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Toca 511, a retroviral replicating vector (RRV), uses an internal ribosomal entry site (IRES) to express an
optimized yeast cytosine deaminase (yCD2), which converts 5-fluorocytosine to 5-fluorouracil. This con-
figuration is genetically stable in both preclinical mouse models and human clinical trials. However, the
use of IRES (*600 bp) restricts choices of therapeutic transgenes due to limits in RRV genome size. This
study replaced IRES with 2A peptides derived from picornaviruses with or without a GSG linker. The data
show that GSG-linked 2A (g2A) peptide resulted in higher polyprotein separation efficiency than non-GSG
linked 2A peptide. The study also shows that RRV can tolerate insertion of two separate 2A peptides to
allow expression of two transgenes without compromising the assembly and function of the virus in
addition to insertion of a single 2A peptide to confirm genetic stability with yCD2, green fluorescent
protein, and HSV-1 thymidine kinase. In a parallel comparison of the RRV-IRES-yCD2 and RRV-g2A-
yCD2 configurations, the study shows the yCD2 protein expressed from RRV-g2A-yCD2 has higher ac-
tivity, resulting in a higher survival benefit in an intracranial tumor mouse model. These data enable a
wider range of potential product candidates that could be developed using the RRV platform.
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INTRODUCTION
TOCA 511 (VOCIMAGENE AMIRETROREPVEC) is a novel
retroviral replicating vector (RRV) in late-stage
clinical development. Toca 511 has been shown to
infect cancer cells selectively and deliver a prodrug
activator gene (yCD2) encoding an optimized yeast
cytosine deaminase enzyme. The yCD2 produced
in the infected cancer cells catalyzes the conversion
of 5-fluorocytosine (5-FC) to the potent anticancer
agent, 5-fluorouracil (5-FU), which kills cancer cells
and immune-suppressive myeloid cells, resulting in
immune activation against the cancer. This strategy
leads to eradication of tumors and prolonged sur-
vival in mouse models.1–3 The preclinical data also
demonstrate that Toca 511 with 5-FC treatment
elicits a prolonged antitumor immunity in mouse
glioma models.2,4 Clinically, favorable safety and
tolerability profiles were reported in addition to
durable complete responses and extended survival

compared to historical controls.5 Toca 511 in
combination with Toca FC (extended-release 5-
fluorocytosine) is currently in Phase I and Phase
II/III clinical trials for treating solid tumors
and recurrent brain tumors (NCT02576665 and
NCT02414165, respectively).

Viral genome stability during replication is a
key criterion for maintaining sustained therapeu-
tic gene expression in targeted cells resulting from
cancer-selective gene therapy. In general, increas-
ing the viral genome length beyond the native size
can reduce replication efficiency leading to retrovi-
ral vector genome instability.6,7 Toca 511, which
utilizes an internal ribosomal entry site (IRES) de-
rived from encephalomyocarditis virus, is reported
to be genetically stable in both preclinical mouse
models and human clinical trials.5,8 However, use of
the IRES (*600 bp) in RRV imposes a restriction on
choices of therapeutic genes for developing future
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gene therapy products, as instability can occur
around 1,200–1,500 bp of total insertion size, de-
pending on the transgene.7 This study investigated
the use of relatively short 2A peptides derived from
picornaviruses for expression of a single or multiple
transgenes. The 2A peptides (*80 bp) are markedly
shorter in length than the IRES utilized in Toca 511,
and most importantly, they efficiently co-express
multiple proteins in an equal molar ratio manner
from a single multi-cistronic transcript.9–11

Although expression of a transgene mediated by
2A peptide in a gammaretrovirus has been re-
ported previously,12,13 it has not been well char-
acterized in terms of its impact on viral replication,
viral envelope protein processing, long-term viral
genome stability, optimized coding sequences, as
well as its potential applications in gene therapy.
This study designed RRV with the 2A peptide in-
frame with the viral envelope protein to express
transgenes of various sizes and cellular compart-
ments. It was demonstrated that replacement of
the IRES with the GSG-linked 2A (g2A) configu-
ration results in high efficiency of polyprotein
separation and does not compromise assembly and
function of the virus or the transgene expression.
Furthermore, the replacement of the IRES with a
gT2A peptide facilitates insertion of a transgene
larger in size, as well as the insertion of multiple
transgenes. The data suggest that the g2A config-
uration is an alternative RRV design for cancer
gene therapy and may expand transgene selections
for RRV product candidates.

MATERIALS AND METHODS
Construction of RRV-2A plasmid DNAs

pAC3-T2A-GFP plasmid DNA was first gener-
ated by the Gibson assembly method and used as
the template for additional constructs. It contains
the 2A peptide sequence from Thosea asigna virus
(T2A). The T2A-GFP cassette was inserted into
pAC3 at the BstBI and NotI restriction enzyme
sites so that the T2A-GFP coding sequence is in the
same reading frame as the env gene. The T2A-GFP
cassette consisted of two DNA fragments. The first
fragment was generated by gene synthesis (In-
tegrated DNA Technologies), and it consists of se-
quences spanning the BstBI site in the 3¢ end of the
env region (with removal of the stop codon in the
env gene) followed by the T2A sequence and se-
quence of the AscI restriction enzyme site with an
extra ‘‘T’’ nucleotide added to maintain the Env-2A-
GFP coding sequence in-frame and partial 5¢ region
of the GFP sequence. The second fragment was
amplified from pAC3-GFP8 using primers span-

ning the GFP sequence. Three-piece assembly
(pAC3-GFP backbone digested with BstBI and
NotI; two DNA fragments consist of the T2A-GFP
cassette) was performed using Gibson Assembly
Kit (New England Biolabs; #E2611). For RRV-2A
constructs with the 2A peptides derived from other
picornaviruses, the sequence of Env-2A was syn-
thesized and replaced by subcloning at the BstBI
and AscI restriction enzyme sites.

For the generation of the set of RRVs that utilized
T2A, GSG-T2A, P2A, or GSG-P2A peptide sequences
for yCD2, HSV-1 human codon optimized HSV-1
thymidine kinase gene (TKO), yCD2-2A-hGMCSF,
or hGMCSF-2A-yCD2 expression, information is
provided in the Supplementary Data (Supplementary
Data are available online at www.liebertpub.com/
hum).

Cell culture
Human 293T cells (obtained through a materials

transfer agreement with the Indiana University
Vector Production Facility; Stanford University de-
posited the cells with ATCC, SD-3515; lot 2634366),
human glioma cell line U87-MG (ATCC; #HTB-14),
mouse glioma cell line Tu2449,3 and Tu2449SC2

were cultured in complete Dulbecco’s modified Ea-
gle’s medium containing 10% fetal bovine serum
(HyClone), sodium pyruvate (Cellgro), Glutamax,
and penicillin-streptomycin (Invitrogen).

