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from mixed cell cultures or harvested tissues by using a QIAamp
DNA Mini Kit (Qiagen Inc., Valencia, CA). To detect human cells
in the mouse tissues, a set of human A4/u primers (sense: 5'-CTG
AGG TCA GGA GTT CGA G-3'; and antisense: 5'-TCA AGC
GAT TCT CCT GCC-3') were designed. We performed the quan-
titative real-time PCR assay by using a LightCycler instrument
(Roche Molecular Biochemicals, Indianapolis, IN). PCR amplifica-
tion began with a 120-second denaturation step at 95°C and then 30
cycles of denaturation at 95°C for 30 seconds, annealing at 63°C for
30 seconds, and extension at 72°C for 30 seconds. We also amplified
the mouse GAPDH genomic DNA sequence with mouse GAPDH
primers (sense: 5'-CCA CTC TTC CAC CTT CGA T-3'; and
antisense: 5'-CAC CAC CCT GTT GCT GTA-3’) by using the same
PCR conditions described for A/u. The amounts of £/4 DNA of
OBP-301 and OBP-401 were measured as previously described. The
sequences of specific primers used for £/4 were as follows: sense:
5'-CCT GTG TCT AGA GAA TGC AA-3'; and antisense: 5'-ACA
GCT CAA GTC CAA AGG TT-3". PCR amplification of genomic
DNA extracted from mouse lymph nodes was performed with
precycling heat activation of DNA polymerase at 95°C for 600
seconds, followed by 40 cycles of denaturation at 95°C for 10
seconds, annealing at 58°C for 15 seconds, and extension at 72°C for
8 seconds. Data analysis was performed with LightCycler Software
(Roche Molecular Biochemicals).

Statistical Analysis

We used the Student 2-tailed ¢ test to identify statistically
significant differences between groups. Results are reported as
mean * SEM. P values less than 0.05 were considered statisti-
cally significant.

RESULTS

In Vitro Purging of Human Colorectal Cancer Cells
by Telomerase-Specific Oncolytic Adenovirus

To examine whether telomerase-specific oncolytic adenovirus
can selectively kill human tumor cells among the millions of
lymphocytes in lymph nodes, HT29 human colorectal cancer cells
were mixed with PBMC from healthy donors and purged in vitro
with OBP-301 for 3 days. Viable HT29 cells were then visualized
with GFP fluorescence by OBP-401 infection for 24 hours (see
Figure, Supplemental Digital Content 2, online only, available at
http://links.lww.com/SLA/A39, which illustrates the procedures for
in vitro purging experiments). No GFP-positive viable HT29 cells
were detected at 3 days postpurging with OBP-301, whereas infec-
tion with replication-deficient control adenovirus d1312 had no
significant effects on the viability of HT29 cells (Fig. 1A) (see
Figure, Supplemental Digital Content 2, online only, available at:
http:/links.lww.com/SLA/A39, which demonstrates in vitro purging
effect of OBP-301 infection). The purging efficacy of OBP-301 was
also confirmed by measuring the relative GFP expression of samples
by using a fluorescence microplate reader (Fig. 1B). Neither OBP-
301 nor dI312 infection affected the viability of PBMC, confirming
the safety of OBP-301 to normal human lymphocytes (Fig. 1C).
Next, we determined if human tumor cells mixed with mouse
lymphocytes obtained from the spleen would be sensitive to OBP-
301 treatment. As expected, purging with OBP-301 significantly
reduced the number of viable HT29 cells in mouse splenocytes
compared with mock- or dI312-treated samples (Fig. 1D).

In Vivo Lymphatic Spread of Virus on Regional
Lymph Nodes

To verify that oncolytic adenoviruses traffic through the
lymphatics to the regional lymph nodes, we used an orthotopic
mouse model of human rectal cancer with spontaneous lymph node
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metastasis. We first determined whether the regional lymphatic
system, including lymphatic vessels and lymph nodes, could be
assessed by injecting dye into the primary tumors. Intense blue
staining was detected in regional lymph nodes as early as 1 minute
after injection of indigo carmine blue dye into the primary rectal
tumors, indicating that the injected solution could rapidly enter the
intratumoral lymphatics, which provides a route from the primary
tumor to draining lymph nodes (Fig. 2A). Five days after OBP-401
injection into the primary tumors, we also detected GFP expression in
both primary rectal tumors and metastatic lymph nodes under the
laparotomy by using a 3-chip CCD optical imaging system (Fig. 2B).

To further evaluate the selective replication ability of telom-
erase-specific oncolytic adenovirus in metastatic lymph nodes, we
measured the relative amounts of £/4 DNA by quantitative real-
time PCR analysis. The metastatic GFP-positive lymph nodes con-
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FIGURE 2. In vivo lymphatic spread of virus on regional
lymph nodes. A, A lymphatic drainage pattern in an ortho-
topic xenograft of human HT29 cells. The abdominal cavity
was photographed 1 minute after injection of 1% indigo
carmine blue dye into an established orthotopic HT29 tu-
mor. Arrowheads indicate the lymph nodes stained with
blue dye. Gross appearance of the abdominal cavity (left)
and excised lymph nodes (right). B, Five days after intratu-
moral injection of 1 x 108 PFU of OBP-401, HT29 tumor-
bearing nu/nu mice were assessed for lymph node metastasis
during laparotomy. Macroscopic (left) and fluorescent (right)
images. Primary tumor (yellow arrowhead) and metastatic
lymph nodes (white arrowheads) are shown. C, Assessment
of viral replication in metastatic lymph nodes. GFP-positive
and -negative lymph nodes were harvested from mice with
HT29 tumor xenografts 5 days after injection of 1 X 108
PFU of OBP-401 and then subjected to real-time quantitative
PCR assay to quantify the amounts of viral E1A copy num-
ber. The value in mock-infected lymph nodes is indicated
with a dotted line as a baseline level.
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FIGURE 3. Detection and quantification of human cancer cells in mouse tissues with a quantitative real-time A/uPCR analysis.
A, Generation of a standard curve. Mouse splenocytes (5 X 107 cells) were spiked with serially diluted HT29 human colorectal
cancer cells. Genomic DNA was extracted from the mixtures and then subjected to the quantitative amplification (see Figure,
Supplemental Digital Content 4A, available at: http://links.lww.com/SLA/A41, which illustrates schematic procedures of detec-
tion and quantification of human cancer cells in mouse splenocytes). The Alu/GAPDH ratios versus the numbers of spiked HT29
cells are presented. Regression analysis yielded a correlation coefficient of R? = 0.9942. The data are representative of 3 sepa-
rate experiments. B, Quantitative analysis of spontaneous lymph node metastasis. Genomic DNA was extracted from the
lymph nodes of mice bearing human HT29 tumor xenografts at the indicated time points after tumor inoculation and analyzed
with the quantitative AIUPCR assay (see Figure, Supplemental Digital Content 4B, available at: http://links.lww.com/SLA/A41, which
illustrates schematic procedures of detection and quantification of human cancer cells in mouse tissues). Metastatic lymph nodes
were simultaneously visualized by injecting 1 x 10® PFU of OBP-401 into the primary tumors 5 days before lymph node isolation.
C, The viral ETA copy numbers were also determined in genomic DNA extracted from isolated lymph nodes by the quantitative
real-time PCR method and plotted versus the Alu copy numbers.
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FIGURE 4. Histologic evaluation of selective antitumor effect of OBP-301 delivered into primary tumors on lymphatic metasta-
sis in a colorectal cancer xenograft model. Mice bearing orthotopic HT29 tumors received 3 courses of intratumoral injections
of 1 x 10® PFU of OBP-301 or dI312 every 2 days beginning on day 14 after the tumor inoculation. A, On day 35, we har-
vested a total of 23 to 29 lymph nodes from 5 to 8 mice per group, stained them with hematoxylin and eosin, and calculated
metastatic rates. B, In a separate experiment, metastatic rates were histologically determined in individual mice and averaged
with S.EMM. (n = 8). A single asterisk denotes statistical significance (P < 0.05) as compared with the mock group. C, Paraffin-
embedded sections of lymph nodes with or without metastatic foci were obtained 35 days after tumor cell implantation and
stained with hematoxylin and eosin. Left, x40 magnification; right, X200 magnification. Scale bar, 100 um. The area with
metastatic HT29 cells is indicated with the green dotted line.

tained more than 10® copies of OBP-401, whereas the number of ~ (see Figure, Supplemental Digital Content 4A, online only, available
viral genomes was at the baseline level in nonmetastatic GFP- at: http://links.lww.com/SLA/A41, which illustrates schematic pro-
negative lymph nodes (Fig. 2C). The trafficking and replication ability cedures of detection and quantification of human cancer cells in
of the virus was also confirmed in an orthotopic head and neck cancer  mouse splenocytes). The total genomic DNA was extracted from the
xenograft model (see Figure, Supplemental Digital Content 3, online  mixtures and subjected to quantitative AuPCR. We also used the
only, available at: http://links.lww.com/SLA/A40, which demonstrates human GAPDH gene as an internal control to normalize the Alu

