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Advanced pancreatic cancer is characterized by few treatment
options and poor outcomes. Oncolytic virotherapy and chemo-
therapy involve complementary pharmacodynamics and could
synergize to improve therapeutic efficacy. Likewise, multimo-
dality treatment may cause additional toxicity, and new agents
have to be safe. Balancing both aims, we generated an oncolytic
measles virus for 5-fluorouracil-based chemovirotherapy of
pancreatic cancer with enhanced tumor specificity through
microRNA-regulated vector tropism. The resulting vector
encodes a bacterial prodrug convertase, cytosine deaminase-
uracil phosphoribosyl transferase, and carries synthetic miR-
148a target sites in the viral F gene. Combination of the armed
and targeted virus with 5-fluorocytosine, a prodrug of 5-fluoro-
uracil, resulted in cytotoxicity toward both infected and
bystander pancreatic cancer cells. In pancreatic cancer xeno-
grafts, a single intratumoral injection of the virus induced
robust in vivo expression of prodrug convertase. Based on in-
tratumoral transgene expression kinetics, we devised a chemo-
virotherapy regimen to assess treatment efficacy. Concerted
multimodality treatment with intratumoral virus and systemic
prodrug administration delayed tumor growth and prolonged
survival of xenograft-bearing mice. Our results demonstrate
that 5-fluorouracil-based chemovirotherapy with microRNA-
sensitive measles virus is an effective strategy against pancreatic
cancer at a favorable therapeutic index that warrants future
clinical translation.

INTRODUCTION
Patients with pancreatic ductal adenocarcinoma (PDAC) frequently
presentwith unresectable tumors or developmetastases despite primary
resection.1 Treatment options for these patients are limited to palliative
chemotherapy and best supportive care. Fluorinated pyrimidines were
the first substances with clinical benefit in PDAC, leading to approval
of gemcitabine (2,2-difluorodeoxycytidine) in 1996.2 Outcomes have
been improved with subsequent combination chemotherapies, several
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of which incorporate 5-fluorouracil (2,4-dioxo-5-fluoropyrimidine
[5-FU]).3 Today, systemic 5-FU with irinotecan and oxaliplatin (FOL-
FIRINOX) is the first-line regimen for advanced PDAC in patients with
good performance status.4 Fluoropyrimidine-based adjuvant chemo-
therapy includes dose-modified FOLFIRINOX or gemcitabine plus
capecitabine (5-fluoro-N-[(pentyloxy)carbonyl]-deoxycytidine), a pro-
drug of 5-FU.5,6However, 5-year overall survival rates of ~9%underline
that in most cases PDAC recurs and remains treatment-refractory
despite multidisciplinary management.7

Oncolytic viruses (OVs) constitute a class of cancer therapeutics
based on replication-competent viral vectors. Using multiple mecha-
nisms of action, OVs may be capable of overcoming resistance to
standard cancer therapies.8–10 Clinical observations of measles virus
(MeV) inducing anti-tumor effects in naturally infected hosts moti-
vated the generation of oncolytic MeV from attenuated vaccine
strains.11 The MeV platform has since been developed toward clinical
applicability in several tumor entities.12–15 To this end, we and others
have engineered MeV to express a wide range of therapeutic trans-
genes.16–26

Prodrug convertases catalyze the bioactivation of drugs from
nontoxic precursors and can be used to enrich tumor tissue for active
antineoplastics.27 Well-studied examples include a fusion protein of
two Escherichia coli enzymes, cytosine deaminase and uracil phos-
phoribosyl transferase (CD-UPRT), which converts 5-fluorocytosine
(5-FC) into 5-FU and its active metabolite 5-fluorouridine mono-
phosphate (5-FUMP).28,29 We reasoned that the combination of
ors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Generation of microRNA-sensitive CD-

UPRT-armed MeV

(A) Genome representation of modified MeV. Generated

vectors encode an additional transcription unit for CD-

UPRT or EGFP upstream of the MeV N gene and a mi-

croRNA target site (miRTS) box in the 30 UTR of the MeV F

gene. Control vectors harbor non-functional reverse or

reverse complementary miRTS. (B) Nucleotide sequence of

the functional miRTS box. The orientation corresponds to

viral messenger RNA. Three identical target sites comple-

mentary to mature miR-148a (underlined indicates seed

sequence) are separated by non-coding heptanucleotide

spacers.
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oncolytic MeV and the CD-UPRT/5-FC systemmight be a promising
approach in PDAC, based on the most effective chemotherapy regi-
mens currently in clinical practice.

Besides therapeutic efficacy, patient safety determines the successful
clinical translation of OVs. To avoid side effects, tumor-specific virus
replication is critical. Cells acquiring malignant properties frequently
develop altered expression levels of cellular small non-coding RNA,
including microRNA (miRNA).30 In PDAC, microRNA expression
profiling has revealed downregulation of miR-148a relative to normal
parenchyma as a recurrent feature.31,32 Cancer-specific microRNA
profiles can be exploited to generate post-entry targeted OVs with
tumor-directed tropism.33 This is achieved by the introduction of mi-
croRNA target sites (miRTSs), which allow the cellular RNA interfer-
ence machinery to act on viral genomes or transcripts.34–36 We have
previously shown that physiologic microRNA expression in non-tu-
mor tissue confines the propagation of microRNA-sensitive MeV
and protects virus-exposed organs from adverse toxicity.37,38 In
contrast, downregulation of the respective microRNA within tumors
allows microRNA-sensitive MeV to replicate and to exert oncolytic
effects.

In this study, we generated and characterized a miR-148a-sensitive
oncolytic MeV expressing CD-UPRT as a therapeutic transgene.
We show that 5-FU-based chemovirotherapy with miR-148a-sensi-
tive MeV is feasible and effective against PDAC in vitro and in vivo.
This is the first study linking microRNA-based vector reprogram-
ming for tumor-specific replication with prodrug-based MeV
chemovirotherapy.

RESULTS
Generation of miR-148a-sensitive CD-UPRT-armed MeV

Recombinant vectors were based on the attenuated Edmonston tag
laboratory strain of MeV. To produce transgene-armed MeV
(MeV-CD) for 5-FU-based chemovirotherapy, an additional tran-
scription unit encoding E. coli CD-UPRT was inserted upstream of
the viral N gene (Figure 1A). MeV encoding enhanced green fluores-
cent protein (EGFP) instead of CD-UPRT was used for experiments
involving fluorescence microscopy. To engineer microRNA-sensitive
MeV, a miRTS box comprising three identical target sequences fully
complementary to miR-148a-3p was designed as previously described
(Figure 1B).38 The miRTS box was cloned into the 30 untranslated
region (UTR) of the MeV F gene resulting in MeV-CD-FmiRTS148a

andMeV-EGFP-FmiRTS148a. MeV F encodes the viral fusion glycopro-
tein (F), which mediates membrane fusion at cell entry and lateral
spread of MeV through formation of multicellular syncytia.39,40

MeV vectors harboring non-functional miRTS (either reverse com-
plementary or reverse of the original target sequence) were generated
as controls (MeV-CD-FmiRTS148aRC, MeV-EGFP-FmiRTS148aRC, and
MeV-EGFP-FmiRTS148aREV). Due to co-transcriptional encapsidation
of the MeV genome, cellular microRNAs can act on viral mRNA
but not on MeV genomic RNA.37

Attenuation of microRNA-sensitive MeV in the presence of miR-

148a

To model the exposure of non-tumor tissue to microRNA-sensitive
MeV, we first used the virus production cell line Vero (African green
monkey kidney cells). Vero cells were transfected with miR-148a (or
subjected tomock transfection) prior to infection withmiR-148a-sen-
sitive MeV. Virus spread, progeny virus titers, and post-infection cell
viability were determined. miR-148a reduced the spread of MeV-
EGFP-FmiRTS148a across the cell layer as indicated by limited syncytia
formation (Figure 2A). Compared to mock transfection, this resulted
in a significant reduction of EGFP-positive cells from ~76% to ~34%
at 40 h post-infection (p = 0.006, analysis of variance [ANOVA] and
Tukey’s test, Figure 2B). In line with limited virus dissemination,
progeny titers of MeV-CD-FmiRTS148a at 48 h post-infection were
reduced ~7-fold in the presence of miR-148a (p < 0.001, Figure 2C).
Finally, inhibition of syncytia formation and virus replication attenu-
ated cell lysis by microRNA-sensitive MeV (Figure 2D). This pre-
served >60% viability among miR-148a-treated cells compared to
~16% in the absence of miR-148a (p = 0.001). On the contrary,
miR-148a treatment had no effect on virus spread, progeny titers,
or cytotoxicity of control MeV harboring non-functional miRTS
(MeV-EGFP-FmiRTS148aRC).

