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RESEARCH ARTICLES

Extensive Replication of a Retroviral Replicating Vector Can
Expand the A Bulge in the Encephalomyocarditis Virus
Internal Ribosome Entry Site and Change Translation
Efficiency of the Downstream Transgene

Amy H. Lin,; Yanzheng Liu, Cynthia Burrascano,! Kathrina Cunanan,
Christopher R. Logg? Joan M. Robbins, Noriyuki Kasahara?® Harry Gruber,
Carlos Ibafiez,' and Douglas J. Jolly"*

"Tocagen Inc., San Diego, California; 2Department of Molecular and Medical Pharmacology, David Geffen School of Medicine, University of California-Los Angeles,
Los Angeles, California; *Department of Cell Biology, Miller School of Medicine, University of Miami, Miami, Florida.

We have developed retroviral replicating vectors (RRV) derived from Moloney murine gammaretrovirus
with an amphotropic envelope and an encephalomyocarditis virus (EMCV) internal ribosome entry site
(IRES)-transgene cassette downstream of the env gene. During long-term (180 days) replication of the vector
in animals, a bulge of 7 adenosine residues (A’s) in the J-K bifurcation domain sometimes serially added A’s.
Therefore, vectors with 4-12 A’s in the A bulge in the J-K bifurcation domain were generated, and the
impact of the variants on transgene protein expression, vector stability, and IRES sequence upon multiple
infection cycles was assessed in RRV encoding yeast-derived cytosine deaminase and green fluorescent
protein in vitro. For transgene protein expression, after multiple infection cycles, RRV-IRES with 5-7 A’s
gave roughly comparable levels, 4 and 8 A’s were within about 4-5-fold of the 6 A’s, whereas 10 and 12 A’s
were marked lower. In terms of stability, after 10 infection cycles, expansion of A’s appeared to be a more
frequent event affecting transgene protein expression than viral genome deletions or rearrangement: 4 and
5 A’s appeared completely stable; 6, 7, and particularly 8 A’s showed some level of expansion in the A bulge;
10 and 12 A’s underwent both expansion and transgene deletion. The strong relative translational activity
of the 5 A’s in the EMCV IRES has not been reported previously. The 5A RRV-IRES may have utility for
preclinical and clinical applications where extended replication is required.

INTRODUCTION

WE HAVE DEVELOPED retroviral replicating vec-
tors (RRV) derived from Moloney murine leukemia
virus (MLV), a gammaretrovirus, with an ampho-
tropic envelope and an encephalomyocarditis virus
(EMCYV) internal ribosomal entry site-transgene
cassette downstream of the env gene.! A version of
this RRV, Toca 511 (vocimagene amiretrorepvec),
encodes a modified yeast cytosine deaminase trans-
gene (yCD2) and, with subsequent 5-fluorocytosine
(5-FC) administration, is in clinical trials for treat-
ment of recurrent high-grade glioma (NCT02414165,
NCT01156584, NCT01470794 & NCT01985256).
The internal ribosome entry site (IRES) allows
translation of RNAsin a cap-independent manner. The
IRES from EMCYV has been studied extensively and is

widely used in retroviral and other mammalian ex-
pression vectors.%? The proper folding and secondary
structure of the IRES dictate its translation efficiency,
and sequence changes may or may not affect this.
Palmenberg and coworkers showed that, independent
of the 5’-IRES region, the J and K hairpin structures in
the 3" half of the IRES play a critical role in translation
initiation*® (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/
hgtb). Between these hairpins is a single-stranded re-
gion consisting of a stretch of consecutive adenosine
residues, termed the “A bulge” or “bifurcation loop,”
which has been shown to directly bind eIF4G, a critical
mediator of the recruitment ribosomes to mRNA.”
The sequence of the IRES in Toca 511 was de-
rived from pEMCF,? which carries a bulge of seven
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adenosine residues (A’s) instead of the six A’s
originally reported.*® The IRES with 7 A’s is more
widely used in bicistronic expression vectors than
the IRES with 6 A’s and has shown comparable
expression level to the native IRES containing 6
A’s. Because no apparent reduction in transgene
protein expression was observed in pACE-CD and
PACE-GFP originally described by Wang et al. and
Logg et al.,”1° we retained the IRES with 7 A’s in
Toca 511. Although the negative impact on initia-
tion of protein translation of modifications in the J
and K hairpin structure and specifically the oligo-
adenosine loop has been reported,’*™® the impact
of changes in the oligo-adenosine loop has not been
investigated fully in plasmid-derived, bicistronic
expression vectors and certainly not in the RRV
context. In the present study, we noted some vari-
ation in the size of this loop in RRV sequences from
infected tissue in permissive BALB/c mice 180 days
after infection and extensive viral replication, in
the absence of 5-FC treatment. To investigate this
phenomenon further, we generated a series of vec-
tors bearing 4-12 A’s in the A bulge in the J-K bi-
furcation domain and evaluated the impact of the
variants on transgene expression, the rate of mu-
tation contributed by reverse transcriptase during
viral replication, as well as vector stability. We show
here that neither deletion nor insertion of A’s in the
A bulge affects RRV replication in this series of
vectors, that 6 A’s provide maximal yCD2 and green
fluorescent protein (GFP) expression, and that <5
and >8 A’s have a large effect on transgene protein
expression without a significant effect on RNA ex-
pression. In the context of RRV, longer A’s (>8) ap-
pear to be more susceptible to further lengthening
and risk of gene deletions. Depending on the situa-
tion, it may be appropriate in the future to use a
vector with an IRES with 5, 6, or 7 A’s in the A bulge,
preferably with 5 or 6 A’s to allow more viral
replication cycles before reaching A’s >8, where
translation is dramatically reduced. Currently, the
only direct clinical experience is with RRV carrying
the 7 A’s IRES, and IRES carrying 5 or 6 A’s may
require further evaluation before clinical use.