Virus production from 293T cells
and virus titer

Twenty micrograms of plasmid DNA encoding the
RRVs were used for transient transfection using the
calcium phosphate method, as previously described.14

The viral titers of all RRVs were determined by
quantitative polymerase chain reaction (qPCR)
and viral titers, reported in transduction units per
milliliter (TU/mL).8,15

Virus replication kinetics of RRVs
in U87-MG, Tu2449, and Tu2449SC cells

U87-MG cells were infected with RRVs expres-
sing the green fluorescent protein (GFP) transgene
at a multiplicity of infection (MOI) of 0.01 in a six-
well plate, and the percentage of GFP-positive cells
at each cell passage during the course of infection
was determined by flow cytometry using proper
gating to exclude GFP-negative cells.16 To deter-
mine replication kinetics of the RRVs that do not
express the GFP marker gene, RNA particle titer
was assessed using reverse transcriptase qPCR
(RT-qPCR) on viral RNAs extracted from U87-MG
cell supernatants collected every 2 days for a period
of 10 days post infection following an initial infec-
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tion at a MOI of 0.01. Twenty microliters of collected
supernatant from each time point was obtained to
extract viral RNA as described.17 Maximally (>95%
infectivity) infected U87-MG cells were expanded
and cultured in larger tissue culture vessels. At
approximate 90% confluency, media was replaced
with fresh media, followed by the collection of virus
containing supernatant and 0.45lm filtration at
18–24 h post media replacement. The collected cell
supernatant was aliquoted and stored at -80�C for
immunoblotting, and the cell pellets were washed
with phosphate-buffered saline (PBS) and stored at
-20�C for cell lysates preparation or for assessment
of viral genome stability.

In vitro superinfection resistant assay
For assessing the ability of maximally infected

cells to resist subsequent infection by a second RRV
utilizing the same receptor, Tu2449/RRV-IRES-
yCD2 cells were mixed with Tu2449/RRV-IRES-GFP
infected cells at ratios of 3–97% cells, respectively.
The percentage of GFP infected cells were measured
by flow cytometric analysis (BD Biosciences; FACS
Canto II) at the time of cell mixing (day 0), 4, 8, and
11 days post mixing.

5-FC LD50 assay
Maximally infected U87-MG cells, Tu2449 cells

(with RRV variants containing yCD2 in the trans-
gene cassette), and naive cells were seeded at
1 · 103 cells/100 lL/well in triplicate into three 96-
well plates, one plate per time point. The cells were
monitored over a 7-day period in the presence of
5-FC concentrations (Sigma–Aldrich; #F7129) rang-
ing from 0.00001 to 1 mM (10-fold dilutions). Naive
U87-MG cells were included to determine cytotoxic
effect of 5-FC. Cell viability was measured every
2 days using the CellTiter 96� Aqueous One Solu-
tion Cell Proliferation Assay System (Promega;
#G3581), and detection at an OD of 490 nm was
acquired using the Infinite M200 plate reader (Te-
can Group Ltd.). All time points for each cell line
and each concentration were performed in tripli-
cate. The percentage of cell viability relative to 5-FC
untreated but RRV-yCD2 infected cells was calcu-
lated and plotted for nonlinear four-parameter fit to
determine the LD50 values using GraphPad Prism
v7 (GraphPad Software, Inc.).

GCV LD50 assay
Maximally infected U87-MG cells with RRV-

P2A-TKO, RRV-gP2A-TKO, RRV-T2A-TKO, and
RRV-gT2A-TKO were used to determine its GCV
LD50 dose via MTS assay, as described above, with
the following exceptions. Treatment with ganci-

clovir (GCV; EMD Millipore; #345700-50MG) was
performed in series of 1:10 dilutions ranging from
GCV concentrations of 0.001 to 1.0 lM. GCV was
added 1 day after seeding and then replenished
with complete medium plus GCV every 2 days. No
GCV treatment was included as a control, and na-
ive U87-MG cells were included for cytotoxic effect
of GCV. The cell viability was monitored over a 7-
day incubation time, and cell viability was mea-
sured every 2 days as described. All time points were
performed in triplicate, and the average OD values
from triplicates of each sample were converted
to percentage of cell survival relative to GCV un-
treated but RRV-infected cells. The percentage
values were plotted against GCV concentrations in
log scale using GraphPad Prism v7 to generate LD50

graphs.

In vitro 5-FC bystander cell killing assay
Tu2449 maximally infected by RRV-IRES-

yCD2, RRV-gT2A-yCD2, and RRV-IRES-GFP that
demonstrated block of superinfection (Supple-
mentary Fig. S3, additional data not shown) were
mixed with Tu2449/RRV-IRES-yCD2 (or Tu2449/
RRV-gT2A-yCD2) to Tu2449/RRV-IRES-GFP at
fixed ratios of 3/97, 15/85, 30/70, and 50/50, re-
spectively. Total cells were seeded at 1 · 103 cells/
200 lL/well in triplicate into 96-well plates. The
cells were monitored over a 7-day period following
treatment with 0.1 mM of 5-FC and without 5-FC.
Cells infected with RRV-IRES-yCD2 and RRV-
gT2A-yCD2 were included as positive and negative
controls, respectively. Cell viability was measured
every 2 days as described. All time points for each
cell line were performed in triplicate, and the av-
erage OD values from triplicates of each sample
were converted to percentage of cell survival rela-
tive to untreated, 100% Tu2449/RRV-IRES-yCD2,
or Tu2449/RRV-GSG-T2A-yCD2 infected cells. As
a control, 100% Tu2449/RRV-IRES-GFP cells were
treated with 0.1 mM 5-FC to determine the cyto-
toxic effect of 5-FC.

Subcutaneous tumor model and survival
study of orthotopic glioma model

All animal protocols and experiments were ap-
proved by the IRB/IACUC of Explora BioLabs. For
the subcutaneous tumor model, 8-week-old female
B6C3F1 mice (Harlan Sprague Dawley, Inc.) were
assigned to one of six groups: groups 1 and 2 re-
ceived subcutaneous implants of 1 · 106 2%
Tu2449SC/RRV-IRES-yCD2 + 98% Tu-2249SC tu-
mor cells; groups 3 and 4 received subcutaneous
implants of 1 · 106 2% Tu2449SC/RRV-gT2A-
yCD2 + 98% Tu-2249SC tumor cells on the right
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flank. Once tumors reached an average of 150 mm3,
treatment was initiated. 5-FC was administered
(500 mg/kg intraperitoneally once daily) for 5 days
consecutively, followed by 2 days off drug. Control
animals received PBS. Tumor sizes were monitored
three times a week until tumor volumes reach sizes
>2,000 mm3. Selective tumors were collected at
termination.

For the orthotopic glioma model, female B6C3F1
mice underwent surgical implantation of the tumor
cells by Hamilton syringe. The stereotaxic coordina-
tes were anteroposterior (AP), 0.5 mm; mediolateral
(ML), 1.8 mm; and dorso-ventral (DV), 3.5 mm (from
bregma). The syngeneic cell line Tu2449 was used as
an orthotopic brain tumor model. On day 0, animals
received intracranial implants of 1.4 · 104 Tu2449
cells maximally infected by RRV-IRES-yCD2 or
RRV-gT2A-yCD2 were mixed with Tu2449/RRV-
IRES-GFP (or Tu2449/RRV-gT2A-GFP) at fixed ra-
tios of 3%, 15%, 30%, and 100% cells, respectively.
Starting on day 10, mice were treated with either
PBS or 5-FC (500 mg/kg/dose intraperitoneally twice
daily) for 4 days consecutively, followed by 10 days
without drug. Cycles of PBS or 5-FC treatment were
repeated a further three times.

