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(57) ABSTRACT

The present invention provides a recombinant oncolytic
Herpes Simplex Virus (oHSV) comprising a non-HSV
ligand specific for a molecule (protein, lipid, or carbohydrate
determinant) present on the surface of a cell (such as a
cancer cell) and one or more copies of one or more micro-
RNA target sequences inserted into one or more HSV gene
loci, preferably one or more HSV gene(s) required for
replication of HSV in normal (i.e., non-cancerous) cells. The
invention further provides stocks and pharmaceutical com-
positions comprising the inventive oHSV and methods for
killing tumor cells employing the inventive oHSV.
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ONCOLYTIC HSV VECTOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This is a continuation of U.S. patent application
Ser. No. 15/032,958, filed Apr. 28, 2016, which claims
priority to PCT/US2014/062676, filed Oct. 28, 2014 and to
U.S. Provisional Patent Application 61/896,497, filed Oct.
28, 2013, each of which are incorporated herein by reference
in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH AND
DEVELOPMENT

[0002] This invention was made with Government support
under Grant Numbers CA119298, CA163205, CA175052,
NS040923, and DK044935 awarded by the National Insti-
tutes of Health. The Government has certain rights in this
invention.

INCORPORATION-BY-REFERENCE OF
MATERIAL SUBMITTED ELECTRONICALLY

[0003] Incorporated by reference in its entirety herein is a
computer-readable nucleotide/amino acid sequence listing
submitted herewith and identified as follows: One 3,940
byte ASCII (Text) file named “724512_ST25.TXT” created
on Sep. 26, 2016.

BACKGROUND OF THE INVENTION

[0004] Glioblastoma multiforme (GBM) is a uniformly
fatal disease despite the application of available combination
therapies. Preclinical studies suggest that replication com-
petent viruses including oncolytic HSV (“oHSV”) vectors,
represent a promising therapeutic alternative but treatment
efficacy in patient trials has been limited. Achieving vector
safety has relied on attenuating vector mutations that can
also compromise lytic replication in tumor cells.

SUMMARY OF THE INVENTION

[0005] The present invention provides an oHSV capable
of tumor-selective vector replication without attenuation by
combining vector retargeting to tumor-associated cell sur-
face receptors with inhibition of vector replication by a
cellular microRNA (“miR”) that is highly expressed in
normal brain but virtually absent in tumor cells. miR-
responsive elements prevent vector pathogenesis in the
brains of nude mice without impeding lytic vector replica-
tion in primary tumor cells in vitro or in a Xenogeneic brain
tumor model. This new vector design should provide a safer
and more effective vector platform and can be further
developed for application to patient tumors.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

[0006] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the
necessary fee.

[0007] FIG. 1 presents data from the results of experi-
ments concerning the effectiveness and specificity of the
T124 element. Firefly luciferase (flLuc) expression plasmids
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containing T124 (pfLuc-T124) or a control sequence
(pfLuc-Ctrl) in the 3'UTR were co-transfected with a renilla
Iuciferase (prLuc) internal control plasmid into HEK293AD
cells transfected 24 h earlier with synthetic pre-miR-124 or
pre-miR-21. Luciferase activities were measured 48 h later.
The results are shown as the meanss+standard deviations
from three determinations for flLuc activity normalized to
rLuc activity. Statistically significant differences between
pairs are indicated by brackets underneath the corresponding
P values (unpaired t test).

[0008] FIGS. 2A-2D present data from the results of
experiments concerning virus replication in glioma cells.
FIG. 2A shows vector diagrams. The parental KOS-37 BAC
contains loxP-flanked BAC, chloramphenicol-resistance and
lacZ sequences (“BAC”) between the viral UL37 and UL38
genes (Gierasch et al., 2006). Modifications to generate
KGBAC and KG4:T124BAC are illustrated, as follows:
gB:NT, virus entry-enhancing double mutation in the gB
gene; gC-eGFP, fusion of the complete gC ORF to GFP via
a 2A peptide sequence; Aloint, deletion of the complete
internal repeat region, including one copy of the ICP4 gene;
ICP4:T124, insertion of T124 in the 3'UTR of the remaining
ICP4 gene. UL, unique long segment of the viral genome;
US, unique short segment. FIG. 2B shows the effect of T124
on virus replication in patient-derived glioma cells in cul-
ture. Gli68 and GBM30 cells were infected with KG or
KG4:T124 viruses in triplicate at an MOI of 0.01. At the
indicated time points post infection, cell lysates and super-
natants were collected and titered on U20S cells. Values are
meanszstandard deviation. FIG. 2C shows levels of MiR-
124 expression in [LV124-infected G1i68 cells. Cells were
infected at 5 cfu/cell, selected the following day for 3 days
in puromycin-containing media, and harvested for total
RNA extraction. Control RNAs were from uninfected G1i68
and U208 cells. miR-124 levels were determined in tripli-
cate by qRT-PCR and normalized to RNU43 levels. Shown
is the fold increasesstandard deviation relative to U20S
cells. P<0.05 for all pairs (unpaired t test). FIG. 2D shows
results from KG and KG4:T124 virus replication in miR-
124-transduced and control GBM30 and Gli68 cells. Cells
were infected with LV124 or LV137R at 5 cfu/cell, selected
with puromycin for 3 d, and super-infected at MOIs of 0.01
with KG or KG4:T124. Infectious HSV in combined cell
lysates and supernatants collected 72 and 96 h later was
titered on U208 cells. Results are the mean values+standard
deviation from triplicate HSV infections. Brackets indicate
significantly different pairs with the corresponding P values
shown (unpaired t test).

[0009] FIGS. 3A-3C present data from the results of
experiments concerning KG4:T124 virus replication and
toxicity in nude mouse brains. 4.8x10° genome copies of
KG or KG4:T124 were intracranially injected into 4
BALB/c nude mice each (n=4/group). FIG. 3A shows ani-
mal weights over time post vector injection. Left, KG-
injected animals; X, animal death. Right, KG4:T124-in-
jected mice; filled circles, animal sacrifice. FIG. 3B shows
viral genome copies over time in mouse brains following
vector injection. Brains from single KG4:T124-injected
mice sacrificed on days 5, 14, 21 and 33 post vector injection
and the last surviving animal from the KG-injected group
euthanized on day 5 with severe symptoms of disease were
collected, DNA was isolated, and the total numbers of viral
vector genomes per brain were determined by qPCR. FIG.
3C shows Kaplan-Meier survival plot of the animals in this
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experiment. Arrows indicate the days of sacrifice of single
animals from the KG4:T124-injected group. P=0.0058, log-
rank test.

[0010] FIGS. 4A-4B present data from the results of
experiments concerning EGFR-retargeted miR-124-sensi-
tive HSV vector treatment of a nude mouse model of human
glioblastoma. Triturated GBM30 cells were implanted
intracranially and 5 days later, PBS or 1.8x10® gc of KGE or
KGE-4:T124 virus were injected at the same coordinates.
FIG. 4A shows a Kaplan-Meier survival plot. Log-rank
statistics: KGE vs. PBS, P=0.0188; KGE-4:T124 vs. PBS,
P=0.0009; KGE vs. KGE-4:T124, P=0.8327. FIG. 4B shows
animal weights over time post tumor-cell implantation. X,
animal death or euthanasia.

[0011] FIGS. 5A-5D present data demonstrating that
KMMP9 mediates overexpression of enzymatically active
MMP9. FIG. 5A shows the structure of KMMP9 and KGw.
FIG. 5B shows a Western blot analysis of cell lysates of Vero
cells infected with either KMMP9, KGw, or KG (MOI=0.1).
p-tubulin and HSV glycoprotein B were visualized as cel-
Iular and viral loading controls, respectively. FIGS. 5C and
5D show data from an experiment in which Primary GBM
cell lines (FIG. 5C) or Vero cells (FIG. 5D) were infected
with KGw or KMMP9 at MOI=1. Cell lysate and superna-
tant were collected 24 h after infection and were combined
(C) or loaded separately (D) on a 10% polyacrylamide/0.1%
gelatin gel. After electrophoresis, the gel was incubated
overnight at 37° C., stained with 0.05% Coomassie Blue and
destained, and the image was recorded. Abbreviations: M,
KMMP9; G, KGw; KG, control virus; un., uninfected; gB,
glycoprotein B; Sup., supernatant.

[0012] FIGS. 6A-6C present data demonstrating that
KMMP9 and KGw exhibit comparable cell entry and growth
patterns. FIG. 6 A shows cell micrographs; cells listed to the
left of the panel were infected with virus at the multiplicities
in gc/cell listed above the panels. After 6 hours cells were
fixed and immunostained for ICP4. In the results shown in
FIG. 6B and FIG. 6C, respectively GBM30 and GBM169
cells were dissociated and infected with KMMP9 or KGw at
200 gc/cell. Cell lysates were collected at 1, 2, 4, and 6 dpi
and viral genome copy titers were determined by gPCR. No
significant differences were observed between the two
viruses in either host cell line (GBM30: P=0.20; GBM169:
P=0.11).

[0013] FIGS. 7A and 7B present data demonstrating that
KMMP9 shows similar or better tumor cell killing in com-
parison with KGw in vitro. U87, SNB19 or GBM30 cells
were infected at 10 or 100 ge/cell for 3 or 7 days. Percentage
cell survival relative to uninfected cells was determined by
MTT assay (n=3; asterisk: P<0.05, unpaired student t-test).
[0014] FIGS. 8A-8E present data demonstrating that
MMP9 improves infectivity of oHSV in spheroids. GBM30
cells were grown in suspension and infected with 1x10° pfu
of either KMMP9 or KGw. Green fluorescence from the
gC-T2a-eGFP cassette in both vectors was visualized daily
at 2-6 dpi in whole-mount spheroids. FIG. 8 A shows images
at3 and 5 dpi. In FIG. 8B, averaged quantification of eGFP
signal in 6 spheroids per vector demonstrated an approxi-
mately 2-fold infectivity increase of KMMP9 over KGw
(P=0.006). In FIGS. 8C-8E, two groups of GBM30 spher-
oids were infected with KMMP9 or KGw at 4x10” genome
copies per spheroid. Spheroids were fixed, stained with
DAPI, and Z section confocal images were recorded at
intervals of 5 um. FIG. 8C shows 2 representative spheroids
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each from the KMMP9 and KGw groups after 3D recon-
struction from 0 um to 150 pm. Blue, DAPI; green, eGFP.
FIG. 8D shows Z-sections of 2 spheroids from each group
at Z=100 pm. In-FIG. 8E, each spheroid was divided into 5
segments in terms of depth on the Z axis (from bottom up:
0-20 um, 25-50 um, 55-80 pm, 85-100 um, 105-120 pm, and
125-140 pum). Relative signal intensity in each segment of
the spheroid was calculated by averaging eGFP signal
divided by DAPI signal. n=7; asterisk: P<0.05.

