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Abstract
Toca 511, a retroviral replicating vector (RRV) encoding the yeast cytosine deaminase (yCD) prodrug activator gene, which
mediates conversion of the prodrug 5-fluorocytosine (5-FC) to the anticancer drug 5-fluorouracil (5-FU), is currently being
evaluated in Phase II/III clinical trials for glioma, and showing highly promising evidence of therapeutic activity. Here we
evaluated RRV-mediated prodrug activator gene therapy as a new therapeutic approach for pancreatic ductal
adenocarcinoma (PDAC). RRV spread rapidly and conferred significant cytotoxicity with prodrug in a panel of PDAC
cells. Efficient intratumoral replication and complete inhibition of tumor growth upon 5-FC administration were observed in
both immunodeficient and immunocompetent subcutaneous PDAC models. Biodistribution of RRV was highly restricted in
normal tissues, especially in immunocompetent hosts. Tumor growth inhibition by Toca 511 followed by 5-FC was also
confirmed in the orthotopic PDAC model. This study provides the first proof-of-concept for application of Toca 511 and
Toca FC (extended release 5-FC) to the treatment of human PDAC, and provided support for inclusion of PDAC in a Phase I
study evaluating Toca 511 in various systemic malignancies, (NCT02576665), which has recently been initiated.

Introduction

The incidence and death rates of pancreatic ductal adeno-
carcinoma (PDAC), one of the most common and lethal
cancers, are dramatically increasing [1, 2]. Within the next
two decades, total deaths due to PDAC are projected to
become the second leading cause of cancer-related death
[2]. Less than 20% of PDAC patients present with resect-
able disease [3, 4], and >50% are diagnosed as metastatic
disease [1], for which the median survival period is <1 year

despite combination chemotherapy [5, 6]. The remaining
cases are diagnosed as locally advanced primarily unre-
sectable disease and treated mainly with chemotherapy
alone or chemoradiotherapy; however, the efficacy and
safety of standard treatments remain insufficient [7]. Thus,
the poor clinical outcomes of patients with PDAC empha-
size the need to develop novel therapeutic strategies.

In recent years, clinical trials of gene therapy and
oncolytic virotherapy for cancer have demonstrated feasi-
bility and safety [8–11], including early- and advanced-
phase clinical trials aimed at the treatment of PDAC [12–
16]. Although phase I/II trials do not aim to directly eval-
uate therapeutic efficacy, early-phase trials for advanced-
stage PDAC have fallen short of expectations from pre-
clinical studies [12, 15, 16]. Furthermore, the first phase III
trial of TNF gene transfer therapy mediated by a replication-
defective adenoviral vector in patients with locally
advanced PDAC demonstrated a favorable safety profile,
but failed to improve survival [14]. In a clinical setting,
high-metastatic potential and rapid progression of PDAC
pose significant challenges to overcoming this disease by
gene therapy. One highly promising approach currently
under evaluation in the clinic is to optimize the efficiency of
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gene delivery by the use of tumor-selectively retroviral
replicating vectors (RRVs) to PDAC.

RRVs used in this study have been developed based on
murine ecotropic gamma retroviruses substituted with the
amphotropic (4070A) envelope gene. RRVs are capable of
efficient replication and transduction selectively throughout
cancer cells, as they can only infect actively dividing cells and
are restricted in normal tissues by innate and adaptive immu-
nity, which are impaired or suppressed in the tumor micro-
environment. We have previously demonstrated significantly
increased survival in orthotopic glioma models when RRVs
were employed for highly efficient tumor-selective delivery of
prodrug activator genes [17–20]. The evolving preclinical
development of ‘Toca 511’ (vocimagene amiretrorepvec), an
optimized RRV encoding yeast cytosine deaminase (yCD),
which converts the antifungal prodrug 5-fluorocytosine (5-FC)
to the anticancer drug 5-fluorouracil (5-FU), has established the
foundation for clinical translation of RRV as a potential novel
cancer therapy [21, 22]. In preclinical glioma models, Toca
511 spread by replication and tumor transduction, leading to
pvector integration into the cancer cell genome, enabling long-
term persistence of intratumoral virus infection, and significant
cell killing caused by high intratumoral concentrations of 5-FU
generated by infected cancer cells following systemic 5-FC
administration [21, 23]. As 5-FU has a very short half-life and
is generated locally within the tumor itself, there have been no
clinically meaningful adverse effects typically associated with
conventional systemic chemotherapy, such as myelotoxicity.
Also durable anti-tumor immunity was activated through
bystander effects on immunosuppressive stromal cells adjacent
to infected cancer cells [24, 25]. In multi-center Phase I dose
escalation trials for patients with recurrent high-grade glioma,
Toca 511 and Toca FC (an extended release formulation of 5-
FC) prodrug activator gene therapy showed no clinical mean-
ingful toxicity and highly promising evidence of clinical
activity [22], and is now being evaluated in a registrational
Phase II/III clinical trial (NCT02414165). Furthermore, based
on evidence for therapeutic activity reported in a variety of
experimental cancer models [26–28], a new first-in-human
Phase I clinical trial evaluating intravenous delivery of Toca
511 in systemic cancers (brain metastases from lung cancer or
breast cancer, colorectal cancer with liver metastases, metastatic
renal cell carcinoma, melanoma) was initiated in mid-2016
(NCT02576665).