MATERIALS AND METHODS
Intravenous injection of Toca 511
into BALB/c mice

An amount of 2.35x 10° or 2.35 x 10° transduction
units (TU) of Toca 511 was intravenously adminis-
tered to 8-week-old female BALB/c mice. Approxi-
mately 180 days postinfection, genomic DNA from
various tissues was harvested for biolocalization
study. Genomic DNA from abnormal tissues such as

thymus or lymph node was extracted for sequence
analysis of the envelope and IRES-yCD2 cassette.

Construction of RRV containing
various numbers of A’s in the A bulge
of the J-K bifurcation domain

RRV containing an EMCV IRES and encoding
yCD2 or GFPY!* were generated to have 4, 5, 6, 7,
8,10, or 12 A’s in the A bulge in the J-K bifurcation
domain. Each construct was generated by DNA
synthesis (BioBasics Inc.) of the entire IRES cas-
sette with an Mlul at the 5" end and a Psil at the
3’ end, respectively, for direct replacement of the
equivalent cassette in the RRV backbone (Fig. 1A
and B). All DNA fragments were confirmed by se-
quencing before and after cloning into the RRV
backbone. The RRV constructs containing the yCD2
transgene were designated using the name of the
transgene followed by the number of A’s in the A
bulge (i.e., yCD2-4A contains yCDZ2 transgene and 4
A’s in the A bulge in the IRES).

Cell culture

293T cells were obtained through a materials
transfer agreement with the Indiana University
Vector Production Facility and Stanford University
deposited with ATCC (SD-3515; lot No. 2634366).
Human glioblastoma cells U87-MG (ATCC; HTB-
14), human prostate tumor cells PC-3 (ATCC; CRL-
1435), human fibrosarcoma cells HT-1080 (ATCC;
CCL-121), and 293T cells were cultured in complete
DMEM containing 10% FBS (Hyclone), sodium py-
ruvate, GlutaMAX (Thermo Fisher Scientific), and
antibiotics penicillin 100 IU/ml and streptomycin
100 IU/ml (Corning).

Virus production, infection, and titer

Virus stock was first produced by transient
transfection of 293T cells using calcium phosphate
precipitation method. Cells were seeded at 2x10°
cells per 10 cm petri dish the day before transfec-
tion. Cells were transfected with 20 ug of desig-
nated plasmid DNA the next day. Eighteen hours
posttransfection, cells were washed with PBS twice
and incubated with fresh complete culture me-
dium. Viral supernatant was collected approxima-
tely 42 hr posttransfection and filtered through a
0.45 um syringe filter unit. Viral supernatants were
stored in aliquots at —80°C. RRV-producer cells were
established by infection of HT-1080 cells at multi-
plicity of infection (MOI) of 0.1. Viral titer from
transiently transfected 293T cells as well as from
RRV-producer cells was performed by quantitative
polymerase chain reaction as described.! The viral
titers obtained from infected RRV-producer HT-1080
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Figure 1. Replicating retroviral vectors containing IRES with various numbers of A’s in the A bulge. (A) DNA sequence spanning the 3’ of MLV env and EMCV
IRES in Toca 511 that contains 7 A’s in the A bulge. Lower-case letters indicate the 3’ of the env sequence; underlined capital letters indicate M/ul (ACGCGT)
and Psil (TTATAA) restriction enzyme sites flanking the IRES sequence; underlined lower-case letters indicate the 7 A’s in the A bulge; italicized capital letters
indicate the start codon of a transgene. (B) Diagram of the A bulge in the J-K bifurcation domain in EMCV IRES incorporated into RRV expressing yCD2 or GFP.
The native ATG8 (AUG in RNA) and ATG9 are underlined; enlarged and underlined sequence represents the A bulge in the J-K bifurcation domain; lower-case
letters indicate the 5" sequences in the pyrimidine-rich region in the 3’ IRES. (C) yCD2 protein expression from transiently transfected 293T cells. GAPDH
detection was included as a loading control. Positive control (+) is lysate from U87-MG cells infected with RRV-yCD2 vector. EMCV, encephalomyocarditis
virus; IRES, internal ribosome entry site; MLV, murine leukemia virus; NC, negative control from naive cell lysates.

cells were measured before infecting naive U87-MG
cells in order to calculate MOI.

Quantification of cellular viral RNA
by quantitative real-time polymerase
chain reaction

Total RNA was extracted from naive and maxi-
mally RRV-infected U87-MG cells (infected cells
reach maximum infectivity approximately day 6
to day 8 postinfection at MOI of 0.01 and remain
persistent thereafter) using the RNeasy Kit (Qia-
gen). Reverse transcription was carried out with

100 ng total RNA using High Capacity cDNA Re-
verse Transcription Kit (ABI). Quantitative real-
time polymerase chain reaction (QRT-PCR) analysis
was performed to measure the mRNA expression
level of unspliced and spliced cellular viral RNA
with the following parameters: 95°C 10 min, and 40
cycles of 95°C 15sec and 60°C 30sec. The cellular
viral RNA expression levels were measured using
two primer sets, located in the env (5’Env2: 5-AC
CCTCAACCTCCCCTACAAGT-3, 3’Env2: 5'-GTTA
AGCGC CTGATAGGCTC-3, probe: 5FAM-AGCC
ACCCCCAGGAACTGGAGATAGA-3'BHQ) and in
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yCD2 region (5'yCD2: 5-ATCATCATGTACGGCA
TCCCTAG-3’, 3'yCD2: 5-TGAACTGCTTCATCAG
CTTCTTAC-3’, probe: 5FAM-TCATCGTCAACAA
CCACCAC CTCGT-3'BHQ), respectively. The rela-
tive level of viral RNA from each vector was calcu-
lated using 2724CY method with respect to the
vector containing the 6 A’s.