[0015] FIG. 9 presents data concerning KMMP?9 treatment
of a nude mouse model of GBM. GBM30 cells were
implanted intracranially and KMMP9, KGw or PBS were
injected 5 days later at the same coordinates (0.5 mm
anterior, 2 mm lateral (right), 3 mm deep to bregma).
Animals were monitored daily and sacrificed when showing
signs of morbidity. Data is presented as a Kaplan-Meier
survival plot. Animals treated with KMMP9 or KGw sur-
vived significantly longer than those treated with PBS
(P<0.01). No significant difference was found between
KMMP9 and KGw (n=4; P=0.61, log-rank test).

[0016] FIGS. 10A and 10B present T2-weighted brain
MRI images of one animal per treatment of virus- or mock
(PBS)-treated GBM30 animals. In FIG. 10A, treatments-
were performed 10 days after GBM30 implantation and
images were collected 1 day before treatment (Day -1) and
ondays 3, 6, 9 and 13 after treatment. FIG. 10B shows tumor
volumes on the same days.

DETAILED DESCRIPTION OF THE
INVENTION

[0017] The present invention provides a recombinant
oHSV comprising a non-HSV ligand specific for a molecule
(protein, lipid, or carbohydrate determinant) present on the
surface of a cell (such as a cancer cell) and one or more
copies of one or more microRNA target sequences inserted
into one or more HSV gene loci, preferably one or more
HSV gene(s) required for replication of HSV in normal (i.e.,
non-cancerous) cells. The invention further provides stocks
and pharmaceutical compositions comprising the inventive
oHSV and methods for killing tumor cells employing the
inventive oHSV.

[0018] The non-HSV ligand of the inventive oHSV is
incorporated into a glycoprotein exposed on the oHSV
surface, such as gD or gC to facilitate targeting the desired
cell with the ligand. For example, the ligand can be incor-
porated between residues 1 and 25 of gD. Preferred ligands
for targeting GBM and other cancer cells include those
targeting EGFR and EGFRvII], CD133, CXCR4, carcino-
embryonic antigen (CEA), CIC-3/annexin-2/MMP-2,
human transferrin receptor and EpCAM, and the ligand can
target such a receptor or cell-surface molecule, i.e., the
ligand can be capable of specifically binding such receptor
or cell-surface molecule. EGFR- and EGFRvllI-specific
ligands, such as antibodies, scFvs (single chain antibodies)
and VHHs (single domain antibodies), have been described
in the literature (Kuan et al, Int. J. Cancer, 88, 962-69
(2000); Wickstrand et al., Cancer Res., 55(14):3140-8
(1995); Omidfar et al., Tumor Biology, 25:296-305 (2004);
see also Uchida et al. Molecular Therapy, 21:561-9 (2013);
see also Braidwood et al., Gene Ther, 15, 1579-92 (2008)).
[0019] The oHSV also or alternatively can be targeted by
incorporating ligands to other cell-surface molecules or
receptors that are not necessarily cancer-associated. For
example, ligands can include binding domains from natural
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ligands (e.g., growth factors (such as EGF, which can target
EGFR, NGF, which can target trkA, and the like)), peptide
or non-peptide hormones, peptides selecting for binding a
target molecule (e.g., designed ankyrin repeat proteins
(DARPins)), etc. The inventive oHSV also can include a
mutant form of gB and/or gH that facilitates vector entry
though non-canonical receptors (and preferably also have
such mutations in one or both of these genes within the
oHSV genome).

[0020] A preferred microRNA target sequence for inclu-
sion in the inventive vector (preferably as multiple copies
thereof in tandem) is miR-124, which has particular appli-
cation for neural applications (e.g., to protect non-cancerous
neurons when employing the inventive oHSV for treating
nervous-system tumors, such as GBM). Other microRNA
target sequences can alternatively be employed for protect-
ing other types of tissues, and it is within the ordinary skill
in the art to select a suitable microRNA target sequence to
protect a desired tissue or cell type. For example, miR-122
and miR-199 are expressed in normal liver cells but not
primary liver cancer; thus one or a combination of miR-122
and/or miR-199 microRNA target sequences can be
employed in an embodiment of the inventive oHSV for
treatment of liver cancers. Similarly, target sequences for
miR-128 and/or miR-137 microRNA can be employed in
oHSV for protection of normal brain. An exemplary micro-
RNA target sequence can be the reverse complement of the
microRNA.

[0021] The microRNA target sequence(s) is/are preferably
included in the 3' untranslated region (“UTR”) of an HSV
gene, to silence that gene in the presence of the microRNA.
Preferably, multiple copies (such as two copies, three copies,
four copies, five copies, six copies, or more) of the micro-
RNA target sequence are inserted in tandem. Preferably, the
multiple copies of the micro-RNA target sequence are sepa-
rated by spacers of four or more nucleotides (more prefer-
ably eight or more nucleotides). Without wishing to be
bound by theory, it is believed that greater spacing (e.g.,
larger than about 8 nucleotides) provides increased stability.
[0022] More preferably, to assist in protecting non-can-
cerous cells from the lytic effect of HSV infection, the
multiple copies of the microRNA target sequence are
inserted in the 3' UTR of an HSV gene that is essential for
replication in non-cancerous cells, which are known to
persons of ordinary skill. Preferably, the site is the 3' UTR
of the microRNA-targeted gene in its normal (or native)
locus within the HSV genome. A preferred oHSV of the
present invention includes multiple copies of the microRNA
target sequence inserted into the 3' UTR of the ICP4 gene,
such as one or both copies of the ICP4 gene, in vectors
which have both native copies of the ICP4 gene.

[0023] The genome of the inventive HSV vector addition-
ally can comprise one or more exogenous expression cas-
settes (i.e., containing encoding-sequences in operable link-
age with promoters, enhancers, and other suitable regulatory
elements), such as encoding a reporter protein (such as green
fluorescent protein), an oncolytic factor or agent that
enhances tumor killing activity (such as tumor necrosis
factor (“ITNF”) or TNF-related apoptosis-inducing ligand
(“TRAIL”), or other therapeutically-important gene product
(e.g., peptides, drug-activating enzymes, antibodies, thera-
peutic RNAs, and the like). A preferred exogenous expres-
sion cassette encodes a matrix metalloproteinase, such as
matrix metalloproteinase 9 (“MMP9”), which degrades col-
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lagen type IV, a major component of the of the extracellular
matrix (ECM) and basement membranes of glioblastomas
(Mammato et al., Am. J. Pathol., 183(4): 1293-1305 (2013),
doi: 10.1016/j.ajpath.2013.06.026. Epub 2013 Aug. 5), thus
enhancing infection of tumor cells by the inventive vector
due to lateral spread and enhancing tumor-killing activity.
Expression cassettes encoding other genes that enhance
lateral spread of the inventive HSV are also preferred.

[0024] Other preferred exogenous expression cassettes
encode proteins or polypeptides that induce patient immune
responses against the cancer or tumor to which the inventive
HSV is to be employed to treat. For example, such expres-
sion cassettes can include one or more nucleic acids encod-
ing factors such as cytokines (e.g., IL-2 and IFN B), an
antibody directed against cytotoxic T-lymphocyte-associ-
ated protein 4 (“CTLA-4") (Hodi et al., N. Engl. J. Med.,
363(8): 711-23 (2010)), an antibody directed against either
the ligand of programmed cell death protein 1 (“PD1”) or the
receptor itself (Topalian et al., N. Engl. J. Med., 366(26):
2443-54 (2012)), and epithelial cell adhesion molecule
(“EpCAM”) (Patriarca et al., Cancer Treatment Rev., 38:
68-75 (2012)). As noted above, EpCAM also can serve as a
targeting marker to be recognized by the inventive vector.
Also, where the cancer to be treated is other than a CNS
cancer, and more specifically other than glioma or glioblas-
toma, another transgene can encode granulocyte-macro-
phage colony-stimulating factor (“GM-CSF”).

[0025] Other preferred expression cassettes encode pro-
teins or polypeptides that catalyze the conversion of prod-
rugs to active agents. For example, such expression cassettes
can encode enzymes such as cytosine deaminase, which can
convert 5-fluorocytosine (“5-FC”) into S-fluorouracil (“5-
FU”) locally in tumors or cancerous cells infected with the
inventive vector (see, e.g., Akimoto et al., J. Ophthalmol.,
86(5): 581-86 (2002)), so as to permit 5-FU to act locally
within such cells or tumors while minimizing systemic
exposure to 5-FU. Similarly, such an expression cassette can
encode thymidine kinase (tk) (e.g., operably linked to a HSV
immediate-early promoter or strong constitutive promoter),
which can activate ganciclovir, or purine nucleoside phos-
phorylase (PNP), which can block or attenuate the activity
of ribonucleotide reductase. In certain embodiments, the
inventive vectors also can contain a functional native HSV
tk gene.

[0026] Within the inventive vectors, the encoding
sequences within the exogenous expression cassettes can be
in operable linkage with any desired genetic regulatory
sequence, such as constitutive promoters or inducible or
tissue-specific promoters, many examples of which are
known in the art. For example, a commonly-employed
constitutive promoter is the human cytomegalovirus
(hCMV) promoter, and other promoters also can be used,
e.g., the CMV early enhancer/chicken beta actin (CAG)
promoter, and HSV immediate early promoter (e.g., ICP4
promoter), and the like.

