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Abstract
No curative therapy is currently available for locally advanced or metastatic pancreatic cancer.
Therefore, new therapeutic approaches must be considered. Measles virus (MV) vaccine strains
have shown promising oncolytic activity against a variety of tumor entities. For specific therapy of
pancreatic cancer, we generated a fully retargeted MV that enters cells exclusively through the
prostate stem cell antigen (PSCA). Besides a high-membrane frequency on prostate cancer cells,
this antigen is expressed on pancreatic adenocarcinoma, but not on non-neoplastic tissue. PSCA
expression levels differ within heterogeneous tumor bulks and between human pancreatic cell
lines, and we could show specific infection of pancreatic adenocarcinoma cell lines with both
high- and low-level PSCA expression. Furthermore, we generated a fully retargeted and armed
MV-PNP-anti-PSCA to express the prodrug convertase purine nucleoside phosphorylase (PNP).
PNP, which activates the prodrug fludarabine effectively, enhanced the oncolytic efficacy of the
virus on infected and bystander cells. Beneficial therapeutic effects were shown in a pancreatic
cancer xenograft model. Moreover, in the treatment of gemcitabine-resistant pancreatic
adenocarcinoma cells, no cross-resistance to both MV oncolysis and activated prodrug was
detected.
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Introduction
Pancreatic cancer is the fourth most frequent cause of cancer-related deaths in the United
States and the sixth in Europe.1 Owing to the aggressive neoplastic nature and lack of early
specific symptoms, more than 80% of patients have locally advanced tumors and/or
metastases at diagnosis.2 In addition, there is a high risk of locoregional recurrence after
surgical resection.3 Gemcitabine (2′,2′-difluorodeoxycytidine, Gmc) has been the front-line
chemotherapy for advanced pancreatic cancer over the past 10 years. As resistance to Gmc
treatment is a major issue,4 other chemotherapeutics are explored extensively, but survival
benefit has not been improved substantially. Therefore, the development of alternative
therapies is urgently needed.

Currently, oncolytic viruses from different taxa are being evaluated in pre-clinical and
clinical settings.5 We and others have previously shown that derivatives of the measles virus
(MV) vaccine strain have potent oncolytic activity on a wide array of cancer types.6–13

Recombinant MV with ablated natural receptor recognition have been engineered,14–18 fully
retargeted by specific ligands or single-chain antibodies (scFv) displayed as a fusion to the
viral attachment protein H.19

For targeted therapy approaches of pancreatic cancer, a unique surface antigen is sought.
Candidate targets include the prostate stem cell antigen (PSCA), a small, glycosyl-
phosphatidyl-inositol-anchored cell surface protein overexpressed on prostatic
adenocarcinomas and urinary bladder cancer cells.20,21 As PSCA is also displayed on
pancreatic adenocarcinoma, but not on non-neoplastic tissue,22 it is an antigen for targeted
therapy of pancreatic cancer,23 currently evaluated in a phase II clinical trial using the anti-
PSCA monoclonal antibody AGS-1C4D4.2

To enhance oncolytic efficacy, viruses have been modified to express suicide genes, in
particular prodrug-converting enzymes.24 MV oncolysis was successfully enhanced with the
Escherichia coli purine nucleoside phosphorylase (PNP),7,8 which converts fludarabine (2-
fluoro-araAMP) to 2-fluoroadenine with high bystander activity. 2-Fluoroadenine is highly
diffusible and can be metabolized to toxic ATP analogues that inhibit DNA, RNA and
protein synthesis immediately.25 In a conventional approach without PNP, fludarabine is not
metabolized to 2-fluoroadenine and, therefore, is not as effective. Thus, local activation of
fludarabine by MV-encoded PNP can enhance its therapeutic efficacy killing both MV-
infected and non-infected cancer cells.

In this study, we have engineered a recombinant MV for the treatment of pancreatic cancer
fully retargeted with a single-chain antibody conferring selective entry through PSCA.26

This virus was armed with the prodrug convertase PNP to further enhance its oncolytic
potency. We show that MV-PNP-anti-PSCA can infect pancreatic adenocarcinoma cells in a
receptor-specific manner, and exhibits high oncolytic efficacy in both high- and low-level
PSCA-expressing cell lines. Furthermore, we show that therapeutic efficacy in a xenograft
model of pancreatic cancer is enhanced significantly after systemic administration of the
cognate prodrug fludarabine. Moreover, in the treatment of Gmc-resistant pancreatic
adenocarcinoma cells, cross-resistance neither to MV oncolysis nor to the activated prodrug
was detected.