Immunoblot

Transiently transfected 293T cells or maxi-
mally infected U87-MG cells were harvested and
lysed for immunoblotting. Equal amount of pro-
teins from lysates were resolved on Criterion XT
Precast Gel 4-12% Bis-Tris gels (Bio-Rad; cat No.
345-0124). Mouse antihuman GAPDH (Millipore;
cat No. MAB374) antibody at 1: 500 dilution
was used to detect the expression of GAPDH, and
mouse anti-yCD2 (Tocagen; clone 9A11) antibody
at 1:1,000 dilution was used to detect the expres-
sion of yCD2 protein. The specificity of anti-yCD2
antibody is shown in Supplementary Fig. S2. De-
tection of protein expression was visualized us-
ing Clarity Western ECL Substrate (Bio-Rad; cat
No. 170-5060). Quantity One software (Bio-Rad)
was used to quantify the signal of yCD2 and
GAPDH detected on the immunoblots. Quantifi-
cation of yCD2 protein expression level was ob-
tained using the Quantity One Image Sofware
version 4.6.7 (BioRad). Ratios of measured GAPDH
pixel density relative to U87-MG cell infected with
yCD2-6A were used to normalize yCD2 expression
levels.

Cell-based yCD2 enzymatic assay

A cell-based enzymatic activity of yCD2 was
performed to measure the conversion of 5-FC to
5-FU by high-performance liquid chromatogra-
phy (HPLC). Briefly, 4x10° U87-MG cells were
seeded in T'75 flask and then infected with IRES-
yCD2 variants at MOI of 0.05. Cells were pas-
saged at 1:5 on day 5 and day 7 postinfection and
harvested at day 10 postinfection. Approximately
1.6x10° cells in 200 ul media were subsequently
transferred to 4 wells in 96-well plate and 5-FC
was added to the wells to achieve final concentra-
tion of 3.57mg/ml. Two hours postadministration
of 5-FC, 28 ul of 10% trichloroacetic acid (Sigma-
Aldrich; cat. No. T9159-500G) was added to the
wells to terminate the reaction. Supernatants were
collected and filtered through a glass fiber filter
(Millipore; cat. No. MSFBN6B10) followed by a
0.45 ym filter (Millipore; cat. No. MSHVN4510).
Filtrates were then analyzed for 5-FU content on
HPLC. The chromatography was conducted on a
reverse-phase C18 column with an isocratic run

using a low-pH phosphate buffer and methanol as
previously described.

Flow cytometry

Cells harvested for flow cytometric analysis were
washed with PBS and centrifuged at 1000 rpm
for 5min. Cell pellets were resuspended in PBS
containing 1% paraformaldehyde. The percent-
age of GFP-positive cells was determined by flow
cytometry using proper gating to exclude GFP-
negative cells. Percentage of GFP-positive cells
was measured by FACSCanto II using FL1 chan-
nel (BD Biosciences). GFP protein expression
levels were quantified by using mean fluorescence
intensity (MFI).

Vector copy number of proviral DNA

Proviral vector copy numbers from infected U87-
MG cells (MOI 0.01) during the course of infection
were determined by qPCR as previously described.!
The average vector copy number per diploid ge-
nome/cell was determined from the standards of
known vector copy numbers and the amount of ge-
nomic DNA input (assuming 7 pg genomic DNA per
diploid cell) in the qPCR. The average vector copy
number per cell was determined from the amount of
genomic DNA input and the number of transduction
events (derived from the standards and Ct values)
in the qPCR.

Vector stability assay

Vector stability was measured from genomic DNA
of maximally infected U87-MG cells after 1 round of
infection or from genomic DNA of maximally in-
fected U87-MG cells at each round of infection from
a serial infection of U87-MG cells as described pre-
viously.! PCR was performed using the follow-
ing primers: 5-127 (forward), 5-CTGATCTTACTC
TTTGGACCTTG-3’; 3-37 (reverse), 5'-CCCCTTTTT
CTGGAGACTAAATAA-3’, which resulted in an
~1.2kb fragment spanning the IRES-yCD2 cas-
sette. SuperTaq Plus polymerase (Ambion; cat No.
AM2056) was used for PCR.

PCR and TA cloning for sequence analysis

PCR fragments using the primers and SuperTaq
Plus polymerase described were isolated from 0.8%
agarose gel and sublconed into TOPO vector pro-
vided in the TOPO TA Cloning Kit for Sequencing
(Invitrogen; cat No. K4530-20). After selection of
bacterial colonies and extraction of plasmid DNA,
samples were sequenced using the 5-127 and 3-37
primers. Minimum of 10 colonies of each variants
were selected for plasmid DNA extraction and se-
quencing analysis.
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RESULTS

RRV can undergo changes in the length
of the oligo adenosine in the A bulge
of the EMCV IRES in vivo