We then studied microRNA-based MeV attenuation in miR-148a-ex-
pressing cells of pancreatic origin, as a representative compartment
exposed to potential off-target effects of MeV. To this end, micro-
RNA-sensitive MeV was used to infect a PDAC cell line stably trans-
duced to express miR-148a (IMIM-PC2-148a).41 Outcomes in IMIM-
PC2-148a cells were normalized to those in the control-transduced
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Figure 2. Regulation of microRNA-sensitive MeV in the presence of miR-148a

(A–D) Vero cells were transfected withmiR-148a or subjected tomock transfection prior to infection withmicroRNA-sensitive MeV at amultiplicity of infection (MOI) of 0.03. (A)

Syncytia formation and EGFP expression at 36 h post-infection. Fluorescence microscopy images were acquired using a �5 objective. (B) Virus dissemination assay. The

proportion of infected cells was determined by computational segmentation of fluorescencemicroscopy images obtained at 40 h post-infection (n = 3). (C) Progeny virus titers

at 48 h post-infection expressed as cell infectious units (CIU) per mL (n = 4). (D) Cell viability at 64 h post-infection (n = 3). Each dataset in (B)–(D) represents pooled replicates

from independent experiments. Median, first and third quartiles, and range are plotted. (E–G) IMIM-PC2 cells transduced to stably express miR-148a (IMIM-PC2-148a) were

infectedwithmicroRNA-sensitive MeV or control viruses as indicated. Outcomemeasures were normalized to those in control (empty lentiviral vector-transduced) IMIM-PC2-

LV cells treated in parallel (dotted lines). (E) Syncytia formation and EGFP expression at 36 h post-infection of IMIM-PC2-148a with MeV-EGFP-FmiRTS148a (MOI of 0.3)

determined by computational segmentation of fluorescence microscopy images. Two biological replicates per group and mean values (gray) are shown. (F) Progeny virus

titers at 48 h post-infection of IMIM-PC2-148a (MOI of 0.3). The dotted line corresponds to reference titers on IMIM-PC2-LV. Data represent biological triplicates; median, first

and third quartiles, and range are plotted. (G) Viability of IMIM-PC-148a cells after treatment with CD-UPRT-armed MeV in the presence and absence of prodrug. Cells were

infected with MeV-CD-FmiRTS148a or MeV-CD (MOI of 1), followed by 5-FC addition (1 mM) or mock treatment at 24 h post-infection. An XTT assay was performed at 48 h

post-treatment, and cell viability was calculated relative to IMIM-PC2-LV. Data represent biological quadruplicates; median, first and third quartiles, and range are plotted.
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Figure 3. Abundance of microRNA-148a in PDAC cells

Total RNA was isolated from 3� 105 cells per cell line. The average number of miR-

148a molecules per cell was determined by quantitative real-time PCR using a

standard curve. The stably transduced cell line IMIM-PC2-148a served as a positive

control. Data represent mean values and SD of three technical replicates, respec-

tively.
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cell line IMIM-PC2-LV to analyze virus-specific differences related to
miR-148a presence. MeV spread, progeny virus titers, and cell
viability upon infection of IMIM-PC2-148a were assessed (Figures
2E–2G). We observed miR-148a-specific attenuation of MeV-
EGFP-FmiRTS148a both in terms of virus spread and progeny virus ti-
ters. Relative to IMIM-PC2-LV controls, miR-148a expression led to
a reduction in EGFP-positive cells of ~75% and a reduction in prog-
eny virus titers of ~1 log-fold after infection with MeV-EGFP-
FmiRTS148a (Figures 2E and 2F). Cell viability of IMIM-PC-148a was
assessed after exposition to CD-UPRT-armed MeV with and without
subsequent prodrug addition (Figure 2G). Infection with MeV-CD-
FmiRTS148a alone resulted in reduced cytotoxicity toward IMIM-
PC2-148a compared to IMIM-PC2-LV controls, with ~30% excess
viability of miR-148a-expressing cells. Conversely, we did not observe
a net effect of miR-148a-specific attenuation in IMIM-PC2-148a cells
when MeV-CD-FmiRTS148a was combined with 5-FC. Interestingly,
IMIM-PC2-148a cells were less susceptible than the more rapidly
proliferating IMIM-PC2-LV in terms of virus replication and cyto-
toxicity also of control MeV.41 While these nonspecific effects were
less pronounced than the additional specific attenuation of micro-
RNA-sensitive MeV, they may point toward cellular miR-148a func-
tions that support MeV tumor specificity in general.

Infection of non-tumor tissue with MeV-EGFP-FmiRTS148a was further
assessed in live primary human liver specimens (Figure S5). Fluores-
cence microscopy at 24–144 h after ex vivo infection suggested forma-
tion of fewer EGFP-positive syncytia with MeV-EGFP-FmiRTS148a

compared to control MeV. In principle, these observations are in line
with the specific attenuationofmicroRNA-sensitiveMeVat physiologic
levels of hepaticmiR-148a.However, the small sample size precluded an
additional quantitative analysis to statistically confirm this notion.

Taken together, our evaluation of microRNA de-targeting in several
models of non-target tissue indicates that miR-148a-mediated regula-
tion of MeV F protein expression is suitable to protect susceptible
cells from potential off-target effects of MeV-CD-FmiRTS148a.

Endogenous expression of miR-148a in PDAC cells

Before moving on to infection of target PDAC cells, we characterized
the endogenous expression of miR-148a in our panel of PDAC cell
lines. Absolute quantification revealed mean copy numbers of miR-
148a ranging from 9 to 5,131 molecules per cell (Figure 3). We found
very low levels of miR-148a in IMIM-PC2 and MIA PaCa-2 cells (~9
and ~43 molecules per cell), followed by T3M4 and BxPC-3 cells
(~1,359 and ~1,489 molecules per cell). Endogenous expression of
miR-148a was highest in Capan-1 cells (~5,131 molecules per cell).
PDAC cells stably transduced to express miR-148a (IMIM-PC2-
148a) were included as a positive control (22,816 molecules per
cell).41 We also confirmed low expression of miR-148a by the virus
production cell line Vero (~337 molecules per cell).

Replication of MeV-CD-FmiRTS148a in PDAC cells

MeV infection of target cells and replication characteristics were as-
sessed in PDAC cell lines representing subtypes with epithelial
(BxPC-3) or mesenchymal (MIA PaCa-2, T3M4) differentiation.42,43

Syncytia formation and EGFP expression were similar with MeV-
EGFP-FmiRTS148a and MeV-EGFP-FmiRTS148aRC but differed between
individual cell lines (Figure 4A). Virus growth curves of MeV-CD-
FmiRTS148a also indicated varying replication of MeV in different
PDAC cells (Figure 4B). MeV-CD-FmiRTS148a yielded maximum titers
of 8.4 � 102, 6.2 � 103, and 3.1 � 104 cell infectious units (CIU) per
mL in BxPC-3, MIA PaCa-2, and T3M4 cells, respectively. Overall,
titers of MeV expressing the CD-UPRT transgene did not differ sub-
stantially from those of MeV-EGFP on PDAC cells. Likewise, replica-
tion efficiency was in the same range with both MeV-CD-FmiRTS148a

and control MeV-CD harboring the unmodified F gene.