Recently, 5-FU and tegafur/gimeracil/oteracil potassium
(S-1), an orally available combination of a 5-FU precursor
(tegafur), an inhibitor of 5-FU degradation (gimeracil) and a
gut-localized inhibitor of tegafur activation (oteracil), has
been shown to be active for PDAC [5, 29–32], and is
approved in Japan, but not, so far, in the USA. These agents
eventually exert cytotoxic effects by two mechanisms:
inhibition of protein synthesis by incorporation into RNA
and interference with DNA synthesis by inhibition of

thymidylate synthetase [33]. A series of studies evaluating
the effect of fluorouracil-based regimens on PDAC show
that, in addition to gemcitabine, these are the drugs of
choice for treating metastatic or locally advanced unre-
sectable PDAC [5, 31] and also used as adjuvant che-
motherapy in patients with resected PDAC [29, 30, 32].
Hence, we hypothesized that Toca 511/5-FC gene therapy,
which generates tumor-localized highly concentrated 5-FU,
may have more therapeutic effect in PDAC.

Finally, we have recently shown in animal models that,
as well as killing cancer cells, Toca 511 and 5-FC treatment
depletes local myeloid derived suppressor cells (MDSC) in
infected tumors, leading to robust anti-tumor immune
responses [24, 25]. Pancreatic cancer is known to carry a
significant population of MDSC both in tumors and the
blood stream [34]. The Pan02 mouse model used here also
shows high levels of MDSC in the tumor [35].

Accordingly, in the current study, we evaluated RRV
replication kinetics, tumor transduction efficiency, systemic
biodistribution, and therapeutic activity of RRV-mediated
prodrug activator gene therapy in preclinical PDAC animal
models. Our findings indicate that RRV can achieve effi-
cient replication in human and murine pancreatic cancer
cells and efficient intratumoral spread in PDAC models, and
that Toca 511-mediated prodrug activator therapy strongly
inhibited PDAC tumor growth in both immunodeficient and
immunocompetent models.

Materials and methods

Cell lines and culture

Human PDAC cell lines (MIAPaCa-2, BxPC-3) and 293T
human embryonic kidney cells were purchased from the
American Type Culture Collection (ATCC, Manassas, VA).
PANC-1 and SUIT-2 were purchased from RIKEN (Tokyo,
Japan). Murine PDAC cell line Pan02 was obtained from
the Division of Cancer Treatment and Diagnosis Tumor
Repository, National Cancer Institute (Frederick, MD). All
cell lines were cultured in appropriate medium (MIAPaCa-
2, PANC-1, Pan02 and 293T in Dulbecco’s Modified
Eagle’s Medium, BxPC-3 in Roswell Park Memorial
Institute Medium, SUIT-2 in Eagle’s Minimum Essential
Medium, all media from WAKO, Tokyo, Japan) containing
10% fetal bovine serum (Cell Culture Bioscience, Tokyo,
Japan) and 1% penicillin-streptomycin (Life Technologies,
Tokyo, Japan) at 37 °C with 5% CO2.

Plasmid constructs and RRV production

The plasmids pAC3-GFP and pAC3-yCD2, which encode
Moloney murine leukemia virus with an amphotropic
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envelope (4070A) and carrying an internal ribosome entry
site (IRES)-transgene (emerald GFP or modified yCD2,
respectively) cassette immediately downstream of the
envelope stop codon, have been described previously [21].
RRVs were produced by 293T cell transfection with pAC3-
GFP or pAC3-yCD2 using Fugene HD Transfection
Reagent (Promega, Madison, WI) per manufacturer’s
instructions, and conditioned medium containing RRV
(RRV-GFP or Toca 511, respectively) was collected and
filtered through a 0.45 μM filter. Concentrated RRV pre-
parations produced and formulated as described [23] were
provided by Tocagen Inc.