The expression of yCD2 and the conversion of 5-
FC to 5-FU by yCD2 have been demonstrated to be
efficient and stable both in vitro and in vivo when
cells are infected with an RRV with a 7A IRES
(Toca 511).%'* In a vector biolocalization study
conducted as part of a preclinical package to sup-
port initiation of clinical trials, Toca 511 was in-
jected intravenously into a permissive mouse
strain (BALB/c mice) to evaluate long-term vector
bio-localization. 5-FC was not administered to the
animals as the goal was to observe biodistribution
of the virus. As expected 10—-20% of the mice (de-
pending on the cohort) at the higher doses (see
Materials and Methods) displayed histologically
confirmed abnormalities in lymphoid tissues asso-
ciated with viremia and lymphoma at 180 days
postinfection (data not shown). Genomic DNA from
the abnormal thymus or lymph nodes of three mice
was harvested for molecular PCR cloning of pro-
viral sequences, followed by sequencing analysis.
There were multiple copies of the virus including
recombinants with endogenous mouse MCF enve-
lope sequences present, as occurs with ecotropic
MLV infection in mice.'® Further analyses are
planned for a future publication. However, one
additional feature revealed by the sequence anal-
ysis of the envelope-IRES-yCD2 transgene cas-
settes that we have investigated in the work
described here was an expansion or contraction of
oligo A sequences in the A bulge of the J-K domain
of the IRES in some vector sequences after exten-
sive viral replication. As shown in Table 1, tissues
from three mice contained vectors with heteroge-
neous expansions of 7-8, 9, 10, and 11 A’s and a
contraction of 7-6 A’s. It appears that the oligo A
number drifts preferentially toward longer oligo A

Table 1. Changes in the bulge A region of internal ribosome
entry site in tissues harvested from Toca 511-treated BALB/c
mice

Source Changes in bulge A (excluding other
Animal Treatment of gDNA mutations such as recombination)
1 i.v. Toca 511 Thymus Contraction of 7(A) to 6(A) in IRES
accompanied by deletion in CD
Expansion of 7(A) to 8(A) in IRES
Expansion of 7(A) to 9(A) in IRES
2 i.v. Toca 511 Lymph node Expansion of 7(A) to 10(A) in IRES
Expansion of 7(A) to 11(A) in IRES
3 i.v. Toca 511 Thymus Expansion of 7(A) to 8(A) in IRES

IRES, internal ribosome entry site; gDNA, genomic DNA.

in the A bulge. However, the nature of this pref-
erence was undefined in the in vivo study.

Transgene expression in RRV containing
various numbers of A’s in the A bulge varies, but
produces similar titers in RRV-producer cells

It has been demonstrated that the J-K domain is
important for translational initiation.*” The ob-
servation made from our in vivo study and the 7 A’s
in pEMCF as opposed to the 6 A’s in ECMV IRES
originally described led us to investigate the im-
pact on yCD2 expression of IRES with various
numbers of A’s in the A bulge, and, in particular,
the impact on transgene protein expression in the
context of RRV. Therefore, we generated a series of
deletion and insertion mutants specifically in the A
bulge to mimic sequences observed from the in vivo
study. RRV containing an EMCV IRES and en-
coding yCD2 or GFP were generated to have 4, 5, 6,
7, 8, 10, or 12 A’s in the A bulge in the J-K bifur-
cation domain (Fig. 1A and B). As we are interested
in using such vectors to treat human tumors in
patients, we did not further investigate the mouse
models at this time, but rather looked at the effect,
in a human tumor cell line, of alterations in the A
bulge of the EMCV IRES on RRV carrying the
IRES and a transgene. We first examined whether
the alteration in the A bulge would affect viral titer.
Virus stocks were initially produced by transient
transfection in 293T cells, followed by infection of
HT-1080 cells at MOI of 0.1 to generate RRV-
producer cells. Table 2 shows that RRV containing
various number of A’s from transiently transfected
293T cells produced similar titers. The viral titer of
each vector produced by the RRV-producer HT-
1080 cells in the subsequent infection was also
determined. Similar to viral titer data obtained
from transiently transfected 293T cells, RRV-
producer cells containing various numbers of A’s

Table 2. Viral titers of retroviral replicating vectors containing
various numbers of A’s in the A bulge produced from transiently
transfected 293T cells and retroviral replicating vectors-producer
HT-1080 cells

Titer (TU/ml)
Vector 2937 HT1080
yCD2-4A 6.4+0.7E6 1.8+0.6E7
yCD2-5A 4.3+0.4E6 2.2+05E7
yCD2-6A 3.4+0.4E6 1.2+0.1E7
yCD2-7A 5.6+0.4E6 1.5+0.6E7
yCD2-8A 4.0+0.2E6 1.8+0.3E7
yCD2-10A 5.7+0.8E6 1.4+0.3E7
yCD2-12A 6.8+0.5E6 2.7+05E7

Titers were performed in triplicate, and the titer values represent means
+ SD from one of two independent experiments.
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also produced comparable titers, suggesting that
the number of the A’s in the A bulge does not affect
viral production.

We next checked yCD2 protein expression me-
diated by IRES variants in transiently transfected
293T cells. The data showed that yCD2 protein
expression levels mediated by RRV variants con-
taining 5 and 6 A’s were comparable to that of the
7A. In contrast, yCD2 protein expression levels
mediated by RRV variants containing 4, 8, 10, and
12 A’s were substantially reduced (Fig. 1C).

RRV containing various numbers of A’s
in the A bulge replicate at similar rates

Given that the number of the A’s in the A bulge
does not affect viral titer produced from cells ini-
tially infected with low MOI, it is likely that these
vectors also replicate at similar rates. We exam-
ined the replication kinetics of these vectors by
measuring the average vector copy number during
the course of infection. Viral supernatants from
RRV-producer cells were used to infect naive U87-
MG cells at MOI of 0.01. At each passage a portion
of cells were harvested for genomic DNA extraction
for qPCR analysis. Replication kinetics measured
by vector copy number per cell from genomic DNA
was used instead of viral particle number from
supernatant partly because of moderate correla-
tion between viral particle number and viral in-
fectivity. In addition, the vector copy number can
later be used for normalization of intracellular
transgene protein expression. Figure 2A shows
that the vector copy number varied among vectors
at day 4 and day 6 postinfection and stabilized by
day 8 postinfection with comparable average vector
copy numbers (Fig. 2B).

