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Oncolytic virus (OV) therapies of cancer are based on the use of replication-competent, tumor-selective viruses with limited tox-
icity. Newcastle disease virus (NDV), an avian paramyxovirus, is a promising OV and is inherently tumor selective and cytotoxic
only to tumor cells. Replication is restricted in normal cells. Despite encouraging phase I/II clinical trials with NDV, further re-
finements for tumor-specific targeting are needed to enhance its therapeutic index. Systemically delivered NDV fails to reach
solid tumors in therapeutic concentrations and also spreads poorly within the tumors due to barriers including complement,
innate immunity, and the extracellular matrix. Overcoming these hurdles is paramount to realizing the exceptional oncolytic
efficacy of NDV. We engineered the F protein of NDV and generated a recombinant NDV (rNDV) whose F protein is cleavable
exclusively by prostate-specific antigen (PSA). The rNDV replicated efficiently and specifically in prostate cancer (CaP) cells and
3-dimensional prostaspheres but failed to replicate in the absence of PSA. Induction of intracellular PSA production by a syn-
thetic androgen analog (R1881) enhanced fusogenicity in androgen-responsive CaP cells. Further, PSA-cleavable rNDV caused
specific lysis of androgen-independent and androgen-responsive/nonresponsive CaP cells and prostaspheres, with a half-maxi-
mal effective concentration (EC50) ranging from a multiplicity of infection of 0.01 to 0.1. PSA-retargeted NDV efficiently lysed
prostasphere tumor mimics, suggesting efficacy in vivo. Also, PSA-cleavable NDV failed to replicate in chicken embryos, indicat-
ing no pathogenicity for chickens. Prostate-specific antigen targeting is likely to enhance the therapeutic index of rNDV owing to
tumor-restricted replication and enhanced fusogenicity.

Prostate cancer (CaP) is the second leading cause of cancer-
related deaths in the United States (1). Current treatment reg-

imens for hormone-resistant CaP are palliative and marginally
increase survival. Oncolytic virotherapy is a novel approach for
treating CaP and became particularly attractive with the advent of
techniques for genetic manipulation of RNA viruses (2, 3). New-
castle disease virus (NDV), an avian paramyxovirus, is an inher-
ently tumor selective oncolytic virus (OV) for which compelling
preclinical and phase I/II studies have been conducted with hu-
man subjects (4–6). Although naturally occurring strains of NDV
used as oncolytic agents have shown some promising results and
have been used in clinical trials, genetic modification of NDV
affords the opportunity to improve its antitumor efficacy and
therapeutic index.

Cleavage of the fusion (F) protein adjacent to its fusion peptide
is required for the initiation of infection and is a major determi-
nant of NDV virulence (7). We hypothesized that the F protein
cleavage site of NDV could be made cleavable by prostate-specific
antigen (PSA) so as to restrict its replication to PSA-producing
CaP cells. PSA is a serine protease with chymotrypsin-like sub-
strate specificity (8–11) that is found in high concentrations (mg/
ml) in the seminal plasma (12). Increased serum PSA levels cor-
relate with tumor volume (13) and most probably result from
leakage of PSA from the prostatic ductal system into the prostatic
stroma and subsequently into the bloodstream. The serum PSA
test measures total PSA, which has been defined as consisting of all
immunodetectable PSA and comprises mostly free PSA and PSA
bound to the protein inhibitor �1-antichymotrypsin (ACT) (14).
While it has been shown that explant tissues from human prostate
tumors contained �80% active PSA (15), others have shown that
the more prevalent form of PSA in tumor homogenates is in the
ACT-bound state (16). The therapeutic index of NDV can be en-

hanced by specific activation through cancer cell type-specific
proteases. To date, among oncolytic viruses, only Sendai virus and
measles virus have been modified for cleavage by tumor-specific
proteases such as matrix metalloproteases (MMP) or uroplas-
minogen activator (UPA) (17, 18).