Prodrug activation upon MeV-CD-FmiRTS148a infection

To examine the transgene expression kinetics and functionality of
CD-UPRT in PDAC cells upon infection with MeV-CD-FmiRTS148a,
we used a photometric approach to determine prodrug turnover.
BxPC-3 cells were infected with MeV-CD-FmiRTS148a or unmodified
control MeV at a multiplicity of infection (MOI) of 0.1. Repeated
sampling of cell lysates every 12 h revealed a marked increase in
CD-UPRT enzymatic activity between 24 and 48 h after infection.
This was followed by constant, sustained 5-FC turnover throughout
the observation period of 72 h (Figure 5). As expected, infection
with control MeV lacking the therapeutic transgene had no effect
on prodrug concentration. Taken together, this indicated protein
Molecular Therapy: Oncolytics Vol. 21 June 2021 343
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Figure 4. MeV replication in PDAC cells

(A) Fluorescence microscopy. PDAC cells were infected with MeV-EGFP-FmiRTS148a

or MeV-EGFP-FmiRTS148aRC (MOI of 0.3), and images were acquired at 64 h post-

infection. Scale bars represent 50 mm. (B) Virus growth curves. Progeny virus titers

were determined at the indicated time points after infection of PDAC cells with MeV-

EGFP, MeV-CD, or MeV-CD-FmiRTS14a (MOI of 0.03). Data represent mean values ±

SD of three biological replicates.
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expression, stability, and sustained activity of CD-UPRT in PDAC
cells after infection with MeV-CD-FmiRTS148a.

Combined cytotoxicity of MeV-CD-FmiRTS148a and prodrug in

PDAC cells

The cytotoxicity of miR-148a-sensitive, CD-UPRT-armed MeV in
combination with 5-FC was studied both in infected and in non-in-
fected (bystander) PDAC cells. To evaluate the effects on infected
cells, BxPC-3, Capan-1, MIA PaCa-2, and T3M4 cells were inoculated
with MeV-CD-FmiRTS148a or control MeV (MOI of 0.1). 5-FC was
added at 36 h post-infection, and cell viability was determined repeat-
edly after combination treatment. The resulting time course up to
72 h post-treatment is summarized in Figure 6.

We found variable degrees of cytolysis among PDAC cells that were
treated with MeV alone. MeV-CD-FmiRTS148a infection had the most
pronounced effect on MIA PaCa-2 cells (~32% mean viability at 72 h
relative to mock-treated cells). On the contrary, Capan-1 cells were
344 Molecular Therapy: Oncolytics Vol. 21 June 2021
largely refractory toMeVcytolysis (~92%meanviability at 72 h). Impor-
tantly, in the absence of prodrug the cytotoxicity ofMeV-CD-FmiRTS148a

and MeV-EGFP across all cell lines was not significantly different (p >
0.99, ANOVA and Tukey’s test). This indicated that MeV cytolysis
was unaffected by the insertion of the larger CD-UPRT transgene.

Irrespective of the variable susceptibility of PDAC cells to MeV infec-
tion, the addition of 5-FC to CD-armed MeV consistently reinforced
cytotoxicity. Averaged across all cell types, this further reduced mean
cell viability by ~29% (95% confidence interval [CI], 29% ± 7%, p <
0.001) compared to MeV alone. In pairwise comparisons of MeV-
CD-FmiRTS148a plus 5-FC and MeV-CD-FmiRTS148a, the effect varied
between cell lines and ranged from ~22% to ~38% of additional
toxicity after combination treatment (p < 0.05 for each comparison).
Addition of 5-FC exerted the highest toxicity in T3M4 cells (~26%
versus ~63% mean viability at 72 h) and in Capan-1 cells (~54%
versus ~92% mean viability at 72 h). The detected differences in
cell-specific susceptibility to MeV and 5-FC did not indicate any
cross-resistance between the respective treatment components. Over-
all, these findings were in line with the observed sensitivity of the
tested PDAC cell lines toward 5-FU (Figure S1A).

As expected, addition of 5-FC did not significantly alter the viability
of MeV-EGFP-infected cells (p = 0.81). This confirmed that interac-
tions of 5-FC and MeV depended on CD-UPRT expression. We also
noted that the simultaneous insertion of CD-UPRT and miRTS148a
did not impair the effects of MeV on PDAC cells, as combination
treatment with MeV-CD-FmiRTS148a or MeV-CD was similarly effec-
tive. Likewise, there was no indication of a correlation between
cellular miR-148a expression levels and 5-FU sensitivity in our panel
of PDAC cells (Figure S1B). Taken together, we did not observe any
interference of miRTS148a or CD-UPRT with the therapeutic efficacy
of MeV in target cells.

In a post hoc analysis of the results with MeV-CD-FmiRTS148a chemo-
virotherapy, we analyzed the observed efficacy after stratification by
molecular PDAC subtype, following a transcriptomic classification
of cell lines based on the PDAC subtypes defined by Moffitt
et al.44,45 The analysis was restricted to cell lines within our panel
with available conclusive classifications. We found more pronounced
cytotoxicity in cell lines of the “basal” (BxPC-3 and T3M4) versus
“classical” (Capan-1) subtype of PDAC (Figure S2). This relationship
was consistent both for treatment withMeV-CD-FmiRTS148a alone and
for MeV-CD-FmiRTS148a plus prodrug (p < 0.05 for each comparison,
Mann-Whitney U test).

We went on to assess whether the release of activated prodrug by in-
fected cells allowed for an expansion of cytotoxicity to non-infected
(bystander) PDAC cells. To this end, PDAC cells were exposed to
culture medium collected from donor cells previously treated with
MeV-CD-FmiRTS148a plus 5-FC. Different dilutions (1:2 to 1:1,000)
of transferred medium were used in parallel and cell viability was as-
sessed after 72 h. Medium derived from combination-treated cells
induced a concentration-dependent toxicity on naive PDAC cells,
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Figure 5. Transgene activity in MeV-infected PDAC cells

To determine prodrug turnover in target cells, BxPC-3 cells were infected with MeV-

CD-FmiRTS148a or parental MeV (MOI of 0.1). At designated time points after infec-

tion, cell lysates were collected, heat-inactivated, and incubated with 5-FC (1.5 mM)

until readout. (A) Spectrophotometry. The dotted line corresponds to 1.5 mM 5-FC.

(B) CD-UPRT activity over time. Absorbance data shown in (A) were normalized to

MeV-treated controls and maximum activity was set to 100%. Mean values ± SD of

three biological replicates are shown.
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which resulted in a minimal mean cell viability of ~10% (BxPC-3 and
MIA PaCa-2), ~16% (T3M4), and ~20% (IMIM-PC2) after 72 h (Fig-
ure 7). Cytotoxic effects were reproducible on all PDAC cell lines at
dilutions of activated medium ranging from 1:2 to 1:100 (p < 0.05
for pairwise comparisons to mock-treated controls). All cell lines
except MIA PaCa-2 also responded to medium from combination-
treated cells at a dilution of 1:1,000. Medium from MeV only-treated
controls had no effect on PDAC cell viability. Medium derived from
5-FC only-treated cells did affect the viability of T3M4 cells when
applied at a high concentration (1:2). This is in line with T3M4 cell
responses to prodrug concentrations exceeding 0.5 mM in a separate
dose escalation experiment (data not shown). However, medium
derived from combination treatment at 1:2 dilution was still associ-
ated with superior cytotoxicity toward T3M4 cells compared to me-
dium containing 5-FC only (mean difference and 95% CI, 43% ±

18%, p < 0.0001).

