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Retroviral Replicating Vectors Deliver Cytosine Deaminase
Leading to Targeted 5-Fluorouracil-Mediated Cytotoxicity
in Multiple Human Cancer Types

Chris G. Twitty, Oscar R. Diago, Daniel J. Hogan, Cindy Burrascano,
Carlos E. Ibanez, Douglas J. Jolly, and Derek Ostertag*

Tocagen, Inc., San Diego, California.

Toca 511 is a modified retroviral replicating vector based on Moloney c-retrovirus with an amphotropic
envelope. As an investigational cancer treatment, Toca 511 preferentially infects cancer cells without
direct cell lysis and encodes an enhanced yeast cytosine deaminase that converts the antifungal drug 5-
fluorocytosine to the anticancer drug, 5-fluorouracil. A panel of established human cancer cell lines,
derived from glioblastoma, colon, and breast cancer tissue, was used to evaluate parameters critical
for effective anticancer activity. Gene transfer, cytosine deaminase production, conversion of 5-
fluorocytosine to 5-fluorouracil, and subsequent cell killing occurred in all lines tested. We observed
>50% infection within 25 days in all lines and 5-fluorocytosine LD50 values between 0.02 and 6 lg/ml.
Although we did not identify a small number of key criteria, these studies do provide a straightforward
approach to rapidly gauge the probability of a Toca 511 and 5-fluorocytosine treatment effect in various
cancer indications: a single MTS assay of maximally infected cancer cell lines to determine 5-
fluorocytosine LD50. The data suggest that, although there can be variation in susceptibility to Toca 511
and 5-fluorocytosine because of multiple mechanistic factors, this therapy may be applicable to a broad
range of cancer types and individuals.

INTRODUCTION

THE IDEA OF USING replication-competent viruses as a
direct therapy for the treatment of cancer emerged
more than a century ago.1 The c-retrovirus murine
leukemia virus (MLV) is an attractive tool for tumor
gene therapy, as its nonlytic life cycle and require-
ment for host cell division allow for tumor-selective
enhanced gene transfer2 and spread throughout the
tumor. This MLV-based approach to gene therapy
has been used to deliver and express the cytosine
deaminase (CD) gene into tumor cells, providing a
specific conversion of the well-tolerated antifungal
prodrug, 5-fluorocytosine (5-FC), into the potent
chemotherapeutic 5-fluorouracil (5-FU), which has
been well established in preclinical studies.2–6

Building on this concept, Tocagen’s retroviral rep-
licating vector (RRV) named Toca 5117 (vocima-
gene amiretrorepvec) preferentially infects tumors
without immediate cell killing and encodes an op-
timized yeast cytosine deaminase (yCD) that con-

verts 5-FC into 5-FU within infected tumors.3,4,7,8

We are currently investigating the clinical utility, in
recurrent high-grade glioma, of Toca 511 in combi-
nation with Toca FC, an investigational orally ad-
ministered extended-release formulation of 5-FC
(NCT01470794, NCT01156584, NCT01985256, and
NCT02414165).

CD is lacking or poorly expressed in most human
cells but is often expressed in yeast and bacteria
as part of the pyrimidine salvage pathway and is
responsible for converting cytosine to uracil and
ammonia. CD also catalyzes, by means of a deami-
nation step, the conversion of the prodrug 5-FC to
the chemotherapeutic drug 5-FU9,10 within cancer
cells expressing gene therapy-delivered CD. CD-
based prodrug activating gene therapy has been
investigated in preclinical animal models and clinical
trials for many cancer types, including colon,11,12

liver,13,14 lung,15,16 medulloblastomas,16,17 pros-
tate,10,18 breast,19,20 bladder,21,22 gliomas,3,23,24
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head and neck,25,26 sarcomas,27,28 melanoma,11,29

and ovarian13,30 cancers. CD-based cancer gene
therapy has proven to be effective in chemotherapy-
resistant cancer cell lines,31,32 in combination with
chemotherapy,4 and to enhance the effect of radio-
therapy.33 To further improve the wild-type CD,
we developed a codon-optimized,7 heat-stabilized34

yeast CD (yCD) gene, which resulted in an approx-
imate 3-fold greater enzyme-specific activity com-
pared with the wild-type protein when incorporated
into Toca 511.

The primary cytotoxic effects of 5-FU occur
through two distinct pathways: inhibition of DNA
synthesis by the conversion of 5-FU to fluorodeox-
yuridine monophosphate (FdUMP)2,11,35 and per-
turbation of RNA synthesis by the conversion of 5-
FU to 5-fluorouridine triphosphate (5-FUTP)3,16,31,36

through 5-fluorouridine monophosphate (5-FUMP)
and 5-fluorouridine diphosphate (5-FUDP) inter-
mediates.7,16,36,37 In addition to direct killing of
transduced cells by production of intracellular 5-FU,
extracellular 5-FU and related antimetabolites se-
creted from cancer cells or released during the
death of the infected cell result in killing of neigh-
boring cells, a phenomenon known as the ‘‘bystander
effect.’’24,38

In the present study, 9 human tumor cell lines
were chosen to represent 3 tumor types: glioblas-
toma (U-87MG, 8-MG-BA, 42-MG-BA, and T98G),
colorectal cancer (COLO 205, HTB-38, and NCI-
H508), and breast cancer (AU565 and MB-157).
The unique properties of each cell line, such as
growth rates, prior treatment with 5-FU, and cell
ploidy, are expected to represent some of the di-
versity of conditions that could influence Toca 511
and Toca FC combination therapy in a clinical set-
ting. A key question in considering this therapeutic
strategy for other cancers is their susceptibility to-
ward initial infection with Toca 511, subsequent
viral spread throughout the tumor, levels of CD
expression, extent of 5-FC to 5-FU conversion, and
sensitivity to 5-FU. Therefore, we investigated Toca
511 infection and subsequent 5-FC metabolism in
this broad panel of established human cancer cell
lines. While other studies39,40 have addressed some
of the above-described parameters, this is the first
study to integrate all of these parameters with
overall transcription patterns by next-generation
sequencing, into a single analysis. This integra-
tive approach coupled with additional analyses are
complementing clinical endpoints where collectively
they hold the potential to reveal predictive bio-
markers critical to direct a patient-focused antican-
cer regimen.41,42 While these experiments were not
powered to uncover biomarkers specific to Tocagen’s

therapy, the results show that Toca 511 combined
with Toca FC may be applicable to a broad range of
cancer types and individuals.