Replication kinetics of RRV in PDAC cell lines

Human and murine PDAC cell lines were initially infected
with RRV-GFP at a multiplicity of infection (MOI) of 0.05
(~5% initial transduction levels) on day 0. On day 3, one-
third of the cells were passaged, and GFP expression was
measured by flow cytometry using a FACSCanto II (BD
Biosciences, San Jose, CA) running FlowJo software
V7.6.5 (Tree Star Inc., Ashland, OR). These steps were
repeated every 3 days for human PDAC cell lines or 2 days
for the murine PDAC cell line. For MIAPaCa-2 and Pan02
cells, the remaining cells from each passage were washed
with PBS, and the cell suspension stored frozen for genomic
DNA extraction and further analysis by quantitative real-
time PCR (qPCR). In control cultures, a reverse transcriptase
inhibitor, 3′-azide-3′deoxythymidine (AZT; Sigma-Aldrich,
St. Louis, MO), was added to the medium on day 3 at
concentrations of 25–50 μM to prevent viral replication.

qPCR analysis of RRV replication kinetics in vitro

Genomic DNA (gDNA) was extracted from MIAPaCa-2
and Pan02 cell pellets using the DNeasy Blood & Tissue
Kit (QIAGEN, Valencia, CA) for detection of integrated
RRV by qPCR performed in duplicate on a CFX96 Touch
System (Bio Rad, Hercules, CA) using TaqMan Universal
PCR Master Mix, No AmpErase UNG (Applied Biosys-
tems, Waltham, MA) and specific primers and probes,
which were designed to target the 4070A amphotropic env
gene (4070A-F, 5′-GCGGACCCGGACTTTTGA-3′;
4070A-R, 5′-ACCCCGACTTTACGGTATGC-3′; probe,
FAM-CAGGGCACACGTAAAA-NFQ). Human RNase P
(hRNase P, TaqMan Copy Number Reference Assay,
Applied Biosystems) or mouse β-actin (mβ-actin) were
quantified as internal control genes (β-actin-F, 5′-GGTCG-
TACCACAGGCATTGT-3′; β-actin-R, 5′-CTCGTAGAT-
GGGCACAGTGT-3′; probe, FAM-CCCGTCTCCGGA-
GTCC-NFQ). A reference curve for RRV copy number was
generated with serial dilutions of pAC3-yCD2 in a back-
ground of gDNA from uninfected cells. The vector copy

numbers in MIAPaCa-2 cells were calculated based on their
triploid genome.

In vitro cytotoxicity assay

MIAPaCa-2 or Pan02 cells fully pretransduced with RRV-
GFP or Toca 511, as confirmed by >90% GFP-positivity by
flow cytometry or RRV copy number by genomic qPCR,
and non-transduced parental cells, were seeded in triplicate
and exposed to various concentrations of 5-FC (Sigma-
Aldrich) for 4 days. Cell viability was measured by tetra-
zolium dye conversion [3-(4-5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
salt (MTS)] assay (Promega, Madison, WI) and calculating
the optical absorbance of viable cells as measured against
control wells without 5-FC.

In vivo studies in PDAC models

Mice

Female BALB/c-nu/nu and C57BL/6 mice (6- to 8-week
old, CLEA, Tokyo, Japan) were housed under specific
pathogen-free conditions. All animal studies were con-
ducted under protocols approved by the Hokkaido Uni-
versity Animal Research Committee.

Replication kinetics of RRV in subcutaneous (s.c.)
tumors

Subcutaneous tumors were established by right dorsal flank
injection of uninfected (99%) and RRV-GFP-infected (1%)
MIAPaCa-2 cell mixtures (5 × 106 cells/90 μL total volume,
in 3:1 chilled Matrigel (Corning, Tewksbury, MA): Hanks’
Balanced Salt Solution (HBSS, Life technologies, Carlsbad,
CA) in nude mice, and similarly, 99% uninfected/1% RRV-
GFP-infected Pan02 cell mixtures (3 × 106 cells/90 μL total
volume, in chilled HBSS only) implanted into C57BL/6
mice. Tumors were excised and digested in collagenase/
dispase (Roche Diagnostics, Mannheim, Germany) on days
7 and 14 post implantation (n= 3 each), and disaggregated
cell suspensions from MIAPaCa-2 tumors were immedi-
ately stained with anti-human HLA-ABC antibody (eBios-
ciences, San Diego, CA) to distinguish the human cancer
cells from normal mouse cells, while Pan02 tumor sus-
pensions were explanted into medium containing 50 μM
AZT for 3 days to prevent RRV replication, followed by
flow cytometric analysis of GFP expression.