Materials and methods
Cell culture

Vero cells (African green monkey kidney) and human pancreatic adenocarcinoma cell lines
BxPC-3 and Capan-1 were purchased from American Type Culture Collection. T3M4 and
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MiaPaCa-2 cells were kindly provided by Zahari Raykov (DKFZ, Heidelberg, Germany).
Pancreatic adenocarcinoma cell lines, except for Capan-1, were maintained in RPMI
medium (Invitrogen, Darmstadt, Germany) supplemented with 10% heat-inactivated fetal
bovine serum in a humidified atmosphere of 5% CO2 at 37 °C. Capan-1 cells were grown at
37 °C in Iscove's modified Dulbecco's medium containing 20% fetal bovine serum and 1%
ultraglutamine (Lonza, Basel, Switzerland). The cell lines Vero-αHis (kind gift from
Stephen J Russell, Mayo Clinic, Rochester, MN), Vero and 293T-PSCA were cultivated in
Dulbecco's modified Eagle's medium with 10% fetal bouine serum. All cell types were
routinely checked for mycoplasma contamination using a multiplex cell contamination test
(DKFZ Genomics and Proteomics Core Facility).27

Construction of recombinant MV
The constructions of MV genomic cDNA plasmids were based on pMV-EGFP (designated
pMeGFPNV)28 containing the MV Edmonston-B vaccine lineage strain. The coding
sequence of the single-chain variable fragment against PSCA (scFv AM1)—generated
previously from the monoclonal antibody 7F526—was polymerase chain reaction amplified
using primers flanked by a 5′-NotI and 3′-SfiI cloning site. The NotI–SfiI fragment was
inserted by exchange subcloning in pCG-HmutI-αCD20 containing the ‘blind’ H protein
with CD46- and SLAM-ablating mutations,8 leading to pCG-HmutI-αPSCA. Thereof, the
PSCA-retargeted PacI–SpeI fragment was isolated and exchanged in pMV-EGFP and
‘p(+)MV-PNP Hblind antiCD20’,8 resulting in the full-length genomic plasmids pMV-
EGFP-anti-PSCA and pMV-PNP-anti-PSCA, respectively. The accuracy of generated
plasmids was verified by single colony polymerase chain reaction, restriction digest and
sequencing. All cloning steps were designed to fulfill the rule of six as a requirement for
recombinant MV.29,30

Recombinant MV particles were generated from cDNA constructs according to Radecke et
al.29 and fully retargeted viruses were subsequently propagated on Vero-αHis cells as
described previously.19 To prepare virus stocks, Vero-αHis cells were infected at an MOI of
0.03 and incubated at 37 °C for 36 h. Viral particles were harvested by one freeze–thaw
cycle and centrifugation from their cellular substrate resuspended in Opti-MEM
(Invitrogen). All following infection experiments were performed with viral stocks from the
third passage. For determination of the viral titers in a 96-well plate, a serial 1:10 dilution of
the respective virus in 100 μl medium (Dulbecco's modified Eagle's medium + 10% fetal
bovine serum) per well was carried out in octuplicates. Thereafter, 1 × 104 Vero cells in 100
μl medium were added to each well. At 48 h p.i., individual syncytia in all wells of the
appropriate dilution step were counted and the viral titer (infectious units per ml) was
calculated.

Establishment of Gmc-resistant pancreatic adenocarcinoma cell lines
Gmc-resistant pancreatic adenocarcinoma cell lines were established according to Angelova
et al.31 with slight modifications by exposure to gradually increasing Gmc concentrations.
Sensitive pancreatic adenocarcinoma cell lines were cultured for 2 weeks at their specific
initially determined Gmc-threshold concentration. This concentration varied depending on
the cell type (Capan-1, MiaPaCa-2: 10 nM; BxPC-3, T3M4: 25 nM). After 14 days, the cells
were subcultivated and grown for 3 days in the absence of Gmc, followed by 4 days
cultivation in media containing a slightly increased Gmc concentration compared with the
initial threshold. The second cycle started with 3 days of cultivation without Gmc, followed
by 4 days cultivation in Gmc containing media, and every second cycle the Gmc
concentration was increased.
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To characterize the induced Gmc resistance, we determined the half-maximal inhibitory
concentration inducing a 50% reduction of viability of pretreated and of parental cell lines.
Cells were grown in 96-well plates (104 cells per well) in the respective culture medium for
14 h. The cells were exposed to increasing Gmc doses (0 nM, 5 nM, 10 nM, 25 nM, 50 nM, 75 nM,
100 nM, 500 nM, 1 μM and 10 μM) and incubated for 72 h at 37 °C followed by a XTT cell
viability assay.

