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Malignant pleural mesothelioma (MPM) is highly intrac-
table and readily spreads throughout the surface of
the pleural cavity, and these cells have been shown to
express urokinase-type plasminogen activator recep-
tor (UPAR). We here examined the potential of our new
and powerful recombinant Sendai virus (rSeV), which
shows uPAR-specific cell-to-cell fusion activity (rSeV/
dMFct14 (uPA2), named “BioKnife”), for tumor cell kill-
ing in two independent orthotopic xenograft models of
human. Multicycle treatment using BioKnife resulted in
the efficient rescue of these models, in association with
tumor-specific fusion and apoptosis. Such an effect was
also seen on both MSTO-211H and H226 cells in vitro;
however, we confirmed that the latter expressed uPAR
but not uPA. Of interest, infection with BioKnife strongly
facilitated the uPA release from H226 cells, and this
effect was completely abolished by use of either pyr-
rolidine dithiocarbamate (PDTC) or BioKnife expressing
the C-terminus—deleted dominant negative inhibitor for
retinoic acid-inducible gene-l (RIG-IC), indicating that
BioKnife-dependent expression of uPA was mediated
by the RIG-I/nuclear factor-kB (NF-xB) axis, detecting
RNA viral genome replication. Therefore, these results
suggest a proof of concept that the tumor cell-killing
mechanism via BioKnife may have significant potential
to treat patients with MPM that is characterized by fre-
quent UPAR expression in a clinical setting.
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INTRODUCTION

Several decades ago, asbestos was widely used due to its industrial
and economic advantages, nonconductiveness, thermal insulation
property, and sound absorbability. Epidemiological and patho-
logical studies, however, revealed its tumorigenic properties,'”

and as a result the use of asbestos was prohibited in almost all
developed countries. Because asbestos-induced tumors occur sev-
eral decades after asbestos exposure, the rapidly increasing num-
bers of asbestos-related malignancies has become a serious issue.
Malignant pleural mesothelioma (MPM) is one of these asbes-
tos-related malignancies arising from the pleural cavity, and is
highly intractable and resistant to the current standard therapeu-
tics. In fact, MPM has a median overall survival rate of less than
30 months even when multimodality therapy is used.** Therefore,
novel therapeutics for this condition are urgently needed.

Urokinase-type plasminogen activator (uPA) is a member
of the trypsin-like serin protease family, and is synthesized and
secreted as pro-uPA, having less proteolytic activity itself.® Pro-
uPA binds to the uPA receptor (uPAR), a 55-60 kDa glycoprotein
thatis anchored on the cell surface by a glycosyl-phosphatidylinos-
itol linkage,”® and converts pro-uPA to active-uPA, resulting in
localized proteolytic activity around the cell surface.” A number
of studies have demonstrated that the active uPA plays a crucial
role in tumor invasion and metastasis via extracellular matrix
degradation,' and there is a consensus that a variety of cancers
overexpress uPAR and that such expression is closely associated
with poor patient prognosis."'* In keeping with these findings,
uPAR has been shown to be highly overexpressed in tissue sam-
ples from patients with MPM,'®'” and to be rather rarely expressed
in nonmalignant tissues except under unusual circumstances such
as inflammation of foci;'>'"* therefore, uPAR may be a potential
target molecule for the treatment of MPM.

We recently developed novel oncolytic viruses based on a
recombinant Sendai virus (rSeV) that shows uPA-specific cell
killing activity via cell-cell fusion.'® These viruses were desig-
nated “oncolytic rSeVs,” and had the following genetic modi-
fications: (i) deletion of the gene encoding matrix (M) protein,
which resulted in the loss of budding of secondary viral particles
and accumulation of HN (hemagglutinin/neuraminidase) and
F (fusion) proteins on the infected cell surface; (ii) replacement
of trypsin-susceptible amino acid residues of the F-gene with
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protease-specific ones; and (iii) truncation of the cytoplasmic
domain of the F-gene. As a result, our recent study demonstrated
that uPA-dependent oncolytic rSeV (rSeV/dMFctl4 (uPA2),
named “BioKnife”) showed optimal performance and was appli-
cable to various types of human malignancies,' including highly
malignant glioblastoma multiforme."

Based on these findings, we here examined the therapeutic
efficacy of BioKnife for the treatment of orthotopic xenograft
models of human MPM showing extensive pleural spread. Of
interest, we found that uPA is not always required for the thera-
peutic efficacy of BioKnife, because infection of rSeV into MPM
cells facilitates tumor expression via a cytoplasmic sensor and sig-
nal transduction pathway for RNA viruses, retinoic acid-inducible
gene-I (RIG-1),” thereby facilitating BioKnife-mediated fusion-
dependent apoptosis.

RESULTS

Therapeutic potentials of BioKnife for orthotopic
mouse models of human MPM

In the initial stage of this study, we established orthotopic xeno-
graft models of MPM by injecting the human MPM cell lines
H226 (epithelioid subtype) and MSTO-211H (biphasic subtype)
into the right thoracic cavity at two different doses (1 x 10°and 5 x
10° cells/head). As shown in Figure 1a, mice that were intrapleu-
rally administered either H226 or MSTO-211H cells grossly dem-
onstrated some tumor nodules, and these nodules later increased
in number in both pleural cavities (white arrows, four upper pho-
tographs). In both cases, 5 x 10° cells was considered an appro-
priate dose, since all the mice administered this dose were killed
(within 128 days for H226 and within 38 days for MSTO-211H).
Therefore, the following experiments were performed using a
dose of 5 x 10° cells.