RRV containing various numbers of A’s
express similar levels of transcripts
but different levels of transgene protein

The yCD2 protein expression from transiently
transfected 293T cells was substantially less from
vectors carrying the 8, 10, or 12 A’s than those
carrying the 5, 6, and 7 A’s, whereas the 4A version
was intermediate level for expression (Fig. 1C).
However, we cannot rule out the possibility that
the difference in yCD2 protein expression could be
because of the transfection efficiency rather than
the length of the A’s. In order to demonstrate that
the decrease in transgene expression mediated by
IRES variants is regulated at the translational le-
vel, cellular viral RNA of maximally infected U87-
MG cells was harvested and levels measured by
qRT-PCR, and yCD2 protein levels were examined
by immunoblotting. The cellular viral RNA levels
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Figure 2. Replication kinetics of RRV-yCD2 variants in U87-MG cells. (A)
Replication kinetics of RRV-yCD2 carrying various lengths of A’s in the A bulge
was measured by the average VCN per cell in infected U87-MG cells (MOI of
0.01) at indicated time points during the course of infection. (B) Ratios of the
average vector copy number relative to the yCD2-6A vector in maximally in-
fected UB7-MG cells (day 8 postinfection). The data shown represent mean+
SD (n=3) of triplicates performed from one of two independent experiments.
MOI, multiplicity of infection; VCN, vector copy number.

were measured using two different primer sets, lo-
cated in the env and in yCD2 region, respectively
(Fig. 3A). The relative level of RNA from each vector
was calculated using the 2722“Y method with re-
spect to the vector containing 6 A’s. The cellular
viral RNA level ratios ranged from 0.9 to 1.2, and
the values of ratios from each primer set were
comparable (Table 3). Together, the data suggest
that there is no significant difference in viral RNA
expression levels because of the modifications in the
IRES. In examining the yCD2 protein expression
level of these vectors by immunoblotting, we found
that the yCD2 protein expression levels of the vec-
tors containing the 5 and 7 A’s after a single round of
infection cycle were 69% and 77% that of the yCD2-
6A vector. In contrast, a marked reduction of yCD2
protein expression was observed in the vectors
containing the 4 and 8 A’s. Similar to data observed
in 293T transfection, a substantial reduction of
yCD2 protein expression was observed in the vec-
tors containing the 10 and 12 A’s. The yCD2 protein
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Figure 3. RNA and protein expression from U87-MG cells infected with RRV containing various numbers of A’s in the A bulge. (A) Schematic diagram of
cellular viral RNA isoforms. The env2 and yCD2 primer sets, which recognize both unspliced and spliced viral RNA in the env and the yCDZ2 region, respectively,
were used to measure the level of cellular viral RNA by gRT-PCR. Filled triangles, env2 primer set; open triangles, yCD2 primer set. (B) Immunoblot of yCD2 and
the GAPDH protein. Twenty micrograms of cell lysate of maximally infected U87-MG cells from one round of infection was loaded to each lane, and equivalent
loading and blotting efficiency controlled for by detection of the ubiquitous marker GAPDH. NC, negative control from naive cell lysates. (C) Histograms
represent the RNA and protein expression levels relative to the yCD2-6A vector. RNA expression was performed in triplicates and the relative level of viral RNA
from each vector was calculated using 2724 method with respect to the vector containing the 6 A’s. Protein expression levels of yCD2 were calculated
relative to vector containing the 6 A’s. (D) Stability of proviral DNA of IRES-yCD2 cassette in RRV-IRES-yCD2 variants from one round of infection showed no
detection of deletion mutants. Arrow indicates the expected 1.2 kb PCR product containing the IRES-yCD2 cassette. (E) Cell-based enzymatic activity of yCD2 in
infected U87-MG cells was measured by HPLC to detect the amount of 5-FU. The 5-FU peak area of each vector is plotted relative to yCD2-6A vector that is set
to 1. Data shown in (B-D) are from representative examples of two or three independent experiments. Data shown in (E) represent mean+ SD relative to 6A
from three independent experiments.

expression levels of these vectors range from 4% outside the region of which the yCD2 primer set

to 25% that of the yCD2-6A vector (Fig. 3B). The
drastic reduction of the yCD2 protein expression
with similar expression levels of the cellular
viral RNA (Fig. 3C) suggests that the length of oligo
A in the bulge A of the IRES can have a large effect
on protein expression at the posttranscriptional
level.

To ensure that the reduction in yCD2 protein
expression in RRV with 4, 10, and 12 A’s is not
because of deletion in the IRES-yCD2 cassette

binds in qRT-PCR, we next examined their vector
stability from genomic DNA of infected U87-MG
cells. Genomic DNA of infected U87-MG cells was
harvested at day 10 postinfection to match the time
point of the samples harvested for gqRT-PCR and
immunoblotting. A 1.2kb PCR product of the pro-
viral DNA was amplified using a primer set outside
(Fig. 1B) of the IRES-yCD2 cassette to assess the
integrity of the integrated viral genome.’® No de-
tection of deletion mutants (PCR products <1.2kb
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Table 3. Cellular viral RNA expression levels relative to yCD2-6A

Env yCD2
4A 1.16+0.29 0.98+0.17
5A 0.90£0.12 0.83£0.05
BA 1.00+0.00 1.00£0.00
TA 1.07+0.04 0.96+0.20
8A 0.98+0.11 1.10+£0.29
10A 0.90+0.18 0.86+0.12
12A 1.01£0.12 0.98+0.06

Values represent means = SD from three independent experiments.

represent partial or complete deletion of viral ge-
nome in the IRES-yCD2 region) was observed
(Fig. 3D). Together, the data indicate that the
vectors are stable in such a short-term replication
setting and the reduction of yCD2 protein expres-
sion is not because of deletion in the IRES-yCD2
cassette.

