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Blockade of Type I Interferon (IFN) Production by Retroviral
Replicating Vectors and Reduced Tumor Cell Responses to IFN Likely
Contribute To Tumor Selectivity
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ABSTRACT

We developed a Moloney mouse leukemia virus (MLV)-based retroviral replicating vector (RRV), Toca 511, which has displayed
tumor specificity in resected brain tumor material and blood in clinical trials. Here, we investigated the interaction between
Toca 511 and human host cells, and we show that RRVs do not induce type I interferon (IFN) responses in cultured human tu-
mor cells or cultured human primary cells. However, exogenous type I IFN inhibited RRV replication in tumor cells and induced
IFN-regulated genes, albeit at a lower level than in primary cells. Unexpectedly, RRVs did not induce IFN-a production upon
incubation in vitro with human plasmacytoid dendritic cells (pDCs), whereas lentivirus vector and heat-treated RRVs did. Coin-
cubation of RRVs with heat-treated RRVs or with lentivirus vector suppressed IFN-a production in pDCs, suggesting that native
RRYV has a dominant inhibitory effect on type I IFN induction. This effect is sensitive to trypsin treatment. In addition, heat
treatment inactivated that activity but exposed an immune-stimulatory activity. The immune-stimulating component is sensi-
tive to deglycosidases, trypsin, and phospholipase C treatment. Experiments with retroviral nonreplicating vectors and virus-
like particles demonstrated that the immunosuppressive activity is not associated with the amphotropic envelope or the glyco-

Gag protein. In summary, our data provide evidence that RRVs do not directly trigger type I IFN responses in IFN-responsive
tumor cells. Moreover, RRVs appear to carry a heat-labile component that actively suppresses activation of cellular innate im-
mune responses in pDCs. Inhibition of IFN induction by RRVs and the reduced response to IFN should facilitate tumor-specific

infection in vivo.

IMPORTANCE

RRVs have a convincing preference for replicating in tumor cells in animal models, and we observed similar preferences in the
initial treatment of human glioblastoma patients. This study investigates the basis for the interaction between RRV and human
host cells (tumor versus nontumor) in vitro. We found that RRVs do not trigger an IFN-o/f3 response in tumor cells, but the
cells are capable of responding to type I IFNs and of producing them when stimulated with known agonists. Surprisingly, the
data show that RRVs can actively inhibit induction of cellular innate immunity and that this inhibitory activity is heat labile and
trypsin sensitive and not attributable to the envelope protein. These data partially explain the observed in vivo tumor specificity.

We are developing retroviral replicating vectors (RRVs) as
anticancer agents, and we are conducting investigational
clinical trials in patients with high-grade glioma (HGG; http:
/Iwww.clinicaltrial.gov; NCT01156584, NCT01470794, and
NCT01985256) with an RRV (Toca 511; vocimagene amiretro-
repvec) based on Moloney murine leukemia virus (MLV). This
virus has an amphotropic envelope protein and encodes an opti-
mized yeast-derived cytosine deaminase designed to convert
5-fluorocytosine to 5-fluorouracil in infected tumors. In general, a
potential limitation for replicating viruses as anticancer agents is
attaining sufficient viral spread within the tumor mass before im-
mune clearance of the virus (1). The noncytolytic nature of RRVs
may render them less likely to trigger innate immune responses
than directly oncolytic viruses, such as those based on adenovirus
or vaccinia virus. RRVs appear to be relatively noninflammatory,
weak immunogens and, in rodent tumor models, replicate in tar-
get tumors without extensive replication elsewhere in healthy tis-
sues (2, 3). This last property has also been demonstrated in dog
patients with high-grade gliomas (J. Robbins et al., unpublished
data). Furthermore, these results are consistent with published
data that reported rapid elimination of detectable virus upon in-
fusing normal monkeys with amphotropic murine replicating ret-
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rovirus preparations (4). Initial observations in human clinical
trials with Toca 511 also support this model, and such properties
are a potential advantage for RRVs as anticancer agents. We pre-
viously speculated (2, 5) that this specificity arises out of a combi-
nation of the need for replicating cell targets for productive infec-
tion by gammaretroviruses (6) and common defects in the cellular
innate immune signaling pathways in tumor cells (7). The innate
immune response, besides constituting a direct system of immune
defense, is thought to be a necessary precursor to adaptive immu-
nity (8). Moreover, viral restriction factors such as APOBEC3G,
tetherin, and other host restriction factors (9) are generally down-
stream effectors induced by the type I interferons (IFNs) which, in
turn, are induced by activation of the innate immune signaling
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pathways through pattern recognition receptors (PRRs). There-
fore, we wanted to investigate whether RRVs are truly less inflam-
matory and have a relatively attenuated ability to stimulate the
innate immune system. This could account for the lack of viral
clearance from tumors by the adaptive immune response and also
the permissive virus replication in these tumors.

The innate immune response is predominately mediated by
interaction of pathogen-associated molecular patterns (PAMP)
with PRRs present on the cell surface or within the intracellular
compartments. PRRs which detect viral components include Toll-
like receptors (TLR2, TLR3, TLR4, TLR7, TLRS, and TLR10),
RIG-I-like receptors (RIG-1 and MDAS5), PKR, DAL and STING
(10, 11). Upon induction of PRRs, IFN-a/p is produced and ac-
tivates the type I IFN signaling pathway in an autocrine or para-
crine fashion, which subsequently leads to activation of an antivi-
ral state in the cells. Defects in type I IFN signaling have been
reported in tumor cells, including human glioma cells (12-14),
resulting in the tumor cells avoiding cell death and/or the promo-
tion of cell proliferation, thereby providing an optimal niche for
viral infection and replication within the cells of such cancers.