Next, to assess the therapeutic effect of the BioKnife, we first
examined the dose-response relationship on the tumor-bearing
mice via a single intrapleural administration of BioKnife express-
ing green fluorescent protein (GFP) on day 7 (BioKnife-GFP:
4 x10°% 2 x 10% and 1 x 107 cell-infectious units (ciu)/dose), when
the tumors were established. As a result, significant survival pro-
longation was observed in both tumor models when a dose of
1 x 107 ciu/dose was used (data not shown); therefore, this dose
was used for the following experiments.

Subsequently, single and multicycle administrations of
BioKnife-GFP (once, on day 7 after tumor cell inoculation only;
three times, on days 7, 9, and 11; or six times, on days 7, 9, 11,
13, 15, and 17) were examined. As shown in Figure 1b, an opti-
mized therapeutic effect was achieved by the use of six injections
of BioKnife-GFP in both models, as expected.

Evidence of BioKnife-mediated elimination of

MPM tumor in vivo

Next, we confirmed the time course of BioKnife-mediated tumor
death using H226 as a model. Here we used rSeV lacking the M-gene
without F-gene modification (rSeV/dM-GFP)? as a control virus.
Two days after intrapleural injection of BioKnife-GFP (1 x 107 ciu/
dose) into the tumor-bearing mice (7 days after tumor cell inocu-
lation), the bilateral thoracic cavities were opened and subjected
to a fluorescent dissecting microscope. As shown in Figure 2a,
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fluorescence was observed and extended to almost all of tumor
nodules (surrounded by brown lines). The thoracic cavities with-
out tumor inoculation demonstrated only tiny and scattered dots
on the surface, suggesting that MPM tumors were susceptible to
both rSeV/dM-GFP and BioKnife-GFP. Similar findings were also
observed in the case of MSTO-211H tumors (data not shown).

In contrast to the similar gross findings of GFP fluorescence,
histological and immunohistochemical examinations of these
tumors demonstrated markedly different features. A large por-
tion of the tumors from the mice administered the control virus
(rSeV/dM-GFP) was viable, and GFP expression was seen just
on the surface of the tumors (Figure 2b; upper two photomi-
crographs, black and white arrows). On the other hand, tumors
from mice administered BioKnife-GFP showed an extensive dead
area, which was positive for terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) staining (red nuclei),
adjacent to the GFP-positive tumor cells (Figure 2b; lower two
photomicrographs, black and white arrows). The image analyzer
exhibited a significantly larger TUNEL-positive area in BioKnife-
GFP treated tumors than in the tumors treated with control virus
(Figure 2b, graph).

To assess the time course of tumor elimination, we next
employed an IVIS in vivo imaging system (Caliper Life Sciences,
Hopkinton, MA) to assess luciferase bioluminescence using H226
tumor cells that were stably transfected with simian immunode-
ficiency virus vector expressing firefly luciferase (H226-luc). As
shown in Figure 2c, the in vivo luciferase activity of mice with
orthotopic tumors that received rSeV/dM-GFP increased gradu-
ally, while that of mice injected with BioKnife-GFP was reduced,
indicating that BioKnife-GFP could eliminate this activity in a
time-dependent manner.

BioKnife-mediated cell death of MPM is due to

uPA- and caspase-dependent apoptosis

The increase in the TUNEL-positive area of tumors treated with
BioKnife-GFP suggested that the BioKnife-mediated death of the
tumor cells might have been due to an apoptotic mechanism. We
therefore confirmed this in vitro. MPM cells (H226 and MSTO-
211H) and control cells (AoSMC: human aortic smooth muscle
cells; and Met5A: human normal mesothelial cells) were subjected
to a cell proliferation assay (4 days after virus inoculation) and
caspase 3/7 activity assay (2 days after virus inoculation), the
common pathway of caspase-dependent apoptosis. As shown in
Figure 3a, a significant and dramatic increase of caspase 3/7 activ-
ity was observed only in MPM cells, but not in control cells (left
graph), and corresponding cytotoxicity was also seen in MPM
cells (right graph). Interestingly, AoSMCs showed increased cell
death when the control virus was used without enhancement of
caspase 3/7 activity, suggesting that the death of these cells might
be due to the direct cytopathic effect of rSeV/dM-GFP.