Survival data were plotted by the Kaplan–Meier
method, and were compared by the log-rank test
or Student’s t-test as noted. Tumor volumes were
assessed for significance using two-way analysis of
variance. p-Values of <0.05 were considered sta-
tistically significant in all analyses, which were
done with GraphPad Prism v7 statistical software
(GraphPad Software, Inc.).

Measurementof5-FU production by competitive
enzyme-linked immunosorbent assay

Cells were plated into a flat-bottom 96-well plate
(Falcon; #353072) with 7,000 cells/well for 23–24 h.
The cells were a mixture of Tu2449/IRES-yCD2
and Tu2449/IRES-GFP or Tu2449/gT2A-yCD2 and
Tu2449/gT2A-GFP at 0/100, 3/97, 15/85, 30/70, 50/
50, and 100/0 ratios in triplicate. The supernatant
was aspirated off the cells, and 200 lL of 2.6 mg/mL
5-FC was added to the wells followed by incubation
at 37�C/5% CO2 for 4 h. At the end of the incubation
time, the supernatant was transferred into a
round-bottom 96-well plate and sealed with alu-
minum film for long-term storage at £–65�C until
the enzyme-linked immunosorbent assay (ELISA)
was performed.

A competitive ELISA was performed to measure
5-FU concentrations generated from the conver-
sion of 5-FC to 5-FU by the yCD2 proteins. 5-FU
standards were prepared from a 1 mg/mL stock in
PBS followed by a serial dilution in fresh culture

medium. 5-FU conjugated to bovine serum albu-
min (BSA; 5-FU-BSA) was custom-made by Gen-
script and re-suspended in PBS to reach a stock
concentration of 0.1 mg/mL, and a volume of 100 lL
of 1:100 diluted 5-FU-BSA was added into each
well to coat a medium-binding plate (Costar;
#3591). The 5-FU-BSA-coated plate was then wa-
shed six times with 1 · Tris-buffered saline/Tween
20 (Thermo Fisher Scientific; #28360) then blocked
with SuperBlock (300 lL/well; Thermo Fisher Sci-
entific; #37536) for 1 h at 37�C/5% CO2 followed by
aspiration. During the blocking, in a separate non-
tissue culture–treated 96-well plate (USA Scien-
tific; #1830-9610), the collected supernatant as
well as the 5-FU standards were mixed with a
1:100 diluted anti-5-FU antibody (stock solution
at 0.95 mg/mL; custom-made by Genscript) at a
1:1 ratio (55 lL each) to capture the 5-FU present
in the mixture and immediately transferred to the
5-FU-BSA-coated plate (100 lL/well) followed by
incubation at 37�C/5% CO2 for half an hour. The
plate was then washed six times with 1 · Tris-
buffered saline/Tween 20. The 5-FU-BSA/anti-5-FU
antibody complex was detected with a goat anti-
mouse HRP-conjugated antibody (1:2,000; Southern
Biotech; #1010-05) after incubation at 37�C/5% CO2

for half an hour followed by six washes with 1 · Tris-
buffered saline/Tween 20. A volume of 100 lL of
3,3¢,5,5¢-tetramethylbenzidine (TMB) substrate so-
lution (Southern Biotech; #0410-01) was added to
each well and incubated at room temperature for
15 min, and the reaction was terminated by add-
ing 100 lL of TMB STOP solution (Southern Bio-
tech; #0412-01). Optical density was read by a plate
reader (Spectra Max 190; Molecular Devices) at
450 nm using the Soft Max Pro software. The amount
of 5-FU for each sample (mg/mL) was calculated from
the standard curve.

Vector genome stability
The genomic DNA was extracted from maxi-

mally infected cells using the Maxwell 16 Cell
DNA Purification Kit (Promega; #AS1020) as
described.8

hGMCSF ELISA
Expression of hGMCSF produced from RRV-

IRES-hGMCSF, RRV-gT2A-hGMCSF-gP2A-yCD2,
and RRV-gT2A-yCD2-gP2A-hGMCSF maximally
infected U87-MG human glioma cell supernatants
were quantified using the Quantikine� ELISA to
Human GM-CSF Immunoassay (R&D Systems,
Inc.; DGM00), as recommended by the manufac-
turer. Briefly, maximally infected cells were grown
to confluency in T75 flasks and replaced with fresh
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medium. Supernatants were collected 18–24 h later
and filtered through a 0.45 lm syringe filter. Fil-
tered supernatants were stored at -80�C prior to
determination of hGMCSF by ELISA.

Immunoblots
For the assessment of the transgene protein ex-

pression and the separation efficiency of the poly-
proteins, cell lysates were generated from maximally
infected cells. The whole cell lysates were then as-
sayed for their protein concentration by BCA protein
assay kit (Thermo Fisher Scientific; #23227). For
assessment of the viral envelope protein processing
and virion incorporation, 1 mL of viral supernatant
from maximally infected U87-MG cells was pelleted
through a 20% sucrose gradient at 19,502 · g for
30 min at 4�C. Cell lysate samples (20lg of total
protein) or viral particles were resolved on Criterion
XT Precast 4–12% Bis-Tris gels (Bio-Rad; #345-
0124). Subsequently, proteins were transferred to
PVDF membranes (iblot 2; Invitrogen; #IB24001)
and blotted to detect the expression of the viral en-
velope proteins (anti-Env, clone 83A25; 1:500 dilu-
tion; licensed from NIH), GFP (clone 4B10; 1:1,000;
Cell Signaling Technology; #2955S), yCD2 (1:1,000;
Tocagen, Inc.), HSV-1 TK (1:200; Santa Cruz Bio-
technology; #sc28037), 2A Peptide (1:1,000; Milli-
pore; #ABS31), and GAPDH (clone 6C5; Millipore;
#MAB374). Protein expression was detected using
the corresponding secondary antibody conjugated to
horseradish peroxidase and detected by chemilumi-
nescence (Bio-Rad, Clarity Western ECL Substrate;
#170-5060).

RESULTS
RRVs utilizing 2A peptides for transgene
expression exhibited different rates of viral
replication and levels of efficiency
in polyprotein separation

The length of the 2A peptide has been reported
to influence separation efficiency of polyprotein
linked by the 2A peptide.9,11,18 This study selected
several picornavirus 2A peptides or 2A-peptide-
like sequences from three mammalian viruses
(foot-and-mouth disease [F2A], equine rhinitis A
virus [E2A], and porcine teschovirus-1 [P2A]) and
one insect virus (Thosea asigna virus [T2A]) used
for the expression of multi-cistronic proteins.11,19 A
second set of RRVs was also generated for all the 2A
peptides to include a glycine–serine–glycine (GSG)
linker at the N-terminus11 (Fig. 1).