We also measured relative intracellular yCD2 en-
zymatic activity employing a cell-based assay by
adding 5-FC to the cultures and measuring 5-FU after
2hr by HPLC. The differences in activity were ranked
similarly to the immunoblot data (Fig. 3E), and a
correlation (R2=0.8995; Supplementary Fig. S3)
was observed between yCD2 expression and enzy-
matic activity, suggesting expression of similar
ratios of active enzyme regardless of the amount of
protein expressed. To confirm the generality of the
observations with the yCD2 gene, we measured the
effect of the number of A’s in the A bulge with an-
other transgene for which the protein expression
assay was well defined.

Therefore, we generated an equivalent set of
RRV encoding GFP. Because the GFP expression
level can be quantified by flow cytometry, we ex-
amined the replication kinetics of RRV-GFP vari-
ants by measuring percentage of GFP-positive cells
during the course of infection. Despite their
marked difference in GFP protein expression, all
RRV-GFP variants, except RRV-GFP with 12 A’s,
showed similar replication kinetics (Supplemen-
tary Fig. S4A). The apparent lag in RRV-GFP viral
replication for the 12A construct is likely because of
the overall low expression level of GFP excluded
from the GFP-positive gating, as the average vector
copy number in maximally infected U87-MG cells
is similar to that of RRV-GFP with 6 A’s (Supple-
mentary Fig. S4B). Consistent with the data ob-
served in yCD2 vectors, a reduction of GFP protein
expression was observed in vectors containing the
4, 8,10, and 12 A’s with minimal change at the viral
RNA level (Supplementary Fig. S4C). When the
GFP protein expression in maximally infected
U87-MG cells is normalized to vector copy number
per cell and cellular viral RNA expression level, a

substantial reduction of GFP protein expression
was observed in vectors containing the 4, 8, 10, and
12 A’s (Supplementary Fig. S4D). Furthermore,
because of the sensitivity of the detection method, a
remarkable difference in GFP expression level was
revealed, showing approximately 96% and 99%
decrease in GFP expressed by the vectors con-
taining the 10 and 12 A’s, respectively. As seen
with yCD2, vectors containing 5 and 7 A’s showed
comparable GFP expression levels although at a
reduced level compared with vector containing the
6 A’s. Again, the PCR result confirmed that the
reduction of GFP protein expression is not because
of deletion of the IRES-GFP cassette in proviral
DNA (Supplementary Fig. S4E). Overall, the re-
sults from IRES-GFP vectors were consistent with
those observed with IRES-yCD2 vectors. In both
sets of vectors, vectors containing the 5 and 7 A’s
express comparable level of transgene protein,
with 5 A’s slightly less than 7 A’s, and vectors
containing the 6 A’s express the highest level of
transgene. The reduced protein translation effi-
ciency in RRV with 4 A’s compared with RRV with 6
A’s is also consistent with findings of the mutant
768A4 reported by Hoffman and Palmenberg.®

In vitro viral replication and analysis
of mutations in the A bulge of RRV
carrying various numbers of A’s

In order to mimic the in vivo study in which ex-
tensive rounds of viral replication occurred and
length variation in the A bulge was observed, we
performed in vitro replication experiments to ex-
amine the viral genomic stability of these vectors
particularly in the A bulge. It has been reported
that repeat of A’s in DNA template can produce
artifacts in PCR when using Taq DNA polymer-
ase.’® To ensure that expansion of oligo A in the A
bulge observed in vivo previously and in vitro rep-
lication described below is not contributed by such
an event, we performed the PCR using plasmid
DNA as the template. Sequence analysis from PCR
cloning using plasmid DNA with 4, 5,6, 7,and 8 A’s
as template did not produce any mutation. In con-
trast, plasmid DNA carrying the 10A variant re-
sulted in 1 clone that showed contraction to 9 A’s.
Likewise, the 12A variant gave rise to 1 clone that
showed contraction to 8 A’s. The data indicate that
the Taq polymerase effect is minimal and appears
to favor contraction; they are consistent with the
study of Shinde et al., in which they reported no
mutations observed even after 60 PCR cycles for
(A), with 8 or less repeat units.'®

After confirming that PCR artifact is mini-
mal, serial infection cycles were performed. In this
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experiment, the viral supernatant from RRV-
producer cells was used to infect naive U87-MG
cells at MOI of 0.01 to allow time for the virus to
replicate to day 8 to reach maximal infectivity.
The same procedure was repeated over serial in-
fection cycles by collecting viral supernatant from
maximally infected U87-MG cells, and infecting
fresh U87-MG cells for 12 cycles. Cells at indicated
infection cycles were harvested to examine the
changes in the yCD2 protein expression from cell
lysates and the length of A’s in the A bulge in pro-
viral DNA by immunoblotting and by TA cloning
of the 1.2kb PCR product, respectively. We first
compared the expression of yCD2 between infec-
tion cycle 1 and 7. The expression levels of yCD2
among the RRV carrying various numbers of A’s
from infection cycle 1 were consistent with data
shown previously in Fig. 3B. After 7 cycles of in-
fection in vitro, the yCD2 expression in RRV car-

A Cycle 7
I
ycD2 e ———

NC 4A 5A 6A 7A 8A 10A 12A

C Cycle 10

GAPDH

NC 4A 5A 6A 7A BA 10A 12A

rying the 10 and 12 A’s was substantially reduced
(Fig. 4A). Notably, the reduction in yCD2 expression
observed in 10A and 12A variants is not predomi-
nantly because of deletion in the IRES-yCD2 cas-
sette as evident by the PCR result (Fig. 4B).