Virus infections
Cell lines were infected with the respective MV at an MOI of 1, 0.1 or 0.01 in Opti-MEM
(Invitrogen) for 2.5 h at 37 °C. At the end of the incubation period, the inoculum was
removed and the cells were maintained in their standard medium. Infected cells were
photographed using a fluorescence microscope (Cell Observer; Zeiss, Jena, Germany) and
the software Axiovision, or subjected to cell viability assay.

Cell viability assay of infected/prodrug-converting cells
The cell proliferation kit II (XTT; Roche, Mannheim, Germany) was performed as
recommended by the manufacturer. Cells were grown in 96-well plates (104 cells per well)
in the respective culture medium for 14 h and infected with the respective virus at an MOI of
1. 2-Fluoro-araA (9-β-D-arabinofuranosyl-2-fluoroadenine; Sigma-Aldrich, Taufkirchen,
Germany) was added 24 h after infection at a final concentration of 5 μM and cells were
further incubated for 48 or 72 h. Cell viability was measured by dye absorbance at 465 nm
using an automated microplate reader (SpectraMax 340PC384; Molecular Devices,
Ismaning, Germany). The viability of cells treated with or without the respective agents was
calculated as the mean of triplicate optical density values and expressed in relation to the
untreated control samples (100% viable).

Bystander killing measurement in vitro
In a 24-well plate, 105 Vero-αHis cells were seeded, infected 6 h later at an MOI of 0.1 with
MV-PNP-anti-PSCA and incubated for 36 h. Fludarabine was added to the media at a final
concentration of 5 μM for 12 h. Supernatants were harvested, cleared by centrifugation and
heat-inactivated at 60 °C for 30 min. Fresh pancreatic adenocarcinoma and Vero-αHis cells
in 96-well plates (104 cells per well) were incubated for 72 h with different fractions of
conditioned media (0.5, 0.1 and 0.01). Living cells were quantified by the XTT cell viability
assay.

Subcutaneous xenograft tumor model
All animal experimental procedures were approved by the responsible animal protection
officer at the German Cancer Research Center and by the regional council according to the
German Animal Protection Law. Tumors were established by inoculating 6.6 × 106 BxPC-3
cells into the right flank of 6–8 weeks old, female non-obese diabetic/severe combined
immunodeficient mice (Harlan, Borchen, Germany). When tumors reached an average
volume of 50 μl, they were injected with 7.25 × 105 infectious units of MV-PNP-anti-PSCA
in 100 μl Opti-MEM on 5 consecutive days. At 3 days after the last virus application, mice
received 250 mg/kg per dose of fludarabine (Hexal, Holzkirchen, Germany)
intraperitoneally on 3 consecutive days. The control animals were injected with equal
volumes of Opti-MEM containing no virus and 0.9% NaCl containing no fludarabine,
respectively. Tumor diameters were measured every third day (starting from the day of
implantation) using a caliper and the volume was calculated by the formula (largest
diameter) × (smallest diameter)2 × 0.5. The animals were euthanized by cervical dislocation
when the tumor burden reached a volume of >1500 μl, if the animals were unable to drink or
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eat or if weight loss >20% of body weight was observed. Statistical analyses were performed
using the GraphPad Prism software (version 5.04).

Results
Generation of PNP-armed and PSCA-targeted MVs

We generated recombinant MV from the Edmonston vaccine strain lineage with
modifications in the attachment protein hemagglutinin (H) that ablate entry through the
natural MV receptors CD46 and SLAM,17 and include the C-terminally fused single-chain
antibody (AM1) against human PSCA.26 To enhance oncolytic properties, the prodrug
convertase E. coli PNP gene was inserted in an additional transcription unit preceding the N
gene (Figure 1, line MV-PNP-anti-PSCA). Furthermore, MV vectors coding for the reporter
gene enhanced green fluorescent protein (EGFP) in combination with unmodified H (MV-
EGFP), or PSCA-targeted (MV-EGFP-anti-PSCA), and CD20-targeted H (MV-EGFP-anti-
CD20)8 were generated as controls.