MATERIALS AND METHODS
Cell lines and cell culture

U-87MG human glioblastoma (GBM) cells were
obtained from the laboratory of Prof. Nori Kasa-
hara, University of California, Los Angeles. T98G
human GBM cells (ATCC CRL-1690) and 8-MG-BA
and 42-MG-BA human GBM cells were kind gifts
from the laboratory of Prof. Walter Gunzburg, In-
stitute of Anatomy, Histology and Embryology,
University of Veterinary Medicine, Vienna, Aus-
tria. Other cell lines were obtained directly from
ATCC (Manassas, VA): NCI-H508 human colorec-
tal metastatic adenocarcinoma cells from a patient
treated with 5-FU (ATCC CCL-253); HTB-38
human colorectal primary adenocarcinoma cells
(ATCC HTB-38); COLO 205 human colorectal met-
astatic adenocarcinoma cells from a patient previ-
ously treated with 5-FU (ATCC CCL-222); MB-157
human breast medullary carcinoma cells (ATCC
CRL-7721); AU565 human breast adenocarcinoma
cells from a patient previously treated with 5-FU
and isolated from a metastatic pleural effusion
(ATCC CRL-2351). U-87MG, T98G, 8-MG-BA, and
42-MG-BA tumor cell lines were cultured in
DMEM (Hyclone Lab, Inc., Omaha, NE); MB-157
tumor cell lines were cultured with L-15 Leibovitz
(Sigma-Aldrich, St. Louis, MO); HTB-38 tumors
were cultured in McCoy’s 5A (modified) media (Life
Technologies, Grand Island, NY); COLO 205,
AU565, and NCI-H508 cancer cells were all cul-
tured with RPM1-1640 media (Sigma-Aldrich). All
media additionally contained 10% FBS (Hyclone
Lab, Inc.), 1 mM sodium pyruvate (Hyclone Lab,
Inc.), and 2 mM glutamax (Life Technologies). All
cells were cultured at 37�C in a humidified 5% CO2

incubator, except MB-157, which was cultured at
37�C in a humidified atmospheric (no supplemen-
tal CO2) incubator. 5-FC and 5-FU were purchased
from Sigma-Aldrich.

Viral transduction and replication kinetics
U-87MG, T98G, 8-MG-BA, 42-MG-BA, HTB-38,

and COLO 205 cells were seeded in duplicate at
3 · 105 cells/well and AU565, MB-157, and NCI-
H508 cells were seeded at 1 · 105 cells/well in 6-well
plates (Corning, Tewksbury, MA) containing 2 ml
of complete media. All cell lines were cultured at
37�C in a humidified 5% CO2 incubator, except MB-
157, which was cultured at 37�C in a humidified
atmospheric (no supplemental CO2) incubator.
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Twelve to 18 hr postseeding, cells were transduced
with Toca 511 or Toca GFP (Toca 511, where yCD is
substituted with the enhanced green fluorescent
protein [eGFP]) at an multiplicity of infection (MOI)
of 0.1 and 10 prepared in complete media in the
presence of 4lg/ml of polybrene (Sigma-Aldrich).
Plates were sealed with Breathe-Easy plate sealer
(Sigma-Aldrich), centrifuged at 650 · g for 60 min,
and returned to a 37�C incubator. The following day
the medium was aspirated and replenished with a
fresh complete medium. Thereafter, the medium
was replenished every two days and/or the cells
passaged as needed (if >80% confluency). The cells
transduced with Toca GFP were monitored every
two or three days by flow cytometry until maximally
infected, as determined by maximal percentage of
GFP-expressing cells, at which time the appropriate
cells were harvested and frozen in 10% DMSO
(Sigma-Aldrich)/90% FBS in Nalgene Mr. Frosty
Cryo 1�C Freezing Containers. Individual experi-
ments were repeated at least three times.

Genomic content analysis
with propidium iodide

An amount of 5–10 · 106 naı̈ve or maximally in-
fected tumor cells or human peripheral blood
mononuclear cells (PBMC) from C.T.L. (Shaker
Heights, OH; Cat# CTL-UP1) were fixed with ice-
cold 70% ethanol (Sigma-Aldrich) and stored on ice
for 2–4 hr before washing the cells with 1 ml of PBS.
One milliliter of propidium iodide (PI) solution
(20 ml 0.1% Triton X-100 [Sigma-Aldrich], 4 mg
DNase-free RNase, 400 ll of 1 mg/ml PI) was used to
stain the cells before analysis on the flow cytometer
(Canto II; BD, La Jolla, CA). Viable cells were gated
through FSC (forward-scattered light) · SSC (side-
scattered light) gate and interrogated for the mean
fluorescence intensity (MFI) of G1 phase measured
in the FL2 channel. The MFI of the known diploid
control (PBMC) was used to determine the genomic
content of the unknown cancer cells based on the
relative shift in MFI. Individual experiments were
repeated at least three times.

Proliferation assay
An amount of 1 · 105 naive or maximally infected

(Toca 511) cancer cells were labeled in triplicate
with 1 ml of 5 mM of carboxyfluorescein succini-
midyl ester (CFSE) for 2 min at room temperature
according to manufacturer’s protocol (Life Tech-
nologies). Labeled cancer cells were cultured in 6-
well plates as described. Proliferation was mea-
sured with flow cytometry as loss of CFSE intensity
measured in the FL1 channel after gating viable
tumors through an FSC · SSC gate. Cells were

analyzed on the flow cytometer at four time points
to get an average doubling time throughout the
time course. Individual experiments were repeated
at least twice.

RNA-sequencing analysis
U-87MG, T98G, 8-MG-BA, 42-MG-BA, NCI-H508,

HTB-38, COLO 205, MB-157, and AU565 cell lines
were grown to *50% confluency in 175 cm2 plates
(Corning). Medium was removed and cells were lysed
on the plate by addition of 1 ml of Trizol. The Trizol
solution was transferred to 1.5 ml microfuge tubes
and RNA was extracted by addition of chloroform to
30% final concentration. Tubes were centrifuged at
12,000 · g for 15 min. The aqueous phase was re-
moved and RNA was further purified using Maxwell
16 Total RNA Purification Kit (Promega; Cat.#
AS1050). Total RNA was converted into sequencing
libraries using the Ovation Human FFPE RNA-Seq
kit (Nugen, San Carlos, CA; Cat.# 0340 and 0341).
Libraries were sequenced on an Illumina HiSeq 2000
machine generating *2 · 107 · 100 base paired-end
reads per sample.