Since the strategy for transgene expression me-
diated by a 2A peptide encodes a polyprotein con-
taining the viral envelope protein and therapeutic
protein, and the viral envelope protein is known to
play an important role in viral entry, RRV-2A
variants expressing GFP were first generated so
the viral replication during the course of infection
could be easily monitored by measuring the per-
centage of GFP+ cells. U87-MG glioma cells were
infected with RRV-2A-GFP variants generated
from transient transfection in 293T cells at a MOI
of 0.01. Viral spread of the RRV-2A-GFP variants
were compared to RRV-IRES-GFP, which ex-
hibited rapid viral spread and reached maximal
infectivity by 7–8 days post infection (Fig. 2A).
Among the four variants with GSG-linked 2A (g2A-

Figure 1. Schematic diagram of the retroviral replicating vector (RRV) configurations encoding different transgenes. RRV configurations with either an
internal ribosomal entry site (IRES) or 2A peptide for transgene expression. The approximate size of the IRES-transgene and 2A-transgene cassette is shown in
parentheses. The amino acid sequence of the 2A peptides from the equine rhinitis A virus (E2A), foot-and-mouth disease virus (F2A), porcine teschovirus-1
(P2A), and Thosea asigna virus (T2A) are shown. For each 2A peptide sequence, a glycine–serine–glycine peptide linker (GSG linker) was also included or
excluded on the N-terminus. The conserved amino acid residues of the 2A peptides are shown in bold. The arrow indicates the site where the viral envelope
protein at the N-terminus of the polyprotein is released from the ribosome in the 2A sequence.
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GFP), gE2A-GFP, gP2A-GFP, and gT2A-GFP
replicated at a similar rate as RRV-IRES-GFP,
whereas gF2A-GFP showed a moderate delay in
viral spread. Notably, viral replication of E2A-
GFP with or without the GSG linker was compa-
rable to RRV-IRES-GFP. In contrast, three out of
the four variants without GSG-linked 2A showed
a moderate (F2A and P2A) or significant (T2A)
delay in viral spread compared to RRV-IRES-
GFP. However, all variants were able to replicate

and reached nearly 100% infectivity by day 14
(Fig. 2A).

As proper viral envelope processing is an impor-
tant determinant for viral replication,20 the separa-
tion efficiency of the viral envelope-GFP polyprotein
mediated by the 2A peptide and its correlation with
viral replication were examined. Separation effi-
ciency of the GFP from the viral envelope protein in
cell lysates was evaluated by immunoblotting using
antibodies against the viral envelope protein, 2A

Figure 2. Vector characterization of RRV-2A-GFP in human U87-MG glioma cells. (A) Replication kinetics of RRV-2A-GFP variants. Percentage of green
fluorescent protein (GFP)-expressing U87-MG cells were quantified by flow cytometric analysis at each cell passage following initial RRV-2A-GFP infection at a
multiplicity of infection (MOI) of 0.01. RRV-IRES-GFP was included as a positive control and as a reference. Data shown represent one of the two independent
experiments. Variants with GSG-linked 2A peptide are denoted as g2A. (B) Western blot analysis of viral envelope proteins produced by U87-MG cells
maximally infected with the RRV-2A-GFP variants. Twenty micrograms of total protein lysates were loaded per well. Membranes were incubated with anti-Env
antibody 83A25, which detects the viral envelope-GFP polyprotein (Env-GFP) and the viral envelope protein (Env-2A; top panel); anti-2A peptide antibody that
detects unprocessed viral precursor envelope protein (Env-2A) and processed viral envelope protein tagged with the 2A peptide at the C-terminus, p15E-2A
(middle panels); and anti-GFP antibody which detects both Env-GFP polyprotein and GFP (bottom panel). Protein standards are indicated in kDa. (C) Viral
transduction titers of RRV-2A-GFP variants from RRVs collected from maximally infected U87-MG cells. RRV-IRES-GFP was included as a control and as a
reference.
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peptide, and GFP. Consistent with the viral repli-
cation observed (Fig. 2A), gP2A and gT2A variants
both showed efficient separation of GFP from the
viral envelope protein (Fig. 2B, top and bottom
panel). In addition, proper processing of the precur-
sor viral envelope was also detected in gP2A and
gT2A variants (indicated as p15E-2A; Fig. 2B, mid-
dle panel).

In contrast, variants that have low efficiency of
separation, as indicated by a low signal of GFP
(*27 kDa) and a strong signal of the viral envelope-
GFP polyprotein (Env-GFP *112 kDa), showed a
delay in viral replication. Despite the separation
observed between the GFP and the viral envelope
protein in E2A-GFP and gE2A-GFP variants (and
F2A-GFP and gF2A-GFP to a lesser extent), their
overall polyprotein and GFP expression levels are
lower than others. This reduced polyprotein ex-
pression level may be due to the lack of continuous
protein translation of the GFP protein, as indicated
by the differential detection of viral envelope protein
by the anti-Env and anti-GFP antibodies (Fig. 2B).

It was also noticed that the P2A-GFP and T2A-
GFP variants, which showed a delay in viral repli-
cation possibly due the inefficient separation of the
Env-GFP polyprotein and thus improper processing
of the viral envelope protein, also had the least
amount of viral envelope protein incorporated into
the viral particles (Supplementary Fig. S1). How-
ever, the level of viral envelope incorporation ap-
pears not to affect viral titer produced from the
maximally infected cells (Fig. 2C). It is also note-
worthy that there was no significant difference in
titers produced among the variants from transient
transfection of 293T cells (Supplementary Table S1).
Together, it was discovered that among the four 2A
peptides tested, gP2A and gT2A bearing a GSG lin-
ker are the most favorable configurations for trans-
gene expression in RRV.

RRV-gT2A can tolerate insertion
of a large transgene

To test whether the observation made with the
GFP described above is not a transgene-specific
phenomenon and whether utilizing the 2A peptide
for transgene expression in RRV allows insertion
of a large gene while maintaining viral genome
stability,7 gP2A, gT2A, and their matching pair
without the GSG linker were selected to generate
RRV expressing a human codon optimized HSV-1
thymidine kinase gene (TKO; Inagaki et al., man-
uscript submitted) with a cDNA size of approxi-
mately 1.1 kb (Fig. 1). Importantly, the insertion of
the TKO gene in the RRV-2A configuration keeps
the RRV genome size within the limitations of

heterologous sequences, which would not be stable
with the RRV-IRES configuration7 (pers. commun.
Dr. Noriyuki Kasahara).