[0027] Also, in certain embodiments, the genome of the
inventive vector contains a deletion of the internal repeat
(joint) region comprising one copy each of the diploid genes
ICPO, ICP34.5, LAT and ICP4 along with the promoter for
the ICP47 gene. In other embodiments, instead of deleting
the joint, the expression of genes in the joint region, par-
ticularly ICPO and/or ICP47, can be silenced by deleting
these genes or otherwise limited mutagenesis of them.
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[0028] The inventive vector can be produced by standard
methods known to persons of ordinary skill in the field of
HSV virology. However, to facilitate manipulation of the
HSV genome and production of the inventive vector, the
invention also provides a nucleic acid encoding the inven-
tive vector. A preferred nucleic acid is a bacterial artificial
chromosome (“BAC”) encoding the inventive vector, which
facilitates manipulation of the HSV in a bacterial system.
[0029] It should be recognized that the inventive oHSV
can be used to target and kill cancerous cells, whether in
vivo or in vitro. A preferred application is to employ the
inventive vector therapeutically, particularly in human
patients and/or against human tumors/cells (which can be
xenografts in various mammalian species). However, the
method can also be employed in animals, such as companion
animals (e.g., cats and dogs), or animals of agricultural
importance (e.g., cattle, sheep, horses, and the like), or of
zoological importance. Exemplary tumors/cancerous cells,
the treatment of which the inventive vectors can be
employed, involve cancers of the central nervous system,
and in particular glioblastoma multiforme.

[0030] Generally, the inventive oHSV vector is most use-
ful when enough of the virus can be delivered to a cell
population to ensure that the cells are confronted with a
suitable number of viruses. Thus, the present invention
provides a stock, preferably a homogeneous stock, compris-
ing the inventive oHSV vector. The preparation and analysis
of HSV stocks is well known in the art. For example, a viral
stock can be manufactured in roller bottles containing cells
transduced with the oHSV vector. The viral stock can then
be purified on a continuous nycodenze gradient, and ali-
quotted and stored until needed. Viral stocks vary consid-
erably in titer, depending largely on viral genotype and the
protocol and cell lines used to prepare them. Preferably, such
a stock has a viral titer of at least about 10° plaque-forming
units (pfu), such as at least about 10° pfu or even more
preferably at least about 107 pfu. In still more preferred
embodiments, the titer can be at least about 10® pfu, or at
least about 10° pfu, and high titer stocks of at least about
10'° pfu or at least about 10! pfu are most preferred. Such
titers can be established using cells that express a receptor to
which the vector is targeted, for example.

[0031] The invention additionally provides a composition
comprising the inventive oHSV vector and a carrier, pref-
erably a physiologically-acceptable carrier. The carrier of
the composition can be any suitable carrier for the vector.
The carrier typically will be liquid, but also can be solid, or
a combination of liquid and solid components. The carrier
desirably is a pharmaceutically acceptable (e.g., a physi-
ologically or pharmacologically acceptable) carrier (e.g.,
excipient or diluent). Pharmaceutically acceptable carriers
are well known and are readily available. The choice of
carrier will be determined, at least in part, by the particular
vector and the particular method used to administer the
composition. The composition can further comprise any
other suitable components, especially for enhancing the
stability of the composition and/or its end-use. Accordingly,
there is a wide variety of suitable formulations of the
composition of the invention. The following formulations
and methods are merely exemplary and are in no way
limiting.

[0032] Formulations suitable for parenteral administration
include aqueous and non-aqueous, isotonic sterile injection
solutions, which can contain anti-oxidants, buffers, bacte-
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riostats, and solutes that render the formulation isotonic with
the blood of the intended recipient, and aqueous and non-
aqueous sterile suspensions that can include suspending
agents, solubilizers, thickening agents, stabilizers, and pre-
servatives. The formulations can be presented in unit-dose or
multi-dose sealed containers, such as ampules and vials, and
can be stored in a freeze-dried (lyophilized) condition
requiring only the addition of a sterile liquid excipient, for
example, water, for injections, immediately prior to use.
Extemporaneous injection solutions and suspensions can be
prepared from sterile powders, granules, and tablets of the
kind previously described.

[0033] In addition, the composition can comprise addi-
tional therapeutic or biologically-active agents. For
example, therapeutic factors useful in the treatment of a
particular indication can be present. Factors that control
inflammation, such as ibuprofen or steroids, can be part of
the composition to reduce swelling and inflammation asso-
ciated with in vivo administration of the vector and physi-
ological distress. Immune system suppressors can be admin-
istered with the composition method to reduce any immune
response to the vector itself or associated with a disorder.
Alternatively, immune enhancers can be included in the
composition to upregulate the body’s natural defenses
against disease, particularly against the cancer or tumor
against which the inventive vector is to be used. Antibiotics,
i.e., microbicides and fungicides, can be present to reduce
the risk of infection associated with gene transfer procedures
and other disorders.

EXAMPLE 1

[0034] Purpose: Glioblastoma multiforme (GBM) is an
aggressive brain tumor without effective treatment. oHSV
vectors have been designed for treatment of human GBM
models in animals, but efficacy in patient trials has proved
disappointing. We have sought to develop a new oHSV
design that achieves highly selective tumor lysis without
vector attenuation.

[0035] Experimental Design: We report an oHSV engi-
neered to infect and replicate selectively in tumor cells by
fully retargeting the infection through the EGFR and by
blocking vector replication in normal neurons through the
introduction of multiple copies of the sequence recognized
by the neuronal-specific miR-124 into the 3'UTR of the
essential ICP4 immediate early HSV gene. miR-124 was
chosen because it is highly expressed in neurons but nearly
undetectable in GBM. Vector was tested in xenogeneic
brain-tumor treatment experiments for efficacy.

[0036] Results: High dose intracranial inoculation of nude
mice with the miR-124-sensitive virus produced no evidence
of pathogenesis or virus replication, consistent with block-
age of viral replication in normal brain by miR-124 inter-
action with ICP4 mRNA. Treatment of an orthotopic model
of primary human GBM in nude mice with EGFR-retar-
geted, miR124-sensitive HSV demonstrated long-term sur-
vival (>50%) comparable to treatment with the parental
EGFR-retargeted virus, thus indicating that the miR-124
recognition elements did not lead to reduced efficacy.
[0037] Conclusions: We conclude that the specificity of
unattenuated oHSV can be maximized by combining tumor
targeting of vector infection with elimination of off-target
vector replication through cellular microRNAs that are
absent in tumors but highly expressed in normal tissue.
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Introduction

[0038] GBM is one of the most malignant forms of cancer
for which effective treatment remains elusive. Standard
medical practice such as surgery and radio- and chemo-
therapy have shown limited long-term clinical benefit.
Oncolytic vectors, including those derived from herpes
simplex virus type-1 (0HSV-1), are under development in a
number of laboratories as a potential alternative therapeutic
strategy (1). oHSV vectors have shown promise for the
treatment of animal models of primary GBM, but aside from
providing a good safety profile, results from early phase
clinical trials have not demonstrated effective tumor killing
or consistent improvements in patient survival (2) (3).
[0039] The most common method to achieve HSV attenu-
ation has been to functionally delete non-essential genes that
circumvent host innate immune responses to infection, pro-
vide nucleotide pools for replication in non-dividing cells
such as neurons, and prevent cellular apoptosis (2). Virus
replication in cancer cells is facilitated by the loss of certain
innate immune responses (4), as well as by rapid cell
division and inactive apoptotic pathways (2). However,
these properties are not uniformly sufficient for vigorous
replication of current oHSVs in tumors.

[0040] As a first step to improve vector efficacy we
previously developed methods for complete retargeting of
HSV in order to redirect infection from the canonical HSV
entry receptors to highly expressed tumor cell-surface recep-
tors (e.g. EGFR and EGFRVII) (5). Retargeted oHSV
showed robust oncolytic activity and high specificity for
human GBM cells, resulting in a high level of human tumor
destruction in an orthotopic mouse model. Moreover this
treatment vector produced long-term survival of the majority
of treated animals without vector-associated toxicity. How-
ever, most highly expressed tumor-associated cell surface
markers are shared to some degree with normal cell types
and thus we sought to increase the safety of a tumor-
targeted, unattenuated vector using an independent mecha-
nism to block virus replication in normal brain without
reducing replication in the tumor.

[0041] Recent studies have taken advantage of differences
in the microRNA (miRNA) expression profiles between
normal and cancer cells as an alternative approach to tumor
targeting (6). At least 30 miRNAs have been identified that
are differentially expressed in glioblastoma, neurons and
neural precursor cells (NPCs) (7) (8), suggesting that these
differences can be used to limit virus replication in normal
brain cells while permitting unimpeded replication in tumor
cells. Here we demonstrate that the incorporation of miR-
124 recognition elements into the essential ICP4 gene of
essentially wild type virus prevented HSV replication in
normal brain tissue where miR-124 is highly expressed.
Furthermore, we show that the miR-124 response elements
did not reduce the oncolytic activity of an EGFR-retargeted
vector. Importantly, since the tumor phenotype depends on
the continued absence of miR-124, potential up-regulation
of miR-124 as a cellular escape mechanism from lytic viral
replication will limit the uncontrolled proliferative capacity
of the cell and thereby not compromise vector effectiveness.
Vector production is carried out in cells lacking miR-124
and thus there is no selective pressure to produce miR-124-
resistant virus mutants during stock preparation. Together,
these features provide for vector safety and tumor selectivity
and suggest a general strategy for oncolytic vector design
suitable for a broad range of tumor types.
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Results

[0042] Validation of a miR-124 response element. Among
multiple miRNAs that are expressed at higher levels in
neurons than in GBM cells, miR-124 is the most abundant
with minimal expression in GBM (6). We designed a miR-
124 response element (T124) consisting of 4 tandem copies
of the reverse complement of mature miR-124 separated by
different 8 nucleotide (nt) spacers. To assess the function-
ality of this sequence, we inserted it into the 3'UTR of a
firefly luciferase (fLuc) expression plasmid and performed
co-transfection experiments with a specific (pre-miR-124)
or non-specific (pre-miR-21) precursor miRNA on U20S
osteosarcoma cells that reportedly express little or no miR-
124 (9); a Renilla luciferase (rLuc) expression plasmid was
included for normalization. The results (pflLuc-T124, FIG.
1) showed severely reduced flLuc activity at 24 h in cells
co-transfected with pre-miR-124 compared to mock co-
transfected cells or cells co-transfected with pre-miR-21. In
contrast, little difference in fl.uc expression was observed
between cells transfected with a control flLuc plasmid con-
taining 4 copies of the miR-21 sequence in reverse (pflLuc-
Ctrl, mock) and co-transfections of pflLuc-Ctrl with either
pre-miR-21 or pre-miR-124 (FIG. 1). These results demon-
strated the functionality of the T124 element as an efficient
and specific target for miR-124-mediated restriction of gene
expression.

