, were transfected with either a pre-
miR124 (Ambion AM17100) or a pre-miR21 (Ambion AM17120) as negative control using
siPORT-NeoFX transfection agent (Ambion) according to the manufacturer’s instructions.
Transfection of these synthetic ready-to use double stranded mMiRNA-mimics resulted in
transient production of the desired miRNAs. 24 h post pre-miRNA transfection, the cells were
co-transfected with a 1:1 combination of either pLuc-T124 + a renilla luciferase (rLuc) reporter
plasmid (pRL-CMV, Promega) or pLuc-con + pRL-CMV using Lipofectamine 2000 transfection
reagent (Invitrogen) according to the manifacturer's instructions. 48 h after the second

transfection, cells where collected, lysed using a 5X luciferase lysis reagent (Promega) and both
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Firefly and Renilla luciferase activities in cell lysates were measured by injecting 100 ul of either
Firefly or Renilla luciferase assay buffers (Promega) on 10 ul of total cell lysate using a single-
tube luminometer (AutoLumat LB953-EG&G Berthold). Luciferase values (measured on Firefly
light units or Flu) were then normalized to Renilla values (measured on Renilla light units or

Rlu). Each measurement was done in triplicate to obtain statistically significant results.

2.7 Engineering of the HSV-1 Genome

gC (UL44) UL5E ICP4

|
BAC '| |'| ' ICP47
7
v I||I . '||.'I
u. T T ! ‘*—'— Us

.'I I'. &l Joint Il
uLsz | U ICP4
uL38 ICP47p

Figure 5: Organization of the KBBJ genome.

The deletion of the joint freezes the HSV genome as one of its isomers with a flipped Us region compared to the
isomer conventionally used to represent the HSV-1 genome. The complete deletion of the joint eliminates one copy
each of the LAT, ICPO, ICP4 and y34.5 genes plus the promoter of ICP47. However the deletion stabilizes the vector
against internal recombination events and facilitates accurate engineering without affecting the virus ability to
replicate and kill tumor cells in vitro. The region of insertion of the BAC between UL37 and UL38 is depicted as well
as the enhancing gB:NT modification in UL27.

To generate the ICP4-miR124t HSV vector, | engineered a modified version, called KBBJ
(Figure 5) of a bacterial artificial chromosome (BAC) containing the HSV-1 genome from the
strain KOS (KB), originally donated to our lab by Dr. D.A. Leib **. As part of a BAC the HSV-1
genome can autonomously replicate in bacteria, rendering site-specific manipulations easier
than in the past. The BAC sequences were located between loxP recombination sites in the
UL37/UL38 intergenic region of the HSV-1 genome and could therefore be excised by Cre
recombinase ***° to eliminate potential negative effects of these sequences on viral replication.
In addition to the BAC elements, the region between the two loxP sites contained a
chloramphenicol-selection gene (CM) to select CM resistant bacteria during BAC modifications,
and a lacZ reporter gene under control of the SV40 promoter that can be used as marker in

eukaryotic cells to detect the presence of the BAC *°All changes to KB and its derivatives were
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performed in DH10p competent bacteria (NEB) using either the Red/ET recombination protocol
(Gene Bridges) or a pBad/I-Scel modification adapted in our laboratory from Tischer et al. *°.
The KBBJ vector was previously created in the laboratory by modifying the original KB vector in
two locations. KB was first engineered to carry a deletion in the internal repeat region (joint)
between UL56 and US12. The deletion of the joint left one copy of each of the HSV-1 diploid
ICPO, ICP4 and y34.5 genes and deleted the promoter of ICP47, possibly interfering with ICP47
gene expression However, the deletion of the joint also stabilized the vector against internal
recombination events by freezing the HSV genome as one of its isomers. This modification
greatly facilitated accurate engineering of the viral genome without affecting virus ability to

replicate and kill tumor cells in vitro.
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Figure 6: Two steps Gene-Bridges Red/ET temperature-shift-mediated recombination in gC locus.

Modification of gC using Gene-Bridges Red/ET recombination strategy showing the two steps of Red/ET
temperature-shift-mediated recombination in the gC locus. In the first step a Kan-Strep-counter-selection cassette is
introduced in front of the gC stop codon. In the second step, the two selectable marker genes are substituted with a
cassette containing the T2A-eGFP sequence of interest. The template containing the selectable genes is extended at
both ends by PCR to add 50-bp regions of homology to the target region (homology arms).
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Figure 7: pBad-lI-Scel two steps modification of the Gene-Bridges Red/ET temperature-shift-mediated
recombination in the ICP4 locus.