Sequence alignment and postalignment
processing

Sequence alignment and processing was per-
formed on an Amazon Web Service Instance running
Ubuntu 14 Linux environment. Raw sequencing
results in the form of FASTQ files were used as input
for alignment of the sequencing data to the human
ENSEMBL reference RNA database GRCh37. EN-
SEMBL and human genome (hg19) annotation files
were retrieved from the Tophat website, which links
to the Illumina iGenome collection. Alignments were
performed with Tophat2.43 Tophat2-generated BAM
files were converted to CXB files with Cufflinks and
used as input into Cuffdiff2 to generate normalized
FPKM (Fragments per kb of exon per million reads
mapped) values and for differential expression ana-
lyses.12,44 HTSeq was used to calculate the number
of reads that mapped to each transcript.14,45 SAMseq
was used for correlation analyses.15,46 Primary se-
quencing data files are available via GEO (accession
GSE72955). For relative mRNA expression com-
parisons, gene-centric normalized FPKM values
were filtered as follows: mRNAs with average FPKM
<1 were removed, remaining mRNAs were log2
(FPKM +1) transformed, and each mRNA was then
normalized by subtracting its mean log2 (FPKM +1)
value. Clustering was performed with Cluster 3.0
and results were visualized with Java Treeview.
Analyses were performed in R (R Core Team, 2013;
R Foundation for Statistical Computing, Vienna,
Austria).
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Cell viability measurement in tissue culture
U-87MG, T98G, 8-MG-BA, 42-MG-BA, NCI-

H508, HTB-38, COLO 205, and AU565 cell lines
were incubated in triplicate at 37�C in a humidified
5% CO2 incubator (MB-157 was cultured at 37�C
in a humidified atmospheric [no supplemental
CO2] incubator) with tetrazolium reagent 3-(4, 5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS; Promega;
Cat# G3581) at 20ll per 100 ll of media. Thirty-
minute time points were chosen for measure-
ments. All samples were assayed on a Tecan Infinite
M200 plate reader with absorbance readings taken
at 490 nm. Individual experiments were repeated
at least twice.

5-FC sensitivity of vector-transduced
cell lines in tissue culture

U-87MG, T98G, 8-MG-BA, 42-MG-BA, NCI-
H508, HTB-38, COLO 205, MB-157, and AU565 cell
lines were maximally infected with Toca 511 vector,
expanded, and stored as a bank of frozen cells. Cells
were thawed and seeded in triplicate at 1,000 cells/
well in 96-well plates (Corning). They were moni-
tored over a six-day period following treatment with
decreasing concentrations of the prodrug 5-FC (7-
point log-fold serial dilutions were performed from
1290 to 0.00129 lg/ml) and the active drug 5-FU (7-
point log-fold dilutions from 1300 to 0.00130 lg/ml).
NCI-H508 was supplemented with 1290, 25.8,
0.516, 0.0103, 2.06 · 10-4, 4.13 · 10-6, and 8.26 · 10-8

lg/ml of 5-FC and 1300, 26, 0.52, 0.0104, 2.08 · 10-4,
4.16 · 10-6, and 8.32 · 10-8 lg/ml of 5-FU, respec-
tively. Drug was first added one day after plating
and then replenished with the complete medium
plus fresh 5-FC or 5-FU every two days for con-
tinuous exposure to the fluorinated nucleotides
made from these fluorinated pyrimidine bases. Cell
growth kinetics were assessed every two days uti-
lizing Promega’s CellTiter 96 Aqueous One Solu-
tion reagent (MTS) as described above. All time
points for each cell line and each concentration
were performed in quadruplicate. GraphPad Prism
v6 software (La Jolla, Ca) was used to calculate the
mean of the time points as well as the LD50 and
LD90 of each cell line for nonlinear four-parameter
fit of the data points with log inhibitor (response)
versus variable slope. The results obtained in this
assay are representative of two or more individual
experiments ran with most of the tumor cell lines.

Liquid chromatography–mass
spectrometry cell preparation

Cell lines were grown to confluency in T-75 cm2

(Corning) tissue culture flasks as described above.

At time of harvesting, they were washed with PBS
(Hyclone Lab, Inc.) and disassociated with Tryp-
zean Solution (Sigma-Aldrich). U-87MG, T98G, 8-
MG-BA, 42-MG-BA, and MB-157 cell lines were
seeded in duplicate or triplicate at 2.4 · 104 cells/
well; NCI-H508, HTB-38, COLO 205, and AU565
were seeded in duplicate or triplicate at 4 · 104

cells/well to account for slower growth. All 9 cell
lines were seeded into 12-well tissue culture plates
(Corning) in 1 ml complete growth medium. Plates
were seeded in quadruplicate and cells allowed to
adhere overnight at 37�C as previously described.
Fresh medium supplemented with 20, 66.6, or
200 lg/ml of 5-FC (a negative control without 5-FC
was included as a baseline) was replenished 24 hr
postseeding at 1 ml/well; cells receiving 5-FU were
replenished at 20 and 200 lg/ml. The concentra-
tions of 5-FC added to the tumors were chosen to
reflect the approximate range expected to be de-
tected in the blood of patients undergoing current
Toca 511-based clinical trial dosing regimens. In-
cubation at 37�C was continued for an additional
24 and/or 48 hr. At the 24 and 48 hr time points,
cells and supernatant were prepared for liquid
chromatography–mass spectrometry (LC-MS) anal-
ysis and conducted by Southern Research Institute
(Birmingham, AL). Medium was transferred from
12-well tissue culture plates into 1.5 ml microfuge
tubes at 0.5 ml/tube and stored at -80�C. The cells
were rinsed with 1 ml ice-cold PBS and aspirated. An
amount of 0.1 ml of ice-cold 60% methanol (Sigma-
Aldrich) was added to the cells and the cells were
scraped off with a pipet tip. The disassociated cell/
methanol suspension was transferred to prechilled
1.5 ml microfuge tubes and stored at -80�C. The
controls for the LC-MS experiment included trans-
duced tumors cultured with media alone, non-
transduced tumors cultured with 5-FC, individual
‘‘spikes’’ of 5-FC and 5-FU, as well as the associated
metabolites FUMP, FdUMP, and FUTP. Individual
experiments were repeated twice.