OBP-401 virus spread delivered into primary tumors). signal in each sample. By plotting the A/u/GAPDH ratio as a
Establishment of Highly Sensitive Quantitative function of the number of spiked tumor cells, a standard curve could
Detection Assay for Lymph Node Metastasis be generated with a linear range between 10° and 10% cells, and

regression analysis of the A/lu/GAPDH ratio versus the number of
human tumor cells in mouse lymph nodes, we applied a novel expected tumor cells yielded a correlation coefficient of R* = 0.9942
quantitative real-time PCR assay that uses primer sets to amplify the (P < 0.01) (Fig. 3A). These results suggest that the Alw/GAPDH ratio
consensus human Alu sequence.'® 2 Alu repeat sequences are reflects the actual human tumor cells among mouse splenocytes.

specific to all human cells and are completely absent in mouse To verify the accuracy and sensitivity of the assay in vivo, we
tissues.?' To test the sensitivity and range of the assay, mouse  extracted DNA from total lymph nodes at different time points after
splenocytes obtained from athymic nu/nu mice were spiked with the orthotopic implantation of HT29 cells and subjected the DNA to
variable numbers of HT29 human colorectal cancer cells in vitro the AluPCR analysis (see Figure, Supplemental Digital Content 4B,

To achieve the highest sensitivity for detecting metastatic
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online only, available at: http://links.lww.com/SLA/A41, which il-
lustrates schematic procedures of detection and quantification of
human cancer cells in mouse tissues). Then, we compared the
Alu/GAPDH ratios and the metastatic rates determined with GFP
expression by injection of OBP-401 into the primary rectal tumors 5
days before lymph node isolation. The A4/u/GAPDH ratio showed a
linear increase in a time-dependent manner, as the GFP-positive
metastatic lymph node rate gradually increased (Fig. 3B). By cal-
culating the estimated number of tumor cells according to the
standard curve, we also demonstrated the time-dependent logarithm
increase in metastatic human tumor cells in mouse lymph nodes (see
Figure, Supplemental Digital Content 5, online only, available at:
http:/links.lww.com/SLA/A42, which demonstrates quantitative
analysis of time-dependent development of spontaneous lymph node
metastasis). Moreover, when HT29 tumor-bearing mice received a
single intratumoral injection of OBP-401, the number of Alu copies
was clearly correlated with the number of E/A4 copies in isolated
mouse lymph nodes (R* = 0.982, P < 0.01), because telomerase-
specific oncolytic adenovirus replicates only in metastatic tumor
cells (Fig. 3C).

Histologic Evaluation of the In Vivo Antitumor
Effect of Virus on Lymph Node Metastasis

We next examined the in vivo antitumor effect of OBP-301
injected into the primary tumors on the regional lymph node metas-
tasis. Mice bearing orthotopic HT29 rectal tumors with a diameter of
7 to 10 mm received 3 courses of intratumoral injections of 10%
plaque forming units (PFU) of OBP-301 or dI312, or PBS (mock
treatment), every 2 days beginning on day 14 after the tumor
inoculation. Histopathological examination of the excised total
lymph nodes on day 35 showed that OBP-301 treatment consider-
ably reduced the metastatic rates compared with that of mock-
treated group, although replication-deficient dI312 had no apparent
effects (Fig. 4A) (see Table, Supplemental Digital Content 6, online
only, available at: http:/links.lww.com/SLA/A43, which demon-
strates histologic evaluation of antitumor effect of OBP-301 on
lymph node metastasis). We also confirmed that OBP-301 signifi-
cantly lowered the lymph node metastatic rates by averaging the
histologically determined metastasis rates in individual mice (P <
0.05) (Fig. 4B). Representative histopathological images of lymph
nodes with or without metastatic foci composed of HT29 tumor cells
are shown in Figure 4C.

Quantitative Evaluation of the In Vivo Antitumor
Effect of Virus on Lymph Node Metastasis

By using a highly sensitive quantitative 4/uPCR assay, we
next investigated the antitumor effect of OBP-301 injected into the
primary tumors on lymph node metastasis, which might be his-
topathologically undetectable. Mice received 3 courses of injections
of 10® PFU of OBP-301, 10 PFU of dI312, or PBS (mock treat-
ment) into orthotopic HT29 rectal tumors every 2 days beginning on
day 14 after tumor inoculation. The Alu real-time PCR assay of
isolated lymph nodes on day 35 demonstrated that mice treated with
OBP-301 exhibited significantly fewer metastatic tumor cells as
compared with dI312- or mock-treated mice (Fig. SA). A more
profound antitumor effect was achieved by increasing the number of
injection cycles from 3 to 5 (see Figure, Supplemental Digital
Content 7, online only, available at: http://links.lww.com/SLA/A44,
which demonstrates quantitative analysis of antitumor effect of
OBP-301 on lymph node metastasis). As expected, regional lymph
nodes obtained from OBP-301-treated mice contained more E/4
copies than the lymph nodes of mock-treated mice (Fig. 5B),
suggesting that intratumorally delivered OBP-301 could spread and
selectively replicate in metastatic lymph nodes.
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We also used OBP-401 and the IVIS imaging system to
assess the in vivo antitumor effect of OBP-301 on lymph node
metastasis. After 14 days of orthotopic implantation of HT29 cells,
OBP-301 (1 X 10® PFU/body) was administered intratumorally for
5 cycles. We then used the IVIS imaging system to explore the
abdominal cavity at laparotomy on day 35 following a single
injection of OBP-401 (1 X 10® PFU/body) into HT29 rectal tumors
on day 30 (see Figure, Supplemental Digital Content 8, online only,
available at: http://links.lww.com/SLA/A45, which illustrates sche-
matic procedures of quantitative imaging of lymph node metastasis
by the IVIS system). The number of GFP-positive lymph nodes and
the GFP signal levels of individual lymph nodes were much higher
in mock-treated control mice than in OBP-301-treated mice (Fig.
6A). Indeed, the sum of GFP fluorescence intensity in the abdominal
cavity was significantly lower in mice treated with OBP-301 as
compared with the mock-treated group, confirming the in vivo
biologic purging effect of OBP-301 (Fig. 6B).

Preoperative Purging Efficacy of Oncolytic
Virotherapy against Lymph Node Metastasis

To compare the local control rates of virotherapy and radio-
therapy for lymph node metastasis, mice bearing orthotopic HT29
tumors were treated with an intratumoral injection of 10* PFU of
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FIGURE 5. Quantitative PCR analysis of the antitumor effect
of OBP-301 on lymph node metastasis in an orthotopic colo-
rectal cancer xenograft model. A, Mice with established or-
thotopic HT29 tumors were treated with intratumoral injec-
tion of 1 x 108 PFU of OBP-301 or dI312 every 2 days for 3
cycles starting on day 14 after tumor inoculation. Lymph
nodes were harvested on day 35, and then DNA was ex-
tracted and subjected to the quantitative A/uPCR analysis.
The number of metastatic tumor cells is defined as the Alu/
GAPDH ratio relative to that of the mock-treated sample
(mock = T). Data are shown as the mean + SEM of 3 sepa-
rate experiments. Statistical significance was defined as P <
0.05 (single asterisk). B, Genomic DNA extracted from
lymph nodes of mice that received OBP-301 or PBS was also
analyzed with real-time PCR targeting E1A to quantify the
viral replication. A dotted line represents the baseline level.
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FIGURE 6. Quantitative imaging of lymph node metastasis to evaluate the antitumor effect of OBP-301 in an orthotopic colo-
rectal cancer xenograft model. A, Quantitative imaging of lymph node metastasis by the IVIS system. Mice bearing HT29
xenograft tumors were treated with 5 cycles of intratumoral delivery of 1 x 108 PFU of OBP-301, followed by injection of
OBP-401 (108 PFU) into HT29 tumors. Five days later, mice were killed and GFP expression was quantitated at laparotomy by
IVIS camera (see Figure, Supplemental Digital Content 8, available at: http://links.lww.com/SLA/A45, which illustrates sche-
matic procedures of quantitative imaging of lymph node metastasis by the IVIS system). B, GFP expression was measured as
the mean photon flux in mock- and OBP-301-treated groups. A single asterisk indicates a statistically significant difference as

compared with the mock-treated group.

OBP-301 or lower hemi-body ionizing radiation at a dosage of 3.3
Gy every 2 days for 3 cycles starting 14 days after tumor inoculation
(see Figure, Supplemental Digital Content 9, online only, available
at: http://links.Iww.com/SLA/A46, which illustrates schematic pro-
cedures of quantitative PCR evaluation). The 4/uPCR analysis of
isolated lymph nodes at day 35 demonstrated that both intratumoral
administration of OBP-301 and radiation equally resulted in a
significant suppression of lymph node metastasis compared with
mock-treated mice (Fig. 7A). However, regarding the adverse ef-
fects, the lower hemi-body irradiation targeting the regional para-
aortic lymph nodes induced a significant body weight loss in mice
approximately 10 to 14 days after treatment, whereas there were no
apparent adverse effects in mice injected with OBP-301 during the
observation period (data not shown). These results suggest that
oncolytic virotherapy is less toxic than regional radiotherapy, al-
though the antitumor effects of both approaches may be equivalent.