The NDV F protein cleavage site possesses the consensus amino
acid sequence 112(R/K)-R-Q-(R/K)-R//F117 (the double slash denotes
the cleavage site) for virulent and mesogenic strains and the consen-
sus sequence 112(G/E)-(K/R)-Q-(G/E)-R//L117 for strains of low vir-
ulence (19). To determine whether it would be possible to engineer
recombinant NDV (rNDV) targeted to tumor-specific proteases, we
modified the F protein cleavage site to target PSA and examined the
ability of the mutant rNDV to replicate and kill CaP cells specifically.
Denmeade et al. (20) reported HSSKLQ as a PSA-specific substrate
that was not hydrolyzed by a variety of other proteases, including
chymotrypsin and trypsin. Subsequently, these investigators reported
that HP6SP5SP4KP3LP2QP1//LP1= (where P1 to P6 stand for positions 1
to 6) was an efficient substrate for PSA (21). Further, molecular dock-
ing studies indicated that the amino acids at positions 1 to 3 (P1 to P3)
are critical and that any amino acid with a smaller side chain at P4
would allow substrate specificity (21). We therefore mutated the fu-
sion protein cleavage site sequence from 112(R/K)-R-Q-(R/K)-R//
F117 to 112RHSSK//L117, 112RRKLQ//L117, or 112RRKLQ//F117 so as to
retain phenylalanine or leucine at the P1= position, because the pres-
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ence of these amino acids at position 117 was reported to be essential
for the induction of fusion in NDV (22). The 112RHSSK//L117 muta-
tion was performed in order to understand whether a monobasic
amino acid at the P1 position would result in F protein cleavage by
proteases other than PSA. This mutated site was predicted not to be
cleavable by PSA, since previous substrate docking studies claimed
that glutamine at the P1 position was essential for a high degree of
selectivity for PSA (21). We also constructed the F-Null protein by
replacing the furin motif with the sequence 112GGPGGV117, chang-
ing the P1= amino acid to valine, and by creating a neutral charge at
the cleavage site with glycine to render it fusion defective (22). The
peptide sequence of the NDV F-Null protein was therefore not ex-
pected to be cleaved by any known proteases, and it was used as a
control protein in this study.

We show that only the 112RRKLQ//L117 sequence at the cleav-
age site of F was PSA specific and that rNDV with this PSA-specific
site replicated efficiently in and was cytotoxic to CaP cells and
3-dimensional (3-D) prostaspheres, which are tumor mimics.

MATERIALS AND METHODS
Cells and reagents. The Vero, androgen receptor-negative (AR�) PC-3,
and DU145 prostate cancer (CaP) cell lines were purchased from the
ATCC and were maintained in Dulbecco modified Eagle’s medium
(DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS)
(Atlanta Biologicals). BSR-T7/5 cells were obtained from Griffith D.
Parks, Wake Forest University, and were maintained in DMEM supple-
mented with 10% FBS and G418 (Geneticin; Invitrogen) as described
previously (23). Androgen receptor-positive (AR�), PSA-secreting C4-2b
cells were obtained from Leland Chung, Emory University, and were
maintained in RPMI 1640 medium (Invitrogen) supplemented with 10%
FBS. Another AR�, PSA-secreting cell line, WPE-int, was also obtained
from the ATCC and was maintained in keratinocyte serum-free medium
(K-SFM) supplemented with 0.05 mg/ml bovine pituitary extract (BPE)
and 5 ng/ml epidermal growth factor (EGF) (K-SFM and supplements
were from Invitrogen). AR� and AR� CaP cells were supplemented with
PSA (Sigma-Aldrich) at 100 ng/ml. A synthetic androgen analog, R1881
(Sigma-Aldrich), was used at a concentration of 1 nm/ml to induce intra-
cellular PSA production only in androgen-responsive AR� cells (Table 1).
Cells were also maintained as nonadherent prostaspheres in serum-free
medium with 1� glutamine, 10 ng/ml EGF, and 1� B27 supplement
without vitamin A (Invitrogen). The full-length Beaudette C (BC) antig-
enome and the nucleoprotein (NP), phosphoprotein (P), and large poly-
merase protein (L) support plasmids have been described elsewhere (24).
Anti-NDV chicken serum (Spafas) and horseradish peroxidase (HRP)- or
fluorescein isothiocyanate (FITC)-conjugated goat anti-chicken antibod-
ies (Kirkegaard & Perry Laboratories) were used at predetermined con-
centrations. The anti-NDV F antibody 39-D9 was a generous gift from
Ronald Iorio, University of Massachusetts School of Medicine. Tosyl phe-
nylalanyl chloromethyl ketone (TPCK) trypsin and tosyl lysine chlorom-
ethyl ketone (TLCK) chymotrypsin were obtained from Sigma-Aldrich.