In addition to cell viability, we studied the expression of apoptosis and
cell proliferation markers in bystander PDAC cells. Cells were treated
with activatedmedium at 1:2 or 1:10 dilution as described, and immu-
nofluorescence staining was performed after 48–72 h to quantify the
proportion of cells expressing cleaved caspase-3 or Ki-67. Fluores-
cence imaging results with quantitative analysis are summarized in
Figure S3.We observed a significant increase in the fraction of cleaved
caspase-3-positive cells across all cell lines (p < 0.05 for all compari-
sons, Pearson’s chi-square test) after exposition to activated medium
from combination-treated donor cells (Figures S3A and S3B). This ef-
fect was pronounced in Capan-1 and MIA PaCa-2 cells, and modest
in BxPC-3 and T3M4 cells. With regard to Ki-67 expression, immu-
nofluorescence results were less consistent, and highly variable frac-
tions of positive cells were found both across different cell lines and
between treatment groups (Figure S3B). In line with the previously
documented cytotoxicity of activated culture medium, treatment at
both dilutions markedly reduced the density of the cell layer indicated
by the total number of DAPI (4’,6-diamidino-2-phenylindole)-posi-
tive cells per field of view.

Collectively, these data demonstrate the oncolytic activity of MeV-
CD-FmiRTS148a in PDAC cells and show complementary effects with
the addition of 5-FC. Furthermore, activated prodrug released from
MeV-CD-FmiRTS148a-treated cells expanded the toxicity to non-in-
fected bystander PDAC cells.

Dynamics of transgene expression in PDAC xenografts

The successful translation of chemovirotherapy in vivo requires a co-
ordinated application of complementary treatment modalities. To
develop a treatment schedule of intratumoral MeV-CD-FmiRTS148a

and systemic prodrug, we explored the temporal pattern of CD-
UPRT expression in infected PDAC tumors. Non-obese diabetic
(NOD)/severe combined immunodeficiency (SCID)/gamma (NSG)
mice with subcutaneous (s.c.) T3M4 tumors received one intratu-
moral injection with 5 � 106 CIU of MeV-CD-FmiRTS148a. Whole tu-
mors were obtained for protein isolation and immunodetection of
CD-UPRT up to 7 days after MeV administration. We detected intra-
tumoral CD-UPRT protein at all time points studied. As revealed by
semiquantitative immunoblot of whole tumor lysates, CD-UPRT
levels peaked at 48 h after virus injection (Figure S4). While at 12 h
the relative CD-UPRT level tended to be very low, it increased mark-
edly by 24 h post-infection, indicating de novo transgene expression
in infected tumors. CD-UPRT protein persisted at detectable quanti-
ties for at least 7 days following a single virus injection.

Therapeutic efficacy of chemovirotherapy in vivo

We then explored the therapeutic efficacy of MeV-CD-FmiRTS148a

chemovirotherapy in vivo. NSGmice bearing subcutaneous T3M4 tu-
mors were treated with daily intratumoral injections of 6.9� 106 CIU
ofMeV-CD-FmiRTS148a on 5 consecutive days. In order to synchronize
CD-UPRT expression and 5-FC bioavailability, intraperitoneal 5-FC
treatment was initiated 48 h after the first MeV injection and
continued at 200 mg per kg twice daily for 5 days. Treatment effects
on tumor growth and overall survival were assessed.

Tumor growth kinetics for individual animals and between-group
comparisons are shown in Figures 8A and 8B. Mock-treated tumors
reached a mean volume of 505 mm3 on day 16 after implantation, the
last day all animals were alive (Figure 8C). Compared to mock-treated
Molecular Therapy: Oncolytics Vol. 21 June 2021 345
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Figure 6. Cytotoxicity of MeV-CD-FmiRTS148a in combination with prodrug

Cell viability of PDAC cells was studied after MeV infection and 5-FC treatment. Cells were infected with MeV-EGFP, MeV-CD, MeV-CD-FmiRTS148a, or MeV-CD-FmiRTS148aRC

(MOI of 0.1) followed by addition of 1 mM 5-FC at 36 h post-infection. An XTT assay was performed every 24 h after combination treatment, and cell viability was calculated

relative to uninfected controls. (Left) Cell viability over time. (Right) Endpoint cell viability at 72 h post-treatment. Data represent mean ± SEM from two experiments each

performed in biological quadruplicates.
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controls, both MeV-CD-FmiRTS148a alone and MeV-CD-FmiRTS148a

plus 5-FC significantly reduced mean tumor volume (p = 0.005 and
p = 0.0001, ANOVA and Tukey’s test). Mean tumor volume on day
16 was lower after treatment with MeV-CD-FmiRTS148a plus 5-FC
(158 mm3) than after MeV-CD-FmiRTS148a alone (253 mm3), but
the difference was not statistically significant (p = 0.52). Systemic 5-
FC alone had no significant effect on mean tumor volume compared
to mock treatment (p = 0.99). Survival outcomes are summarized in
Figure 8D. Chemovirotherapy with MeV-CD-FmiRTS148a plus 5-FC
significantly prolonged animal survival compared to MeV-CD-
FmiRTS148a alone (p = 0.039, log-rank test). Mice treated with MeV-
CD-FmiRTS148a plus 5-FC survived a median of 28 days after tumor
implantation, in contrast to 18 days with mock treatment. While local
administration of MeV-CD-FmiRTS148a alone also prolonged survival
compared to mock treatment (p = 0.002), systemic 5-FC alone had no
significant effect (p = 0.19). There were no events indicating 5-FC-
associated toxicity. In summary, combination treatment with intratu-
moral virus and systemic pro-drug administration effected the most
prolonged survival of mice bearing PDAC xenografts.
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DISCUSSION
This study introduces microRNA-sensitive CD-UPRT-armed onco-
lytic MeV with systemic 5-FC as a novel chemovirotherapeutic
approach for advanced PDAC.

To limit adverse effects of chemovirotherapy in patients, spatial control
of virus replication is important. The viral hemagglutinin protein and its
cellular receptors, CD46, SLAMF1, and nectin-4, mediate the cell entry
ofMeVvaccine strains.46,47Overexpression of these receptors in epithe-
lial cancers, including PDAC, facilitates MeV cytolysis.48–50 Other nec-
tin-4-directed agents have been evaluated in clinical trials which under-
score its use as a molecular target for cancer therapy.51 Nonetheless, the
physiologic expression of bothCD46 and nectin-4 in non-tumor tissues
limits the tumor selectivity of MeV at cell entry.

Our study applies the regulation of MeV by miR-148a as a safety strat-
egy to direct MeV replication toward PDAC. Comprehensive work has
defined the role of miR-148a in cancer.52 In PDAC, miR-148a expres-
sion is frequently suppressed, a findingwe could reproduce in our panel



Figure 7. Bystander effect of 5-FC activation on PDAC cells

Cell viability of bystander PDAC cells after chemovirotherapy. PDAC cells were

exposed to four different dilutions of heat-inactivated medium from either combi-

nation-treated (MeV-CD-FmiRTS148a + 1 mM 5-FC) or control-treated Vero cells.

After 72 h of incubation with donor cell medium, cell viability was determined by an

XTT assay and calculated relative to untreated controls. Mean values ± SD of four

biological replicates are shown.
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of PDACcell lines. In this study, we evaluatedmiRTSs introduced in the
30UTRofMeVF, conferring intermediate regulation compared toalter-
native locations within the MeV genome. We have recently shown that
positional effects of miRTS insertion are useful to fine-tune vector con-
trol, and introduced microRNA targeting of several MeV genes in par-
allel.38,53 Clearly, individual clinical applications and tumor characteris-
tics will guide the optimal selection of bothmiRTS species and insertion
sites when moving toward clinical trials.

