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Eradicates Experimental Pancreatic Tumors
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Abstract

As many other cancers, pancreatic ductal adenocarcinoma (PDAC) progression is associated with a series of
hallmark changes for cancer cells to secure their own growth success. Yet, these very changes render cancer
cells highly sensitive to viral infection. A promising strategy may rely on and exploit viral replication for tumor
destruction, whereby infection of tumor cells by a replication-conditional virus may lead to cell destruction and
simultaneous release of progeny particles that can spread and infect adjacent tumor cells, while sparing healthy
tissues. In the present study, we used Myb34.5, a second-generation replication-conditional herpes simplex
virus type 1 (HSV-1) mutant in which /CP6 gene expression is defective and expression of the HSV-1 y;34.5
gene is regulated by the cellular B-myb promoter. We found that B-myb is present in experimental PDAC and
tumors, and is overexpressed in patients’ tumors, as compared with normal adjacent pancreas. Myb34.5 rep-
licates to high level in human PDAC cell lines and is associated with cell death by apoptosis. In experimental
models of PDAC, mice receiving intratumoral Myb34.5 injections appeared healthy and tumor progression was
inhibited, with evidence of tumor necrosis, hemorrhage, viral replication, and cancer cell death by apoptosis.
Combining standard-of-care chemotherapy with Myb34.5 successfully led to a very impressive antitumoral
effect that is rarely achieved in this experimental model, and resulted in a greater reduction in tumor growth
than chemotherapy alone. These promising results warrant further evaluation in early phase clinical trial for
patients diagnosed with PDAC for whom no effective treatment is available.

Introduction

PANCREATIC DUCTAL ADENOCARCINOMA (PDAC) is highly
resistant to standard treatments and still the fourth leading
cause of cancer-related death in Western countries.' Its inci-
dence has increased over the last 50 years. Since 1997,
Gemcitabine was the only approved first-line treatment for
patients with unresectable locally advanced or metastatic
pancreatic cancer.” However, the 5-year survival rate is only
2%, with 1-year survival rates ranging from 17% to 23%.*
Recently, phase II and III trials exploring gemcitabine-based
combinations with erlotinib,3 Folﬁrinox,4 or nab-Paclitaxel®
were found to improve overall survival of patients with ad-
vanced tumors. However, standard of care for management of
patients diagnosed with locally advanced tumor is still awai-
ted. An interesting therapeutic approach may rely on viral

replication for tumor destruction, by which infection of single-
tumor cells may induce cell destruction and release of progeny
virions that can further spread to the entire tumor cells popu-
lation.® Indeed, PDAC carcinogenesis is associated with a
series of hallmark changes for cancer cells to secure their own
growth success.”® Yet, these very changes (among them lack
of interferon response, elevated metabolic activity, and dis-
engagement of cell cycle control) render cancer cells highly
sensitive to viral infection.

Several viruses have been explored for their ability to
replicate and to inhibit PDAC growth in experimental
models.”"! Genetically engineered conditionally replicating
herpes simplex virus type 1 (HSV-1) is promising for PDAC
therapy because (1) they infect various tumor cell types, (2)
they do not integrate into the genome of infected cells, (3)
they have been shown to be safe in clinical trials, (4) there
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are several available anti-HSV-1-specific drugs, such as
acyclovir to control unwanted infection, and (5) total cell
killing can be achieved rapidly with a relatively low mul-
tiplicity of infection (MOI)."!

The most widely used strategy to restrict HSV-1 repli-
cation to cancer cells is to delete genes that are important for
viral replication and to evade innate immune responses,
including the IFN-related protein kinase (PKR) antiviral
response.® ICP6 encodes the large subunit of viral ribonu-
cleotide reductase (RR), an enzyme involved in de novo
synthesis of deoxynucleotides.'” In the absence of viral RR,
virus replication depends on host cell RR activity, which has
been reported to be higher in cancer cells.'®> Consequently,
HSV-1 mutants with deletions in the /CP6 gene preferen-
tially replicate in actively dividing cells such as malignant
cells. Viral double-stranded RNAs activate various cellular
antiviral responses, including PKR, which phosphorylates
and inactivates the protein initiation factor eIF-2¢, thus in-
hibiting protein synthesis and host cell growth. Among other
functions that evolved to overcome the innate cellular re-
sponses against infection, viral y,34.5 interacts with cellular
protein phosphatase-1a, resulting in dephosphorylation of
elF-20,, thus inhibiting the action of PKR.®!! This allows the
re-initiation of protein translation and robust viral replica-
tion. Deleting y,34.5 may restrict viral cytopathic effect and
replication to malignant cells in which eIF-2o phosphory-
lation is deregulated because of the activation of the K-Ras
pathway.'*

