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Oncolytic poxviruses have demonstrated initial promis-
ing results in patients with cancer in clinical trials, yet
further improvements are needed. It has been shown
that a single point mutation in the A34R gene resulted
in the production of more total progeny virus and more
extracellular enveloped virus (EEV), a form that can be
immune-evasive and with enhanced spread. We have
genetically engineered a new oncolytic poxvirus (desig-
nated vA34R) by incorporating this mutated A34R gene
into a viral backbone (vwDD) which was designed for
tumor-selective replication. This rationally designed virus
can evade neutralization from antipoxvirus antibodies
and is highly cytotoxic to cancer cells. It demonstrates
improved spread and increased replication within the
peritoneal cavity resulting in improved antitumor effects
in a peritoneal carcinomatosis (PC) model of MC38
colon cancer. Impressively, after carrier cell-mediated
delivery in the preimmunized host, vA34R displayed
high replication in tumor nodules yet low accumulation
in normal tissues thus enhancing the therapeutic index
leading to 70% long-term cures. These results demon-
strate that vA34R gains an enhanced therapeutic index
for PC via immune evasion, increased spread, and pro-
duction of more progeny virus. Thus, vVA34R may be a
potent oncolytic virus (OV) for patients with PC, even
after prior exposure to vaccinia virus (VV).
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INTRODUCTION

The use of oncolytic viruses (OVs) as targeted cancer ther-
apy has demonstrated significant promise in clinical trials.'”
Vaccinia virus (VV), most well known for its role in the eradi-
cation of smallpox, has been an attractive vector for vaccines,
oncolytic virotherapy, and gene therapy over the last 30 years.
This has been attributed to its unique properties, especially for
its native tumor tropism, efficient cell-cell spread and high
levels of transgene expression in tumor cells.** A number of

investigators have engineered multiple oncolytic VV and dem-
onstrated their efficacy and safety in preclinical studies.”" So
far, phase I and II trials of various oncolytic VV have shown
clinical responses and minimal therapy-associated toxicities in
patients.'*”* However, more improvements will be needed in
order for the oncolytic VV to be highly efficacious and safe in
patients with cancer.

Analysis of VV genomics and cancer biology provides some
valuable insights to potential strategies for further development of
oncolytic VV. Wild-type VV manages to infect cells derived from
a broad range of histologies. Multiple genes expressed by the virus
can be deleted to create tumor-selective replication, including
genes required to synthesize nucleotide resources,'* and the vac-
cinia growth factor (vgf) gene, which produces a protein homolo-
gous to epidermal growth factor secreted by VV-infected cells,
thus stimulating surrounding noninfected cells via the EGFR-Ras
pathway to divide and prime them for vaccinia replication.”” As
abundant cytoplasmic resources are already available in rapidly
dividing cancer cells, the deletion of these genes (tk and vgf), indi-
vidually and together, has demonstrated enhanced tumor selectiv-
ity and hence increased safety of the virus.”'*

Productive replication of poxviruses results in the formation of
fully functional virions called intracellular mature virions (IMV),
some of which are then transported to the exterior of the cell after
the incorporation of an extra-host cell derived membrane.” The
latter form of virion, called the cell-associated enveloped virion,
stimulates polymerization of cytoplasmic actin tails beneath them,
whereas the remaining attached to the host cell by means of A34R,
a virus-encoded type II integral membrane glycoprotein.'®” The
actin tails project the cell-associated enveloped virion into adja-
cent cells resulting in efficient cell-cell spread, eventually leading
to a death zone expanding centrifugally from the site of infec-
tion. Rarely, the cell-associated enveloped virion gets completely
detached from the host cell to form extracellular enveloped viri-
ons (EEV).!®

VV gene A34R plays important roles in the release of cell-
associated enveloped virion to become EEV and in the infectiv-
ity of EEV virions. It encodes an EEV-specific glycoprotein with
homology to C-type lectins. The A34R protein affects plaque
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Figure 1 Cytotoxicity in vitro. (a) Viral cytotoxicity (measured by MTS assay) of mouse colon cancer (MC38) cells at 48 hours at multiple MOls
showing the percentage of viable cells after both vA34R and vvDDr treatment; vA34R is more cytotoxic than vvDDr at MOls of 0.05, 0.1, 0.5, and 1;
at MOI of >1, there is no difference as almost all cells gets killed at higher MOls by 48 hours. Cytotoxicity at MOls of 0.1, 1, and 10 for (b) AB12, (c)
MCEF7, and (d) 3T3 cells at 72 hours are presented. *P < 0.05. MOI, multiplicity of infection.

formation, EEV release, EEV infectivity, and virus virulence.'®*
Interestingly, the IHD-] strain of VV naturally produces up to
40 times more EEV (nearly 30% of the progeny) than does the
related WR strain with no loss of infectivity.'® The open reading
frame of the A34R gene of the IHD-] strain differs from that of
the WR strain by six nucleotides resulting in two amino-acid
changes, only one of which (lysine-151 - glu) was found to be
responsible for enhanced EEV production.’® Some important,
yet overlooked, properties include faster entry of target cells by
the EEV form of the virus,” and higher total yields of infectious
virus.'®"