Importantly, the insertion of miRTS did not affect the therapeutic ef-
ficacy of MeV. This is in line with the overall low expression levels of
miR-148a in PDAC. In a previous study in PDAC xenografts, a
related multi-microRNA-sensitive MeV also retained the same in vivo
efficacy as the respective control vector.38 However, we still observed
variable sensitivity to MeV infection among different cell lines. Our
findings reflect the molecular, phenotypic, and clinical heterogeneity
of PDAC tumors. Based on genomic and transcriptomic profiling,
several classifications of PDAC subtypes have been introduced and
linked to clinical outcomes.42,44,54,55 We analyzed the relationship be-
tween cellular PDAC subtypes and the efficacy of MeV chemoviro-
therapy based on our in vitro cytotoxicity data. This analysis follows
a recent transcriptomic classification of PDAC cell lines into subtypes
defined in datasets from The Cancer Genome Atlas (TCGA).44,45 Of
note, both MeV-CD-FmiRTS148a alone and chemovirotherapy with 5-
FC appeared to have more pronounced effects on cells of the basal
subtype previously associated with inferior survival. We also found
pronounced MeV cytolysis in MIA PaCa-2 cells, a cell line that could
not be conclusively classified as classical or basal, but also has been
assigned to a PDAC subtype with inferior prognosis.42,45,55

In the selection of patients for future chemovirotherapy trials, inter-tu-
mor heterogeneity may pose important challenges. Improvements in
subclassification of PDAC are therefore expected to enable optimal
stratification of patients. Matching molecular profiling of patient-
derived materials with results of preclinical chemovirotherapy in
each subtype could represent one way of identifying the patients with
the greatest potential benefit. In a previously published study involving
patient-derived xenografts of other cancer types, the authors estab-
lished a classificationmodel based on gene signatures to predict clinical
responses toMeV therapy.56 Further research is needed to delineate the
influence of tumor characteristics concerning interferon response, re-
ceptor status, and transcriptional networks on MeV efficacy in PDAC.

Although MeV infection induced variable responses, 5-FC added to its
efficacy in all PDAC cell lines tested. We also demonstrated comple-
mentary cytotoxicity to non-infected bystander tumor cells after pro-
drug conversion. This allows for therapeutic effects beyond the fraction
of infected tumor cells. These results are further corroborated by the
observed relevant sensitivity of all cell lines toward 5-FU, which in
turn was independent of the respective cellular miR-148a expression
levels. Taken together, these findings suggest the absence of cross-resis-
tance between the different treatment components of the 5-FU-based
chemovirotherapy regimen. Fluorouracil was shown previously to syn-
ergizewithMeV in several tumor entities.57–60 In one study, PDACcells
were transduced ex vivo with a CD-expressing vector prior to engraft-
ment in mice.61 Subsequent 5-FC treatment induced complete remis-
sion of subcutaneous tumors, emphasizing the efficacy of the CD/5-
FC system upon optimal transgene expression.

The treatment of pre-established tumors in vivo resembles clinical ap-
plications more accurately than in vitro infection. In pre-established
PDAC xenografts in mice, we demonstrated intratumoral expression
of prodrug convertase after a single administration of MeV-CD-
FmiRTS148a, indicating effective virus replication and transgene expres-
sion in vivo. However, further potential challenges exist in the clinical
translation of MeV chemovirotherapy for PDAC. The stromal micro-
environment of PDAC has been identified as a prognostic factor and is
characterized by a dense extracellular matrix that can pose barriers to
the distribution of conventional drugs.62–64 This has implications for
PDAC chemovirotherapy, as intratumoral virus spread contributes to
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Figure 8. Efficacy of MeV-CD-FmiRTS148a chemovirotherapy in vivo

Subcutaneous T3M4 tumors were implanted into the right flank of NOD/SCID/gammamice. On day 9 post-implantation, mice were treated with daily intratumoral injections

of MeV-CD-FmiRTS148a (6.9� 106 CIU) for 5 days. Starting 48 h after the first virus injection, intraperitoneal 5-FC (200mg/kg) was applied twice daily for 5 days. Control-treated

mice received either MeV-CD-FmiRTS148a, 5-FC, or mock treatment. A total number of 36 animals were treated in the study (n = 9 per group). (A) Tumor growth dynamics of

individual mice. Arrows indicate intratumoral injections, and gray areas mark the duration of intraperitoneal treatments. (B) Tumor growth trajectories aggregated by treatment

group. Regression lines (dashed) based on the data in (A) with 95% confidence bands (colored) are shown. (C) Tumor volume of individual mice (gray) on day 16 after tumor

implantation (the last day all animals were alive). Horizontal bars indicate mean values. (D) Kaplan-Meier survival analysis; p-value was obtained by log-rank test comparing

MeV-CD-FmiRTS148a + 5-FC and MeV-CD-FmiRTS148a alone.
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efficacy, and sufficient intratumoral uptake and diffusion of prodrug is
a prerequisite for therapeutic bystander effects. Interestingly, cytokine
signaling between stromal and malignant cells in PDAC was shown to
enforce rather than hinder the replication of several OVs in patient-
derived xenografts.65 Moreover, different strategies have been explored
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to improve the distribution of OVs in stroma-rich tumors.66,67With re-
gards to MeV therapy, targeting both neoplastic cells and cells of the
stromal compartment has been shown to result in superior efficacy.68

It is conceivable that through similar mechanisms, MeV chemoviro-
therapy may lead to remodeling of the extracellular matrix in PDAC
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with positive therapeutic effects. However, in light of the functional
heterogeneity among non-neoplastic cell types in PDAC tumors, out-
comes of stromal targeting will need careful assessment.69

Our results with chemovirotherapy in infected and bystander PDAC
cells suggest that the respective effects of MeV-CD-FmiRTS148a and
activated prodrug on tumor cells are not fully additive. Instead, our
findings point toward a more complex interaction of both treatment
components. Previous studies have identified a possible interference
of prodrug activation with MeV-CD replication, especially at early
time points after infection.57 Prodrug application schedules therefore
need to incorporate data on virus replication kinetics and on the tem-
poral dynamics of transgene expression applicable to the specific
setting. We therefore repeatedly assessed intratumoral prodrug con-
vertase expression in vivo up to 7 days after MeV-CD-FmiRTS148a

infection of PDAC xenografts and detected peak expression at 48 h.
This is in line with other studies of intratumoral MeV replication
and time to maximum transgene expression.70,71

Based on our analysis of prodrug convertase expression in PDAC xe-
nografts, we devised a chemovirotherapy schedule aiming at optimal
prodrug activation in vivo. Our regimen of MeV-CD-FmiRTS148a plus
5-FC significantly prolonged animal survival compared to MeV
alone. We found no toxicity of systemic 5-FC in mice at 200 mg
per kg twice daily, and similar doses were safely applied by others.72

Overall, the efficacy we observed goes beyond previous results of
PDAC chemovirotherapy with MeV and a fludarabine-based
regimen.73 While the absolute survival benefit was still modest, it
may indicate a meaningful improvement in light of the highly refrac-
tory nature of PDAC toward standard therapies. However, there were
no complete or long-term remissions. As expected, the outcomes in
our xenograft model differ from results in immunocompetent tumor
models, where MeV therapy induces both complete and durable re-
missions and tumor vaccination effects.23,24

The immunostimulatory potential of virotherapy has become an
overarching theme in the field with widespread therapeutic implica-
tions.74 In a subset of cancer patients, immunotherapies have already
surpassed other modalities in long-term tumor control.75,76 However,
even in immunogenic tumors, clinical responses often manifest with
delay. Therefore, both rapid proliferation and poor immunogenicity
of PDAC counteract the induction of effective antitumor immunity.77