Cell-based assays. The mutant F genes and wild-type (wt) hemagglu-
tinin (HN) gene were cloned into the NheI site of pCAGGS. Vero, BSR-
T7/5, and PC-3 cells were seeded in 6-well plates and were cotransfected at
80% confluence with 1 �g of F and HN plasmids using Lipofectamine
(Invitrogen). PSA, at a concentration of 100 ng/ml, was added at 12 h
posttransfection to the wells transfected with F mutant plasmids. To de-
termine the optimum PSA overlay concentration, PC-3 cells were
cotransfected with mutant F and HN plasmids and were supplemented
with exogenous PSA (1 to 400 ng/ml) at 12 h posttransfection. The opti-
mum PSA overlay concentration was determined on the basis of the fu-
sion index (25) and cell viability as determined by the trypan blue dye
exclusion assay (26, 27). For determination of the fusion index, PC-3 cells
were cotransfected with wt or mutant F genes and the wt HN gene. At 72
h posttransfection, the cells were fixed using methanol-acetone (1:1) and
were washed with 1 mM EDTA solution in phosphate-buffered saline
(PBS). After the PBS was decanted, cells were stained with hematoxylin-
eosin stain (Fisher Scientific). The fusion areas in eight different fields
were counted to determine the fusion index (mean number of nuclei per
cell) as described previously (25, 28).

Generation and rescue of recombinant NDV. The KLQL, HSSKL,
KLQF, and F-Null cleavage site mutations were introduced into the full-
length NDV BC genome by two-round PCR-directed mutagenesis. Prim-
ers were designed to introduce the desired mutations into the F cleavage
site of a subclone carrying the SacII-to-NotI segment of the BC genome
(29). The SacII-NotI fragment was then cloned into the full-length BC
antigenome to generate full-length BC-HSSKL, BC-KLQL, BC-KLQF,
and BC-F-Null clones (24). Further, the SacII-PmlI fragment bearing the
enhanced green fluorescent protein (EGFP) gene was cloned into full-
length BC-HSSKL, BC-KLQL, and BC-F-Null clones in order to produce
infectious clones expressing EGFP. Transfection and rescue of recombi-
nant NDVs were performed as described previously (29) with minor
modifications. Briefly, cells were transfected with a full-length infectious
clone of NDV along with NP, P, and L plasmids, with or without the
wild-type BC F gene. BSR-T7/5 cells were overlaid with medium con-
taining 100 ng/ml PSA 48 h before transfection. The medium was then
removed, and the cells were washed three times with PBS and trans-
fected with the plasmids. At 48 h posttransfection, PSA (100 ng/ml)
was added again, and the medium was unchanged until the cells were
harvested. BSR-T7/5 cells were overlaid with fresh Vero cells 4 days
posttransfection, and the cells were examined for syncytia and fluores-
cence. At 7 days posttransfection, the entire-cell lysate was used for
amplification of the virus in DU145 cells.

Immunofluorescence assay (IFA) and flow cytometry. Vero cells
were transfected with a wt or mutant F gene, with or without the HN gene.
Following 48 h posttransfection, cells were fixed with methanol-acetone
(1:1) for 30 min at room temperature. Live-cell staining was carried out
for cells transfected with wt or mutant F proteins in order to detect cell
surface fluorescence. Cells were washed with PBS and blocked in fluores-
cence-activated cell-sorting (FACS) buffer (PBS plus 1% bovine serum
albumin and 0.02% sodium azide) for 30 min on ice. Blocking was fol-
lowed by incubation with primary antibody 3-9D9 (diluted 1:500 in FACS

TABLE 1 Prostate cancer and non-prostate cancer cell lines used in this studya

Cell line Origin AR status

Androgen responsive or
nonresponsive for AR-
mediated pathways

PSA
production Source or ATCC catalog no.