The EEV form has several unique advantages in that they are
(i) released early during the infection cycle,** enabling faster
spread; (ii) enhanced entry into target cells without induction of
cell signaling, unlike IMV;?*%* (iii) capable of long-range dissemi-
nation inside the host;>*"* (iv) resistant to complement neutral-
ization;?* and (v) resistant to VV-specific antibody neutralization
due to the stealth provided by the outer membrane.?**” Despite
these advantages, there are two major hurdles for the exploitation
of EEV in the therapeutic setting. First is that the outer membrane
of EEV is extremely fragile, being easily ruptured by low pH,
freeze-thawing or polyanions, making it almost impossible to iso-
late considerable quantities of EEV for any meaningful usage.?”*
Second, the amount of EEV produced by most strains of wild-type
VV are very low, <1% of all infectious viral progeny.?"* In a proof
of principle study, one of the authors of this study (S.H.T.) showed
that such a genetically engineered VV with insertion of the IHD-]J
variant of the A34R gene into the WR strain of VV lacking its
own A34R gene was efficient in producing EEV virions capable
of spreading from subcutaneous tumors to lung metastases."
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However, other therapeutic advantages associated with the EEV-
highly producing OV were not explored in the previous study."

Oncolytic virotherapy has been investigated as a novel
approach to the treatment of peritoneal carcinomatosis (PC).?-*
PC is a common lethal sequelae of several abdominal cancers.
PC is a terminal metastatic condition characterized by the pres-
ence of numerous tumor nodules on the peritoneal surface due
to the free spread of tumor inside the peritoneal cavity. It may be
primary, arising de novo from the peritoneal mesothelial cells, or
more commonly secondary to primary tumors arising from the
gastrointestinal tract or ovaries. Once diagnosed, the prognosis
is dismal. The benefit of systemic chemotherapy has been mini-
mal due to the poor vascularity of these nodules.*** However,
radical surgery in the form of tumor debulking to remove all
macroscopic tumors, followed by intraperitoneal chemotherapy
to target remaining microscopic remnants, has been associated
with improved survival,® thereby proving in principle that a
regional approach which focuses on reduction of tumor burden in
the peritoneal cavity can prolong survival. Unfortunately, only a
small proportion of patients with PC are candidates for such radi-
cal surgery and the resultant operative morbidity and mortality
are significant enough to warrant a search for an alternative or
complementary treatment modality.*”?*

In this study, we constructed and studied an A34R specifically
mutated oncolytic VV with tumor-selective mutations in the vgf
and tk genes. We hypothesize that a new virus with combined
properties of tumor-selective replication, and potent immune
evasion and virus spreading (A34R mutation), would function
well in tumor models such as PC. We also hypothesized that car-
rier cell-based delivery of this oncolytic agent into the peritoneal
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Figure 2 Production of EEV form and total progeny viruses. MC38 cancer cells were infected at MOls of 0.1, 1, and 10, their supernatant or super-
natant and cells were collected at 48 hours. Virus titers from the supernatants alone and from both supernatants and cells (total) of both vvDDr and
VA34R-infected MC38 cells at (a) MOI 0.1, (b) MOI 1, and (c) MOI 10 is presented. vVA34R is recovered at higher titers from both the supernatants
and cells plus supernatant (total). MOI, multiplicity of infection; PFU, plaque-forming unit.
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Figure 3 Remote spread in vitro by transwell assay. (a) Florescence
microscopy pictures showing the increased expression of DsRed from
VA34R virally infected cells at 24, 36, 48, and 72 hours after infection
from the insert wells in both the presence and absence of vaccinia immu-
noglobulin (VIG), when compared with vvDDr. (b) Flow sorting analysis
measuring the DsRED fluorescence in infected cells compared with mock
(uninfected) cells in the insert wells at 72 hours shows a threefold and
fivefold increase in the percent of DsRed (RFP*) fluorescent gated cells
with vVA34R compared with vwDDr in the absence and presence of VIG,
respectively. Due to pooling of all triplicate wells for flow sorting, no
means or median values were available.

cavity (direct intraperitoneal delivery of syngeneic cancer cells
loaded ex vivo with vA34R virus in IMV form), could allow for
the initial immune evasion for IMVs until further stealth trans-
mission is taken over by EEVs produced in vivo, thereby evading
humoral anti-VV immunity. Our results demonstrate that the
new A34R mutant VV is an immune-evasive OV with enhanced
therapeutic efficacy in the PC model derived from murine
colorectal cancer.
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RESULTS

Construction and initial characterization of the new
vA34R and vvDDr

We constructed two new viruses by transfecting two new shuttle
plasmids (for A34R locus), pA34Rm-DsRed or pA34Rwt-DsRed,
respectively into CV-1 cells and then infected the cells with
vvDD-CD at an multiplicity of infection (MOI) 0f 0.1, as described
in Materials and Methods. The new recombinant viruses, vA34R
that contains the single mutation for K151E in the A34R gene and
its revertant vvDDr that contains no mutation in the A34R gene,
were isolated by screening for DsRed (red fluorescent protein)
expression and plaque purification (Supplementary Figure S1).
The viruses were confirmed by DNA sequencing and formation of
the comet plaque phenotype by vA34R.

VvA34R virus produced more EEV and total progeny
virus, and exerted higher cytotoxicity in cancer cells
We tested the cytotoxic potential of vA34R and vvDDr against
MC38 tumor cells and other cancer or immortalized cells using
a standard cytotoxicity (MTS) assay (Figure 1a). In MC38 colon
cancer cells at 48 hours after infection, vA34R displayed much
better cytotoxicity when used at multiple MOIs between 0.05 and
1.0. However, at high viral dosage (MOI = 5 or greater), essentially
all MC38 cancer cells were dead and both viruses displayed potent
cytotoxicity (Figure 1a). This pattern was essentially reproduced
in AB12 mesothelioma cells (Figure 1b), MCF7 breast cancer
cells (Figure 1c), and immortalized NIH3T3 (Figure 1d) cells.
The only exception was AB12 cells where the different cytotox-
icity was still observed at an MOI of 10. This may be due to the
relatively poor infectivity of AB12 cancer cells by VV (data not
shown). Although NIH3T3 are not cancer cells, they are readily
killed by VV as they are immortalized and dividing.