PSCA-targeted MVs infect specifically pancreatic adenocarcinoma cells
The specificity and oncolytic potential of MV-EGFP-anti-PSCA was tested on four
pancreatic adenocarcinoma cell lines, including BxPC-3 and MiaPaCa-2 with low
expression levels, and Capan-1 and T3M4 with higher expression levels of the targeted
antigen PSCA.21 The transgenic cell line 293T-PSCA with high ectopic expression of
PSCA26 served as a control. First, to show the susceptibility of pancreatic adenocarcinoma
cell lines to MV, we used a control virus expressing the reporter green fluorescent protein
and the unmodified H protein, MVEGFP. This virus can bind all these cell lines through the
ubiquitous protein CD46, which is expressed at high levels on many human cancer
cells.11,32–35 We infected four pancreatic adenocarcinoma cell lines, as well as the producer
cell line Vero-αHis19 and the standard host cell Vero (multiplicity of infection (MOI) of 1).
In all these cell lines, MV-EGFP infection caused the characteristic MV cytopathic effect of
syncytia formation 48 h post-infection (p.i.), followed by cell death (Figure 2a, upper panel),
leading to a complete lysis of Vero and Vero-αHis cells.

Next, the fully retargeted, CD46/SLAM-blinded MV-EGFP-anti-PSCA infected specifically
cells expressing the addressed PSCA (Figure 2a, middle panel), whereas the control virus
MV-EGFP-anti-CD20,8 fully retargeted against the B-cell-specific marker CD20, was not
able to infect (Figure 2a, lower panel). As a control, Vero cells could be infected only with
the parental virus, whereas the producer cells Vero-αHis were highly susceptible to all MV
variants (fully retargeted H variants are displaying a C-terminal His hexapeptide for
infection via the His-antibody pseudoreceptor on Vero-αHis cells). Apparently, in this
experiment syncytia formation was profoundly reduced by PSCA targeting.

To quantify and compare the cytotoxic impact between PSCA-targeted MV and MV with
native tropism, we assessed the kinetics of cell killing in a cell viability assay (XTT (2,3-bis-
(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide)) using 293T-PSCA
(high-level PSCA expression), BxPC-3 (low-level PSCA expression) and Vero (no PSCA
expression) after infection at an MOI of 1 with MV-EGFP and MV-EGFP-anti-PSCA,
respectively (Figure 2b). Cell killing of both viruses after infection of 293T-PSCA was
massive with a similar impact over the time course (cell viability 15% with MV-EGFP vs
23% with MV-EGFP-anti-PSCA 120 h p.i.). In the same experiment using BxPC-3, both
viruses showed moderate cytotoxic effects at early infection times (cell viability 72% with
MV-EGFP vs 91% with MV-EGFP-anti-PSCA 72 h p.i.), whereas more enhanced cell
killing of MV-EGFP compared with MV-EGFP-anti-PSCA was detected in later infection
phases (cell viability 40% with MV-EGFP vs 68% with MV-EGFP-anti-PSCA 120 h p.i.).
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As expected, on Vero cells no cell killing was provoked by MV-EGFP-anti-PSCA, but was
extensive at all time points after infection with MV-EGFP.

Altogether, these data suggest that PSCA retargeting of MV to pancreatic adenocarcinoma is
highly specific at the cost of approximately 30% loss in cytotoxic efficacy in vitro
associated with the targeting strategy. Therefore, arming was intended to compensate for the
attenuation of the PSCA-retargeted MV.

The prodrug convertase PNP enhances cytotoxicity of MV-PNP-anti-PSCA
The cytotoxic function of the PNP system was characterized in four prototypic pancreatic
adenocarcinoma cell lines after infection with retargeted and armed MV-PNP-anti-PSCA at
an MOI of 1. Cell viability was determined 3 days after incubation in the presence or
absence of the prodrug fludarabine (final concentration 5 μM). As controls, all cell lines were
either mock treated or incubated with prodrug alone (Figure 3a).

Infection with MV-PNP-anti-PSCA in the presence of prodrug caused a more prominent cell
death (46–84%) than without prodrug (19–47%). The presence of prodrug alone had no
(BxPC-3) or only a slight influence on viability (88–78%) of Capan-1, T3M4 and
MiaPaCa-2 cells after 3 days of incubation. Non-susceptible Vero control cells were not
affected by the PNP/prodrug system. The differences in the mean cell viability between
treatment with virus only and the combined chemovirotherapy were highly significant in the
case of BxPC-3 and T3M4 (***P<0.001) and very significant for Capan-1 (**P<0.01), in
contrast to MiaPaCa-2 (P>0.05). Thus, local activation of fludarabine by PNP enhances viral
cytotoxicity significantly in three out of the four tested cell lines.

