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Abstract
The tumor stroma acts as a barrier that limits the efficacy of systemically administered oncolytic viruses (OV). We
previously demonstrated that stromal-selective, retargeted oncolytic measles viruses (MVs) delay in vivo tumor progression.
To further characterize the contribution of stromal targeting to MV’s overall in vivo efficacy in an experimental cancer
model, a dual targeted oncolytic measles virus (MV-CD46-muPA) able to simultaneously infect murine stromal (via murine
uPAR) and human cancer (via CD46) cells was developed. MV-CD46-muPA infected, replicated, and induced cytotoxicity
in both murine and human cancer cells. Viral infection was successfully transferred from stromal to tumor cells in vitro,
leading to tumor cell oncolysis. Systemic administration of MV-CD46-muPA led to improved antitumor effects in colon
(HT-29) cancer xenografts compared to vehicle or CD46 only targeted MVs. These effects were associated with improved
tumor viral deposition, increased apoptosis, and decreases in murine stromal endothelial cells and fibroblasts. MV-CD46-
muPA modulated cell cycle, survival, proliferation, and metabolic pathways, as determined by functional proteomic analysis
of treated tumors. The above findings further validate the concept that dual stromal and tumor cell viral targeting enhances
the therapeutic effects of systemically administered OVs and support further preclinical and clinical development of stromal
directed virotherapies.

Introduction

Oncolytic viruses (OVs) represent promising options for
the treatment of advanced malignancies, with an increas-
ing number of viral platforms undergoing late stage
clinical trials [1], and one OV agent (Talimogene

Laherparepvec) approved in the United States [2]. OVs
offer a potential advantage over other forms of anticancer
therapies, as they can selectively infect, replicate, and
induce cytotoxicity in tumor cells, with subsequent
induction of antitumor immunity [2–4]. The oncolytic
measles virus (MV) platform is a promising one, having
demonstrated safety and early evidence of promising
clinical antitumor activity (including complete responses)
in phase 1 clinical trials [5, 6]. There are three known
receptors used by MV to mediate cell entry, CD150
(SLAM), CD46, and more recently, the epithelial receptor
nectin-4 [7]. However, there are several important chal-
lenges that limit the full potential of OVs in the clinic.
They include suboptimal target specificity after systemic
administration, virus clearance by host immune responses,
and inadequate tumor entry and spread due to the tumor
stroma [8–10]. Although significant advances in virus
retargeting and modulation of antiviral immunity have
been made [9, 11–15], overcoming the tumor stroma to
improve OV entry and spread remains a significant chal-
lenge. Significant effort has been devoted into overcoming
the stromal barrier, including the design of viral vectors
that target angiogenesis, or combination of OVs and
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modulators of tumor–stromal interactions [11, 16]. Tar-
geting the stromal barrier in an experimental model is
particularly difficult with the MV platform, owing to the
fact that MV does not naturally infect murine tissues;
therefore, the great majority of murine models using non-
targeted or retargeted MVs have not been able to assess
the effects of MVs on the tumor microenvironment.

We have previously developed and characterized novel,
species specific oncolytic MVs fully retargeted against the
human or murine urokinase receptor (uPAR) [17, 18], a
GPI-anchored cell surface receptor, which is overexpressed
in tumor and particularly in stromal cells, and whose role in
tumor–stromal interactions and cancer progression are well
established [19–25]. We demonstrated that systemic
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Fig. 1 Characterization of dual targeting MV-CD46-muPA. a MV-
CD46-muPA was generated by displaying the amino terminal frag-
ment (ATF) of murine uPA (flanked by the SfiI/NotI restriction sites)
as a C-terminal extension of unmodified MV-H glycoprotein, as in
methods. b In vitro tumor and species specificity of MV-GFP, MV-
muPA, and MV-CD46-muPA. Human CD46 (hCD46) and mouse
uPAR expression were detected by FACS. Human cancer cells (MDA-

MB-231, 786-O, HT-29), human cancer associated fibroblast CAF23,
murine cancer cells (4T1, CT-26), and murine fibroblast 3T3 cells
were infected with MV-GFP, MV-muPA, or MV-CD46-muPA at an
MOI= 1 and photographed 48 h after infection using a fluorescent
microscope. Pictures are representative of independent experiments
performed in triplicate. Scale bar= 100 μm.
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administration of species specific, human (MV-huPA) or
murine (MV-muPA) uPAR retargeted MVs is safe, suc-
cessfully targets tumor tissues over non-cancer tissues, and
is associated with significant tumor delaying effects in pri-
mary or metastatic, xenograft, and syngeneic cancer mod-
els, respectively [18, 26]. Taking advantage of the species
specificity of MV-muPA, we recently reported that (murine)
stromal-selective MV-muPA was associated with direct
stromal targeting in a human breast cancer xenograft (where
human cancer cells are not permissive to the murine tar-
geted virus), leading to modulation of murine stromal gene
expression, indirect effects on tumor cell gene expression,
and measurable in vivo tumor growth delay by MV-muPA
[27]. However, the in vivo antitumor effects of targeting
tumor–stromal cells alone were modest compared to tumor
selective targeting, suggesting that combined tumor and
stromal targeting may further enhance antitumor efficacy.

