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REPORT

Tumor-selective, adenoviral-mediated GFP
genetic labeling of human cancer in the live
mouse reports future recurrence after resection
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We have previously developed a telomerase-specific replicating adenovirus expressing GFP (OBP-401), which can
selectively label tumors in vivo with GFP. Intraperitoneal (i.p.) injection of OBP-401 specifically labeled peritoneal tumors
with GFP, enabling fluorescence visualization of the disseminated disease and real-time fluorescence surgical navigation.
However, the technical problems with removing all cancer cells still remain, even with fluorescence-guided surgery. In
this study, we report imaging of tumor recurrence after fluorescence-guided surgery of tumors labeled in vivo with
the telomerase-dependent, GFP-containing adenovirus OBP-401.. Recurrent tumor nodules brightly expressed GFP,
indicating that initial OBP-401-GFP labeling of peritoneal disease was genetically stable, such that proliferating residual
cancer cells still express GFP. In situ tumor labeling with a genetic reporter has important advantages over antibody
and other non-genetic labeling of tumors, since residual disease remains labeled during recurrence and can be further

resected under fluorescence guidance.

Introduction

Green fluorescent protein (GFP) serves as a very bright genetic
reporter to detect metastatic cancer in mouse models."? Initially,
cancer cells were transduced in vitro with GFP using various types
of genetic vectors and then implanted in mouse models. Potential
clinical application of GFP became possible when it was dem-
onstrated that retroviruses containing GFP could label dissemi-
nated cancer in situ in mouse models.* Subsequently, selective
in vivo GFP labeling of tumors was performed with OBP-401, a
replicating adenovirus™® that contains a replication cassette with
the human telomerase reverse transcriptase (WTERT) promoter
driving the expression of the viral £1 genes and the inserted GFP
gene. Virus replication and, hence, GFP gene expression occur
only in the presence of an active telomerase, i.c., in malignant
tissue.® The OBP-401 virus was first tested by injection directly
into HT-29 human colon tumors, orthotopically implanted
into the rectum in BALB/c nu/nu mice. Subsequent para-aortic
lymph node metastasis was observed by laparotomy under fluo-
rescence.® We then developed a major enhancement of cancer
surgical navigation in orthotopic mouse models of cancer using
in vivo selective fluorescent tumor labeling with OBP-401 GFP.
Bright GFP fluorescence clearly illuminated the tumor boundar-
ies and facilitated detection of the smallest disseminated disease
lesions.”
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Fluorescence-guided surgical navigation with tumors labeled
invivo with OAP-401 GFP was demonstrated in nude mouse mod-
els that represent difficult surgical challenges for the resection of
widely disseminated cancer. HCT-116, a model of intraperitoneal
disseminated human colon cancer, was labeled by virus injection
into the peritoneal cavity. A549, a model of pleural dissemination
of human lung cancer, was labeled by OBP-401 virus adminis-
tered into the pleural cavity. Only the malignant tissue fluoresced
brightly in both models. Further, we showed that OBP-401 could
visualize liver metastases by tumor-specific expression of the GFP
gene after portal venous or iv. administration. Selective meta-
static tumor labeling with GFP and killing by systemic adminis-
tration of telomerase-dependent adenoviruses suggested that liver
metastasis is also a candidate for fluorescence-guided surgery.®

However, even fluorescence-guided surgery may still result
in residual disease. The present report demonstrates proliferat-
ing residual disease remains stably labeled with OBP-401 GFP,
which is readily detected for further resection, suggesting that
genetic-reporter labeling of tumors has advantages over non-
genetic labeling of tumors for fluorescence-guided surgery.