Importantly, studies in preclinical models suggest that fluoropyrimi-
dines, including 5-FU, can induce the selective depletion of intratu-
moral immune cell populations with immunosuppressive functions,
such as myeloid-derived suppressor cells.78 Alternatively, various
mechanisms have been characterized by which MeV oncolysis in-
duces and sustains antitumor immunity.79 Combining conventional
antineoplastics and MeV virotherapy could therefore open a window
of opportunity for the formation of immune-mediated therapeutic ef-
fects in PDAC. This concept warrants the evaluation of multimodal
approaches that incorporate elements of chemotherapy, immuno-
therapy, and virotherapy. So far, most trials in PDAC have focused
only on combinations of OVs and chemotherapy.80,81
From a clinical perspective, 5-FU-based MeV chemovirotherapy could
add to the management of PDAC in several settings. In locally
advanced unresectable PDAC, activation of 5-FC upon intratumoral
virus injection may serve as a radio-sensitizing strategy.82 In dissemi-
nated stages, testing of alternative virus administration routes should
be encouraged.80 This may include intravenous or intracavitary treat-
ment of manifestations often refractory to standard treatment, such
as peritoneal carcinomatosis.83–85MeV-CD-FmiRTS148a chemovirother-
apy could also be evaluated in other tumor entities with matching mi-
croRNA profiles and clinical sensitivity to 5-FU, including gastric and
colorectal cancer.86–88

The interplay of OVs and the tumor microenvironment allows for
anti-tumor effects along various mechanisms of action. Genetic engi-
neering of OVs expands this pharmacodynamic range and realizes
new combination therapies. In this study, we generated and charac-
terized an oncolytic MeV for 5-FU-based chemovirotherapy of
PDAC with an improved safety profile. Further research is needed
to elucidate and circumvent resistance mechanisms, and to align vi-
rotherapy and other modalities in optimal synergism. Hopefully,
this will advance the treatment of entities such as PDAC and enable
new ways of tumor control for the benefit of patients.
MATERIALS AND METHODS
Cloning of recombinant MeV

Cloning of recombinant viruses was based on the p(+)MV-NSe cDNA
antigenome of MeV Edmonston tag laboratory strain.89,90 To generate
microRNA-sensitiveMeV, a miRTS box encoding three copies of either
the nucleotide sequence complementary tomature hsa-miR-148a-3p (as
per http://www.mirbase.org) or the corresponding reverse complemen-
tary control sequencewas designed as described previously.38 For exper-
iments involving IMIM-PC2-148a cells, a controlmiRTSbox containing
three copies of the target site in reverse orientation separated by 14-nt
spacer sequences was designed. The following DNA oligonucleotides
including full-length miRTS boxes with PvuI-PacI compatible ends for
cloning were synthesized by Eurofins Genomics (Ebersberg, Germany):
50-CGACAAAGTTCTGTAGTGCACTGAGAGCTTGACAAAGTTC
TGTAGTGCACTGAGAGCTTGACAAAGTTCTGTAGTGCACTGA
GAGTTAAT-30 (miRTS148a forward), 50-TAACTCTCAGTGCAC
TACAGAACTTTGTCAAGCTCTCAGTGCACTACAGAACTTTG
TCAAGCTCTCAGTGCACTACAGAACTTTGTCGAT-30 (miRTS1
48a reverse); 50-CGTCAGTGCACTACAGAACTTTGTGAGCTTG
TCAGTGCACTACAGAACTTTGTGAGCTTGTCAGTGCACTAC
AGAACTTTGTGAGTTAAT-30 (miRTS148aRC forward), 50-TAA
CTCACAAAGTTCTGTAGTGCACTGACAAGCTCACAAAGTTC
TGTAGTGCACTGACAAGCTCACAAAGTTCTGTAGTGCACTG
ACGAT-30 (miRTS148aRC reverse); 50-CGAGTCACGTGATGTC
TTGAAACAAATAATACCCAATGAGTCACGTGATGTCTTGAA
ACATTCGATCCCTTCTTAGTCACGTGATGTCTTGAAACAGT
TAAT-30 (miRTS148aREV forward), 50-TAACTGTTTCAAGACAT
CACGTGACTAAGAAGGGATCGAATGTTTCAAGACATCACGT
GACTCATTGGGTATTATTTGTTTCAAGACATCACGTGACTCG
AT-30 (miRTS148aREV reverse).
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Oligonucleotides encoding miRTS boxes were inserted into the 30

UTR of MeV F encoded by the plasmid pCG-F, followed by cloning
of NarI-PacI fragments of pCG-FmiRTS into pMV-EGFP genomic
cDNA as described previously.37,38 Plasmid DNA encoding the
E. coli CD-UPRT fusion gene in an open reading frame (pORF-co-
dA::upp) was purchased from InvivoGen (San Diego, CA, USA). To
yield microRNA-sensitive MeV encoding CD-UPRT, an exchange
of the additional transcription unit upstream of the MeV N gene
was performed by cloning the MluI-SdaI fragment of pMV-CD57

into pMV-EGFP-FmiRTS.
Cell culture

Vero (African greenmonkey kidney), Capan-1, and BxPC-3 cells were
obtained fromATCC (Manassas, VA, USA). IMIM-PC2, IMIM-PC2-
148a, and IMIM-PC2-LV cells were kindly provided by Stephan A.
Hahn (Ruhr University, Bochum, Germany) and MIA PaCa-2 and
T3M4 cells by Zahari Raykov (DKFZ, Heidelberg, Germany). Cell cul-
ture media were supplemented with 10% fetal bovine serum (Biosera,
Nuaille, France) unless indicated otherwise. Vero and MIA PaCa-2
cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Life Technologies, Darmstadt, Germany). BxPC-3,
IMIM-PC2, and T3M4 cells were maintained in Roswell Park Memo-
rial Institute medium (Life Technologies). The medium of IMIM-
PC2-148a and IMIM-PC2-LV cells was supplemented with 2 mg/mL
puromycin (Life Technologies). Capan-1 cells were maintained in Is-
cove’s modified Dulbecco’s medium (Life Technologies) supple-
mented with 20% fetal bovine serum and 1% ultraglutamine (Lonza,
Basel, Switzerland). Cultured cell lines were incubated at 37�C in a hu-
midified atmosphere with 5%CO2 and routinely tested to excludemy-
coplasma contamination using the Venor GeM kit (Minerva Biolabs,
Berlin, Germany) according to the manufacturer’s instructions.
Virus generation and propagation

Rescue of recombinant MeV was based on the RNA polymerase II-
dependent method.91,92 Virus generation and propagation were car-
ried out in Vero cells. For propagation, cells seeded on 15-cm culture
dishes (Greiner, Frickenhausen, Germany) were infected at an MOI
of 0.03 and incubated at 32�C, 5% CO2. After aspiration of culture
medium at 36–72 h post-infection, infected cell layers were harvested
using a sterile cell scraper. Harvested cells were subjected to one
freeze-thaw cycle followed by centrifugation at 5,000 � g, 4�C for
5 min. The supernatant was aliquoted and stored at �80�C.
In vitro virus infection

Cells were seeded on multi-well plates at indicated densities. Virus
suspended in Opti-MEM (Life Technologies) was applied at the indi-
cated MOI in exchange of, or in addition to, cell culture media, de-
pending on the experiment. Cells were incubated with virus at
37�C, 5% CO2. Plates were gently shaken four times per hour to allow
for even distribution of virus. Where indicated, medium was changed
to fresh culture medium after 2 h of virus adsorption.
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Multi-step virus growth curves