Finally, we examined whether preoperative intratumoral admin-
istration of OBP-301 had an antitumor effect against lymph node
metastasis following the primary tumor resection. Mice bearing ortho-
topic HT29 tumors received intratumoral injections of 10° PFU of
OBP-301 every 2 days for 3 cycles starting 10 days after tumor inoculation.
After primary rectal tumors were surgically removed on day 15, regional
para-aortic lymph nodes were isolated on day 35, and then subjected to
the A/uPCR analysis (see Figure, Supplemental Digital Content 9,
online only, available at: http:/links.lww.com/SLA/A46, which illus-
trates schematic procedures of quantitative PCR evaluation). The
surgical resection of primary tumors caused considerable enhance-
ment of lymph node metastasis; the preoperative treatment with
OBP-301, however, not only inhibited the increase of lymphatic
n is, but also signifi ly reduced lymph node metastasis
compared with mock-treated mice (Fig. 7B). Images of representa-
tive mice before and after primary tumor resection are shown in
Figure 7C. As implanted HT29 cells formed submucosal tumors
with a solid architecture, tumors could be successfully excised with
an incision in the anorectal wall (Fig. 7D).
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DISCUSSION

Lymph node metastases represent an aggressive tumor behav-
ior and are associated with a high rate of regional recurrence, which
portends a poor outcome and may produce marked morbidity.'
Therefore, it would be clinically beneficial to eliminate or prevent
lymph node metastasis to yield a better prognosis for cancer patients.
Despite advances in surgical procedures of extended lymphadenec-
tomy,** a more effective and less invasive management of lym-
phatic metastasis is needed. Here we describe a new, simple, and
robust strategy that uses the telomerase-specific, replication-selec-
tive, oncolytic adenovirus OBP-301 to suppress tumor cell dissem-
ination to regional lymph nodes in an orthotopic human colorectal
cancer xenograft model.

The therapeutic potential of viral agents against primary
tumors as well as their systemic biodistribution targeting distant
metastases has been intensively investigated.***? Few studies, how-
ever, have examined the ability of the virus to traffic to the regional
draining lymph nodes. Recently, Burton et al showed that replica-
tion-deficient adenovirus could be successfully transported to the
regional lymph nodes and noninvasively detect metastasis by ex-
pressing the prostate-specific reporter gene in an orthotopic prostate
xenograft.'” We have also previously demonstrated that intratumoral
injection of the telomerase-specific, replication-selective, GFP-ex-
pressing adenovirus OBP-401 could efficiently visualize metastatic
lymph nodes with GFP fluorescence signals in human cancer xeno-
graft models.'>?* Although these previous studies suggest the pos-
sible application of the adenovirus vectors as a lymphotropic agent
for the treatment of lymph node metastasis, this effect has not been
tested prior to the present study.

In vitro purging experiments demonstrated that OBP-301
infection could selectively eliminate human tumor cells in the
presence of human or mouse lymphocytes (Fig. 1). We used OBP-
401 to visualize viable human tumor cells after purging with OBP-
301, as we have previously shown the high sensitivity and specificity
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FIGURE 7. Comparative analysis of OBP-301 virotherapy with radiotherapy and surgery. A, In vivo purging effects of regional
therapy with OBP-301 or ionizing irradiation on lymph node metastasis. Mice bearing HT29 xenograft tumors received 3 cy-
cles of either intratumoral administration of OBP-301 (10® PFU) or lower hemibody irradiation starting at day 14 after tumor
inoculation. Radiation was given every 2 days in 3.3-Gy fractions for a total dose of 10 Gy/mouse (see Figure, Supplemental
Digital Content 9, available at: http://links.lww.com/SLA/A46, which illustrates schematic procedures of quantitative PCR eval-
uation). The number of metastatic tumor cells in mouse lymph nodes isolated on day 35 is defined as the Alu/GAPDH ratio
relative to that of the mock-treated sample (mock = 1). Data are shown as the mean + SEM of 3 separate experiments. Sta-
tistical significance was defined as P < 0.05 (single asterisk). (B) Preoperative purging effect of OBP-301 on lymph node me-
tastasis. HT29 tumor-bearing mice were intratumorally injected with either 10® PFU of OBP-301 or PBS on days 10, 12, and
14 after tumor inoculation. Primary HT29 tumors were surgically removed on day 15. The relative amount of HT29 tumor
cells in mouse lymph nodes isolated on day 35 was assessed by the AluPCR assay (see Figure, Supplemental Digital Content 9,
available at: http://links.lww.com/SLA/A46, which illustrates schematic procedures of quantitative PCR evaluation). Note that
the preoperative intratumoral administration of OBP-301 significantly (single asterisk: P < 0.05) reduced the number of meta-
static tumor cells as compared with untreated or surgically treated mice. C, External images of orthotopic HT29 tumor-bear-
ing nu/nu mice before and after surgical removal of the primary tumor. D, Macroscopic appearance of the tumor bed after
surgical resection of the primary tumor, and the excised HT29 tumor.

of this molecular imaging method.'>* It has been reported that the comparable results suggests a potent in vivo purging effect of oncolytic
fiber-modified adenovirus serotype 5 (AdS) and the adenovirus virotherapy on regional lymph nodes.

vector based on another serotype such as 35 efficiently transduce Currently, surgery and radiation are the most effective and
exogenous genes into hematopoietic cells, including stem cells; clinically reliable local management strategies for human malignan-
the unmodified AdS, however, could rarely infect these cells cies including lymphatic metastases. Indeed, ionizing radiation tar-
because of the lack of the coxsackievirus and adenovirus receptor geting the lower half of the mouse body including primary tumors
expression.”* Indeed, Ad5-based OBP-301 had no apparent ef- and the para-aortic lymphatic area significantly inhibited lymph
fects on the viability of lymphocytes in vitro. These results node 1 is (Fig. 7A), altt h the systemic toxicity such as the
suggest that normal lymphocytes in the regional lymph nodes body weight loss was remarkable in irradiated mice compared with
could be strictly protected from OBP-301-induced oncolysis, mice treated with OBP-301 (data not shown). In fact, a total body
because lymphocytes are not permissive for OBP-301 infection irradiation at a dose of 10 Gy has been reported to be lethal in mice
and viral replication is also unlikely to occur in normal cells due because of acute radiation syndromes involving the hematopoietic

to their low telomerase activity.** system and gastrointestinal tract.” In this regard, our data clearly
Previously, we used serial tissue sections of mouse lymph indicate that regional oncolytic virotherapy might be more simple and
nodes stained with hematoxylin and eosin to detect microscopic safe than radiotherapy as a treatment for metastatic lymph nodes. We
is; this time-cc ing technique, however, is not quanti- also assessed the effect of surgical resection of primary rectal tumors on

m
tative.">** To quantify the few metastatic human tumor cells ina  lymph node metastasis. Unexpectedly, metastatic tumor cells in the
background of large numbers of mouse host cells, a simple real-time lymph nodes considerably increased after surgical removal of primary
AIluPCR assay was developed in the current study. This human- tumors, presumably due to the excessive load to the host. Another
specific amplification method enabled us to detect human tumor possible explanation of this ph on includes a decrease in angio-
cells in a linear range of 10° to 10® cells/sample and monitor the genic inhibitors such as angiostatin and endostatin secreted from the
time-dependent exponential growth of spontaneous lymph node primary tumor mass.?” In contrast, intratumoral injection of OBP-301
metastasis from orthotopic colorectal tumor xenografts (Fig. 3). In prior to surgical resection significantly inhibited lymph node metastasis
accordance with the histologically confirmed results, the 4uPCR  (Fig. 7B), suggesting that, although the surgical procedure itself has the
assay indicated that intratumoral injection of OBP-301 into the primary potential to promote regional metastasis, the preoperative treatment
tumors significantly inhibited lymph node metastasis with high levels of with OBP-301 may prevent this undesirable event.

viral replication (Figs. 4, 5). We also used the previously established

OBP-401-mediated in vivo imaging in combination with a 3-dimen-

sional optical detection system (IVIS 200) to demonstrate a significant CONCLUSION

suppressive effect of OBP-301 against lymph node metastasis (Fig. 6). The highly sensitive PCR assay targeting the human Alu
The fact that 2 independent and highly sensitive approaches showed sequence has shown that the oncolytic adenovirus delivered to the
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primary tumor site could spread into the regional draining lymphat-
ics, selectively replicate in neoplastic foci, and then reduce the
number of tumor cells in metastatic lymph nodes in an orthotopic
human colorectal cancer xenograft model. This virus-mediated mo-
lecular surgery for lymph node metastasis mimics the clinical
scenario of lymphadenectomy; the technique, however, seems to be
safer and less invasive. Moreover, we demonstrated that preopera-
tive delivery of OBP-301 into primary tumors prevented the exac-
erbation of lymph node metastasis by surgical procedures. OBP-301
may offer advantages over other oncolytic viruses targeting lym-
phatic metastasis, as its safety profile as well as biodistribution
pattern after intratumoral delivery have already been confirmed in a
phase I clinical trial for various types of solid tumors."'* The current
study provides evidence for the in vivo purging effect of OBP-301
in regional lymph nodes that is sufficiently reliable to support this
approach. Thus, phase II studies of telomerase-specific virotherapy
targeting lymph node metastasis in human cancer patients are
warranted.
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Preclinical Evaluation of Differentially Targeting Dual
Virotherapy for Human Solid Cancer
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Abstract