Therapeutic efficacy in s.c. tumor models

Cell suspensions of uninfected parental MIAPaCa-2 or
Pan02 cells (99%) mixed with Toca 511-transduced cells
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(1%) were used to establish s.c. tumors as above. As con-
trols, uninfected parental tumors were also implanted in
additional mice. After tumor establishment, mice were ran-
domized to 5-FC treatment groups or PBS control groups (n
= 8 per group). For 5-FC treatment groups, intraperitoneal
(i.p.) 5-FC administration (500 mg/kg once per day) was

started 15 days after tumor cell inoculation. For control
groups, PBS was administered instead of 5-FC. Daily i.p.
administration of 5-FC or PBS was continued up to 60 days
in immunodeficient models or 45 days in immunocompetent
models, respectively. Tumor volumes were calculated by
this formula: volume= length × width2/2.

Fig. 1 Replication kinetics of RRV-GFP in PDAC cell lines. a Each
cell line was initially infected with RRV-GFP at an MOI of 0.05 on
day 0, and analyzed for GFP expression by flow cytometry every 3 or
2 days. As a control, a reverse transcriptase inhibitor, AZT was added

on day 3 at concentrations of 25 μM (BxPC-3) or 50 μM (other cell
lines). b in MIAPaCa-2 and Pan02 cell lines, gDNA was extracted
from the same cell suspensions as in Fig. 1a and analyzed by qPCR to
determine RRV copy number at each time point

K. Inoko et al.



Analysis of RRV biodistribution

Tissues (heart, lung, esophagus, liver, kidney, ovary, rec-
tum, pancreas, spleen, and bone marrow) were collected
from mice treated with Toca 511/5-FC (n= 3), and gDNA
extracted from each tissue using the DNeasy Blood &
Tissue Kit (QIAGEN) for qPCR as above, using the mouse
β-actin internal control reference curve. The threshold for
RRV detection was determined from untransduced control
samples.

Replicative spread and therapeutic efficacy of RRV
in orthotopic pancreatic cancer models

MIAPaCa-2 cells were transduced with a replication-
defective lentivirus vector expressing firefly luciferase,
pLenti CMV V5-Luc blast (Addgene, Cambridge, MA).
These cells (MIAPaCa-2.Fluc) were tested for luciferase
expression by IVIS Spectrum in vivo imaging system
(Xenogen/Perkin-Elmer, Waltham, MA); after plating
serial dilutions of MIAPaCa-2.Fluc cells, bioluminescent
signals were analyzed 15 min after addition of 150 μg/well

D-luciferin (OZ Biosciences, San Diego, CA) with a 30-s
acquisition time.

For analysis of replicative spread of RRV in orthotopic
pancreatic cancer models, uninfected parental MIAPaCa-2.
Fluc cells (99%) were mixed with RRV-GFP-transduced
MIAPaCa-2.Fluc cells (1%), and 5 × 105 cells were sus-
pended in a 3:1 mixture of ice-cold Matrigel: HBSS (total
volume 30 μL). Nude mice were anesthetized with an i.p.
injection of ketamine (100 mg/kg; Fujita Pharmaceutical,
Tokyo, Japan) and xylazine (10 mg/kg; Sigma-Aldrich), and
subcapsular injection of the mixed cell suspension into the
pancreatic tail was performed through a left subcostal
incision. Fourteen days after tumor cell inoculation, pan-
creatic tumors were collected, digested, and analyzed by
flow cytometry as described above (n= 3).