DNA/RNA/protein purification
Genomic DNA (gDNA), RNA, and protein were

all extracted from the same cell pellets from each
maximally transduced Toca 511-infected tumor cell
line according to instructions in the SurePrep RNA/
DNA/Protein Purification Kit (Fisher, Pittsburgh,
PA). Briefly, transduced cells were harvested as
described above and pelleted by centrifugation at
200 · g for 5 min. The supernatants were decanted
and cell pellets were washed with PBS and pelleted
as above. The cell pellets were mixed with 350ll of
lysis solution, vortexed for 15 sec, mixed with 200 ll
of 95% ethanol, vortexed for 10 sec, and applied to
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the Fisher SurePrep columns. The samples were
washed with ethanol; RNA, gDNA, and protein
were sequentially purified following ethanol wa-
shes after each extraction. RNA concentration was
measured using the Nanodrop 8000 (Thermo Sci-
entific, Waltham, MA).

Real-time PCR
TaqMan probe-based real-time PCR (qPCR) was

performed as single-targeted 20 ll reactions, pre-
pared in triplicate, on a Bio-Rad (Hercules, CA)
CFX96 Real Time System using primers and probes
annealing to sequences in the long terminal repeat
region of MLV or in the yCD transgene. Primers and
probes were designed with PrimerQuest software
(Integrated DNA Technologies, San Diego, CA) and
synthesized by Integrated DNA Technologies. For
qPCR detection of MLV-specific sequences, primers
at 300 nM each of MLV-F (5¢- AGC CCA CAA CCC
CTC ACT C-3¢) and MLV-R (5¢- TCT CCC GAT CCC
GGA CGA-3¢), and 100 nM of MLV hydrolysis probe
(5¢- FAM-CCC CAA ATG AAA GAC CCC CGC TGA
CG-3¢BHQ_1) were used with iQ PCR Supermix
(Bio-Rad). For qPCR detection of yCD-specific se-
quences, primers at 600 nM each of yCD-F (5¢-ATC
ATC ATG TAC GGC ATC CCT AG-3¢) and yCD-R
(5¢-TGA ACT GCT TCA TCA GCT TCT TAC-3¢), and
100 nM of yCD hydrolysis probe (5¢-FAM/TCA TCG
TCA ACA ACC ACC ACC TCG T/3¢BHQ_1) were
used with Bio-Rad’s iQ PCR Supermix. Thermal
cycling conditions consisted of 95�C for 5 min, fol-
lowed by three cycles of 95�C for 15 sec and 65�C for
10 sec, followed by 38 cycles of 95�C for 15 sec and
65�C for 30 sec. Absolute quantification and linear
regression were performed using a six-log serial di-
lution standard curve from a proviral-containing
plasmid, pAZ3-yCD.7,17 CFX Manager 3.0 software
(Bio-Rad) was used to calculate the threshold cycle
(Ct) value, defined as the number of cycles at which
the fluorescence signal is significantly above the
defined threshold, which was inversely correlated to
the logarithm of the initial copy number.

Real-time RT-PCR
TaqMan probe-based real-time RT-PCR (RT-

qPCR) was performed as multiplexed 20 ll reac-
tions, in triplicate, on a CFX96 Real Time System
(Bio-Rad) using primers and probes annealing to
sequences in the amphotropic MLV 4070A env, pol,
and yCD transgene. Primers and probes were de-
signed with PrimerQuest software (Integrated
DNA Technologies) and synthesized by Integrated
DNA Technologies. For simultaneous RT-qPCR
detection of pol, env, and yCD-specific sequences
performed in a single qPCR, primers at 300 nM

each of Pol2-F (5¢-CAA GGG GCT ACT GGA GGA
AAG-3¢) and Pol2-R (5¢-CAG TCT GGT ACA TGG
AGG AAA G-3¢); 100 nM of Pol2 hydrolysis probe
(5¢-HEX/TAT CGC TGG ACC ACG GAT CGC AA/
3¢BHQ_1); 300 nM each of Env2-F (5¢-ACC CTC
AAC CTC CCC TAC AAG T-3¢) and Env2-R (5¢-GTT
AAG CGC CTG ATA GGC TC-3¢); 100 nM of Env2
hydrolysis probe (5¢-TEX615/AGC CAC CCC CAG
GAA CTG GAG ATA GA/3¢IAbRQSp); 300 nM each
of yCD-F (5¢-ATC ATC ATG TAC GGC ATC CCT
AG-3¢) and yCD-R (5¢-TGA ACT GCT TCA TCA
GCT TCT TAC-3¢); and 100 nM of yCD hydrolysis
probe (5¢-FAM/TCA TCG TCA ACA ACC ACC ACC
TCG T/3¢BHQ_1) were used with AgPath-ID One-
Step RT-PCR Reagent (Life Technologies). Ther-
mal cycling conditions consisted of 46�C for 20 min,
followed by 95�C for 10 min, followed by 40 cycles
of 95�C for 15 sec and 55�C for 45 sec. Absolute
quantification and linear regression were per-
formed using a seven-log serial dilution RNA
standard curve purified from Toca 511 viral vector
containing the corresponding targets that under-
went RT-qPCR in parallel with the test articles.
The Toca 511 standard was originally qualified
by comparison with an in vitro synthesized RNA
standard quantified by absorbance at 260 nm. CFX
Manager 3.0 software (Bio-Rad) was used to cal-
culate the threshold cycle (Ct) value, defined as the
number of cycles at which the fluorescence signal is
significantly above the defined threshold, which
was inversely correlated to the logarithm of the
initial copy number.