Multimodal approaches combining drugs that differentially function is the most popular regimen for
treating human cancer. Understanding the molecular mechanisms underlying the synergistic, potentiative,
and antagonistic effects of drug combinations could facilitate the discovery of novel efficacious combina-
tions. We previously showed that telomerase-specific replication-competent adenovirus (Telomelysin, OBP-
301), in which the human telomerase reverse transcriptase promoter controls the adenoviral E1 gene
expression, induces a selective antitumor effect in human cancer cells. Here, using El-deleted replication-
deficient adenovirus expressing the p53 tumor suppressor gene (Advexin, Ad-p53) and OBP-301, we inves-
tigate how these adenoviruses that kill tumor cells with different mechanisms could work in combination
on human cancer. We found that E1-deficient Ad-p53 could kill cancer cells more efficiently in the presence
of OBP-301 than Ad-p53 alone or OBP-301 alone, because Ad-p53 could become replication-competent by
being supplied adenoviral E1 from coinfected OBP-301 in trans. Ad-p53 plus OBP-301 induced high levels
of p53 protein expression without p21 induction, resulting in apoptotic cell death documented by active
caspase-3 expression with a cytometric bead array and an increased subdiploid apoptotic fraction of the
cell cycle. For in vivo evaluation, nude mice xenografted with human lung tumors received intratumoral
injection of OBP-301 and/or Ad-p53. Analysis of the growth of implanted tumors showed an enhanced
antitumor effect in combination therapy. Our data show that Ad-p53 in combination with OBP-301 in-
duces not only oncolytic but also apoptotic cancer cell death and enhances antitumor activity in vitro

and in vivo, providing potential merits as a multimodal treatment for human cancer. Mol Cancer Ther; 9(6);
1884-93. ©2010 AACR.

Introduction number of molecularly targeted therapies. Most agents

have been developed to target specific molecules which

1884

Combining antineoplastic agents with different me-
chanisms of action has resulted in many effective regi-
mens in cancer therapy. For example, biochemical
modulation of 5-fluorouracil, one of the most active sin-
gle agents presently available, with the reduced folate
leucovorin has significantly improved overall response
rates in the 25% to 30% range (1). To successfully achieve
synergistic effects, we need to elucidate the biochemical
and/or molecular mechanisms underlying the drug in-
teraction. Recent advances in understanding the molecu-
lar mechanisms of carcinogenesis allow us to develop a
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are essential for the acquisition of malignant phenotypes
such as proliferation, invasion, and metastasis.

Gene- and vector-based therapies, which have long
been viewed as unsuccessful, have been greatly rejuve-
nated by its combination with other modalities including
chemotherapy and radiotherapy (2, 3). It also remains
possible to increase the therapeutic benefit by combining
virotherapies having different targets. Ad-p53 (Advexin,
Ad5CMV-p53) consists of an El-deleted replication-
deficient type 5 adenoviral vector expressing the human
wild-type p53 tumor suppressor gene under the control
of a cytomegalovirus promoter. p53 is the most common-
ly mutated gene in human cancer (4, 5), and p53 gene
therapy using Ad-p53 is currently in clinical trials as a
cancer therapy (6-9); however, a number of limitations
have led to the suboptimal efficacy of existing gene ther-
apies. One reason is that replication-deficient adeno-
viruses infect only a small portion of the tumor and are
not able to spread over the tumor entirely. To improve
viral spread in tumor conferring specificity of infection,
replication-competent adenoviruses have been investi-
gated (10-12).
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We previously developed a telomerase-specific,
replication-competent adenovirus (Telomelysin, OBP-
301), in which the human telomerase reverse transcrip-
tase (WTERT) promoter element drives the adenoviral E1
gene, and induced a selective antitumor effect in human
cancer cells (13-17). Telomerase is a ribonucleoprotein
complex responsible for the complete replication of chro-
mosomal ends (18). Many studies have shown the expres-
sion of telomerase activity in more than 85% of human
cancers (19), but only in few normal somatic cells (20). Tel-
omerase activation is considered a critical step in carcino-
genesis and its activity is closely correlated with hTERT
expression (21). Although virotherapy using OBP-301 as
a monotherapy is currently being evaluated in clinical
trials (22), multimodal strategies to enhance antitumor ef-
ficacy in vivo might be essential for a successful clinical
outcome.

As a replication-deficient adenovirus could replicate in
cancer cells and enhance the anticancer effect when co-
transfected with a replication-competent adenovirus that
could produce E1 proteins, we reasoned that combined
treatment with Ad-p53 and OBP-301 might offer a way
to more efficiently kill human tumor cells. In the present

study, we investigated the synergistic effects of Ad-p53
combined with OBP-301 both in vitro and in vivo.

Materials and Methods

Cell lines and cell cultures

The human non-small cell lung cancer cell line H1299,
which has a homozygously deleted p53, and the human
colorectal carcinoma cell line SW620, which contains mu-
tated p53, were propagated in monolayer culture in
RPMI 1640 supplemented with 10% FCS, 100 units/mL
of penicillin, and 100 pg/mL of streptomycin.

Recombinant adenoviruses

The recombinant replication-selective, tumor-specific
adenovirus vector OBP-301 (Telomelysin), in which the
hTERT promoter element drives the expression of E1A
and E1B genes linked with an IRES, was constructed
and characterized previously (16). Replication-deficient
adenoviral vectors containing human wild-type p53
cDNA (Ad-p53) and p-galactosidase cDNA (Ad-lacZ)
were also used (23). These viruses were purified by CsCl,
step gradient ultracentrifugation followed by CsCl, linear
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gradient ultracentrifugation, and their titers were deter-
mined by plaque assay in the 293 cells.

Cell proliferation assay

Cells were seeded at 1,000 cells/well in 96-well plate
and infected with OBP-301, Ad-p53, or OBP-301 and
Ad-p53 simultaneously at the indicated multiplicities of
infection (MOI) 18 to 20 hours later. Cell viability was
assessed at the indicated times after adenoviral infection
using sodium 3'-[1-(phenylaminocarbonyl)-3,4-tetrazoli-
um]-bis(4-methoxy-6-nitro) benzene sulfonic acid hy-
drate (XTT) assay with the Cell Proliferation Kit II
(Roche Molecular Biochemicals) according to the proto-
col provided by the manufacturer.

Western blot analysis

The primary antibodies against p53 (Ab-2; Calbio-
chem), p21 (EA10; Oncogene Science), p-actin (AC-15;
Sigma Chemical, Co.), and peroxidase-linked secondary
antibody (Amersham) were used. Cells were washed
twice in cold PBS and collected then lysed in lysis buffer
[10 mmol/L Tris (pH 7.5), 150 mmol/L NaCl, 50 mmol/L
NaF, 1 mmol/L EDTA, 10% glycerol, and 0.5% NP40]
containing proteinase inhibitors (0.1 mmol/L phenyl-
methylsulfonyl fluoride and 0.5 mmol/L Na3VO,). After
20 minutes on ice, the lysates were spun at 14,000 rpm in
a microcentrifuge at 4°C for 5 minutes. The supernatants

were used as whole cell extracts. Protein concentration
was determined using the Bio-Rad protein determination
method (Bio-Rad). Equal amounts of proteins were
boiled for 5 minutes and electrophoresed under reducing
conditions in 4% to 12% (w/v) polyacrylamide gels. Pro-
teins were electrophoretically transferred to Hybond
polyvinylidene difluoride transfer membranes (Amer-
sham Life Science) and incubated with the primary anti-
body followed by peroxidase-linked secondary antibody.
An Amersham ECL chemiluminescent western system
(Amersham) was used to detect secondary probes.

Human apoptosis cytometric bead array
for active caspase-3

Caspase-3 activation was quantitated using the
Human Apoptosis Cytometric Bead Array kit (Becton
Dickinson) according to the instructions of the manufac-
turer. Briefly, cell lysates were incubated with cytometric
caspase-3 capture beads coated with antibody specific for
caspase-3 and a secondary antibody specific for the
cleaved site of active caspase-3 conjugated to phycoery-
thrin. Cytometric bead/caspase-3 conjugates were ana-
lyzed by flow cytometry using a FACSCalibur (Becton
Dickinson). Flow cytometry measures the amount of
active caspase-3 attached to beads. Becton Dickinson
Cytometric Bead Array software was used to analyze
beads and transform data from samples. Sample data
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Figure 2. Expression of p53 in combination therapy of Ad-p53 and OBP-301. H1299 and SW620 cells were infected with the indicated viruses and
harvested at the indicated time. Cell lysates were subjected to immunoblot analysis for p53 and B-actin. H1299 cells infected with 50 MOI of Ad-p53 and
SW620 cells infected with 500 MOI of Ad-p53 were used as a positive control for apoptosis. A, cells were harvested in the early phase (24 and 48 h
after infection). p53 expression level was quantified by densitometric scanning using NIH Image software and normalization by dividing the B-actin signal.
The background was subtracted and corrected so that the control became 0, because H1299 cells were p53-null. B, cells were harvested in the late

phase (5 d after infection).
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Figure

. Induction of apoptosis in H1299 and SW620 cells following infection with Ad-p53 plus OBP-301. H1299 and SW620 cells were infected with
the indicated MOIs of OBP-301, Ad-p53, or a combination of both simultaneously. Caspase-3 activati i

was qL using the cy ic bead array

(CBA) assay 48 h after infection. A, representative flow cytometric images are shown. B and C, active caspase-3 expression was significantly increased
after infection with Ad-p53 plus OBP-301 in H1299 (B) and SW620 (C) cells. Columns, mean of three experiments; bars, SE. *, P < 0.01, statistical

significance (Student's t test).

was normalized with specific protein standards to pro-
vide quantification of the proteins of interest.