In this study, we investigated the interaction between RRV
infection and the type I IFN-dependent antiviral response in hu-
man tumor cells and normal cells. Our in vitro results showed that,
although the replication of RRV is markedly inhibited by exoge-
nous interferon treatment, RRV infection is a less inflammatory
event than the response to other viral entities, including lentiviral
vectors. Our data provide direct evidence that the amphotropic
MLV-based RRV does not directly trigger the type I IFN response
in IFN-responsive human glioma tumor-derived cells or cultured
nontransformed fibroblast and primary endothelial cells. More-
over, our data provide the first direct evidence that native RRV
particles actively suppress innate immunity. We also show that an
immune-stimulating component, other than viral RNA, is associ-
ated with RRV particles and can be revealed by disrupting the
native structure of the particle. From these data, we inferred, by
process of elimination, that both the IFN immune-stimulating
and immune-suppressive components are likely attributable to
the structural elements of the viral Gag-Pol polyprotein.

The inhibition of type I IFN production by native RRVs, com-
bined with the reduced response to type I IFN in cancer cells, is in
agreement with our observations of selective replication of am-
photropic MLV-based RRVs in tumors without viral elimination
(2). Although defects in the tumor cell pattern recognition and
downstream type I IFN signaling pathways likely play a role in the
host-virus interaction, other factors (apart from the cell target
replication requirement) are likely involved in determining tissue
or cell type infection in vivo.

MATERIALS AND METHODS

Cell culture. 293T cells were obtained through a materials transfer agree-
ment with the Indiana University Vector Production Facility, and Stan-
ford University deposited the cells with ATCC (SD-3515; lot 2634366).
293GP cells (15), which express high levels of Moloney MLV Gag and Pol,
was a kind gift from Theodore Friedmann at UCSD. 293GP/pBA9b cells,
which contain an integrated pBA9b provirus, are derived from 239GP
cells which were transduced with a glycoprotein G of vesicular stomatitis
virus (VSV-G)-pseudotyped MLV vector. Other cell lines were obtained
from ATCC: human fibrosarcoma cells (HT1080); human astrocytoma
U87-MG cells (HTB-14); human prostate adenocarcinoma PC3 cells
(CRL-1435); human prostate carcinoma LN-CaP cells (CRL-1740); hu-
man Sup-T1 T lymphocytes (CRL-1942); human fibroblast cell lines
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WI-38 (CCL-75) and CCD-1070Sk (CRL-2091). Primary human umbil-
ical vein endothelial cells (HUVEC) were obtained from Vec Technolo-
gies. 293T, 293GP, 293GP/pBA9b, HT1080 and U87-MG cells were cul-
tured in complete Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum (FBS; HyClone), sodium pyruvate, Glutamax, and
penicillin-streptomycin and antibiotics (penicillin, 100 IU/ml; strepto-
mycin, 50 pg/ml). LN-CaP and Sup-T1 cells were cultured in complete
RPMI medium containing 10% FBS, Glutamax, and penicillin-strepto-
mycin. WI-38 and CCD-1070Sk cells were cultured in minimal essential
medium containing 10% FBS, Glutamax and penicillin-streptomycin.
Primary HUVEC were cultured in MCDB-131C medium (Vec Technol-
ogies).

For experiments in which U87-MG cells were treated with exogenous
type I IFN, recombinant IFN-a2a, or recombinant IFN-f (products
11100-1 and 11415-1, respectively; PBL Interferon Source) at 200 U/ml,
the treatment was applied to the culture medium during the time of initial
infection and at the time of each cell passage (every 3 to 4 days). For
experiments in which U87-MG cells were treated with poly(I-C), cells
were seeded at 1 X 10° cells per well in a 12-well plate the day before
transfection. Cells were then transfected with 10 g of poly(I-C) (catalog
number P0913; Sigma) by using FuGene HD transfection reagent (catalog
number 04709691001; Roche). Approximately 8 h posttransfection, su-
pernatant was collected for an enzyme-linked (sandwich) immunosor-
bent assay (ELISA; PBL Interferon Source) to quantify the amounts of
IFN- and IFN-B.

Production of MLV-based replicating particles, nonreplicating viral
particles, virus-like particles (VLPs), and VLP/pBA9b. Toca 511 and
RRV-GFP are Moloney MLV-based RRVs with an amphotropic envelope
gene and an encephalomyocarditis virus internal ribosome entry site
(IRES)-transgene cassette downstream of the env gene (5). The pBA9b
plasmid is an MLV-based retroviral nonreplicating vector (16). Expres-
sion vectors encoding MLV Gag-Pol, the amphotropic envelope gene, and
the VSV-G gene were utilized. Virus stocks of RRV-GFP and Toca 511
were generated from stable human producer cell lines followed by column
purification. Virus stocks of Toca 511 pseudotyped with a VSV-G vector
(Toca 511-G), an MLV-based nonreplicating vector pseudotyped with
4070A amphotropic envelope protein (MLV-A), VSV-G (MLV-G), or
with 4070A amphotropic and VSV-G envelope protein (MLV-A+G)
were produced by transient transfection in 293T cells seeded at 3 X 10*
cells per cm? the day before transfection. Cells were transfected with plas-
mid DNA (pAC3-yCD2 and CMV-VSV-G for Toca 511-G, CMV-gag-
pol, pBA9b, and CMV-ampho for MLV-A, CMV-gag-pol, pBA9b, and
CMV-VSV-G for MLV-G, and CMV-gag-pol, pBA9b, CMV-ampho, and
CMV-VSV-G for MLV-A+G) 20 h post-cell seeding using the calcium
phosphate method. Eighteen hours posttransfection, cells were washed
with phosphate-buffered saline (PBS) twice and incubated with fresh
complete culture medium. Viral supernatant was collected approximately
42 h posttransfection and filtered through a 0.45-pm filter. Filtered viral
supernatant was subjected to benzonase (catalog number E8263; Sigma)
treatment at 5 U/ml at 4°C overnight in order to further reduce contam-
ination with transfection-derived plasmid DNA, followed by centrifuga-
tion at 38,465 X g for 250 min. For Toca 511-G and MLV-A+G viral
particles, high-speed centrifugation purification with a sucrose cushion
was performed to remove unincorporated viral glycoproteins.