In the first step, a DNA fragment containing the sequence of interest (ICP4 3’'UTR containing 4xT124), a kanamycin
(KanR) selection cassette flanked by direct repeats (dr) and an I-Scel restriction site is inserted into a specific region
of the HSV-BAC by Red/ET recombinase. In the second step the selected BAC is transformed with a pBad/I-Scel
plasmid that codes for the I-Scel restriction enzyme expressed following arabinose induction. Then the induced I-Scel
enzyme cuts at its unique site in the Kan-resistant HSV-BAC construct facilitating the Red/ET-mediated
recombination between the repeats flanking the Kan cassette, eliminating it from the BAC DNA.

This joint-deleted vector (KBJ) was further modified to create the KBBJ backbone by
introducing a double mutation in gB, D285N/A549T, (gB:NT). This mutation in the gB
glycoprotein was discovered in my laboratory and recently published as enhancing viral entry '

To generate the ICP4-miR124t-BAC | added two additional modifications to the KBBJ
parental backbone. The first, illustrated in Figure 6, was the introduction of the enhanced green
fluorescent protein (eGFP) gene in-frame with the late viral gC gene to be co-expressed from
the native viral gC promoter and used as marker of viral growth and spread both in vitro and in
vivo. The resulting vector was called KBG.

The second, illustrated in Figure 7, was the insertion of the 4xT124 responsive element from
the pLuc-T124 construct (section 2.4) into the 3’ UTR of the KBG ICP4 gene. The resulting
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vector was called ICP4-miR124t. A list of all the BAC constructs schematics is illustrated in
Table 5.

271 Insertion of T2A-eGFP in gC 3’end

The first modification of KBBJ consisted in the insertion of the enhanced green fluorescent
protein (eGFP) gene in-frame with the late viral gC gene and separated by a 2A translation-
pause sequence (T2A) ***°. As a result, the gC and eGFP genes were efficiently co-expressed
from the native late viral gC promoter making eGFP expression a very useful marker of viral
growth and spread for both in vitro and in vivo studies.

The pRed/ET-mediated recombination used to create the backbone relies on the use of a
pRed/ET plasmid that contains two Aphage-derived red genes under the control of an L-
arabinose-inducible promoter and a tetracycline (tet) resistance gene. Protein expression from
the red genes is induced by L-arabinose and mediates homologous recombination between the
BAC and a linear targeting construct. To generate the targeting construct (gC-CS), a counter-
selection cassette template (CS) encoding resistance to kanamycin (kan®) and sensitivity to
streptomycin (strep®) was extended at both ends by PCR to add 50 bp regions of homology
(homology arms) to target the 3’ end of the gC gene (Figure 8A). The PCR reaction was
performed using High Fidelity Accuprime Pfx DNA Polymerase (Invitrogen) according to the
manufacturer’s instructions supplemented with 1 pl of the counter-selection cassette template
(200 ng/pl) and 1 pl of each primer (gC-csF, gC-csR 10 pmol/ul). The cycling protocol used was
the following: 95°C for 5’, 30 cycles x (95°C for 30", 59°C for 30", 68°C for 2’), 68°C for 10’, 4°C
forever. The resulting 1.3-kb gC-CS PCR product shown in Figure 8A was gel-isolated using the
QIAEXII Gel extraction kit (QIAGEN) according to manufacturer’s instructions, resuspended in
double distilled water (ddH,0O) and sent for sequencing to verify the integrity of the amplified
sequence. To introduce the targeting construct (Figure 9A), DH10p bacteria carrying the KBBJ
vector containing the CM-resistance gene in the BAC region, were electroporated with pRed/ET
expression plasmid containing the tet-resistance gene. Specifically, 24 h before electroporation
a single KBBJ overnight culture was inoculated in CM (15 pg/ml) containing LB medium and
grown at 37°C while shaking at 220 rpm. On the day of the electroporation 30 ul of KBBJ
overnight culture were inoculated into 1.4 ml of LB medium and incubated at 37°C for 2 hours
while shaking at 220 rpm. Bacteria were then collected and prepared for electroporation by

washing them three times with cold double distilled water (ddH,O) and by resuspending them in
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20 ul of ddH,0. Bacteria were then electroporated with 1 pl of pRed/ET plasmid (20 ug/ul) using
a Biorad GenePulserXcell electroporator (Voltage 1650 V, Capacitance 25 uF, Resistance