DU145 Human prostate carcinoma Negative Nonresponsive No HTB-81
PC3 Human prostate carcinoma Negative Nonresponsive No CRL-1435
C4-2B Human prostate cancer cell line LnCaP Positive Responsive Yes Leland Chung, Emory University
WPE-int Human prostate epithelium Positive Responsive Yes CRL-2888
Vero African green monkey kidney Negative Nonresponsive No CCL-81
BSR-T7/5 Baby hamster kidney Negative Nonresponsive No CCL-10
a All cell lines are androgen independent for proliferation and survival.
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buffer) for 1 h at 4°C. After three washes with FACS buffer, cells were
incubated for 1 h at 4°C with an FITC-conjugated goat anti-chicken sec-
ondary antibody (Kirkegaard & Perry Laboratories) diluted 1:100 in FACS
buffer. Following three more washes with FACS buffer, fixed cells were
observed under a fluorescence microscope, while live cells were resus-
pended in FACS buffer and were subjected to flow cytometry.

Immunoblotting. Plasmid-transfected cell lysates were subjected to
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) under nonreducing conditions. Following electrophoretic separa-
tion, the gels were transferred to nylon membranes using the iBlot kit
(Invitrogen) according to the manufacturer’s instructions. The mem-
branes were then blocked in PBS containing 0.5% Tween 20 (PBST) and
1% nonfat dry milk for 2 to 3 h at room temperature or overnight at 4°C.

Membranes were washed in PBST and were incubated overnight at 4°C
with the primary antibody, anti-NDV chicken serum (purchased from
Kirkegaard & Perry Laboratories), diluted in PBST with 0.5% nonfat dry
milk (1:2,000). Membranes were further washed and were incubated with
the secondary antibody, an IRDye 800CW-conjugated donkey anti-
chicken antibody (Li-Cor), diluted in PBST with 0.5% nonfat dry milk
(1:15,000), for 1 h at room temperature. Membranes were washed exten-
sively, and the bound antibody was detected using the Odyssey CLX in-
frared system.

Virus titration. Supernatants from virus-infected DU145 cells were
clarified at 3, 000 � g and were used as the virus stock. Virus titers were
obtained by calculating the 50% tissue culture infective dose (TCID50)
using the method of Reed and Muench as described elsewhere (30).

FIG 1 Characterization of fusion protein mutants by using cell-based assays. (A) Schematic of the NDV fusion protein and the PSA activation mutants.
(B) Fold change in cell surface expression, measured quantitatively by flow cytometry. The percentages of fluorescent cells were determined by setting the
gates using mock-transfected cells as a negative control and wild-type F as a positive control. (C) Immunofluorescent staining of Vero cells cotransfected
with NDV F and HN plasmids, using an antibody against F protein (magnification, �10). (D) Activation of mutant F proteins with an exogenous PSA
overlay (100 ng/ml) (at 12, 24, and 48 h posttransfection) compared to the activation of wild-type F protein with no overlay. Lysates collected after 48 h
posttransfection were used to detect the F1 peptide using a polyclonal anti-NDV chicken serum. (E) Determination of the optimal PSA overlay
concentration. The exogenous PSA overlay concentration was calculated based on the percentage of cell viability and the fusion index in PC-3 cells.
Cotransfection of expression plasmids (mutant pCAGGS-KLQL and wt pCAGGS-HN) in PC-3 cells, followed by an exogenous PSA overlay (1 ng/ml to
400 ng/ml), resulted in variable fusion indices and cell viabilities. Results are means � standard deviations (SD) obtained from five independent
experiments. (F) Syncytium formation in BSR-T7/5 cells 72 h posttransfection (blue arrows).
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Mean death time. Ten 10-day-old specific-pathogen-free (SPF) chicken
embryos were each inoculated with five different dilutions of the test viruses
in order to calculate the mean death time as described previously (31).

Growth kinetics. Cells and spheres were seeded in 6-well plates at 5 �
105 cells per well and were infected with recombinant BC-KLQL-GFP at a
multiplicity of infection (MOI) of 0.01, 0.1, 1, or 10 for multicycle growth
studies. After virus adsorption for 1 h at 37°C, cells were washed with PBS
to remove any unabsorbed virions, and serum-free medium containing
PSA (100 ng/ml) or R1881 (1 nm/ml) was added. At various time points
after infection, 100 �l of supernatants was removed, and the TCID50 was
determined by infecting fresh DU145 cells.

