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Abstract

Introduction Colorectal and pancreatic cancers together comprise the third and fourth most common causes of cancer-
related death in the United States. In both of these cancers, complete detection of primary and metastatic lesions at the time
of surgery is critical to optimal surgical resection and appropriate patient treatment.

Materials and Methods We have 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 conjugated with a green fluorophore. Subcutaneous, orthotopic primary and metastatic human pancreatic and
colorectal tumors were easily visualized with fluorescence imaging after administration 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. Tumor resection techniques revealed improved
ability to resect labeled tumor tissue under fluorescence guidance. Comparison of two different fluorophores revealed
differences in dose—response and photobleaching in vivo.

Conclusion These results indicate that fluorophore-labeled anti-CEA offers a novel intraoperative imaging technique for
enhanced visualization of tumors in colorectal and pancreatic cancer when CEA expression is present, and that the choice of
fluorophore significantly affects the signal intensity in the labeled tumor.
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death in the United States.' In both of these cancers, the
complete detection of primary and metastatic lesions prior
to and at the time of surgery is critical to optimal surgical
resection and appropriate patient treatment. For patients
with pancreatic cancer, the lethality of this disease is
primarily related to its aggressive biology and the often
late stage at which patients are diagnosed.” Current
chemotherapeutic regimens available offer only modest
improvement in disease-related survival.** Curative resec-
tion at the time of surgery remains the most powerful
determinant for patient outcomes.”

For colorectal cancers, the high mortality of this disease
in the United States parallels a high cancer incidence.’
These patients more often present with resectable disease®
and have more surgical options than patients with pancre-
atic cancer.”® Nevertheless, there remains in this patient
population a clear advantage to compete resection of all
primary and metastatic cancer at the time of surgery when
clinically appropriate.®'

The carcinoembryonic antigen (CEA) was first described
following immunization of xenogenic animals with human
tumor tissue.'' Early evaluation of human tissue specimens
revealed positive CEA expression in multiple cancers arising
from the endodermally-derived epithelium of the digestive
tract'? as well as in human embryonic gut, pancreas, and
liver tissue."® Although initially described with respect to
adenocarcinoma of the colon,'> CEA is often also expressed
in pancreatic ductal adenocarcinoma.'®'> In clinical medi-
cine, CEA is most commonly utilized as a serum marker in
colorectal and pancreatic cancer as a part of both preoper-
ative staging and to follow patient response to surgery and
chemotherapy.'®!”

We report here a study evaluating the use of a
fluorophore-labeled anti-CEA monoclonal antibody to aid
in primary and metastatic cancer visualization in nude
mouse models of human colorectal and pancreatic cancer.

Materials and Methods

Cell Culture The human pancreatic cancer cell lines
MiaPaca-2, ASPC-1, BxPC-3, XPA-1, XPA-3, and XPA-4
were maintained RPMI (Gibco-BRL, Grand Island, NY)
supplemented with 10% fetal calf serum (FCS; Hyclone,
Logan, UT). The human pancreatic cancer cell lines
CFPAC & Capan-1 were maintained in IMDM (Gibco-
BRL) with 15% FCS (Hyclone). The human pancreatic
cancer cell lines Panc-1 and FG and the human colorectal
cancer cell lines HCT 116, HT-29, SW480, LS174T,
LOVO, and SW948 were maintained in DMEM (Gibco-
BRL) supplemented with 10% FCS (Hyclone). All media
was supplemented with penicillin/streptomycin (Gibco-

BRL), L-glutamine (Gibco-BRL), MEM nonessential amino
acids (Gibco-BRL), sodium bicarbonate (Cellgro, Herndon
VA), and sodium pyruvate (Gibco-BRL). All cell lines were
cultured at 37°C with 5% CO,. The Colo4104 tumors were
generated from liver metastasis tissue from a human colon
cancer patient which was serially passaged subcutaneously
in athymic (nu/nu) mice. The human pancreatic cancer cell
lines XPA-1, XPA-3, and XPA-4 were a gift from Dr.
Anirban Maitra at Johns Hopkins University.