RRV viral titers were determined as described previously (5). Briefly,
vector preparations titers were determined on PC3 cells by single-cycle
infection of the vector. The single-cycle infection was guaranteed by azi-
dothymidine treatment 24 h postinfection, followed by quantitative PCR
(qPCR) of target cell genomic DNA specific for viral vector DNA 48 h
postinfection, to quantify the number of viral DNA copies per cell ge-
nome. Integrated viral DNA was expected to be the predominant species
measured due to the short half-life of unintegrated MLV DNA after re-
verse transcription (17). Viral titers, reported in transduction units (TU)
per milliliter, were determined by calculation of threshold cycle (C;) val-
ues derived from a standard curve ranging from 1 X 10° copies to 1 X 10"
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copies of plasmid DNA and from a known amount of genomic DNA
input, the number of cells, and a dilution of the viral stock per reaction
mixture.

VLPs produced in this study were virus-like particles that lacked en-
velope glycoprotein and viral RNA or virus-like particles that lacked en-
velope glycoprotein but that were packaged with pBA9b viral RNA (VLP/
pBA9D). Supernatant from >95% confluent 293GP cells, which express
high levels of MLV gag and pol, or 293GP/pBA9b cells, previously trans-
duced with the VSV-G-pseudotyped MLV vector at a multiplicity of in-
fection (MOI) of 50, was collected and filtered through a 0.45-pm filter
followed by centrifugation at 19,500 X g for 30 min at 4°C. All concen-
trated viral particles were suspended in formulation buffer.

Production of lentiviral vector. The HIV-1-based lentiviral vector
carrying a green fluorescent protein (GFP) gene and pseudotyped with
VSV-G (LV-G) was produced by transient transfection in 293T cells as
previously described (18). Viral supernatant was collected 36 h posttrans-
fection followed by benzonase treatment at 5 U/ml overnight at 4°C. Sub-
sequently, the viral supernatant was concentrated by high-speed centrif-
ugation, and concentrated virus stock was resuspended in formulation
buffer (2). The viral titer was determined by transducing 293T cells with
serial 1:10 dilutions from the concentrated virus stock in a total volume of
1 ml. Cells were harvested 48 h postransduction, followed by flow cyto-
metric analysis to determine the percentage of GFP-positive cells. The
viral titer is reported as TU/ml and was calculated as follows: (percent
GFP-positive cells) X (number of cells seeded) X (dilution factor).

Viral replication monitored by GFP expression. To monitor viral
replication in HT1080, U87-MG, LN-CaP, Sup-T1, and WI-38 cells and
primary HUVEC, 2 X 10 cells in T25 flasks were infected with RRV-GFP
at an MOI of 0.1. Every 3 to 4 days, a portion of cells was passaged with
fresh culture medium for continued monitoring of viral replication, and
at the same time another portion of cells was harvested for GFP expression
determinations by flow cytometric analysis. Cells harvested for flow cyto-
metric analysis were washed with PBS and centrifuged at 100 X g for 5
min. Cell pellets were resuspended in PBS containing 1% paraformalde-
hyde. The percentage of GFP-positive cells was determined by flow cy-
tometry using proper gating to exclude GFP-negative cells. The percent-
age of GFP-positive cells was measured by flow cytometry using the FL1
channel (BD FACSCanto II; BD Biosciences). Viral replication kinetics
was determined by plotting the percentage of GFP-positive cells over time.

Viral particle internalization assay. Comparable amounts of viral
particles (Toca 511 and VLPs) used for the pDC bioassay were labeled
with carboxyfluorescein diacetate succinimidyl ester (CFDA SE) using the
Vybrant CFDA SE cell tracer kit (Molecular Probes). The labeled VLPs
were dialyzed against PBS overnight at 4°C and added to pDCs. Intracel-
lular fluorescent-conjugated carboxyfluorescein succinimidyl ester
(CFSE) at the indicated time points was detected by flow cytometry using
the FL-1 channel.

Deglycosidase, trypsin, and phospholipase C treatments of viral
particles. Toca 511 was treated with deglycosidases according to the man-
ufacturer’s protocol (catalog number V493A; Promega), with trypsin at
40 pg/ml (catalog number T1426; Sigma-Aldrich), or with phospholipase
C (PLC) at 50 pg/ml (catalog number P8804; Sigma-Aldrich) in a total
volume of 50 pl. All reaction mixtures were incubated for 30 min at 37°C.
At the end of incubation, 1 ml of PBS was added to each sample, followed
by centrifugation at 19,500 X g for 30 min at 4°C. The samples were
resuspended in 20 wl PBS for immunoblotting or pDC bioassay.

Determination of relative expression of cellular RNA by qRT-PCR.
RNA was extracted from cells by using the RNeasy kit with DNase I treat-
ment (Qiagen). Reverse transcription (RT) was carried out with 100 ng
total RNA and the high-capacity cDNA reverse transcription kit (Applied
Biosystems [ABI]). qPCR was performed using the TagMan Universal
PCR master mix, No AmpErase UNG (4324018; ABI), and TagMan gene
expression primers (Hs00169345_m1 for EIF2AK2/PKR, Hs00222415_m1
for APOBEC3G, and Hs99999905_m1 for glyceraldehyde 3-phosphate
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dehydrogenase; ABI) according to the manufacturer’s protocols. The rel-
ative expression of each gene was expressed as 27447,

Immunoblotting. Viral pellets were resuspended in PBS and 2 X load-
ing buffer and subjected to PAGE. Anti-MLV p30, anti-gp70, and anti-
VSV-G antibodies were used to detect the expression of MLV capsid pro-
tein, envelope protein, and VSV-G, respectively. Incorporation of
amphotropic envelope protein and/or VSV-G into MLV-based viral par-
ticles was detected by using anti-MLV p30 (CRL-1912; ATCC), anti-gp70
(83A25; material transfer agreement with Leonard Evans at NIH/NIAID),
or anti-VSV-G (ab50549; Abcam) antibodies and the corresponding sec-
ondary antibodies conjugated to horseradish peroxidase to detect expres-
sion of MLV capsid protein (CA), envelope protein, or VSV-G, respec-
tively.