In parallel, we also performed sequence analy-
sis to examine changes that might have occurred
in the A bulge after 7 cycles of infection (Table 4).
Sequence analysis revealed that the length of
variants carrying the 4 and 5 A’s remained un-
changed. Variants carrying the 6 and 7 A’s re-
mained relatively stable. Eight out of 10 clones from
the 6A variant remained the same length; 2 out of
10 clones showed expansion to 7 A’s. For the vari-
ant carrying 7 A’s, 7/10 clones remained the same
length, whereas others expanded to 8 A’s and 10
A’s. For the variant carrying the 8 A’s, 3/10 clones
remained the same length. In addition, a range
of expansion from 9 A’s up to 22 A’s was observed.

B NTC + 4A 5A 6A 7A 8A 10A 12A

D NTC + 4A 5A 6A 7A 8A10A12A

Figure 4. Protein expression level of yCD2 in RRV-IRES-yCD2 variants decreases because of expansion of the oligo A length in the A bulge. Protein expression of
yCD2 in RRV-IRES-yCD2 variants was evaluated at infection cycle 7 (A) and cycle 10 (C) to correlate with expansion of the oligo A length in A bulge A observed in
sequencing results. Vector stability analyzed by PCR from maximally infected cells at infection cycle 7 (B) and cycle 10 (D) is shown to detect deletion of IRES-
yCD2 cassette and noted as an additional factor in some variants contributing to the reduction of yCD2 protein expression. DNA molecular marker (1kb plus marker;
Invitrogen) is included in the first lane of each gel. Arrow indicates the expected 1.2kb PCR product containing the IRES-yCD2 cassette. Asterisk indicates a
deletion of the IRES-yCD2 cassette. +, positive control using RRV-IRES-6A plasmid DNA as a template in PCR; NTC, no template control.
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Table 4. Mutation rate in the A bulge from different infection
cycles in vitro

Plasmid DNA
4A 4A (11/11)
5A 5A (12/12)
BA BA (11/11)
7A 7A (12/12)
8A 8A (12/12)

10A 9A (1/11); 10A (10/11)
12A 8A (1/11); 12A (10/11)

Proviral DNA from infection cycle 7

4A 4A (10/10)

5A 5A (10/10)

B6A BA (8/10); 7A (2/10)

7A 7A (7/10); 8A (2/10); 10A (1/10)

8A 7A (1/10); 8A (3/10); 9A (1/10); 10A (1/10); 11A (2/10);
18A (1/10) 22A (1/10)

10A 12A (1/10); 13A (2/10); 14A (1/10); 15A (1/10); 18A (2/10);
20A (1/10); 22A (1/10); 25A (1/10)

12A 13A (1/10); 18A (2/10); 20A (1/10); 27A (1/10); 28A (1/10);

31A (2/10); 39A (1/10); 54A (1/10)

Proviral DNA from infection cycle 10

4A 4A (10/10)
5A 5A (10/10)
6A B6A (10/12); 7A (2/12)
7A 7A (10/15); 8A (5/15)
8A 7A (2/13); 8A(4/13); 9A (3/13); 10A (1/3); 11A (1/13); 12A (1/13);
12A (2/13)
10A 11A (3/10); 20A (1/10); 30A (2/10); 40A (1/10); 53A (2/10); 54A (1/10)

12A 26A (4/10); 27A (1/10); 29A (2/10); 32A(1/10); 36A (1/10); 55A (1/10)

Interestingly, 1/10 clones showed a contraction to 7
A’s (Table 4). However, the length of expansion ob-
served in the variant carrying 8 A’s does not grossly
affect the overall yCD2 protein expression (Fig. 4A;
compare to Fig. 3B). In contrast, variants originally
carrying the 10 and 12 A’s had extensively expanded
A’s ranging from 12 A’s to 54 A’s and these expan-
sions correlate with a substantial reduction in yCD2
expression (Table 4 and Fig. 4A; compare to Fig. 3B).
Furthermore, data from infection cycle 10 indicate
that variants with 10 and 12 A’s had mostly deleted
sequences in the IRES-yCD2 cassette and resulted
in undetectable yCD2 protein expression (Fig. 4C
and D). However, the length of oligo A in the A bulge
in variants with 4-8 A’s remained roughly stable
after infection cycle 10; the variants carrying the 4
and 5 A’s continue to remain stable over time; the
variant carrying the 6 A’s showed 2/12 clones ex-
panded to 7 A’s; and the variant carrying the 7 A’s
was also relatively stable and did not show further
expansion of the proportion of mutations from that
observed in infection cycle 7. While the 8A variant
also did not change the proportion of mutants from
7-10 infection cycles, it had already incorporated
more mutations at cycle 7. In addition, the expan-

sion of oligo A in variants carrying the 10 and 12
A’s appears to have compromised the viral genome
stability as indicated by the deletion of the IRES-
yCD2 cassette in PCR (Fig. 4D). In contrast to
data from infection cycle 7 for the 10A and 12A
variants, in which the reduction of yCD2 expres-
sion appears to associated with expansion of the
oligo A in the A bulge, the reduction of yCD2 ex-
pression in cycle 10 is presumably due mainly to
the emergence of deletion mutants, on top of the
oligo A expansion.