[0043] Replication sensitivity of T124-modified HSV to
miR-124 expression. We used double Red recombination in
E. coli (10) to introduce a series of modifications into
KOS-37 BAC, a full-length genomic clone of the KOS strain
of HSV-1 on a bacterial artificial chromosome (BAC) (11).
The product, KG?4€ (FIG. 2A), is deleted for the internal
repeat (joint) region containing one copy each of the diploid
genes ICPO, ICP34.5, LAT and ICP4 along with the pro-
moter for the ICP47 gene. This deletion facilitates manipu-
lation of the remaining copies of the 4 deleted genes,
provides abundant space for the potential incorporation of
transgenes that enhance the oncolytic activity of the virus,
and increases tumor specificity by reducing expression of
the neurovirulence factor ICP34.5 (12); elimination of
ICP47 expression benefits immune recognition of infected
cancer cells by virus-specific T cells (4). KG#““ also con-
tains the GFP open reading frame (ORF) fused to the
glycoprotein C (gC) ORF via a 2A peptide sequence (13) (
14) to allow monitoring of late (post-replication) viral gene
expression. Lastly, KG#““ contains a pair of mutations in the
gB gene shown by us to enhance HSV entry through
non-canonical receptors (15) (16). We recombined the T124
sequence into the 3'UTR of the remaining ICP4 gene of
KG?4¢ to generate KG4:T124%4¢ (FIG. 2A). Both BAC
constructs were converted to virus particles with simultane-
ous removal of the BAC sequences located between loxP
sites by transfection of U20S-Cre cells. Following plaque
purification, KG and KG4:T124 virus stocks were prepared
and titered on U20S cells.

[0044] We first determined whether inclusion of the 4
tandem miR-124 target sites in the 3'UTR of ICP4 affected
virus replication in human GBM cells in culture. The results
(FIG. 2B) showed that KG4:T124 replicated with similar
kinetics as KG in spheroids of two primary glioblastoma
lines, Gli68 and GBM30, and the yields of the 2 viruses were
not substantially different at each time point. We then
determined whether replication and virus yield were sensi-
tive to transduction of these lines with a human miR-124
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expressing lentivirus (LV124). FIG. 2C shows the relative
levels of miR-124 in U20S, Gli68, and G1i68-1.V124 cells
measured by real-time qPCR on reverse transcribed small
RNAs and standardized to endogenous RNU43 levels. KG
grew equally well and to similar titers on G1i68-L.V124 and
G1i68 cells transduced with a lentiviral construct expressing
the reverse complement of human miR-137 (LV137R) (FIG.
2D). In contrast, KG4:T124 grew poorly on the former
compared to the latter, and similar results were obtained with
LV124- versus LV137R-transduced GBM30 cells (FIG.
2D). In combination, these observations strongly indicated
that (i) the T124 element in the ICP4 gene was effective as
a means to limit HSV replication in a miR-124-dependent
manner, and (ii) the levels of endogenous miR-124 in the 2
GBM lines were low enough to minimize this effect. In
addition, the qRT-PCR data confirmed the suitability of
U20S cells for unimpaired growth and titration of KG4:
T124 compared to KG.

[0045] KG4:T124 does not replicate in mouse brain or
cause disease. Having shown that exogenous miR-124
expression in primary glioma cells in culture is highly
effective in preventing KG4:T124 vector growth, we next
tested whether the endogenous levels of miR-124 in mouse
brain were sufficient to prevent vector replication and the
typical neuropathogenesis associated with wild-type virus;
we note that mature human and mouse miR-124 are identical
in sequence (17). We used nude mice for these experiments
to limit the effect of the host anti-viral response and thereby
facilitate the identification of direct effects of the T124
insertion in the virus. BALB/C™"* mice were chosen
because these animals are highly sensitive to HSV replica-
tion and pathogenesis (18) (19) (20) and have been used
previously for tumor treatment efficacy experiments with
human tumor cells (21) (12, 22) (5). We compared the KG
control vector and the miR-124-sensitive test vector KG4:
T124 for their ability both to replicate in nude mouse brain
and cause a lethal infection following intracranial inocula-
tion of equal genome copy (gc) numbers (4.8x10° gc) into
the right hemisphere. The results showed that injection of
the control vector resulted in rapid animal death within 5
days (FIGS. 3A, C) with a two-fold increase in total gc
number present within the infected brains (FIG. 3B). In
contrast, there was no observable change in the health of the
KG4:T124 injected mice over the 33-day observation
period, as exemplified by their normal weight gain until
sacrifice (FIG. 3A), and the viral gc content declined
steadily over this time period to approximately 0.4% of input
(FIG. 3B). The difference in survival between the animals
inoculated with control or test vector (FIG. 3C) was highly
significant (P=0.0058, log-rank test), indicating that 4 copies
of the miR-124 recognition sequence inserted into the
3'UTR of the ICP4 gene were capable of blocking lethal
vector replication in the brains of highly HSV-sensitive nude
mice. Thus these sequences alone were sufficient to prevent
vector toxicity in the brain.

[0046] To confirm the suggestion from these results that
loss or mutational inactivation of the miR-124 target sites
during virus stock preparation was rare at best, DNA was
isolated from the KG4:T124 viral stock and subjected to
PCR through the T124 insertion site in the ICP4 3'UTR.
Analysis of the products by gel electrophoresis and DNA
sequencing showed no abnormal PCR product sizes or
evidence of nucleotide variability (data not shown). Like-
wise, PCR and sequence analyses of total brain DNA

Feb. 9, 2017

isolated at 3 h or 21 d post intracranial inoculation of normal
BALB/c mice with KG4:T124 virus (1.5x10*° gc) showed
no abnormalities through the T124 region (data not shown).
These results allayed concerns about potential selection of
miR-124-insensitive variants during KG4:T124 virus
growth or in vivo.

[0047] The miR-124 response elements do not impair
EGFR-targeted oncolytic HSV activity. We next sought to
ascertain whether the protective miR-124 recognition ele-
ments adversely affected the viral tumor-killing activity in a
nude-mouse model of human GBM. Since KG was highly
toxic when inoculated into the brains of these animals (FIG.
3C), the use of this virus as a treatment control in survival
experiments of tumor-bearing mice could result in animal
death due to the virus rather than the tumor and thus was not
attractive. Instead, we introduced the 4 copies of the miR-
124 binding site into a fully EGFR-retargeted derivative of
KG based on our published observations that fully EGFR-
retargeted wild-type HSV-1 KOS is non-toxic for nude
mouse brain but is effective in the treatment of orthotopic
human GBM in nude mice (5). Thus comparison of EGFR-
retargeted versions of KG and KG4:T124, referred to as
KGE and KGE-4:T124, respectively, should identify any
limiting effects of the miR-124 sites on viral oncolytic
activity. We used patient-derived, sphere-forming GBM30
cells to establish aggressive intracranial tumors in nude mice
(5). Animals were observed daily and euthanized when
showing signs of morbidity. Similar to our published results,
mice injected with PBS 5 d after tumor-cell inoculation at
the same stereotactic coordinates died within weeks of
tumor-cell implantation (median 21.5 d; FIGS. 4A, B). In
contrast, tumor treatments using either the EGFR-retargeted
control virus, KGE, or the T124-containing retargeted vec-
tor, KGE-4:T124, protected half of the animals for the
duration of the experiment (90 d) and the median survival
times for these two groups were comparable (79.5 and 85.5
d, respectively; P=0.83, log-rank test). These results indi-
cated that the miR-124 sites in the ICP4 gene of KGE-4:
T124 did not impair GBM30 tumor treatment efficacy.

Discussion

[0048] Our goal was to engineer an oncolytic HSV vector
that expresses the full complement of viral functions but can
only infect cells expressing a GBM-associated receptor and
replicate with high efficiency only in the tumor and not in
normal brain cells. Tumor-selective infection and lytic virus
growth relied on a combination of complete viral entry
retargeting (5) and cellular miRNA-mediated restriction of
virus replication in normal brain tissue. This combination of
transductional and post-transcriptional tumor targeting
promises to provide a very safe and effective oHSV since
Iytic infection requires two separate characteristics of the
target cell that are important for maintenance of the tumor
phenotype, the targeted receptor and a tumor-specific
miRNA expression profile. This general strategy is broadly
applicable using targeting and miRNA-response elements
tailored to different cancers; its application can be optimized
for personalized therapy by taking into account potential
differences in specific antigen and miRNA expression
between individual tumors of the same type.

[0049] In GBM, altered gene expression includes substan-
tial down-regulation of multiple miRNAs compared to nor-
mal brain tissue (23-25), presenting several possible miR-
NAs that may be used to preferentially attenuate engineered
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virus replication in normal brain. Because miR-124 is rec-
ognized as a potent inducer of neuronal differentiation (26)
and is among the most highly down-regulated miRNAs in
GBM (6), we focused on this miRNA as a means to block
oHSYV replication in normal brain tissue. Repeat recognition
sites for miR-124 (T124) were introduced into the 3'UTR of
the viral ICP4 gene whose product is absolutely required for
launching the HSV lytic cycle. We found that in glioma
cells, the T124+ virus could replicate essentially as robustly
as the control virus lacking T124 whereas lentiviral expres-
sion of miR-124 selectively blocked its replication. Further-
more, the T124 element was sufficient to completely protect
nude mice from very high intracranial vector dosing (4.8x
10° particles) while the control vector killed all animals
within five days. Determination of total viral genome copy
numbers in the brains of these animals showed no evidence
of T124+ vector replication but rather a gradual decrease in
viral genome content over time. The T124 sequence was
stable as assessed by size and sequence analysis of the ICP4
3'UTR amplified on purified DNA from virus stocks and
infected animals, consistent with the lack of overt neuro-
pathogenesis in tumor-free animals or long-term survivors
from our tumor treatment experiment. Finally, we used a
retargeted virus that fails to infect mouse cells to demon-
strate that the T124 element did not reduce the oncolytic
efficacy of this virus in a human GBM model in nude mice.