We next analyzed the production of EEV and total progeny
viruses in MC38 cancer cells (Figure 2). 1.0 x 10> MC38 cells were
seeded in six-well plates and the next day infected with either virus
at MOIs of 0.1, 1.0, and 10. At 48 hours after infection, superna-
tant (for EEV virus) or supernatant plus all cells (for total progeny
virus) were harvested, and infectious viruses were quantified by
plaque assays in CV-1 cells (Figure 2). At different viral dosages
(MOIs of 0.1, 1, and 10), the yields of total virus (both IMV and
EEV) from vA34R were always higher than vwvDDr (two to over
tenfold), whereas the yields of EEV form produced from vA34R
were 5- to 20-fold more than that from vvDDr. Our results are in
agreement with early studies on A34R gene in VV.'*! Therefore,

www.moleculartherapy.org vol. 21 no. 5 may 2013



© The American Society of Gene & Cell Therapy A Novel Immune Evading Oncolytic Poxvirus

a
1 -
o —e— Control
. vvDDr
5 80 -
Q = =&~ VA34R
S =
2 60
3
2]
S
8 404
fi}
a "
z 20 = -
(5]
<
>
0= T T 1
0 100 200 300
Days
c d
100 "
. 804 4
a
a ©
2 z
2 604 4 ]
3
2]
§ 04 4 —&- Control
o @~ WDDr
o 20 4 L —de= VA34R
S
E 1
0 —T T T T 1
0 50 100 150 200 250
Days

Figure 4 Remote spread in vivo. (a) In vivo bioluminescence imaging for the formation of MC38-luc tumor by uninfected cells when the same
were infected with either vA34r or vwvDDr at an MOI of 0.001 ex vivo. Tumor burden visualized by luciferase activity in naive B6 mice, 7 days after i.p.
injection of 1.0 x 10® MC38-luc cells infected ex vivo with either virus at an MOI of 0.001 or mock infected (control). (b) Kaplan—Meier analysis of
these mice revealed that vA34R cohort developed PC slower and less often, thus resulting in prolonged survival compared with the vvDDr cohort, all
of which developed PC (median survival, 54 versus 25 days, P = 0.002) and mock-infected mice (median survival, 54 versus 19 days, P = 0.00184).
There was no statistical difference between the vvDDr and control cohorts. () In vivo bioluminescence imaging in preimmunized mice in both vvDDr
and vA34R groups where the viruses are infected ex vivo in MC38-luc cells at an MOI of 0.01. (d) Kaplan—Meier analysis of these VV-immunized mice
after i.p. injection of 1.0 x 10¢ MC38-luc cells infected ex vivo with vwDDr or vA34R at an MOI of 0.01 or mock infected (control). Median survival of
vvDDr group and vA34R group (>232 days) were longer than the mock-infected group (25 days) in a statistically significant fashion (log rank test, P

=0.003). MOI, multiplicity of infection.

VA34R virus, with the point mutation in the A34R gene, enhanced
the production of both the EEV form and total progeny virions.

Ability for remote spread in vitro

To test whether vA34R virions are shed into the supernatant and
mediate effective spread to remote tumor sites, we decided to
simulate the PC model in vitro by using a transwell setup. Both
the bottom and insert wells were seeded with MC38 cancer cells
mimicking two distant tumor nodules in PC. The bottom wells
were infected with either vvDDr or vA34R at an MOI of 1.0,
and the top uninfected insert wells were observed for red fluo-
rescent protein (DsRed) expression at 24, 36, 48, and 72 hours.
The DsRed expression in the originally uninfected insert wells
demonstrates the ability of EEV forms of virus released in the
supernatant from the bottom infected wells to spread to distant
sites. Fluorescence microscopic pictures taken at several time
points indicated an increased expression of DsRed positive cells
in the insert well for vA34R when compared with vvDDr, both
in the presence and absence of human antivaccinia immuno-
globulin (VIG) (Figure 3a). When VIG was used in an effort to
mimic host antiviral immunity, the infectivity of remote MC38
cells was reduced for both viruses, yet a similar pattern of vA34R
displaying higher remote spreading was observed. At 72 hours,
all cancer cells in the insert wells were harvested and pooled
samples of the triplicates in each category were flow sorted to
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quantify the number of DsRED-expressing virally infected cells
when compared with uninfected cells. In the presence of VIG,
the amount of viral DSRED expression was decreased overall
as expected; however, vA34R was more effective than vvDDr
in infecting the remote cells by eightfold (Figure 3b). Overall,
vA34R in the presence of VIG was as effective as vvDDr in the
absence of VIG for remote infection.