Results and Discussion

Labeling peritoneal carcinomatosis with OBP-401-GFP.
DPeritoneal carcinomatosis was induced in the abdominal cavity of
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Figure 1. In situ genetic labeling of disseminated peritoneal carcinoma-
tosis. Red fluorescence indicates HCT-116-RFP-expressing disseminated
nodules (left). Peritoneal disseminated HCT116-RFP cells were labeled
by GFP after i.p. injection of OBP-401 (right). Fluorescence imaging
revealed co-localization of red and green fluorescence.

nude mice by i.p. implantation of HCT-116-RFP human colorec-
tal cancer cells. Twelve days after implantation, 1 x 10® PFU
OBP-401 were injected intraperitoneally. Disseminated HCT-
116-RFP nodules expressed GFP fluorescence induced by OBP-
401 as well as the endogenous RFP fluorescence when imaged 5 d
later (Fig. 1). RFP fluorescence was essentially coincident with
that of GFP, indicating that i.p. injection of OBP-401 efficiently
labeled disseminated tumors with GFP.

Stability of OBP-401-GFP expression in tumors. In order
to determine stability of GFP expression in OBP-401-labeled
tumors, HCT-116-RFP tumors were collected by peritoneal
lavage from the abdominal cavity of mice 5 d after OBP-401
administration, put into culture in RPMI 1640 medium sup-
plemented with 10% FBS and observed over time. Eight days
after plating (13 d after viral administration), cancer cell colo-
nies expressed both RFP and GFP (Fig. 2). The stability of GFP
expression in OBP-401-labeled tumor cells suggests the poten-
tial of OBP-401 GFP labeling to detect recurrent tumors after
attempted resection.

Fluorescence-guided resection of disseminated peritoneal
tumors labeled with OBP-401 GFP. Five days after OBP-401
administration to mice with i.p. HCT-116, laparotomy was per-
formed with the intent to remove all the intra-abdominal cancer
using fluorescence-guided navigation under ketamine anesthesia
(Fig. 3A and B). OBP-401 labeling and imaging made dissemi-
nated cancer nodules visible by GFP fluorescence, and complete
resection was attempted (Fig. 3C—-E). Tumors were efficiently
resected, including those not visible under bright light, as we have
previously reported in references 7 and 8.

In vivo detection of recurrent OBP-402-GFP-labeled tumors
after fluorescence-guided surgery. Tumors still recurred after
attempted complete resection with fluorescence-guided surgery as
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visualized by GFP expression (Fig. 4). This result demonstrates
that OBP-401 GFP labeling of peritoneal disseminated disease
enables detection of tumor recurrence after fluorescence-guided
surgery. Thus, OBP-401-GFP labeling is genetically stable, and
therefore, proliferating residual disease continues to express GFP.

Tsien’s laboratory has developed a method to label and visual-
ize tumors during surgery using activatable cell-penetrating pep-
tides (ACPDs), in which the fluorescently labeled, polycationic
cell-penetrating peptide (CPP) is coupled via a cleavable linker to
a neutralizing peptide. Upon exposure to proteases expressed by
tumors, the linker is cleaved, dissociating the inhibitory peptide
and allowing the CPP to bind to and enter tumor cells. Animals
whose tumors were resected with ACPPD guidance had better
long-term tumor-free survival and overall survival than animals
whose tumors were resected with traditional brightfield illumina-
tion only.’

Another approach to tumor labeling and fluorescence-guided
surgery is with the use of labeled tumor-specific antibodies. A
monoclonal antibody specific for CA19-9 was conjugated to a
green fluorophore and delivered to tumor-bearing mice as a sin-
gle intravenous (IV) dose. Intravital fluorescence imaging was
used to localize metastatic pancreatic cancer in orthotopic mouse
models 24 h after antibody administration. Using fluorescence
imaging, the primary tumor was clearly visible at laparotomy as
were small metastases in the liver and spleen and on the perito-
neum. The metastatic tumors, which were nearly impossible to
see using standard brightfield imaging, demonstrated clear fluo-
rescence under LED light excitation."

We have also previously investigated the use of fluorophore-
labeled anti-carcinoembryonic antigen (CEA) monoclonal
antibody to aid in cancer visualization in nude mouse models
of human colorectal and pancreatic cancer. Anti-CEA was con-
jugated with a green fluorophore. Subcutaneous, orthotopic pri-
mary and metastatic human pancreatic and colorectal tumors
were easily visualized with fluorescence imaging after admin-
istration of conjugated anti-CEA. The fluorescence signal was
detectable 30 min after systemic antibody delivery and remained
present for 2 weeks, with minimal in vivo photobleaching after
exposure to standard operating room lighting. Fluorescent anti-
CEA administration improved ability to resect the labeled tumors
under fluorescence guidance."