Pancreatic cancer cells were seeded on 12-well plates at 1 � 105 to
1.5 � 105 cells per well depending on the cell line and were infected
with MeV variants at an MOI of 0.03 as described. At the designated
time points post-infection, cells were harvested, vortexed, subjected to
one freeze-thaw cycle, and centrifuged at 5,000 � g, 4�C for 5 min.
Supernatants were stored at �80�C until progeny virus titration.
MicroRNA precursor transfection

miR-148a-3p microRNA mimics were purchased from Life Technolo-
gies (mirVana microRNA mimics). Cell transfection with microRNA
mimics was performed using Lipofectamine 2000 (Life Technologies)
according to the manufacturer’s instructions. Transfection complexes
were prepared in Opti-MEM (Life Technologies) and added to cells
seeded on 12- or 24-well plates, resulting in a microRNA mimic con-
centration of 60 nmol/L. Mock transfection was performed in parallel
without the addition of microRNA mimics. Following microRNA
transfection, cells were incubated at 37�C, 5% CO2 until MeV infection
was carried out as described. At the indicated time points post-infec-
tion, the respective readout was performed by fluorescencemicroscopy,
progeny virus titration, or a cell viability assay.
Quantitative microRNA PCR

Total RNA was isolated from 3� 105 cells per cell line using the miR-
Neasy mini kit (QIAGEN, Hilden, Germany). RNA oligonucleotides
encoding mature hsa-miR-148a-3p (Eurofins, Ebersberg, Germany)
were used to prepare a standard dilution series of 101–108 molecules
in 300 ng each of E. coli carrier RNA (Sigma-Aldrich). RNA samples
and standards were reverse transcribed using the miScript II RT kit (-
QIAGEN). Real-time PCR was performed on a LightCycler 480 with
software version 1.5 (Roche) using miScript primer assays and the
miScript SYBR Green PCR kit (both from QIAGEN). Crossing point
(Cp) values were defined by the second derivative maximum
method.93 Cp values were normalized to RNU6-2 as an endogenous
reference, and absolute microRNA copy numbers were calculated us-
ing the standard curve.
Progeny virus titration

Cells were pretreated according to the experiment, infected, and har-
vested as described. Virus samples were briefly thawed in a water bath
at 37�C and serial 1:10 dilutions in DMEM were prepared in octupli-
cates. Vero cells seeded on 96-well plates (104 per well) were incubated
with diluted samples at 37�C, 5% CO2. After 48 h, formation of indi-
vidual syncytia was determined and CIU per mL was calculated.
Fluorescence microscopy of infected cells

An Axiovert 200 microscope, AxioCamMR, and Axiovision software
(all from Carl Zeiss, Jena, Germany) were used for microscopy and
image acquisition. Fluorescence-based analysis of cell layer infection
was performed by automated segmentation with ImageJ 2.1.0 soft-
ware (General Public License)94 with uniform threshold settings
across all samples.
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Spectrophotometry

To study prodrug activation in vitro, a photometric assay was estab-
lished based on the method by Nishiyama et al.27 CD-UPRT activity
was estimated as the relative change in substrate concentration based
on the optical absorbance spectrum of 5-FC (maximum at 285 nm)
and the Beer-Lambert-Bouguer law. At designated time points post-
infection (MOI of 0.1), 1.5� 105 BxPC-3 cells cultured in 12-well plates
were scraped in their medium and lysed by one freeze-thaw cycle. 5-FC
(Sigma-Aldrich, Darmstadt, Germany) stock solution was prepared us-
ing 0.9% NaCl (B. Braun, Melsungen, Germany). Whole-cell lysates
were incubated at 37�C with 5-FC at a final concentration of
1.5 mmol/L for 48 h. After centrifugation at 6,000 � g for 5 min at
4�C, absorbance at 290 nm was determined using a NanoDrop 2000
spectrophotometer (Thermo Scientific, Waltham, MA, USA).

Cell viability assay

PDAC cells were seeded on 96-well plates at 104 cells per well and in-
fected as described (MOI of 0.1). 5-FC stock solution was diluted in
Opti-MEM and added to cells at 36 h post-infection, resulting in a
final concentration of 1 mmol/L. Each experiment was carried out
in biological quadruplicates per condition. At the designated time
points after prodrug treatment, XTT reagent was applied to cells using
the Colorimetric Cell Viability Kit III (PromoKine, Heidelberg, Ger-
many) following the manufacturer’s instructions. Absorbance at
450 nm of each sample was measured in technical triplicates on a
GENios plate reader using XFLUOR4 v4.51 software (Tecan, Maen-
nedorf, Switzerland). Cell viability was calculated relative to mock-
treated or prodrug-treated references.

Bystander cell viability assay

Vero cells seeded on six-well plates (4� 105 per well) were inoculated
withMeV-CD-FmiRTS148a in Opti-MEM at anMOI of 0.1 or mock-in-
fected as described before, including an exchange of medium to fresh
DMEM after 2 h. At 36 h post-infection, cells were treated with 5-FC
at a concentration of 1 mmol/L or with carrier DMEM (mock treat-
ment). After incubation for 12 h, cell culture supernatants were
collected and centrifuged at 15,000 � g, 22�C for 5 min to remove
cell debris. Cleared medium samples were heated to 60�C for
30 min in order to inactivate remaining virus particles and stored
at �20�C. PDAC cells seeded on 96-well plates (104 per well) were
treated with the respective conditioned supernatant at indicated dilu-
tions. After 72 h of incubation at 37�C, 5% CO2, an XTT (2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)2H-tetrazolium-5-carboxanilide)
cell viability assay was carried out as described above.

Infection of primary liver tissue

Patient’s informed consent was obtained according to the research
proposals approved by the Institutional Review Boards at Heidelberg
Medical Faculty. Primary human liver tissue was provided by the sur-
gical department at Heidelberg University Hospital. Sections of 300
mm thickness were prepared using a vibratome as described previ-
ously.38 Tissue slices were maintained on culture inserts for six-well
plates (BD Biosciences, Heidelberg, Germany) in William’s E me-
dium (Life Technologies) supplemented with 434 mg/L L-alanyl-L-
glutamine, 25 mM glucose, and 50 mg/mL gentamicin. Immediately
after preparation, specimens were infected with 5 � 106 CIU of the
respective virus by inoculation into the culture medium and incu-
bated at 37�C, 5% CO2 for 24 h. Medium was renewed daily using
fresh supplemented William’s E medium. Multichannel fluorescence
microscopy images were acquired as overlapping tiles at 24–144 h
post-infection. Composite images were assembled, and individual
channels were used to correct for tissue autofluorescence by back-
ground subtraction.

Immunofluorescence staining

Cells were seeded on six-well plates (3.5 � 105 per well) containing
glass coverslips (thickness no. 1.5, VWR, Darmstadt, Germany). At
6–24 h after seeding, cells were treated with conditioned supernatant
as described above. After 48–72 h of incubation, cells were washed
with PBS, fixed with 4% paraformaldehyde (ROTI Histofix, Carl
Roth, Karlsruhe, Germany), and permeabilized in PBS containing
0.2% Triton X-100 (Sigma-Aldrich). Cells were incubated with block-
ing buffer (2% bovine serum albumin [Sigma-Aldrich] and 0.1%
Triton X-100 in PBS) for 60 min at room temperature (RT). Primary
antibodies were diluted in PBS containing 1% bovine serum albumin
and 0.1% Triton X-100 and incubated at 4�C overnight. The mono-
clonal rabbit anti-Ki-67 (#M7240, Agilent Technologies, Waldbronn,
Germany) was diluted at 1:30, and the polyclonal rabbit anti-cleaved
caspase-3 (#9661, Cell Signaling Technology, Frankfurt, Germany)
was diluted at 1:300. After washing, secondary antibodies (goat
anti-rabbit Cy3, 111-165-003, Dianova, Hamburg, Germany and
goat anti-mouse Alexa Fluor 488, 715-545-150, Dianova) were diluted
at 1:200 along with DAPI (AppliChem, Darmstadt, Germany) in PBS
and incubated for 60–90 min at RT. Cells were washed and the cov-
erslips were mounted onto microscope slides (Thermo Scientific)
containing mounting medium (Dako, Hamburg, Germany). Fluores-
cence images were acquired on an AxioCamMRR3 (Zeiss) connected
to an Axio Observer Z1 (Zeiss) with ZEN 2.5 blue edition software
(Zeiss). Analysis of immunofluorescence images was performed by
automated segmentation and particle analysis with ImageJ 2.1.0 soft-
ware using uniform settings across samples from the same cell line
and acquisition channel.