To examine whether BioKnife-mediated cell death might be
dependent on the uPA/uPAR system and caspases, their inhibi-
tors, human recombinant plasminogen activator inhibitor-1
(PAI-1) and pan-caspase inhibitor (Z-VAD-FMK: benzyloxy-
carbonyl-Val-Ala-Asp-fluoromethylketone)? were used. As
shown in Figure 3b, these inhibitors significantly inhibited the
BioKnife-GFP-mediated cytotoxicity of H226 cells, indicating
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Figure 1 Establishment of orthotopic models of two independent malignant pleural mesotheliomas (H226, epithelioid subtype; and
MSTO-211H, biphasic subtype) and the therapeutic potential of uPA activity-dependent rSeV/dMFct14 (uPA2), namely, BioKnife. *P < 0.01.
(a) Establishment of orthotopic models of two independent malignant pleural mesotheliomas. Note that 7 days after tumor cell inoculation, tumor
nodules were already established, and thereafter the sizes and numbers of nodules increased. The bottom two graphs indicate the dose-dependent
survival of H226 (left) and MSTO-211H (right). In both cases, administration of 5 x 10° cells resulted in the death of all the animals. (b) Survival curves
indicating the therapeutic effect of multicycle administration of BioKnife-GFP (1 x 107 ciu/dose). Seven days after tumor cell inoculation, when the
tumor nodules were almost established, BioKnife-GFP was administered via an intrathoracic route once (day 7), three times (days 7, 9, and 11) or six
times (days 7, 9, 11, 13, 15, and 17). The more times administration of BioKnife significantly prolonged the survival of tumor-bearing mice in both
tumor cells. The survival curves were determined using the Kaplan—Meier’s method, and the log-rank test was used for comparison. ciu, cell infectious
unit; GFP, green fluorescent protein; PBS, phosphate-buffered saline; rSeV, recombinant Sendai virus; uPA, urokinase-type plasminogen activator.

that the uPA/uPAR and caspases were essentially involved in the =~ summarized in the Supplementary Table S1) and by west-
BioKnife-mediated cell death of H226. ern blotting for the cell lines. As shown in Figure 4a and the

Supplementary Table S1, uPAR expression was found in all cases
Human MPM frequently expresses uPAR tested, and, interestingly, staining signals were detected on the
Next, we examined the expression of uPAR in human MPM  plasma membrane (upper two photomicrographs, arrowhead) or
by immunohistochemistry for surgical specimens (nine cases, cytoplasm (bottom two photomicrographs, arrowhead) or both.
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Figure 2 Tumor nodule-specific infection and spread of BioKnife-GFP resulted in tumor elimination in the orthotopic MPM model in vivo.
*P<0.01. (a) Representative findings of the pleural surface of orthotopic H226-bearing mice as assessed by using a dissecting fluorescent microscope.
Seven days after H226 inoculation, the control virus (rSeV/dM-GFP) or BioKnife-GFP was administrated. Two days later, both thoracic cavities were
opened and observed under a dissecting fluorescent microscope. Note that both tumors, but not the adjacent mesothelial cells, exhibited extensive
GFP signals, suggesting that the H226 tumors were susceptible to the rSeV infection. Similar findings were also seen when MSTO-211H cells were
used (data not shown). n = 4/group. (b) Representative findings of immunohistochemical triple staining (GFP, green; TUNEL, red; and PI for nuclei,
dark blue) followed by H&E staining, for the tumor sections obtained as described in a. The right graph is the image analyzer-assisted quantitative
analysis of the TUNEL-positive area. Note that the tumors treated by rSeV/dM-GFP showed GFP signals only on the tumor surface, and that a large
portion of the tumor cells were histologically viable. There were four mice in each group, and four tumors were excised from each mouse. Error bars
in a panel represent the means + S.D. (c¢) Time course of tumor reduction. An IVIS in vivo imaging system was employed to assess luciferase biolumi-
nescence using H226 tumor cells that were stably transfected with simian immunodeficiency virus vector expressing firefly luciferase (H226-luc). Note
that the in vivo luciferase activity of mice with orthotopic tumors that received rSeV/dM-GFP increased gradually, while that of the mice that received
BioKnife-GFP was reduced, as shown in the quantitative analysis of the right graph, indicating that BioKnife-GFP could eliminate tumor cells in a
time-dependent manner. Error bars in a panel represent the means + S.D. n = 4/group. DAPI, 4’,6-diamidino-2-phenylindole; GFP, green fluorescent
protein; H&E, hematoxylin and eosin; MPM, malignant pleural mesothelioma; NS, not significant; Pl, propidium iodide; rSeV, recombinant Sendai

virus; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

There was no staining when isotype-matched murine IgG1 was
used as the primary antibody (data not shown). Western blot
analysis demonstrated strong expression of the uPAR protein,
~55kDa, in both the MPM cell lines, H226 and MSTO-211H, as
well as a small amount in AoSMCs; there was no uPAR protein in
the noncancerous mesothelial cell line, Met5A (Figure 4b).

We further assessed the role of uPAR expression on the effect
of BioKnife-mediated cytotoxicity via small interfering RNA
(siRNA)-mediated knockdown for the “loss of function” study.
Left graph in Figure 4c shows the siRNA-specific downregulation
of uPAR expression on cell surface expressed by mean fluorescent
intensity assessed by flow cytometry. Corresponding right graph
indicates the cytotoxic effect of BioKnife-GFP but not of control
virus, indicating that the expression of uPAR is essential to the
biological activity of BioKnife.