However, first-generation mutant HSV-1 viruses with
ICP6, y;34.5, or both deletions have demonstrated modest
antitumoral activity in PDAC when injected into tumors.
Indeed, while ICP6 deletion can be efficiently com-
plemented by cellular RR, defective y,34.5 mutants display
significantly attenuated replication and lysis of cancer cells,
when used in vivo.'> Accordingly, we used in this study a
second-generation replication-conditional HSV-1 mutant
(Myb34.5) in which ICP6 expression is defective and 7,34.5
expression is driven by the cellular promoter B-myb.'® We
demonstrate that Myb34.5 successfully infects and repli-
cates into PDAC-derived cells, both in vitro and in vivo, to
inhibit cell proliferation and tumor growth. In addition,
Myb34.5 treatment translates to improved therapeutic effi-
cacy of chemotherapy. This preclinical study stems for the
use of Myb34.5 oncolytic virus in patients with locally ad-
vanced PDAC for whom standard of care is still awaited.

Materials and Methods
Cells and viruses

Human PDAC-derived Capan-2 cells and BxPC-3 were
grown in RPMI medium supplemented with 10% fetal calf
serum, L-glutamine, antibiotic and antimycotic cocktail
(Invitrogen), and Plasmocin (InvivoGen). MIA PACA-2
cells were grown in DMEM containing 4.5 g/liter glucose
(Invitrogen), 10% fetal calf serum, L-glutamine, antibiotics,
Fungizone, and Plasmocin (InvivoGen). Cell lines were
grown in a humidified incubator at 37°C in 5% CO,. HSV-1
F strain (wild-type HSV-1) was provided by Dr. A. Epstein.
Recombinant HSV-1 virus Myb34.5 (defective for ICP6
expression; y;34.5 expression regulated by the B-myb pro-
moter) and MGHI1 (defective for both ICP6 and y,34.5 ex-
pression), both derived from F strain, were kindly provided
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by E.A. Chiocca (chairman, Department of Neurosurgery,
Brigham and Women’s Hospital, Harvard Medical School,
Boston, MA).

Viral replication and cytotoxicity assays

Virus were grown and tittered using Vero cells as de-
scribed elsewhere.'® For cytotoxicity assays, human pan-
creatic cancer-derived cells were seeded at 1x10* cells
(Mia PACA-2, Capan-2) or 2x 10* cells (BxPC-3) per well
in a 96-well dish and grown in complete medium. Twenty-
four hours later, cells were infected with F-strain, MGHI,
and Myb34.5 virus at the indicated multiplicities of infec-
tion. Six days later, cell viability was determined by fluo-
rometric method using CellTiter-Fluor Cell Viability Assay
(Promega) according to manufacturer’s instruction. Cells
were co-treated by gemcitabine and Myb34.5 has previously
described."’

Ethics statement and experimental protocol

All animal experiments were conducted according to the
national ethics guidelines for experimental research, and
protocol No. 05/1037/12/13 was approved by the regional
Midi-Pyrenees’s ethics committee for animal experimenta-
tion and were performed in accordance with the Guide for
the Care and Use of Laboratory Animals (U.S. National
Institutes of Health). Human PDAC-derived Mia PACA-2 or
Mia PACA-2 Lucia cells were implanted in the tail of pan-
creas of athymic mice as previously described.'® Myb34.5
was injected in level 2 animal safety facility in exponentially
growing tumors at 15 days following tumor induction. Control
animals received PBS. At the time of injection, tumor size was
150+ 12 mm’.

For noninvasive tracking of tumor growth, blood samples
were collected prior to and following Myb34.5 injection. Lucia
production was measured in 5 ul of serum using coelenterazine
(50 uM) as a substrate, as already described.'®'? Gemcitabine
(125 mg/kg) was injected i.p. every 3 days for 2 weeks. Control
animals received 0.9% NaCl i.p. At 15 days after Myb34.5
injection, animals were killed and tumors were measured with a
caliper and wei§hted. Tumor volume was calculated using the
formula V=(W*xL)/2, where W is width and L is length. Tu-
mors were formalin fixed, paraffin embedded, and stored at
4°C. H&E staining confirmed the presence of tumor(s) in each
pancreas. For Western blot studies, tumors were frozen in lig-
uid nitrogen and stored at —80°C until use.