Isolation of plasmacytoid dendritic cells from human PBMCs and
quantification of IFN-a. Buffy coats were obtained from the San Diego
Blood Bank. Peripheral blood mononuclear cells (PBMCs) were purified
from the blood of healthy human donors by density gradient centrifuga-
tion using Ficoll-Paque (MT-25-072-CVRE; Cellgro). Isolation of pDCs
was subsequently enriched by negative selection using magnetic beads
(130-092-207; Miltenyi Biotec). Cells were maintained in AIM V (12055-
091; Invitrogen) in the presence of recombinant human interleukin-3 at
10 ng/ml (203-IL; R&D Systems). The purity of pDCs (>95%) was con-
firmed by flow cytometric analysis using anti-CD45 and anti-CD303 an-
tibodies (130-080-021 and 130-090-905; Miltenyi Biotec). Cells were in-
cubated with retroviral vectors at an MOI of 1, 10, or 100 or with lentiviral
vector as a positive control at an MOI of 20. Approximately 36 h postin-
fection, supernatant was collected for an ELISA (PBL Interferon Source)
to quantify the amount of IFN-a. Synthetic oligonucleotide CpG
ODN2395 was obtained from InvivoGen (tlrl-odnc). A final concentra-
tion of 1 WM was used to activate TLR9 in pDCs.

RESULTS

Replication kinetics of the RRV expressing GFP in cultured hu-
man tumor cells and primary cells. We used an RRV containing
an IRES-GFP cassette downstream of env (RRV-GFP) (5) to mon-
itor viral spread over time in infected cultured cells. We first ex-
amined the extent of viral replication of RRV-GFP in a panel of
established human tumor cell lines, including U87-MG, HT'1080,
LNCaP, and Sup-T1. In addition, we also examined viral replica-
tion of RRV-GFP in nontransformed WI-38 lung fibroblasts and
established primary HUVEC. RRV-GFP replicated efficiently in
all tumor cells (Fig. 1A to D) and, surprisingly, in primary cells
(Fig. 1E and F), which are expected to have intact type I [FN
signaling pathways. The time required for the vector to reach max-
imal infectivity varied, ranging from 6 to 28 days, depending
somewhat on the rate of cell proliferation, a major determinant
for efficient viral spread and productive infection. The replication
kinetics of the RRV-GFP was particularly slow in LNCaP and
WI-38 cells, which correlates with their slow cell proliferation
rates in culture. Nevertheless, the vector reached 80 to 90% infec-
tivity by day 28 and day 24 postinfection in LNCaP and WI-38
cells, respectively. Together, the data indicated that RRV-GFP
replicates in proliferating tumor and primary fibroblast and en-
dothelial cells in vitro.

Replication of the RRV expressing GFP is sensitive to the an-
tiviral response induced by exogenous IFN-a/f. For simple ret-
roviruses such as MLV-based RRVs, it is known that the selectivity
toward tumor cells relies, at least in part, on the proliferation of
the tumor cells. Although the rate of viral replication does not
always correlate with cell proliferation, proliferation is necessary
for virus replication. The type I IFN pathway plays a direct role in
regulating antiviral function, but it could also have an antiviral
effect that relies solely on its antiproliferative effect on target cells.
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FIG 1 Replication kinetics of RRV-GFP in a panel of human tumor and nontransformed cell lines and primary cells. Cells were infected with RRV-GFP at an
MOI of 0.1 on day zero and passaged twice weekly. The replication kinetics of each vector was obtained by plotting the percentage of GFP-positive cells versus

time.

We attempted to differentiate between these two types of antiviral
action to better understand the observed selectivity of RRVs for
tumor cells. We examined a panel of human tumor-derived cell
lines and nontransformed fibroblast cells (WI-38) and asked
whether they were sensitive to the antiviral response by exogenous
IFN-o/. We first compared the basal and IFN-a-induced expres-
sion of the genes for two proteins, PKR and APOBEC3G. PKR is
an IFN-o/B-responsive gene commonly used for monitoring the
activation of the type I IFN pathway, and APOBEC3G has been
shown to inhibit replication of retroviruses (19, 20). Cells were
treated with exogenous IFN-a (at 200 U/ml) and harvested at 8,
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16, and 24 h posttreatment, and gene expression was measured by
qRT-PCR. PKR and APOBEC3G gene expression was induced as
early as 8 h and was sustained for up to 24 h posttreatment with
exogenous IFN-a (Fig. 2A and B). The responsiveness to exoge-
nous IFN-a was highest in nontransformed WI-38 cells, interme-
diate in HT1080 and U87-MG cells, and lowest in 293T cells. The
marginal induction of PKR and APOBEC3G gene expression ob-
served in 293 T cells is consistent with data reported by Noser et al.,
in which the cells showed resistance to IFN-« treatment (21). We
next examined whether replication of the RRV-GFP is sensitive to
exogenous IFN-a/f treatment. In this experiment, we tested
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FIG 2 U87-MG cells are responsive to type I IFN signaling. (A and B) The type I IFN-inducible genes for PKR and APOBEC3G in a panel of established
cell lines were induced by exogenous IFN-« at 200 U/ml. Induction of PKR and APOBEC3G was measured by qRT-PCR at 8, 16, and 24 h post-addition
of IFN-a. The fold induction was calculated relative to the response in untreated cells, and the relative expression level of each gene was calculated by
27AACT The data shown represent means * standard deviations (n = 3). (C and D) Replication kinetics of RRV-GFP in U87-MG cells in the presence and

absence of IFN-« (C) or IFN-B (D).
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U87-MG cells because the virus replicates most rapidly in this cell
line, possibly due to some defects in the type I IFN pathway. As
shown in Fig. 2C and D, viral replication was completely inhibited
by concomitant addition of IFN-a or IFN-3, with residual GFP
expression observed in cells treated with IFN-a. The difference in
antiviral function between IFN-a and IFN-f is in agreement with
differential activities among subtypes of type I IFN reported pre-
viously (22). Taken together, the data indicated that HT-1080 and
U87-MG tumor cells respond to exogenous type I IFN-a/f3, al-
though the levels of IFN-responsive gene induction appear re-
duced in these cells compared to that in WI-38 fibroblasts. Fur-
ther, in U87-MG cells, the IFN-mediated antiviral response
resulted in remarkable attenuation of viral replication.