In order to understand the effects of combined stromal
and tumor targeting vs. tumor targeting alone by an OV in
an experimental system, the viral vector should be able to
target each component independently, via different recep-
tors. Using a model where stroma and tumor cells are of
different species would further facilitate comparative
assessment of combined vs. single (tumor) targeted OVs.
To achieve this, we engineered MV-CD46-muPA, a novel,
dual species, dual targeting oncolytic MV. This viral vector
has the ability to target both murine cells, via species spe-
cific murine uPAR, and human cancer cells, via human
CD46 (and not recognized by mouse cells). In this report,
we characterize the differential in vitro, in vivo, and bio-
logical effects of combined tumor and stromal vs. tumor
(via CD46) only targeting by oncolytic MVs in experi-
mental cancer models.

Materials and methods

Virus engineering and propagation

Engineering and rescue of MV-GFP and MV-muPA, pro-
pagation, and titration were previously reported [15, 17]. To
generate MV-CD46-muPA, the amino terminal fragment
(ATF) of mouse urokinase was amplified by PCR from
pcDNA3.1(+)-muPA [28], cloned into the SfiI and NotI
cloning sites of pTNH6 [29], a non-modified MV H gly-
coprotein expression construct, to create pTNH-m-ATF,
and verified by DNA sequencing. MV-H glycoproteins
from pTNH-m-ATF were inserted into the PacI and SpeI
sites of p(+)MV-eGFP, which encodes the full-length
infectious clone of MV Edmonston tag strain and carries the
eGFP gene [15] (Fig. 1a), resulting in the p(+)MV-CD46-
muPA construct (Fig. 1a). The MV-CD46-muPA virus was
rescued using previously reported methods [29].

Cell culture

MDA-MB-231 (ATCC #HTB-26, human breast cancer), 786-
O (ATCC #CRL-1932, human renal cancer), HT-29 (ATCC
#HTB-38, human colon cancer), 4T1 (ATCC #CRL-2539,
murine mammary carcinoma), CT-26 (ATCC #CRL-2639,
murine colon cancer) and NIH-3T3 (ATCC #CRL-1658,
immortalized mouse fibroblasts) cells were purchased from
the American Type Culture Collection (ATCC, Manassas,
VA) and were authenticated. Cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS), penicillin, and streptomycin.
CAF23 tumor-associated fibroblasts were isolated from pri-
mary breast tumors [30], a generous gift from Dr. Doraya El-
Ashry, and maintained in IMDM medium. Vero-αHis cells
[15] were grown in DMEM containing 10% FBS. All the cell
lines were grown under mycoplasma-free conditions at 37 °C,
5% CO2.

In vitro viral infection, cytotoxicity, and in vitro viral
replication

In vitro viral infection, cytotoxicity, and in vitro viral
replication were performed as previously described [17, 18].
In brief, Cells were plated in six-well plates at a density of
105 per well. Twenty-four hours after seeding, the cells
were infected at MOI= 1 in 1 mL of Opti-MEM for 2 h at
37 °C. At different time points after infection, the number of
viable cells (determined by tryptan blue exclusion) in each
well was counted using Vi-Cell cell viability analyzer
(Beckman Coulter, Fullerton, CA). Results are shown as
percent of viable cells, compared with untreated control,
which was calculated by dividing the number of viable cells
in the infected well by the number of viable cells in the
uninfected well. For in vitro viral replication assay, each
cell line (in duplicate) was infected with MV at an MOI of 3
and incubating at 37 °C, 5% CO2 for 2 h, after which the
virus was removed, and cells were maintained in 5% FBS of
DMEM at 37 °C. Virus titers were obtained by titration on
Vero-αHis cells and expressed as 50% tissue culture
infectious dose (TCID50)/ml at the specified time points.