BioKnife stimulates uPA expression via a RIG-I- and
NF-kB-dependent mechanism

We subsequently confirmed uPA release from MPM cells into
the culture medium by casein zymography. Surprisingly, H226
cells that were highly susceptible to the BioKnife treatment did
not express uPA at all (Figure 5a). A similar result was found
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by uPA-specific enzyme-linked immunosorbent assay (data
not shown). We therefore hypothesized that the infection with
BioKnife might stimulate uPA expression. This hypothesis was
based in part on the previous demonstration that genome replica-
tion of SeV is recognized by a cytoplasmic sensor for RNA viruses,
the DExD/H-box RNA helicase known as RIG-I and thereafter
activates nuclear factor-kB (NF-xB).?’ In addition, it has been
reported that NF-kB/Rel was essential for the constitutive expres-
sion of uPA in some cancer cells;” therefore, such a signal trans-
duction pathway might be involved.

To clarify this hypothesis, we here tested the effect of the NF-«kB
inhibitor pyrrolibine dithiocarbamate (PDTC) and BioKnife
dually expressing both GFP and t he dominant negative mutant
RIG-I (RIG-IC)"?* on the BioKnife-mediated uPA expression
from H226 cells. As shown in Figure 5b, both the messenger RNA
and protein expressions of uPA were observed when either the
control virus rSeV/dM-GFP or BioKnife GFP was used, suggest-
ing that a common mechanism of SeV infection might be crucial
to these findings. Importantly, treatment of PDTC as well as use of
BioKnife-GFP expressing RIG-IC almost completely abolished the
expression of uPA, indicating that a RIG-I- and NF-kB-dependent
signal transduction pathway is a key to the inducible expression of
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Figure 3 BioKnife-mediated cell death of human MPM cells is regulated by caspase-dependent apoptosis. *P < 0.01 and #P < 0.05. (a) MPM
cells (H226 and MSTO-211H) and control cells (AoSMC, human aortic smooth muscle cells; and Met5A, human normal mesothelial cells) were sub-
jected to caspase 3/7 activity assay (left graph, 2 days after virus inoculation), and cell proliferation assay (right graph, 4 days after virus inoculation).
Note that significant and dramatic increase of caspase 3/7 activity was observed only in MPM cells, but not in control cells (left graph), and corre-
sponding cytotoxicity was also seen in MPM cells (right graph). AoSMCs showed increased cell death in use of control virus without enhancement of
caspase 3/7 activity, suggesting the direct cytopathic effect of rSeV/dM-GFP. Error bars in a panel represent the means + S.D. n = 4/group. (b) A graph
indicates PAI-1 and pan-caspase inhibitor (Z-VAD-FMK, benzyloxy- carbonyl-Val-Ala-Asp-fluoromethylketone) dependent inhibition of H226 cell death
via BioKnife-GFP treatment to confirm whether BioKnife-mediated cell death might be dependent on uPA/uPAR system and caspases. Error bars in a
panel represent the means + S.D. n = 4/group. GFP, green fluorescent protein; MPM, malignant pleural mesothelioma; PAI-1, plasminogen activator

inhibitor-1; RFU, relative fluorescent unit; rSeV, recombinant Sendai virus; uPAR, urokinase-type plasminogen activator receptor.

uPA from MPM. In addition, use of more BioKnife, multiplicity
of infection (MOI) = 50, showed apparent dose-response effect on
the stimulation of endogenous uPA expression.

Finally, we confirmed that similar enhancement of uPA expres-
sion due to rSeV-based vectors might be representative in vivo
in an H226 orthotopic MPM model. Seven days after intrapleu-
ral tumor inoculation into the nude mice, a 1 x 107 ciu/dose of
rSeV/dM-GFP or BioKnife-GFP was administrated into the tho-
racic cavity. Two days later, the mice were killed, the tumor nod-
ules were enucleated, and the protein extracts were subjected to
a human uPA-specific enzyme-linked immunosorbent assay. As
shown in Figure 5c¢, the tumors treated with control virus showed
upregulation of uPA expression, a finding that was significantly
enhanced by BioKnife-GFP treatment.

Altogether, these findings strongly suggested that BioKnife
would be effective to treat MPM, because this type of tumor fre-
quently expresses uPAR. Importantly, tumor cell-derived uPA, a
ligand protease of uPAR, may not be seriously important to the
therapeutic effect of BioKnife, because infection with BioKnife
itself stimulates uPA expression from MPM via a RIG”~ and
NE-kB-dependent pathway for autocrine activation of this type of
fusogenic oncolytic virus.

DISCUSSION

We here investigated the therapeutic potential and antitumor
mechanism of our uPA activity-dependent oncolytic virus,
BioKnife, to treat murine models of MPM. The key observations
made in this study were as follows: (i) The repeated administration
of BioKnife was effective and significantly prolonged the survival
of two independent orthotopic murine models of MPM in vivo;
(ii) BioKnife-mediated tumor cell death was mediated by caspase-
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dependent apoptosis; (iii) human MPM frequently expressed
uPAR protein, but expression of uPA was not always seen; and
(iv) uPA activity-dependent BioKnife was also effective even on
uPA-negative MPM, because infection of BioKnife itself stimu-
lated the expression of uPA from MPM cells through a RIG-I- and
NF-kB-mediated signaling pathway. These findings suggest the
potential utility of BioKnife to treat MPM in clinical settings.