15002, Cuvette 1 mm).
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Figure 8: PCR to amplify the counter-selection cassette (CS) with homology arms for gC 3’ end

(A) Generation of gC-CS targeting construct. A counter-selection cassette template encoding resistance to
kanamycin (kanR) and sensitivity to streptomycin (streps) was extended at both ends by PCR to add 50 bp regions of
homology (homology arms) to target the 3’ end of the gC gene. (B) Generation of the T2A fragment. The eGFP gene
was first extended by PCR with a forward primer containing a T2A sequence (T2A-eGFP-F) and a reverse primer
carrying the gC 3’'UTR homology arm previously used to target gC (gC-eGFP-R). (C) Generation of a gC-T2A-eGFP
targeting construct. The T2A-eGFP fragment was extended with a second round of PCR to add the same 50-bp
homology arms previously used to target the 3’ end of the gC ORF with the CS-cassette. (D) Agarose gel of the
targeting constructs. PCR products were gel-isolated and sent for sequencing to verify the integrity of the amplified
sequence.

After electroporation, cells were incubated at 30°C for 70’ while shaking at 220 rpm and
finally plated on LB agar plates containing CM (15 pg/ml) and tet (3 pg/ml) and incubated at
30°C overnight. Due to a temperature sensitive origin of replication, pRed/ET is lost if bacteria

are grown at temperatures over 30°C. One pRed/ET positive colony was then randomly
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selected to host the recombination reaction in the gC locus of KBBJ (KBBJ-R illustrated in Table
5). gC-CS was then electroporated into KBBJ-R bacteria. 24 h before electroporation, KBBJ-R
bacteria were inoculated in CM (15 pg/ml) + tet (3 pg/ml) containing LB media and grown
overnight at 30°C while shaking at 220 rpm. On the day of the electroporation, 30 ul of KBBJ-R
overnight culture were inoculated into 1.4 mL of LB medium and incubated at 30°C for 2 h with
220 rpm shaking. KBBJ-R bacteria were then induced to express the recombination proteins
from pRed/ET through incubation of the 1.4mL culture at 37°C with 0.35% of L-arabinose for 45’
with 220 rpm shaking. Bacteria were then collected and prepared for electroporation by washing
them three times with ddH,O and by resuspending them in 20 pl of ddH,O. Bacteria were then
electroporated with 5 ul of the gC-CS fragment using a Biorad GenePulserXcell electroporator
(Voltage 1650 V, Capacitance 25 uF, Resistance 150 Q, Cuvette 1 mm). Following
electroporation bacteria were incubated at 37°C for 70’ with shaking to allow Red/ET-mediated
recombination between the homology arm-flanked selection cassette and the HSV genome in
front of the gC stop codon. Cells were finally plated on CM (15 pg/ml) + tet (3 pg/ml) +kan (15
Mg/ml) agar plates and incubated at 30°C to avoid loss of Red/ET plasmid. Eight kan-resistant
recombinants were selected and checked for strep sensitivity by streaking them on a CM (15
pug/ml) + strep (50 pg/ml) + kan (15 pg/ml) agar plates. Streptomycin sensitivity can indeed be
easily lost during the cloning procedure but it is required to complete the Red/ET-mediated
recombination. Five kan-resistant-strep-sensitive recombinants were selected and BAC-DNA
extracted. The site-specific insertion of the counter-selection cassette was checked in these five
isolates by diagnostic PCR using primers outside the region of insertion of the BAC genome as
shown in Figure 9B. The diagnostic PCR reaction was performed using High Fidelity Accuprime
Pfx DNA Polymerase (Invitrogen) according to manufacturer’s instructions supplemented with 2
ul of each BAC-DNA miniprep template and 1ul of each primer (gC-F, gC-R 10 pmol/ul). The
cycling protocol used was the following: 95°C for 5°, 30 cycles x (95°C for 30”, 59°C for 30”,
68°C for 2’), 68°C for 10°, 4°C forever. All five isolates showed the expected 2.1-Kb PCR band
indicating the insertion of the counter-selection cassette when compared to the 800-bp band
amplified from the KBBJ parental backbone. All five isolates were then analyzed by FIGE (Field
Inversion Gel Electrophoresis) and compared to the original KBBJ backbone after overnight
digestion of 20 pl of each BAC-DNA miniprep template with either Bglll or Hindlll. As illustrate in
Figure 9C, in both digests all 5 isolates showed the expected 1.3 Kb shift of the DNA band
containing the site of insertion that went for 17.4-Kb to 18.7-Kb in Bglll digest and from 8.7-Kb to