In vitro fibroblast to cancer cell viral transfer

Fibroblasts (CAF23, NIH-3T3) were incubated with species
specific uPAR retargeted MVs, which express eGFP (MOI
of 1) in Opti-MEM for 2 h at 37 °C. Free viruses were then
removed by PBS washing and cells were maintained in the
appropriate medium. To rule out persistence of cell free
virions, 100 µl of the last wash was inoculated on Vero-
αHis monolayers. Infected cells were cultured in the pre-
sence of 80 µg/ml fusion inhibitory peptide (FIP sequence:
Z-D-Phe-Phe-Gly-OH, Bachem, Torrance, CA) to block
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syncytia formation during overnight incubation. Virus
infected fibroblasts were then washed before overlay on
RFP-expressing tumor cells. Mixed (double-color) syncytia
were demonstrated at different periods of incubation by
fluorescent microscopy. Cells were incubated with
eFluor780 (Fixable viability dye, ebioscience) for 10 min at
4 °C and washed twice in fluorescence-activated cell sorting
(FACS) buffer. Cells were collected and analyzed using
CytoFLex (BD Biosciences) for quantification of viable
RFP-expressing tumor cells.

Animal studies

Animal studies were approved by the University of Miami
Institutional Animal Care and Use Committee. All methods
were performed in accordance with relevant guidelines and
regulations, and proper sample size was calculated. Eight to
10-week-old female NSG mice (Jackson labs, Farmington,
CT) were injected with 2 × 106 HT-29 cells subcutaneously
into the left flank. When tumors reached a volume of
30–60 mm3, mice (n= 8/group) were randomly divided into
three groups, and treated with PBS, 1.5 × 106 TCID50 of
MV-GFP, or MV-CD46-muPA via tail vein three times
every other day. Tumor measurements were performed with
proper blinding twice a week and calculated with the fol-
lowing formula (width2 × length × 0.5) as reported [17].
Clinical signs of toxicity were monitored. Animals were
followed until they reached kill criteria (when tumor burden
reached 10% of body weight, tumor ulceration occurred or
mice became moribund).

Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay

To detect and visualize apoptosis, slides were washed twice
with PBS (after fixation), permeabilized with 0.2% TritonX-
100 for 20 min at room temperature and after two additional
washes with PBS, sections were probed with label solution
(for negative controls) or TUNEL reaction mix, following
manufacturer’s instructions (In Situ Cell Death Detection
Kit-TMR red; Roche Applied Science, Indianapolis, IN)
[18, 26].

Immunohistochemistry and immunofluorence
studies

Tumor-bearing mice (n= 3) were randomly divided into
three groups and treated with two intravenous injections of
PBS, 1.5 × 106 TCID50 of MV-GFP or MV-CD46-muPA.
Tumor samples were collected and frozen, and cryostat
sections were fixed in cold acetone for 10 min and endo-
genous peroxidase activity were quenched with 0.3% H2O2

for 10 min. The slides were washed in PBS and incubated
with anti-muPAR antibody (R&D Systems, #AF534, Min-
neapolis, MN) for 30 min at 37 °C. After washing in PBS,
the slides were developed with Anti-Goat HRP-DAB Cell
& Tissue Staining Kit (brown; R&D Systems, #CTS008)
and counterstained with hematoxylin (blue) according to the
manufacturer’s instructions.

Cryostat sections were fixed in cold acetone for 10 min.
The slides were washed in PBS and stained with anti-MV-
nucleoprotein-FITC antibody (Chemicon International,
#MAB8906F, Temecula, CA), anti-Ki67 antibody-FITC
(Thermo Fisher Scientific, #11-5698-82, Waltham, MA),
anti-CD140a antibody (Cell signaling, #3174), anti-CD31
antibody (Abcam, #ab28364) or anti-CD105 antibody
(Abcam, #ab107595) with Alexa fluor 488 anti-rabbit
IgG. Slides were mounted with anti-fade mounting med-
ium after three PBS washes and analyzed by fluorescent
microscopy.

Analysis of tumor and stromal cells by flow
cytometry

For in vitro studies, cells were harvested by cell dissociation
buffer (Invitrogen, Carlsbad, CA), washed twice in ice-cold
phosphate-buffered saline, and then the surface expression
of relevant receptors was detected using anti-mouse uPAR
PE antibody (R&D systems, #FAB531P, Minneapolis,
MN), and anti-human CD46 PerCP-eFluor710 antibody
(eBioscience, #46-0469-42, San Diego, CA). Washed cells
were analyzed using CytoFLex (BD Biosciences) and FCS
Express software (De Novo Software, Pasadena, CA). For
in vivo studies, HT-29 tumor-bearing mice (n= 3/group)
were randomized into three groups and treated with two
intravenous injections of vehicle, 1.5 × 106 TCID50 of MV-
GFP or MV-CD46-muPA. Fourteen days after MV treat-
ment, mice were killed and tumors were excised. To prepare
tumor cell suspensions, tumor tissues were dissected and
sectioned into small fragments, followed by digestion with
1 mg/mL of collagenase in complete RPMI media (10%
FBS, 1% penicillin, streptomycin) prior to using Gentle
MACS Dissociator. Cell suspension was passed through a
70-μm nylon strainer to obtain a single cell population.
Cells were incubated with eFluor780 (Fixable viability dye,
ebioscience) for 10 min at 4 °C and washed twice in FACS
buffer prior to staining in order to distinguish live from dead
cells. Cells were then incubated with Fc block for 20 min at
4 °C and incubated for 30 min at 4 °C with the following
antibodies: CD45 APC/CY7 (Bio Legend #368516),
CD140 APC (Bio Legend, #135908), murine uPAR PE
(R&D Systems, #FAB531P), murine CD105 PE/CY7(Bio
Legend, #120410), and murine CD31 Pacific blue (Bio
Legend, #102422). Stained cells were washed by FACS
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buffer to remove unbound antibodies and plated for flow
cytometric analysis using CytoFLex (BD Biosciences). In
total, 200,000 events (viable cells) per sample were counted
and normalized for grams of tissue for graphical display and
comparison.