In general, MPM spreads throughout the pleural cavity, and
metastasis of MPM to distant sites is somewhat rare.”® Such charac-
teristics of MPM may be a favorable feature for oncolytic virotherapy
using Bioknife. As shown in Figure 2, the tumor nodules infected
by BioKnife led to widespread infection among uPAR-expressing
cells via cell-cell fusion activity. Although BioKnife theoretically
cannot be delivered to the distant metastasis, BioKnife has signifi-
cant benefit in the eradication of adjacent malignant tumors.

In the present study, we have shown that MPM would be a good
target of uPA activity-dependent BioKnife, because the majority
of MPM in this series expressed uPAR, as shown in Figure 4 and
the Supplementary Table S1, and uPAR plays a key role in tumor
cell invasion, migration, angiogenesis, and metastasis.'® This find-
ing of frequent uPAR expression in MPM has been confirmed
by other groups.’*!” Importantly, we here demonstrated that the
release of uPA from MPM was not a serious issue in terms of the
therapeutic efficacy of BioKnife, because infection of BioKnife
to MPM cells strongly stimulated uPA expression. Furthermore,
we demonstrated that rSeV-mediated induction of uPA was con-
trolled by a RIG-I- and NF-kB-dependent signal transduction
pathway (Figure 5). To our knowledge, this is the first study to
report the stimulation of uPA expression after SeV infection.

The data obtained in this study confirmed that uPA activated
by uPAR is critical on the effect of BioKnife vector. Both expression
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surgical specimens (nine cases, summarized in the Supplementary
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membrane (upper two photomicrographs, arrowhead) or cytoplasm
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cell Met5A at all. (c) Graphs indicating the essential role of uPAR on the
effect of BioKnife-mediated cytotoxicity via siRNA-mediated knockdown.
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flow cytometry. Right graph indicates the corresponding cytotoxic effect
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cells; GFP, green fluorescent protein; Met5A, human normal mesothelial
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RNA; uPAR, urokinase-type plasminogen activator receptor.

of uPA and uPAR in tumor cells is important for the effect of
BioKnife, and in turn, we here found that the low expression of
uPA could be compensated by the signals related to the BioKnife
infection. A contradictory finding, however, that somewhat effect
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of BioKnife on nonmalignant Met5A cells (Figure 3a) show-
ing ~30% cytotoxicity that express uPA but not uPAR at all.
This may be explained by an important study that shows uPAR-
independent mechanism for activating uPA at cell surface with
low affinity and high capacity.>** These findings suggest that
(i) uPAR expression enhances the virus’ cytotoxic effects on tumor
cells, however, (ii) cytotoxicity may still occur in tumors without
significant uPAR expression. This also implies that the cytotoxic
effect of BioKnife would be predicted by uPAR expression level on
tumor cells, but uPAR-negative tumor may not always be resistant
to BioKnife. These theoretical considerations are clearly impor-
tant to determine the possible biomarkers predicting the outcome
in future research and development of BioKnife in clinical setting.
Therefore, more basic research is needed to predict the efficacy of
the BioKanife.

Considering the clinical setting, we should emphasize that the
current preclinical protocol could be applicable to patients. For
instance, video-assisted thoracoscopic surgery” and a chest tube
could be used as an administration route. Importantly, MPM often
forms nodular lesions on the pleural surface, which is reflected
in the orthotopic MPM murine model in Figure 2. This acces-
sible route could enable us to administer BioKnife repeatedly and
safely. Therefore, further preclinical studies using large animals
are warranted to examine these techniques in more clinically rel-
evant situations.

In summary, we here demonstrated the antitumoral activ-
ity, survival benefit, and applicability of repeated intrathoracic
administration of BioKnife, a uPA activity-dependent oncolytic
SeV vector, to the MPM in vitro and in vivo. It is important to note
that these effects were independent of the release of uPA from
tumor cells, because infection of BioKnife could stimulate uPA
expression through a RIG-I- and NF-kB-dependent mechanism.
Therefore, these findings suggest the potential utility of BioKnife
for the treatment of MPM, and further studies are warranted to
examine whether this new modality could be effective in a clinical
setting as a therapeutic alternative for this intractable disease.

MATERIALS AND METHODS
Cells and reagents. The human mesothelioma cell lines MSTO-211H
and NCI-H226 and the SV40 transformed human mesothelial cell line
Met5A (all purchased from American Type Culture Collection, Rockville,
MD) were maintained in RPMI-1640 containing 10% fetal bovine serum,
100IU/ml penicillin, and 100pg/ml streptomycin. AoSMC (EIDIA,
Tokyo, Japan) were maintained in the presence of smooth muscle cell
basal medium-2 (EIDIA) with 5% fetal bovine serum, 0.1% GA-1000
(gentamicyn and amphotericin B), 0.1% insulin, 0.2% human basic fibro-
blastic growth factor (EIDIA), and 0.1% human epidermal growth factor
(EIDIA). Cells were used at passage 4-10 for the experiments. The cells
were maintained in a humidified atmosphere of 5% CO, in air at 37°C.
Z-VAD-FMK, an irreversible, cell permeable, and broad caspase
inhibitor, was purchased from Medical & Biological Laboratories (Nagoya,
Japan) and used as previously described.*