Viral infectivity

We further examined the infectivity of the two viruses in vitro
before performing in vivo experiments. We have examined the
infectivity of MC38 cancer cells and CV-1 cells at MOIs ranging
from 0.01 to 25 (Supplementary Figures S2 and S3). First, we
examined the production of infectious virus in MC38 cells at 12
hours after infection. In MC38 cancer cells infected at MOIs of 1,
5, and 10, vA34R always produced more infectious progeny virus
than vvDDr (Supplementary Figure S2a). At MOI of 1.0, the
yield of vA34R was 1.5E6 plaque-forming unit (pfu) (per 5.0E5
cells) verses vvDDr at 2.0E5 pfu. The difference was significant
at this and higher MOIs. Then we examined the infectivity by
analyzing the percentage of infected cells infected at 12 hours.
Cells at 12 hours after infection were flow sorted into MC38 cells
in 96-well plates and incubated for an additional 48 hours and
analyzed for DSRED expression and CPE as indicators of origi-
nal cells being infected. At an MOI of 0.01, only less than 1% of

1027



A Novel Immune Evading Oncolytic Poxvirus

a vvDDr VvA34R
8
1.0x10° 4 E3 woDr
B3 vazaRr
1.0 x 10° -
j=2}
£
2 10x 10* 4
o
1.0 x 10% 4
1.0 x 10° 4
S S @ & N
~ o® > v o &
1.0 x 10° -
E3 wDDr
1.0x10°4 * 3 vA34R
[}
£
2 10x10'
o
1.0 x 10° 4
1.0x 10°
& N & O S &
< of N S o <

Figure 5 Biodistribution in naive and preimmunized mice. (a)
Biodistribution of both vA34R and vwDDr (1.0 x 10® pfu/ml, i.p.) in
MC38 tumor bearing naive mice was performed at day 4. Viral recovery
was significantly higher in the vA34R-treated groups in both the tumor
tissue (median pfu/ mg protein, 2.71 x 10° versus 1.64 x 10°, P < 0.05)
and spleen (median pfu/mg, 1.44 x 10° versus 6.3 x 102, P < 0.02)
compared with vwDDr. (b) In preimmune mice, viruses were delivered
in carrier cells (CC) for EEV production and release and biodistribution
was analyzed on day 4. MC38 cancer cells infected at an MOI of 0.1
were used as carrier cells. A significant difference in the amount of viral
recovery in tumor tissues was demonstrated (median pfu/mg, 6.66 x
10° for vA34R versus 2.13 x 103 for vwDDr, P = 0.03). *P < 0.05. MOI,
multiplicity of infection; pfu, plaque-forming unit.

MC38 cancer cells were infected by either virus. The percentage
of infected cells increased with higher MOIs. At an MOI of 1.0,
the infectivity of vA34R increased to ~32% and vvDDr at ~14%
in MC38 cells (Supplementary Figure S2b). Due to the intrinsic
error of flow sorting, these results may underestimate the actual
infectivity rate. These results together suggested that vA34R was
able to infect more cells when examined at 12 hours after infec-
tion. It would not be expected for the IMV form of vA34R to
infect better than the IMV form of vvDDr, and it is presumed that
the majority of purified vaccinia to be in the IMV form (the EEV
envelope is fragile and does not withstand the purification pro-
cess). These results suggest that there may be more EEV in the
preparation or more efficient infection and spread of vA34R virus,
even at 12 hours after infection.

Ability for remote spreading in vivo

We then tested the ability for remote spread of the viruses in vivo,
in tumors inside the peritoneal cavity. We injected a suspension
of luciferase-tagged MC38 (MC38-luc) cells, which were either
mock infected or infected with vvDDr or vA34R at a very low
MOI (0.001) into naive C57BL/6 (B6) mice i.p. At such alow MOI,
less than 1% of cells were infected (Supplementary Figure S2).
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Figure 6 The efficacy and survival with naked virus treatment in
naive mice. (a) Naive intraperitoneal MC38-luc tumor bearing mice
were treated on day 7 with either vvDDr or vA34R i.p. and their survival
was followed over time. Bioluminescent images taken on day 16 show
a greater reduction in tumor burden in the vA34R-treated groups. (b)
Kaplan-Meier survival analysis shows vA34R-treated mice displayed sig-
nificantly prolonged survival compared with mock-treated control mice
(median survival, 48 versus 25 days, P < 0.001) and vvDDr-treated mice
(median survival, 48 versus 32 days, P < 0.005).

In vivo bioluminescence imaging for luciferase activity on day 7
after injection showed diffuse peritoneal tumor cells in all mice
injected with tumor cells that were infected with vvDDr or mock
infected. In contrast, there was no visualized tumor-associated
luciferase activity seen in the vA34R cohort (Figure 4a), reflect-
ing the ability of this virus to spread to noninfected cancer cells in
vivo and eliminate them. On long-term follow-up for survival, all
mice in the mock-infected and vvDDr-infected groups developed
PC, with no statistical difference in survival. However, mice with
vA34R-infected cancer cells survived longer and one out of four
survived to the end of the experiment (~270 days) (Figure 4b).

We then increased the viral dose to infect the cancer cells at
an MOI of 0.01 (tenfold higher) and repeated the experiment
(Figure 4c,d). We observed the tumor formation to be diminished
further (Figure 4c), and thus the animal survival was longer for
both groups treated with vA34R and vvDDr. In fact, mice incu-
bated with MC38 cells infected with vA34R all survived to the end
of the experiment (232 days). Median survival of the vvDDr group
and the vA34R group (>232 days) were longer than the mock-
infected group (25 days) in a statistically significant fashion (log
rank test, P = 0.003).