Conjugation of Antibody to Fluorophore Monoclonal anti-
body specific for CEA was purchased from Biodesign
International (Saco ME, Cat # H45655M). Control IgG
antibody was purchased from R&D Systems (Minneapolis
MN, Cat # 6-001-A). The antibodies were labeled with the
AlexaFluor 488 (Molecular Probes, Eugene, OR) or Oregon
Green (Molecular Probes) fluorophores according to man-
ufacturer’s instructions. Briefly, for AlexaFluor 488 con-
jugation, the monoclonal antibody was reconstituted at
2 mg/mL in 0.1 M sodium bicarbonate; 500 pL of the
2 mg/mL were added to the reactive dye for each
conjugation. For Oregon Green conjugation, the monoclo-
nal antibody was reconstituted at 5 mg/mL in dH,O, and
200 pL of the 5 mg/mL solution were added to the reactive
dye for each conjugation. The antibody—dye mixtures were
allowed to incubate for 1 h at room temperature, then
overnight at 4°C. The conjugated antibody was then
separated from the remaining unconjugated dye on a
purification column by centrifugation. Antibody and dye
concentrations in the final sample were determined using
spectrophotometric absorbance. For each conjugation, the
molar ratio of fluorophore to antibody was 3—4 to 1.

In Vitro Fluorescence Imaging All cell lines were plated in
96-well plates at 5x10* cells per well. After 48 h culture in
appropriate media, the cells were incubated with 1 pg of
fluorophore-conjugated anti-CEA or control-conjugated
IgG antibody for 4 h at 37°C, then washed three times
with phosphate-buffered saline (PBS; Gibco-BRL). Cells
were imaged with an inverted Nikon DE-300 microscope
and Spot camera RD. The images were then analyzed for
fluorescence intensity using Image J software (National
Institute of Health, Bethesda MD).

Animal Care Athymic mice were maintained in a barrier
facility on high efficiency particulate air (HEPA)-filtered
racks. The animals were fed with autoclaved laboratory
rodent diet (Teckland LM-485; Western Research Products,
Orange, CA). All surgical procedures and intravital imaging
were performed with the animals anesthetized by intramus-
cular injection of 0.02 mL of a solution of 50% ketamine,
38% xylazine, and 12% acepromazine maleate. All animal
studies were conducted in accordance with UCSD animal
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care protocols and the principles and procedures outlined in
the NIH Guide for the Care and Use of Animals.

Subcutaneous Tumor Cell Implantation Human pancreatic
and colorectal cancer cell lines were harvested by trypsini-
zation and washed twice with serum-free medium. Cells
(1x10° in 100 pl of serum-free media) were injected
subcutaneously within 30 min of harvesting over the right
flank in female nu/nu mice between 4 and 6 weeks of age.
Subcutaneous tumors were allowed to grow for 7-14 days
until they reached a diameter of 1-2 mm prior to the
delivery of conjugated antibody.

Subcutaneous Passage of Colo4104 Tumor Small (1 mm?)
fragments of the initial tumor sample obtained from the
liver metastasis of a patient with stage IV colorectal cancer
were implanted subcutaneously in athymic nu/nu mice. The
tumors were maintained by serial subcutaneous passage.
For passage, animals were anesthetized as described and a
small 1-cm incision was made over the left flank. The
harvested tumor was divided into 1-mm® pieces and
implanted subcutaneously into the anesthetized mouse as
described.

Orthotopic Tumor Implantation Orthotopic human pancre-
atic cancer xenografts were established in nude mice by
direct injection of BxPC-3 tumor cells into the pancreas.
For pancreatic tumors, a small incision was then made in the
right pararectal line through the skin and peritoneum. The
tail of the pancreas was exposed and 1x 10° cells mixed 1:1
with matrigel (BD Biosciences, Bradford MA) in 30 uL
final volume were injected into the pancreas using a
Hamilton syringe (Hamilton Co, Reno NV). For colorectal
tumors, a midline abdominal incision was made and a small
segment of bowel and mesentery were exposed. A single 1-
mm? tumor fragment from the Colo4104 tumor was sutured
to the mesenteric border of the bowel wall using 8-0 nylon
surgical sutures.'® Peritoneum and skin were closed using
6—0 vicryl sutures. Orthotopic tumors were allowed to grow
for 7-14 days prior to imaging.

Experimental Peritoneal and Mesenteric Metastasis Model For
models of intra-abdominal metastasis, human pancreatic
(ASPC-1) and primary colorectal cancer (Colo4104) cells
were used. For ASPC-1 implants, the cells were harvested
by trypsinization and washed three times in serum-free
media. The cells were resuspended in serum-free media at
5x10%mL. A volume of 200 uL of the cell suspension was
then injected directly into the peritoneal cavity within
30 min of harvesting. For Colo4104 implants, solid tumor
was minced into small (<I mm’ diameter) pieces and
dispersed in serum-free media; 500 pL of the tumor
suspension was injected into the peritoneal cavity within
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30 min of tumor harvest. The implants were allowed to
grow for 7-14 days prior to imaging.