In vitro replication assay

H1299 cells were infected with OBP-301 (1 MOI), Ad-
p53 (5 MOI), OBP-301 (1 MOI) + Ad-p53 (5 MOI), or
OBP-301 (1 MOI) + Ad-lacZ (5 MOI) for 24 hours after
seeding for 2 hours. Following the removal of virus in-
ocula, the cells were further incubated at 37°C, trypsi-
nized, and harvested at 2, 24, 48, and 72 hours after
infection. DNA purification was done using QIAmp
DNA mini kit (Qiagen, Inc.). The E1A and p53 DNA
copy numbers were determined by quantitative real-time
PCR using a LightCycler instrument and LightCycler-
DNA Master SYBR Green I (Roche Diagnostics).

Cell cycle analysis

Cells treated with various concentrations of OBP-301,
Ad-p53, or a combination of both were harvested in
0.125% trypsin, washed twice in PBS with 2% FCS. After
centrifugation, 1 x 10° cells were resuspended in 70%

ethanol at 4°C overnight. Cells were washed twice in
PBS. After centrifugation, the pellet was resuspended
in 0.25 pg/mL of RNase A for 30 minutes at 37°C.
The samples were then stained with 50 ug/mL of pro-
pidium iodide and incubated at 4°C for 30 minutes. Cell
cycle analysis was determined by FACSCalibur flow cyt-
ometer using Flow]Jo software (TreeStar, Inc.).

In vivo human tumor model

H1299 cells (7.5 x 10° cells/mouse) were injected s.c.
into the flank of 5-week-old female BALB/c nu/nu mice
and permitted to grow to 4 to 10 mm in diameter. At
that time, the mice were randomly assigned into six
groups, and a 50 pL solution containing Ad-p53 [1 x 10”
plaque-forming units (pfu)], OBP-301(1 x 107 pfu),
OBP-301 (1 x 107 pfu) + Ad-p53 (1 x 10° pfu), or
Ad-lacZ (1 x 10° pfu), Ad-p53 (1 x 108 pfu) + Ad-lacZ
(1 x 107 pfu), or PBS was injected into the tumor for
three cycles every 2 days. The perpendicular diameter of
each tumor was measured every 3 or 4 days, and tumor
volume was calculated using the following formula:

www.aacrjournals.org
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tumor volume (mm®) = a x b* x 0.5, where a is the longest
diameter, b is the shortest diameter and 0.5 is a constant to
calculate the volume of an ellipsoid. The experimental
protocol was approved by the Ethics Review Committee
for Animal Experimentation of Okayama University
School of Medicine.

Statistical analysis

The statistical significance of the differences in the
in vitro and in vivo antitumor effects of viruses was deter-
mined by using the (two-tailed) Student's f test.

Results

Enhanced antitumor effect of OBP-301 plus Ad-p53
in human cancer cell lines in vitro

To achieve optimum antitumor effect, Ad-p53 at the
MOI of 50 and 500 was needed in H1299 and SW620
cells, respectively (Fig. 1A). We have previously con-
firmed that these cells expressed detectable hTERT
mRNA (13, 14). To examine the potential interaction of
Ad-p53 with OBP-301, we did a dose-response analysis
of the cell-killing effect at various doses in H1299 and
SW620 cells. Ad-p53 at 5 or 50 MOI could have little anti-

A H1299

tumor effect in H1299 and SW620 cells, respectively.
Combination therapy with 1 MOI of OBP-301 plus Ad-
p53 resulted in more cell killing than OBP-301 alone or
Ad-p53 alone in both cells (Fig. 1B). In contrast, OBP-
301 plus Ad-lacZ did not increase the antitumor effect
(data not shown). We next examined a time course
analysis of the cell-killing effect. The antitumor effect of
Ad-p53 plus OBP-301 was augmented after 4 days of
infection (Fig. 1C). To determine whether the timing
of administration of the adenoviruses affected the com-
bined cytotoxic effect, H1299 and SW620 cells were treated
with Ad-p53 24 hours after infection or synchronously
with OBP-301. The results showed no apparent differences
in cytotoxic activity by the treatment schedules (data not
shown).

Increased expression of p53 by cotransduction
with OBP-301 and Ad-p53

To explore the effect of the combination of Ad-p53 and
OBP-301, the expression levels of p53 protein were com-
pared by immunoblotting analyses at 24 and 48 hours
after infection. By cotransduction with Ad-p53 and
OBP-301, the expression of p53 was 33.6-fold higher in
H1299 cells at 48 hours and 4.34-fold higher in SW620
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Figure 4. A, expression of p53 downstream mediator p21. H1299 and SW620 cells were infected with the indicated viruses and harvested at the indicated
times. Cell lysates were subjected to immunoblot analyses for p21 and B-actin. H1299 cells infected with 50 MOI of Ad-p53 and SW620 cells infected
with 500 MOI of Ad-p53 were used as a positive control for p21 induction. B and C, assessment of viral DNA replication in H1299 cells. H1299 cells were
infected with OBP-301 (1 MOI), Ad-p53 (5 MOI), OBP-301 (1 MOI) + Ad-p53 (5 MOI), or OBP-301 (1 MOI) + Ad-lacZ (5 MOI) for 2 h. Following the
removal of virus inocula, the cells were further incubated at 37°C, trypsinized, and harvested at 2, 24, 48, and 72 h after infection. Extracted DNA was

subjected to real-time PCR assay for p53 DNA (B) and E1A DNA (C).
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Figure 5. H1299 cells were infected with 1 MOI of OBP-301, 5 MOI of Ad-p53, or a combination of both and harvested on days 2 and 5. SW620 cells were
infected with 1 MOI of OBP-301, 50 MOI of Ad-p53, or a combination of both and harvested on days 2 and 5. Cells were stained with propidium

iodide. Then, cell cycle analysis was

by the

cells at 24 hours than by Ad-p53 alone (Fig. 2A). The aug-
mented expression of p53 was maintained in cotrans-
duced cells with both adenoviruses on day 5 (Fig. 2B).
The prolonged upregulation of p53 suggests that Ad-
P53 replicates in cancer cells by E1 protein supplied by
cotransduced OBP-301, although the pattern of increased
P53 expression was different between H1299 and SW620
cells. These cells expressed equivalent levels of coxsackie-
virus and adenovirus receptor (15); p53-null H1299 cells
were, however, more sensitive to Ad-p53 compared with
SW620 cells containing mutated p53, as shown in Fig. 1A,
suggesting that Ad-p53 induced rapid apoptosis within
48 hours in infected H1299 cells and, therefore, p53 ex-
pression declined at 48 hours after infection. In contrast,

cell sorter (FACSCalibur) flow cytometer.

as Ad-p53 could replicate and infect more H1299 cells in
the presence of OBP-301, the level of p53 expression in-
creased after coinfection of Ad-p53 and OBP-301.

Combined treatment of OBP-301 plus Ad-p53
more efficiently induced apoptosis

Overexpression of p53 is known to induce apoptosis in
most cancer cells. We hypothesized that the enhanced
antitumor effect of Ad-p53 plus OBP-301 would result
in elevated apoptotic cell death. Two days after infection,
combined treatment of Ad-p53 plus OBP-301 induced
significantly elevated levels of active caspase-3, whereas
a low dose of Ad-p53 alone did not (Fig. 3). Moreover,
interestingly, the expression level of p21, which is a

www.aacrjournals.org
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downstream target of p53 in combination therapy with
OBP-301 and Ad-p53, was lower than in low doses of
Ad-p53 alone (Fig. 4A).

p53 DNA copy number is significantly amplified in
combination therapy with OBP-301 and Ad-p53,
whereas p53 does not impair the replication of
OBP-301

Then we examined the p53 DNA levels in H1299 cells.
The amplification of p53 DNA in the cells treated with
Ad-p53 plus OBP-301 by one to two orders of magni-
tude was observed (Fig. 4B). These results suggest
that Ad-p53 actually replicates by using the E1 protein
supplied by OBP-301, which is consistent with increased
expression of p53 protein (Fig. 2A). In this combination
treatment, proapoptotic p53 expression might impair
the replication of oncolytic virus because of premature
early cell death provoked by p53. Therefore, we exa-
mined the effect of p53 on the replication of OBP-301
by quantitative real-time PCR analysis. H1299 cells were
infected with OBP-301 and/or Ad-p53. Cells were har-
vested 2, 24, and 48 hours after infection, and extracted
DNA were subjected to the assay. As shown in Fig. 4C,
the presence of Ad-p53 did not impair the replication
of OBP-301.
Aug ion of apoptosis in | tumor cells
after coinfection with Ad-p53 and OBP-301

We next did a cell cycle analysis in H1299 and SW620
cells on days 2 and 5 after infection. Neither group

showed any differences between treatment 2 days after
infection; however, a sub-G; population (an apoptotic cell
population) was markedly increased in H1299 and
SW620 cells infected with Ad-p53 plus OBP-301 after
5 days of infection, whereas OBP-301 or Ad-p53 alone
did not increase apoptosis (Fig. 5; Table 1). These results
were compatible with those of the time course analyses
(Fig. 1C), suggesting that the augmented antitumor effect
of combined treatment of Ad-p53 and OBP-301 was due
to enhanced apoptotic cancer cell death.