All together, the data indicate that the A bulge
in IRES in the context of RRV is susceptible to
mutation, particularly expansion, during reverse
transcription, and the longer the length of oligo A,
the less stable they are. Our data also indicate that
RRV with 5 and 6 A’s are more stable than RRV
with 7 A’s.

DISCUSSION

We have demonstrated in a human tumor cell
line that the length of the A bulge in the J-K bifur-
cation domain affects expression of the transgene
downstream of the IRES, presumably through ef-
fects on translation efficiency. Previous findings
imply that the context around nucleotide triplet
AUGI11 in the IRES, the spacing between the
pyrimidine-rich region located in the 3’ IRES, and
the first AUG in the cistron as well as the arrange-
ment of cistron on the mRNA all play a role in
modulating protein translation.'*™3

Our data, in RRV, show that the presence of 6 A’s
provides the highest level of transgene protein ex-
pression and that alteration of the numbers of A’s
in the A bulge by contraction or expansion of 2—4
nucleotides can significantly affect the protein ex-
pression level of the transgene downstream of the
IRES. The protein expression results suggest that
the optimum IRES configuration in general is with
6 A’s in the A bulge, while 7 A’s are acceptable, due,
in part, to the rescue by polypyrimidine tract
binding (PTB) protein previously described by
Kaminski and Jackson, showing that lengthening
the A bulge from 6 A’s to 7 A’s rendered IRES
function dependent on PTB.!" It is therefore rea-
sonable to speculate that the vector variants with 4,
5,8, 10, and 12 A’s also require binding of PBT to the
polypyrimidine tract in combination with other
IRES-trans acting factors for efficient protein
translation. Recent data reported by Chamond et al.
revealed no apparent difference in ribosome 40S
binding efficiency to 5A IRES-luc and 6A IRES-luc
RNA. Their data further refined the previously
proposed functional role of IRES trans-acting fac-
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tors, elF4G/A, in binding to the J-K domain in
IRES.'® Although the variants in our studies may
allow efficient binding of the 40S ribosomal subunit
to the initiation site, distortion of the secondary
structure of the J-K bifurcation domain of the IRES
may interfere with the stabilizing function of elF4G/
A factors for efficient translation initiation.>® In-
terestingly, our attempt in examining whether the
length of A’s in the A bulge affects RNA folding of
the IRES in general using mFold program revealed
no difference in their secondary structure or mini-
mum free energy under physiological condition.

The expansion of oligo A has also been described
in an artificial bicistronic flavivirus genome con-
sisting of the EMCV IRES in the 3’ UTR to mediate
protein expression of viral surface glycoproteins
prM and E required for viral replication in vitro.'®
Nevertheless, despite enhanced viral replication,
the expansion of the oligo A also led to decrease in
protein expression mediated by IRES as seen in our
study. Other than the EMCV IRES synthetic con-
structs made for bicistronic expression vectors, the
mutations in the number of A’s in the A bulge have
not been described in EMCV.

The alterations in the number of oligo A resi-
dues we observed in the RRV after extensive rep-
lication in vivo and in vitro settings are likely not
driven by any kind of selective pressure, as these
experiments were performed in the absence of 5-FC,
but rather happen because of mutation-prone re-
verse transcriptase activity that could be influenced
by the secondary structure of the RNA.%° The ex-
pansion of A’s in the A bulge could be attributable
to MLV reverse transcriptase, an RNA-dependent
DNA polymerase, which is known to perform tem-
plate switching during reverse transcription upon
entry into host cell. Template switching during re-
verse transcription leading to high frequency of di-
rect repeat deletion mutants has been reported in
retroviral-based vectors containing heterologous
sequence.??°23 Although duplication of direct re-
peat sequence occurs at much lower frequency, du-
plication mutants has been described in retroviral-
based vector containing the herpes simplex virus
thymidine kinase gene.?* Another possible mecha-
nism could be the slipped-strand mispairing of the
DNA polymerase during reverse transcription,
PCR amplification, or sequencing. However, a pref-
erence for contraction over expansion is observed in
general.'®?727 By both mechanisms, these mutants
can generate stutter products in sequence chro-
matograms and thus confound the true number of
mononucleotides that have gone through expansion
during in vitro selection. Nevertheless, plasmid
controls indicate that the Taq polymerase bias dur-

ing PCR amplification is minimal and appears, if
anything, to favor contraction as reported.'® In ad-
dition, successful DNA sequencing reads of plasmid
DNA containing A/T repeat up to 50bp have been
reported.?® Because a trend of expansion from early
to late infection cycle during the course of in vitro
selection was observed among variants with >7 A’s
in our experiments, we favor the mechanism of
misalignment during template switching of reverse
transcriptase. Shinde et al have proposed that when
the polymerase active site is occupied by mono-
nucleotides, the polymerase complex has higher
frequency of dissociation from the template and this
creates an opportunity for misalignment.'® The data
suggest that the MLV reverse transcriptase during
in vitro selection is biased toward expansion, and
that expansion of oligo A may partly contribute to
instability of vector over time. Although the exact
molecular mechanism is not clear, the data provide
insight into a possible mechanism of transgene in-
activation in addition to physical deletion of trans-
gene sequences.

In conclusion, in RRV including the ECMV
IRES, although the 7 A’s version has been used
extensively, successfully, and without unexpected
toxicities in clinical trials, the 5 or 6 A’s version of
the IRES may have further advantages, not only
because of somewhat enhanced genome stability
and transgene protein expression from the 5 A’s
and 6 A’s IRES, respectively, but also because the
more frequent direction of oligo A number drift
seems to be preferentially toward longer oligo A in
the A bulge in RRV context.
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