Antibody Delivery One to 2 weeks after subcutaneous,
orthotopic, or intraperitoneal tumor implantation, animals
were given a single intravenous (i.v.) injection of either
conjugated anti-CEA or conjugated control IgG antibody
diluted in PBS to a final volume of 100 uL. All i.v.
injections were done via the tail vein. For the dose-
response experiment, the antibody dose ranged from 12.5 to
75 ug. For the in vivo time course, photobleaching, and
tumor resection experiments, the dose given was 75 pg. For
the time course study, the animals were anesthetized and
imaged at 30, 60 min, 2, 6, 8, 24, 48 h, and 8 and 15 days
after systemic antibody delivery. For all other experiments,
the animals were anesthetized and imaged 24 h after
administration of the antibody.

Photobleaching In vitro tumor cells in 96-well plates were
stained with conjugated anti-CEA as described, then
exposed to standard OR lighting for 24 h. The cells were
imaged on the Nikon inverted fluorescence microscope
after 1, 2, 3,4, 5, 6,7, 8,9, and 24 h of light exposure.
Subcutaneous tumors were implanted as previously de-
scribed. After 24 h of systemic antibody delivery, the
animals were anesthetized and their subcutaneous tumor
was exposed. The tumors were exposed to standard OR
lighting, and the tumors were imaged on the Olympus
OV100 Small Animal Imaging System over time for 8 h.

Tumor Resection Animals bearing subcutaneous BxPC3
tumors were anesthetized as described, and their right flank
was sterilized. The tumor was exposed and imaged under
both standard bright field illumination and fluorescence
imaging. All visible tumors were removed under standard
bright field illumination using a Stereo Discovery V12
dissecting microscope (Carl Zeiss IMT Corp, Maple Grove
MN), and the tumor bed was then imaged again under
standard bright field illumination and fluorescence imaging.
All residual fluorescent tumor tissue remaining after
resection was documented. The presence of tumor within
the resection tissue and resection bed was confirmed by
histology.

Animal Imaging Mice were imaged using the Olympus
OV100 Small Animal Imaging System (Olympus Corp,
Tokyo Japan),' containing an MT-20 light source (Olym-
pus Biosystems, Planegg, Germany) and either the DP71
CCD camera (Olympus Corp. Tokyo, Japan) for qualitative
color images of tumor implants or with the Hamamatsu
monochrome camera (Hamamatsu Corp, Hamamatsu City
Japan) for quantitative evaluation of fluorescence intensity.
All images were processed for contrast and brightness and
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analyzed with the use of Image J and Photoshop element-4
(Adobe Systems Inc, San Jose CA).

Histology Tumor samples were surgically removed en bloc
with surrounding tissue following in vivo imaging. These
tissue samples were then frozen in Tissue-Tek O.C.T.
compound (Sakura Fintek, Torrance CA) and sectioned on
a microtome. For tumors removed from conjugated CEA-
or IgG-treated animals, 15-um sections were prepared
without fixation for fluorescence microscopy, and 8-pum
sections were fixed and stained with H&E for standard light
microscopy. The prepared slides were imaged using an
inverted Nikon DE-300 fluorescent microscope and Spot
camera RD. Images were processed for contrast and
brightness with the use of Photoshop element-4 (Adobe
Systems Inc, San Jose CA).

Human Tissue Array Evaluation The human tissue array
was purchased from US Biomax, Inc (Rockwell MD). The
tissue array as well as 8-um thick sections from the positive
(ASPC-1 and Colo4104 tumors) and negative (murine
axillary lymph node) controls were first fixed in ice-cold
acetone for 2 min. The slides were then air-dried and washed
three times with PBS. The slides were next with 5% bovine
serum albumin (BSA; Sigma-Aldrich, St Louis, MO) for 1 h
at room temperature. The slides were again washed with
PBS and then stained using 1 pg/mL AlexaFluor 488
conjugated anti-CEA or isotype-control IgG for 2 h at room
temperature. The slides were then washed for a final time
and imaged using the inverted Nikon DE-300 fluorescent
microscope and Spot camera RD.