10-Kb in the Hindlll digest, while maintaining intact the remaining pattern of digestion. Two
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isolates (KBBJ-CS-A and KBBJ-CS-C illustrated in Table 5) were chosen from the pool and

used for the following recombination step.
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Figure 9: 1st step: counter-selection (CS) cassette insertion in gC 3’UTR.

(A): Schematic of the site-specific insertion of the counter-selection cassette in gC. (B): Diagnostic PCR. Five kan-
resistant isolates were checked for correct insertion of the CS cassette by diagnostic PCR using primers outside the
region of insertion into the BAC genome. All five isolates were positive showing the expected 1.3-Kb shift from 800-bp
to 2.1-Kb due to insertion of the 1.3-Kb large CS cassette. (C): Diagnostic FIGE digest. All five isolates were analyzed
by FIGE and compared to the original KBBJ backbone after overnight digestion with either Bglll or Hindlll. In both
digests all 5 isolates showed the expected 1.3 Kb shift of the DNA band containing the site of insertion that went for
17.4-Kb to 18.7-Kb in Bglll digest and from 8.7-Kb to 10-Kb in the Hindlll digest, without changes in other bands.

The next step of the Red/ET temperature-shift-mediated recombination involved the
substitution of the counter-selection cassette with a cassette containing the T2A-eGFP
sequence flanked by the same homology arms used in step one to target the 3’ end of the gC
gene (Figure 10A). Two consecutive PCR reactions were used to generate the T2A-eGFP
cassette. The eGFP gene was first extended by PCR with an upper primer containing a T2A
sequence (T2A-eGFP-F) and a lower primer carrying the 5 gC homology arm previously used
to target gC (gC-eGFP-R) as shown in table 4. The PCR reaction was performed using High
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Fidelity Accuprime Pfx DNA Polymerase (Invitrogen) according to manufacturer’s instructions
supplemented with 1 pl of the eGFP template (200 ng/ul) and 1 ul of each primer (T2A-eGFP-F,
gC-eGFP-R 10 pmol/ul). The cycling protocol used was the following: 95°C for 5, 30 cycles x
(95°C for 30", 59°C for 30”, 68°C for 2’), 68°C for 10’, 4°C forever. The resulting 800 bp T2A-
eGFP PCR product shown in Figure 8B was gel-isolated using the QIAEXII Gel extraction kit
(QIAGEN) according to manufacturer’s instructions and extended with a second round of PCR
to add the same 50 bp homology arms used in the first step to target the 3’ end of the gC gene.
The PCR reaction was performed using High Fidelity Accuprime Pfx DNA Polymerase
(Invitrogen) according to manufacturer’s instructions supplemented with 1 ul of the T2A-eGFP
template (200 ng/pl) and 1 pl of each primer (gC-T2A-F and gC -eGFP-R 10 pmol/ul). The
cycling protocol used was the following: 95°C for 5’, 30 cycles x (95°C for 30”, 59°C for 307,
68°C for 2’), 68°C for 10°, 4°C forever. The 870 bp gC-T2A-eGFP PCR product shown in Figure
8C was gel-isolated using the QIAEXII Gel extraction kit (QIAGEN) according to manufacturer’s
instructions and resuspended in ddH,O. The gC-T2A-eGFP fragment was then electroporated
into KBBJ-CS-A and KBBJ-CS-C electrocompetent bacteria for Red/ET mediated recombination
to substitute the counter-selection cassette with the T2A-eGFP gene in front of the gC stop
codon.