[0050] The combination of virus targeting to tumor recep-
tors and miRNA-mediated blocking of virus replication in
normal cells enhances the target specificity of the lytic virus
by blocking productive infection of normal cells that may
share the targeted receptor with the tumor (e.g., EGFR).
While our results show that the insertion of four copies of
the target sequence for miR-124 into the 3'UTR of the ICP4
gene completely blocks very high dose viral neuro-patho-
genesis in nude mice, not all brain cells express miR-124.
For example, neuronal precursor cells (NPCs) located in the
hippocampus and sub-ventricular zone (SVZ) are not
expected to be protected by the miR-124 target sequences
since these cells have an miRNA expression profile that is
similar to that of GBM cells, including minimal expression
of miR-124 (27). However, several miRNAs are expressed
at up to 100-fold higher levels in NPCs than in gliomas (27)
(28) (29) (30), suggesting the possibility of using target sites
for additional miRNAs engineered into the same or other
essential genes of the same virus to block replication in a
wider range of brain cells without compromising tumor
specific virus replication.

[0051] Although our study suggests that the combination
of virus targeting to a tumor antigen and miRNA-restricted
replication in normal tissue is an attractive strategy for
effective and highly specific tumor virotherapy, it is likely
that individual tumors will differ in their response to the
treatment due to variability in tumor antigen levels and
perhaps miRNA content. For example, there are significant
differences between tumors classified as GBM, and even
within the molecularly defined GBM subtypes, heterogene-
ity in gene expression profiles remains (31). Thus a single
retargeted virus will not be effective against all GBM or all
GBM of the same subtype. In addition, it may be anticipated
that resistant cell populations can emerge in largely oHSV-
sensitive tumors as a consequence of pre-existing or treat-
ment-induced cell-to-cell variability within the tumor.
Developments over the past several years suggest that the
small population of self-renewing, chemo- and radio-resis-
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tant cancer stem cells (CSCs) identified in many different
tumor types are the most relevant targets for therapy (32).
Although comparison of individual CSCs from a given
tumor is problematic, it is likely that their variability within
a tumor is limited relative to that of the complete tumor-cell
population. Reports in the literature describe different
glioma stem cell (GSC) markers (33) and retargeted onco-
Iytic viruses can be used to distinguish the significance of
each of these for human GBM establishment and mainte-
nance in nude mice. We anticipate that tumors showing
partial responses to individual retargeted vectors may be
more effectively treated with combinations of vectors retar-
geted to different GSC candidate markers. Since each of
these vectors may also target certain normal cells, similar to
our EGFR-retargeted viruses, miRNA-mediated blockage of
virus replication in these normal cells will be of increasing
importance. In addition, it may be possible to gain further
specificity using cell type- or developmental stage-specific
promoters to control the expression of key viral replication
functions, as pioneered in the oHSV field by Kambara and
colleagues (34). While these features may provide highly
active and specific oncolytic vector cocktails, it is notewor-
thy that vectors such as KGE-4:T124 have ample space to
accommodate transgenes that may enhance therapeutic effi-
cacy, such as genes encoding immune modulators, inhibitors
of tumor cell migration, or proteolytic enzymes that degrade
the tumor extracellular matrix and thereby facilitate intra-
tumoral virus spread.

[0052] In summary, the KGE-4:T124 vector described in
this Example represents a novel type of oHSV that contains
the complete complement of virus replicative functions, but
derives tumor specificity from a combination of viral enve-
lope retargeting to tumor-associated receptors and replica-
tion sensitivity to miRNAs that are expressed in normal
tissue but not in the tumor. This combination of control
systems can be applied to other tumor types but has not been
previously described in oncolytic vectors. Key advantages
of our strategy are (i) that the vector does not contain any
defective genes, allowing maximal virus replication in
tumors to provide optimal oncolytic virotherapy, and (ii) that
vector replication requires both the expression of important
tumor-associated cell-surface markers and a tumor-specific
profile of miRNA expression that differs substantially from
that of normal tissue. The most compelling argument for our
strategy is that miRNAs chosen to control vector replication
in normal brain cannot be up-regulated in glioblastoma
without compromising the tumor phenotype (7, 25, 35); loss
of the targeted receptor, such as the tumor-specific
EGFRVIII variant recognized by our vector, may have a
similar effect. Thus, while in most cancer therapies the
tumor develops the ability to escape treatment, this outcome
is less likely with tumor antigen-targeted, miRNA -regulated
viruses. Together, these arguments support the expectation
that our approach will provide highly selective, safe and
effective oncolytic HSV vector systems for the treatment of
GBM and other cancers.

Materials and Methods

[0053] Cell culture. U20S, HEK293T and HEK293AD
cells were from ATCC (Manassas, Va.) and were grown in
a 5% CO, incubator at 37° C. in ATCC-recommended
medium supplemented with 5-10% (v/v) fetal bovine serum
(FBS; Sigma, St. Louis, Mo.). A U20S cell line stably
expressing Cre recombinase (U205-Cre) was generated by
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retroviral transduction (Y.M. and J.C.G., unpublished
results). GBM30 and G1i68 patient-derived primary glioma
spheroid lines, generously provided by E. A. Chiocca (Har-
vard Medical School, Mass.), were grown in Neurobasal
medium (Gibco/Invitrogen/Life Technologies, Carlsbad,
Calif.) plus 2% (v/v) B27 w/o vitamin A, 2 mg/m[. ampho-
tericin B (Lonza, Walkersville, Md.), 100 ug/ml. gentamycin
(Lonza), 2 mM L-glutamine (Cellgro, Manassas, Va.), plus
10 ng/ml. recombinant human epidermal growth factor
(thEGF) and 10 ng/mL recombinant human basic fibroblast
growth factor (bFGF) (both from Shenandoah Biotechnol-
ogy, Warwick, Pa.).

[0054] Plasmids. pfluc-T124 contains four tandem
repeats of the reverse complement of the hsa-miR-124
sequence separated by 8 nt, while pflLuc-Ctrl contains four
tandem repeats of the hsa-miR-21 reverse sequence sepa-
rated by 8 nt. Both plasmids were constructed by insertion
of annealed complementary oligonucleotides into the 3'UTR
of' the luciferase gene in pMIR-REPORT™ (miRNA Expres-
sion Reporter Vector System; Ambion, Austin, Tex.). Oli-
gonucleotides were T124-F, T124-R, TconF and TconR
(Table 1). Annealed oligonucleotides were digested with
Spel and Sad, and ligated to Spel-Sacl-digested pMIR-
REPORT™.,

[0055] HSV genome engineering. KOS-37 BAC (11),
containing the complete strain KOS HSV-1 genome on a
bacterial artificial genome (BAC), was kindly provided by
David Leib (Dartmouth Medical School, NH). The HSV
unique short (Ug) region in this BAC is in the reverse
orientation relative to the published sequence (positions
132,275-145,608) of HSV-1 KOS (36) (GenBank Accession
number JQ673480). Modifications detailed further below
were introduced by double Red recombination, essentially
as described by Tischer et al. (10). Plasmids pEPkan-S and
pBAD-I-scel (10) were generously provided by Nikolaus
Osterrieder (Free University of Berlin, Germany). Changes
were verified by PCR analysis, FIGE analysis of restriction
enzyme digests, and local DNA sequencing.

[0056] Vectors used in this study were sequentially
derived as follows. KG?““ was derived from KOS-37 BAC
by deletion of the complete HSV internal repeat region or
“joint” (IR;, IRy), fusion of the green fluorescent protein
(GFP) open reading frame (ORF) to the glycoprotein C (gC)
ORF via the Thosea asigna virus 2A (T2A) translation
termination/reinitiation sequence (13) (37), and introduction
of two missense mutations in the gB coding sequence
(gB:N/T; (15). KG4:T124%4€ was created from KG?4“ by
insertion of the T124 element from pfluc-T124 into the
3'UTR of the ICP4 gene. The retargeted vector KGE?““ was
derived from KG?®4“ by replacement of the amino-terminal
region of the gD gene with the corresponding region of
gD-scEGFR containing the sequence for a human EGFR-
specific single chain antibody between gD positions 1 and
25 and a missense mutation at codon 38 (5). KGE-4:
T124%4€ combines the modifications from KG4:T12454¢
and KGE?#€,

[0057] Virus growth and purification. BAC DNAs were
converted to infectious virus by transfection of U20S-Cre
cells using Lipofectamine™ [TX Reagent (Invitrogen); Cre
recombinase expressed in these cells allowed the removal of
the virus growth-inhibitory BAC elements and adjacent lacZ
gene located in KOS-37 BAC and derivatives between loxP
recombination signals (H). Single plaques were isolated by
limiting dilution and tested for elimination of the lacZ gene
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by X-gal staining (38). Colorless plaques were subjected to
two additional rounds of limiting dilution and accurate
removal of the BAC/lacZ region was confirmed by local
DNA sequencing of purified virion DNA. Biological titers of
virus stocks (PFU/mL) were established on U20S cells;
physical titers in genome copies (gc)/ml were determined
by quantitative real-time PCR (qPCR) for the viral gD gene,
as described below.

[0058] Luciferase assay. HEK293AD cells were trans-
fected with the renilla luciferase expression plasmid prlLuc
together with combinations of different firefly luciferase
expression plasmids and pre-miR™ miRNA Precursors
(Ambion) using Lipofectamine 2000 (Invitrogen). The next
day, cells were lysed and the firefly-to-renilla luciferase
expression ratios were determined using a Berthold 1.B-953
AutoLumat luminometer (Berthold Technologies USA, Oak
Ridge, Tenn.).