Results
In Vitro Expression of CEA

Of the human pancreatic cancer cell lines which were
evaluated in vitro, 70% of the pancreatic cancer cell lines
tested were positive for CEA-staining in culture. These cell
lines included MiaPaca-2, FG, ASPC-1, BxPC-3, CFPAC,
Panc-1, and Capan-1. The cell lines tested which did not
express CEA included XPA-1, XPA-3, and XPA-4. Of the
human colon cancer cell lines which were tested in vitro,
67% of the colon cancer cell lines expressed CEA as
identified by antibody staining. These cell lines included
LOVO, HCT-116, SW948, and LS174T. The cell lines
which did not express CEA above background were HT-29
and SW480. For each cell line tested, the plated cells were
incubated with AlexaFluor 488-labeled anti-CEA or IgG at
1 pg/well. Positive staining was indicated by fluorescence
intensity above background staining with conjugated IgG
(Table 1).

Table 1 CEA Expression In Vitro and In Vivo

Human pancreatic cancer cell lines
In vitro
Mia Paca-2
FG
BxPC-3
CFPAC
Panc-1
Capan-1
XPA-1
XPA-3
XPA-4

In Vivo
ASPC-1
BxPC-3
CFPAC
Panc-1

Mo M M M+
Mo

XM M e M

Capan-1
Human colon cancer cell lines
In vitro
LOVO
HCT-116
SW948
LS174T
HT-29 X
SW480
In vivo + -
LS174T
Colo4104

Mo M M 4

Testing of human pancreatic and colon cancer cell lines for in vitro
and in vivo expression. Ten human pancreatic cancer cell lines were
tested for in vitro CEA expression. Of the ten lines tested seven (70%)
were positive. Six human colon cancer cell lines were tested for in
vitro CEA expression, of which four (67%) were positive. Seven
pancreatic and one colon cancer cell line were tested in vivo, all of
which were positive. In addition, the primary human colon cancer
tissue Colo4104 was also positive for in vivo expression of CEA.
“+”= positive CEA expression; “—=negative CEA expression

Imaging of Subcutaneous Tumors with Fluorescent
Anti-CEA Antibody

Multiple cell lines were also assayed for in vivo expression
of CEA in a subcutaneous cancer model. The human
pancreatic cancer cell lines ASPC-1, BxPC-3, CFPAC,
Panc-1, and Capan-1 were implanted subcutaneously. In
addition, one colon cancer cell line (LS174T) and a primary
human colon cancer specimen (Colo4104) were also
implanted subcutaneously. All tumors were allowed to
grow for 7-14 days (three animals were implanted with
each cell line). When the tumors had reached approximately
1-2 mm in diameter, the animals were each given a single
75-ug dose of AlexaFluor 488-conjugated anti-CEA (two
animals) or IgG (one animal). All five pancreatic cancer
cell lines implanted demonstrated positive in vivo binding
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of CEA as did the colon cancer cell line and the primary
human colon cancer specimen as determined by fluores-
cence intensity above background IgG (Table 1).

Immunofluorescence Staining of Tissue for Binding
with Anti-CEA Antibody

Screening of normal human tissue samples for binding to
conjugated anti-CEA antibody was achieved by using
immunofluorescence staining of a human tissue array. This
array contains two samples each of 19 different non-
cancerous adult human tissues including: salivary gland,
liver, small intestine, stomach, kidney, skeletal muscle, skin,
heart, placenta, breast, cervix, uterus, spleen, lung, brain,
thyroid, pancreas, ovary, and adrenal gland. Human tumor
samples generated subcutaneously in nude mice from the
pancreatic cancer cell line ASPC-1 and the primary human
colon cancer specimen Colo4104 were also stained using the
same protocol as positive controls, and mouse axillary lymph
node tissue was included as a negative control. Both the
ASPC-1 pancreatic tumor and the Colo4104 colon tumor
yielded positive staining for CEA. In non-cancerous tissues,
the majority of samples did not demonstrate binding of
conjugated anti-CEA above our isotype-control IgG back-
ground. A low level of staining above background was
present within the small intestine cervix. Notably, the
pancreas did not demonstrate any binding of conjugated
anti-CEA. Table 2 denotes the staining for all non-cancerous
human tissue samples tested.