One day before electroporation KBBJ-CS-A and KBBJ-CS-C bacteria, still carrying the
pRed/ET plasmid, were inoculated in CM (15 ug/ml)+ tet (3 pug/ml) + kan (15 ug/ml) LB media
and grown overnight at 30°C with 220 rpm shaking. On the day of the electroporation 30 ul of
KBBJ-CS-A and KBBJ-CS-C overnight cultures were inoculated into 1.4 mL of LB medium and
incubated at 30°C for 2 h with 220 rpm shaking. KBBJ-CS-A and KBBJ-CS-C bacteria were
then induced to express the recombination proteins from pRed/ET through incubation for 45’ at
37°C with 0.35% of L-arabinose while shaking at 220 rpm. Bacteria were then collected and
prepared for electroporation by washing them three times with ddH,O and by resuspending
them in 20 pl of ddH,O. Bacteria were then electroporated with 5 pl of the gC-T2A-eGFP
fragment using a Biorad GenePulserXcell electroporator (Voltage 1650 V, Capacitance 25 uF,
Resistance 150 Q, Cuvette 1 mm). Following electroporation, bacteria were incubated for 70’ at
37°C with shaking to allow Red/ET mediated recombination between the homology arm-flanked
selection cassette and the KBBJ-CS genome in front of the gC stop codon. Cells were finally
plated on CM (15 ug/ml) + strep (50 ug/ml) agar plates and incubated at 37°C to allow loss of
Red/ET plasmid. 18 Strep-resistant recombinants (9 derived from the KBB-CS-A and 9 from the
KBBJ-CS-C) were selected and BAC DNA. The site-specific insertion of T2A-eGFP gene was
checked on these 18 isolates by PCR using the gC-F and gC-R primers outside the region of
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insertion of the BAC genome. The PCR reaction was performed using High Fidelity Accuprime
Pfx DNA Polymerase (Invitrogen) according to manufacturer’s instructions supplemented with
1ul of the BAC-DNA template (200 ng/pl) and 1ul of each primer (gC-F and gC-R 10 pmol/ul).
The cycling protocol used was the following: 95°C for 5°, 30 cycles x (95°C for 30”, 59°C for 30”,
68°C for 2’), 68°C for 10, 4°C forever. The two isolates (KBBJ-T2A-eGFP-A6 and KBBJ-T2A-
eGFP-C9) that showed the expected 1.7-Kb PCR amplification band shown in the Figure 10B
were then compared by FIGE to the original KBBJ and the KBBJ-CS-A and KBBJ-CS-C
backbones after overnight digestion of 20 ul of each BAC-DNA template with either Bglll or
Hindlll.
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Figure 10: 2nd step: counter-selection (CS) replacement with T2A-eGFP in gC 3'UTR.

(A): Schematic of the site-specific substitution of the CS- cassette in gC with a T2A-eGFP cassette. (B): Diagnostic
PCR. The site-specific insertion of T2A-eGFP gene was checked on 18 isolates by PCR using primers outside the
region of insertion into the BAC genome. Two isolates, A6 and C9, showed the expected 1.7-Kb PCR amplification
band. (C): Diagnostic FIGE. A6 and A9 were compared to the original KBBJ and the KBBJ-CS-A and KBBJ-CS-C
backbones by FIGE. A6 showed a shift-down in the Hindlll pattern of digestion of its 20.5-Kb band towards the 19.5-
Kb band, evidence of an unexpected secondary recombination event in the BAC (yellow arrows). C9 instead showed
for both digestions only the desired 400-bp shift of the gC-containing DNA band, while the remaining digestion
pattern remained intact.

30



As shown by the yellow arrows in the Figure 10C, KBBJ-T2A-eGFP-A6 showed a shift-down
in the Hindlll pattern of digestion of its 20.5-Kb band towards the 19.5-Kb band, evidence of an
unexpected incorrect secondary recombination event in the BAC. KBBJ-T2A-eGFP-C9 instead
showed for both digestions only the correct 400-bp shift of the gC-containing DNA band, while
the remaining digestion pattern remained intact. The KBBJ-T2A-eGFP-C9 isolate (renamed
KBGillustrated in Table 5) was then selected and transfected into U20S cells to ensure the
ability of the BAC-DNA to produce virus as described in section 2.7.4.

2.7.2 Insertion of 4xT124 responsive element in ICP4-3’'UTR

2.7.21 Generation of pEntr-ICP4-T124-Kan

To insert the 4xT124 responsive element from the pLuc-T124 construct (section 2.5) into the 3’
UTR of the ICP4 gene, | had to generate an intermediate construct called pEntr-ICP4-T124-
Kan. The pEntr-ICP4-T124-Kan construct was generated in eight steps summarized in Figures
11-13.