To assess therapeutic efficacy of Toca 511/5-FC
treatment in the orthotopic model, pancreatic tumors were
established as above using Toca 511-transduced cells
instead of RRV-GFP-transduced cells. Each week, 15 min
after i.p. administration with D-luciferin (150 mg/kg),
bioluminescent signals were analyzed in anesthesized
mice by IVIS optical imaging system with a 30-s acqui-
sition time, as above, to monitor tumor growth. After
tumor establishment, mice were randomized to 5-FC-
treated or PBS control groups (n= 7 for each group). For
the 5-FC treatment group, 5-FC administration (500 mg/
kg i.p., once per day) was started 14 days after tumor cell
inoculation. For control groups, PBS was administered
daily instead of 5-FC for 5 weeks. The data were analyzed
using Living Image Ver.4.2 (Caliper, Hopkinton, MA).
Each mouse was also weighed every week for the
duration of the experiment. Mice treated with 5-FC
were also analyzed for systemic RRV biodistribution
(n= 3).

Statistical analyses

Statistical analyses were performed with GraphPad Prism
7 software (GraphPad, La Jolla, CA) to determine sig-
nificance at p-values of <0.05 by Student’s t-test. Correla-
tion coefficient (r2) values >0.9 were defined as a strong
correlation. The values are presented as mean ± standard
deviation (SD).

Results

RRV shows rapid replication and efficient
transduction in PDAC cell lines

To assess RRV replication kinetics in vitro in PDAC cells,
we analyzed the percentage of GFP-positive cells over
time by flow cytometry and RRV copy number by

Fig. 2 Prodrug-induced cytotoxicity in Toca 511-transduced PDAC
cell lines. Human PDAC cell line, MIAPaCa-2 (a) and mouse PDAC
cell line, Pan02 (b) were cultured for 4 days in a series of 5-FC
concentrations. Cell viability was assessed using MTS assay. Data are
shown as the percentage (mean ± SD) of viable cells from triplicate
wells. Naive: uninfected cells, RRV-GFP: fully RRV-GFP-transduced
cells, Toca 511: fully Toca 511-transduced cells
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quantitative PCR after infection with RRV-GFP. In all
human pancreatic cancer cell lines, RRV-GFP inoculated
at MOI= 0.05 showed rapid viral replication as indicated
by increasing percentages of GFP-positive cells over time,
with the majority of pancreatic cancer lines (MIAPaCa-2,
BxPC-3, SUIT-2) subsequently reaching >90% transduc-
tion (Fig. 1a). MIAPaCa-2 in particular showed robust
viral replication and reached >90% transduction by day 9.
In murine Pan02 pancreatic cancer cells, the percentage of
GFP-expressing cells also increased rapidly, and reached
~90% within 2 weeks (Fig. 1a). In the presence of AZT,
viral replication was completely prevented, as indicated
by stable percentages of ~5% GFP-positive cells
without further increase over time. PCR quantitation of
genomic RRV copy number also confirmed efficient
transduction by RRV in both MIAPaCa-2 and Pan02 cells
(Fig. 1b).

Toca 511 transduction mediates significant
cytotoxicity to PDAC cells upon prodrug treatment
in vitro

To investigate the cytotoxicity induced by Toca 511/5-FC
in PDAC cells in vitro, we measured cell viability at
increasing concentrations of 5-FC by MTS assay. In Toca
511-transduced MIAPaCa-2 cells, 88.3 ± 0.8% and 95.6 ±
0.2% reductions in cell viability were induced by expo-
sure to 0.1 mM and 1 mM 5-FC prodrug for 4 days,
respectively, as compared to untransduced and RRV-
GFP-transduced controls which showed no significant
cytotoxicity (Fig. 2a). In Toca 511-transduced Pan02
cells, viability was reduced by 73.8 ± 5.2% after 4-day
exposure to only 0.01 mM of 5-FC, and 87.8 ± 5.4% and
91.2 ± 1.5% reductions in cell viability was observed at
0.1 mM and 1 mM 5-FC concentrations, respectively
(Fig. 2b).

RRV shows efficient intratumoral spread in s.c. PDAC
tumor models

The efficiency of intratumoral RRV spread in PDAC s.c.
tumors implanted with 1% RRV-GFP-transduced cells
was assessed by flow cytometry. In MIAPaCa-2 xenograft
models implanted in immunodeficient hosts, on day 7 post
inoculation, 63.9 ± 3.9% of the disaggregated tumor cells
stained with human-specific anti-HLA-ABC antibody
were positive for GFP expression, and on day 14, the
percentage of GFP positive cells had increased to 72.2 ±
9.3% (Fig. 3a, Supplementary Fig. S1A). Similarly, in
Pan02 syngeneic models in immunocompetent hosts, the
percentage of GFP-positive cells was 61.0 ± 4.9% on day
7, and 72.9 ± 3.9% on day 14, respectively (Fig. 3b,
Supplementary Fig. S1B).