RT-PCR and sequencing. Undiluted BC-KLQL-GFP virus was seri-
ally propagated 10 times in WPE-int cells. To analyze the stability of the
introduced F mutation, the F-KLQL sequence was confirmed by perform-
ing reverse transcription-PCR (RT-PCR) on infectious supernatants us-
ing NDV genome-specific primers spanning the mutated region.

Cell viability. Cells and spheres were plated as five replicates in 6-well
plates at 5 � 105 cells per well and were infected with recombinant BC-
KLQL-GFP at MOIs of 0.01, 0.1, 1.0, and 10.0. Cells and spheres were
trypsinized at 24, 48, 72, 96, and 120 h postinfection and were checked for
viability using the trypan blue dye exclusion assay (26, 27). The viability of
PSA- and R1881-treated, uninfected control cells was set at 100% for
different time points.

Statistical analysis. One-way analysis of variance and the Student t
tests were performed using JMP software (version 9; SAS). The half-max-

imal effective concentrations (EC50s) were calculated using the dose re-
sponse-versus-inhibitor analysis with four parameters in GraphPad Prism
(version 5; GraphPad Software).

RESULTS AND DISCUSSION

We reported previously that the recombinant Beaudette C (rBC)
strain of Newcastle disease virus (NDV) specifically kills human
tumor cells while sparing normal cells in an interferon-indepen-
dent manner (24). We showed that NDV kills tumor cells by in-
trinsic and extrinsic pathways of apoptosis (24). We have also
shown that rBC is safe and inherently oncolytic in a preclinical
mouse model. We demonstrated that a single dose of interferon-
resistant or -sensitive rBC with wt F effectively eradicated the tu-
mor burden in human fibrosarcoma xenografts in nude mice (32).
Recently, we reported the absence of retinoic acid-inducible gene
I (RIG-I), a cytosolic RNA sensor, in cells sensitive to NDV and
significantly higher levels of proinflammatory cytokines and
chemokines in infected normal cells than in tumor cells (33). To
make the NDV F protein cleavable by PSA, we constructed several
F protein cleavage site mutants that are potentially cleavable by
PSA and one mutant (F-Null) that is not cleavable by any known
protease, and we tested their abilities to be transported to the cell
surface and to induce fusion.

FIG 2 Specificity of recombinant NDV for PSA. (A) Virus rescue and sequential passage of the BC-HSSKL-GFP and BC-KLQL-GFP mutant viruses in BSR-T7/5
cells. Magnification, �20. Note the absence of multicycle replication in the HSSKL virus. (B and C) Replication kinetics of the BC-KLQL-GFP virus (MOI, 1) in
Vero and WPE-int cells with or without a PSA overlay or with an overlay of PSA supplemented with 10% FBS. (D) BC-KLQL-GFP was passaged serially in
WPE-int cells. The sequence of the KLQL mutation in the virus was confirmed after 10 serial passages at an MOI of 1. (E) Reverse transcription-PCR gel
confirming the absence of viral RNA in the allantoic fluid of BC-KLQL-GFP-infected specific-pathogen-free chicken embryos. Lanes: a, DNA marker; b, allantoic
fluid from an embryo infected with Lasota-EGFP; c, cell culture supernatant infected with BC-KLQL-GFP; d and e, allantoic fluid from embryos infected with
BC-KLQL-GFP.
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NDV fusion protein mutants are transported to the cell sur-
face. Proteins with the putative PSA-cleavable motif HSSKL,
KLQL, or KLQF, or with the noncleavable F-Null mutant (Fig.
1A), were cloned into the expression vector pCAGGS. We
screened these NDV fusion protein mutants in a plasmid system
for their PSA specificities. Immunofluorescent staining was per-
formed to analyze the cell surface expression of fusion protein
mutants, and cell surface expression was quantified by flow cy-
tometry. All fusion proteins, except the KLQF mutant, were trans-
ported to the cell surface. The cell surface expression of the
HSSKL, KLQL, and F-Null mutants was within the same range as
that of the wild-type (wt) F protein. The KLQF mutant, on the
other hand, was undetectable (Fig. 1B). Coexpression of NDV wt
F and hemagglutinin (HN) proteins in Vero cells resulted in
multinucleated syncytia. The mutant proteins, however, were not
fusogenic (Fig. 1C). This suggested that the mutant fusion pro-