In summary, these data suggest that both viruses can replicate
and spread between tumor nodules in vivo to exert their antitumor

www.moleculartherapy.org vol. 21 no. 5 may 2013
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Figure 7 The efficacy and survival of vA34R treatment in preimmunized mice with MC38 PC. (a) Preimmunized mice bearing MC38-luc PC
were treated with a single intraperitoneal injection of 1 x 107 pfu of either vwDDr or vA34R by cell-based delivery 7 days after tumor inoculation.
Bioluminescent images taken on day 16 show a greater reduction in tumor burden in the vA34R-treated groups. (n = 9 for control and vvDDr groups;
n =10 for vA34R group). (b) Survival analysis shows the vA34R cohort survived longer than the vwDDr cohort (median survival, >125 versus 49.5
days, P=0.017) and control cohort (median survival, >125 versus 23.5 days, P < 0.001). *P < 0.05. (c) Survival analysis of preimmunized mice with
MC38 PC treated with PBS or irradiated MC38 carrier cells. P = 0.41 between the two groups. CC, carrier cells; PBS, phosphate-buffered saline; pfu,

plaque-forming unit.

effects, with the vA34R virus displaying higher efficacy due to
production of more EEV as well as more total progeny virus.

Biodistribution of the viruses in naive and immunized
mice bearing MC38 PC

We studied the treatment effect and biodistribution of vA34R and
vvDDr in naive B6 mice bearing MC38 PC. In vivo imaging of
PC on day 5 after viral treatment indicated a decrease in lucifer-
ase activity (implying less tumor burden) after vA34R treatment
compared with vvDDr treatment (data not shown). Macroscopic
tumor burden was nearly threefold lower after vA34R treatment
compared with vvDDr treatment (mean weight in mg, 431 + 10.8
versus 1,199 + 103, P = 0.009). Tumor nodules and a panel of nor-
mal tissues (ovary, liver, lung, spleen, and brain) were then ana-
lyzed for viral titers (Figure 5a). In PC nodules (tumor), vA34R
resulted in higher viral recovery compared with vvDDr (median
pfu/mg protein, 2.71 x 10° versus 1.64 x 10°, P < 0.05). However,
vA34R was also recovered at higher levels in the normal tissues,
although the differences were not statistically significant (with the
exception of the spleen, P < 0.05).

We then tested vA34R in the VV preimmunized B6 mice
bearing MC38 PC. Immunization was performed with vA34R 30
days before tumor cell inoculation, which is associated with high
levels of circulating antibodies.”> We initially used naked IMV
forms of both viruses in preimmune PC-bearing mice and were
able to recover little, if any, viruses from tumor tissues (data not
shown). This is not surprising because our previous study dem-
onstrated that delivery of vwDD to preimmunized mice yielded

Molecular Therapy vol. 21 no. 5 may 2013

little recovery of virus from tumor unless immunosuppressive
drugs were also applied.” In that study, even the use of carrier cells
yielded minimal viral recovery unless immunosuppressive drugs
were applied. Here, we used cancer cells as carriers for delivering
VvA34R to assist in circumventing host antiviral immunity against
the IMV form of the virus with the design that the EEV form of
progeny virus will spread in and between tumor nodules without
the need for immunosuppressive drugs. Preimmune mice with PC
were treated with an i.p. injection of equivalent doses of carrier
cells (MC38 cancer cells) loaded with either vvDDr or vA34R (at
an MOI of 1.0). We have previously demonstrated that no cancer
cells survive at this MOL* On day 5 after injection, mice were
killed and all macroscopic tumors were harvested and analyzed
for viral titers (Figure 5b). Median tissue viral recovery in the
tumors was nearly 300 times higher with vA34R than with vvDDr
(pfu/mg protein, 6.66 x 10° versus 2.13 x 10° pfu/mg, P = 0.03).
However, for both vA34R and vvDDr, small and similar quanti-
ties of viruses were recovered from normal tissues. In comparison
with the naive mice, the amounts of viruses recovered from nor-
mal tissues had reduced dramatically (two to four logs of mag-
nitude) (Figure 5), whereas recovery of A34R from tumor was
nearly equivalent to the naive mice.

Enhanced efficacy and host survival after vA34R
treatment in naive and preimmunized mice bearing
MC38 PC

Naive B6 mice bearing 7-day-old PC were treated with naked
viruses at 2.0 x 10° pfu per mouse and were imaged on day 16 for
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bioluminescence activity from MC38-luc tumor. vA34R-treated
cohorts displayed a lesser bioluminescence corresponding to bet-
ter tumor response than vvDDr and control cohorts (Figure 6a).
Long-term survival of animals was closely monitored. The ani-
mals might die of progression of the disease or any animal in
which abdominal girth exceeded 1.5x the original measurement
was euthanized and recorded as a death. Survival analysis showed
that vA34R-treated mice displayed significantly prolonged sur-
vival compared with mock-treated control mice (median survival,
48 versus 25 days, P < 0.001) and vvDDr-treated mice (median
survival, 48 versus 32 days, P < 0.005) (Figure 6b).

In preimmunized mice, we used carrier cell delivery of viruses
for efficacy and survival studies as naked virus delivery was not
able to achieve efficacy shown in our previous study.” We have
used 1.0 x 10” MC38 carrier cells infected at MOI of 1.0 for 12
hours. The carrier cells were injected i.p. into mice at day 7 after
inoculation of i.p of MC38-luc cancer cells. Bioluminesence imag-
ingat day 16 showed a better tumor response after cell-based deliv-
ery of vA34R than with cell-based delivery of vvDDr (Figure 7a).
Survival of these animals was monitored and recorded. Survival
analysis indicated that cell-based delivery of vA34R resulted in
a significant improvement in survival compared with cell-based
delivery of vwDDr (median survival, >125 versus 49.5 days, P
= 0.017) or mock treatment (median survival, >125 versus 23.5
days, P < 0.001) (Figure 7b). In a separate experiment, we have
examined the effect of irradiated MC38 carrier cells (Figure 7c).
There was no effect of irradiated carrier cells on survival of MC38
PC-bearing animals in comparison with those treated with phos-
phate-buffered saline. These experiments suggested that cell-
based delivery of vA34R could successfully overcome pre-existing
antipoxvirus immunity, reaching high titers in target tumor tis-
sues, and prolonging survival. Seven out of 10 mice treated with
vA34R showed no residual viable tumor upon necropsy at time of
sacrifice (125 days after tumor cell inoculation) suggesting com-
plete remission in those mice.