Establishment of the in vivo orthotopic xenograft model and treatment.
The animal experiments were reviewed and approved by the Institutional
Committee for Animal Care and Use and by the Biosafety Committee for
Recombinant DNA experiments of Kyushu University. These experiments
were also done in accordance with the recommendations for the proper
care and use of laboratory animals and according to The Law (No. 105) and
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Figure 5 BioKnife infection stimulates uPA-negative H226 cells to express uPA through RIG-l and NF-xB dependent signal transduction
pathway. (a) Representative casein zymography demonstrated the strong expression of active uPA in mesothelial cell line Met5A and MPM cell line
MSTO-211H, and very small amount in AoSMCs, but not in MPM cell line H226 at all. (b) Graphs indicating that the infection of rSeV-based vec-
tors, including rSeV/dM-GFP as well as BioKnife-GFP, stimulate uPA in mRNA (left graph) and protein (right graph) levels. Note the dose-dependent
upregulation and that addition of PDTC, an inhibitor for NF-xB, to the culture medium and BioKnife-expressing RIG-IC, a C-terminus-deleted domi-
nant negative inhibitor for RIG-I, completely abolished the expression of uPA mediated by rSeV. Error bars in a panel represent the means + S.D. n =
4/group. (c) The graph indicates that rSeV-based vectors, rSeV/dM-GFP as well as BioKnife-GFP, stimulated uPA expression from uPA-negative H226
tumors in vivo. Seven days after intrapleural tumor inoculation into the nude mice, 1 x 107 ciu/dose of rSeV/dM-GFP or BioKnife-GFP was administered
into the thoracic cavity. Two days later, the mice were killed, the tumor nodules were enucleated, and the protein extracts were subjected to human
uPA-specific ELISA. The error bars in the panel represent the means + S.D. n = 4/group. AoSMC, human aortic smooth muscle cells; ciu, cell infectious
unit; ELISA, enzyme-linked immunosorbent assay; GFP, green fluorescent protein; Met5A, human normal mesothelial cells; MOI, multiplicity of infec-
tion; MPM, malignant pleural mesothelioma; mRNA, messenger RNA; NF-kB, nuclear factor-xB; PDTC, pyrrolidine dithiocarbamate; RIG-I, retinoic
acid-inducible gene-l; rSeV, recombinant Sendai virus; uPA, urokinase-type plasminogen activator.

Notification (No. 6) of the Japanese Government. The MPM in vivo ortho-
topic xenograft models were established as previously described.” In brief,
4-week-old male balb/c nu/nu mice (Charles Liver Grade; KBT Oriental,
Tosu, Saga, Japan) were kept under humane conditions in the animal care
facility. MPM cell lines (H226 and MSTO-211H) in log growth phase were
collected. After adequate anesthesia, appropriate numbers of tumor cells in
100 ul HanK’s buffered salt solution were injected into the left pleural cavity.
When tumor cells were accidentally injected into the subcutaneous space
or when mice showed pneumothorax or hemothorax, the animals were
killed by over-anesthesia and excluded from further analysis. The day the
cells were inoculated into the mice was defined as day 0. Seven days later,
when the tumor nodules were established, appropriate vectors (1 x 107 ciu/
dose) were administered into the left pleural cavity.

Construction and recovery of vectors. The control vector, rSeV/dM-GFP,
and BioKnife-GFP (rSeV/Fctl4 (uPA)dM-GFP) were constructed as
described previously,''**' and all schematic structures of viruses used in
this study are shown in the Supplementary Figure S1. In brief, the parent
plasmid pSeV18+/dM-GFP, in which the GFP had been substituted for the
deleted M gene,” was digested with SalIand Nhe I, and the F gene fragment
(9,634 bp) was subcloned into LITMUS 38 (New England Biolabs, Beverly,
MA). Site-directed mutagenesis was performed using a Quick-Change
Mutagenesis Kit (Stratagene, La Jolla, CA), and the mutated F gene was
returned to the pSeV18+/dF-GFP backbone. Recovery and amplification
of the SeV vector were performed as follows: briefly, LLC-MK2 cells were
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transfected with a plasmid mixture containing each plasmid-pSeV+18/
Fctl4 (uPA2)dM-GFP, pGEM-NP, pGEM-P, and pGEM-L-in 110 pl of
Superfect reagent (Qiagen, Tokyo, Japan). The transfected cells were main-
tained for 3 hours, washed three times and incubated for 60 hours in mini-
mum essential medium containing araC. The cells were collected and lysed
by three cycles of freezing and thawing. The lysate solution was incubated
on the F/M-expressing LLC-MK2 cells in a 24-well plate. Twenty-four
hours later, the cells were washed and incubated in minimum essential
medium containing araC and 7.5 pg/ml trypsin plus 10 ng/ml urokinase
(Cosmobio, Tokyo, Japan). The virus yield was expressed in ciu, as previ-
ously described.'”'®

Virus titration. The virus titers were expressed as ciu, which were estimated
by infecting confluent LLC-MK2 cells in a 6-well plate with diluted solu-
tion as previously described.'”'® In brief, LLC-MK2 cells were inoculated
in duplicate with a series of dilutions of virus, then incubated for 1 hour
and washed twice with phosphate-buffered saline (PBS). Two days after
infection, cells were fixed in methanol, incubated with anti-SeV primary
antibodies, and then incubated with FITC-labeled goat anti-rabbit IgG
(H+L) (Invitrogen, Carlsbad, CA). Immunofluorescent-positive cells were
counted and ciu/ml were calculated.

