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Vaccinia virus (VACV) possesses a great safety record as a
smallpox vaccine and has been intensively used as an oncolytic
virus against various types of cancer over the past decade.
Different strategies were developed to make VACV safe and
selective to cancer cells. Leading clinical candidates, such as
Pexa-Vec, are attenuated through deletion of the viral thymi-
dine kinase (TK) gene, which limits virus growth to replicate
in cancer tissue. However, tumors are not the only tissues
whose metabolic activity can overcome the lack of viral TK.
In this study, we sought to further increase the tumor-specific
replication and oncolytic potential of Copenhagen strain
VACYV ATK. We show that deletion of the anti-apoptosis viral
gene F1L not only increases the safety of the Copenhagen ATK
virus but also improves its oncolytic activity in an aggressive
glioblastoma model. The additional loss of F1L does not affect
VACYV replication capacity, yet its ability to induce cancer cell
death is significantly increased. Our results also indicate that
cell death induced by the Copenhagen ATK/F1L mutant re-
leases more immunogenic signals, as indicated by increased
levels of IL-1P production. A cytotoxicity screen in an NCI-
60 panel shows that the ATK/F1L virus induces faster tumor
cell death in different cancer types. Most importantly, we
show that, compared to the TK-deleted virus, the ATK/F1L vi-
rus is attenuated in human normal cells and causes fewer pox
lesions in murine models. Collectively, our findings describe
a new oncolytic vaccinia deletion strain that improves safety
and increases tumor cell killing.

INTRODUCTION

Vaccinia virus (VACV) and closely related poxviruses have been used
for centuries as vaccines for smallpox, culminating in the eradication
of smallpox in the late 1970s. The eradication campaign showed that
VACYV has an impressive safety profile. To further improve on this
attractive vaccine backbone, techniques were developed to engineer
and rescue recombinant VACV.' However, to date, more than
half of the genome’s 200 genes have unknown or incompletely under-
stood functions, leaving much to be learned about the intricate

246 Molecular Therapy: Oncolytics Vol. 14 September 2019 © 2019 The Authors.

host-pathogen interaction of this virus. Interestingly, it was shown
that several VACV genes can be knocked out with no observable
in vitro or in vivo phenotype, revealing a complex genome with
redundant and non-essential elements.”

In addition to its application as a vaccine vector, VACV also has
intrinsic oncolytic properties.” In particular, it shows preferential repli-
cation in tumor cells that display activated epidermal growth factor
receptor (EGFR)/Ras/MAPK (mitogen-activated protein kinase) path-
ways,” which are observed in many cancer types.”® Beyond use as a
potential mono-therapy agent, VACV has also long been used in com-
bination with other cancer therapy agents.”* For instance, oncolytic
VACV strains were recently found to synergize well with immuno-
therapy”'? as well as induce anti-tumor immunity when encoding
immune-stimulatory transgenes'' or tumor-associated antigens."”

The most advanced clinical VACV candidate is Pexa-Vec (JX-594).
Pexa-Vec is a strain that has its viral thymidine kinase (TK) gene
deleted, thus requiring the virus to utilize nucleotide pools pro-
duced in metabolically active tumor cells. The virus additionally ex-
presses the GM-CSF (granulocyte-macrophage colony-stimulating
factor) cytokine to activate immune cells at the tumor site."”
Pexa-Vec was shown in phase I and phase II clinical trial studies
to be safe after intravenous delivery and capable of expressing the
immunostimulatory gene.'* Currently, this virus is being assessed
in a phase III clinical trial, testing its efficacy by intratumoral injec-
tion of patients suffering from hepatocarcinoma (ClinicalTrials.gov:
NCT02562755). Although Pexa-Vec has shown minimal adverse
side effects, the TK deletion may not fully preclude virus replication
in non-cancerous metabolically active tissues, such as the liver.
Furthermore, this attenuation may also hinder the virus’s capacity
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to proliferate in metabolically inactive tumor niches present in
heterogeneous tumors.'” Therefore, there remains room for
improved engineering of the virus as well as a need to seek alterna-
tive ways to increase the therapeutic window in a way that would
target the widest possible range of cancer cells.