RPPA analysis of tumor samples

Functional proteomic (human proteins) analysis of tumor
samples was performed at the RPPA Core Facility at MD
Anderson Cancer Center (Houston, TX), using tumor

Fig. 2 In vitro replication and cytopathic effects of MV in human
and murine cancer cells. a In vitro replication. Human cancer cells
MDA-MB-231 (a, I), HT-29 (a, II) were infected with MV-GFP, and
MV-CD46-muPA (MOI= 3). Murine cancer cells 4T1 (a, III) and CT-
26 (a, IV) were infected with MV-muPA, and MV-CD46-muPA
(MOI= 3). Titers of virus were determined at different time points by
the one-step growth curve (duplicate experiments). b In vitro cyto-
pathic effects. Human cancer cells MDA-MB-231 (b, I), HT-29 (b, II)

were infected with MV-GFP, MV-muPA, and MV-CD46-muPA
(MOI= 1), **p < 0.01, ***p < 0.0001 (MV-muPA vs MV-GFP, MV-
muPA vs MV-CD46-muPA). Murine cancer cells 4T1 (b, III) and CT-
26 (b, IV) were infected with MV-GFP, MV-muPA and MV-CD46-
muPA (MOI= 1). Viability was determined at 48 h, 72 h, and 96 h by
trypan blue exclusion and presented as percent of controls. Bars
represent averages ± SD of triplicate experiments. *p < 0.05; **p <
0.01, ***p < 0.0001 (Tukey–Kramer test). NS: not significant.
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lysates from vehicle and virus (MV-GFP and MV-CD46-
muPA) treated HT-29 tumors, resected at day 10 after last
virus treatment. Antibodies and approaches are described at
the RPPA website (https://www.mdanderson.org/research/
research-resources/core-facilities/functional-proteomics-
rppa-core.html). RPPA data generation and normalization
(in log2 scale) were handled and performed by RPPA Core
facility at MD Anderson Cancer Center. Differential
expression analysis for comparisons between MV-GFP- or
MV-CD46-muPA-treated and control samples was per-
formed using a linear model with R package “limma”
(v3.26.9) [31], and significance was evaluated with false
discovery rate (FDR) [32]. Proteins with p value < 0.05 and
FDR < 0.2 were analyzed for pathway enrichment using
Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City,

www.qiagen.com/ingenuity), and were categorized accord-
ing to Disease and Bio Functions. All RPPA data accom-
panying the pre-calculated analytic results are included in
supplementary data.

Statistical analysis

In vitro data are presented as means ± SD. Results from
in vivo studies are shown as means ± SEM. All in vitro
experiments were performed in triplicate unless otherwise
specified and repeated at least twice. Statistical analysis
among groups was performed by ANOVA, and sub-group
comparisons were made with the Tukey–Kramer test, as
appropriate. Overall survival was analyzed by the
Kaplan–Meier method and differences were analyzed by the

Fig. 3 Effects of viral
fibroblast targeting on
fibroblast–tumor cell
interactions in vitro. Murine
3T3 fibroblasts were infected
with MV-GFP, MV-muPA, and
MV-CD46-muPA (MOI= 1) as
in methods, and then overlaid on
RFP-expressing HT-29 (a, I) or
MDA-MB-231 (b, I) cancer
cells. Mixed (double-color)
syncytia were demonstrated at
48 h incubation by fluorescent
microscopy. In a similar way,
MV-GFP, MV-muPA, and MV-
CD46-muPA (MOI= 1)
infected CAF23 cells were
overlaid on RFP-expressing
murine 4T1 (c, I) or CT-26 (d, I)
cells and yellow syncytia were
demonstrated at 48 h incubation
by fluorescent microscopy.
Scale bar= 100 μm. Effects of
fibroblast specific viral targeting
on cancer cell growth in vitro
72 h after overlay. HT-29 (a, II)
and MDA-MB-231 (b, II), 4T1
(c, II) or CT-26 (d, II) Bars
represent averages ± SD of
triplicate experiments. *p < 0.05;
**p < 0.01. ***p < 0.0001
(Tukey–Kramer test). NS: Not
significant.
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log-rank test. Statistical significance was set at *p < 0.05,
**p < 0.01, ***p < 0.001, with adjustments for multiple
comparisons as appropriate. P value < 0.05 were considered
statistically significant. All statistical tests were two-sided.