Although the tumor response in preimmunized mice with
cell-based delivery of vA34R was far better than “naked” vA34R
in naive mice, different doses of virus were used and there are
effects of pre-existing antipoxviral immunity. Thus, these two
experiments should not be compared with each other (Figures 6b
and 7b).

DISCUSSION

In this study, we have demonstrated that a single pointed mutation
in A34R in VV (vA34R) produces not only more EEV, but also
more total infectious progeny virus, resulting in higher cytotoxic-
ity to tumor cells. The enhanced spread to remote sites has been
demonstrated in vitro with or without the neutralizing antibodies,
and in vivo in MC38 tumor models resulting from MC38 cancer
cells infected ex vivo at very low MOIs in both naive and prevac-
cinated mice. We have shown that i.p. delivery of vA34R resulted
in higher viral titers compared with vvDDr from tumor nodules
in both naive and preimmunized hosts. In the MC38 PC model
in naive mice, more infectious virus was recovered from vA34R
than vvDDr in the tumor. This may explain the better therapeu-
tic effect of vVA34R. As a side effect, more vA34R virus was also
recovered from some normal tissues (such as spleen). This is not
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too surprising because vA34R virus replicated and spread more
efficiently in tumor cells than the control vvDDr, thus constantly
barraging normal tissues with live virus. Despite this effect, the
animals did not experience any notable pathogenicity or lethality
from the virus.

More interesting results were obtained from the PC model
in the preimmunized mice. In that model, we observed the same
high recovery of vA34R in the tumor nodules as in those of naive
mice, but much lower amounts of virus from normal tissues. As
for vvDDr, the yield of the progeny virus in the tumor nodules was
two logs lower than vA34R, albeit also lower yields of the virus in
normal tissues. Thus, the higher amount of viral delivery via car-
rier cells and higher viral replication of vA34R virus in the tumor
in preimmunized mice has translated into an enhanced therapeu-
tic effect.

Although viral delivery via a cell carrier is undoubtedly a more
efficient way to deliver virus, we observed better long term sur-
vival in preimmunized mice than naive mice. Many explanations
for this observation exist. The carrier cell-mediated delivery of the
OVs in preimmunized mice may be a more efficient and targeted
approach to treat PC. Also, it may be that carrier cells serve as a
virus factory and thus effectively increasing the virus dose deliv-
ered. In this context, vA34R replicates better than vvDDr and
thus a higher dose of virus is delivered via cell carriers. The most
obvious explanation could be that pre-existing immunity against
the virus and tumor-antigen presentation by the carrier cells may
boost stronger antitumor immune responses. Our previous work,
however, suggested that our best antitumor effect in preimmune
mice was with carrier cell delivery and immunosuppression, sug-
gesting that virus survival and replication is more important than
the immune response.

vA34R is an ideal oncolytic agent for PC

OVs have been explored previously for the treatment of PC in
animal models.”=** However, the utility of OVs, especially VV,
has been associated with several problems in the context of PC
treatment. First, access to these peritoneum-based nodules is
restricted after systemic delivery of OVs due to the relative avas-
cularity of the nodules and the existence of a peritoneal-plasma
barrier.*” Second, the nodules are often too numerous, too small
and in surgically inaccessible areas, making intratumoral injection
of each of these nodules impossible. As VV typically spreads from
cell to cell in a contiguous fashion, it is unlikely that diffuse spread
will occur throughout the peritoneal cavity.”® Lastly, immunity to
this highly immunogenic virus has thwarted any sustained onco-
lysis resulting in tumor cell division outpacing viral replication.”
In essence, there is an urgent need for a more efficient, rapidly
replicating, yet tumor-selective virus that is capable of spreading
from one nodule to another autonomously while evading the host
antiviral immunity and ultimately leading to a reduction in tumor
burden or complete tumor regression.

The new virus vA34R can function as such a virus for the treat-
ment of PC. This EEV-enhanced virus enables free spread of viri-
ons inside the abdominal cavity. We circumvented the potential for
increased toxicity due to enhanced spread by engineering the virus
on the backbone of vvDD for tumor-selective viral replication. As
EEVs cannot be easily isolated or purified, the administration of
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vA34R was in its IMV form, with the hope that EEVs would be pro-
duced in the targeted cancer cells in vivo. However, the host immune
response directed against the immunogenic virus could prevent
infection of the cancer cells by the virus, let alone the production
of progeny virus (EEV and IMV forms) in the tumor tissue.”® Thus,
the use of carrier cells to circumvent the immune barrier has been
attempted with several OVs albeit with limited success.>*** In the
case of oncolytic VV, one reason for limited success may be that the
cell carriers do not release virus efficiently in the absence of an EEV
enhancing mutation. Any benefit from the initial stealth effect pro-
vided by cell-based delivery is annulled by the immune response tar-
geted at poxvirus virions when they exit the carrier cells to infect the
target tumor cells.”® It is only by delivering an EEV-enhanced poxvi-
rus in carrier cells that efficacious virotherapy has been achieved.