Immunofiuorescence staining. The tumors were excised and fixed with
4% paraformaldehyde. Paraffin-embedded samples were cut into sections
of 3um thickness. Sections were deparaffinized, incubated at 4°C with
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anti-GFP (rabbit polyclonal IgG), and subjected to Alexa Fluor 488 con-
jugate (A-21311, used at 1:300; Invitrogen, Tokyo, Japan). After washing
in PBS, the sections were stained by the TUNEL method using an In Situ
Cell Death Detection Kit, TMR Red (Roche Diagnostics, Tokyo, Japan)
according to the manufacturer’s protocol. After staining with 4’,6-diamid-
ino-2-phenylindole (DAPI) (10pg/ml), the sections were mounted with
Vectashield (Vector Laboratories, Burlingame, CA) and analyzed with an
all-in-one fluorescent microscope BZ-9000 (Keyence Japan, Osaka, Japan).
After immunofluorescent imaging, the sections were re-stained with
hematoxylin-eosin. The TUNEL-positive area in tumors was quantified by
Image J software from NIH Images. Four tumors were extracted from each
of four individual mice.

Luciferase in vivo imaging. H226-luc cells that stably express firefly
luciferase were constructed and cloned as follows. Vesicular stoma-
titis virus G-protein pseudotyped simian immunodeficiency virus
vector expressing luciferase (VSV-G-SIV-luciferase) was prepared as
previously described.” H226 cells were transfected with VSV-G-SIV-
luciferase at a MOI of 25. Single cells were seeded in a 96-well plate,
and then the clone most stably and strongly expressing luciferase was
selected using an IVIS Imaging System. Cloned H226-luc cells (1 x 10°)
were inoculated into the pleural cavity in the manner described above.
Seven days later, tumor-bearing mice were treated with a control vector
or BioKnife-GFP, and in vivo luciferase imaging was performed using
an IVIS 50 instrument at different times (day 0, 7 and 14 after vector
injection) after administering the substrate D-luciferin Potassium Salt
(Wako, Osaka, Japan) diluted with Dulbecco’s PBS (Life Technologies,
Tokyo, Japan) at 150 mg/kg by intraperitoneal injection. The mice were
fixed on a warmed dark box, 15 minutes after injecting D-luciferin, pho-
tons from the bioluminescent tumor in the pleural cavity were detected.
The exposure time was 1 minute, the field of view was 10, the binning
was medium, and the f-stop was 1. Regions of interest in the tumor
image were quantified as photons/second using Living Image software
(Caliper LifeSciences, Hopkinton, MA).

Caspase 3/7 activity assay. Caspase-3/7 activities were measured using
an Apo-OneTM (superior position) Homogeneous Caspase-3/7 Assay
(Promega, Tokyo, Japan). Cells were seeded in a 96-well plate at a density
of 5 x 10° cells/well. Twelve hours later, vectors were added to each well at
an MOI of 20, and wells with the same volume of PBS added were used
as a negative control. Forty-eight hours later, 100 ul of assay reagent (pro-
fluorescent substrate Z-DEVD-R110) was added to each well, and then the
wells were incubated at room temperature for 30 minutes. The fluorescence
of each well was measured at an excitation wavelength of 485 nm and emis-
sion wavelength of 535nm using Tristar LB941 (Berthold Japan, Tokyo,
Japan). Caspase-3/7 activity was determined as assay relative fluorescent
unit (RFU)-negative control RFU. All experiments were carried out in
triplicate.

Cytotoxicity assay. Cytotoxicity was evaluated by Cell Count Reagent SF
(Nacalai Tesque, Kyoto, Japan) according to the manufacturer’s instruc-
tions. Briefly, WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt] assay’ is a
colorimetric assay based on the ability of viable cells to produce a water-
soluble formazan dye by mitochondrial succinate-tetrazolium reductase
activity of viable cells. The relative cytotoxicity was calculated as follows:
Cytotoxicity (%) = (1-(experimental absorbance — background absor-
bance)/(absorbance of negative controls — background absorbance)) x
100%. All experiments were performed in quadruplicate.

Immunohistochemistry. A total of nine MPM patients who underwent
surgical resection at Kyushu University Hospital between June 2001 and
October 2009 were examined. Written informed consent for the compre-
hensive use of the pathological materials was previously obtained from all
the patients, and the study protocol was approved by the institutional ethics
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review board at Kyushu University. Briefly, 10% formalin-fixed and paraffin-
embedded 3-um-thick sections were deparaffinized, and were incubated in
3% hydrogen peroxidase in ethanol for 30 minutes at room temperature
to quench endogenous peroxidase activity. The sections were stained with
mouse monoclonal antibody against human uPAR (1:100, clone #3936;
American Diagnostica, Stamford, CT) or nonimmunized murine IgG2a
(isotype matched) at 4°C overnight. Then the sections were treated for 60
minutes at room temperature with secondary antibody. Staining for uPAR
was completed using EnVision+ Mouse, (Dako Japan, Tokyo, Japan), and
then the slides were counterstained with hematoxylin. Evaluation of tissue
staining was performed by two independent examiners (Y.M. and K.I).

