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Abstract

Background: Staging laparoscopy can visualize peritoneal and liver metastases in pancreatic cancer otherwise
undetectable by preoperative imaging. However, false-negative rates may be as high as 18%—26%. The aim of the
present study was to improve detection of metastatic pancreatic cancer with the use of fluorescence laparoscopy
(FL) in a nude-mouse model with the tumors expressing green fluorescent protein (GFP).

Methods: The carcinomatosis mouse model of human pancreatic cancer was established by intraperitoneal
injections of green fluorescent protein-expressing MiaPaca-2 human pancreatic cancer cells into 6-week-old
female athymic mice. Two weeks later, mice underwent diagnostic laparoscopy. Laparoscopy was performed
first under standard brightfield lighting, followed by fluorescent lighting. The number of metastatic foci iden-
tified within the four quadrants of the peritoneal cavity was recorded. After laparoscopy, the animals were
sacrificed, opened, and imaged with the OV-100 Small Animal Imaging system as a positive control to identify
metastasis. Tumors were collected and processed for histologic review.

Results: FL enabled visualization of pancreatic cancer metastatic foci not visualized with standard brightfield
laparoscopy (BL). Under FL, in 1 representative mouse, 26 separate micrometastatic lesions were identified. In
contrast, only very large tumors were seen using BL. Use of the OV-100 images, as positive controls, confirmed
the presence of tumor foci. FL thus allowed identification and exact localization of submillimeter tumor foci.
Such small-sized tumor foci were not distinguished from surrounding tissue under BL. All malignant lesions
were histologically confirmed.

Conclusions: The use of FL enables the identification of tumor foci that cannot be seen with standard laparos-
copy. The technology described in this report has important potential for the clinical development of FL.

Introduction

ALTHOUGH, CURRENTLY, THERE IS no universal consensus
on the indications for staging laparoscopy in patients
with pancreatic cancer, this diagnostic tool has been shown to
improve preoperative detection of peritoneal and liver me-
tastases undetectable on preoperative imaging."> With im-
proved accuracy in the identification of metastatic disease,
earlier therapy can be directed to either curative resection or
appropriate palliative care in patients for whom aggressive

surgical resection will not provide any additional survival
benefit. However, staging laparoscopy in its current form is
not sufficiently adequate. Studies examining its accuracy in
predicting the resectability of peripancreatic tumors have re-
vealed false-negative rates of 18%-26%.%* To minimize these
rates, efforts to systematically improve visualization and
identification of tumor deposits are needed.

We have previously demonstrated the utility of fluores-
cence laparoscopy (FL) in the detection of primary pancreatic
cancer in mouse models.” We observed then that primary
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lesions that were embedded within the pancreatic tail and that
might otherwise have been missed were rendered much more
readily identifiable with FL than standard laparoscopy. In the
present study, we demonstrate that FL can identify meta-
stases in a mouse model of disseminated human pancreatic
cancer, which standard laparoscopy cannot.

Materials and Methods
Cell culture

Human MiaPaCa-2 cells were stably transduced to express
the green fluorescent protein (GFP) as previously described.®
These cells were maintained in Dulbecco’s modified Eagle’s
medium (Gibco-BRL, Grand Island, NY) supplemented with
10% fetal bovine serum (Hyclone, Logan, UT), penicillin/
streptomycin (Gibco-BRL), sodium pyruvate (Gibco-BRL),
sodium bicarbonate (Cellgro, Manassas, VA), L-glutamine
(Gibco-BRL), and minimal essential medium nonessential
amino acids (Gibco-BRL). Cells were incubated at 37°C with
5% CO,.

Animal care

Female athymic nu/nu nude mice were maintained in a
barrier facility on high-efficiency particulate air-filtered racks.
The animals were fed with autoclaved, laboratory rodent diet
(Teckland LM-485; Western ResearchProducts, Orange, CA).
All surgical procedures were performed under anesthesia
with intramuscular injection of a 100 uL mixture of 100 mg/kg
ketamine and 10 mg/kg xylazine. For each procedure, 20 uL
of 1 mg/kg buprenorphine was administered for pain control.
Euthanasia was achieved by 100% CO, inhalation, followed
by cervical dislocation. All animal studies were approved by
the UCSD Institutional Animal Care and Use Committee and
conducted in accordance with the principles and procedures
outlined in the National Institutes of Health Guide for the
Care and Use of Animals.