[0059] Lentiviral expression of miRNAs. Genomic DNA
from U-87 human glioblastoma cells was used as template
for PCR amplification of the human pri-miR-124 sequence
from the hsa-miR-124-3 gene wusing High Fidelity
Accuprime GC-rich DNA Polymerase (Invitrogen) and the
miR-124 primer pair listed in Table 1. The 320-bp product
was digested with BamHI and Nhel, cloned between the
corresponding sites in the intron of miRNASelect pEP-miR
vector (Cell Biolabs, San Diego, Calif.), and sequence
confirmed. The promoter-intron-pri-miR-124 region was
subsequently transferred into pCDH-CMV-MCS-EF1-Puro
(System Biosciences, Mountain View, CA) by replacement
of the resident EF1 promoter to generate lentiviral expres-
sion plasmid pCDH-miR-124. The same procedures were
used to construct the control lentiviral plasmid (pCDH-miR-
137R) containing the pri-miR-137 sequence in the reverse
orientation; the PCR primers used for pri-miR-137 cloning
are listed in Table 1. Lentiviruses LV124 and LV137R were
produced by co-transfection of pCDH-miR-124 or pCDH-
miR-137R, respectively, with packaging plasmids pLP1,
pLP2, pLP-VSVG (Invitrogen) into HEK293T cells. Super-
natants were harvested 72 h later, passed through a 0.45 pm
filter (Millipore, Billerica, Mass.), and concentrated by
centrifugation for 16 h at 4° C. and 6,800xg. Pellets were
resuspended in DMEM and titered as puromycin-resistant
colony-forming units (cfu) per mL. on HEK293T cells.
[0060] 2x10° triturated Gli68 or GBM?30 cells were
infected in suspension with either LV124 or LV137R at 5
cfu/cell in the presence of 8 pg/ml. polybrene for 90 min and
plated. The cells were fed the following day with fresh
media containing 30 pg/ml. puromycin and super-infected
72 h later with either KG or KG4:T124 virus at an MOI of
0.01 pfu/cell. At 72 and 96 h post HSV infection, infectious
virus particles were collected from cells and supernatants
and titered on U20S cells. RNA was isolated from parallel
cultures of LV124-infected Gli68 cells after 72 h of puro-
mycin selection for determination of miR-124 levels by
qRT-PCR, as described below.

[0061] RNA isolation and reverse transcription (RT)-
qPCR. Total RNA was extracted from U20S, Gli68, and
LV124-infected Gli68 cells using TRIzol Reagent (Invitro-
gen) according to the manufacturer’s instructions. RNA
samples were treated with DNase 1 (Invitrogen), quantified
using a NanoDrop 2000c spectrophotometer (Thermo-
Fisher, Pittsburgh, Pa.) and visualized on a MOPS-formal-
dehyde gel for quality assurance. Mature hsa-miR-124 lev-
els were determined relative to RNU43 according to the
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TagMan Small RNA Assays Protocol (Applied Biosystems/
Life Technologies, Carlsbad, Calif.). TagMan primers and
probes were from Applied Biosystems. All TagMan PCR
reactions were performed in triplicate.

[0062] Animals. 3-4 week-old BALB/c athymic nu/nu
mice were purchased from Charles River Laboratory (Wilm-
ington, Mass.) and housed in a BSL2 {facility. All animal
procedures were performed in accordance with the require-
ments and recommendations in the Guide for the Care and
the Use of Laboratory Animals (Institute for Laboratory
Animal Research, 1985) as approved by the University of
Pittsburgh Institutional Animal Care and Use Committee
(IACUCQC).

[0063] Intracranial toxicity. Intracranial virus inoculations
were performed a described (5). Mice received 4.8x10° gc of
KG or KG4:T124 virus (n=4/group). The animals were
monitored daily for signs of morbidity and were weighed
every other day. All mice of the KG group died by day 5 and
one mouse of the other group was sacrificed the same day.
Remaining animals of the KG4:T124 group were sacrificed
on days 14, 21 and 33. Whole brains were collected from
euthanized mice for total DNA extraction and qPCR for viral
genomes, as described below.

[0064] qPCR for viral genomes. DNA was extracted from
mouse brains or virus stocks using the DNeasy Blood &
Tissue kit (Qiagen, Valencia, Calif.) according to the manu-
facturer’s procedure. A standard curve for qPCR was gen-
erated on DNA from a pENTRI1A (Invitrogen) plasmid
containing the complete HSV-1 (strain KOS) gD coding
sequence (pE-gD18) using the protocol described in the
Applied Biosystems StepOne™ and StepOnePlus™ Real-
Time PCR Systems manual. Primers and probe sequences
are listed in Table 1.

TABLE 1

Target Sequence

Forward

T124 (pfLuc- 5'-P-ctagtGGCATTCACCGCGTGCCTT

T124) AtagtaccagGGCATTCACCGCGTGCCTTA
aggatcctGGCATTCACCGCGTGCCTTAatyg
actgcGGCATTCACCGCGTGCCTTAgaget -3
SEQ ID NO: 1

Tcon (pfLuc- 5'-P-ctagtGCGGCCGCgtectegggacagcacte

Ctrl) gt tATCGAATAGTCTGACTACAACTtagtac
CcagATCGAATAGTCTGACTACAACTaggat
CCctATCGAATAGTCTGACTACAACTatgact
gcATCGAATAGTCTGACTACAACTctcgag ct 3!
SEQ ID NO: 2

Pri-miR124
(LV124)

5' -TCGAGGATCCTGTCAGTGCGCACGCACAC-3!
SEQ ID NO: 3

Pri-miR137R
(LV137R)

5'-TCGAGGATCCAAACACCCGAGGAAATGAAAAG-3!
SEQ ID NO: 4

gD (gPCR) 5'-CCCCGCTGGAACTACTATGACA-3"!
SEQ ID NO: 5

Reverse

T124 (pfLuc- 5'-P-cTAAGGCACGCGGTGAATGCCY

T124) cagtcatTAAGGCACGCGGTGAATGC
Caggat cct TAAGGCACGCGGTGAAT
GCCctggtactaTAAGGCACGCGGTGAATGCCa-3"!
SEQ ID NO: 6
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TABLE 1 -continued

Target Sequence

Tcon (pfLuc- 5'-P-cgagAGTTGTAGTCAGACTATTC
Ctrl) GATgcagtcat AGTTGTAGTCAGACT
ATTCGATaggatcctAGTTGTAGTCAG
ACTATTCGATctggtactaAGTTGTAG
TCAGACTATTCGATaacgagtgcggtcecce
gagacGCGGCCGCa-3!
SEQ ID NO: 7

Pri-miR124
(LV124)

5' -TGCAGCTAGCCAGACCCCTCCCCTCGC-3"
SEQ ID NO: 8

Pri-miR137R
(LV137R)

5' -TCGAGCTAGCGCTCAGCGAGCAGCAAGAGTTC-3"!
SEQ ID NO:9

gD (gPCR) 5'-GCATCAGGAACCCCAGGTT-3"'
SEQ ID NO: 10

Probe

5'-FAM-TTCAGCGCCGTCAGCGAGGA-TAMRA-3' SEQ ID NO: 11

[0065] Tumor model and treatment. Intracranial implan-
tation of human GBM30 cells into nude mice was performed
as described (5). At 5 d, viruses (1.8x10® gc of KGE or
KGE-4:T124, n=8/group) or PBS (n=2) were inoculated at
the same coordinates, as also described (5). Animal health
and well-being were monitored as described above under
“Intracranial toxicity.” Animals were euthanized when
showing signs of morbidity.

[0066] Statistical analysis. Unpaired t test with Welch’s
correction was performed using GraphPad Prism version
6.01 for Windows (GraphPad Software, La Jolla, Calif,;
www.graphpad.com). Animal survival data were charted as
Kaplan-Meier plots and compared by Mantel-Cox log-rank
test using the same software.
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EXAMPLE 2

[0105] This Example describes arming a tumor targeted
oHSV type 1 with matrix metalloproteinase 9 for enhanced
vector distribution and killing activity.

Materials and Methods

[0106] Cell lines. Human glioblastoma SNB19, U251,
U87 (kindly provided by Dr. H Okada, University of Pitts-
burgh), J/A, J/C, J/JEGFR [9], African green monkey kidney
Vero cells and 7b [15] cells were cultured by standard
methods.

[0107] Cells were cultured in Dulbecco’s modified
Eagle’s medium (Life technologies, Grand Island, N.Y.)
supplemented with 10% fetal bovine serum (Sigma. St.
Louis, Mo.). Primary glioblastoma cell lines GBM169, OG2
(kindly provided by Dr. Balveen Kaur, Ohio State Univer-
sity), GBM30 were cultured as spheroids in Neurobasal
medium supplemented with Glutamax, B27, human p-FGF,
EGF, heparin and penicillin-streptomycin.

[0108] Plasmids. KGw BAC was generated from KGE-4:
T124BAC by insertion of a Gateway cassette amplified from
pcDNA3.1GW with primer 5-TGCCCGTCGCGCGT-
GTTTGATGTTAATAAATAACACATAAATTTGGCTG-
GCCACTAG TCCAGTGTGGTGG-3' (SEQ ID NO:12)

[0109] and S-CTGAAATGCCCCCCCCCCCTT-
GCGGGCGGTCCATTAAAGACAACAAACAAATCCCC
AGCATGCCTGCTATTGT-3". (SEQ ID NO:13)

[0110] pEnCM was made by cloning the CAG promoter
from plasmid pCAGH [10] into pEntr-MMP9. pEntr-MMP9
was made by cloning mmp9 cDNA from a previously
reported plasmid, pCMV6-X1L.4-MMP9, into pEntrl A plas-
mid [13].

[0111] HSV genome engineering. KOS-37 BAC[14], con-
taining the complete strain KOS HSV-1 genome on a
bacterial artificial genome (BAC), was kindly provided by
David Leib (Dartmouth Medical School, NH). The double
Red recombination in E.coli [24] was used to introduce a
series of modifications into KOS-37 BAC, a full-length
genomic clone of the KOS strain of HSV-1 on a bacterial
artificial chromosome (BAC) [14]. The product, KGBAC
(FIG. 5), is deleted for the internal repeat (joint) region
containing one copy each of the diploid genes ICPO, ICP34.
5, LAT and ICP4 along with the promoter for the ICP47
gene.

[0112] KGwG4:T124BAC (referred to as KGw) was cre-
ated from KGE-4:T124BAC (discussed in Example 1) by
insertion of the Gateway cassette (from pcDNA3.1GW) and
the bovine growth hormone polyadenylation sequence into
the UL3-UL4 intergenic region through the Red/ET recom-
bination technology (Gene Bridges GmbH, Heidelberg). The
MMP9 expressing vector KMMP9G4:T124BAC (referred
to as KMMP9) was derived from KGwG4:T124BAC by
replacement of the GW cassette with with the CAG pro-
moter-MMP9 cassette from pEnCM by LR Clonase reac-
tion. In order to produce the viruses, Vero 7b cells were
transfected with either KGwG4:T124BAC or KMMP9G4:
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T124BAC. All recombinant vectors were confirmed by
FIGE-mapping, PCR and DNA sequencing through relevant
modified regions.