FIL is a VACV gene that inhibits infection-induced apoptosis and
inflammation. FIL binds the pro-apoptotic Bcl-2 family members
Bak and Bim,'® thus preventing apoptotic stimulus-induced loss
of the inner mitochondrial membrane potential and the sub-
sequent cytochrome c release.'”'® The structure of F1L resembles a
dimer-swapped Bcl-2 homolog with an atypical amino-terminal
extension.'””” The amino terminus of F1L binds to and inhibits
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Figure 1. Deletion of F1L Increases Cancer Cell Death
without Affecting Replication

(A) Viral replication of F1L deleted virus assessed through
plaque assay in HelLa and SF295 cell lines at an MOI of 0.1
48 h post-infection. (B) Flow-cytometric analysis of 7-AAD
apoptosis marker in 786-O and Hel a cells at various MOls
24 h post-infection. (C) Induction of IL-1B levels as
measured by ELISA in various cancer cell lines infected for
48 h at an MOI of 0.1. *p < 0.05; ***p < 0.0001. Data is
shown as mean and SE.

caspase-9 and the inflammasome component
NLRP1.*' Overall, virulence of a F1L-deleted
virus was attenuated in a mouse model, and
this was attributed to the loss of NLRP1 activity
of F1L.*' Deletion of F1L from the Copenhagen
strain has shown an induction of apoptosis in
fibroblast cells.'®

Because non-cancerous cells use apoptosis as an
antiviral defense mechanism, we hypothesized
that disabling anti-apoptosis mechanisms in
VACV would be beneficial for tumor selectivity.
Furthermore, since apoptosis is only partially func-
tional in tumor tissues, we ventured that our F1L-
deleted Copenhagen can both replicate and induce
faster cell death in cancer cells. In this study, we
show that removing the F1L gene increases
VACV’s ability to induce immunogenic apoptosis
and oncolytic activity in cancer cells.

RESULTS
F1L KO Increases Immunogenic Apoptosis
Here, we rescued an F1L deletion in a VacV Co-
penhagen ATK strain (Cop-ATK/F1L). Testing
the ability of the virus to replicate, we found
Cop-ATK/FIL to generate 10-fold more progeny
virus, compared to Cop-ATK in HeLa cells (pro-
duction cell line), but not SF295 (Figure 1A).
Both 786-O and HeLa cells show a higher per-
centage of dead 7AAD-positive cells when infected with Cop-ATK/
FIL, compared to Cop-ATK (Figure 1B). Furthermore, unlike
Cop-ATK, Cop-ATK/FIL induces secretion of interleukin (IL)-18
cytokines in a variety of glioblastoma cells (Figure 1C). To assess
whether these phenotypes are specific to certain tumor types, we
screened 40 of the NCI-60 human cancer cell lines for virus-induced
cell death. We found that, except for blood cancer, Cop-ATK/F1L
induced faster cell death in all tumor types when compared to
Cop-ATK (Figure 2).

Removal of F1L Increases VACV Safety

Interestingly, when we compared the two different Copenhagen
mutant strains in normal human hepatocyte cells, we found
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Cop-ATK/F1L 10-fold less able to replicate than Cop-ATK/FIL (Fig-
ure 3A). These results suggest a role of F1L in VACV virulence and an
ability to replicate in normal tissue. To evaluate whether this differ-
ence is significant in the presence of an immune system, we tested
Cop-ATK/FIL anti-tumor activity in two mouse models. Strikingly,
challenging immune-deficient mice intravenously at 1 x 10% pla-
que-forming units (PFUs) had a 90% survival rate for Cop-ATK/
FIL and 0% for Cop-ATK (Figure 3B). Interestingly, injecting sys-
temic Copenhagen in the tails of nude mice produced significantly
more pox lesions at the site of injection by the Cop-ATK virus,
compared to the double Cop-ATK/FI1L (Figure 3C). Lastly, when de-
leting F1L in the Western Reserve (WR) neuro-adapted vaccinia, we
saw less viral titer in the brain of nude mice after systemic injection of
WR ATK/AFIL (Figure S1B).