Results

In vitro rescue and characterization of MV-CD46-
muPA, a dual targeted oncolytic MV

We have previously demonstrated the in vitro and in vivo
abilities of species specific oncolytic MVs fully retargeted
against either human or murine uPA receptor [17]. To
evaluate the contribution of stromal and tumor targeting on
MV’s overall antitumor effects, a dual targeted oncolytic
MV (MV-CD46-muPA), able to bind human cancer cells
via CD46 and murine cells via murine uPAR targeting, was
engineered and rescued (see methods and Fig. 1a). Com-
parative analysis of virus infection among the unmodified
MV-GFP (targeting CD46 only, human cells), murine
uPAR retargeted MV-muPA (targeting mouse cells
expressing muPAR only) and MV-CD46-muPA (targeting

murine and human cells) showed that only the dual targeted
virus successfully infected both human and mouse cancer
cells, whereas MV-GFP and MV-muPA-infected cells in a
species specific manner (Fig. 1b). In addition, MV-CD46-
muPA successfully replicated (Fig. 2. A) and induced
cytotoxicity (Fig. 2b) in murine and human cells, whereas
single targeted viral vectors induced oncolysis in species
specific cell lines only. Titers of MV-GFP in infected mouse
cancer cells, and titers of MV-muPA in infected human
cancer cells were undetectable (data not shown). The above
results confirmed the murine and human targeting ability of
MV-CD46-muPA.

In vitro stromal-to-tumor and tumor-to-stromal viral
transfer by MV-CD46-muPA

We next assessed the in vitro ability of virus infected
stromal cells to transfer viral infection to tumor cells and
vice versa. Towards this goal, in vitro mouse-human co-
culture assays were performed, where 3T3 murine
fibroblasts were infected by MV-muPA, MV-GFP, or
MV-CD46-muPA, and after overnight incubation, overlaid
onto RFP-expressing human cancer cells. Successful

Fig. 4 In vivo effects of MV-CD46-muPA on human colon cancer
xenografts. a Effects of MV-GFP and MV-CD46-muPA on HT-29
tumor progression. Tumor-bearing NSG mice (n= 8 per group) were
treated with vehicle (PBS) or MV-GFP and MV-CD46-muPA intra-
venously, and tumor volume was followed as in methods.. *p < 0.05;
**p < 0.01; ***p < 0.001 (days 21, 25, and 28; Tukey–Kramer test).
NS: Not significant. b Kaplan–Meier analysis of survival of HT-29
tumor-bearing mice treated with vehicle, MV-GFP, or MV-CD46-
muPA. Mice were monitored until they reached killing criteria. *p <
0.05; **p < 0.01. ***p < 0.001 ((log-rank test). NS: Not significant.
c Stromal targeting by MV-m-uPA. HT-29 tumor-bearing NSG mice

were treated with either vehicle, MV-GFP and MV-CD46-muPA.
Immunofluorescence staining for MV-N (green) in tumor tissues
obtained at day 3 after virus administration (c, I). Scale bar= 20 μm.
d, e. Representative pictures of TUNEL (d, I), and Ki67 (e, I) antibody
staining of treated and untreated tumors from mice at day 6 after
treatment. Scale bar= 20 μm. Analysis of MV-N (c, II),
TUNEL–positive nuclei (d, II), and Ki67 (e, II) staining in vehicle,
MV-GFP and MV-CD46-muPA-treated tumors. Bars represent
averages±SEM of triplicate experiments (n= 3 per group). *p < 0.05;
**p < 0.01; ***p < 0.001 (days 21, 25, and 28; Tukey–Kramer test).