Western blot
U-87MG, T98G, 8-MG-BA, 42-MG-BA, NCI-

H508, HTB-38, COLO 205, MB-157, and AU565 cell
lines were grown to confluency in T-75 cm2 tissue
culture flasks and harvested for protein purifica-
tion as described earlier. Lysates were quantified
using a BCA Protein Assay (Pierce, Rockford, IL).
An amount of 15lg of total protein was separated
by electrophoresis on a 4–12% SDS-polyacrylamide
gel at 100 V for 60 min (Bio-Rad; Cat.# 345-0124).
The resolved proteins were transferred to a nitro-
cellulose membrane (Life Technologies) using an
iBlot (Life Technologies). Blots were probed over-
night at 4�C with a mouse anti-yCD monoclonal
antibody (generated for Tocagen at Genscript, NJ,
08854). The next day, blots were rinsed with 1·
TBS-tween (0.05%) and probed with antimouse-
horseradish peroxidase (HRP) secondary antibody
(Southern Biotech, Birmingham, AL) for 1 hr at
room temperature. The Western blots were ana-
lyzed using the HRP system with chemilumines-
cence detection (Thermo Scientific). Densitometry
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of the Western blot was determined using ImageJ
software (NIH) and linear regression analysis of the
yCD standard was used to quantitate the protein
level of yCD in the tumor samples. The results ob-
tained with this Western are representative of two
individual experiments ran with most of the tumor
cell lines where the protein was isolated directly
from a cell pellet and not with SurePrep RNA/DNA/
Protein Purification Kit (see above).

Statistical analysis
For MTS assay to assess 5-FC/5-FU sensitivity

(LD50 determination), GraphPad Prism v6 soft-
ware was used to calculate the mean of the time
points as well as the LD50 and LD90 of each cell
line for nonlinear four-parameter fit of the data
points with log inhibitor (response) versus vari-
able slope.

Unless otherwise noted, statistical analyses as-
sociated with all correlations between LC-MS, dou-
bling times, infectability, LD50, and next-generation
sequencing analysis were performed in R.

RESULTS
Toca 511 infects diverse cancer cell lines

To characterize RRV replication kinetics in po-
tential therapeutic targets, the time taken to reach
50% infection with Toca GFP was measured in
multiple cell lines from three different cancer
types (Fig. 1 and Supplementary Table S1; Sup-
plementary Data are available online at www
.liebertpub.com/hgtb) at the same MOI. The hu-
man GBM cell lines U-87MG and 42-MG-BA sup-
ported similar rapid viral replication kinetics. 8-
MG-BA had slower viral spread, reaching 50% in-
fection 3 days later than U-87MG at an MOI of 0.1,
but at comparable maximal level over time. Less
than 60% of T98G cells were transduced beyond 20
days compared with the canonically permissive line
U-87MG that achieved 92% transduction in less
than 10 days. Colorectal cancer cell lines showed a
variation in viral replication kinetics similar to the
GBM lines, with HTB-38 and NCI-H508 displaying
viral replication kinetics comparable to 8-MG-BA,
while COLO 205 was more similar to T98G. Inter-
estingly, the breast cancer cell lines tested showed a
comparatively different phenotype from the other
two cancer types (GBM and colorectal) with low
initial transduction (<20% GFP+) at high MOI,
followed subsequently by efficient spread (>80%
GFP+). Regardless of replication kinetic differ-
ences, the RRVs successfully infected all the cancer
cell lines reaching transduction levels that would be
expected to be therapeutic.3

RRVs were capable of infecting the entire panel
of human cancer cell lines tested, although with
differing rates of infection. Moloney c-retrovirus
virus from which Tocagen’s RRVs were developed
requires mitosis for productive infection,26,47 and
so the rate at which cells divide may influence Toca
511 infectivity. This effect may, in theory, partially
explain the differences in viral replication kinetics
seen in Fig. 1. We, therefore, measured growth
rates of each of the cell lines and compared the
results to the infectivity data (1/[time to 50% in-
fection] at an MOI of 0.1, Supplementary Table S1).
Results show that, on average, the burden of sup-
porting viral replication retards cell doubling time
by 5–15%, yet no meaningful correlation between
Toca GFP permissivity and cell doubling time was
evident (Pearson r = -0.11). Furthermore, eight of
nine cell lines had a doubling time of less than
27 hr, while MB-157 divided every 50 hr, yet still
displayed midrange infectivity.

Consistent integration and expression
of active CD in cancer cell lines

In general, we expect that the level of the yCD
protein is dependent on yCD mRNA transcription,
mRNA turnover, and translation, which, in turn, is
related to the number of yCD DNA transgene in-
tegration events. Consequently, all three factors
(yCD protein levels, RNA transcription efficiency
from the provirus, and number of integrated pro-
viruses [DNA]) have the potential to alter a trans-
duced tumor’s sensitivity to 5-FC. Therefore, we
quantified the steady-state levels of each of
these three related macromolecules in Toca 511-
transduced cells. DNA, RNA, and protein were
extracted from a single pellet of cells for each line
tested and measured (Fig. 2 and Supplementary
Table S1). There were 0.3 (AU565) to 8.8 (NC-
H508) viral integrations per respective cancer cell
genome, with the number of integration events per
genome increasing as the rate of infection in-
creased (Pearson r = 0.37 between 1/[days to reach
50% infectivity] and number of integration events
per genome). The levels of yCD mRNA correlated
with the number of integrations per genome
(Pearson r = 0.49) and with protein levels of yCD
(Pearson r = 0.48), suggesting a relatively consis-
tent relationship between transgene integration
and expression among the different cell lines (Sup-
plementary Fig. S2). Nevertheless, there appeared
to be less variation in CD protein levels within can-
cer cell types than in numbers of integration events
and steady-state RNA levels. Levels of the yCD
protein in each transduced cancer cell line correlated
with the amount of 5-FC converted to 5-FU, which,
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in turn, influenced tumor killing efficiency. How-
ever, the cellular metabolism of 5-FU can also in-
fluence cell killing. Therefore, we next investigated
the sensitivity of the cells to 5-FC and 5-FU, and the
intracellular and extracellular levels of these mole-
cules and downstream metabolites.