Efficient bystander killing of activated prodrug
To assess bystander cell killing after toxification of the prodrug, Vero-αHis cells were
infected with MV-PNP-anti-PSCA at an MOI of 0.1. Fludarabine (final concentration 5 μM)
was added to the medium 36 h p.i. for 12 h. As controls, Vero-αHis cells were either mock
treated, infected with MV-PNP-anti-PSCA alone or incubated with prodrug only. After heat
inactivation of viral particles, different fractions of conditioned media (0.1 and 0.5) were
transferred to subconfluent layers of four pancreatic adenocarcinoma cell lines, and cell
viability was determined after 72 h by cell viability assay (Figure 3b). In all cell lines tested,
toxicity increased proportionally to the concentration of the conditioned media derived from
the previously infected Vero-αHis cells incubated with fludarabine (Figure 3b, light gray
columns). In contrast, cells incubated with supernatants from non-infected Vero-αHis cells,
infected with MV-PNP-anti-PSCA in the absence of prodrug or incubated with prodrug only
did not show significant differences in cell viability. Thus, fludarabine is converted to a
toxic substance and secreted from infected cells expressing PNP. Transfer of conditioned
media using a fraction of 0.1 induced toxicity in all cell lines in a broad range of 15–60%. In
contrast, the higher concentrated conditioned media (fraction 0.5) had a stronger and similar
impact (73–95% toxicity) on all cell lines used. Even a 10-fold media dilution is toxic on the
four tested pancreatic adenocarcinoma cell lines. Therefore, arming with PNP mediates
efficient prodrug toxification providing bystander killing of non-infected cells.

Prodrug-enhanced virotherapy of pancreatic cancer xenografts
Next, oncolytic efficacy of the armed and retargeted MV-PNP-anti-PSCA was characterized
after subcutaneous implantation of pancreatic cancer xenografts in immunodeficient non-
obese diabetic/severe combined immunodeficient mice. The low-level PSCA-expressing cell
line BxPC-3 was chosen for implantation to assess therapeutic effects in pancreatic tumor
patients with a low or heterogeneous surface marker expression. We examined the effect of
MV-PNP-anti-PSCA on tumor growth after intratumoral infection 19 days after
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implantation with or without subsequent intraperitoneal administration of fludarabine
(Figure 4a). Control groups were treated with carrier liquid (mock) or prodrug only and
tumor diameters were measured every 3 days. Tumor growth after infection with MV-PNP-
anti-PSCA alone was retarded, and this therapeutic effect was significantly enhanced by
additional prodrug administration. The difference in tumor sizes between mock treatment
and the chemovirotherapy was considered as significant (P<0.05) from day 48, whereas the
difference in tumor sizes between MV only and the combined treatment was considered as
significant (P<0.05) from day 60 after implantation. Mice were euthanized when the tumor
reached a volume of 1500 μl.

As shown for the tumor volume distribution at day 66 after implantation (Figure 4b),
treatment with MV-PNP-anti-PSCA and prodrug resulted in a significantly enhanced
oncolysis compared with sole viral (P = 0.0116 by the two-sample t-test) or sole fludarabine
treatment (P = 0.0045). The mean tumor size at day 66 after implantation with combined
viral and prodrug therapy was less than one-third the size of mock-treated tumors (P =
0.0027 by the two-sample t-test) showing a highly significant retardation in tumor growth.

Survival benefits were estimated using the Kaplan–Meier plot with a defined end point of
>1500 μl tumor volume (Figure 4c). Treatment with MV-PNP-anti-PSCA in the presence of
fludarabine resulted in a significant increase of survival time compared with mock treatment
or administration of prodrug alone (P<0.05 each). However, survival of mice treated with
MV-PNP-anti-PSCA and prodrug therapy was moderately, but not significantly extended
compared with virus treatment alone. The median survival of mock-treated animals was 75
days, whereas 50% of the mice having obtained viral and prodrug therapy survived until day
90 and until day 87 with sole virus application, respectively. Thus, the combined
chemovirotherapy yielded a beneficial treatment regimen in this model of pancreatic cancer.