Toca 511 RRV does not trigger the IFN-a/f3 response in
U87-MG cells. The above findings suggested that RRV-GFP upon
entry or during its life cycle does not directly trigger IFN-o/f3
responses in the host cells. To confirm that the RRV-GFP was
neither vector nor transgene specific, we assessed the IFN-a/[3
response to Toca 511 by measuring pathway-specific gene expres-
sion in U87-MG cells infected with Toca 511 at an MOI of 10. At
16 h post-Toca 511 infection, or IFN-[3 treatment, cells were har-
vested for gene expression analysis by PCR arrays. As expected,
several known type I IFN-a/B inducible genes, including Bst2,
CXCL10, PKR, IFI and IFITM, ISG, Mx, and OAS, in cells treated
with exogenous IFN- were upregulated by more than 100-fold
above those of untreated cells (data not shown). In contrast, there
was no global induction of the IFN-a/B-inducible genes observed
in cells infected with Toca 511 (data not shown). In addition to the
viral replication data, the gene expression PCR array data further
support the notion that simple MLV-based RRVs do not directly
trigger a type I IFN response in IFN-responsive U87-MG tumor
cells.

As the viral genome of RRVs such as Toca 511 consists of two
identical single-stranded RNA copies with extensive secondary
structures, the nucleic acid component presumably can serve as a
potential PAMP motif during its life cycle in the host cells. It is
possible that U87-MG cells have a functional TLR pathway butare
deficient in IFN-a/3 production due to deletions and rearrange-
ment in the IFN gene cluster located at chromosome 9p21-22 (12,
23). To further examine the interaction of TLR and type I IFN
signaling pathways and to delineate the mechanism supporting
the permissiveness of Toca 511 replication in U87-MG cells, we
asked whether U87-MG cells are capable of producing IFN-a/[3
upon activation of TLR3, which is expressed in most cells and
serves as a key sensor for viral double-stranded RNA. U87-MG
cells were treated with Toca 511 or with poly(I-C) (an agonist for
TLR3, RIG-1, and MDAD5) as a positive control. The same exper-
iment was performed with CCD-1070Sk human dermal primary
fibroblasts, which have been shown to support the replication of
the RRV-GFP (data not shown), as fibroblasts are known to be key
IFN-B-producing cells (24). Figure 3A shows that IFN-f3 produc-
tion was significantly induced in both cell lines treated with
poly(I-C), whereas IFN-3 production was undetectable when cells
were treated with Toca 511 at 8, 16, and 24 h postinfection, respec-
tively. In contrast, IFN-a expression was not detected in either
CCD-1070Sk or U87-MG cells treated with poly(I-C) or Toca 511
(Fig. 3B). The absence of IFN-a expression as a result of secondary
induction by IFN-B in CCD-1070Sk and U87-MG cells is likely
due to the sample collection before IFN-a production, although
in U87-MG cells the absence of IFN-a induction could also have
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FIG 3 Type I IEN production induced by poly(I-C) and Toca 511 in CCD-
1070Sk fibroblasts and U87-MG glioma cells. Cells were transfected with
poly(I-C) at 10 pg/ml or infected with Toca 511 at an MOI of 10. Culture
supernatants from untreated and poly(I-C)- or Toca 511-treated cells were
collected 8 h posttreatment for an ELISA to measure the amount of IFN-f3 (A)
and IFN-a (B), respectively. Data shown represent means * standard devia-
tions (n = 3).

been due to deletion of the IFN-a gene cluster in chromosome
9p21-22, which has been described generally in glioma (12, 23).
Altogether, our data indicate that U87-MG supports replication of
MLV-based RRV even when both TLR (IFN production) and type
I IFN signaling pathways are at least partially functional in these
cells.

An active immunosuppressive component associated with
Toca 511 blocks the IFN-a/f response in human pDCs. We
could not exclude the possibility that RRV may trigger other
PRRs, such as TLR7 and TLRY, and that this could occur in vivo in
nonmalignant cells within a tumor microenvironment. There-
fore, we examined the antiviral response of human primary pDCs
to RRV, as these cells are a component of the tumor microenvi-
ronment in some tumor types.

pDCs are a subset of human dendritic cells that differentially
express TLR7 and TLRY (25). As with lentiviral vectors, the dupli-
cates of single-stranded RNA viral genomes encapsulated in the
RRV viral particles and unmethylated double-stranded DNA that
arises from reverse transcription could potentially serve as PAMP
motifs for TLR7 and TLRY, respectively. We examined the se-
quence of Toca 511 for TLR-activating GU-rich sequences and
identified several GU-rich (ranging from 60 to 80%) motifs of
20-nucleotide lengths located in the psi region of the viral genome
(Fig. 5). To investigate whether the viral genome of Toca 511
could potentially be a PAMP motif for TLR7 in human pDCs, we
isolated pDCs from PBMCs of healthy individuals and exposed
the cells to Toca 511 at an MOI of 1, 10, or 100. These cells do not
replicate, and therefore viral entry, but not productive infection, is
expected. In our experiments, ODN2395 (an agonist for TLR9)
and a lentiviral vector pseudotyped with vesicular stomatitis virus
glycoprotein, LV-G (an agonist for TLR7), were included as pos-
itive controls for induction of IFN-a production in pDCs. Our
data showed that Toca 511, even at high MOlIs, did not induce
IFN-a production in human pDCs, whereas a significant level of
IFN-a production was detected in cells treated with ODN2395 or
LV-G (Fig. 4A). The production of IFN-« in pDCs treated with
LV-G is consistent with data reported by Brown et al. (26). Fur-
thermore, we have performed the pDC experiments using mouse
pDC preparations exposed to RRV and LV-G, and the results were
essentially identical to those shown here with the human pDC
preparations (data not shown).