Toca 511/5-FC gene therapy achieves significant
antitumor effects in s.c. tumor models

We evaluated in vivo therapeutic efficacy of Toca 511/5-FC
treatment using PDAC s.c. tumors implanted with 0%
(untransduced) or 1% Toca 511-transduced cells. In both

Fig. 3 Intratumoral replicative spread of RRV-GFP in PDAC s.c.
tumors. Tumor cells containing 1% fully RRV-GFP-transduced cells
were implanted subcutaneously in each mouse. Mice were killed on
day 7 or 14 post tumor inoculation, and tumors were excised and
enzymatically digested. a MIAPaCa-2 immunodeficient mouse mod-
els. Tumor cells were immediately stained with anti-HLA-ABC and
analyzed for GFP fluorescence by flow cytometry. Percentages of GFP
+ HLA-ABC+ cells were quantified. b Pan02 immunocompetent
mouse models. Tumor cells were cultured in medium containing 50
μM AZT, and after 3-day culture, analyzed for GFP positivity by flow
cytometry. N= 3 for each group. Data are shown as the mean ± SD
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MIAPaCa-2 and Pan02 s.c. tumor models, controls receiv-
ing 5-FC treatment without virus transduction (non-vector
+ 5-FC group; Fig. 4a, b) showed no obvious inhibition of
tumor growth, similar to the completely untreated control
group (non-vector+ PBS group; Fig. 4a, b). On the other
hand, growth of Toca 511-transduced tumors was sig-
nificantly inhibited by 5-FC treatment, and complete tumor
regression was observed in both models (n= 7/8) (Toca
511+ 5-FC group; Fig. 4a, b). Interestingly, in the
MIAPaCa-2 model, there was about a month delay in the
growth of tumors transduced with Toca 511, even without
5-FC treatment (Toca 511+ PBS group; Fig. 4a) compared
to the non-treated control tumors. In the Pan02 model,
growth delays of Toca 511-transduced tumors without 5-FC
(Toca 511+ PBS group; Fig. 4b) was also observed, but
was less than that in MIAPaCa-2 model.

Minimal systemic biodistribution after Toca 511/5-
FC in immunocompetent PDAC s.c. tumor models

Systemic biodistribution of RRV in mice showing complete
tumor regression after treatment with Toca 511/5-FC was
analyzed by qPCR of integrated RRV copies in genomic
DNA from normal tissues. In immunodeficient mouse
models, non-lymphohematopoietic tissues showed only low
levels of RRV signals, although there were relatively high
levels observed in spleen and bone marrow (Fig. 5a). By
contrast, in immunocompetent mouse models, RRV copies
were at almost undetectable levels in all tissues tested,
showing significant tumor selectivity (Fig. 5b).

Fig. 4 Therapeutic activity of Toca 511 and 5-FC therapy in PDAC s.
c. tumor models. Uninfected cells (99%) were mixed with fully Toca
511-transduced cells (1%), and these cell mixtures or untransduced
control cells (100%) were implanted subcutaneously in each mouse. 5-
FC (500 mg/kg/day) or PBS i.p. administration was commenced
15 days after tumor cell inoculation. a MIAPaCa-2 immunodeficient
mouse models. 5-FC or PBS administration was continued up to
60 days. b Pan02 immunocompetent mouse models. 5-FC or PBS
administration was continued up to 45 days. N= 8 for each group.
Data are shown as the mean ± SD. Statistical analyses were performed
with Student’s t-test (****p < 0.0001)

Fig. 5 Analysis of RRV biodistribution in PDAC s.c. tumor models.
gDNA extracted from tissues of treated mice in Fig. 4 were analyzed
for RRV copy number by qPCR. RRV copy number in different
organs in immunodeficient (a) and immunocompetent (b) mouse
models. N= 3 for each organ

Therapeutic activity of retroviral replicating vector-mediated prodrug activator gene therapy for. . .



RRVs replicate efficiently and achieve significant
tumor growth inhibition upon prodrug treatment in
orthotopic human pancreatic cancer models

Stable expression of firefly luciferase in MIAPaCa-2.Fluc
cells was confirmed by optical imaging, which showed a
proportionate relationship between cell number and lumi-
nescent signal intensity (Supplementary Fig. S2).