Apart from aiding in stealth delivery, carrier cells possess addi-
tional theoretical benefits, such as tumor homing and amplification
of the OV.4*! We chose cancer cells as carrier cells for multiple rea-
sons (i) vA34R was designed to be tumor specific; and (ii) the fate
of tumor cells released into the peritoneal cavity is not random.*
Cancer cells often track to certain areas (omenta, hepatoduodenal
ligament, right subdiaphragm, paracolic gutters, pouch of Douglas
and relatively immobile intestinal loops) more commonly than oth-
ers resulting in definite patterns of carcinomatosis.”” Cells tend to
clog the channels of peritoneal fluid drainage (a function of cell
size), resulting in nodules and ascites.”? Use of the same cancer cells
would theoretically follow the same flow and homing pattern to
deliver the virus at the high-yield locations.*** Syngeneic cancer
cells belonging to the same cell line responsible for initial PC were
used to simulate the clinical possibility of using the patients’ own
peritoneal cancer cells (obtained via biopsy) for cell-based delivery.
The virally infected cancer cells as carrier cells has been shown to
be safe in our previous study with no escape of live cancer cells that
could lead to an increase in tumor burden.”® Further precautions
such as the introduction of suicide genes into the virus or irradia-
tion of carrier cells may be used in the clinical setting to ensure
additional safety.

Oncolytic effect versus immune effect

Although the current study was not designed to elucidate the anti-
tumor immunologic effect of this therapy, it is impossible to ignore
this aspect of viral therapy, especially when utilizing a known, strong
immunogen like VV. Also, as discussed above, the preimmune mice
had an excellent response to therapy with vA34R suggesting an
immune boost after prevaccination. Our previous work has dem-
onstrated an improved antitumor response in nude mice compared
with immune competent mice, suggesting that early clearance of
the replicating virus in the immune competent host was detrimen-
tal to the antitumor response.**? Thus, we believe that the oncolytic
effect for V'V is more potent than its immune adjuvant effect in our
animal models. Nevertheless, the concept of using OVs as adjuvants
for enhanced tumor immunogenicity has been known and well
studied over the last few decades.* It was concluded that the immu-
nogenicity of certain host cell components was greatly increased
by incorporation of antigens into the makeup of the OV. Recently,
Fang and collaborators have demonstrated that pre-existing adap-
tive immunity against an oncolytic adenovirus or poxvirus and/or
a model tumor antigen could be redirected to tumor when injected
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with an OV with or without expression of a tumor antigen.* Bridle
et al. have also shown the benefits of a combined strategy wherein
the immune response against an OV leads to enhanced therapeutic
outcomes.* In that strategy, their combination approach shifted the
immune response from viral antigens to tumor antigens and fur-
ther reduced the replication of virus in normal tissues, leading to
enhancements in both efficacy and safety. Now, many investigators
have considered the OV as a form of immunotherapy.*” The potency
of this approach can be further enhanced in combination with
other immunological regimens such as an agonist antibody specific
for the costimulatory molecule 4-1BB.* We have previously exam-
ined an OV expressing chemokines with the goal of enhancing the
trafficking of tumor directed T cells into the tumor microenviron-
ment.* As we have demonstrated efficient uptake and spread of the
A34R virus into tumor nodules in the peritoneum, we can consider
incorporating and delivering genes for tumor antigens, cytokines,
and/or chemokines to further enhance the therapeutic effect.

In summary, we have rationally designed a new immune-eva-
sive and tumor-selective replicating oncolytic poxvirus that pro-
duces more total infectious virions, and spreads across distances
more efficiently in the peritoneal cavity. It worked effectively not
only in a PC model in naive mice, but also in the preimmunized
host where the pre-existing antiviral immunity may boost antitu-
mor immunity and also clear the virus from normal tissues more
effectively. Thus, this new virus may be an effective oncolytic agent
for various types of patients with peritoneal cancer who may or
may not have previous exposure to smallpox vaccine.

MATERIALS AND METHODS

Cell lines. Mouse colon cancer MC38 cells and African green monkey kid-
ney CV-1 cells have been used frequently in this laboratory. Firefly luciferase
gene-tagged to MC38 (MC38-luc) cells, made by transduction with a firefly
luciferase gene-coding lentivirus, were applied for IVIS bioluminescence
imaging as described previously.”» AB12 is a murine mesothelioma cell line
(a kind gift of Steven M Albelda at the University of Pennsylvania). MCF7
is a human breast cancer cell line. All cell lines were grown in Dulbeccos
modified Eagle’s medium supplemented with 10% fetal bovine serum,
L-glutamine, penicillin/streptomycin (Invitrogen, Carlsbad, CA).

Recombinant VV. Recombinant viruses used in this study were all the WR
strain derivatives. vvDD-CD, a double viral gene-deleted (tk- and vgf-) VV
armed with yeast cytosine deaminase gene,”” was used as the parental virus
for homologous recombination. The shuttle plasmids (pA34Rm-DsRed,
pA34Rwt-DsRed) were created that allowed for homologous recombina-
tion into the A34R locus of vwwDD-CD, creating the new vA34R and vvDDr,
respectively. Briefly, PCR fragments of A34R gene with or without K (151)>E
point mutation were used as the left flank and A35R gene including its pro-
moter was used as the right flank of the shuttle plasmid for homologous
recombination. The DsRed gene driven by pSE/L promoter was cloned
between the two flanks for use as a selection marker for the new vvDDr and
vA34R. To make the new viruses, CV-1 cells were infected with vvDD-CD
and then transfected with pA34Rm-DsRed for vA34R, pA34Rwt-DsRed for
vvDDr. Selection of the new recombinant viruses was based on expression of
DsRED fluorescence in resulting plaques. After three rounds of plaque puri-
fication in 96-well plates, viral DNA from individual plaques was extracted
and sequenced to confirm the presence of the correct point mutation.