One disadvantage with VACYV is the inability to use higher therapeu-
tic doses of the virus when administering systemic intravenous injec-
tions to treat tumors. Indeed, injection of 1 x 10° PFUs of Cop-ATK
systemically induces viral toxicity, and mice succumb within 4 days
(Figure 3D). However, the same dose of Cop-ATK/F1L does not
induce fatal toxicity and results in a survival rate of 100% (Figure 3D).
Therefore, data suggest that Cop-ATK/F1L has a higher safety profile
and is more efficacious.

Cop-ATK/F1L Is More Efficacious in Glioblastoma Tumors

We have identified that Cop-ATK/F1L kills tumor cells faster and dis-
plays less off-target activity, even in mouse brain tissue. Since most on-
colytic viruses cannot be administer intracranially at therapeutic doses
without causing sickness and mouse death,” the Cop-ATK/FIL safety
profile makes it an appealing therapeutic candidate for glioblastoma
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Figure 2. Vaccinia Delta F1L Induces Rapid Cancer Killing
in a Wide Variety of Tumor Types

(A and B) Alamar blue viability of U87MG (A) and SF295 (B) cell
lines measured as percentage of non-infected cells at various
MOIs for a 48-h infection. Data is shown as mean and SE. (C)
Alamar blue viability of various NCI-60 cell lines infected with
either vaccinia for 48 h. ****p < 0.0001.

treatment. To test the efficacy of Cop-ATK/F1L in a
challenging glioblastoma model, we treated lucif-
erase-expressing U87 xenografts implanted in CD-1
nude mouse brains. We observed the more tumor in-
hibition in Cop-ATK/FIL-treated mice as compared
to Cop-ATK (Figure 4A), indicating improved oncol-
ysis and tumor control. Immunohistochemical anal-
ysis also revealed increased caspase-3 straining in
Cop-ATK/F1L-treated mice (Figure 4B). This suggests
higher induction of tumor cell death in vivo and is
consistent with the higher rates of apoptosis observed
in vitro (Figure 1B). Indeed, Cop-ATK/F1L-mediated
oncolysis translates to higher survival (85% versus
25%, compared to Cop-ATK) when treating U87
xenografts intracranially (Figure 4C). In line with
these results, we also found that Cop-ATK/FIL administer intrave-
nously extended mouse survival in the same model (Figure 4D).

In order to test whether F1L deletion enhances the immunogenicity
of the virus, we tested our virus in a syngeneic model. Upon treat-
ment of CT26 tumors with either of our viruses, we found that
Cop-ATK/F1L control tumor growth rates were better (Figure 4E).
Interestingly, vaccinia mediated tumor control in this model was
shown to be TLR4 dependent.9 Taken together, our data demon-
strate that the F1L deletion in Cop-ATK improves efficacy of the
oncolytic virus.

DISCUSSION

VACYV and other poxviruses have large genomes, encoding approxi-
mately 200 genes, of which ~25% are considered virulence factors.”
Mammalian cells’ first line of defense against viral infection is inter-
feron-stimulated antiviral signaling and apoptosis, both of which are
targeted by VACV genes.”* Although these viral genes increase the
pathogenic fitness of the virus, they have somewhat redundant func-
tions, and their expression may compromise the oncolytic virother-
apy’s safety. Cancer is a characterized by a series of defects, including
impaired interferon signaling and upregulation of endogenous anti-
apoptosis genes. The rationale of our study was to delete a major
anti-apoptotic virulence factor in VACV due to the inherent ability
of target cancer cells to evade apoptosis. We hypothesized that normal
tissues would be better able to fight off viral infection, while cancerous
tissue would succumb to oncolysis more efficiently.