RRV replication was then tested in orthotopic PDAC
models initially implanted with 1% RRV-GFP-transduced
cells. Similar to the results obtained in s.c. models, RRV
again showed efficient intratumoral spread in MIAPaCa-2.
FLuc orthotopic models, with 60.9 ± 4.0% of tumor cells,
identified by staining with fluorescent APC anti-human
HLA-ABC antibody, showing positive GFP expression on
day 14 post inoculation (Fig. 6a).

We next assessed the therapeutic efficacy of Toca 511/5-
FC therapy by optical imaging in orthotopic MIAPaCa-2.
FLuc models, again initially implanted with 1% Toca 511-
transduced cells. Untreated control mice showed tumor
progression as evidenced by increasing bioluminescence
signal intensity, but in Toca 511/5-FC-treated mice, sig-
nificant inhibition of bioluminescent signals was observed
after 5-FC administration (Fig. 6b, c). As expected, marked
tumor regression was also observed in the Toca 511/5-FC
treatment group, as compared to the untreated control
group, by macroscopic pathology findings (Supplementary
Fig. S3A), and tumor weights were significantly lower in
the treatment group than the control group (Supplementary
Fig. S3B). On the other hand, body weight changes were
similar in both groups (Supplementary Fig. S3C). Further,
systemic biodistribution analysis showed that, as pre-
viously, RRV signals were mainly restricted to lymphohe-
matopoietic tissues in this immunodeficient xenograft
model (Supplementary Fig. S3D).

Discussion

This is the first preclinical study demonstrating that RRV-
mediated prodrug activator gene therapy shows promise as
a novel therapy against PDAC. Here we have shown that [1]
RRV achieves rapid spread and stable integration in PDAC
cells both in vitro and in vivo [2], RRV Toca 511 efficiently
delivers the yCD prodrug activator gene to PDAC cells,
resulting in significant cancer cell-selective cytotoxicity
in vitro and anti-tumor efficacy in vivo upon 5-FC prodrug
treatment, and [3] RRV copy numbers in normal tissues are
low, particularly in immunocompetent hosts.

As shown previously in a variety of other malignancies
[27, 28, 36], here we show that RRV also shows efficient
and selective infection of all human and murine PDAC
cells tested in vitro. After inoculation of RRV-GFP, the

percentage of GFP positive cells increased logarithmically
and remained persistently high, at levels of 90% or more,
through serial passages. Quantitative PCR analysis of
genomic DNA from RRV-infected human and murine
PDAC cells showed that the vector copy number also
remained stable over serial passage. These results indicate
that RRV is capable of non-cytolytic efficient replication
and permanent genomic integration in all PDAC cells
tested, and each transduced tumor cell itself becomes a
stable RRV producer cell, thereby achieving efficient
horizontal transmission and expression of the transgene
in vitro.

On the other hand, in vivo viral infection and propaga-
tion generally shows different kinetics from those in cul-
tured cells. Antiviral innate and adaptive immune responses
have been recognized as primary impediments to viral
infection and replication [11, 37], yet tumors frequently
show defects in innate immunity and suppression of adap-
tive immunity. Therefore, to obtain more reliable preclinical
results for clinical translation, we performed studies in both
immunocompetent and immunodeficient models. Since,
RRVs can infect both human and murine cells with similar
efficiency, this makes it possible to evaluate viral replication
kinetics in immunocompetent syngeneic mouse tumor
models, which also showed efficient intratumoral viral
spread comparable to that in immunodeficient models yet
selectivity to tumors.

Significant cytotoxicity was observed in vitro in Toca
511-transduced PDAC cells when cultured in media con-
taining 0.1 mM 5-FC, which is easily achievable in vivo in a
clinical setting without associated toxicity [33]. Moreover,
although, the percentages of RRV-infected cells at the
initiation of prodrug treatment were estimated to be about
70% in subcutaneous models and 60% in orthotopic mod-
els, respectively, Toca 511 and 5-FC gene therapy led to
higher anti-tumor activity than might be expected based on
the transduction level in both models, suggesting the con-
tribution of a “bystander effect” from intratumorally gen-
erated 5-FU [38, 39].