To monitor viral replication of RRV-2A-TKO
variants, U87-MG cells were infected with RRV-2A-
TKO variants produced from transiently trans-
fected 293T cells (Supplementary Table S2) at a
MOI of 0.01. Due to the lack of a GFP marker gene,
the viral replication was assessed by quantifying
the viral RNA levels in the particles during the
course of infection using the RT-qPCR method.
Consistent with data observed with RRV-2A-GFP
variants, gP2A-TKO and gT2A-TKO variants both
exhibited replication kinetics comparable to the
control vector, RRV-IRES-yCD2. In contrast, a
significant delay in replication was observed for
P2A-TKO and T2A-TKO (Fig. 3A). The earlier time
point reached to maximal infectivity seen in this set
of vectors in comparison to RRV-IRES-GFP can be
explained by the high sensitivity of the RT-qPCR
assay compared to a cell-based GFP protein ex-
pression method, which requires protein produc-
tion. Similar to the RRV-2A-GFP variants, efficient
TKO protein separation from the viral envelope
protein was observed with gP2A and gT2A but not
with P2A and T2A (Fig. 3B). Although the TKO
protein is normally expressed as a cytoplasmic
protein, the TKO protein in the design can be ex-
pressed as a polyprotein with the TKO protein
linked to the C-terminus of the viral envelope pro-
tein, as seen with the P2A-GFP and T2A-GFP
variants (Fig. 3B). Next, we asked if there is a dif-
ference in the biological activity among the four 2A-
TKO variants in maximally infected U87-MG cells
by treating the cells with GCV. Unexpectedly, the
results showed that all four variants exhibited
similar sensitivity to GCV, despite the states (sep-
arated or polyprotein) of the TKO protein (Fig. 3C).
Both the P2A-TKO and T2A-TKO variants, where
the TKO protein was inefficiently separated from
the viral envelope protein, have LD50 values com-
parable to that of the gP2A-TKO and gT2A-TKO
variants. The data suggest that both forms of TKO
proteins may be biologically functional in convert-
ing GCV to cytotoxic agent and kill tumor cells, or
there was sufficient amount of biologically active
separated TKO expressed to exert GCV-mediated
cytotoxicity. In addition, when the proviral DNA
was evaluated for viral genome stability, the PCR
data showed that the viral genome remained stable
during infection. In addition, vector genome sta-
bility from maximally infected U87-MG cells re-
vealed that gP2A-TKO and gT2A-TKO transgene
cassettes are more stable than the ones without the
GSG linker (Fig. 3D). Altogether, data from both
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2A-GFP and 2A-TKO vector sets are consistent and
showed that the GSG-linked 2A is a more favorable
configuration for transgene expression from the
RRV.

Efficient viral replication and polyprotein
separation are also observed
with RRV-gP2A-yCD2 and RRV-gT2A-yCD2
in human and mouse glioma cell lines

In this set of RRVs, the 2A-yCD2 variants were
evaluated in comparison to RRV-IRES-yCD2 (i.e.,

Toca 511).8 Consistent with data observed with
RRV-2A-GFP and RRV-2A-TKO sets, gP2A-yCD2
and gT2A-yCD2 variants in U87-MG cells both
exhibited replication kinetics comparable to RRV-
IRES-yCD2, and a delay in replication was ob-
served for the P2A-yCD2 and T2A-yCD2 variants,
as seen for P2A-GFP and T2A-GFP (Fig. 4A). In
addition, efficient yCD2 protein separation from
the viral envelope protein was observed with gP2A
and gT2A but not with P2A and T2A (Fig. 4B). With
respect to the separation efficiency of the yCD2

Figure 3. Vector characterization of RRV-2A encoding the TKO transgene in U87-MG cells. (A) Replication kinetics of RRV-2A-TKO variants. Viral genomes
isolated from the viral supernatant of infected U87-MG cells were quantified by reverse transcriptase quantitative polymerase chain reaction (RT-qPCR)
using primers spanning the viral envelope region. Infected cells were passaged every other day for 10 days post initial infection, and supernatants were
collected at each indicated time point. Data shown represent one of three independent experiments. RRV-IRES-yCD2 vector was included as control. (B)

Western blot analysis of viral proteins produced by U87-MG cells maximally infected with RRV-2A-TKO variants. Twenty micrograms of total protein lysates
was loaded per well. Membranes were incubated with anti-HSV-1-TK antibody (top panel). Detection of GAPDH using the anti-GAPDH antibody was
included as a loading control. Protein standards are indicated in kDa. (C) LD50 of ganciclovir (GCV)-mediated killing of maximally infected U87-MG cells
with RRV-2A-TKO variants. Cells were cultured in the presence of GCV in different concentrations for 7 days. Naı̈ve cells were included as a control for GCV
cytotoxicity at each concentration. Cell viability was quantified by using MTS assay at 7 days post GCV addition, and the percentage of cell survival was
calculated relative to RRV-infected cells not treated with GCV. The data set represents one of the three independent experiments. Error bars indicate the
standard deviation of the data set. Numbers in parentheses indicate LD50 values. (D) Stability 2A-TKO transgene cassette from proviral DNA in maximally
infected U87-MG cells (15 days post infection). The arrow indicates the size of the PCR product expected for the intact 2A-TKO transgene cassette.
The asterisk indicates deletion in the transgene cassette of RRV-T2A-TKO; + controls are PCR product amplified from plasmid DNA corresponding to each
RRV-2A-TKO variant. DNA molecular ladder (1 kb plus; Life Technologies) is shown in the first lane of the gel; numbers indicate the size of the ladders in
base pair.
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protein from the viral envelope protein and its ef-
fect on the incorporation of properly processed viral
envelope protein, as well as titer produced from the
maximally infected U87-MG cells, the data are
consistent with what were observed in the corre-
sponding RRV-2A-GFP variants (Supplementary
Fig. S2A and B).

Due to the extensive characterizations for RRV-
IRES-yCD2 (Toca 511) and its superior long-term
viral genome stability,8 we sought to evaluate
the genome stability of the 2A-yCD2 variants and
compare to RRV-IRES-yCD2 in vitro. The viral
genome stability was assessed by endpoint PCR
using primers that span the IRES-transgene or

2A-transgene cassette from each cycle of infection.
RRV-IRES-yCD28 was included as a reference.
Supplementary Figure S2C shows that viral ge-
nomes of RRV-gP2A-yCD2 and RRV-gT2A-yCD2
are both stable, with no emergence of a deletion
mutant in RRV-gP2A-yCD2 until infection cycle
13. In sharp contrast, deletion mutants emerged as
early as infection cycles 2 and 4 for RRV-P2A-yCD2
and RRV-T2A-yCD2, respectively. As expected, the
deletion mutants that emerged in RRV-P2A-yCD2
became predominant, as their genomes likely
provide replicative advantages over time. Inter-
estingly, deletion mutants that emerged in RRV-
T2A-yCD2 appear to co-exist with RRV-T2A-yCD2

Figure 4. Vector characterization of RRV-2A encoding the yCD2 transgene in U87-MG cells. (A) Replication kinetics of RRV-2A-yCD2 variants. Viral genomes
isolated from the viral supernatant of infected U87-MG cells were quantified by RT-qPCR using primers spanning the viral envelope region. Infected cells were
passaged every other day through 10 days post infection, and supernatants were collected at each indicated time point. Data shown represent one of three
independent experiments. RRV-IRES-yCD2 vector was included as control. (B) Western blot analysis of viral proteins produced by U87-MG cells maximally
infected with RRV-2A-yCD2 variants. Twenty micrograms of total protein lysates was loaded per well. Membranes were incubated with anti-yCD2 antibody,
which detects the viral envelope-yCD2 polyprotein (Env-yCD2). Detection of GAPDH using the anti-GAPDH antibody was included as a loading control. Protein
standards are indicated in kDa. (C) LD50 of 5-FC-mediated killing of maximally infected U87-MG cells with RRV-2A-yCD2 variants. Cells were cultured in the
presence of 5-FC in different concentrations for 7 days. Naı̈ve cells were included as a control for 5-FC cytotoxicity at each concentration. Cell viability was
quantified by using MTS assay at 7 days post 5-FC addition, and the percentage of cell survival was calculated relative to RRV-infected cells not treated with
5-FC. The data set represents one of the three independent experiments. Error bars indicate the standard deviation of the data set. Numbers in parentheses
indicate LD50 values. Statistical significance was determined by two-way ANOVA. The p-value for P2A-yCD2 versus gP2A-yCD2 is <0.0079; the p-value for T2A-
yCD2 vs. gT2A-yCD2 is <0.0001.
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at equal proportion through the remaining infec-
tion cycles (Supplementary Fig. S2C).