Metastasis cancer model

MiaPaCa-2-GFP cells were harvested by trypsinization and
washed three times with serum-free medium. Viability was
verified to be greater than 95% using the Vi-Cell XR auto-
mated cell viability analyzer (Beckman Coulter, Brea, CA).
The cells were resuspended at 1 million cells per 100 uL
serum-free medium and placed on ice before intraperitoneal
(IP) injections were performed using a 27-gauge needle in
three 6-week-old female nude mice.”

Fluorescence laparoscopy

We have previously described the methods for achieving
maximal fluorescence signals and differentiation from
background and surrounding tissues by modifying a stan-
dard laparoscopic system (Stryker, Kalamazoo, MI).5 In the
present experiment, a 480-nm interference short-pass exci-
tation filter was placed between the light cable and the
camera and a GG495 Schott glass filter was placed between
the camera and the laparoscope. The excitation light source
was a 300 W Xenon lamp (Stryker). A MultiCam 310C cam-
era (UVP, Upland, CA), which allows variable exposure time
and gain setting in the controlling software (VisionWorks LS;
UVP), was used.
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Standard laparoscopy

Two weeks after IP injection of the MiaPaCa-2-GFP cells,
noninvasive whole-body imaging of the mice was performed
under the OV-100 Small Animal Imaging System (Olympus
Corp., Tokyo, Japan) to verify establishment of carcinoma-
tosis. Next, the animals were anesthetized and a 22-gauge
angiocatheter was introduced sterilely into the abdominal
cavity at an angle to avoid injury to the underlying bowel. The
catheter was secured to the abdominal wall with a suture and
connected to the insufflation tubing of the laparoscopic tower.
Insufflation was first initiated at 1mmHg and then aug-
mented to a final pressure of 2 mmHg. Next, a small incision
was made higher up in the abdomen, through which a 3-mm
0-degree Karl-Storz laparoscope (Karl-Storz GmbH & Co.,
Tuttlingen, Germany) was introduced. A purse-string suture
was placed around this incision to prevent its widening and to
maintain proper insufflation. Upon termination of laparos-
copy, the mice were sacrificed for tumor collection.

Tissue histology

At necropsy, each animal was imaged with its abdomen
exposed under the OV-100. Fresh tissues were fixed in Bouin’s
solution and embedded in paraffin before sectioning and
staining with hematoxylin and eosin (H&E) for standard light
microscopy. H&E-stained permanent sections were examined
using an Olympus BX41 microscope equipped with a Micro-
publisher 3.3 RTV camera (QImaging, Surrey, BC, Canada).
All images were acquired using QCapture software (QIma-
ging) without postacquisition processing. The slides were
reviewed by a pathologist to confirm the identity of the
fluorescent lesions.

Data processing

Images obtained during laparoscopy were not processed in
any way. Representative frames were selected and presented
in this report. Histology images were processed for brightness
and contrast using Photoshop Element 4 (Adobe Systems,
Inc., San Jose, CA).

Results

Two weeks after IP injection of MiaPaca-2-GFP human
pancreatic cancer cells, 3 female athymic mice were anesthe-
tized after prior confirmation of established carcinomatosis
under noninvasive OV-100 imaging. Laparoscopic examina-
tion of the peritoneal cavity was performed first under stan-
dard brightfield lighting, examining all quadrants in a
systematic manner, and the number of metastatic foci was
recorded for each quadrant. This process was repeated under
FL. Under both modes, insufflation was set to 2 mmHg, to
allow for adequate visualization and manipulation of the
laparoscope within the abdominal cavity.

As seen in Figure 1, FL reveals micrometastases that are
nearly invisible under standard brightfield laparoscopy (BL).
These small lesions are either imperceptible or mistaken for
normal structures under BL. The images demonstrate that
visualization of large deposits under BL can be challenging
and that of smaller tumor foci is nearly impossible.