916 Y. Jing et al.



stromal to tumor cell viral transfer was detected by the
presence of yellow fluorescent syncytia in merged (GFP
+RFP) pictures. These findings are in line with the findings

by Castleton et al. [33], who previously demonstrated virus
transfer from infected mesenchymal stem cells to leukemia
cells in the presence of neutralizing antibodies. As shown in

In vivo antitumor activity by dual stromal and tumor-targeted oncolytic measles viruses 917



Fig. 3a, b, successful murine fibroblast to tumor cell viral
transfer was observed only in cells treated with MV-CD46-
muPA but not with the single targeted viruses, as demon-
strated by identification of yellow (GFP and RFP) fluor-
escent syncytia on merged pictures. Moreover, tumor cell
cytotoxicity (measured by flow cytometric quantification of
viable RFP tumor cells) was significantly increased by
infection of MV-CD46-muPA compared to MV-GFP or
MV-muPA (Fig. 3a.II, 3. b. II). In a similar manner, suc-
cessful human CAFs to RFP-expressing murine cancer cell
viral transfer was observed in co-cultures treated with the
dual, but not the single targeted MVs (Fig. 3c.I, 3. d. I),
resulting in significant murine cancer cell cytotoxicity
(Fig. 3c. II; 3d. II).

In vivo antitumor effects of dual vs single targeted
oncolytic MVs

Next, to validate the above findings in the in vivo setting,
mice bearing human HT-29 (colon adenocarcinoma) tumors
were treated with three intravenous administrations of
vehicle, MV-GFP (targeting CD46 only) and dual targeted
MV-CD46-muPA. Animals were followed for tumor pro-
gression and survival. As shown in Fig. 4a, while both MV-
GFP and MV-CD46-muPA-treated mice had improved
outcomes compared with vehicle-treated controls, there was
a clear improvement in antitumor activity in the group of
mice treated with the dual targeted virus (Fig. 4a, b).
Tumors treated with MV-CD46-muPA had a 69% reduction
in average tumor volume compared with control mice and
37% reduction compared with MV-GFP-treated mice at day
25 of treatment (Fig. 4a). Median survival was also
improved in mice treated with the dual targeted virus
compared with controls and to MV-GFP (Fig. 4b). No
significant treatment related toxicity/treatment related
deaths were observed in treated vs control groups.

Correlative tumor studies

To determine the mechanisms explaining the in vivo dif-
ferential effects between single vs. dual targeted oncolytic
MVs, 3 tumor (HT-29) bearing mice per group were treated
with intravenous vehicle, MV-GFP or MV-CD46-muPA as

in methods. Tumors were resected at day 6 after the last
virus treatment. Successful tumor targeting was demon-
strated by immunofluorescence analysis of viral protein
(MV-N), with significantly higher levels observed in tumors
treated with the dual, compared with the single targeted
oncolytic MV (Fig. 4c. I, II). Next, staining for proliferation
(Ki67) and apoptosis (TUNEL) markers were performed.
Although both MV-GFP- and MV-CD46-muPA-treated
tumors were associated with significantly decreased tumor
cell proliferation and increased apoptosis, tumors treated
with the dual targeted viruses were associated with more
significant apoptosis compared with MV-GFP in the HT-29
(Fig. 4d).

To determine the direct in vivo effects of MV-CD46-
muPA on murine stromal cells, additional HT-29 tumor-
bearing mice were treated as above, tumors resected and
processed for flow cytometric analysis at day 14 post-treat-
ment, a time where tumor volume curves clearly separated, to
evaluate viable tumor fibroblasts (CD45(−)/CD140a(+) [34],
tumor endothelial cells [(CD45(−)/CD31(+) and CD45
(−)/CD105(+)], and CD45−/muPAR(+) cells. At this time
point, murine uPAR+ (stromal) cells were decreased in the
dual targeted virus treated groups compared with vehicle
(average 55% decrease) or MV-GFP (73% decrease)-treated
groups (Fig. 5a, I). CD31-positive endothelial cells were also
decreased in the dual targeted treated tumors (54% and 45%
decrease compared with vehicle and MV-GFP, respectively,
(Fig. 5a, II), as were CD105+endothelial cells (54% and 73%
decrease compared with vehicle and MV-GFP, respectively
(Fig. 5a, III). Tumor fibroblasts (CD45−/CD140a(+) were
also noticeable decreased in the MV-CD46-muPA-treated
group compared with vehicle (64% decrease) or MV-GFP
(69% decrease)-treated tumors (Fig. 5, IV). These observa-
tions were further validated by immunohistochemistry
(muPAR) and immunofluorescence (CD31, CD105, CD140a)
studies of tumor from treated and untreated mice (Fig. 5b)