Tumor-selective Toca 511 encoding the yCD2
therapeutic transgene converts the prodrug 5-
fluorocytosine (5-FC) to cytotoxic 5-fluorouracil
(5-FU) and kills rapidly dividing tumor cells and
myeloid derived suppressor cells, as well as tumor-
associated macrophages.2,3,8 We next asked if there
is a difference in the biological activity of the yCD2
among the four 2A-yCD2 variants in maximally
infected U87-MG cells due their different efficiency
in polyprotein separation. Unexpectedly, as seen
with the 2A-TKO variants, the results of LD50 assay
showed that both P2A-yCD2 and T2A-yCD2 vari-
ants, where the yCD2 protein was inefficiently
separated from the viral envelope protein, have
LD50 values that are comparable to that of RRV-
IRES-yCD2. The gP2A-yCD2 and gT2A-yCD2
variants, where the yCD2 protein was efficiently
separated from the viral envelope protein, have
LD50 values that are slightly higher than P2A-
yCD2 and T2A-yCD2 variants and RRV-IRES-yCD2
(Fig. 4C; p < 0.0001). Thedata suggest that both forms
of yCD2 proteins may be biologically functional in
converting 5-FC to 5-FU to kill tumor cells.

Tumor-bearing mice transduced
with RRV-gT2A-yCD2 exhibit superior survival
benefit than RRV-IRES-yCD2 in orthotopic
syngeneic mouse models

The in vitro characterization of the 2A-yCD2
variants was further extended in two mouse glioma
cell lines, Tu2449 and Tu2449SC, in which Toca 511
demonstrated its cytotoxic and long-term antitumor
immune effect in animal models.2,3,21 As described
in U87-MG cells, both the Tu2449 and Tu2449SC
cell lines support viral replication with stable vi-
ral genomes and express biologically active yCD2
(Supplementary Fig. S3). Consistently, separation
of the viral envelope-yCD2 polyprotein is more
efficient in gP2A-yCD2 and gT2A variants than in
non-GSG linked P2A-yCD2 and T2A-yCD2.

The high degree of genome stability of RRV-
gT2A-yCD2 led to the feasibility of using the 2A
peptides for expression of a therapeutic transgene
delivered by RRV. RRV-gT2A-yCD2 was selected
for evaluating its antitumor effect in comparison to
RRV-IRES-yCD2 of which its antitumor effect has
been demonstrated in both intracranial and subcu-
taneous syngeneic mouse models.2,3 The antitumor
effect was first examined in a subcutaneous model.
In this experiment, administration of RRVs (RRV-
gT2A-yCD2 and RRV-IRES-yCD2) and subsequent
viral replication in tumor was performed by mixing
2% RRV-infected cells with 98% naı̈ve cells at initial

tumor implantation followed by in situ viral spread.
In this subcutaneous model, the 5-FC treatment
started at day 12 post tumor implantation when
tumors reached an average size of 100–200 mm3.
Tumor burden for each group was assessed by av-
eraging tumor size of all mice from each group over a
period of approximately 30 days. Figure 5A shows
that tumor growth in the RRV-IRES-yCD2 or RRV-
gT2A-yCD2 infected Tu2449SC tumors in PBS-
treated groups continued to grow, whereas tumors
infected with RRV-IRES-yCD2 or RRV-gT2A-yCD2
were eradicated after three cycles of 5-FC treatment.

The yCD2 protein in the RRV-gT2A-yCD2 is ef-
ficiently separated from the polyprotein. There is
no remarkable difference in its LD50 values in vitro
(Supplementary Fig. S3) and antitumor effect
in vivo (Fig. 5A) compared to RRV-IRES-yCD2 in
which tumor cells are at least 50–75% transduced
(data not shown) in the subcutaneous setting at the
time the 5-FC treatment initiated. It is difficult
to differentiate the antitumor effect between two
vectors due to excessive amount of 5-FU being
generated.22 Thus, the animal experimental design
was refined to address a question that is more
clinically relevant. It was hypothesized that the
level of transduction and/or level of yCD2 protein
expression could greatly influence the 5-FU by-
stander and cytotoxic effect, as well as the long-
term antitumor immune effect (unpublished data;
Yagiz et al., manuscript in preparation). This ex-
periment utilized retroviral superinfection resis-
tance23 via receptor downregulation to generate
tumor cells consisting of defined percentages of the
cells transduced with RRV expressing the thera-
peutic transgene (i.e., RRV-IRES-yCD2 or RRV-
gT2A-yCD2) with the remaining cells transduced
with a non-therapeutic control RRV (i.e., RRV-
IRES-GFP or RRV-gT2A-GFP). This artificial set-
ting allowed the dose-dependent therapeutic effect
of RRV expressing the therapeutic transgene to be
investigated in a more controlled manner than
dosing by intra-tumoral injection of RRV.3 In vitro,
it was shown that the ratio (3/97) of RRV-GFP to
non-GFP RRV infected Tu2449 cells remains con-
stant over time (Supplementary Fig. S4). Im-
portantly, it was shown that the bystander effect of
5-FU leading to cytotoxicity is greatly reduced
under the condition in which <15% of cells are
transduced with
RRV-IRES-yCD2 (Supplementary Fig. S5A) or RRV-
gT2A-yCD2 (Supplementary Fig. S5B). To demon-
strate that the survival benefit can be influenced by
the percentage of cells expressing the therapeutic
yCD2 protein and to compare the antitumor effect
between RRV-IRES-yCD2 and RRV-gT2A-yCD2,
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matching pairs of RRV-transduced Tu2449 cells
infected with RRV-IRES-yCD2/RRV-IRES-GFP
and RRV-gT2A-yCD2/RRV-gT2A-GFP were gener-
ated at ratios of 3/97, 15/85, and 30/70. In an ortho-
topic syngeneic mouse glioma model, mice bearing
tumors of 100% transduced RRV-IRES-GFP and
100% transduced RRV-gT2A-GFP tumors were in-
cluded as control groups for RRV-IRES-yCD2/RRV-
IRES-GFP and RRV-gT2A-yCD2/RRV-gT2A-GFP,
respectively, and showed no significant difference
in their survival benefit when treated with 5-FC

due to the absence of the yCD2 transgene (Fig. 5B).
Expectedly, a dose-dependent survival benefit was
observed within each subgroup of RRV-IRES-yCD2/
RRV-IRES-GFP and RRV-gT2A-yCD2/RRV-gT2A-
GFP. When comparing between the RRV-IRES-
yCD2 and RRV-gT2A-yCD2 groups at the 3/97 ratio,
the survival data over a 90-day period indicated that
mice bearing tumors transduced with RRV-gT2A-
yCD2/RRV-gT2A-GFP have a statistically significant
higher survival benefit than mice bearing the tumor
transduced with RRV-IRES-yCD2/RRV-IRES-GFP