This is the first study, to the best of our knowledge, to report improved
anti-tumor efficacy of VACV-based oncolytic virus (OV) with a double
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Figure 3. Deletion of F1L Increases the Safety and
Tumor Selectivity of Vaccinia

(A) Viral replication in primary hepatocytes and H1299
cancer cells during a 72-h infection at an MOI of 0.001 as

determined by plaque assay. (B and D) Nude mouse (B)
and immunocompetent B6D2 mouse (D) survival moni-
toring following a dose (1 x 10® PFUs) of either VACV
intravenously. Survival is shown as Kaplan-Meier survival
curves. (C) Amount of pox lesions on mouse tails quantified
at two time points during the experiment done in (B). (A and
C) Data is shown as mean and SE.*p < 0.05; ***p < 0.001;
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model (Figure 4E). This particular model has
been previously tested with other VACV, where
control of tumor growth was shown to occur
via TLR4 stimulation by HMGBI release from
infected cells.” Interestingly, TLR4 stimulation
results in, among many things, the production

of IL-1p*° which, as we show, our F1L-deleted
virus can induce in some cancer cells (Fig-
ure 1C). The advantage of the Cop-ATK/FI1L
virus is the ability to combine immunogenicity
with oncolysis.
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deletion of both TK and F1L. The leading VACV-based clinical OV
candidate, Pexa-Vec, encodes solely a TK deletion to drive tumor selec-
tivity. This strategy aims to restrict VACV growth to metabolically
active cells expressing high levels of TK, such as metabolically active
cancerous tissue.”” This approach has some shortfalls, for instance
some non-cancerous tissues such as immune cells and hepatocytes
are continuously undergoing turnover, resulting in off-target effects.
This is consistent with reported clinical incidences of pox lesions in
patients receiving high doses of Pexa-Vec.”® This suggests that increased
attenuation of the virus is required to improve VACV’s safety profile.
Our addition of an F1L deletion significantly improved in vivo safety
profile of the virus, as demonstrated by fewer pox lesions and increased
survival in nude mice (Figure 3C). Collectively, our data suggest that the
double deletion may improve safety in vivo.

In addition to increased safety, our study demonstrates that the FIL
deletion conveys improved anti-tumor efficacy. The Cop-ATK/FIL
virus maintained its ability to replicate in vitro, trigger a higher rate
of apoptosis, and cause cytokine release upon cell death (Figure 1).
An increased level of cytokines is positive in the context of a tumor
microenvironment, as they can attract more lymphocytes to the
tumor or activate an already existing one.”” This is consistent with
a previous study reporting that deleting F1L in a non-replicating
poxvirus vaccine vector increased its immunogenicity, generating
larger immune responses to encoded HIV antigens.”® Furthermore,
FIL deletion delays tumor growth in a syngeneic colon cancer murine

10

Days (post injection)

130 140 150 160  Several poxviruses encode anti-apoptotic factors
to counteract cell death and increase viral
persistence.”® Our work suggests that deletion
of these factors may improve safety and anti-tumor efficacy of
poxvirus-based OVs. Our results are consistent with the enhanced
tumor selectivity of a VACV Western Reserve strain harboring a
double deletion of two anti-apoptosis genes (SPI-1 and SPI-2).”!
Other VACV strains encode other virulence factors with anti-
apoptotic activity.”> Future investigations should examine the
potential of deleting additional anti-apoptotic factors to improve
poxvirus vectors as OVs.

Overall, our study has shown that the deletion of the F1L gene in
VACV increases the safety profile and efficacy of the oncolytic poten-
tial of an existing clinical platform. We demonstrated that a single TK
knockout is insufficient as a tumor-targeting mechanism. Our work
highlights the need for more research into the therapeutic properties
of additional VACV genes with unknown function, as their loss may
further improve the use of VACV in oncolytic therapy.

MATERIALS AND METHODS

Cell Lines

Cells were obtained from the American Type Culture Collection
(ATCC) and passaged in DMEM supplemented with 5% fetal bovine
serum (FBS).