To gain further insight into the mechanisms of in vivo
antitumor activity of single vs. dual targeted oncolytic MVs
in the HT-29 model, functional proteomic analysis (RPPA)
was performed as in methods, from tumors resected from
treated mice at day 10 after virus treatment. Figure 6. A
shows pathway analysis (as a heat map) of differentially
expressed (human) proteins involved in cell cycle, devel-
opment, growth, proliferation, as well as cell death and
survival pathways. Selected up- and downregulated proteins
modulated by MV-GFP or MV-CD46-muPA are shown in
Fig. 6b. Both MV-GFP and MV-CD46-muPA-treated
tumors showed increased expression of the tumor sup-
pressor proteins PTEN and Merlin, as well as significant
downregulation of the transcription factors or transcriptional
co-activators GATA-6, ELK-1, SOX-2, and Yap (Fig. 6b).
Moreover, MV-CD46-muPA (but not MV-GFP) induced
downregulation of LDH-A, hexokinase, GCLM, TFRC,

Fig. 5 In vivo effects of virus treatment on tumor stroma. HT-29
tumor-bearing mice (n= 3/group) were treated with two intravenous
injections of vehicle, 1.5 × 106 TCID50 of MV-GFP or MV-CD46-
muPA. Tumors (three per group) were excised and processed for flow
cytometric analysis as described in methods. Data are displayed as
graphical quantification of events per gram of tumor (iv) for (a, I)
CD45- muPAR+ , (a, II) CD45- CD31+ , (a, III) CD45- CD105+ ,
and (a, IV) CD45- CD140a+ cells. b Representative pictures of
muPAR, CD31, CD105, and CD140a antibody staining of treated and
untreated tumors (n= 3 per group). Scale bar= 20 μm.
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Fig. 6 In vivo effects of MV viral vectors on expression of cancer
cell protein pathways. HT-29 tumor-bearing mice were treated with
vehicle, MV-GFP or MV-CD46-muPA as in methods section. At day
10 after MV treatment, tumors were resected and frozen and tumor
lysates were obtained for RPPA analysis. a Heat map of differentially
expressed human proteins involved in cell cycle, proliferation, cell

death, and survival pathways between vehicle controls vs. MV-GFP (a.
I), and controls vs. MV-CD46-muPA. b Selected up- and down-
regulated proteins associated with MV-GFP and MV-CD46-muPA
treatment. Bars represent average of two independent samples per
condition.
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involved in tumor metabolism, a decrease in p38-MAPK,
14-3-3 zeta, PEA-15 p S116, as well as an increase in
AMPK, programmed cell death 4 (Pdcd 4), p53 binding
protein 1 (53-BP1), and CDK1-pT14 (inhibitory phos-
phorylation). A decrease in the transcriptional co activator
TAZ was observed, which correlates with changes in Merlin
and Yap expression, as well as a decrease in PKM-2
(Fig. 6b).

Discussion

The tumor stroma is a well-recognized barrier to the effi-
cient delivery of antitumor agents, including OVs
[10, 35, 36], and overcoming this limitation is an important,
unmet need. In this report, we demonstrate that stromal and
tumor targeting by a systemically administered oncolytic
MV (MV-CD46-muPA) is associated with improved
in vivo antitumor effects compared with MV vectors tar-
geting tumor cells via CD46, and describe the potential
mechanisms behind these effects.

MV-CD46-muPA successfully infects, replicates, and
induces cytotoxicity in both human (via CD46) and murine
cells (via murine uPAR) in a manner similar to species
specific viral vectors. MV-CD46-muPA infection was suc-
cessfully transferred via heterofusion from murine stromal
cells (fibroblasts) to human cancer cells (and vice versa) in
co-culture models of tumor–stromal interactions, effects
associated with tumor cell cytotoxicity, and not observed
with single targeted viruses (Fig. 3). These data suggest that
stromal cells infected by MV-CD46-muPA can transmit
infection to tumor cells, potentially facilitating virus tumor
delivery and subsequent tumor cell oncolysis.

The above findings were validated in vivo, where treat-
ment with dual targeted viruses induced enhanced antitumor
effects, compared with single targeted oncolytic MVs or
vehicle-treated controls, in colon cancer xenograft models
(Fig. 4). We have previously reported the in vivo effects of
stromal targeted only (MV-muPA) MV vectors compared
with tumor only targeted vectors in breast cancer models,
showing measurable, but modest effects of stromal only
in vivo targeting [27]. The improved in vivo effects were
associated with increased tumor viral protein (MV-N)
expression, as well as increased tumor cell apoptosis. Evi-
dence of antistromal effects by MV-CD46-muPA in vivo
was demonstrated by flow cytometric decrease in murine
uPAR-expressing stromal cells, tumor endothelial cells and
fibroblasts. The above findings translated into improved
outcomes in MV-CD46-muPA-treated mice, compared with
the control groups. As the main difference between MV-
CD46-muPA and MV-GFP is mouse uPAR-mediated
murine tissue targeting, the differences in antitumor

efficacy can be attributed to the stromal targeting abilities of
MV-CD46-muPA.