Antitumor effect of OBP-301 plus Ad-p53
in human tumor xenografts

Based on the in vitro combination effect of Ad-p53 and
OBP-301, the in vivo therapeutic efficacy of H1299
tumors was further assessed. Mice bearing H1299-
xenografted tumors measuring 4 to 10 mm in diameter
received intratumoral injection of Ad-p53 at a dose of
1 x 10° pfu and OBP-301 at a dose of 1 x 107 pfu, singly
or in combination every 2 days for three cycles starting
at day 0. As shown in Fig. 6, Ad-p53 alone and Ad-
p53 + Ad-lacZ had no apparent antitumor effect, but
OBP-301 alone resulted in significant tumor suppression
compared with controls (P < 0.05). OBP-301 plus Ad-
lacZ did not improve the tumor suppression compared
with OBP-301 alone (P > 0.05). Nevertheless, the combi-
nation of OBP-301 plus Ad-p53 produced a more pro-
found and significant inhibition of tumor growth
compared with OBP-301 alone or OBP-301 plus Ad-lacZ
(P < 0.05).

Cell lines Days Treatments Cell cycle distribution (%)
Sub-Go-G Go-Gy s Go-M
H1299 Mock 4.51 43.48 425 9.51
Day 2 OBP-301 4.64 47.49 37.95 9.92
Ad-p53 4.52 48.22 36.33 10.93
Ad-p53 + OBP-301 4.67 48.74 35.68 10.91
Day 5 OBP-301 0.98 54.63 37.8 6.59
Ad-p53 3.51 49.4 37.35 9.74
Ad-p53 + OBP-301 24.95 44.95 25.03 5.07
SW620 Mock 3.06 49.52 35.11 1.77
Day 2 OBP-301 4.9 49.79 30.6 14.71
Ad-p53 5.71 68.3 15.28 10.71
Ad-p53 + OBP-301 7.08 60.91 20.76 11.25
Day 5 OBP-301 593 37.18 40.35 16.54
Ad-p53 4.03 57.7 24.26 14.01
Ad-p53 + OBP-301 30.29 54.52 10.46 4.73

NOTE: H1299 cells were infected with 1 MOI of OBP-301, 5 MOI of Ad-p53, or a combination of both and harvested on days 2 and 5.
SW620 cells were infected with 1 MOI of OBP-301, 50 MOI of Ad-p53, or a combination of both and harvested on days 2 and 5. Cell
cycle analysis was determined by the fluorescence-activated cell sorter (FACSCalibur) flow cytometer.
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Figure 6. H1299 cells (7.5 x 10° cells/mouse) were injected s.c. into the
flank of BALB/c nu/nu mice and permitted to grow to 4 to 10 mm in
diameter. A 50 pL solution containing Ad-p53 (1 x 10° pfu), OBP-301

(1 x 107 pfu), OBP-301 (1 x 10 pfu) + Ad-p53 (1 x 10° pfu), or Ad-lacZ
(1 x 10° pfu), Ad-p53 (1 x 10° pfu) + Ad-lacZ (1 x 107 pfu), or PBS was
injected into the tumor for three cycles every 2 d. The perpendicular
diameter of each tumor was measured every 3 or 4 d. Six or seven mice
were used for each group. Points, mean tumor growth volume; bars, SE.
*, P < 0.05, statistical significance (Student's t test). Arrows, days of
treatment.

Discussion

Resistance to apoptosis is a major cause of treatment
failure in human cancers. Many combination regimens
with clinically available agents are currently being used;
however, there is a need for a better understanding of
the molecular interaction of drugs to efficiently induce ap-
optosis in human cancer cells. In the present study, our
goal was to determine whether dual virotherapy, which
mediates telomerase-specific enhancement of exogenous
wild-type p53 gene expression, was effective for inducing
apoptosis. We found that Ad-p53 and OBP-301, with dif-
ferent mechanisms of action, could be more effective in the
growth of human cancer cells than Ad-p53 or OBP-301
alone in vitro as well as in vivo. Moreover, our data suggest
that p53-induced p21 induction was inhibited in the pres-
ence of OBP-301 infection, which might in turn sensitize
tumor cells to apoptosis by blocking cell cycle arrest.

Virotherapy for p53 gene transfer by Ad-p53 (Advexin)
is currently in clinical trials as a cancer therapeutic (24).
Overexpression of p53 gene caused preferential cancer
cell-killing, although this was less toxic to normal cells,
which means that p53 gene therapy itself is a cancer-
targeting therapy; however, the low transduction rate
and the narrow spread of Ad-p53 limits the anticancer
effect in vivo. The major problem for p53 therapy with
replication-defective adenovirus vector is incomplete
transduction of target cancer cells. Therefore, cancer cells
beyond transduced cells will escape the antitumor effect.
To overcome the low transduction rate of replication-
defective adenoviral vectors, an increment in the dose
would be the simple resolution; however, a higher dose

of Ad-p53 might not always contribute to the improve-
ment of transduction efficacy and could potentially cause
side effects. In this study, even the low dose of Ad-p53,
administration of which solely was not enough to induce
apoptosis, enabled an increase anticancer effect in
combination with OBP-301 by replicating selectively in
tumor cells. OBP-301 was genetically designed to
replicate specifically in tumor cells, causing specific
“oncolysis”(13, 15, 16), thereby increasing the effective
treatment radius in tumors. This combination might con-
tribute to the mitigation of unfavorable effects. OBP-301 is
currently being evaluated in phase I trials for clinical safe-
ty as of the writing of this article.

Virotherapy with adenovirus Onyx-015, the first onco-
lytic virus, has been evaluated in clinical trials, and
showed that administration of oncolytic adenovirus via
intratumor, intraperitoneum, or intravenous methods
was well tolerated (25); however, the efficacy of Onyx-
015 as a single agent is also limited, possibly because of
inefficient cell lysis and release of their progeny, which
may be defective in cancer cells. Our strategy is aiming
not only to enhance the antitumor activity of Ad-p53
by OBP-301, but also to augment the oncolytic activity
of OBP-301 in combination with Ad-p53. Oncolysis is
due to cytopathic effects intrinsic to the adenovirus. Ade-
novirus must be able to induce cell death in infected cells
for the virus to generate a cytopathic effect and be re-
leased from the cell. Hall et al. showed that wild-type
P53 enhances the ability of adenoviruses to induce cell
death, whereas the loss of functional p53 in cancer cells
resulted in a defect in adenovirus-induced cytopathic ef-
fects (26). Thus, functional p53 is required for a produc-
tive adenovirus infection. Consistent with their report,
our strategy to compensate or overexpress functional
wild-type p53 must be conducive to efficient adenovirus
replication, which leads to effective oncolysis by OBP-301.

The efficacy of combination therapy with conventional
gene therapy using replication-deficient adenovirus plus
virotherapy has been reported previously (27, 28). Com-
bined with tumor-specific replication-selective adeno-
virus, replication-deficient adenoviruses were able to
replicate and spread to surrounding tumor cells. Antitu-
mor activity was increased compared with gene therapy
alone or virotherapy alone in agreement with our study.
In our previous study, co-infection with a replication-
deficient adenovirus expressing the green fluorescent
protein (GFP) gene and OBP-301 was able to specifically
visualize human lung cancer cells in an orthotopic murine
model (14). Although the study showed the diagnostic
application of combinative use of replication deficient
adenoviral vector and OBP-301, the specific replication
of coinfected adenovirus in tumor was visually evidenced.
The current study applied this principle to therapeutic
purpose. When Ad-p53 was used together with OBP-
301, the total amount of the viruses might be higher than
that of OBP-301 alone that shows the equivalent efficacy;
the dose of replicative OBP-301, however, should be re-
duced as much as possible from the viewpoint of safety.
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Indeed, the pharmacodynamic data in a phase I clinical
trial of OBP-301 showed the transient systemic dissemina-
tion of OBP-301 following intratumoral injection (29).

Another interesting finding in the current study is that
OBP-301 infection apparently inhibited exogenous p53-
mediated expression of p21, which is a key player in ar-
resting cells in the G, phase. This suggests that OBP-301
infection might be an important requirement for render-
ing tumor cells sensitive to apoptosis rather than cell
cycle arrest. Indeed, it has been reported that the adeno-
virus E1A protein could enhance the sensitivity of tumor
cells to chemotherapeutic agents by promoting apoptosis
(30). This is primarily because of the ability of E1A to in-
teract with p21 and thereby inactivate it, which in turn,
leads to apoptosis. Further mechanisms of this interac-
tion are now under investigation.