In step one, two partially overlapping single-strand 5’-phosphorylated DNA oligos including
the ICP4 stop codon, the 3’-end of the ICP4 gene and an Spel restriction site were designed
(see Table 4). The two lyophilized oligos were dissolved in water to a final concentration of 3
ug/ul. To anneal the two oligos, 1 pl of each oligo was combined with 48ul of annealing buffer
(10 mM Tris Ph 7.5-8.0, 50 mM NaCl, 1 mM TE) and incubated at 95°C for 4’, shifted to 70°C for
a 10’ incubation, shifted to room temperature (RT) for a 30’ incubation, and then stored at 4°C.
The annealed, partially overlapping oligos were then elongated using Accuprime Pfx DNA
polymerase (Invitrogen) for 30’ at 68°C to close the gaps generating a perfectly annealed 93-bp
long double-stranded ICP4 DNA fragment (Figure 11-Step 1).

In step two, 1 pl of the annealed ICP4 DNA fragment was ligated into the pZero-blunt vector
(Invitrogen), transformed into DH10B competent bacteria (NEB), plated on kanamycin (100
pg/ml) agar plates and incubated overnight at 37°C. Following selection the DNA extracted from
the kan-resistant ICP4-pZero colonies was screened for insertion of the annealed oligo between
two EcoRlI sites through diagnostic EcoRI (NEB) digest. Two ICP4-pZero clones were selected
and sent for sequencing to verify the integrity of the amplified sequence (Figure 11-Step 2). In

step three, one selected ICP4-pZero isolate and the pLuc-T124 construct (described in section
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2.5.2) were digested with EcoRI + Spel (NEB) for 1 h at 37°C. The ICP4-pZero 81-bp fragment
(insert) and 5-Kb pLuc-T124 backbone were gel purified and ligated together.

Step 1
icPa Oligo FLF >
< EE ICP4 Oligo R
Annealing
PfX-mediated elongation
cloning into pZero-blunt
EcoRI Spel | EcoRl
Step 2 ————— ICP4 ¥ end | TAA
ICP4-pZero ICP4-pZaro
Step 3 G o] oo ]
—ow u—
flLuc-dxT124 flLuc-#xT124
EcoRI I
@D | craons [Tan
fLuc-4xT124-ICP4 v fLuc-4xT124-

ICP4

Figure 11: Schematic of pEntr-ICP4-T124-kan generation, Steps 1-3.

Step 1. Two partially overlapping single-strand 5’-phosphorylated DNA oligos including the ICP4 stop codon, the 3’-
end of the ICP4 gene and an Spel restriction site were designed, annealed and elongated, generating a perfectly
annealed 93-bp long double-stranded ICP4 DNA fragment. Step2. The annealed ICP4 DNA fragment was ligated into
the pZero-blunt vector. Following cloning in bacteria and diagnostic digest for correct insertion of the oligo, two ICP4-
pZero clones were selected and sent for sequencing to verify the integrity of the amplified sequence. Step 3. One
selected ICP4-pZero isolate and the fLuc-4xT124 construct (described in Figure 4) were digested with EcoRI + Spel
and ligated together. Following cloning into bacteria, fLuc-4xT124-ICP4 colonies were screened for insertion of the
ICP4 fragment into the fLuc-4xT 124 vector through EcoRI + Sacl diagnostic digest.

The ligation product was then transformed into DH10f3 competent bacteria (NEB), plated on
ampicillin (100 pg/ml) agar plates and incubated overnight at 37°C. Following selection, the
DNA from pLuc-T124-ICP4 amp-resistant colonies was screened for insertion of the ICP4
fragment into the pLuc-T124 vector through EcoRI + Sacl diagnostic digest (Figure 11-Step 3).