Construction of Plasmids
Shuttle plasmid for deleting F1L was constructed using the DNA from
the VV Copenhagen strain (GenBank: M35027). The DNA flanking
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Figure 4. Treatment with Vaccinia Delta F1L Extends Survival in a Glioblastoma Model and Delays Tumor Growth in a Syngeneic Mouse Colon Model

(A) IVIS imaging of U87 Iuciferase-expressing tumors seeded intracranially in nude mice after one intracranial injection of either vaccinia or PBS vehicle. (B) Immunohisto-
chemistry (IHC) on slices of U87 tumors treated intracranially with either vaccinia virus and stained with both vaccinia virus antibody and antibody for caspase-3. (C and D)
Survival of nude mice seeded intracranially with U87 Iuciferase-expressing tumors and treated with one intracranial (C) or intravenous (D) dose of 1e7 PFUs of either vaccinia.
Survival is shown as Kaplan-Meier survival curves. (E) Colon CT26-LacZ tumors were seeded subcutaneous (subQ) at 5e5 cells in BALB/c mice in a syngeneic model. Two
weeks later, mice were treated with one intra-tumoral dose of 167 PFUs of either Copenhagen ATK or Copenhagen ATK/F1L virus. Tumor measurements are displayed. Data

is shown as mean and SE. *p < 0.05; ***p < 0.001.

regions of F1L were amplified by PCR. Primers of the FIL down-
stream flanking region (F1L-L sequence) were 5'- CGC GGA TCC
ATCATT TTT TCA CCA TTA CTT CT -3’ (BamHI site underlined)
and 5'- CCG GAA TTC TTG TAG ATT ATA TAA CGG ACA TT -3
(EcoRI site underlined). Primers for the F1L upstream region (F1L-R
sequence) were 5'- GCC TGG CCA TTA GTG GAC TTG TCA AAT
CTA T -3’ (Mscl site underlined) and 5'- GCC CAG CTG ATG TTA
TAT ACG TAA TGG GAG G -3’ (Pvull site underlined). The ampli-
fied DNA fragments were digested with restriction enzymes BamHI/
EcoRI or Mscl/Pvull then ligated into the corresponding sites in the
PpolylIl plasmid.*® A repeat region of the downstream flanking re-
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gion of F1L (F1L-L sequence) was amplified by PCR using the primers
5'- TCC CCC GGG TGA TGA TAT AGG GGT CTT CAT A -3’
(Smal site underlined) and 5- GCC GCA TGC TTG TAG ATT
ATA TAA CGG ACA TT -3’ (Sphl site underlined) and inserted in
the pPolylIlI plasmid. The repeat region was used to eliminate the se-
lection cassette during the production of deleted viruses. The selection
cassette GFP/GPT, a fusion of the gene encoding the GFP and the
gene encoding guanine phosphoribosyltransferase (GPT), was posi-
tioned under the control of the pH5R vaccinia promoter and inserted
into the Smal/Sphl site in the pPolyIII plasmid. The resulting plasmid
is a shuttle plasmid named pAFI1L for the deletion of F1L gene.
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Generation of Recombinant Vaccinia