Dose-response assay

PDAC cells were seeded on 96-well plates at 104 cells per well. Dilu-
tions of 5-FU (Sigma-Aldrich) stock solution in 0.9%NaCl (B. Braun)
were prepared using cell-specific medium and added to cells at 6–8 h
after seeding, resulting in final concentrations from 0.05 to 2 mM.
Each experiment was carried out in biological quadruplicates per con-
dition. At 72 h post-treatment, an XTT assay was performed as
described and cell viability was calculated relative to mock-treated
references.

In vivo experiments

Animal experiments were approved by the local regulatory authority
(Regierungspraesidium Karlsruhe, Germany) and conducted in line
with the German Animal Protection Law. NOD.Cg-Prkdcscid

Il2rgtm1WjI (NOD/SCID/gamma) mice were bred and housed in the
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DKFZ Central Animal Laboratory (DKFZ, Heidelberg, Germany).
For evaluation of intratumoral prodrug convertase expression, 106

T3M4 cells were implanted subcutaneously into the right flank of
NOD/SCID/gammamice. Treatment was initiated whenmean tumor
volume reached R100 mm3. MeV-CD-FmiRTS148a was administered
as one intratumoral injection of 5 � 106 CIU. At the designated
time points after virus application, animals were sacrificed, whole tu-
mors were excised, and tissue was stored at�80�C until protein isola-
tion. For assessment of in vivo chemovirotherapy efficacy, 6 � 106

T3M4 cells suspended in 100 mm3 PBS were implanted subcutane-
ously into the right flank of NOD/SCID/gamma mice. Treatment
was initiated once mean tumor volume reached R80 mm3. MeV-
CD-FmiRTS148a was injected intratumorally at 6.9 � 106 CIU in
100 mm3 of Opti-MEM per day on 5 consecutive days. Starting
48 h after the first virus application, 5-FC was administered intraper-
itoneally at 200 mg per kg in 800 mm3 of sterile NaCl 0.9% (B. Braun)
every 12 h for a total of 5 days. Control-treated animals received sham
treatment using the respective carrier substances: intratumoral MeV-
CD-FmiRTS148a + intraperitoneal NaCl 0.9% (MeV only), intratumoral
Opti-MEM + intraperitoneal 5-FC (5-FC only), or intratumoral Opti-
MEM + intraperitoneal NaCl 0.9% (mock). Tumor volume was deter-
mined using a caliper and the following formula: tumor volume
(mm3) = 0.5 � largest diameter (mm) � (smallest diameter
[mm])2. Animals were sacrificed when one of the following criteria
was met: tumor volume R 1500 mm3, tumor ulceration, or deterio-
ration indicating pain or distress, such as ruffed fur, apathy, or
cachexia.

Protein isolation and immunoblot

Frozen T3M4 xenograft tumors were weighed, kept on dry ice, and
minced using a scalpel. Tissue samples were homogenized in 8 mL
of radioimmunoprecipitation assay (RIPA) buffer (Thermo Scienti-
fic, Waltham, MA, USA) per mg using a tissue grinder (Wheaton,
Millville, NJ, USA) and subjected to three freeze-thaw cycles. Tu-
mor lysates were centrifuged at 16,000 � g for 10 minutes (4�C).
The protein concentration of supernatants was determined by a bi-
cinchoninic acid (BCA) protein assay (Merck, Darmstadt, Ger-
many) and was adjusted across samples. After denaturation in
modified Laemmli buffer (Carl Roth), equal amounts of protein
from each sample were loaded on a Mini-PROTEAN TGX gel
(Bio-Rad, Feldkirchen, Germany) and electrophoresis was per-
formed using a Mini-PROTEAN Tetra cell chamber (Bio-Rad).
Wet transfer to an Immobilon-P membrane (Merck) was per-
formed in Tris-glycine buffer (Life Technologies) using a Mini
Trans-Blot insert (Bio-Rad). Membranes were washed in Tris-buff-
ered saline with polysorbate 20 (TBS-T; Carl Roth), and binding
sites were blocked with 5% milk powder in TBS-T. For immunode-
tection, membranes were incubated for 3 h at RT with monoclonal
mouse anti-CD antibody (mAb 16D8F2, provided by Johannes Ge-
bert, DKFZ, Heidelberg, Germany) diluted at 1:1,000 in TBS-T plus
5% milk powder.95 After incubation with anti-mouse immunoglob-
ulin G (IgG)-horseradish peroxidase (HRP) (Bethyl Laboratories,
Montgomery, TX, USA), activated peroxidase substrate (SuperSig-
nal West Pico, Fisher Scientific, Schwerte, Germany) was applied
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according to the manufacturer’s instructions, and chemilumines-
cence was recorded on a ChemiDoc XRS+ system with Image
Lab software 3.0 (both by Bio-Rad). ImageJ 2.0.0 software was
used to analyze the lane profiles of digital scans. To determine
the abundance of intratumoral CD-UPRT protein independent
from individual tumor growth kinetics, each calculated band den-
sity was normalized to the mass of the corresponding tumor by
the following formula: normalized expression = relative signal in-
tensity � initial tumor weight.

Fluorescence-based immunoblot was performed on an Amersham
WB analyzer system (GE Healthcare Bio-Sciences, Uppsala, Swe-
den) with Amersham ECL Plex system consumables (GE Health-
care). For Cy5-based total protein normalization, tumor lysates
in RIPA buffer were prelabeled with Amersham QuickStain (GE
Healthcare) according to the manufacturer’s instructions. Samples
adjusted to 30 mg of total protein each were loaded on an Amer-
sham ECL precast gel (8%–16%) (GE Healthcare). Electrophoresis
was carried out at 250–600 V for 50 min. Proteins were transferred
to an Amersham WB polyvinylidene fluoride (PVDF) card (GE
Healthcare) in Tris-glycine plus 20% ethanol at 100 V for
30 min. After blocking with ECL Prime blocking reagent (GE
Healthcare), the membrane was incubated with primary mAb
16D8F2 (1:1,000) overnight at 4�C. Probing was performed with
Amersham ECL Plex goat-anti-mouse IgG-Cy3 (PA43009, GE
Healthcare) for 30 min. Fluorescence signals were detected on
an Amersham WB analyzer scan unit and analyzed with Amer-
sham WB software version 1.0.33 (GE Healthcare).

Statistical analysis

Statistical analysis was performed using the R framework software
versions 3.4.2 and 4.0.0 (R Foundation for Statistical Computing,
Vienna, Austria).96 p values were adjusted for multiple comparisons
and were interpreted as significant when <0.05. Unless indicated
otherwise, experiments involving independent observations of
continuous variables from more than two groups were analyzed by
ANOVA, and pairwise comparisons were performed by a Tukey’s
test with a family-wise confidence level of 95%. Count data were
analyzed by Pearson’s chi-square test for individual comparisons
and by a Cochran-Mantel-Haenszel test for effects across composite
datasets. Longitudinal tumor growth data were analyzed by means
of a nonlinear mixed-effects model with parameter estimation based
on the method by Lindstrom and Bates.97 Survival data were analyzed
by the Kaplan-Meier method. Survival distributions were compared
by a log-rank test with a Benjamini-Hochberg correction to control
the false discovery rate.
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