We next explored the possibility that the viral glycoprotein
involved in cell entry plays a role in determining the subcellular
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FIG 4 MLV-based retroviral vector suppression of IFN-a production by human pDCs is sensitive to enzyme treatment. (A) pDCs isolated from healthy
individuals were stimulated with ODN2395 or Toca 511 at an MOI of 1, 10, and 100 or lentiviral vector pseudotyped with VSV-G at an MOI of 20. Production
of IFN-a was measured 30 h after stimulation. (B) Western blot of Toca 511 and Toca 511 pseudotyped with a VSV-G (Toca 511-G) vector by using antibodies
against the amphotropic envelope glycoprotein (gp70), VSV-G protein, and the capsid protein (CA). (C) IFN-a production of pDCs stimulated with Toca 511
or Toca 511-G at an MOI of 20. (D) IFN-a production of pDCs stimulated with Toca 511 or Toca 511-G at an MOI of 20 with or without heat inactivation. (E)
Blockade of IFN-a production in pDCs stimulated and coincubated with Toca 511, Toca 511 HI (heat treated), or Toca 511 and LV-G. (F) Immunoblots of heat-
and non-heat-treated Toca 511 and enzyme digestion with deglycodiases, phospholipase C, or trypsin. D, deglysidases; P, phospholipase C; T, trypsin. (G)
Blockade of IFN-a production in pDCs is removed by coincubation of trypsin-treated and heat-treated Toca 511.

localization of the viral particle upon entry and its exposure to
cellular immune sensors. To this end, we generated Toca 511 with
both amphotropic and VSV-G proteins on the viral particles in
order to redirect Toca 511 to the endocytic pathway. As shown in
Fig. 4B, both amphotropic Env and VSV-G proteins were effi-
ciently incorporated into viral particles, with a slight decrease of
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the amphotropic Env incorporation when VSV-G was coex-
pressed. In addition, by qPCR the function of VSV-G in directing
viral entry and one-round transduction, resulting in the integra-
tion of proviral DNA into the host genome, was confirmed using
CHO-K1 cells, which are permissive for VSV-G-pseudotyped
RRYV but not for amphotropic enveloped RRV (27). We then ex-
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amined whether Toca 511 pseudotyped with VSV-G, which di-
rects the viral particles preferentially toward the endocytic path-
way, could trigger the activation of endosomal TLRs (TLR7/8 or
TLRY). Cultured human pDCs were treated with Toca 511 or Toca
511 coenveloped with VSV-G. Consistent with previous data
showing that Toca 511 by itself did not stimulate human pDCs to
produce IFN-a, Toca 511 coenveloped with VSV-G also did not
activate endosomal TLRs in human pDCs (Fig. 4C).

The immunosuppressive component associated with Toca
511 can be abrogated by heat or enzyme treatment to trigger an
IFN-o/ response in human pDCs. One explanation for the find-
ing that Toca 511 does not trigger a type IFN response in human
pDCsis that an immunosuppressive component is associated with
RRYV particles. To investigate whether the classic viral inactivation
method by heat (28) would inactivate a suppressive component
and allow the induction of IFN-a/f expression, we treated Toca
511 with heat at 56°C for 30 min prior to exposure to pDCs in
culture. Our study revealed that in contrast to untreated Toca 511,
heat-treated Toca 511 induced marked IFN-a production in
pDCs (Fig. 4D). A similar result was obtained when Toca 511
coenveloped with VSV-G was treated with heat (Fig. 4D). To fur-
ther investigate this, we coincubated untreated Toca 511 with
heat-treated Toca 511 or with lentiviral vector ata 1:1 ratio (trans-
duction units) prior to exposure to pDCs. Our data showed that
coincubation of Toca 511 with heat-treated Toca 511 or with len-
tiviral vector pseudotyped with VSV-G resulted in blockade of
IFN-a production in human pDCs (Fig. 4E).

To investigate whether the component is sensitive to enzyme
treatment that can alter the protein structure of the viral particles,
we sought to examine the effects of deglycosidases, PLC, and tryp-
sin on pDC stimulation. As seen in Fig. 4F, the electrophoresis
pattern of the Gag polyprotein from heat-treated Toca 511 was
comparable to that of the non-heat-treated Toca 511. Coincuba-
tion of deglycosidases, PLC, or trypsin with Toca 511 altered the
electrophoresis pattern of the Gag polyprotein and/or the enve-
lope protein. For example, both deglycosidase and trypsin treat-
ment resulted in a change in Gag polyprotein intensity and a de-
crease in the molecular size and/or disappearance of the gp70
band. We treated Toca 511 with deglycosidases, PLC, or trypsin
and coincubated it with heat-treated Toca 511 prior to exposure to
pDCs in culture. Our data revealed that coincubation of trypsin-
treated, but not deglycosidase- or PLC-treated, Toca 511 with
heat-treated Toca 511 abrogated the dominant immunosuppres-
sive activity of Toca 511 and partially induced IFN-a production
in pDCs (Fig. 4G).

Together, the data indicate that there is an active immunosup-
pressive component associated with Toca 511 viral particles and
that heat or trypsin treatment of Toca 511 viral particles abrogates
the immunosuppressive function, which leads to production of
IEN-a in pDCs. The trypsin data further strengthen the notion
that the immunosuppressive component is a protein component.
The data also indicate that productive infection is not required for
activation of cellular innate responses in pDCs.

The immunosuppressive component associated with Toca
511 is not due to the presence of the glyco-Gag or the amphotro-
pic envelope glycoprotein. The glyco-Gag (Pr80gag) expressed by
retroviruses has shown to be incorporated into viral particles (29,
30) and plays a role in inhibiting the function of APOBEC3 in
target cells (31). In addition, an immunosuppressive peptide lo-
cated in the TM subunit of several MLV envelope proteins has
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been described (32, 33). To ask where the immunosuppressive
component resides in the viral particles, 3 retroviral nonreplicat-
ing vectors pseudotyped with the amphotropic (MLV-A), VSV-G
glycoprotein (MLV-G), or amphotropic envelope plus VSV-G
glycoproteins (MLV-A+G) that do not express glyco-Gag were
generated. The viral RNA (pBA9b) used to generate these vectors
shares 100% sequence homology with Toca 511 in the psi region,
in which several GU-rich sequence motifs are present (Fig. 5).
Consistent with previous data, none of the 3 vectors stimulated
pDCs to produce IFN-a (Fig. 6A). However, when these vectors
were subjected to heat treatment, all 3 vectors stimulated pDCs to
produce IFN-a (Fig. 6B).