In the current studies, 5-FC was administered daily on a
continuous schedule. However, continuous 5-FC dosing
may inhibit further virus replication within tumors, and may
eventually eliminate any reservoir of RRV-infected tumor
cells. In previous studies using different cancer models, it
has been found that cyclic dosing of 5-FC may achieve an
improved therapeutic effect, especially at lower tumor
transduction levels [23, 24, 40]. During ‘rest’ intervals
between 5-FC cycles, RRV may more efficiently resume
spread from residual reservoirs of stably infected tumor
cells, resulting in re-infection of tumors even as they recur,
and thereby enabling multiple cycles of 5-FC to achieve
continued therapeutic efficacy even after only a single
injection of virus.
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Fig. 6 Replicative spread and therapeutics activity of RRV in ortho-
topic human pancreatic cancer models. a Flow cytometric data
demonstrating intratumoral replicative spread of RRV-GFP in ortho-
topic tumors. MIAPaCa-2.Fluc cells containing 1% fully RRV-GFP-
transduced cells were implanted orthotopically in each mouse (n= 3).
On day 14 post tumor inoculation, tumors were excised and enzy-
matically digested, stained with anti-HLA-ABC and analyzed for the
percentage of GFP positive cells by flow cytometry. Data from a non-
vector tumor is shown as a negative control (left). b Bioluminescent

signal intensities shown as photons/sec/mouse (n= 7). MIAPaCa-2.
Fluc cells containing 1% fully Toca 511-transduced cells were
implanted orthotopically in each mouse. 5-FC (500 mg/kg/day) or PBS
administration was commenced on day 14 post tumor inoculation and
continued for 5 weeks. Each mouse was analyzed by using IVIS
optical imaging system every week. (left) individuals, (right) means.
Data are shown as the mean ± SD. Statistical analyses were performed
with Student’s t-test (****p < 0.0001). c bioluminescent imaging of
pancreatic tumors. Representative images for each group are shown
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It is also interesting that there was a growth delay in Toca
511-transduced tumors even without 5-FC treatment, which
was more pronounced in the MIAPaCa-2 model than in the
Pan02 model. Notably, a similar phenomenon was observed
in U87 human glioma xenograft models [21]. Although, the
precise mechanism of this phenomenon remains unclear, it
is possibly related to extra metabolic consumption asso-
ciated with viral infection and/or production, or alter-
natively to downregulation of the envelope gene, resulting
in reduced phosphate entry [41]. The phenomenon has not
been further investigated here.

Systemic biodistribution of RRV was also assessed in
both immunodeficient and immunocompetent PDAC
models. Both innate host factors, such as APOBEC3 [42]
and adaptive immunity contribute to clearance of retro-
viruses in various species [43–45]. In fact, according to
previous reports, amphotropic MLV injected intrave-
nously in normal rhesus monkeys was rapidly cleared
from serum without causing subsequent viremia, and no
clinical illness was observed in these animals during a
mean follow-up period of 43.9 months [46, 47]. Thus,
retroviral replication is restricted in normal tissues of
immunocompetent hosts. In our immunodeficient mice,
RRV vector copy numbers were relatively low or unde-
tectable in most normal tissues in the time-frame exam-
ined, except for lymphoid and hematopoietic tissues
(spleen, bone marrow), as previously reported [48]. In
contrast, in immunocompetent C57BL/6 mice, systemic
biodistribution of RRV was significantly restricted in all
organs, including lymphohematopoietic tissues. This dif-
ference may be due to strain-dependent differences in host
restriction factors and/or the immune competence of the
host [49]. Importantly, MLV has been shown to be more
restricted in humans partly by the effect of APOBEC3G
[50], and consequently, minimal RRV infection of normal
tissues is expected in humans with normal immunity.
Additionally, no symptoms or weight loss were observed
during the treatment period, indicating that there is no
acute toxicity associated with tumor-selective RRV
infection. In addition, Toca 511 and 5-FC mediated pro-
drug conversion is likely to eliminate inadvertently
infected normal dividing cells upon 5-FC administration,
thereby acting as an inherent ‘self-destruct’ mechanism.
Hence, the potential risk of genotoxicity through inser-
tional mutagenesis seems very low. Thus, the safety
profile of this strategy is expected to be acceptable in
treating PDAC, as has been the case in multiple clinical
trials using Toca 511 and 5-FC for the treatment of
recurrent high-grade glioma.

In conclusion, we show that Toca 511 and 5-FC therapy
has good potential for clinical translation and may be a
promising therapeutic strategy in PDAC. Currently, this
strategy is being evaluated in an exploratory Phase I clinical

trial of Toca 511 and Toca FC for the treatment of PDAC
and other malignancies.
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