[0113] Virus growth and purification. BAC DNAs were
converted to infectious virus by transfection of Vero 7b cells
using Lipofectamine™ [TX Reagent (Invitrogen). Biologi-
cal titers of virus stocks (PFU/ml.) were established on Vero
cells; physical titers in genome copies (gc)/mL were deter-
mined by quantitative real-time PCR (qPCR) for the viral
gD gene, as described below.

[0114] gPCR for viral genomes. DNA was extracted from
virus stocks using the DNeasy Blood & Tissue kit (Qiagen,
Valencia, Calif.) according to the manufacturer’s procedure.
A standard curve for gPCR was generated on DNA from a
pENTRI1A (Invitrogen) plasmid containing the complete
HSV-1 (strain KOS) gD coding sequence (pE-gD18) using
the protocol described in the Applied Biosystems StepOne™
and StepOnePlus™ Real-Time PCR Systems manual. Prim-
ers and probe sequences are listed: gD forward:
5'-CCCCGCTGGAACTACTATGACA-3' (SEQ ID NO:14);
gD reverse: 5'-GCATCAGGAACCCCAGGTT-3' (SEQ ID
NO:15); probe: 5'-FAM-TTCAGCGCCGTCAGCGAGGA-
TAMRA-3' (SEQ ID NO:16)

[0115] Western blotting. Cells were lysed in 1% NP40
buffer, lysates electrophoresed through 10% SDS-polyacry-
lamide gels, and protein blots reacted with polyclonal anti-
MMP-9 antibody (1:1000 dilution) (Abcam, Cambridge,
Mass.) or with anti-gD antibody (1:2000) (Santa Cruz,
Calif.) and HRP-conjugated anti-rabbit secondary antibody
(Sigma, St. Louis, Mo.). Blots were developed with chemi-
luminescence substrate (Amersham Pharmacia, Piscataway,
N.J.). The lower portion of each blot was reacted with
polyclonal anti-beta-tubulin antibody (1:3000) (Sigma, St.
Louis, Mo.) to detect loading differences. Blots were devel-
oped with SuperSignal West Dura Chemiluminescent Sub-
strate (Thermo Scientific, Rockford, I11.).

[0116] Gelatin zymography. Samples were not treated
with reducing agent nor heated before separated on a 10%
SDS-polyacrylamide gel containing 0.2% gelatin. The gel
was washed in zymography washing buffer (10 mM Tris pH
7.5, 2.5% Triton X-100), incubated at 37° C. for 16h in
incubation buffer (50 mM Tris pH 7.5, 5 mM CaCl2, 1 uM
ZnCl12), stained with 1% Coomassie brilliant blue R-250 and
destained with destaining buffer (4% methanol, 8% acetic
acid) [13].

[0117] Entry assay. J/A, J/C and J/EGFR cells were
infected at 10,000, 1,000 or 100 ge/cell with KMMP9, KGw
or KG (expressing gD:wt) for 6 hours and immunostained
with monoclonal mouse anti-ICP4 (1:300; Santa Cruz Bio-
technology) and Cy3-conjugated sheep anti-mouse IgG(1:
400; Sigma) [9].

[0118] MTT assay. Cells were seeded in 48 well plates and
infected at 100 gc/cell (MOI 0.2) for 3 or 6 days. Cells were
then treated with 0.5 mg/ml of MTT (Sigma) solution at 37°
C. for 3 hours. After removal of MTT solution, 100% DMSO
was added and OD570 was recorded by a Wallac microplate
reader (Perkin Elmer, Waltham, Mass.). Percent cell survival
was calculated as 100%xOD (infected)/OD (uninfected)
[0119] Spheroid culture and confocal imaging. Spheroids
were dissociated and counted. 3,000 cells were grown
individually in suspension for 2 days until spheroids formed.
Each spheroid was infected with 1000 pfa or 4x107 gc of
KMMP9 or KGw separately in micro assay plates. eGFP
images were acquired daily with a fluorescence microscope.



US 2017/0035819 Al

For confocal imaging, spheroids were transferred to glass
bottom dishes (Willco wells, Amsterdam, the Netherlands)
upon infection. At 5 dpi, spheroids were fixed in 4%
paraformaldehyde, treated with mounting medium with
DAPI (Vector Laboratories, Burlingame, Calif.) and Z sec-
tion images were obtained with FV1000 confocal imaging
system (Olympus, Miami, Fla.).

[0120] Tumor model and treatment. 3-4 week-old BALB/c
athymic nu/nu mice were purchased from Charles River
Laboratory (Wilmington, Mass.) and housed in a BSL2
facility. All animal procedures were performed in accor-
dance with the requirements and recommendations in the
Guide for the Care and the Use of Laboratory Animals
(Institute for Laboratory Animal Research, 1985) as
approved by the University of Pittsburgh Institutional Ani-
mal Care and Use Committee (IACUC).

[0121] Intracranial implantation of 2x10° human GBM30
cells into nude mice was performed as described [9]. At 5 or
10 dpi, 5.65x10° genome copies of KMMP9, KGw, or PBS
(n=3-4/group) were inoculated at the same coordinates to
which tumor cells were injected (0.5 mm anterior 2 mm
lateral (right) 3 mm deep to bregma), as also described [9].
Animal health and well-being were monitored and animals
were euthanized when showing signs of morbidity.

[0122] MRI imaging. Several mice were randomly
selected from each treatment group (KMMP9, KGw, PBS).
Animals were imaged 1 day before treatment (9 days after
GBM30 implantation) and on days 3, 6, 9 and 13 post-
treatment. Imaging was performed using a Bruker BioSpec
94/30 magnet (Bruker BioSpin, Karlsruhe, Germany), a 2.0
cm diameter receive-only mouse brain coil and a 70 mm
diameter linear volume coil. Anesthetized mice were
injected with 0.1 mmol/kg Magnevist (Bayer Health Care
Pharmaceuticals, Wayne, NIJ) intraperitoneally and
T2-weighted images (repetition time=3,500 ms, echo
time=12 ms, rare factor=8, navgs=4) were acquired coro-
nally across the region of interest on a 400 MHz Bruker
horizontal bore magnet running Paravision 4.0 (Bruker
Biospin, Billerica, Mass.).

[0123] Statistical analysis. Unpaired t test with Welch’s
correction was performed using GraphPad Prism version
6.01 for Windows (GraphPad Software, La Jolla, Calif;
www.graphpad.com). Animal survival data were charted as
Kaplan-Meier plots and compared by Mantel-Cox log-rank
test using the same software.

Results

Construct and Characterization
Controlled Vectors Expressing MMP9

[0124] Vector engineering and design for this study are
diagrammed in FIG. 5A and include multiple modifications
that are intended to avoid altering any viral lytic functions
and thus maximize the replication and lytic activity in tumor
cells while avoiding virus growth in normal brain.

[0125] A Gateway cassette (Gw) and bovine growth hor-
mone polyadenylation sequence were inserted between UL3
and UL4 loci of KGE-4:T124 (described in Example 1) to
create KGwG4:T124BAC (referred to here as KGw, control
vector); the oncolytic vector expressing MMP9 was
obtained by replacing the Gateway cassette with the MMP9
gene driven by the CAG (CMV chicken [} actin) promoter
(KMMP9G4:T124BAC referred to here as KMMP9).

of Retargeted-miR
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[0126] Western blot analysis of Vero cells infected with
KMMP9 confirmed the correct expression of MMP9 (FIG.
5B). Gelatin zymography showed greater gelatinase activity
in three primary GBM lines, GBM 30, GBM169 and OG2,
infected with KMMP9 compared to the cells infected with
the control vector (FIG. 5C) and in the supernatant of
KMMP9-infected Vero cells compared to control-infected
Vero cells (FIG. 5D).

[0127] We then determined whether MMP9 expression
affected virus entry through recognition of the Epidermal
Growth Factor Receptor (EGFR). The cell lines tested for
virus entry included EGFR-transduced J1.1-2 cells
(JJEGFR) (Nakano et al., Virol., 413: 12-18 (2011)) that are
resistant to wt HSV due to the absence of gD receptors, J/A
cells expressing human HVEM (Uchida et al., J. Virol. 83:
2951-2961 (2009)), and I/C cells expressing human nectin-1
(Frampton et al., J. Virol, 81: 10879-889 (2007)); HVEM
and nectin-1 are natural receptors for wt gD. Virus entry was
detected by immunostaining for the immediate early HSV
protein ICP4 6 hours post infection. As shown in FIG. 6A,
entry of the EGFR-retargeted viruses KMMP9 and KGw
into JJEGFR cells was as efficient as entry of the parental
HSV-1 vector expressing gD:wt into J/A or J/C cells. Neither
of the retargeted viruses detectably entered J/A or J/C cells
even at high virus input (10,000 gc/cell), demonstrating that
the MMP9 expression does not affect the efficiency or
specificity of retargeted vector infection.

[0128] We also assessed it MMP9 expression could affect
virus replication in human GBM cells in culture. The results
(FIGS. 6B and 6C) showed that KMMP9 replicated with
similar kinetics as KGw in spheroids of two primary glio-
blastoma lines, GBM169 and GBM30, and the yields of the
2 viruses (measured by qPCR) were not substantially dif-
ferent at any time point.

[0129] To evaluate the oncolytic activity of KMMP9,
HSV-permissive human glioma lines known to express
EGFR, including U87MG, SNB19, and GBM30, were
infected with an MOI of 0.005 (100 gc/cell) and cell
viability was determined by 3-(4,5-dimethylthiazol-2-y1)-2,
5-diphenyltertrazolium bromide (MTT) assay at 3 (FIG. 7A)
and 7 days post infection (FIG. 7B). At the latter time point,
KMMP9 showed significantly higher killing of 2 the cell
lines compared to that of KGw, suggesting that MMP9 could
augment vector-mediated oncolysis.

MMP-9 Increases HSV Infectivity in Spheroid Culture.

[0130] To assess the effect of increased cellular expression
of MMP-9 on HSV spread in tumor-cell spheroids, GBM30
and GBM169 cells were cultured as a single spheroids and
infected with KMMP9 or KGw virus (FIG. 8A). At 5 dpi,
KMMP9 showed enhanced distribution of vector-expressed
eGFP compared to KGw. Quantification of eGFP positive
cells in each spheroid demonstrated an increase of approxi-
mately 1.5 fold at 6 dpi in KMMP9- over KGw-infected
spheroids (FIG. 8B; P=0.006).