teins were functionally inactive and were not cleaved by ubiqui-
tous proteases. The F proteins of virulent NDV strains with mul-
tibasic cleavage site amino acids are cleaved by ubiquitous
subtilisin-like proteases, such as furin, PC6, and PACE 4, while
nonpathogenic strains with monobasic cleavage sites are cleaved
by trypsin-like enzymes found only in specific tissues (19, 34). The
HSSKL mutant, with a monobasic cleavage site, was not cleavable
by trypsin-like proteases, either (data not shown). Modification of
the NDV F cleavage site to HSSKL or KLQL did not interfere with
protein synthesis, maturation, or cell surface transport pathways.
However, the presence of a phenylalanine after a glutamine at the
cleavage site interfered with cell surface expression. Therefore, the
KLQF mutant was excluded from further analysis.

The KLQL mutant is activated by exogenous PSA overlay. To
further analyze the functional properties of mutant fusion pro-
teins, the cell culture medium was supplemented with PSA (100

FIG 3 Virus yields in prostate cancer cells and spheres. (A) The virus yield in DU145 cells was significantly higher than those in other cells. Spheres are designated
DU145S, PC-3S, WPE-intS, and C4-2BS. (B) PSA induction using the synthetic androgen analog R1881 significantly increased virus replication in AR� cells
(C4-2B and WPE-int) and decreased virus yield in AR� spheres (C4-2BS and WPE-intS), *, P � 0.0001; n 	 8. (C) Multistep growth kinetics of BC-KLQL-GFP,
at an MOI of 1, after PSA induction with R1881 (1 nm/ml).
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ng/ml) at 12, 24, and 48 h posttransfection. The addition of PSA
resulted in efficient cleavage of the KLQL but not the HSSKL mu-
tant (Fig. 1D). It was found that exogenous supplementation with
PSA at a concentration of 100 ng/ml was well tolerated by the cells,
and a mean fusion index of 17.78, similar to that of the wild-type
F plasmid (data not shown), was observed for the KLQL mutant
(Fig. 1E). The fusion index did not increase when PSA concentra-
tions above 100 ng/ml were used. At higher doses, PSA was cyto-
toxic to cells, which could be due to the chymotrypsin-like pro-
tease activity of PSA on adherent cells. The HSSKL mutant F
protein formed poor syncytia even after a PSA overlay, while the
KLQL mutant was fusogenic (Fig. 1F). This result indicated that
the KLQL mutant F protein was activated by PSA.

rNDV is replication restricted for PSA. Having shown that the
HSSKL and KLQL motifs are cleavable by PSA (Fig. 1D), we at-
tempted to rescue NDV containing HSSKL or KLQL at the F pro-
tein cleavage site. Recombinant NDV (rNDV) was recovered us-
ing reverse genetics as described previously (29) with the addition
of an exogenous overlay of PSA (100 ng/ml) for the 48-h period
prior to transfection and after transfection. rNDV with the HSSKL
motif was recoverable only by including a plasmid expressing wt
NDV F. This rNDV failed to undergo multicycle replication in
CaP cells (Fig. 2A) and therefore was excluded from further stud-
ies. The rNDV with the KLQL motif (BC-KLQL-GFP) was suc-
cessfully recovered from BSR-T7/5 cells supplemented with exog-
enous PSA (Fig. 2A). BC-KLQL-GFP replicated only when PSA
was added to the media of Vero and WPE-int cells (Fig. 2B).

To confirm that virus replication was dependent on active PSA,

we inactivated PSA by the addition of 10% FBS. Human and ani-
mal sera are enriched with protease inhibitors, including serpins
(serine protease inhibitors), which bind and inactivate proteases,
including trypsin and chymotrypsin (35, 36). It is well known that
the proteolytic activity of PSA is inhibited in the bloodstream by
the formation of complexes with serine protease inhibitors such as
�1-antichymotrypsin and protein C inhibitor (37, 38). The mul-
ticycle replication of BC-KLQL-GFP was severely impaired with
the addition of FBS (Fig. 2B and C), indicating PSA specificity.
Exogenous TPCK trypsin (0.5 �g/ml) or TLCK chymotrypsin (1
�g/ml) overlay did not support virus replication as well (data not
shown). This further confirmed the PSA specificity of the recom-
binant BC-KLQL-GFP virus.