Efficient infection of Gmc-resistant pancreatic adenocarcinoma cell lines
As resistance to Gmc is a major issue in chemotherapy for advanced pancreatic cancer,
combination with other treatments, for example, oncolytic MV may be sought. We have
established a stable resistance to Gmc in four different pancreatic adenocarcinoma cell lines
by exposure to gradually increasing Gmc concentrations with defined incubation periods
(>200 days after beginning of expositions): BxPC-3/Gmc-100; Capan-1/Gmc-50; T3M4/
Gmc-100; and MiaPaCa-2/Gmc-25 (numbers are indicating the maximum Gmc
concentrations (nM) at which cells are cultivatable permanently). Even after cryopreservation
of the resistant cell cultures, viability was comparable to the parental cell line and the Gmc
resistance at the previous threshold concentration was stably maintained (data not shown).
To characterize the induced Gmc resistance, we compared the half-maximal inhibitory
concentration inducing a 50% reduction of viability of pretreated and of parental cell lines.
Cells were exposed for 3 days to increasing Gmc concentrations (0–10 μM) in a dilution
assay, resulting in at least 4- to 17-fold higher half-maximal inhibitory concentration values
for Gmc-resistant cells compared with the naive cell line with statistical significances
(Supplementary Table 1).

Next, we examined the permissiveness of Gmc-resistant pancreatic adenocarcinoma cell
lines to MV infection compared with the chemotherapy-naive counterparts (Figure 5a). Cells
were infected with MV-EGFP and the retargeted MV-EGFP-anti-PSCA, respectively, at an
MOI of 1 and syncytia formation was analyzed 72 h p.i. To compare the infectivity of both
viruses, differential viral permissiveness was expressed as the ratio between the total
numbers of syncytia per well caused by both viruses (unmodified H vs retargeted H-anti-
PSCA) observed on each cell type (white bars, left y axis) and additionally by estimation of
the dimensions of the respective syncytia expressed as ‘nuclei per syncytium’ for each virus
variant (right y axis). Taken together, each corresponding cell couple developed similar
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numbers of equal syncytia after infection with the respective virus. As expected, the total
numbers of induced syncytia as well as their size were less and smaller after infection with
PSCA-retargeted MV compared with MV with unmodified tropism. However, susceptibility
to infection with both MV variants was clearly not impaired by Gmc resistance.

Gmc resistance does not interfere with the PNP/fludarabine system
Next, the efficacy of bystander cell killing of naive and Gmc-resistant pancreatic
adenocarcinoma cell lines was examined. Towards this, different dilutions of conditioned
media were transferred to subconfluent cell layers, and viability was determined after 48 h
by cell viability assay (Figure 5b). The assessed levels of bystander killing for both naive
and Gmc-resistant cells were consistently in the same range, and toxicity increased
proportionally to the concentration of the conditioned media. As expected, test cells
incubated with supernatants from cells not infected, infected with MV-PNP-anti-PSCA
alone or incubated with prodrug only maintained viability (controls not shown). In
conclusion, the level of bystander killing mediated by the PNP/fludarabine system is not
impaired by Gmc resistance, showing that there is no cross-resistance to the activated
prodrug.

Discussion
In this study, we retargeted an oncolytic MV to the PSCA and armed it with the prodrug
convertase PNP activating the clinically approved chemotherapeutic fludarabine locally.
Therapeutic efficacy of the new MV-PNP-anti-PSCA supported by toxified fludarabine was
shown in a pancreas adenocarcinoma xenograft model. Moreover, a panel of four
chemoresistant pancreas adenocarcinoma cell lines remained responsive to both oncolysis
mediated by MV-PNP-anti-PSCA and the toxified prodrug.

Pancreatic cancer is one of the most drug-resistant type of malignancy, with extremely poor
prognosis and survival rate. However, chemotherapy is currently the option of choice for the
treatment of non-resectable and/or metastasized tumors using Gmc as front-line therapy
ultimately not preventing a progressive disease. In this process, chemoresistance of
pancreatic cancer is not fully understood and a variety of mechanisms may be involved, for
example, cellular influx of Gmc by members of hENT/hCNT (human equilibrative and
concentrative nucleoside transporters) nucleoside transporters36 and removal of Gmc by
increased expression of efflux transporters (multidrug resistance-associated proteins).37 It
has been shown that nucleoside transporter-deficient cells display resistance to Gmc38 and
that deoxycytidine kinase-deficient lines exhibit a Gmc-resistant phenotype.39

Recently, new experimental therapy approaches include targeted drugs against the two
known surface markers for pancreatic cancer mesothelin and PSCA.22,40,41 A phase I/II
study of the mesothelin-targeted L19IL2 monoclonal antibody–cytokine fusion protein in
combination with Gmc in patients with advanced pancreatic cancer is recruiting at the
National Center for Tumor Diseases (Heidelberg, Germany). In parallel, a phase II clinical
trial using the anti-PSCA monoclonal antibody AGS-1C4D4 at the Memorial Sloan-
Kettering Cancer Center, New York, NY, USA is ongoing.2