In step four, the 4xT124-ICP4 portion of the pLuc-T124-ICP4 plasmid generated in step 3
was extended by PCR with an ICP4 upper primer (ICP4-F) that overlapped the ICP4-oligo-F

used in step one, and a lower primer (ICP4-R) containing a Sacl restriction site and the polyA
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region of ICP4. The PCR reaction was performed using Thermo Scientific® Phusion High-
Fidelity DNA Polymerase (NEB) according to the manufacturer’s instructions supplemented with
1 ul of the pLuc-T124-ICP4 plasmid as template (200 ng/ul) and 1 pl of each primer (ICP4-F,
ICP4-R 10 pmol/ul). The cycling protocol used was the following: 98°C for 30”, 25 cycles x
(98°C for 107, 58°C for 10”7, 72°C for 15”), 72°C for 10’, 4°C forever (Figure 12- Step 4).

In step five, the 237-bp 4xT124-ICP4polyA product was gel-purified and 1 pl of it was ligated
into pZero-blunt vector (Invitrogen), transformed into DH10B competent bacteria (NEB), plated
on kanamycin (100 pg/ml) agar plates and incubated overnight at 37°C. Following selection,
DNA from kan-resistant 4xT124-ICP4polyA-pZero colonies were screened for insertion of
4xT124-1CP4polyA between two EcoRI sites through diagnostic EcoRI (NEB) digest. Two
pZero-4xT124T-ICP4polyA clones were selected and sent for sequencing to verify the integrity
of the amplified sequence (Figure 12-Step 5).

Step 4 | Ecort | [ spol_| [sacl |
—cMv ICP4 3end I TAA SV40polyA
fLuc-4xT124-ICP4 v — fLuc-4xT124-1CP4
ICP4-F N""’R

EcaRIl m m EcoRl

Step 5 Cloning in pZers-blun

——— | IcP43end | TAA ICP4polyA
pZero-4xT124-ICP4polyA pZero-4xT124-ICP4polyA
Step 6
Cloning in pEntr1Al
EcoRI EcoRI I

ICP4 3" end ICP4polyA

pEntr-4xT124-ICP4polyA pEntr-4xT124-ICP4polyA

Figure 12: Schematic of pEntr-ICP4-T124-kan generation, Steps 4-6.

Step 4. The 4xT124-ICP4 portion of the fLuc-4xT124-ICP4 plasmid generated in step 3 was extended by PCR with
an ICP4 forward primer (ICP4-F) that overlapped the ICP4-oligo-F used in step one, and a reverse primer (ICP4-R)
containing a Sacl restriction site and the polyA region of ICP4. Step 5: The 237-bp 4xT124-ICP4polyA PCR product
was ligated into pZero-blunt vector. Following cloning into bacteria and EcoRI diagnostic digest for correct insertion of
4xT124-1CP4polyA fragment between two EcoRI sites, two pZero-4xT124-ICP4polyA clones were selected and sent
for sequencing to verify the integrity of the amplified sequence. Step 6: One pZero-4xT124-ICP4polyA isolate and the
pEntr1A plasmid were digested with EcoRI and ligated together. Following cloning into bacteria, pEntr-T124-
ICP4polyA kan-resistant colonies were screened for insertion of the 4xT124-ICP4polyA fragment into pEntr1A
through EcoRI diagnostic digest.
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In step six, one of the sequenced pZero-4xT124-ICP4polyA isolates and the pEntr1A
plasmid (Invitrogen) were digested with EcoRI (NEB) for 1 h at 37°C. The 4xT124-ICP4polyA
250-bp fragment (insert) and 3.4-Kb pEntr1A backbone were gel purified, ligated together and
transformed into DH10B competent bacteria (NEB), plated on kanamycin (100 pg/ml) agar
plates and incubated overnight at 37°C. Following selection, pEntr-T124-ICP4polyA kan-
resistant colonies were screened for insertion of the 4xT124-ICP4polyA fragment into pEntr1A
through EcoRI diagnostic digest (Figure 12-Step 6).

In step seven, a plasmid containing the I-Scel restriction site next to a kanamycin resistance
gene (I-Scel-kan cassette), kindly donated by Dr N. Osterrieder (Cornell University, Ithaca, NY,
USA), was PCR amplified with I-Scel-Kan-F and I-Scel-Kan-R primers to insert two direct
repeats (dr) on both sides of the cassette.