TUNEL assay and immunostaining for B-myb and HSV-1

Mia PaCa-2 tumors were harvested and fixed in forma-
lin. Four-micrometer-thick sections were prepared from
paraffin-embedded sections and rehydrated. DNA frag-
mentation was performed using In situ Apoptosis Detection
Kit according to the manufacturer’s indications (Takara Bio
Inc.). For immunostaining, sections were incubated for 10 min
in protein block, serum-free reagent following antigen re-
trieval to reduce background staining (DakoCytomation).
Slides were next incubated overnight at 4°C with anti-HSV-1
(DakoCytomation, clone B0114, dilution: 1:100) or B-myb
(Santa Cruz, clone C-20, dilution: 1:250) antibodies. Slides
were quickly rinsed in distilled water, washed twice in PBS,
and incubated for 30 min at room temperature with Envision +
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system-HRP (DakoCytomation). After washing in distilled
water, slides were incubated in AEC+ reagent and counter-
stained with Mayer’s hematoxylin. Immunostaining was re-
corded with an optical microscope using VisioLLab2000 image
analyzer (Biocom).

Western blotting

Proteins were extracted from infected cells or tumors,
resolved on SDS-polyacrylamide gels, and transferred to
nitrocellulose membrane. After room-temperature blocking
for 1hr, blots were incubated overnight at 4°C with anti-
bodies against B-myb (Santa Cruz; clone C-20, dilution:
1:500), GAPD (Santa Cruz; clone 6C5, dilution: 1:1000), f
—actin (Santa Cruz; clone C4, dilution: 1:1000), HSV-1
(DakoCytomation; clone BO114, dilution: 1:1000), cleaved
caspase-3 (Cell Signaling; dilution 1:500), and cleaved
PARP (Cell Signaling; dilution 1:1000). Secondary HRP-
conjugated antibodies (dilution 1:10,000; Perbio Science)
were added, and blots were incubated for 1h at room tem-
perature. Immunoreactive proteins were visualized using
Clarity ECL (Biorad) and imaged with ChemiDoc XRS +
(Biorad).

Gene expression analysis

Total RNA was isolated from patient tumors and normal
adjacent tissue with TRIzol Reagent (Life Tech) according to
supplier’s instructions, and RNA concentration was measured
with the ND-1000 NanoDrop spectrophotometer. B-myb
mRNA was quantified from 1 ug total RNA using the Re-
vertAid First Strand cDNA Synthesis Kit (Thermo Scientific).
18S RNA expression was used as calibrator, as we previously
described.”® Relative amounts were calculated by the com-
parative cycle threshold (CT) method and expressed as 2~ ACT,
where ACT=CT(B-myb) — CT(18S). Primers used for B-myb
detection were B-myb forward 5-TCTGGCTCTTGACATT
GTGG-3" and B-myb reverse CGGCAAGGATAGAGACTT
GG-3’. Primers for RRM1 were RRM1 forward 5-CAAGGT
CGTGTCCGCAAG-3" and RRMI reverse 5'-GGTGCCTG
TTTCCGTCTGA-3". Primers for RRM2 were RRM?2 for-
ward 5’-GTGGAGCGATTTAGCCAAGAA-3” and RRM2
reverse 5-CATGGCAATTTGGAAGCCATA-3’. Primers for
ENT1 were ENT1 forward 5’-GCAAAGGAGAGGAGCCA
AGA-3" and ENTI1 reverse 5-TTCATTGGTGGGCTGAG
AGTT-3". All primers were designed with Primer3. Duplicate
gRT-PCR assays were carried out in a StepOnePlus II Real-
Time PCR System (Life Tech) with SsoFast EvaGreen su-
permix (Biorad).