In our experimental setting presented here, we have generated an oncolytic MV fully
retargeted to PSCA. This virus, which cannot interact with the natural receptors CD46 and
SLAM,17,18 infected PSCA-positive pancreatic adenocarcinoma cells specifically causing
strong oncolytic effects. In vitro, this virus was tested on a panel of pancreatic
adenocarcinoma cell lines with different PSCA receptor densities. It could be shown that
efficient target cell infection was mediated through both high- and low-level PSCA surface
expression. For in vivo studies of MV-PNP-anti-PSCA, the BxPC-3 pancreatic
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adenocarcinoma cell line with a very low surface expression of PSCA was chosen. In a
xenograft mouse model, therapeutic efficacy of intratumorally injected MV-PNP-anti-PSCA
could be shown by retarded tumor growth. By arming this virus with the prodrug convertase
PNP, oncolytic effects in the above-described animal model were significantly enhanced by
systemic administration of the cognate prodrug fludarabine. We could show for the first time
in vivo tumor growth suppression using a retargeted MV-mediated PNP/fludarabine strategy
in a pancreatic adenocarcinoma model. MV-PNP-anti-PSCA-treated tumors exposed even
briefly (3 consecutive days) to fludarabine exhibited profound retardation. However, a total
remission of the treated tumors could not be achieved, meaning the timing of virus
administration and prodrug application may have to be adjusted to maximize therapeutic
outcome. Increasing the interval between infection and prodrug administration in a
chemovirotherapy approach improved therapeutic efficacy of different oncolytics because
viruses can spread further in the tumor before the prodrug is added to enhance local cell
killing.8,42

Fludarabine monophosphate is a nucleoside analog that is routinely used in the treatment of
low-grade lymphoproliferative malignancies including chronic lymphocytic leukemia and
low-grade non-Hodgkin's lymphoma, but so far has no clinical application yet in the
treatment of solid tumors such as pancreatic adenocarcinoma. Nevertheless, the PNP/
fludarabine system was considered previously in preclinical testing for the treatment of
several solid tumors,43,44 for example, hepatocellular carcinoma, prostate cancer, bladder
cancer, glioma, breast cancer and melanoma.45–52 A phase I clinical trial was initiated in
2008 (ClinicalTrials.gov identifier: NCT00625430) to evaluate the safety and tolerability of
an ovine atadenovirus expressing the E. coli PNP under control of a prostate-directed
promoter combined with fludarabine in prostate cancer patients.

Here we could show that various Gmc-resistant pancreatic adenocarcinoma cell lines were
both still infectible with MV-PNP-anti-PSCA and sensitive to the toxified fludarabine
nucleoside analog. As bystander killing of pretreated pancreatic adenocarcinoma cells was
shown to the same extent as to the naive counterparts, a cross-resistance between Gmc and
fludarabine could not be detected. In another in vitro study using a Gmc-resistant murine
leukemic cell line, resistance to fludarabine treatment was not observed either.53 This
indicates differences in the metabolism/inactivation and/or mechanism of action of Gmc and
fludarabine.

In summary, we have shown that oncolytic MV can efficiently be engineered for targeted
therapy of pancreatic adenocarcinoma. Arming this vector with the PNP/fludarabine system
is enhancing the oncolytic effect significantly. Moreover, in the treatment of four different
Gmc-resistant pancreatic adenocarcinoma cell lines, there was no cross-resistance detected
against both the PSCA-retargeted MV-PNP-anti-PSCA and the virally activated prodrug.
Hereby, the existing toolbox of oncolytic MV is extended by a highly specific and effective
vector for pancreatic cancer therapy.
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Figure 1.
Schematic representation of the recombinant measles virus (MV) genomes. Vectors harbor
either unmodified hemagglutinin (H) or fully retargeted H against prostate stem cell antigen
(PSCA) and CD20 (listed at the bottom, middle), respectively, in combination with the
transgene X = enhanced green fluorescent protein (EGFP) or purine nucleoside
phosphorylase (PNP) (listed at the bottom, left). Corresponding names of the viruses are
listed at the bottom right side.
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Figure 2.
Susceptibility of pancreatic adenocarcinoma cell lines with high- and low-level prostate
stem cell antigen (PSCA) expression to measles virus (MV) infection. (a) Four pancreatic
adenocarcinoma cell lines, Vero and Vero-αHis cells were infected with the respective
viruses (indicated on the right of each row) at a multiplicity of infection (MOI) of 1.
Photographs were taken at 48 h post-infection (p.i.) using a fluorescence microscope (×100
magnification). Merged pictures of enhanced green fluorescent protein (EGFP) fluorescence
and phase contrast are shown. (b) In total, 104 293T-PSCA, BxPC-3 and Vero cells each
were infected at an MOI of 1 in quadruplicates and cell viability was determined at the
indicated time points. Means and standard deviations are shown (white diamond, mock-
treated cells defining 100% viability; white triangle, MV-EGFP-anti-PSCA; black triangle,
MV-EGFP-anti-PSCA).
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Figure 3.
Cytotoxic effect of prodrug convertase. (a) In total, 104 cells each were infected with
measles virus (MV)-purine nucleoside phosphorylase (PNP)-anti-PSCA (multiplicity of
infection (MOI) of 1) for 24 h and incubated with 5 μM fludarabine for 72 h, followed by a
viability assay. Means and standard deviations from two experiments are shown (black,
mock-treated cells defining 100% viability; white, fludarabine only; dark gray, MV-PNP-
anti-PSCA; light gray, MV-PNP-anti-PSCA + fludarabine). (b) Cytotoxic efficacy of
activated fludarabine in conditioned media. Vero-αHis cells were mock treated, treated with
fludarabine only, infected with MV-PNP-anti-PSCA only (MOI = 0.1) or infected with MV-
PNP-anti-PSCA and incubated with 5 μM fludarabine 36 h post-infection (p.i.) for 12 h.