Figure 5. Tumor burden and survival analysis of Tu2449 tumor mouse models. (A) Tumor burden of female B6C3F1 mice subcutaneously implanted with 1 · 106

cells mixed with 2% Tu2449SC/RRV-IRES-yCD2 + 98% Tu2449SC tumor cells or 2% Tu2449SC/RRV-gT2A-yCD2 + 98% Tu2449SC tumor cells on the right flank. On day
12, 5-FC treatment (arrow, 500 mg/kg in 800 lL intraperitoneally [i.p.], once daily [SID]) was administered in three cycles: 5 days on followed by 2 days off; or PBS
treatment (800 lL i.p., SID) in parallel, through 30 days post tumor inoculation. Tumor sizes were monitored two to three times a week until tumor volumes reached
>2000 mm3. Statistical significance was determined by two-way ANOVA of the following data sets: p < 0.0001 for g2A-yCD2 + 5-FC vs. g2A-yCD2 + PBS; p < 0.0001 for
IRES-yCD2 + 5-FC vs. IRES-yCD2 + PBS. (B) Kaplan–Meier survival analysis of orthotopic glioma mouse model. B6C3F1 mice were implanted intracranially (i.c.) with
the different ratios of Tu2449/RRV-IRES-yCD2 to Tu2449/RRV-IRES-GFP or Tu2449/RRV-gT2A-yCD2 to Tu2449/RRV-2A-GFP cells (3/97, 15/85, and 30/70, respectively)
then dosed i.c. with vehicle (control, PBS) or i.c. with 5-FC, starting at 10 days post tumor implant over four cycles of 4 days on 5-FC followed by10 days off, treated
twice daily. Survival analysis was monitored for 90 days. Statistical significance of survival between mice treated with RRV-IRES-yCD2 and RRV-gT2A-yCD2 for each
subgroup was determined by the log-rank (Mantel–Cox) test and is indicated by brackets: *p = 0.1416; **p = 0.3755; ***p = 0.0013. (C) Measurement of extracellular
5-FU concentrations generated from the conversion of 5-FC to 5-FU by the yCD2 proteins. Error bars indicate the standard deviation of the data set.
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(Fig. 5B; p = 0.0013). A similar trend in survival
benefit between the two groups at 15/85 and 30/70
ratios was also observed, but this was not statisti-
cally significant (Fig. 5B; p = 0.3755 and p = 0.1416,
respectively).

The in vitro bystander data at the ratio of 3/97
setting (Supplementary Fig. S5B) and vector sta-
bility data (Supplementary Fig. S2C) did not indi-
cate that RRV-gT2A-yCD2 is more stable and/or
has more bystander-mediated cytotoxic effect than
RRV-IRES-yCD2. To delineate the underlying
mechanism for RRV-gT2A-yCD2 leading to a better
survival benefit than RRV-IRES-yCD2 in tumor-
bearing mice, the enzymatic activity of the yCD2
protein from the two vectors was evaluated by
measuring the amount of 5-FU produced from the
infected cells using the matching ratios conducted
in the in vivo study. Figure 5C shows that RRV-
gT2A-yCD2 produced more 5-FU than RRV-IRES-
yCD2 at all ratios tested. The continuous increase
in the 5-FU production with increasing percentage
of yCD2-expressing cells suggests that the 5-FC
administered is not limiting. It is also important to
point out that the higher yCD2 potency observed
with RRV-gT2A-yCD2 is not due to a higher level
of protein expression (Supplementary Fig. S3D). In
line with a recent publication on immune-mediated
antitumor response,2 the data also indirectly sug-
gest that the higher 5-FU production from the RRV-
gT2A-yCD2/RRV-gT2A-GFP cells at the transduction
level <30% in vivo may reflect an antitumor response
dominated by an immune-mediated response leading
to longer survival.

RRV-2A configuration can tolerate
insertion of multiple transgenes

Since multiple 2A peptides have been success-
fully used to encode multiple genes in various ex-
pression vectors,11,24–26 the study asked whether
RRV-2A configuration can be utilized for multiple
gene expression. To explore this, the gP2A and
gT2A were used to express yCD2 and human GM-
CSF (hGMCSF) protein in one vector. Other than
its known immune functions and clinical im-
plications,27,28 hGMCSF was chosen mainly due
to its small size (cDNA length of 435 bp) and its
expression as a secreted protein, which is in a
different cellular compartment than the yCD2
and TKO protein. Two versions of RRVs were made
for multiple-transgene expression: RRV-gT2A-
hGMCSF-gP2A-yCD2 and RRV-gT2A-yCD2-gP2A-
hGMCSF (Fig. 6A). Briefly, viral titer produced
from maximally infected U87-MG cells showed com-
parable titer values compared to that of RRV-IRES-
yCD2 (Supplementary Table S3). Immunoblotting

with anti-yCD2 antibody showed that the yCD2 pro-
tein is efficiently separated from the viral envelope
protein in RRV-gT2A-yCD2-gP2A-hGMCSF and
from the hGMCSF in RRV-gT2A-hGMCSF-gP2A-
yCD2, but the overall yCD2 protein expression is re-
duced compared to that of RRV-IRES-yCD2 (Fig. 6B).
In addition, the drastically reduced yCD2 protein
expression by RRV-gT2A-yCD2-gP2A-hGMCSF is
associated with aberrant yCD2 isoforms (Fig. 6B).
Despite the presence of the reduced protein expres-
sion level and aberrant yCD2 isoforms, the LD50

data indicated that U87-MG cells maximally in-
fected with RRV-gT2A-hGMCSF-gP2A-yCD2 or
RRV-gT2A-yCD2-gP2A-yCD2 are comparable but
slightly higher than those infected with RRV-IRES-
yCD2 (Fig. 6C). However, the observed differences
are not statistically significant. Furthermore, the
level of hGMCSF secreted into cultured medium
was also measured by ELISA using U87-MG cells
infected with RRV-IRES-hGMCSF as a control.
Figure 6D shows that all three vectors express
hGMCSF in the ng/mL range and that the levels
secreted from RRV-gT2A-hGMCSF-gP2A-yCD2
and RRV-gT2A-yCD2-gP2A-hGMCSF were within
less than a twofold difference compared to RRV-
IRES-hGMCSF. Most importantly, vector stability
from maximally infected U87-MG cells indicated
that the vectors remained stable during the course
of infection (Fig. 6E). Altogether, the data suggest
that it is feasible to utilize multiple 2A peptides to
express more than one therapeutic transgenes with
different cellular compartmentations in RRV.

DISCUSSION

Retroviral replicating vectors are attractive for
cancer gene therapy due to their high selectivity for
cancer cells, non-lytic property, and integration into
the host genome. As a virus continues to replicate
in a tumor, the stability of the therapeutic transgene
incorporated into the viral genome is necessary to
maintain therapeutic transgene expression.