MTS cytotoxicity assay in vitro. For viral cytotoxicity assay, cancer cells
were plated at 1.0 x 10* cells per well in 96-well plates for growth over-
night, and then subsequently infected with viruses at MOIs of 0.01, 0.05,
0.1, 0.5, 1.0, and 5.0. Cell viability was determined at 48 and 72 hours
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after infection, by CellTiter 96 Aqueous Nonradioactive Cell Proliferation
Assay, sometimes called MTS assay (Promega, Madison, MI).

Viral replication assays in vitro. Viral replication assays were performed
as previously described.'? Briefly, 1.0 x 10° MC38-luc cells, in six-well
plates were infected with vA34R and vvDDr at MOIs of 0.1, 1.0, or 10 in
Iml of 2% fetal bovine serum-containing-Dulbeccos modified Eagle’s
medium for 2 hours at 37°C. Following infection, cells were cultured in
Dulbeccos modified Eagle’s medium-10% fetal bovine serum until har-
vesting at 12, 24, 48, and 72 hours after viral infection. The cell pellet was
homogenized using a FastPrep Cell Disrupter (Model FP120; Qbiogene,
Carlsbad, CA) to release virions, and the resulting cell lysates were titered
on CV-1 cells to determine viral load.

Transwell assays and fluorescence-activated cell sorting. Transwell
Permeable Supports with 3um polycarbonate transmembrane pores six-
well transwells (Corning, Corning, NY) were used. 1.0 x 10° MC38 cells/well
were plated in receiver (bottom) plates and 1.0 x 10* MC38 cells were plated
in each insert well. vA34R and vvDDr at MOI of 1.0 was used to infect the
cells in bottom wells, and the expression of DsRed florescence in transwell
inserts was monitored over time. At 2 hours after infection, anti-VIG from
Centers for Disease Control and Prevention at dilution of 1:1,000 was added
to the growth medium. Procedures for cultivation and harvest of cells were
performed according to the manufacturer’s instructions. Flow cytometry
for red fluorescent protein (DsRed)-positive cells were performed with cells
from the insert wells at 72 hours after infection.

Infected cancer cells as carrier cells and evaluation of infectivity. MC38
cancer cells were infected in vitro with either vA34R or vvDDr at an MOI
of 1.0. At 12 hours after infection, cells were harvested, washed in cold
1x phosphate-buffered saline three times, counted and injected i.p. into
MC38-luc PC-bearing mice. As a control, MC38 cells were irradiated (20
Gy), washed and injected into mice. The irradiated MC38 cells do not pro-
liferate but survived up to 2-3 days in cell culture.

To evaluate the infectivity of the viruses for MC38 cancer cells, cells
infected with virus at various MOIs were harvested at 3, 6, or 12 hours
after infection. These cells were randomly sorted by flow sorting one cell
per well onto CV-1 cells in 96-well plates. The expression of red fluorescent
protein (DsRed) at 48 hours in CV-1 cells serves as good indicator of the
original targeted cells being infected.

Mice. Female C57BL/6 mice were obtained from Taconic Farms
(Germantown, NY). All animal studies conducted at the two institutions
were approved by the Institutional Animal Care and Use Committees.

VV immunization, PC model establishment, and living animal imaging.
VV immunization was performed by injecting vA34R at 4.0 x 10¢ pfu per
mouse i.p., which generate high levels of adaptive immunity as we have
shown previously.*> One month after viral immunization, mice were used
for tumor cell inoculation and additional experiments. The PC tumor
model was established by injection of 5.0 x 10° or 1.0 x 10° MC38-luc cells
i.p. Tumor establishment was monitored by live animal IVIS imaging. All
viral injections were given i.p. on days 5 or 7 after tumor inoculation.

The in vivo optical imaging in living animals was performed using a
Xenogen IVIS 200 Optical In Vivo Imaging System (Caliper Life Sciences,
Hopkinton, MA), with technical assistance from the Small Animal
Imaging Core Facility of the University of Pittsburgh Cancer Institute.

Long-term survival of mice. The health and survival of treated mice was
closely monitored. All mice subjected to peritoneal tumors were moni-
tored via caliper measurements for changes in abdominal girth. There are
two criteria for death of animals: natural death due to the disease or any
animal in which abdominal girth exceeded 1.5x the original measurement
was euthanized and recorded as a death.

Statistical analysis. Raw data were recorded electronically and statisti-
cal analyses were performed with Microsoft Excel or the SPSS Software
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version 18 (IBM, New York, NY). Central tendencies were expressed either
as means + SD with Student’s t-test or medians with Kruskal-Wallis as
appropriate. An o value (P) of 0.05 was considered as statistically signifi-
cant, and all P values were two sided.

SUPPLEMENTARY MATERIAL

Figure S1. Schematic presentation of vA34R, vvDDr, and parental
virus vwDD.

Figure S2. Infectivity, yield of the viruses and cytotoxicity in MC38
cancer cells and CV-1 cells.

Figure $3. The infectivity of vwDDr and vA34R in CV-1 cells (a) and
MC38 cancer cells (b) at higher MOls.
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