Statistical analysis

Results are expressed as mean * standard error (SE). Data
were compared by nonparametric Wilcoxon signed-rank
test (*p<0.05, **p<0.01; ***p<0.005) using Graphpad
Prism software (Graphpad Software). p <0.05 was consid-
ered significant. No statistical method was used to prede-
termine sample size. The experiments were randomized.
The investigators were not blinded to allocation during
experiments except for tumor growth experiments in pre-
clinical models, RNA and protein quantification, and his-
tological examinations. No animals were excluded from the
study.
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Results

B-myb expression in pancreatic cell lines
and patients’ tumors

Myb34.5 is a genetically engineered HSV-1 mutant de-
rived from F strain and defective in the /CP6 gene, and
contains the HSV-1 7,34.5 gene under the control of the
E2F-responsive cellular B-myb promoter.'® Host B-myb
promoter activity appears essential for optimal Myb34.5
replication and oncolytic activity. In addition, RR-deleted
HSV-1 virus such as Myb34.5 rely on endogenous RR ex-
pression,® while Passer e al. described that inhibitors of
equilibrative nucleoside transporter 1 (ENT1), a glycopro-
tein that mediates cellular uptake of nucleosides, are
strongly favoring replication, spread, and oncolytic activity
of HSV mutants.*'

As RNA expression better reflects promoter activity than
cellular protein content, we characterized B-myb, together
with RRM1, RRM2, and ENT1 RNA levels in tumoral
pancreatic cell lines. As shown in Fig. 1A, B-myb RNA is
detectable in all cell lines tested with Mia PACA-2 > BxPC-
3>Capan-2. In addition, RRM1 and RRM2, which favor
RR-deleted HSV-1 virus replication, are overexpressed in
human pancreatic cancer cell lines with Mia PACA-
2 > Capan-2 >BxPC-3 (Fig. 1A). Last, ENT1, which neg-
atively impacts on HSV-1 replication, is poorly expressed in
human-derived human pancreatic cancer cell lines with
BxPC-3>Mia PACA-2=Capan-2. In addition, we found
that B-myb RNA is overexpressed in tumor samples from
patients diagnosed with pancreatic cancer as compared with
normal adjacent pancreas (Fig. 1B, fold increase 6.1£2.3,
p<0.05) (Fig. 1B), while previous studies have demon-
strated RRM1/2 overexpression and ENT-1 down expres-
sion in pancreatic cancer.”?>* We conclude that B-nyb and
additional cellular factors favoring HSV-1 replication are
overexpressed in pancreatic cancer experimental models and
primary tumors and may be helpful for Myb34.5 virus tar-
geting to pancreatic cancer-derived cells.

Myb34.5 efficiently replicates and kills PDAC-derived
cell lines in vitro

The in vitro replication rate of Myb34.5 was evaluated in
PDAC-derived cell lines using multistep viral recovery ex-
periments. Mia PACA-2, BxPC-3, and Capan-2 cell lines
were infected with 0.1 PFU/cell (MOI=0.1) of Myb34.5.
Viral replication was determined at 36, 72, and 144 hr
postinfection. We found that Myb34.5 virus replicates to
high level in the three cell lines tested (Fig. 2A), while F-
strain and MGHI1 virus replicated to very high and low
levels in PDAC-derived cell lines, respectively (Fig. 2B and
C). We next investigated cell viability following Myb34.5
infection. Mia PACA-2, BxPC-3, and Capan-2 cell lines
were infected with increasing MOIs of Myb34.5 and cell
viability was measured by cell viability assay 6 days fol-
lowing infection (Fig. 3A). Viability was decreased by
Myb34.5 in all cell lines tested; however, Mia PACA-2 cells
were more resistant to the cytopathic effect of Myb34.5, as
compared with Capan-2 and BxPC-3 cells. Interestingly, the
cytopathic effect of Myb34.5 was consistently greater
than that of MGHI and comparable to HSV-F strain (Fig.
3B and C).
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FIG. 1. B-myb expression in pancreatic-derived cell lines

and tumors. (A) B-myb, RRM-1, RRM-2, and ENT1 quan-
tification of expression by real-time PCR in pancreatic
cancer-derived cell lines. (B) B-myb quantification of ex-
pression by real-time PCR in patients’ tumors vs. normal
adjacent tissue (n=12). *p<0.05.

We next investigated the molecular mechanisms in-
volved in the antiproliferative effect consecutive to
Myb34.5 infection in PDAC-derived cell lines. We per-
formed Western blotting for caspase-3 and PARP at 72 hr
postinfection of Mia PACA-2 cells with different doses of
Myb34.5. As shown in Fig. 3D, infection with Myb34.5
resulted in detectable expression of glycoproteins of the
viral envelope in PDAC cells. In addition, Myb34.5 dose
dependently induced caspase-3 and PARP cleavage in
PDAC-derived cell lines, two hallmarks of cell death by
apoptosis, as compared with control cells. Thus, the B-
myb-driven Myb34.5 HSV-1 mutant efficiently replicates
in PDAC-derived cell lines, inhibits cell viability, and in-
duces apoptosis, three important properties in view of
clinical application of this virus.
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FIG. 2. Viral infection of pancreatic cancer cells in vitro.
BxPC-3, Mia PACA-2, and Capan-2 pancreatic cancer-
derived human cell lines were infected with 0.1 multiplicity
of infection (MOI) of Myb34.5 (A), HSV-F (B), or MGH
(C). Viral titters were determined as described in Materials
and Methods at the indicated time.