The use of IRES to design a bi-cistronic messenger
RNA has been widely used for expressing transgenes
in various vector systems.29,30 RRV with the IRES
configuration has a high degree of genome stability.8

However, to date, the choice of therapeutic genes
may be restricted due to the size limitation of the
viral genome. Although the 2A peptide has been
utilized in F-MLV to express a single transgene, a
full characterization of the virus and transgene ex-
pression was lacking, preventing insights into the
feasibility of this configuration for clinical applica-
tions. This study shows that the 2A peptide config-
uration allows insertion of therapeutic transgene(s)
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Figure 6. Vector characterization of RRVs expressing multiple transgenes from 2A peptides in U87-MG cells. (A) Schematic diagram of the RRV constructs
encoding multiple-transgene cassette of gT2A-hGMCSF-gP2A-yCD2 and gT2A-yCD2-gP2A-hGMCSF. The approximate size of the multiple transgene cassette is
shown in parentheses. (B) Western blot analysis of yCD2 proteins produced by U87-MG cells maximally infected with RRV-gT2A-hGMCSF-gP2A-yCD2 and RRV-
gT2A-yCD2-gP2A-hGMCSF. RRV-IRES-yCD2 and RRV-IRES-hGMCSF were included as controls. Twenty micrograms of total protein lysates was loaded per well.
Membranes were incubated with anti-yCD2 antibody. Detection of GAPDH using the anti-GAPDH antibody was included as a loading control. (C) LD50 of 5-FC-
mediated killing of maximally infected U87-MG cells with RRV-2A-yCD2 variants. Cells were cultured in the presence of 5-FC in different concentrations for
7 days. Naı̈ve cells were included as a control for 5-FC cytotoxicity at each concentration. Cell viability was quantified by using MTS assay at 7 days post 5-FC
addition, and the percentage of cell survival was calculated relative to RRV-infected cells not treated with 5-FC. The data set represents one of the three
independent experiments. Error bars indicate the standard deviation of the data set. Numbers in parentheses indicate LD50 values. Statistical significance was
determined by two-way ANOVA. (D) hGMCSF in the supernatant produced from maximally infected U87-MG cells was quantified by ELISA. Error bars indicate
the standard deviation of the data set. (E) Stability of yCD2-hGMCSF and hGMCSF-yCD2 transgene cassettes from proviral DNA in maximally infected U87-MG
cells (16 days post infection). The arrow indicates the size of the PCR product expected for the intact yCD2-hGMCSF and hGMCSF-yCD2 transgene cassette +
controls are PCR product amplified from plasmid DNA corresponding to each RRV-2A-TKO variants. DNA molecular ladder (1 kb plus; Life Technologies) is
shown in the first lane of the gel; numbers indicate the size of the ladders in base pairs.
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up to approximately 1.2 kb compared to so far ap-
proximately 0.7 kb with the IRES configuration, and
it demonstrated that the RRV-2A configuration
consisting of a GSG linker allows high efficiency of
polyprotein separation and tolerates single and
multiple therapeutic transgene insertion without
compromising the viral genome stability, infectivity,
and transgene expression.

An interesting finding from this study is the
higher separation efficiency of the viral envelope-
transgene polyprotein bridged by a GSG-linked 2A.
Although GSG linker has not been described as a
necessary component in transgene protein ex-
pression and particularly not in the context of
murine leukemia retrovirus genome,12 its presence
in facilitating polyprotein separation has been de-
scribed in some expression vectors and cell lines of
different species.11,31 In the RRV system, the en-
hancement of polyprotein separation with the GSG
linker upstream of the 2A peptide is confirmed with
three transgenes tested in this study. The reasons
for this improvement are unknown. This may re-
sult from the flexibility of the GSG linker or via
creating more space from distal inhibitory residues
that may interfere with the separation.9,31 It is
possible that the requirement for the GSG linker to
achieve high efficiency of polyprotein separation
may depend on the tertiary structure of the protein
N-terminus to the 2A peptide. Intriguingly, the
biological activity of the polyproteins in both Env-
TKO and Env-yCD2 without the GSG linker ap-
peared to be equally functional as TKO and yCD2
expressed from the IRES, respectively. As the TKO
and yCD2 protein in the RRV-2A configuration are
translated in-frame with the transmembrane do-
main of the viral envelope protein, the Env-TKO
and Env-yCD2 polyprotein may exist in a form that
is membrane associated and could remain biologi-
cal active intracellularly but not be incorporated
into viral particles. However, because maximally
infected cells were used to determine the LD50

values, we cannot rule out the possibility that
there was sufficient level of biologically active TKO
expressed to exert the 5-FC- or GCV-mediated cy-
totoxicity. Another interesting finding from this
study is the markedly improved viral genome sta-
bility with the inclusion of the GSG linker in the
RRV-2A-yCD2 variants (Supplementary Fig. S2C).
It will be of a great interest to see if this observation
also holds true in general in the RRV system.

In a parallel comparison of the RRV-IRES-yCD2
and RRV-2A-yCD2 configuration, the yCD2 protein
translation in the IRES-yCD2 configuration is ex-
pected to occur in both the spliced and unspliced
viral transcripts, whereas the yCD2 protein trans-

lation only occurs in the spliced viral transcript.
Nevertheless, a similar level of transgene expres-
sion from both configurations is evident by the
comparable yCD2 protein expression observed in
RRV-IRES-yCD2 and RRV-gT2A-yCD2 in multiple
cell lines. This observation raises the question that
the protein translation mediated by the IRES from
the unspliced viral transcript may not be as effi-
cient as previously anticipated. Reports of gene
expression downstream of IRES at a lower level
than the transgene upstream of IRES in bi-cistronic
expression vectors also support the finding.32–34

An intriguing finding from this study is the sur-
vival benefit of tumor-bearing mice pre-transduced
with the RRV-IRES-yCD2 and RRV-gT2A-yCD2.
The 2A configuration was observed to be superior to
the IRES configuration under limited transduction
setting in two independent in vivo studies (one set of
data shown in Fig. 5B). The preliminary in vitro data
show that the higher survival benefit observed with
RRV-gT2A-yCD2 is partly due to higher potency of
the yCD2 protein derived from the 2A configuration
and not due to higher level of protein expression. It
is speculated that the higher survival benefit ob-
served in tumor cells infected with RRV-gT2A-yCD2
is dominated by an immune-mediated antitumor
bystander effect by 5-FU elimination of myeloid-
derived suppressor cells, as described in a recent
publication.2 The immune-mediated antitumor ef-
fect in vivo may explain why a higher bystander-
mediated cytotoxic effect of RRV-gT2A-yCD2 was
not observed when compared to that of RRV-IRES-
yCD2 in vitro (Supplementary Fig. S5A and B). The
attribute of higher potency of the yCD2 protein de-
rived from the gT2A-yCD2 configuration is unde-
fined and remains to be elucidated.

In summary, the data demonstrate that placing a
transgene cassette downstream of the viral envelope
protein separated by a GSG-linked 2A peptide in
RRV is a feasible strategy to allow long-term viral
genome stability and transgene expression with po-
tentially increased drug activity. In addition, the
additional space allowed in the 2A configuration may
broaden the selection of therapeutic genes for future
single- or multiple-agent cancer gene therapy.
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