To further examine whether the envelope glycoprotein could
be part of the immunosuppressive component, we generated non-
enveloped VLPs packaged with pBA9b (VLP/pBA9b) or without
PBA9D vector (VLPs). Consistent with the observed data, VLPs
and VLP/pBA9b did not induce IFN-a production in pDCs,
whereas heat-treated VLPs and VLP/pBA9D did (Fig. 6C). Collec-
tively, the data indicated that an immunosuppressive component
associated with MLV-based viral particles blocks type I IFN pro-
duction in pDCs and that the function of the immunosuppressive
component associated with viral particles is a dominant active
process. In addition, the inability of the MLV-A, MLV-G, and
MLV-A+G vectors to stimulate IFN-a production in pDCs in the
absence of glyco-Gag suggests that glyco-Gag is not part of the
immunosuppressive component. Furthermore, the immunosup-
pressive function is likely not attributable to the amphotropic en-
veloped glycoprotein. Finally, the ability of VLPs without pBA9b
viral RNA and after heat treatment to induce IFN-« production in
pDCs also suggests that there is possibly another PAMP, in addi-
tion to the viral RNA, present in the viral particles.

Internalization of Toca 511 and VLPs by pDCs. The ability of
VLPs carrying or lacking the pBA9b viral RNA to induce IFN-a
production in pDCs suggests that the PRR may be located on the
cell surface as VLPs are not expected to be internalized efficiently
in the absence of envelope protein. We examined the capacity of
freshly isolated immature pDCs to internalize Toca 511 and VLPs
lacking the pBA9b viral RNA by using CFSE-labeled Toca 511 and
VLPs. Figure 6D shows that both Toca 511 and VLPs (heat or
non-heat treated) were rapidly internalized by pDC, as measured
by the mean fluorescent intensity (MFI), suggesting that the inter-
nalization process in pDCs is independent of the Pit-2 receptor.
Nevertheless, internalization of heat-treated VLPs was always less
efficient. Interestingly, a decrease in the MFI was observed over a
course of 6 h postincubation with the exception of heat-treated
VLPs. One possible explanation is viral protein turnover after in-
ternalization. Given that both Toca 511 and VLPs can be internal-
ized by pDCs, the cellular compartment of the unidentified PRR is
not limited to the cell surface.

Toca 511-associated nonviral nucleic acid PAMP is sensitive
to treatment with deglycosidases, trypsin, or PLC. To further
characterize the unidentified nonviral nucleic acid PAMP associ-
ated with Toca 511, we asked whether it is sensitive to enzyme
treatment that can alter the protein components, but not the nu-
cleic acid components, of the viral particles. We examined the
effects of deglycosidases, PLC, and trypsin on pDC stimulation. As
seen in Fig. 6F, the alterations of the viral proteins shown in Fig. 4F
were correlated with the loss of its ability to induce IFN-a produc-
tion in pDCs after heat treatment. In contrast to the immunosup-
pressive component associated with Toca 511, which is sensitive
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FIG 5 Sequence homology of the viral genome between Toca 511 and the pBA9D vector. (A) Diagram of sequence overlap between the viral genome of
Toca 511 and the pBA9b vector. (B) Four GU-rich regions were identified in the psi sequence and 5'-gag in Toca 511 (highlighted), and the first 3 regions
were present in the pBA9b vector. The underlined ATG indicates the start codon for the Gag polypeptide. The asterisk indicates where the gag sequence

ends in the pBA9D vector.

only to trypsin, the immune-stimulating component associated
with Toca 511 viral particles is sensitive to deglycosidases, PLC,
and trypsin. All together, the data suggest that both the immune-
stimulating and immune-suppressive components are likely
structural elements and, therefore, viral protein based, but in the
case of the immune-stimulating component, also involve lipid
and/or carbohydrate components.

DISCUSSION

In this study, we used human tumor cells, including glioma, fibro-
blast, and endothelial cells and pDCs that resemble part of the
tumor microenvironment to investigate the interplay between
MLV-based RRVs and the type I IFN-dependent antiviral re-
sponse in tumor cells. We found that RRVs are sensitive to exog-
enous IFN-a and -3 and that the lower levels of responsiveness to
gene induction observed in HT1080 and U87-MG cells are con-
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sistent with the concept that tumor cells are often defective for
steps in the type I IFN pathway. In addition, we showed that MLV-
based RRVs did not elicit a type I IFN-mediated antiviral response
upon viral infection of tumor cells, nontransformed fibroblasts, or
primary endothelial cells; exposure of human pDCs to RRV also
did not lead to IFN-a production. In addition, we showed that the
lack of an IFN-mediated antiviral response was not due to the
inability of the cells to produce type I IFN.

Although type I IFNs have been implicated as important fac-
tors for antiviral immunity in the early stages of infection with the
Friend strain (FV) of MLV (34), recent papers pointed to the role
of TLR7 and Myd88 in mediating the antibody response against
retrovirus infection in mice and suggested that activation of the
innate response via type I IFN may be dispensable in resistant
mouse strains due to their robust and long-lasting antibody re-
sponses (35, 36). Thus, it is reasonable to speculate that MLV-
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FIG 6 Immunosuppressive and immune-stimulating component(s) associated with Toca 511 is independent of the amphotropic envelope glycoprotein and
viral nucleic acid. (A) IFN-a production of pDCs stimulated with nonreplicating retroviral vectors pseudotyped with amphotropic envelope protein (MLV-A),
VSV-G (MLV-G), or both (MLV-A+G) at an MOI of 20. (B) IEN-a production of pDCs stimulated with heat-treated retroviral nonreplicating vectors
pseudotyped with amphotropic envelope protein (MLV-A), VSV-G (MLV-G), or both (MLV-A+G) at an MOI of 20. ODN2395 and lentiviral vector pseu-
dotyped with VSV-G at an MOI of 20 were included as positive controls. (C) Heat-treated VLP and VLP/pBA9b induced IFN-a production in pDCs. (D)
CFSE-labeled Toca 511 and VLP were added to pDCs at 37°C to allow for internalization. Cells were harvested at 2 h and 6 h postincubation. The control
represents cells incubated with dialyzed dye alone to assess background fluorescence. (E) IFN-a production of pDCs stimulated with heat- or non-heat-treated
Toca 511, with and without enzyme digestion. The asterisk indicates coincubation of pDCs with enzyme alone.