Neither the ACPP nor the labeled monoclonal antibodies
described above involves genetic labeling of cancer cells, and
recurrence would, therefore, not be detectable. In the present
study, we selectively and efficiently labeled tumors with a genetic
reporter, GFP, using a telomerase-dependent adenovirus OBP-
401. We demonstrated that tumors recurred after fluorescence-
guided surgery and maintained GFP expression. Therefore,
the detection of recurrence and future metastasis is possible
with OBP-401 GFP labeling, since recurrent cancer cells stably
express GFP, which is not possible with non-genetic labeling of
tumors.

In clinical studies performed with OBP-401, circulating tumor
cells (CTC) obtained from cancer patients were labeled with
OBP-401 GFP ex vivo. OBP-401-GFP labeling greatly increased
the detection of CTC."? Other targets for in vivo GFP labeling
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Figure 2. Genetic labeling of microscopic tumors. Cells collected by peritoneal lavage from the abdominal cavity of mice 5 d after OBP-401 treatment
were plated and cultured with RPMI 1640 medium supplemented with 10% FBS. (A) Plating cells in the peritoneal lavage fluid (5 d after viral adminis-
tration). Most RFP-expressing cancer cells expressed GFP fluorescence induced by OBP-401 as well, x200 magnification. White arrows, cells unlabeled
with GFP. (B) Eight days after plating (i.e., 13 d after viral administration). Cancer cell colonies expressing RFP were observed in the culture dish under
fluorescence microscopy. The cancer cells also expressed GFP induced by OBP-401. x40 magnification. Boxes highlight colonies indicated by white

circles. Original magnification x100.

Figure 3. Fluorescence-guided resection of tumors labeled with GFP in situ. (A) Peritoneal disseminated nodules were labeled by GFP expression

5 d after OBP-401 virus administration. (B) Laparotomy was performed. (C) Disseminated nodules labeled with GFP were removed under GFP-guided
surgical navigation. (D) Disseminated nodules removed under GFP-guided navigation. Top, bright field observation; Bottom, fluorescent detection.
(E) Section of disseminated nodules. Top, H&E section; Bottom, frozen section with fluorescence detection.

could include, for example, breast cancer emboli."? Specific label-
ing by GFP of cancer stem cells is also a promising approach."
Labeling of cancer stem cells is especially important, since at least
some stem cells can now be imaged non-invasively.” The present
report suggests the clinical potential of OBP-401 GFP labeling to
improve the surgical outcome of cancer.

Materials and Methods

Recombinant adenovirus. Telomerase-specific replication-

selective adenovirus OBP-401, containing the GFP gene under
the control of the CMV promoter, with the hTERT promoter
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driving the £14 and E1B genes, was constructed and produced as
previously described in references 5 and 6.

Cell culture. The human colorectal cancer cell line HCT-
116 was cultured in RPMI 1640 medium supplemented with
10% FBS.

Production of red fluorescent protein (RFP) retroviral
vector. For RFP retrovirus production, the Hind111/Notl frag-
ment from pDsRed2 (Clontech) containing the full-length RFP
cDNA, was inserted into the HindIIl/Notl site of pLNCX2
(Clontech) containing the neomycin-resistance gene. PT67,
an NIH3T3-derived packaging cell line (Clontech) express-
ing the viral envelope, was cultured in DMEM supplemented
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(F) Detail of the boxed region of (E). x200 magnification.

Figure 4. In vivo detection of recurrent tumors after fluorescence-guided surgery. (A) Brightfield observation several weeks after fluorescence-guided
surgery of OBP-401 GFP-labeled tumors. Disseminated disease re-emerged. (B) Fluorescence observation of field observed by brightfield in (A).