The possible mechanisms of MV-CD46-muPA improved
in vivo oncolytic effects are multiple. First, MV-CD46-muPA
targeting of stromal cell components may facilitate virus
delivery to tumor cells (Fig. 4c I), leading to increased viral
penetration and oncolysis. Second, our results suggest that
systemically administered MV-CD46-muPA has direct anti-
stromal effects (Fig. 5). Although both MV-GFP and MV-
CD46-muPA induced inhibition of tumor cell proliferation
and enhanced in vivo apoptosis, the magnitude of the pro-
apoptotic effect was significantly higher in tumors treated by
the dual targeted virus. The antistromal effects by MV-CD46-
muPA further validate a previous report by our group,
showing that single targeted, stromal specific MV-muPA
(selectively targeting mouse uPAR) induces significant
modulation of murine stromal pathways, such as angiogen-
esis, inflammatory networks, as well as indirect modulation of
human cancer cell pathways [27]. In this report, we further
characterized the in vivo MV oncolytic mechanisms by
functional RPPA of tumors treated by the tumor vs. tumor
and stromal targeted MV vectors. We found changes in
protein expression induced by both viral vectors, including an
increase in PTEN [37], and Merlin [38], known tumor sup-
pressors, and a decrease in transcription factors critical for cell
cycle progression and survival, such as GATA-6 [39, 40],
ELK-1 [41], YAP [42]. In addition, a significant decrease in
mitochondrial transcription factor (TFAM), found to be pro-
tumorigenic [43, 44], was also observed. The improved tumor
suppressive and pro-apoptotic effects of MV-CD46-mUPA
were associated with changes in proteins involved in tumor
metabolism, such as AMPK (upregulation), and down-
regulation of transferrin receptor-1 (TFRC), LDH-A, G6PD,
hexokinase II, as well as 14-3-3 zeta downregulation,
involved in proliferation, survival and adhesion in multiple
cancers [45]. The above data suggest that in addition to
improving tumor entry and deposition, stromal targeting by an
oncolytic MV modulates stromal-tumor interactions, leading
to disruption of tumor cell metabolic and survival pathways.
The above (RPPA) results are hypothesis generating, and
require further validation in additional in vivo and in vitro
models of virus–tumor–stromal interactions, a focus of our
current efforts.

The implications of the above findings are multiple and
significant. First, our results clearly prove the role of stro-
mal MV targeting in the improved viral delivery into
tumors. Second, they emphasize the importance of the
tumor microenvironment on tumor progression, and vali-
date the tumor stroma as a target for oncolytic virotherapies
in general, and oncolytic MVs in particular. Prior studies
have characterized fully retargeted MVs directed against
multiple receptors, such as the epithelial receptors Her-2/
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neu and EpCAM [46], or against CD46 and CD133 [47],
among other retargeted oncolytic MVs. Although these
strategies enhance and potentiate tumor targeting, they do
not address the important question of stromal targeting by
MV vectors. MV-CD46-muPA proves the concept that
oncolytic MVs can effectively target tumor and stromal
cells, leading to enhanced in vivo antitumor efficacy. The
current report focuses on the non-immune stroma, including
endothelial cells and fibroblasts. There are, however, many
other stromal components that can be exploited by OV
retargeting strategies, including cells of the immune
microenvironment, which is the focus of current and future
studies by our group and others.

As unmodified oncolytic MV vectors currently used in
the clinic, in human cancer trials, bind tumors via CD46,
present in all nucleated cells, we speculate that clinical
responses to locally or systemically administered MV vec-
tors [6, 48, 49] may be explained by MV binding to both
tumor and stromal cells. However, although there is pub-
lished evidence of CD46 overexpression in tumor cells,
there is no clear indication that tumor–stromal cells over-
express CD46 compared with non-tumor stroma. As uPAR
is biologically important target in tumor and is over-
expressed in tumor–stromal cells, in addition to tumor cells
[19, 50–52], we speculate that human uPAR-directed MV
virotherapies may be better suited to overcome the stromal
barrier, improve viral penetration, which may lead to
improved antitumor effects in human cancers. Therefore,
our results provide a scientific rationale for the clinical
development of new-generation oncolytic MVs-targeting
tumor stroma in addition to tumor cells only, either human
uPAR, CD46-huPAR dual targeted MV vectors, or com-
bination of unmodified MV vectors (targeting CD46) and
human uPAR.

In conclusion, this report demonstrates for the first time
the advantages of stromal targeting by an oncolytic MV for
therapeutic gain, including improved viral tumor penetra-
tion, direct antistromal effects, and enhanced apoptosis,
leading to enhanced in vivo antitumor effects. The above
results warrant further investigation and development of
dual stromal and tumor targeted OVs for the treatment of
human cancers.
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