After completion of laparoscopic imaging, mice were sac-
rificed and the OV-100 was used as the positive control
to measure and confirm presence of tumor at necropsy.
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FIG. 1. Comparative identification of tumor foci under brightfield and fluorescence laparoscopy. (a) OV-100 open image
from a representative mouse. View of left upper quadrant in a mouse specimen under FL (b—d) and BL (e-g). The green
fluorescence of the metastatic lesion was unmistakable under FL, whereas under BL the tumor foci resembled normal tissue
and were not identifiable. BL, brightfield laparoscopy; FL, fluorescence laparoscopy.

OV-100 images were compared with video images of FL and
BL imaging. As seen in the magnified area in Figure 2a, tumor
foci as small as 0.023 mm? were identified, as measured by
Image ] software. Note that autofluorescence of the urinary
bladder and gallbladder in this representative mouse is easily
distinguished from sites of tumor foci seen to the left of the
gallbladder. FL identified tumor microfoci in all four quad-
rants as shown in Figure 3 of a representative mouse.

Using the modified laparoscopic setup, FL permitted rapid
identification of tumor foci with resolution adequate to identify
numerous tumor microfoci far beyond the capabilities of the BL
(Table 1). In Mouse 1, 15 tumor microfoci were identified under
FL versus 3 under BL. In Mouse 2, 16 tumor microfoci were
identified under FL, whereas no visible tumor was identified
under BL. Finally, Mouse 3 showed 26 tumor microfoci under
FL, compared with 2 under BL. Although laparoscopy does not
allow for direct size measurement of tumor foci, OV-100 im-
aging reveals that FL resolution allows detection of lesions
smaller than 1 mm?. H&E stained tissue sections histologically

1. 0.023mm?
2. 0032 mm?
-

1952

Bladder
.

confirmed that the identified fluorescent tumor foci were
pancreatic adenocarcinoma (Fig. 4).

Discussion

We have previously developed a fluorescence laparoscope
by modifying a standard laparoscope with the appropriate set
of excitation and emission filters, to permit real-time identi-
fication and localization of fluorescently labeled primary tu-
mors while maintaining adequate visualization of the
surrounding tissue in an orthotopic mouse model.” When
applying this technology in our present study, we were able to
quickly and easily detect GFP-expressing metastases in the
mouse peritoneal cavity with much greater sensitivity and
accuracy than with standard BL.

Fluorescence technology has been applied in open animal
models of peritoneal carcinomatosis with success. Our labo-
ratory has previously demonstrated the ability to illuminate
tumors and metastases by the tumor-specific delivery of the

FIG. 2. Fluorescence laparoscopy in a represen-
tative mouse. (a) OV-100 (positive control) imaging
of the same mouse depicted in Figure 1 with
measurements of the size of the smallest identified
tumor foci as calculated by Image J software. The
right upper corner of the figure illustrates the
ability to identify tumor microfoci as small as
0.023mm?. (b) Laparoscopic imaging of right up-
per quadrant; note the number of individual tumor
microfoci (arrow) afforded by the high resolution
of FL. (c) Fluorescence laparoscopic visualization of
tumor microfoci (arrow) not visible with the OV-
100. (d) Fluorescence laparoscopic view of the
fluorescent gallbladder; tumor microfoci seen to
the left of the gallbladder (arrow).
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FIG. 3. Fluorescence laparoscopy identifies tumor
microfoci in four quadrants of a representative mouse.
OV-100 fluorescence imaging is shown as a positive
control, visualizing peritoneal carcinomatosis (center).
Panels d1 and d2 show the right upper quadrant;
panels c¢1-c3 show left upper quadrant; panels b1-b4
show carcinomatosis within the intra-abdominal (ar-
rows); panels al and a3 show right upper quadrant.
Note the slight autofluorescence of the gallbladder in
panel d1 (arrow), which is easily distinguished from
the adjacent tumor foci.