Our strategies aim to enhance the efficiency and spe-
cificity of viral agents through incorporation of tumor-
targeting mechanisms via therapeutic gene and
transcriptional regulation. Although this study examined
the combinative use of two viral agents, oncolytic adeno-
viruses carrying therapeutic genes in the E1 or E3 region
have also been reported (31, 32). Gene therapy and onco-
lytic virotherapy, however, do not always work effectively
in combination (33). In case the expression level of thera-
peutic genes needs to be titrated, therapeutic genes might
work better when separated from oncolytic virus. In addi-
tion, both p53 therapy and OBP-301 oncolytic therapy are
currently being tested clinically. Once they are approved
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Abstract

The inability to repair DNA double-strand breaks (DSB) leads to radiosensitization, such that ionizing ra-
diation combined with molecular inhibition of cellular DSB processing may greatly affect treatment of human
cancer. As a variety of viral products interact with the DNA repair machinery, oncolytic virotherapy may im-
prove the therapeutic window of conventional radiotherapy. Here, we describe the mechanistic basis for syn-
ergy of irradiation and OBP-301 (Telomelysin), an attenuated type-5 adenovirus with oncolytic potency that
contains the human telomerase reverse transcriptase promoter to regulate viral replication. OBP-301 infection
led to E1B55kDa viral protein expression that degraded the complex formed by Mrell, Rad50, and NBSI,
which senses DSBs. Subsequently, the phosphorylation of cellular ataxia-telangiectasia mutated protein was
inhibited, disrupting the signaling pathway controlling DNA repair. Thus, tumor cells infected with OBP-301
could be rendered sensitive to ionizing radiation. Moreover, by using noninvasive whole-body imaging, we
showed that intratumoral injection of OBP-301 followed by regional irradiation induces a substantial anti-
tumor effect, resulting from tumor cell-specific radiosensitization, in an orthotopic human esophageal cancer
xenograft model. These results illustrate the potential of combining oncolytic virotherapy and ionizing radi-

ation as a promising strategy in the management of human cancer. Cancer Res; 70(22); 9339-48. ©2010 AACR.

Introduction

Current treatment strategies for advanced cancer include
surgical resection, radiation, and cytotoxic chemotherapy.
Preoperative or postoperative chemoradiation may improve
local control and the survival of advanced cancer patients by
mini the risk of di ination during the surgical pro-
cedure, increasing the complete resection rate, and eradicat-
ing microscopic residual tumor cells that are not surgically
removed. The lack of restricted selectivity for tumor cells is
the primary limitation of radiotherapy, despite improved
technologies such as stereotactic and hyperfractionated ra-
diotherapy. Although radiotherapy is generally considered
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to be less invasive, the maximum doses and treatment fields
are limited to avoid the influence on the surrounding normal
tissues. Therefore, to improve the therapeutic index of radio-
therapy while maintaining a tolerance of normal tissue tox-
icity, there is a need for agents that effectively lower the
threshold for radiation-induced tumor cell death; the safety
and efficacy of some candidates are already being explored in
clinical trials (1-3).

lonizing radiation primarily targets DNA molecules and in-
duces double-strand breaks (DSB; ref. 4). Radiosensitization
can result from a therapeutic increase in DNA DSBs or inhi-
bition of their repair. Ataxia-telangiectasia mutated (ATM)
protein is an important signal transducer of the DNA damage
response, which contains DNA repair and cell cycle check-
points, and activation of ATM by autophosphorylation
occurs in response to exposed DNA DSBs (5). Cells mutated
in the ATM gene have defects in cell cycle checkpoints and
DNA repair and are hypersensitive to DSBs (6, 7): thus, agents
that inhibit the ATM pathway can be useful radiosensitizers
(8). The Mrell, Rad50, and NBS1 (MRN) complex is quickly
stimulated by DSBs and directly activates ATM (9, 10).
Defects in the MRN complex lead to genomic instability, telo-
mere shortening, and hypersensitivity to DNA damage (11).

We reported previously that telomerase-specific, replication-
selective adenovirus (Telomelysin, OBP-301), in which the
human telomerase reverse transcriptase (hTERT) promoter
element drives the expression of E1 genes, induced selective
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El expression, and efficiently killed human cancer cells but not
normal human somatic cells (12-15). Adenoviral E1B55kDa
protein, a gene product in the adenoviral early region, inhibits
the functions of p53 and the MRN complex by cooperating
with adenoviral E4orf6 protein, leading to the proteolytic deg-
radation of these proteins (10, 16-18). In the present study, we
showed the synergistic efficacy of combined treatment with
ionizing radiation and OBP-301 against human cancer cells,
and we clarified the E1B55kDa-mediated mechanism used
by OBP-301 to inhibit DNA repair.

Materials and Methods

Cell lines and cell cultures

The human non-small-cell lung cancer cell line A549 was
propagated in DMEM containing Nutrient Mixture (Ham's
F-12) and supplemented with 10% FCS. The human esopha-
geal squamous cell carcinoma cell line TE8 was cultured in
RPMI 1640 supplemented with 10% FCS. The human esoph-
ageal adenocarcinoma cell line SEG1 was cultured in DMEM
supplemented with 10% FCS. TES cells transfected with the
firefly luciferase plasmid vector (TE8-Luc) were maintained
in medium containing 0.2 mg/mL Geneticin (G418).

Adenovirus

The recombi replicati lective, tumor-specific
adenovirus vector OBP-301 (Telomelysin), in which the
hTERT promoter element drives the expression of EIA and
EI1B genes linked with an internal ribosome entry site, was
previously characterized (12-15). The wild-type adenovirus
type 5 (Ad-wt) and the E1B55kDa-defective adenovirus
mutant dl1520 (Onyx-015) were also used (19).

Cell viability assay
A549, TE8, and SEG1 cells were infected with OBP-301 at
the indicated multiplicities of infection (MOI) and then irra-
diated at the indicated dosages by using an MBR-1520R
device (Hitachi Medical Co.). Cell viability was determined
5 days after irradiation with a Cell Proliferation Kit II (Roche
Molecular Biochemicals), ding to the facturer's
protocol. Synergy between radiation and OBP-301 was
analyzed with the CalcuSyn software (BioSoft), and the
p ion of the combination index was based on the
methods of Chou and Talalay (20).

Flow cytometry

Cells were incubated for 20 minutes on ice in Cytofix/
Cytoperm solution (BD Biosciences) and labeled with phyco-
erythrin (PE)- d rabbit lonal active caspase-3
antibody (BD Biosciences) for 30 minutes and analyzed by
FACSArray (BD Biosciences).

1 o snt

Cells seeded on tissue culture chamber slides were treated
and then fixed with cold methanol for 30 minutes on ice. The
slides were subsequently incubated with primary antibody
against pATM (Rockland), Mrell, Rad50 (GeneTex), NBS1
(Novus), and E1B55kDa (kindly provided by Dr. Arnold

Levine, The Institute for Advanced Study, Princeton, NJ) for
1 hour on ice. After washing twice with PBS, slides were
incubated with the secondary antibody, FITC-conjugated
rabbit anti-mouse IgG (Zymed Laboratories), FITC-conjugated
goat anti-rabbit IgG (Vector Laboratories), or Alexa 568—
conjugated goat anti-mouse IgG (Molecular Probes), for
1 hour on ice. The slides were further stained with 4',6-
diamidino-2-phenylindol d by using Fluorescent
Mounting Medium (Dako Cytomation), and then analyzed
with an LSM510 confocal laser microscope (Zeiss).

Western blot analysis

The primary antibodies against pATM (Cell Signaling), ATM
(Novus), Mrell, Rad50, NBS1, E1B55kDa (kindly provided by
Dr. Levine), YH2AX (Upstate), poly(ADP-ribose) polymerase
(PARP:; Cell Signaling), 3-actin (Sigma), and peroxidase-linked
secondary antibodies (Amersham) were used. Proteins were
electrophoretically transferred to Hybond-polyvinylidene
difluoride transfer membranes (GE Healthcare Life Science)
and incubated with primary antibody, followed by peroxidase-
linked secondary antibody. The Amersham ECL chemilumi-
nescence system (GE Healthcare Life Science) was used to
detect the peroxidase activity of the bound antibody.

In vivo subcutaneous human tumor model

A549, TE8, and SEGI cells (2 x 10° per mouse) were
injected s.c. into the flanks of 5- to 6-week-old female
BALB/c nu/nu mice. When tumors reached ~3 to 5 mm in
diameter, the mice were irradiated at a dosage of 3 Gy/tumor
every 2 days (for A549) or 2 Gy/tumor every week (for TE8
and SEG1) for three cycles starting at day 0. When irradiated,
mice were placed prone in custom-made holders that
contain lead collimators to shield the upper half of the mice.
Immediately after radiation, OBP-301 at a dose of 1 x 10°
plaque-forming units (PFU)/tumor or PBS was injected into
the tumor. In experiments with larger tumors, subcutaneous
TES8 tumors with a diameter of 8 to 10 mm were treated with
radiation at 2 Gy/tumor and intratumoral injection of OBP-
301 at 1 x 10° PFU/tumor three times per week (every 2 days)
for three cycles (nine times in total). The perpendicular di-
ameter of each tumor was measured every 3 to 4 days, and
tumor volume was calculated with the following formula:
tumorvolume (mm®) = a x b* x 0.5, where a is the longest
diameter, b is the shortest di and 0.5 is a
to calculate the volume of an ellipsoid. The experimental
protocol was approved by the Ethics Review Committee for
Animal Experimentation of Okayama University.