Expression of the CD protein is necessary
to sensitize Toca 511-infected cell lines
to 5-FC but increased expression does
not correlate with increased sensitivity

The efficacy of Toca 511 therapy is ultimately
tied to the tumor’s sensitivity to 5-FU and its cy-
totoxic metabolites. To assess the tumor’s sensi-

tivity to 5-FC or 5-FU, doses of either drug were
added to cultures of either naı̈ve or ‘‘maximally
infected’’ cell types. Maximal Toca 511 infection
was confirmed by qPCR using the ratio of trans-
duced viral envelope and polymerase genes to the
approximate total number of genomes available for
transduction (Fig. 2 and Supplementary Table S1).
The tumors were each cultured for 6 days to de-
termine the LD50 using an MTS assay. Toca 511
infection had little effect on sensitivity to direct
addition of 5-FU (Fig. 3). Without expression of
yCD, tumors remained insensitive to 5-FC even
with the undiluted 5-FC solution, preventing the
determination of 5-FC LD50 in naı̈ve tumors (data

Figure 1. Toca GFP viral replication kinetics in a panel of tumor cell lines. Toca GFP was used to infect selected glioblastomas (A and B), breast carcinomas
(C and D), and colorectal adenocarcinomas (E and F) at an MOI of 0.1 or 10 with multiple replicates. To determine the frequency of infected tumors at each
MOI, flow cytometry was used to interrogate the number of GFP+ cells among the total tumor population as a function of time. This figure is a representative
experiment of two individual experiments. GFP, green fluorescent protein; MOI, multiplicity of infection.
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not shown). If 5-FC enters an infected cell at the
same rate and concentration as 5-FU, and yCD
converts 5-FC at 100% efficiency, one would expect
near identical LD50 for the two fluorinated nucle-
osides. The sensitivity to 5-FC (LD50) in Toca 511-
infected cells varied, ranging from 0.02 (NCI-H508)

to 6 lg/ml (T98G), and tracked with cellular 5-FU
sensitivity (Pearson r = 0.81, on average 7-fold in-
crease [range 2–20-fold] in 5-FC LD50 vs. 5-FU
LD50), which suggests variable but generally effi-
cient import and conversion of 5-FC by yCD. Dif-
ferences in yCD protein levels, however, did not
track with 5-FC sensitivity (Pearson r = -0.14), sug-
gesting that the yCD protein is not the limiting fac-
tor for cell killing under these conditions and that
downstream 5-FU anabolic or catabolic metabolism
may be important in determining the LD50 (Sup-
plementary Fig. S3).

Import and export of 5-FC and 5-FU
is not a rate-limiting step for killing
of infected cell lines

In order to investigate further the factors that
influence the response of infected cells to 5-FC
treatment, we measured the intracellular (cell ex-
tracts) and extracellular (measured from culture
supernatant) 5-FC and 5-FU levels after treatment
with different concentrations of 5-FC (Figs. 4 and
5). 5-FC is converted by yCD into 5-FU, which, in
turn, is metabolized via several different pathways
into antimetabolites such as FdUMP (inhibits DNA
synthesis), FUMP (inhibits RNA synthesis), and
catabolized to nonfunctional fluoro-beta-alanine
(FBAL), or exported extracellularly.11,23,29,48 The
ability of each transduced cancer cell to import 5-FC
and convert it into 5-FU and related antimetabolites
is expected to influence the efficacy of Toca 511
therapy. To measure the import and metabolism of
fluorinated nucleotides, naı̈ve or maximally infected
cell lines were cultured with different concentrations
of 5-FC or 5-FU and both intracellular and extracel-
lular 5-FC, 5-FU, FUMP, FUTP, and FdUMP were
measured by LC-MS. To determine 5-FC intracellu-
lar import at both 24 and 48 hr, 5-FC was added to
naı̈ve cancer cells that lack yCD expression and
cannot readily convert 5-FC to 5-FU. 5-FC import
was similar in most naı̈ve cancer cells regardless of
histological origin or growth rate (Supplementary
Table S2). In infected cells, 5-FC import, as measured
by the sum of intracellular 5-FC and total 5-FU lev-
els, was similar across cell lines with a 2- to 3-fold
range per input 5-FC tested (Fig. 4). As expected, 5-
FC was similarly imported into both the infected and
naive cancer cells.

To measure the efficiency of 5-FC to 5-FU con-
version, 5-FC was added to transduced cancer cells
at three different clinically relevant concentrations
and 5-FU was quantified by LC-MS 24 and 48 hr
later. 5-FC conversion, as measured by total in-
tracellular and extracellular 5-FU, varied by up to
18-fold across the cell lines (Fig. 5).

Figure 2. Quantitation of yeast cytosine deaminase (yCD) DNA, RNA, or
protein in Toca 511-infected tumors. DNA (A), RNA (B), and protein (C)

were all extracted from the same 2 · 106 cells and quantitated with a yCD-
specific qPCR, RT-qPCR, or Western blot respectively. DNA and RNA
measurements were converted to absolute values using exogenous Toca
511 standard curves, as described in the Materials and Methods. Protein
results were normalized and quantitated using densitometry coupled with a
yCD protein standard as described in the Materials and Methods. This
figure is a representative experiment of two or more individual experiments.
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Figure 3. Sensitivity of parental (naı̈ve) and Toca 511-infected tumor cell lines to 5-FC and 5-FU. Cell viability was determined in vitro by an MTS assay. Cell
lines that had been maximally transduced with Toca 511 vector (or nontransduced parental cells prepared in parallel) were seeded, in quadruplicate, at 1000
cells/well in 96-well plates. The LD50 was determined by MTS assay 6 days after treatment with various concentrations of 5-FC or 5-FU. LD50 values in lg/ml for
5-FC or 5-FU are listed along the y axis. Numerical LD50 values in lg/ml are listed in the embedded table for the transduced and naı̈ve tumor cells treated with
5-FC or 5-FU. This figure is a representative experiment of two or more individual experiments. 5-FC, 5-fluorocytosine; 5-FU, 5-fluorouracil.

Figure 4. Total amount of 5-FC imported into Toca 511-infected tumors. Tumor cells that had been maximally transduced with Toca 511 vector were cultured
with different concentrations of 5-FC for 24 hr, and intra- and extracellular 5-FC and 5-FU were measured by liquid chromatography–mass spectrometry (LC-
MS). Shown are the 24 hr total intracellular import of 5-FC versus starting 5-FC levels (n = 2, error bars represent standard error of the mean). 5-FC import was
determined by the sum of intracellular 5-FC and total (intra- and extracellular) 5-FU levels.
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Parenthetically, the Kd for 5-FC of the yCD pro-
tein used in this study has been measured as 18 mg/
ml (140 mM).34 Consequently, all the 5-FC concen-
trations used here are well below this Kd. In agree-
ment with the Kd, we have shown that yields of 5-FU
continue to increase with increasing 5-FC up to
5.0 mg/ml (38.7 mM) in assays performed using in-
fected U-87 cell extracts (Supplementary Fig. S1). In
addition, the LD50 of 5-FU in all cancer cells was
reached in the extracellular medium (Fig. 5). The
conversion of 5-FC to 5-FU demonstrates a strong
correlation to yCD protein levels in the different cell
lines over the entire range of 5-FC input (Fig. 6;
Pearson r = 0.93–0.94 at 24 h). 5-FU made up the
vast majority of total fluorinated metabolites (F-
nucs) measured; the other downstream fluorinated
metabolites generally contributed less than 10% to
the total quantity of measured products. FUTP and
FUMP had measurable levels (>5 ng/ml), whereas
FdUMP did not (Supplementary Table S2).