based retroviral infection may favor a Th2-biased immune re-
sponse, as previously described for certain strains and isolates of
respiratory syncytial virus and measles virus (37). Presumably,
humans may function similarly to resistant mouse strains, so
that the type I IFN-o/3 response is dispensable and that a high
baseline level of APOBEC3G in resting immune cells controls
the initial viral replication, followed by a robust antibody re-
sponse (20).
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Despite the current understanding of the functional roles of
Myd88 and TLR7 in anti-MLV responses and the implication that
retroviral RNA interacts with TLR7 in an endosomal compart-
ment post-viral entry, we did not observe activation of TLR7 in
pDCs by replicating or nonreplicating vectors with amphotropic,
VSV-G, or both envelope glycoproteins unless the viral particles
had been heat treated prior to exposure to pDCs. Intriguingly, the
ability of VLPs in the absence of the retroviral RNA to induce
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IFN-a production in pDCs suggests that there is another PAMP,
in addition to the retroviral RNA, present in Toca 511. Further-
more, the experiments using MLV-based retroviral nonreplicat-
ing vectors pseudotyped with amphotropic and VSV-G envelope
glycoproteins as well as VLPs led us to identify an additional im-
munosuppressive component, other than the amphotropic enve-
lope glycoprotein, that is associated with RRVs. Thus, it is reason-
able to conclude that there is an additional PAMP other than viral
RNA and an immunosuppressive component associated with
MLV-based viral particles. Furthermore, exposure of heat-treated
MLV-based viral particles concurrently leads to the exposure of
the encrypted PAMP and inactivation of the immunosuppressive
component, leading to IFN-a production in pDCs.

It is also important to note that the MLV-based nonreplicating
vectors generated in our studies, which were capable of inducing
IFN-a production in human pDCs under heat treatment, did not
express glyco-Gag. The N-terminal fragment of glyco-gag ex-
pressed from an RRV has been shown to be incorporated into
MLV viral particles (29, 30) and plays a role in inhibiting the
function of APOBECS3 in target cells (31). If this is so, our data
suggest that this APOBEC3 inhibition occurs through a mecha-
nism that is distinct from the type I IFN-regulated activity. Fur-
thermore, given that both an HIV-1 vector and VLPs can induce
IFN-a production in DCs (presumably mediated via TLR7 and
TLR7-independent pathways, respectively), our data showing that
Toca 511 can actively inhibit lentiviral vector-induced IFN-a pro-
duction in pDCs (Fig. 5E) suggest that the inhibition may be
through a common downstream component in the TLR7 and
TLR7-independent pathways. The mechanism of induction of
IFN-a production in human pDCs by heat-treated MLV-based
viral particles was not further investigated here.

As retroviral particles made from different cell types are known
to incorporate different cellular proteins (38), our data suggest
that the immunosuppressive and immune-stimulatory compo-
nent are likely due to viral constituents. This hypothesis is further
supported by the results with vectors produced from a canine
producer cell line that had similar properties to vectors produced
from human cell lines. Further support for viral constituents be-
ing the active components for immune suppression comes from
our results showing that coincubation of amphotropic envelope
protein-associated microvesicles produced by transient transfec-
tion in 293T and heat-treated VLPs lacking the viral RNA did not
suppress the induction of IFN-a production in pDCs (data not
shown). However, it is possible that different host proteins in viral
particles produced from different cells can mediate this blockade.
Additional experiments are needed to completely rule out this
possibility. The source of the immunosuppressive component as-
sociated with viral particles was not further defined in these exper-
iments.

A common hallmark among malignant cells is a reduced re-
sponsiveness to IFN due to defects in the type I IFN pathway.
Thus, tumor-derived cell lines are thought to be more vulnerable
to virus infection. In contrast to VSV (21), RRV-GFP replicates
efficiently in a panel of tumor cell lines, including PC3 cells (which
we used routinely to determine titers of RRVs), and nontrans-
formed fibroblasts and endothelial cells. In addition, we found
that the RRV-GFP did not replicate more efficiently in IFN-a/3-
resistant cells than the parental cells in the absence of IFN-a/f3
(data not shown). Thus, more extreme defects in type I IFN sig-
naling in host cells are not necessary for productive infection with
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MLV-based RRVs in these in vitro systems, but defects in IFN
signaling may play a permissive role for tumors in vivo. Also, it is
possible that the active suppression of IFN induction observed in
human cells via an unknown mechanism also occurs in the fibro-
blasts and endothelial cells. Of note, recently discovered cytosolic
nucleic acid sensors, including HMGBs, TREX1, cGAS, and
DHX9/36, involved in the cellular innate immune response may
also play a role in this blockade (39-42).

In summary, we did not observe an induction of a type I IFN
response by amphotropic MLV-based RRV in human tumor cells,
nontransformed fibroblasts, primary endothelial cells, or pDCs.
Our findings corroborate that cell proliferation is an important
determinant in supporting RRV replication and, unlike VSV and
other oncolytic viruses and lentiviral vectors, RRVs do not induce
cellular innate immune activity in cell cultures. Recent findings by
Agudo et al. demonstrated that lentiviral vectors can activate the
innate response in the liver via a TLR-independent pathway (43).
It is still likely that there is an in vivo mechanism of type I IFN
induction, other than through the cells studied here, that sup-
presses viral replication in normal tissue and yet allows for the
tumor-specific replication observed in some mouse tumor models
and in dogs and humans with gliomas. In fact, recent results from
our laboratory in mouse models suggest that the site of the tumor
plays a role in whether or not there is in vivo induction of type I
IEN to control viral replication (D. Ostertag et al., submitted for
publication). In addition, many mechanisms have been described
for tumors to create immune privilege, such as downregulation of
adaptive immunity, that could contribute to selective replication
in tumors (44). Although the limitations of our in vitro system
need to be kept in mind, these findings both demonstrate the
qualitative difference in interferon responses to RRVs compared
to responses to other common viral vectors and are consistent
with the observed efficient tumor-specific spread and efficacy of
RRVs in orthotopic glioma mouse models.
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