Combination of Myb34.5 and chemotherapy

for PDAC treatment

Despite its contested efficacy in clinical trials for PDAC
patients, gemcitabine became the standard treatment for
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FIG. 3. Viral cell killing of pancreatic cancer cells in vitro. BXPC-3, Mia PACA-2, and Capan-2 pancreatic cancer-derived
human cell lines were infected with 0.1 MOI of Myb34.5 (A), HSV-F (B), or MGH (C). Cell viability was determined 6 days
later as described in Materials and Methods. Data are means + standard error (SE) of three biological replicates per group with
three experimental replicates. (D) Mia PACA-2 cells were infected with Myb34.5 at the indicated doses. HSV-1 envelope
glycoproteins, caspase-3, and PARP cleavage were detected by Western blotting 72 hr later. Data are representative of three
biological replicates per group with three experimental replicates.

advanced disease 15 years ago after showing superiority
over fluorouracil. Since then, clinical trials of newer cyto-
toxic or biologic agents for patients with locally advanced
tumors free of metastasis (45% at the time of diagnosis)
include the “‘historical’’ standard-of-care chemotherapy for
comparison or combination purposes. Thus, we examined
whether Myb34.5 would enhance the efficacy of gemcita-
bine in PDAC cells. Mia PACA-2 cells were treated for 6
days with increasing amounts of gemcitabine, in combina-
tion or not with Myb34.5. Results presented in Fig. 4A
demonstrate that gemcitabine and Myb34.5 efficiently kill
PDAC-derived cells when administrated at a high dose,
while a low dose of virus (0.1 p.f.u.) and gemcitbaine
(0.1 uM) failed to significantly impact tumor cell prolifera-
tion. However, combining low dose of virus and gemcita-
bine significantly killed PDAC cells (Fig. 4A). Using

Western blot, we found that cancer cell death by apoptosis
was augmented by the co-treatment. In addition, treating
PDAC-derived cells using gemcitabine had no effect on B-
myb expression (Fig. 4B). Thus, we conclude that combin-
ing Myb34.5 and standard-of-care chemotherapy results in
enhance cell killing and apoptosis induction in human
PDAC-derived cells.

Therapy of PDAC experimental tumors using Myb34.5

We next examined the antitumor efficacy of Myb34.5
against experimental PDAC tumors. In a first set of experi-
ments, Mia PACA-2 cells were engrafted in the pancreas of
athymic mice as described before.'™'” Myb34.5 virus was
administrated with a single intratumoral injection 2 weeks
following tumor induction, a time point at which animals
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FIG. 4. Combination of gemcitabine and Myb34.5 treat-
ments in vitro. Mia PACA-2 pancreatic cancer-derived
human cell lines were treated with gemcitabine and/or
Myb34.5 at the doses indicated. (A) Cell viability was de-
termined 6 days later as described in Materials and Methods.
Data are means £ SE of six biological replicates per group
with three experimental replicates. (B) Mia PACA-2 cells
were treated with 0.1 p.f.u. of Myb34.5 and/or 0.1 uM of
gemcitabine. PARP cleavage and B-myb expression were
detected by Western blotting 72 hr later. Data are repre-
sentative of three biological replicates per group with three
experimental replicates. 1, mock; 2, gemzar; 3, Myb34.5; 4,
gemzar + Myb34.5.

typically have medium-sized tumors (mean 150+ 12mm?>).
We observed no significant variations in body weight or
mortality related to Myb34.5 injection (data not shown).
These data further underscore the safety Proﬁle of Myb34.5
virus in experimental models of cancer.'”> Two weeks fol-
lowing treatment, the animals were euthanized and the pan-
creatic tumors were measured and harvested. Remarkably,
Myb34.5 strongly inhibited tumor progression in this very
aggressive experimental model of pancreatic cancer (Fig.
5A). Tumor burden was reduced by more than 75% with the
highest dose of the virus used. Interestingly, Myb34.5 in-
jection provoked massive tumor necrosis (Fig. SB), hemor-
rhage (Fig. 5B, pink area), and inflammatory cell infiltrate
(Fig. 5B, arrows), and disorganized tumor cells in compari-
son to vehicle-treated tumors.