[0131] In order to further quantify the effect of MMP9 on
HSV infectivity of primary tumor-derived spheroids,
GBM30 cells were infected with either KMMP9 or KGw,
and the eGFP expressed by the vector was imaged by
confocal microscopy as a means to assess virus penetration
and infectivity. 3D reconstruction from 5,.tm Z section
stacks revealed enhanced relative infectivity of KMMP9
compared with KGw inside the spheroids. (FIG. 8C). We
also examined infectivity differences in 5 segments of each
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spheroid in terms of depth on the Z axis (FIGS. 8D and 8E)
(from bottom up 0-20 um, 25-50 um, 55-80 pm, 85-100 um,
105-120 um and 125-140 pum). While no difference was
found in the outermost segment (0-20 pm) (FIGS. 8D and
8E), KMMP9 showed significantly higher infectivity than
KGw deeper into the spheroids (25-50 and 50-85 pm,
P<0.05), suggesting that MMP9 enhanced vector spreading
throughout the spheroids. A significant difference was also
found when all segments were compared between spheroids
(paired t-test, P=0.013).

The MMP9 Oncolytic Vector is Highly Effective in GBM
Therapy in Mice.

[0132] We previously showed that GBM30 consistently
established a lethal tumor in nude mice leading to animal
death within 20 days post-tumor cell inoculation [9]. We
used patient-derived, sphere-forming GBM30 cells to estab-
lish aggressive intracranial tumors in nude mice [9]. Ani-
mals were observed daily and euthanized when showing
signs of morbidity. Similar to our published results, mice
injected with PBS 5 d after tumor-cell inoculation at the
same stereotactic coordinates died within weeks of tumor-
cell implantation (median 18 d; FIG. 9). In contrast, tumor
treatments using either the MMP9 expressing virus,
KMMP9, or the control virus KGw, protected half of the
animals for at least 35 days and the median survival times
for these two groups were comparable (29 and 31.5 d,
respectively; P=0.61, log-rank test). These results showed
that 50% of the MMP9 treated animals survived up to 35
days compared to 18 days without treatment (FIG. 9).
[0133] In aparallel independent experiment, the antitumor
efficacy of KMMP9 and KGw were compared with mock
(PBS) treatment in the orthotopic GBM30 xenograft model
by injecting the vectors 10 days after tumor inoculation.
Mice were imaged by magnetic resonance imaging (MRI)
for changes in tumor size 1 day before treatment and again
on days 3, 6, 9 and 13 post treatment. FIG. 10A shows the
T2-weighted images of an example from each group. Com-
parison of single animals from each group that had compa-
rable tumor volumes at the time of treatment initiation, it is
clear that MMP9 had a stronger oncolytic effect than the
KGw vector (FIG. 10B).
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[0160] The use of the terms “a” and “an” and “the” and
similar referents in the context of describing the invention
(especially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
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text. The terms “comprising,” “having,” “including,” and
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“containing” are to be construed as open-ended terms (i.e.,
meaning “including, but not limited to,”) unless otherwise
noted. Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring indi-
vidually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually
recited herein. All methods described herein can be per-
formed in any suitable order unless otherwise indicated
herein or otherwise clearly contradicted by context. The use
of any and all examples, or exemplary language (e.g., “such
as”) provided herein, is intended merely to better illuminate
the invention and does not pose a limitation on the scope of
the invention unless otherwise claimed. No language in the
specification should be construed as indicating any non-
claimed element as essential to the practice of the invention.
[0161] Preferred embodiments of this invention are
described herein, including the best mode known to the
inventors for carrying out the invention. Variations of those
preferred embodiments may become apparent to those of
ordinary skill in the art upon reading the foregoing descrip-
tion. The inventors expect skilled artisans to employ such
variations as appropriate, and the inventors intend for the
invention to be practiced otherwise than as specifically
described herein. Accordingly, this invention includes all
modifications and equivalents of the subject matter recited in
the claims appended hereto as permitted by applicable law.
Moreover, any combination of the above-described elements
in all possible variations thereof is encompassed by the
invention unless otherwise indicated herein or otherwise
clearly contradicted by context.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 16
<210>
<211>
<212>
<213>
<220>

<223>

SEQ ID NO 1

LENGTH: 115

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer

<400> SEQUENCE: 1

ctagtggeat tcaccgegtg ccttatagta ccagggcatt caccgegtge cttaaggate

ctggecatteca cegegtgect taatgactge ggcattcacce gegtgectta gaget

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 2

LENGTH: 154

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer

<400> SEQUENCE: 2

ctagtgegge cgegtetegg gaccgcacte gttatcgaat agtctgacta caacttagta

ccagatcgaa tagtctgact acaactagga tcctatcgaa tagtctgact acaactatga

ctgcatcgaa tagtctgact acaactcteg aget

<210> SEQ ID NO 3

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

60

115

60

120

154
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<220> FEATURE:
<223> OTHER INFORMATION: primer

<400> SEQUENCE: 3

tcgaggatce tgtcagtgeg cacgcacac

<210> SEQ ID NO 4

<211> LENGTH: 32

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 4

tcgaggatce aaacacccga ggaaatgaaa ag

<210> SEQ ID NO 5

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 5

ccecegetgga actactatga ca

<210> SEQ ID NO 6

<211> LENGTH: 107

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 6

ctaaggcacyg cggtgaatge cgcagtcatt aaggcacgeg gtgaatgeca ggatccttaa
ggcacgeggt gaatgccctg gtactataag gcacgeggtg aatgeca

<210> SEQ ID NO 7

<211> LENGTH: 146

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 7

cgagagttgt agtcagacta ttcgatgeag tcatagttgt agtcagacta ttcgatagga

tcctagttgt agtcagacta ttecgatetgg tactaagttg tagtcagact attcgataac

gagtgceggte ccgagacgeg gecgca

<210> SEQ ID NO 8

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 8

tgcagctage cagacccecte cectege

<210> SEQ ID NO 9
<211> LENGTH: 32

29

32

22

60

107

60

120

146

27
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<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 9

tcgagetage gectcagegag cagcaagagt tc

<210> SEQ ID NO 10

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 10

gcatcaggaa ccccaggtt

<210> SEQ ID NO 11

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: probe

<400> SEQUENCE: 11

ttcagegeeyg tcagcegagga

<210> SEQ ID NO 12

<211> LENGTH: 70

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 12

tgccegtege gegtgtttga tgttaataaa taacacataa atttggetgg ccactagtcece

agtgtggtgg

<210> SEQ ID NO 13

<211> LENGTH: 73

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 13

ctgaaatgee cccccccect tgegggeggt ccattaaaga caacaaacaa atccccagca

tgcctgetat tgt

<210> SEQ ID NO 14

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 14

ccecegetgga actactatga ca

<210> SEQ ID NO 15
<211> LENGTH: 19

32

19

20

60

70

60

73

22
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-continued

<212>
<213>
<220>
<223>

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer
<400>

SEQUENCE: 15

gcatcaggaa ccccaggtt

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 16

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: probe
<400>

SEQUENCE: 16

ttcagegeeyg tcagcegagga

19

20

1. A recombinant oncolytic Herpes Simplex Virus
(oHSV), comprising one or more copies of target sequences
for one or more microRNAs (miRNAs) inserted into one or
more HSV genes essential for HSV replication.

2. The oHSV of claim 1, wherein the HSV gene essential
for HSV replication is ICP4.

3. The oHSV of claim 1, further comprising one or more
copies of target sequences for one or more miRNAs inserted
into one or more HSV genes non-essential for HSV repli-
cation.

4. The oHSV of claim 3, wherein the one or more HSV
genes non-essential for HSV replication are selected from
ICPO, ICP34.5, LAT, and ICP47.

5. The oHSV of claim 1, wherein two copies, three copies,
four copies, five copies, or six or more copies of the target
sequence for one or more miRNAs are inserted into the
coding or non-coding sequences of one or more HSV genes
essential or non-essential for HSV replication.

6. The oHSV of claim 5, wherein the copies of the miRNA
target sequence are inserted in tandem.

7. The oHSV of claim 6, wherein the copies of the miRNA
target sequence are each separated from each other by
spacers of four or more or eight or more nucleotides.

8. The oHSV of claim 1, wherein the target sequences for
one or more miRNAs are inserted into the 3' UTR of one or
more HSV genes essential or non-essential for HSV repli-
cation.

9. The oHSV of claim 1, wherein the target sequences for
one or more miRNAs are inserted into the 3' UTR of ICP4,
ICPO, ICP34.5, LAT, or ICP47.

10. The oHSV of claim 1, wherein the miRNA is an
onco-supressor miR or developmentally regulated miR.

11. The oHSV of claim 1, wherein the miRNA is miR-
124, miR-122, miR-199, miR-128, or miR-137, or a com-
bination of two or more thereof.

12. The oHSV of claim 1, wherein the miRNA is one or
more miRNAs expressed at higher levels in neuronal and
non-cancerous cells than in glioma cells.

13. The oHSV of claim 1, wherein the target sequence for
an miRNA is the reverse complement of said miRNA.

14. The oHSV of claim 1, wherein the oHSV comprises
four tandem copies of the reverse complement of miR-124,
miR-122; miR-199, miR-128, and/or miR-137 separated by
eight nucleotide spacers inserted into the 3' UTR of ICP4,
ICPO, ICP34.5, LAT, or ICP47.

15. A nucleic acid encoding the oHSV of claim 1.

16. The nucleic acid of claim 15, which is a bacterial
artificial chromosome.

17. A viral stock comprising the oHSV of claim 1.

18. A pharmaceutical composition comprising the oHSV
of claim 1 and a pharmaceutically acceptable carrier.

19. A pharmaceutical composition comprising a recom-
binant oncolytic Herpes Simplex Virus (oHSV), comprising
one or more copies of target sequences for one or more
microRNAs (miRNAs) inserted into one or more HSV genes
essential for HSV replication wherein the vector is present
in the composition in an amount effective to kill tumor cells
in a human subject to whom the pharmaceutical composition
is administered and a pharmaceutically acceptable carrier.

20. A method of treating a human patient suffering from
cancer, comprising administering to the subject an effective
amount of the oHSV of claim 1.

21. A method of treating a human patient suffering from
cancer, comprising administering to the subject an effective
amount of the pharmaceutical composition of claim 18.

22. A method of treating a human patient suffering from
cancer, comprising administering to the subject an effective
amount of the pharmaceutical composition of claim 19.
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