Orth, PP N
O

T p I cancer model

TE8-Luc cells (2 x 10° per mouse) suspended in Matrigel
were i lated into the abdominal esophagus of 6-week-old
female BALB/c nu/nu mice during laparotomy. Three weeks
later, mice were irradiated with 2 Gy/tumor in holders that
contain lead collimators to shield the head, neck, and chest
of the mice. Immediately after radiation, mice were intratu-
morally injected with OBP-301 at 1 x 10° PFU/tumor during
laparotomy, every 2 days for three cycles. To monitor tumor
progression, the substrate luciferin was injected ip. at a dose

Cancer Res; 70(22) November 15, 2010

Cancer Research



Bioengineered Radiosensitizer for Human Cancer

of 150 mg/kg body weight. Images were collected in the su-
pine position every few minutes from 10 to 30 minutes after
luciferin injection with the IVIS Imaging System (Xenogen),
and photons emitted from the abdominal esophagus region
were quantified by using Living Image Software (Xenogen).

Statistical analysis

All data were expressed as mean + SD. Differences between
groups were examined for statistical significance with the
Student's ¢ test. P values <0.05 were considered statistically
significant.

Results
Radiosensitizing effect of OBP-301 in vitro

To examine the potential interaction between OBP-301 and
ionizing radiation in vitro, we first evaluated their combined

to adenoviral E1B55kDa and NBSI, indicating a direct inter-
action between the E1B55kDa protein and the MRN complex
(Fig. 2A). Western blot analysis showed that the levels of
Mrell, NBS1, and Rad50 protein gradually decreased after
OBP-301 infection at an MOI of 10, as the E1B55kDa expres-
sion mcreased (Fig. ZB) The expression of the MRN complex
h d in NHLF b E1B55kDa

was absent after OBP-301 infection (Supplementary Fig. S2C).

To confirm the effect of adenoviral E1B55kDa on the MRN
degradation, we compared the subcellular localization and
degradation of Mrell protein after infection with wild-type
adenovirus (Ad-wt), an adenovirus mutant that lacked
E1B55kDa (d11520, Onyx-015), or OBP-301 in A549 cells.
The Mrell protein accumulated in the nucleus in a scattered
pattern within 24 hours after OBP-301 or Ad-wt infection and
then relocated to the perinuclear area and was degraded;

effect in human lung (A549) and esophageal (TE8 and SEG1)
cancer cell lines. The cells received a single dose of ionizing
irradiation 24 hours after either mock or OBP-301 infection,
and the cell viability was assessed by 2,3-bis[2-methoxy-4-
nitro-S-sulfophenynl|H-tetrazolium-5-carboxanilide inner
salt (XTT) assay 5 days after irradiation. The addition of
OBP-301 increased the cytotoxicity of ionizing radiation in a
dose-dependent manner. The combination index showed
potent, statistically significant synergy between OBP-301
and radiation in all three cell lines (Fig. 1A). In contrast,
synergy was not observed in normal human lung fibroblasts
(NHLF) because the viral replication of OBP-301 was attenu-
ated in telomerase-negative normal cells (Supplementary
Fig. S2A, B).

We measured the amount of apoptosis in A549 and TE8
cells that were irradiated after OBP-301 infection. The cells
were infected with OBP-301 at a MOI of 1.0, irradiated with
a dose of 10 Gy 24 hours after infection, and analyzed for
apoptosis. OBP-301 caused a significant increase in active
caspase-3-positive cells in response to ionizing irradiation
(Fig. 1B). Western blot analysis showed that ionizing radia-
tion pr d the cleavage of PARP, a 3 substrate
and a biochemical marker of apoptosis, with prior OBP-301
infection (Fig. 1C). Moreover, OBP-301 infection before
irradiation significantly increased the number of A549 cells
with apoptotic nuclear morphology (Fig. 1D and E). Thus,
OBP-301 combined with ionizing radiation synergistically
increased the amount of apoptosis.

Degradation of the MRN complex by adenoviral
E1B55kDa protein

To elucidate the molecul h ible for the
synergy between OBP-301 and ionizing radiation, we exam-
ined the physical interaction between viral proteins and the
MRN complex, which drives the DNA repair pathway as a
sensor of DNA DSBs, through a series of confocal microscopy
experi I staining of A549 cells
infected with OBP-301 at an MOI of 10 showed colocalization
of the signals representing Mrel1, NBS1, and Rad50, suggest-
ing that these proteins exist as a complex. Moreover, there
was marked overlap in the nuclear signals corresponding

h , the scattered nuclear signals of Mrell remained
largely undegraded 72 hours after d11520 infection (Fig. 2C).
We measured the proportions of the cells with each staining
pattern (scattered, perinuclear, or degraded) to compare
the subcellular dynamics of the Mrell protein. OBP-301 and
Ad-wt infection caused a rapid decrease in Mrell-positive
cells compared with d11520 infection (Fig. 2D and E), suggest-
ing that the E1B55kDa protein is essential for the degradation
of the MRN complex.

Inhibition of radiation-ind
responses by OBP-301

The MRN complex functions as a DSB sensor that activates
the ATM-dependent signaling pathway, which coordinates
cell cycle arrest with DNA repair. To further investigate the
relationship between E1B55kDa and ATM activation, we
examined the effect of OBP-301 infection on the radiation-
mduced phosphorylatlon of ATM (pATM) in A549 cells.

led spot signals of pATM

throughout the nuclei 30 minutes after ionizing radiation;
however, OBP-301 or Ad-wt infection (10 MOI) 24 hours before
irradiation blocked the formation of pATM foci (Fig. 3A). Pre-
treatment with OBP-301 significantly reduced the number of
PATM-positive cells compared with pretreatment with dl1520
lacking E1B55kDa (Fig. 3B). Western blot analysis also showed
that ionizing radiation induced the phosphorylation of ATM,
whereas expression of E1B55kDa by OBP-301 infection led to
the degradation of the MRN complex, which was
by a greatly reduced level of pATM (Fig. 3C). Following dl1520
infection, ATM phosphorylation was seen in the absence of
E1B55kDa and MRN deg)

We also investigated whether OBP-301 infection could
abrogate the DNA repair process by using YH2AX, which is a
sensitive indi of DSBs. I g radiation induced YH2AX
expression as early as 30 minutes after treatment in both
mock- and OBP-301-infected A549 cells. The levels of YH2AX
protein gradually decreased as the DNA DSBs were repaired in
mock-infected cells, but d el d in cells infected
with OBP-301 24 hours before irradiation (Fig. 3D). Densito-
metric quantification revealed that the relative density
of yH2AX/3-actin at 3 hours after irradiation decreased by
64% without prior OBP-301 infection, but decreased by only

d DNA d

dation.
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Figure 1. Radiosensitizing effect of OBP-301 on human cancer cells in vitro. A, cells were irradiated with the indicated doses 24 h after infection

with OBP-301 at the indicated MOls, and cell viability was assessed by XTT assay 5 d after iradiation. Top panels, percentages of viable cells relative to
mock-treated cells. Error bars indicate 95% confidence intervals for triplicate data points. Bottom panels, the combination index was calculated

with the CalcuSyn software. Synergy and antagonism were defined as interaction indices of <1 and >1, respectively. B to E, induction of apoptotic

cell death by OBP-301 plus ionizing radiation. A549 and TE8 cells were infected with OBP-301 at an MOI of 1, irradiated with 10 Gy 24 h after infection,
and then collected 5 d after irradiation. B, flow cytometric analysis for active caspase-3 expression. Cells were stained with PE-conjugated rabbit
monoclonal active caspase-3 antibody and analyzed by FACS. *, P < 0.01. C, Western blot analysis for the cleavage of PARP. Blots were probed with
anti-PARP antibody and visualized by using an ECL detection system. D, visualization of apoptotic nuclei. Treated A549 cells were stained with
Hoechst 33342 and analyzed for DNA fragmentation by fluorescent microscopy. White arrows indicate cells with apoptotic bodies. The bottom panels are
the magnified views of the boxed region in the middle panels. IR, ionizing radiation. E, the percentage of apoptotic cells was calculated by counting

the number of cells with apoptotic bodies per 100 cells in six random fields in each group.

19% with OBP-301 infection compared with the levels at
30 minutes postirradiation (Fig. 3E). These results indicate
that OBP-301 infection interrupts the cellular DNA repair

mechanism induced by i ing radiation.

Synergistic antitumor activity of OBP-301 plus
radiation in human tumor xenografts

We next assessed the therapeutic efficacy of OBP-301 in
combination with ionizing radiation against A549, TES, and
SEG1 cells in vivo. To determine the treatment schedule, we
examined whether radiation could modify adenoviral infectiv-
ity and replication in human cancer cells. OBP-301 infection
following ionizing radiation showed synergistic antitumor
effects in vitro (Supplementary Fig. S3) due to an increased

expression density of coxsackievirus and adenovirus receptor,
which resulted in enhanced adenoviral uptake in human can-
cer cells (Supplementary Figs. S4 to $6). We also confirmed
that ionizing radiation does not interfere with OBP-301 repli-
cation (Supplementary Fig. S7).

Based on these preliminary results, we chose a therapy
regimen with three cycles of regional radiation followed
immediately by intratumoral administration of OBP-301.
Mice bearing A549, TE8, and SEG1 subcutaneous tumors that
were 3 to 5 mm in diameter received 3 Gy (for A549) or 2 Gy
(for TE8 and SEG1) local irradiation followed by the intra-
tumoral injection of either 1 x 10° PFU of OBP-301 or PBS
every 2 days (for A549) or 7 days (for TES and SEG1) for three
cycles. Intratumoral administration of OBP-301 or radiation
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