We next performed immunochemistry in formalin-
fixed, paraffin-embedded tumors for HSV-1 envelope
proteins to monitor intratumoral viral spread. Two weeks
after treatment, HSV-1 proteins were still detected in the
Myb34.5-treated tumors, but were absent from normal
adjacent pancreas (Fig. 5C). The latter finding strongly
suggests that virus successfully replicated while remaining
strictly restricted to cancer cells. On the other hand, in-
tratumoral injection of wild-type F-strain virus resulted in
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massive replication in normal pancreatic tissue (Fig. 5C).
We observed strong induction of apoptosis as measured by
TUNEL assay in tumors following administration of Myb34.5
(Fig. 5D). Interestingly, increase in tumor cell apoptosis
was related to virus doses (Fig. 5E). Cumulatively, the re-
sults reported herein provide the first evidence that Myb34.5
exerts antitumor activity against experimental pancreatic
cancer, and that is effective following intratumoral route of
administration.

Next, we examined whether Myb34.5 would enhance the
efficacy of gemcitabine in PDAC xenografts. We recently
generated a novel model of PDAC for the noninvasive
tracking of tumor growth based on secreted Lucia lucifer-
ase.'®” We engrafted Mia PACA-2 Lucia cells in the
pancreas of athymic mice. In vitro, Mia PACA-2 Lucia
and parental Mia PACA-2 cells demonstrated similar sen-
sitivity to Myb34.5 virus cytopathic effect (data not shown).
Myb34.5 virus was administrated with a single intratumoral
injection 2 weeks following tumor induction. Control tu-
mors were injected with vehicle. Tumors were treated twice
weekly by i.p. injection of high dosage of gemcitabine
(125 mg/kg). Blood samples were collected for orthotopic
pancreatic tumors progression monitoring using blood Lucia
assay. We found that tumor growth was rapidly and sig-
nificantly hampered by Myb34.5 injection, and by the
combination of gemcitabine treatment and viral infection,
while gemcitabine treatment alone resulted in a significant
delay in tumor progression inhibition (Fig. 6A).

The animals were euthanized and the pancreatic tumors
were measured, harvested, and weighted 2 weeks following
infection. We found that gemcitabine treatment or Myb34.5
infection alone statistically inhibited tumor growth and
tumor weight to similar extent (Fig. 6B and Fig. 6C). How-
ever, combining gemcitabine and Myb34.5 significantly
translates to improved therapeutic efficacy of standard-of-
care chemotherapy, as compared with gemcitabine alone.
Again, treating PDAC tumors using gemcitabine had no
effect on B-myb expression (Fig. 6D). Overall, the in-
tratumoral injection of Myb34.5 exerts a strong antitu-
moral effect against very aggressive experimental PDAC
tumors. In addition, combining targeted HSV-1 viruses with
standard-of-care chemotherapy resulted in a significant
higher inhibition of tumor growth, and warrant further
evaluation at the clinical level.

Discussion

PDAC is one of the most lethal human cancers. This is a
rare disease but since incidence equals mortality, this di-
agnosis sounds like a death sentence for most cases because
of the lack of curative treatment for advanced disease.’
PDAC has a sophisticated network of biological activities
that maintains self-sufficiency in growth signals, is resistant
to endogenous antiproliferative signals, evades apoptosis,
has limitless replicative potential, and undergoes tissue in-
vasion and metastasis.®* This heterogeneity stems for the
unchallenged resistance of PDAC to conventional thera-
peutic approaches (chemotherapy, radiotherapy, etc.) and
targeted biotherapies. Consequently, viral therapy has been
regarded as a potential new treatment modality because of
its specificity and high potency. Indeed, oncolytic vir-
otherapy exploits the ability of virus to kill the target cells
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FIG. 5. Myb34.5 treatment of orthotopic pancreatic xenografts. Mia PACA-2 cells were implanted in the pancreas of
athymic mice. Two weeks later, Myb34.5 was injected in exponentially tumors at the indicated doses. In a second set of
experiment, tumors were injected with F-strain virus. Control mice were injected by vehicle (PBS). (A) Tumor volume was
measured at day 0 and day 15 following intratumoral gene transfer using a caliper. Data are means * SE of eight biological
replicates per group. *p <0.05; **p <0.01. (B) Formalin-fixed, paraffin-embedded samples of vehicle or Myb34.5-treated
Mia PACA-2 tumor specimens were stained for hematoxylin and eosin. These specimens showed tumor necrosis, hem-
orrhage (pink area), and inflammatory cell infiltrates (arrows). Representative photomicrographs at 20x. Data are
means = SE of three biological replicates per group with three experimental replicates. Pancreatic tissue was harvested for
the analysis of HSV-1 (representative photomicrographs at 40 %) (C) or DNA fragmentation by TUNEL assay (representative
photomicrographs at 20x) (D). (E) Quantification of DNA fragmentation (% of apoptotic cells) in each group. Data are
representative of three biological replicates per group with three experimental replicates. *p <0.05; **p <0.01, difference
between placebo- and Myb34.5-treated tumors. #p <0.05, difference between tumors treated with 10e8 p.f.u of Myb34.5
and tumors treated with 10e6 or 10e7 p.f.u of Myb34.5. Color images available online at www.liebertpub.com/hum