The PSA cleavage motif in the PSA mutant virus was stable,
and mutant rNDV did not replicate in chicken embryos. The
BC-KLQL-GFP virus was serially passaged in AR� WPE-int cells,
and the PSA-cleavable KLQL mutation was confirmed by se-
quencing after 10 passages. A representative sequence trace is
shown in Fig. 2D to indicate the presence of the introduced KLQL
mutation. The AR� WPE-int cells were specifically used for sta-
bility studies because they are androgen responsive, and intracel-
lular PSA production could be induced with R1881 (a synthetic
androgen analog) (39). A PSA enzyme-linked immunosorbent
assay (ELISA) was used to detect increased levels of unbound PSA
in the supernatants of R1881-treated WPE-int cells (data not
shown). The mean death time following BC-KLQL-GFP infection
of 10-day-old specific-pathogen-free (SPF) chicken embryos was
�168 h, and no embryo death could be recorded. There was no

FIG 4 Fusogenicity of PSA-cleavable rNDV in CaP cells and spheres. AR� and AR� CaP cells and spheres were infected with recombinant BC-KLQL-GFP virus
at an MOI of 1, with or without R1881 induction, and fusogenicity was examined 72 h postinfection. Note the enhanced fusogenicity in androgen-responsive
C4-2B and WPE-int cells after R1881 induction. Spheres disintegrate after treatment with R1881.
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hemagglutinating activity in the allantoic fluid of infected chicken
embryos (data not shown). No viral RNA was detected in the
allantoic fluid of infected SPF embryos by RT-PCR, confirming
the absence of virus replication (Fig. 2E). These results indicate
that BC-KLQL-GFP does not replicate in SPF chicken embryos
and is likely to be nonpathogenic to chickens.

PSA-targeted rNDV replicates in CaP cells and prostas-
pheres. To determine whether the PSA-dependent mutant would
replicate in an in vitro mimic of CaP, we performed growth kinet-
ics in CaP cells and prostaspheres. CaP cells were cultured in se-
rum-free medium to form spheroids (14). These prostaspheres
represent 3-D clusters of tumor cells that develop into fairly large
multicellular aggregates. Spheroids contain different subpopu-
lations of cells that can be quiescent, hypoxic, and necrotic,
closely mimicking a tumor (40–42). Spheres have been shown
to be promising in vitro models for testing various anticancer
compounds, since they represent more natural cellular dynam-
ics and architecture than 2-dimensional (2-D) monolayer cul-
tures (43–46).

In the presence of exogenous PSA, the androgen-independent,
AR� cell line DU145 was the most permissive cell type (Fig. 3A).
As expected, virus yields in both AR� and AR� cells and spheres
were significantly higher at an MOI of 10 than at an MOI of 1 (data
not shown). Interestingly, the induction of intracellular PSA by

treatment with R1881 in androgen-responsive AR� cells (WPE-
int and C4-2B) resulted in viral titers significantly greater than
those with a PSA overlay (Fig. 3B). Engaging the AR with the
synthetic androgen analog R1881 induced intracellular PSA secre-
tion (39) and thereby increased virus replication in AR� WPE-int
and C4-2B cells (MOI, 1) (Fig. 3C). We also confirmed PSA secre-
tion by ELISA (data not shown). On the other hand, treatment of
AR� prostaspheres with R1881 led to disaggregation, low virus
yields, and nonspecific cell death (Fig. 3C and 4). The remarkable
fusogenicity of WPE-int and C4-2B androgen-responsive cells
(Fig. 4) suggests the ability of the PSA-cleavable rNDV to spread
efficiently. The fact that this mutant replicates efficiently in AR�

and AR� cells underscores its potential for oncolytic virotherapy
of both hormone-sensitive and hormone-refractory CaP.