5-FU is a small, uncharged molecule capa-
ble of nonfacilitated diffusion through cellular

membranes,23,24,30 yet in certain tissues, its import
can be facilitated by equilibrative nucleoside trans-
porters.32,49 To determine the extent of 5-FU up-
take, infected tumors were cultured with a high and
low dose of 5-FU for 24 or 48 hr before LC-MS
quantitation. Levels of 5-FU measured in the su-
pernatant were similar for all tumor cultures at both
doses and time points (Supplementary Table S2). 5-
FU was equally imported into all tumors reaching
50–100 lg/ml in the high-dose group, values well
above the LD90 of all the cell lines (0.06–12.1 lg/ml).

5-FU sensitivity correlates with mRNA
expression of nucleotide metabolic factors

To compare 5-FU and 5-FC sensitivity to ex-
pression of mRNAs encoding proteins implicated in
5-FU metabolism, we performed RNA sequencing
on all infected cell lines. Among the *20 mRNAs
known to be involved in 5-FU metabolism, dihy-
dropyrimidine dehydrogenase (DPYD) showed the
strongest negative relationship to 5-FU/5-FC sen-
sitivity (Fig. 7; Pearson r = 0.73 for DPYD levels

Figure 5. LC-MS measurement of extra- or intracellular 5-FU converted from 20, 66.6, or 200 lg/ml of 5-FC (respectively) with corresponding 5-FU LD50 and
LD90 (determined by MTS assay) for each maximally infected cell line (n = 2; error bars represent standard error of the mean).
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with LD50). DPYD catalyzes the degradation of 5-
FU and inactivating mutations in DPYD are asso-
ciated with severe 5-FU toxicity.50,51 DPYD tran-
scripts were undetected in the three most sensitive
human cell lines (HTB-38, NCI H508, and AU656),
which were, on average, 10-fold more sensitive to
5-FU/5-FC than the other lines. The relative ex-
pression of mRNAs encoding enzymes that convert
5-FU to FUMP positively correlated with 5-FU/5-
FC sensitivity (Fig. 7 and Supplementary Table

S3); these included uridine monophosphate syn-
thetase (UMPS) and phosphoribosyl pyrophos-
phate amidotransferase (PPAT), which convert 5-
FU to FUMP directly and uridine-cytidine kinase 1
and 2 (UCK1 and UCK2), which convert the inter-
mediate fluorouridine (FUR) to FUMP.9,11 The 5-FC
equilibrative nucleoside transporter SLC29A1 also
positively correlated with 5-FU/5-FC sensitivity (Fig.
7). In contrast, there was no correlation (Supple-
mentary Table S3) between 5-FU/5-FC sensitivity
and the relative expression of mRNAs encoding pro-
teins associated with conversion of 5-FU to FdUMP,
including thymidine phosphorylase (TYMP), which
converts 5-FU to FUDR, and thymidine kinase 1
(TK1), which converts FUDR to FdUMP.11,48 While
low levels of thymidylate synthase (TS) expression
can lead to a better response to 5-FU,52 there was no
correlation between TS and LD50 in this study.

DISCUSSION

Previous literature does not fully address the
in vitro parameters of CD gene delivery coupled
with 5-FC treatment in the successful killing of
multiple cancer cell line types. In addition, many
early experiments were performed with bacterial
CD, which has a much lower specific activity for
5-FC. The panel of tumors selected for these ana-
lyses was varied in their tissue of origin, growth
rate, morphological or histological appearance, and
clinical exposure to 5-FU before cell line derivation.
Within this study, Toca 511 showed a broad range

Figure 6. Correlation between yCD protein levels and conversion of 5-FC to 5-FU in Toca 511-infected tumors. Tumor cells that had been maximally
transduced with Toca 511 vector were cultured with different concentrations of 5-FC for 24 hr, and intra- and extracellular 5-FU were measured by LC-MS. 5-FC
conversion to 5-FU varied up to 10-fold across cell lines, but strongly correlated with yCD protein levels measured by Western blot (Pearson r = 0.82). Data
illustrate the 24 hr time point at 66.6 lg/ml 5-FC, but are representative of all time points and 5-FC concentrations measured.

Figure 7. Relationship between 5-FC/5-FU sensitivity and relative mRNA
expression of 5-FU metabolic genes. Heatmap representation of the relative
mRNA expression of seven factors involved in 5-FU nucleotide metabolism
across nine human cell lines. The cell lines are ordered from left to right by
5-FC LD50 in Toca 511-infected cells, starting with the lowest LD50. The
Pearson correlation compares relative mRNA expression to log10[LD50].
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of effective CD transfer across all cancer types
tested. While at high MOIs, transduction differ-
ences between cell lines were not that marked, at
lower MOIs the rate of viral spread separated into
three broad groups that were not strongly associ-
ated with tumor types from which the cell lines
were derived. Regardless of initial MOI, all cell
types tested achieved in vitro transduction levels
sufficient to kill the cells at clinically achievable
levels of 5-FC.

Among the many intrinsic or extrinsic factors
that may affect the therapeutic activity of Toca 511,
the rate of cell division can be expected to influence
both viral replication kinetics and sensitivity to 5-
FU.11,24,47,53–55 The doubling time of maximally
infected Toca 511 cancer cells was assessed by
CFSE dilution at various time points. Regardless of
the transduction kinetics measured, the rate of cell
division did not alter the susceptibility to 5-FC
treatment after maximal yCD gene transfer by
Toca 511, suggesting that additional factors be-
yond cell division are important for susceptibility.
It is interesting to note that most infected cell lines
had a 5–15% increase in doubling time relative to
the naı̈ve cell line, suggesting that the burden of
supporting RRV impacts cell proliferation to a
small but possibly clinically relevant degree.