GFP gene using a telomerase-dependent adenovirus.® The
fluorescent tumors were then resected by fluorescence-guided
surgery. Keramidas et al. reported that the use of near-infared
image-guided surgery improved the quality of surgery for
peritoneal carcinomatosis.” These authors showed that over
50% of peritoneal metastases were left behind using bright-
field alone, whereas near-infared imaging enabled resection
of twice the number of metastatic foci including those as small
as 227 tumor cells. Recently, a tumor-activated probe was
used to resect breast cancer in a mouse model."

Gabhlen et al. first reported using delta-aminolevulinic acid
(ALA) for laparoscopic fluorescence diagnosis of peritoneal
deposits of colorectal cancer in rats.'! In their study, the au-
thors utilized a blue light to excite the photosensitizier
protoporphyrin IX that was produced from tissues after IP
infusion of ALA. This fluorescence light mode yielded 21%
more lesions than were seen under standard white light. The
benefits of 5-ALA-based photodynamic diagnosis have since
been reproduced in more recent studies in both preclinical

TABLE 1. COMPARATIVE IDENTIFICATION OF TUMOR Foci
UNDER BRIGHTFIELD LAaPAROscory, OV-100
(Positive CONTROL), AND FLUORESCENCE LAPAROSCOPY

Brightfield Fluorescence

laparoscopy OV-100 laparoscopy
Mouse 1 2 13 15
Mouse 2 0 14 16
Mouse 3 2 2 26

OV-100 imaging was performed under low power. The average
number +standard error of mean of tumor foci identified under BL
was 1.33+0.66 compared with 19.0+3.5 for FL (p=0.033, paired -
test). The increased number of tumor foci identified using FL
compared with BL demonstrates the power of this modality. BL,
brightfield laparoscopy; FL, fluorescence laparoscopy.
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animal models and clinical applications, with sensitivity
measured at around 92%.'%'® However, the use of blue light
to detect the fluorescent signal in these studies translated to a
dark and poorly visualized background.

In the present study, the utilization of a fluorescence lap-
aroscope that permitted good visualization of the background

FIG. 4. Correlation of fluorescence laparoscopic images
with histology in a pancreatic adenocarcinomatosis model.
Histological confirmation of small tumor foci (arrows)
identified by fluorescence imaging (A, B) as seen at low
power (C, D; scale bar=1mm). (A, C) Tumor nodules (ar-
row, Tu) infiltrating intra-abdominal fat adjacent to the
normal pancreas (Pa), anterior to the spleen (Sp). (B, D)
Small tumor nodules lodged in the mesentery of the bowel.
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while achieving identification of the fluorescent tumors
avoided this problem of poorly visualized background. FL
demonstrated such high-resolution identification of tumor
microfoci that it led to a need to amplify the magnification of
the OV-100 positive control to confirm their presence. In
several instances, FL. demonstrated that several larger tumor
foci seen under low-magnification OV-100 as single foci were
actually multiple adjacent tumor microfoci. Overall, GFP-
expressing tumors were detected with 100% sensitivity. In
comparison, the luciferase-expressing tumors in the Kerami-
das et al. study” carried a 14% false-negative rate when com-
pared with the control bioluminescent imaging of the animal.
The high resolution achieved in our model will undoubtedly
enable more accurate staging and greater surgical navigation
of pancreatic cancer. Although the use of GFP-expressing
tumors is convenient for a mouse model of pancreatic cancer,
there are obvious leaps that need to occur before this method
can be clinically applicable, which our laboratory is now
carrying out.

In another approach toward the clinical application of FL,
our laboratory has used fluorophore-conjugated antibodies
against the most clinically relevant tumor antigens carcino-
embryonic antigen (CEA) and CA19-9 to illuminate pan-
creatic cancer in orthotopic mouse models."*"> These
fluorophore-conjugated antibodies are delivered via single
intravenous injection into the tail vein in mouse models,
which are ready for imaging after 24 hours. The obvious ad-
vantage of this method of fluorescence labeling is its direct
clinical applicability. The aim of our present study was to
provide a proof of principle that FL could detect fluorescently
labeled tumor foci with high sensitivity. We expect that these
results will have a formative impact on the clinical develop-
ment and improved staging of pancreatic and other gastro-
intestinal cancers.
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