(C) Merge of (A and B). The red box outlines a region of (D) below. (D) Detail of the boxed region of (C). Black line indicates the direction of cross-sec-
tions. (E) Histologic sections stained with H&E showing that GFP-labeled lesions are recurrent tumor tissues (arrow heads). x40 magnification.

with 10% FBS. For vector production, PT67 packaging cells,
at 70% confluence, were incubated with a precipitated mixture
of LipofectAMINE reagent (Life Technologies) and saturating
amounts of pLNCX2-DsRed2 plasmid for 18 h. Fresh medium
was replenished at this time. The cells were examined by fluo-
rescence microscopy 48 h post-transduction. For selection of a
clone producing high amounts of RFP retroviral vector (PT67-
DsRed2), the cells were cultured in the presence of 200 to 1,000
pg/ml G418 (Life Technologies) for 7 d. The isolated packaging
cell clone was termed PT67-DSRed2.'

RFP gene transduction of cancer cells. For RFP gene trans-
duction, cancer cells were incubated with a 1:1 precipitated mix-
ture of retroviral supernatants of PTG67 cells and RPMI 1640
containing 10% FBS for 72 h. Fresh medium was replenished at
this time. Tumor cells were harvested with trypsin/EDTA 72 h
post-transduction and subcultured at a ratio of 1:15 into selective
medium that contained 200 pg/ml G418. To select brightly fluo-
rescent cells, the level of G418 was increased up to 800 pg/ml in
a stepwise manner. RFP-expressing cancer cells were isolated with
cloning cylinders using trypsin/EDTA and were amplified by
conventional culture methods in the absence of selective agent.'®

Mice. Athymic nude mice were kept in a barrier facility
under HEPA filtration and fed with autoclaved laboratory rodent
diet. All animal studies were conducted in accordance with the
principals and procedures outlined in the National Institute of
Health Guide for the Care and Use of Laboratory Animals under
Assurance Number A3873-1. All animal procedures were per-
formed under anesthesia using s.c. administration of a ketamine
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mixture (10 pl ketamine HCL, 7.6 pl xylazine, 2.4 pl aceproma-
zine maleate and 10 .l PBS).

In vivo fluorescence imaging. An Olympus OV100 Small
Animal Imaging System (Olympus Corp., Tokyo, Japan) with
macro- and micro-optics was used.” High-resolution images
directly captured on a PC were processed and analyzed with the
use of Adobe Photoshop Elements 4.0 software (Adobe).

Peritoneal carcinomatosis model with HCT-116 human
colon cancer cells implanted in nude mice. Nude mice were
intraperitoneally (i.p.) injected either with HCT-116 or HCT-
116-RFP human colon cancer cells at a density of 3 x 10° in 200
wl PBS. Twelve days after tumor cell inoculation, mice were
injected i.p. with OBP-401 at a dose of 1 x 10® PFU in 200 .l
PBS. Five days after virus injection, the abdominal cavity was
examined by fluorescence imaging, and mice were operated on
with fluorescence guidance with the intent to resect all intra-
abdominal tumor nodules under ketamine-induced anesthesia.

Collection of microscopic tumors from peritoneal lavage
fluid of OBP-401-treated mice. Twelve days after nude mice were
i.p. injected with HCT-116-RFP, 1 x 10° PFU OBP-401 were
injected intraperitoneally. Five days after virus injection, mice
were instilled with 8 ml PBS intraperitoneally. The abdomen was
gently massaged, and the peritoneal fluid was carefully aspirated
using a 22-gauge needle. Approximately 6 ml peritoneal lavage
fluid (PLF) were obtained from most mice. After filtering the PLF
with a 40 pm cell strainer (BD, Franklin Lakes, NJ) in order to
collect only microscopic tumors and/or cancer cells in the abdom-
inal cavity, 3 ml of PLF were cultured on 6-well tissue culture
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plates. After incubation for 1 h, supernatants were carefully aspi-
rated and 3 ml RPMI 1640 medium, containing 10% FBS, were
added to each well. The cells were further incubated at 37°C in a
humidified atmosphere of 5% CO, and observed under fluores-
cence microscopy at day 0 and day 8 after collection of PLF.
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