and simultaneously to spread to other target cells.® How-
ever, a key requirement is that the virus is specifically tar-
geted to the tumor.

A variety of oncolytic viruses such as adenovirus, herpes
simplex virus, influenza virus, Newcastle disease virus, po-
liovirus, vaccinia virus, and reovirus among others have been
developed for cancer therapy, including PDAC.® HSV-1 is
currently actively investigated in preclinical and phase I to III
clinical trials, as it is prone to genetic engineering to favor
cancer selectivity.''°

We selected HSV-1-based virus for PDAC therapy be-
cause its safety profile is well documented when injected in
tumors and total cell killing can be achieved rapidly with a
relatively low MOL'" PKR activation in response to infec-
tion is one of the main cellular defenses against viral ag-
gression. Consequently, many viruses have developed
sophisticated strategies to overcome the resulting shutoff of
protein translation. HSV-1 circumvent the consequences of
PKR activation by expressing the 7,34.5 protein that inter-
acts with cellular protein phosphatase-1o to dephosphorylate
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FIG. 6. Combination of Myb34.5 and gemcitabine strongly impacts pancreatic cancer growth. Mia PACA-2 cells were
implanted in the pancreas of athymic mice. Two weeks later, 10e8 p.f.u. Myb34.5 was injected in exponentially tumors.
Control mice were injected by vehicle (PBS). (A) Non-invasing monitoring of PDAC tumor growth was performed for 28
days before and after intratumoral gene transfer. Results are mean£SD of Lucia levels, expressed as arbitrary units.
(B) Tumor volume was measured using a caliper at day O and day 15 following 1ntratumoral infection and gemcitabine
(Gemzar) treatment. Data are means = SE of six biological replicates per group. **p<0.01; *p<0.01 difference between
Gemzar and Gemzar + Myb34.5 study groups. (C) Tumors were weighted 15 days followmg intratumoral infection and/or
gemcitabine (Gemzar) treatment. Data are means+SE of six biological replicates per group. **¥p<0.005; *p<0.01
difference between Gemzar and Gemzar + Myb34.5 study groups. (D) Western blot for B-myb expression in tumors treated
or not by gemcitabine. Data are representative of three biological replicates per group with three experimental replicates.

elF-20,, which prevents from protein translation shutoff.®
However, HSV-1 mutants such as MGHI1, which are de-
fective in the y,34.5 protein, demonstrate attenuated rep-
lication and virulence also in cancer cells.>” Consequently,
in this work, we used a second-generation replication-
conditional HSV-1 mutant (Myb34.5) in which ICP6 ex-
pression is defective and y;34.5 expression is regulated by
the cellular promoter B-myb.'®

An important aspect of this study was the investigation of
B-myb promoter activity in PDAC samples. We found that
B-myb RNA is expressed in PDAC-derived cell lines and
experimental tumors, and is much higher in patients’ tu-
mors, as compared with normal adjacent tissue. To our
knowledge, until this study, there have been no reports in the
literature addressing the presence of elevated B-myb in this
tumor type. In addition, these findings indirectly demon-
strate that B-myb promoter is functional and active in