All recombinant VACVs were derived from the Copenhagen strain.
TK gene-deleted VACVs expressing the fusion gene FCU1
(VVATK-FCU1) under the control of the p7.5 promoter have been
constructed and characterized previously.”* For generation of the
double-deleted VVTKkoF1Lko-FCU], chicken embryonic fibroblast
(CEF) cells were infected with VVTKko-FCU1 at a MOI of 0.01, incu-
bated at 37°C for 1 h, and then transfected with a CaCl, precipitate of
the shuttle plasmid pAFIL (0.2 pg). The cells were incubated for 48 h
at 37°C. Double recombination occurs between homologous regions
(F1L-L and FIL-R) in the shuttle plasmid and the virus, resulting in
the insertion of the gene cassette into the F1L-L locus of VACV. Re-
combinant VACVs expressing GPT are isolated in a selective medium
containing hypoxanthine (15 pg/mL), xanthine (250 pg/mL), and
mycophenolic acid (250 pg/mL). GPT+ plaques that displayed GFP
fluorescence (easily detectable with a Leika MZ16 fluorescence binoc-
ular stereomicroscope) were isolated and submitted to several addi-
tional rounds of selection on CEF cells in the presence of GPT selec-
tion medium. To confirm that the VVATK-FCU1 was deleted of the
targeted F1L regions, 40 PCR cycles were performed using primers
within the F1L-deleted region and in the flanking region, external
to the site of recombination. The doubly deleted virus was then
used to infect CEF without any GPT selection to eliminate the
GFP/GPT marker obtained after intragenic homologous recombina-
tion between the two F1L-L sequences flanking the GFP/GPT gene
cassette. Non-fluorescent plaques were isolated and submitted to 2
additional plaque purification cycles in CEF. Virus structure was
confirmed by multiple PCRs. Recombinant VACVs were amplified
in CEF and purified over sucrose gradients, and virus stocks were
titrated on CEF by plaque assay.

In Vitro Virus Yield

To evaluate viral replication between human tumor cells and human
primary cells, human H1299 tumoral cells and human primary hepa-
tocytes were infected in 12-well plates with VVATK-FCUI and
VVATK/AF1L-FCU1 at a MOI of 0.001 (1,000 PFUs per well). At
72 h post-infection, supernatant and cells were collected, freeze-
thawed, and sonicated, and viral progeny were quantified on CEF
by plaque assay.

Viral Pathogenicity

Viral pathogenicity was assessed by survival studies done on both
Swiss nude mice (female, 6 weeks old from Charles River Labora-
tories) and immunocompetent B6D2 mice (female, 6 weeks old
from Charles River Laboratories). High doses (1 x 10® PFUs) of
the indicated vectors were injected intravenously by tail vein injec-
tion. Mice were observed daily throughout the course of the experi-
ment. Pox lesions on tail were also measured and recorded after an
intravenous (i.v.) injection of 1 X 10® PFUs of each virus in Swiss
nude mice.

Mice and Tumor Models
Mice were from Charles River Laboratories (Wilmington, MA, USA).
Imaging studies: U87 (1 x 10°) tumors were established in the brain

after surgery of 6-week-old CD1 female nude mice (N = 5). VACV
were administered via intratumoral injection or iv. (1 X 107 PFUs).
Survival was followed. All experiments were performed in accordance
with the guidelines of the University of Ottawa institutional review
board for animal care.

In Vivo Imaging

Mice were injected with D-luciferin (Molecular Imaging Products,
Ann Arbor, MJ, USA) for firefly luciferase imaging. Mice were anes-
thetized under 3% isoflurane (Baxter, Deerfeld, IL, USA) and imaged
with the IVIS 200 Series Imaging System (Xenogen, Hopkinton, MA,
USA). Data acquisition and analysis were performed using Living
Image v2.5 software. For each experiment, images were captured
under identical exposure, aperture, and pixel binning settings, and
bioluminescence was plotted on identical color scales.

Immunohistochemistry

Tissues were harvested, placed in optimal cutting temperature (OCT)
mounting media (Tissue-Tek, Sakura Finetek, Torrance, CA, USA).
Sectioned tissues were processed as previously described with anti-
VV or Anti-Active Caspase-3. Tumor images were obtained with
an Epson Perfection 2450 Photo Scanner (Epson, Toronto, ON, Can-
ada), whereas magnifications were captured using a Zeiss AxioCam
HRm inverted fluorescent microscope (Zeiss, Toronto, ON, Canada)
and analyzed using AxioVision 4.0 software.

Statistical Analysis

Statistical significance is only shown when p values < 0.05. All re-
ported tests compare Copenhagen ATK and Copenhagen ATK/FIL
groups and are two-tailed. All data are shown as mean and SEM.
For survival analysis, Kaplan-Meier survival curves were compared
using a log-rank Mantel-Cox test. All statistical analysis was done us-
ing GraphPad Prism 5 software.
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