The direct repeats were designed to contain a combination of three restriction sites for pl-
Scel, Notl and Sacl enzymes. The PCR reaction was performed using Thermo Scientific®
Phusion High-Fidelity DNA Polymerase (NEB) according to the manufacturer’s instructions
supplemented with 1 ul of the I-Scel-kan cassette containing plasmid as template (200 ng/ul)
and 1 pl of each primer (I-Scel-Kan-F and I-Scel-Kan-R 10 pmol/ul). The cycling protocol used
was the following: 98°C for 30”, 25 cycles x (98°C for 10”, 63°C for 10”, 72°C for 15”), 72°C
for 10’, 4°C forever (Figure 13-Step 7).

In step eight, both the I-Scel-Kan-dr (insert) from step seven and the pEntr-T124-1CP4polyA
(backbone) from step six were digested with Sacl for 1 h at 37°C, gel purified and ligated
together. The ligation product was then transformed into DH108 competent bacteria (NEB),
plated on kanamycin (100 pg/ml) agar plates and incubated overnight at 37°C. Following
selection the pEntr-ICP4-T124-kan kan-resistant colonies were screened for insertion of the I-
Scel-kan-dr fragment into pEntr-T124-ICP4polyA through Xhol diagnostic digest. The pEntr-
ICP4-T124-kan construct (illustrated in Table 5) was used for the pBad/I-Scel-Red/ET mediated
insertion of 4xT124 in ICP4-3'UTR (Figure 13- Step 8).
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Figure 13: Schematic of pEntr-ICP4-T124-kan generation Step 7-8.

Step 7. A plasmid containing the I-Scel restriction site next to a kanamycin resistance gene (I-Scel-kan cassette),
was PCR amplified with I-Scel-Kan-F and I-Scel-Kan-R primers to insert two direct repeats (dr) on both sides of the
cassette designed to contain a combination of three restriction sites for pl-Scel, Notl and Sacl enzymes. lllustrated is
the sequence of the I-Scel/ Kan selection cassette with underlined the position of the amplification primers and the I-
Scel restriction site in bold. Step 8: Both the I-Scel-Kan-dr (insert) from step 7 and the pEntr-T124-ICP4polyA
(backbone) from step six were digested with Sacl and ligated together. Following cloning into competent bacteria,
pEntr-ICP4-T124-kan kan-resistant colonies were screened for correct insertion of the I-Scel-kan-dr fragment through
Xhol diagnostic digest.

2.7.2.2 pBad/l-Scel modified Red/ET protocol to insert 4xT124 in
ICP4-3’'UTR

The Red/ET recombination protocol works very poorly in HSV regions that are extremely
repetitive and very GC rich like the ICP4 locus of HSV-1. To overcome this problem, our

I°6. As illustrated in

laboratory adapted a pBad/I-Scel modification to the original Red/ET protoco
Figure 7, using this modified protocol | was able to insert a tandem array of four miR124 target
sequences (4xT124), previously generated and tested by luciferase assay (see section 2.5), into

the 3° UTR of the ICP4 gene.
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In the first step of the pBad/I-Scel modified Red/ET protocol KBG containing bacteria were
electroporated with pRed/ET plasmid and selected on CM +Tet plates at 30°C as previously
described (see KBBJ bacteria pRed/ET electroporation in section 2.7.1). One pRed/ET positive
colony was then randomly selected to host the recombination reaction in the ICP4 locus of KBG
(KBG-R illustrated in Table 5). A 1.3-Kb DNA fragment containing the 4xT124 sequence in the
3'UTR of ICP4, a kanamycin selection cassette flanked by direct repeats and an [-Scel
restriction site was then amplified by PCR from the previously generated pEntr-ICP4-T124-Kan
construct (see section 2.7.2) as illustrated in Figure 14. The PCR reaction was performed using
High Fidelity Accuprime GC-rich DNA Polymerase (Invitrogen) according to the manufacturer’s
instructions supplemented with 1 pl of the ICP4-4xT124-1Scel-Kan template (200 ng/ul) and 1 pl
of each primer (ICP4-F and ICP4-R 10 pmol/ul). The cycling protocol used was the following:
95°C for 5°, 25 cycles x (95°C for 30”, 60°C for 30”, 72°C for 1°20”), 72°C for 10, 4°C
forever. The resulting 1.3-Kb 4xT124-1CP4-IScel-Kan PCR product shown in Figure14 was gel-
isolated using the QIAEXII Gel extraction kit (QIAGEN) and resuspended in ddH,O.
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Figure 14: PCR amplification of 4xT124-ICP4-IScel-Kan selection-cassette to be i