The PSA-cleavable rNDV is cytotoxic to CaP cells and pros-
taspheres. Cytotoxicity induced by rNDV was assessed by trypan
blue staining of virus-infected CaP cells and spheres. The EC50

ranged from an MOI of 0.01 for AR� cells/spheres (treated with
R1881) to an MOI of 0.1 for AR� cells/spheres (supplemented
with exogenous PSA) at 120 h postinfection (Fig. 5A and B). Cy-
totoxicity in AR� WPE-int cells was significantly higher with
R1881 treatment than with the exogenous PSA overlay, while
C4-2B cells showed a less significant difference (Fig. 5C). Differ-
ential tumor selectivity may be due to differences in the cellular

FIG 5 Cytotoxicity of PSA-cleavable rNDV in CaP cells and spheres. Cell viability was assessed by the trypan blue dye exclusion assay at 120 h postinfection. The
EC50 in AR� and AR� cells/spheres was calculated by the sigmoidal dose response-versus-inhibitor analysis with four parameters, using GraphPad Prism, version
5 (GraphPad Software). (A) AR� cells and spheres with an exogenous PSA overlay (100 ng/ml). (B) AR� cells (treated with R1881 at 1 ng/ml) and AR� spheres
(with PSA overlaid at 100 ng/ml). (C) AR� cells (WPE-int and C4-2B) responded to PSA or R1881 supplementation. The viability of WPE-int cells treated with
R1881 was significantly lower than that with the PSA overlay at 120 h postinfection. MOI, 1. *, P � 0.0001; **, P � 0.0002; n 	 6.
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antiviral response to infection with NDV and in RIG-I expression
(33). These results demonstrate that the PSA-cleavable rNDV will
be activated only in the CaP tumor microenvironment, where free
and active PSA is available, and will undergo selective multicycle
replication and mediate cytotoxicity. We showed that intracellular
PSA production induced by R1881 treatment enhanced virus
spread, suggesting that intracellular F cleavage is important for
enhanced fusion and oncolysis.

CaP is especially suited as a target for OVs because the prostate
gland is easily accessible for inoculating viruses or for obtaining
tissue samples. PSA, a serine protease, is abundant in the seminal
plasma, and increased serum PSA levels are known to correlate
with prostate tumor volumes (9–13). A major setback in using
naturally occurring OVs for cancer therapy is off-targeting and
failure to reach maximum tolerated doses. Since most of the pro-
teolytically active PSA is present only in CaP (8–11), off-targeting
will result in an abortive replication cycle with PSA-dependent
rNDV. Although evidence exists to support PSA-targeted prod-
rugs (47–49), we have obtained “proof of principle” for the con-
cept that a recombinant virus could be replication restricted for
PSA. Tumor-specific targeting of rNDV can be combined with its
inherent oncolytic and immunostimulatory properties, resulting
in a therapeutic index enhanced by tumor-specific replication and
efficient intratumoral spread. The inability of the PSA-cleavable
mutant NDV to replicate in chicken embryos could be construed
as a setback for virus stock production. However, our recent stud-
ies indicate that embryo-passaged NDV, but not human cell-
grown NDV, was severely restricted by human complement (50).
Human cell-grown NDV was protected against complement-me-
diated neutralization by the incorporation of host complement-
regulatory proteins CD46 and CD55 on the viral envelope (50).
Therefore, chicken embryos may not be suitable for clinical-grade
virus production for human clinical trails. However, clinical-
grade and complement-protected PSA-cleavable mutant virus
stocks could be generated in WPE-int cells, and virus yield was
higher after R1881 supplementation. During the course of our
study, the mesogenic Beaudette C strain was classified as a “select
agent” by the U.S. Department of Agriculture, with delayed regu-
latory approvals for performing preclinical tumor regression
studies with rNDV in mouse models. Select agents are federally
regulated agents that have potential use in biological warfare. Al-
though we did not show efficacy in preclinical models, our virus
replication and cytotoxicity results in a range of AR� and AR�

CaP cells and 3-D prostaspheres suggest that PSA-cleavable rNDV
is a promising candidate for immediate preclinical trials in mouse
models and phase I/II human clinical trials in hormone-sensitive
and hormone-refractory CaP.
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