PDAC-derived samples. Last, we found that PDAC-derived
cells also expressed very high levels of RRM-1 and RRM-2,
while we confirm that ENT1 is poorly expressed. Conse-
quently, HSV-1 may exploit the profound alteration of nu-
cleotide synthesis pathway to replicate at high levels in
PDAC cells because of the host cells elevated ribonucleo-
side activity.® Taken together, our findings strongly suggest
that PDAC is highly permissive to Myb34.5 replication.
We next infected PDAC-derived cell lines with Myb34.5
virus and report for the first time that Myb34.5 significantly
replicates and kills pancreatic cancer cells. Interestingly, we
found that Myb34.5 replication correlated well with the
expression of B-myb, RRM-1, and RRM-2 in PDAC-derived
cell lines. As we previously demonstrated that RNA quan-
tification in fine-needle biopsies of ganents’ tumors is fea-
sible and indicative of diagnosis,” B-myb, RRM-1, and
RRM-2 RNA levels in PDAC tumors could be used for
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patients’ selection in future clinical trials using Myb34.5. In
this study, we could not address the specificity of Myb34.5
for cancer cells as compared with normal pancreatic cells.
We found that the viruses tested during this work replicate
to high levels to kill normal human pancreatic ductal epi-
thelial cells (HPDE; data not shown). These cells, trans-
formed with E6 and E7 HPV proteins, express high levels of
RRM-1, RRM-2, and B-myb and could not be considered as
pertinent controls for our experiments. We are currently
exploring whether organotypic culture model of thick slices
of normal human pancreas may be used to validate Myb34.5
specificity in future studies.?®

We next demonstrated that Myb34.5 intratumoral injec-
tion resulted in a profound inhibition of the progression of a
very aggressive experimental model of PDAC. Myb34.5
injection provoked massive tumor necrosis, hemorrhage,
inflammatory cell infiltrate, and scattered tumor cells in
comparison to vehicle-treated tumors. Although the molec-
ular basis of this inhibitory effect requires further investi-
gation, we demonstrate herein that Myb34.5 infection
induces apoptosis in PDAC cells as determined by PARP,
caspase-3 cleavage, and TUNEL assays. Since in our model
the mice used were immunocompromised, we can argue that
the antineoplastic activity of Myb34.5 is dependent on virus
replication and not dependent on host immune responses.

Previous works have reported that the addition of che-
motherapeutic agents to the administration of HSV-1 mu-
tants may produce either a synergistic'’ or an antagonist®’
antiproliferative effect in vitro. During this study, we found
that gemcitabine had no effect on B-myb expression, both
in vitro and in vivo.

Next, we demonstrated that combining Myb34.5 and
gemcitabine co-treatment led to a very impressive in vitro
antiproliferative effect with massive induction of cell
death by apoptosis. In vivo, standard-of-care chemotherapy
and Myb34.5 administration resulted in a rarely achieved
antitumoral effect in this experimental model, and resulted
in a statistically greater reduction in tumor growth than
chemotherapy alone. The later result may have significant
clinical implications as we demonstrate herein that Myb34.5
and gemcitabine may be used in combination in PDAC
patients, and that Myb34.5 administration may help relieve
PDAC resistance to conventional chemotherapy. Taken to-
gether, we demonstrate for the first time that HSV-1-based
selective Myb.34.5 virus effectively replicates and Kkills
PDAC-derived cell lines, both in vitro and in vivo. In ad-
dition, we found that combining oncovirotherapy and che-
motherapeutic treatment induces unexpected pancreatic
tumor growth inhibition. The present study design involved
the treatment of existing tumors with Myb34.5 virus, a para-
digm closely related to the clinical scenarios in which this
approach may be employed. We have recently conducted the
first-in-human phase I gene therapy clinical trial in 24 pa-
tients diagnosed with advanced pancreatic cancer (Thergap
clinical trial, ClinicalTrials.gov Identifier NCT01274455).

We demonstrated during this trial the feasibility and the
safety of transfecting PDAC tumors with nonviral vectors
using endoscopic ultrasound (manuscript in review). Inter-
estingly, this route of administration has been used for first-
generation, OncoVEX“MCSF and HF10 mutant HSV-1 virus
delivery in patient PDAC tumors in early phase clinical
trials.'" The authors reported the absence of adverse side
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effects and some therapeutic potential in some patients, thus
encouraging for phase II clinical evaluation and the devel-
opment of new protocols based on tumor oncolysis. While
there clearly remains significant work to be done, our
findings highlight for the first time the therapeutic promise
of using Myb34.5 to treat PDAC tumors and warrant further
clinical evaluation.
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