Bossow et al. Page 15

Cancer Gene Ther. Author manuscript; available in PMC 2014 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Different fractions (0.1 and 0.5) of conditioned and heat-inactivated media were added to a
fresh layer of test cells. Viability was determined after 72 h by XTT (2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) assay. Means and standard deviations
from three experiments are shown (black, mock-treated cells defining 100% viability; white,
fludarabine only; dark gray, MV-PNP-anti-PSCA; light gray, MV-PNP-anti-PSCA +
fludarabine).
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Figure 4.
Oncolytic effects of the measles virus (MV)-purine nucleoside phosphorylase (PNP)-anti-
PSCA/fludarabine system in non-obese diabetic/severe combined immunodeficient (NOD/
SCID) mice after intratumoral (i.t.) administration. BxPC-3 cells (6.6 × 106) were implanted
into the right flank of mice (9 per group) and treatment started at a tumor volume of ca. 50
μl. Mice were injected i.t. on 5 consecutive days (days 19–23) with a dose of 7.2 × 105 cell
infectious unit (ciu) of MV-PNP-anti-PSCA each. Fludarabine was given intraperitoneally
(i.p.) (250 mg/kg per dose) 3 days after the last MV application on 3 consecutive days
(diamond, mock-treated; square, treated with fludarabine only; triangle, MV-PNP-anti-
PSCA only; circle, MV-PNP-anti-PSCA + fludarabine). (a) Tumor volume measurements
starting on day 3 after subcutaneous implantation (error bars are indicating standard
deviation of the mean). (b) Distribution of tumor volumes at day 66 after implantation. Each
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dot represents one mouse with 9 mice per group. (c) Kaplan–Meier survival curve
documenting the effects of oncolytic MV-PNP-anti-PSCA and prodrug, respectively. The
defined end point was >1500 μl of tumor volume.
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Figure 5.
Susceptibility of gemcitabine-resistant pancreatic adenocarcinoma cells to measles virus
(MV) infection and cytotoxic efficacy of activated fludarabine. (a) Naive or gemcitabine-
resistant pancreatic adenocarcinoma cells were infected with MV-enhanced green
fluorescent protein (EGFP) or MV-EGFP-anti-PSCA at a multiplicity of infection (MOI) of
1 and syncytia formation was analyzed 72 h post-infection (p.i.) (means of 3 wells per cell
line). Differential viral permissiveness is expressed as the ratio between numbers of syncytia
per well induced by the virus variants with unmodified H vs retargeted anti-PSCA (left y
axis, white bars) and sizes of the respective syncytia are indicated as nuclei per syncytium
(right y axis; black triangle: MV-EGFP; white triangle, MV-EGFP-anti-PSCA). (b)
Cytotoxic efficacy of activated fludarabine. Different fractions (0.01, 0.1 and 0.5) of
conditioned media (identical preparation procedure as described in legend to Figure 3) were
added to a fresh layer of test cells. Cell viability was determined after 72 h by XTT (2,3-bis-
(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) assay. Means and
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standard deviations of samples normalized to mock-treated cells from three experiments are
shown (light gray bars, naive cells; light gray-shaded bars, gemcitabine-resistant cells).
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