Using the time points established in the viral
replication kinetic experiments, total DNA, RNA,
and protein were all extracted from a single pellet
of maximally transduced Toca 511-infected cells,
minimizing sampling bias while allowing for a de-
tailed examination of the critical steps after viral
transduction. The RRV encoding yCD provided
consistent integration of the yCD transgene into
the genome of all the cancer cell lines with varying
average copy numbers. In all cancer cell lines, with
exception of AU565, multiple copies were detected
per cell (Supplementary Table S1). The number of
yCD transcripts per cell was quantitated with RT-
qPCR and revealed substantial expression of both
yCD and viral mRNA. Variability between the ge-
nomic yCD copy number and expression of mRNA
was not unique to the yCD gene as the genomic
copy number and expression of other viral mRNA
were very similar to that of yCD (Supplementary
Table S3). However, translation of yCD transcripts
into protein, measured by Western blot, was con-
sistent with the number of transcripts per cell in
most cell lines. Even cell lines with relatively low
yCD protein expression, such as AU565, could
readily convert 5-FC to 5-FU as indicated by MTS
and measured in LC-MS endpoints. In all cases, the
intracellular concentrations of 5-FU converted
from 5-FC were in excess of the LD50. Moreover,

T98G and MB-157 converted 5-FC to 5-FU at ex-
tracellular concentrations in excess of the LD50 at
5-FC dosing levels expected to be achievable clini-
cally.

LC-MS analysis revealed that 5-FC was readily
imported into all tumors tested at comparable
levels. Different concentrations of 5-FC were used
to illustrate that increasing concentrations of this
prodrug (up to 200 lg/ml) result in increasing con-
centrations of chemotherapeutic 5-FU. This could
be important because the axis of 5-FC-dependent 5-
FU sensitivity may be reduced in a clinical setting
because of lower levels of transduction, insufficient
time for maximal viral spread because of tumor
burden, areas of necrosis and scarring, and altered
bystander effects related to interstitial pressure
dynamics in the tumor. LC-MS analysis confirmed
that each of the cancer cell types was able to readily
import and export 5-FU, a necessary component for
the bystander effect. Consequently, higher dosing
levels of 5-FC could be helpful to Toca 511 and Toca
FC combination therapy, especially if there is less
than 100% infection of cancer cells in vivo.

5-FC sensitivity varied by over 300-fold across
cell lines infected with Toca 511, suggesting that
variation in sensitivity related to 5-FU production
among cancer cell lines may be an important factor
in the clinical efficacy of Toca 511 therapy. To ad-
dress possible factors or pathways that could an-
tagonize or synergize with 5-FC-generated 5-FU
sensitivity, RNA-Seq analysis of the tumors was
used to compare expression of mRNAs encoding
proteins implicated in 5-FU metabolism, to 5-FC
sensitivity. This analysis identified several factors
whose differential expression may, at least par-
tially, drive differences in 5-FC-generated 5-FU
sensitivity. DPYD, which encodes the enzyme re-
sponsible for 5-FU degradation, was undetect-
able in the three most sensitive lines. Severe 5-FU
toxicity is observed in cancer patients who have
loss-of-function mutations in DPYD, and are un-
dergoing systemic therapy with 5-FU, arguing for
a role of this gene in 5-FU pharmacodynamics
in vivo.7,51 Conversely, expression of mRNAs en-
coding key factors in conversion of 5-FU to FUMP
(UMPS, PPAT, UCK1, and UCK2) positively cor-
related with 5-FC sensitivity, as did expression of
SLC29A1, which codes for the 5-FC transporter.
While thymidylate synthase (TS) expression can
be associated with insensitivity to 5-FU,52 we did
not see a correlation between TS mRNA expres-
sion and LD50 in this study, and this observation
is possibly related to the time needed to drive
TS upregulation. Expression of gene sets related
to apoptosis, nucleotide metabolism, and RNA

28 TWITTY ET AL.



metabolism also correlated with 5-FU/5-FC sensi-
tivity (Supplementary Table S3).

Human tumors, especially recurrent GBM, are
complex mixtures of cells, including malignant
cancer cells, inflammatory cells including myeloid-
derived suppressor cells (MDSCs) and lympho-
cytes,56,57 nontransformed cellular matrix, ne-
crotic centers, and acellular fibrotic tracts from
previous therapies.58 As noted above, in these
clinical circumstances it is unlikely that 100% tu-
mor cell transduction can be achieved, and some
form of bystander effect that leads to death of un-
infected cells may be necessary for the best clinical
outcomes. One form of bystander effect is the 5-FU
diffusibility. Another and potentially more power-
ful form of bystander effect is induction of antitu-
mor immune responses after initial tumor cell
killing.3,59 These two may be indirectly related
because it seems likely that the more tumor cells
that are killed by 5-FU, the greater the inflamma-
tion and release of tumor antigens, leading to
stronger antitumor immune responses.

In conclusion, the antitumor mechanisms in-
volved in Tocagen’s Toca 511 and Toca FC combi-
nation therapy are proposed as threefold3: direct
killing of the transduced cancer cells through in-
tracellular conversion of 5-FC to 5-FU by CD, a
bystander effect through cellular release of 5-FU
and uptake by neighboring tumor cells, and in-
duction of a productive antitumor immune re-
sponse by inflammatory release of tumor antigens.
This last may be further potentiated by 5-FU-
mediated killing of MDSCs in the tumor, which are
reported to be very sensitive to 5-FU.50,60 The ex-
periments discussed in this report demonstrate
that 5-FC prodrug and 5-FU were readily imported
and released from all cancer cell lines tested. Fur-
thermore, the combination therapy based on Toca

511 and Toca FC administration has broad appli-
cability to infect different cancer types, integrate
the transgene, and express amounts of CD needed
to convert 5-FC in the tumor to therapeutic levels
of 5-FU. Results from these studies suggest a
straightforward approach to rapidly gauge the
likely magnitude of the effect of the Toca 511 and
Toca FC combination therapy in other cancer in-
dications using a single MTS assay of maximally
infected cells to determine the LD50 5-FC. Ad-
ditionally, while current clinical dosing recom-
mendations for antifungal treatment with 5-FC
call for levels below 100 lg/ml in plasma,9,61 data
from this article suggest that evaluating doses of 5-
FC in cancer patients could augment the thera-
peutic effect. Overall, the data presented here show
that it is likely that most cancers are candidates for
treatment with Toca 511 and 5-FC.
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