Western blotting. Samples were lysed in lysis buffer containing 50 mmol/l
Tris HCL (pH 6.8) and 10% sodium dodecyl sulfate (SDS), and the protein
concentration for each sample was determined by using a Bio-Rad Protein
Assay kit (Bio-Rad Laboratories, Hercules, CA). Mouse anti-human uPAR
monoclonal antibody (American Diagnostica) was used as the primary
antibody. Specific bands were visualized using an ECL Plus Western
Blotting Detection System (GE Healthcare, Little Chalfont, UK).

UPAR gene silencing by siRNA. Transfection of H226 with siRNA was done
using the Lipofectamine RNAIMAX Transfection Reagent (Invitrogen)
according to the manufacturer’s protocol. Briefly, siRNAs, a siRNA tar-
geting uPAR and scrambled control (sc-36781 and sc-37007, Santa Cruz
Biotechnology, Santa Cruz, CA), were used at a final concentration of
10 nmol/l, and transfection reagent was used at the dilution of 1:500 (vol/
vol). The knockdown of uPAR (CD87) was assessed by flow cytometry
was performed using FACS Calibur (Becton, Dickinson and Company,
Franklin Lakes, NJ). Cells (1 x 10°) were stained with PE conjugated anti-
CD87 monoclonal antibody (clone vim5) or isotype-matched control
IgGlk (BD Biosciences, Franklin Lakes, NJ). The data was analyzed as
flow cytometric histograms of ~10,000 events using FlowJo software (Tree
Star, Ashland, OR).

Casein zymography. Briefly, serum-free supernatants from each cell cul-
ture were subjected to 7.5% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) containing 0.1% casein plus 4 mg of plasmi-
nogen or 0.1% gelatin under a non-reducing condition. The gel was then
incubated at room temperature in a 2.5% Triton-X100 solution containing
0.05% sodium azide and 0.05 mol/l Tris (pH 7.5) followed by incubation at
37°Cin 0.1 mol/l Tris-HCI (pH 8.3)/0.5 mol/l sodium chloride solution for
16 hours. The gel was then stained with a 0.25% Coomassie Brilliant Blue,
1.1% acetic acid, 45.5% methanol solution for 40 minutes, followed by
destaining in a 25% methanol/10% acetic acid mixture. Enzymatic activity
was visualized as clear zones on a blue background.

Quantitative reverse transcription-PCR. Cells were placed in 24-well
plates at 5 x 10*/well, and each virus was added to the plate at an MOI of 5.
To inhibit NF-kB, 50 pumol/l PDTC (final concentration) was added to the
well 2 hours before vector infection. Twenty-four hours later, total RNA
was extracted and cDNA was synthesized using a SuperscriptIII cells direct
cDNA synthesis system (Invitrogen) according to the manufacturer’s pro-
tocol. Real-time PCR was performed in a Light-Cycler 480 System (Roche
Diagnostics) using a QuantiFast SYBR Green PCR Kit (Qiagen) according
to the manufacturer’s protocol. The specific primer set used in this study was
asfollows: uPA forward primer (5'-GGAGATGAAGTTTGAGGTGGA-3’),
uPA reverse primer (5-GCAATGTCGTT-GTGGTGAG-3’), B-actin for-
ward primer (5'-CTGGCACCACACCTTCTACAATG-3), B-actin reverse
primer (5-GGCGTACAGGGATAGCACAGC-3). All experiments were
carried out in triplicate, and data were analyzed using the Light Cycler
480 software (Roche Diagnostics, Indianapolis, IN). The messenger RNA
expression levels of uPA were standardized using B-actin messenger RNA
expression levels in each sample.

Enzyme-linked immunosorbent assay. The protein amount of uPA was
determined using an IMUBIND uPA kit according to the manufacturer’s
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protocol (American Diagnostica). The experimental conditions were
the same as above. The culture medium was used as samples; therefore,
receptor-unbound pro-uPA was expressed as the data. Three independent
experiments were performed.

Statistical analysis. All data were expressed as the means + SD. The
data were examined statistically using one-way analysis of variance with
Scheffe’s adjustment. When the number of evaluated groups was small, the
data were subjected to the Kruskal-Wallis or the Mann-Whitney U-test.
The survival curves were determined using the Kaplan-Meier’s method.
The log-rank test was used for comparison. A probability value of P < 0.05
was considered statistically significant. Statistical analyses were determined
using StatView software (SAS Institute, Cary, NC).

SUPPLEMENTARY MATERIAL

Figure S1. Schematic demonstration of the genome structure of vec-
tors used in this study.

Table S1. Patients characteristics and immunohistochemical uPAR
expression patterns.
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