Imaging Orthotopic Tumors with Fluorescent Anti-CEA
Antibody

Tumors implanted orthotopically into the mouse pancreas
and colon were evaluated for improved imaging using con-
jugated anti-CEA. For orthotopic tumors in the pancreas,
the human pancreatic cancer cell line BxPC-3 was used.
For the colon, Colo4014 was used. Orthotopic pancreatic or
colon tumor-bearing animals were given a single dose of
AlexaFluor 488-conjugated anti-CEA or IgG by tail vein,
7-10 days after tumor implantation, and imaged under both
brightfield and fluorescence illumination using the Olym-
pus OV100 Small Animal Imaging System. Intravital
fluorescence imaging revealed what appeared to be very
small pancreatic tumors which were difficult to visualize
using standard brightfield illumination, even at higher
magnification (Fig. 1b,c). However, under fluorescence
imaging, not only was the tumor easily visible, it was clear
that the extent of tumor invasion was much greater than that
appreciated initially under brightfield imaging (Fig. le,f).
The tumors in the colon cancer-bearing animals were larger
and were visible under both brightfield and fluorescence
imaging but more clearly by flourescence (Fig. 2b,c & e,f).

@ Springer

Table 2 CEA Expression in Adult Human Tissues

Tissue Staining

Salivary gland -
Liver -
Small intestine +/—
Stomach -
Kidney -
Skeletal muscle -
Skin -
Heart -
Placenta -
Breast -
Cervix +
Uterus -
Spleen -
Lung -
Brain -
Thyroid -
Pancreas -
Ovary -
Adrenal Gland -
ASPC-1 tumor® +++
Colo4104 tumor® ++
Mouse axillary LN® -

Staining of a tissue array of adult non-cancerous human tissues
revealed a small amount of positive staining over background in
cervix and small intestine tissues. In the small intestine the staining
was primarily limited to cells on the mucosal surface of the bowel. In
the cervix, the staining was primarily seen on the luminal surface of
glandular structures. The positive controls ASPC-1 and Colo4104
revealed staining with conjugated anti-CEA both within the cytoplasm
and on the cell membrane throughout the tumors.

Positive control

°Negative control

The animals which received conjugated IgG showed no
green fluorescence in either their pancreatic (Fig. 1d) or
colon (Fig. 2d) tumors. Orthotopic tumor tissue was
confirmed by H&E (data not shown).

Imaging Intraabdominal Disseminated Tumor
with Fluorescent Anti-CEA Antibody

Experimental models of intraabdominal metastases of
pancreatic and colorectal cancer were created to facilitate
the evaluation of fluorophore-conjugated anti-CEA binding
to these lesions in vivo. Animals received a single
intraperitoneal injection of human pancreatic (BxPC-3) or
colorectal (Colo4104 or LS174T) cancer cells and these
cells were allowed to grow within the peritoneal cavity for
7 days. After 1 week, the animals were given as single
75 pg injection of AlexaFluor 488-conjugated anti-CEA or
IgG by tail vein; 24 h later, the animals were imaged on the
Olympus OV100 using both brightfield and fluorescence
illumination. At the time of imaging these animals had
developed very small peritoneal implants on the bowel
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Primary Colon Tumor Imaged After Systemic Delivery of
AlexaFluor 488-Conjugated anti-CEA or AlexaFluor 488-Conjugated IgG Control

CEA

IgG

Intravital Imaging
3 =

pancreqﬁé' . k'

¢ tu" -

liver

Fluorescence

spleen———

pa ncreatfc{-. :

tumor

10mm

Figure 1 Imaging of orthotopic human pancreas tumors in vivo
reveals greatly improved primary tumor visualization at laparotomy.
Animals with orthotopically implanted BxPC-3 pancreatic tumors
were imaged using both bright field (a—¢) and fluorescence (d—f)
illumination. Primary tumors were difficult to clearly discern under
bright field imaging under both low (a, b) and high (¢) magnification.

and mesentery which were difficult to visualize using
brightfield imaging (Figs. 3a,b and 4a,b) but were very
clearly visible under fluorescence illumination in those
animals given conjugated anti-CEA (Figs. 3c,d and 4c,d).
The animals who received IgG had no discernible fluores-
cence signal in their tumor implants (data not shown).

Time Course Imaging of Pancreatic Tumors After Injection
of Fluorescent Anti-CEA Antibody

Time-course evaluation of human pancreatic tumors in
nude mice labeled with conjugated anti-CEA revealed rapid
binding of the antibody-fluorophore conjugate in vivo with
very long signal duration. Animals bearing 1-2-mm
diameter subcutaneous ASPC-1 tumors were given a single
dose of 75 ug AlexaFluor 488-conjugated anti-CEA by tail
vein injection. The mice were then imaged at 30 min, 1, 2,

Intravital Imaging

Higher Magnification

liver
¥

-

pancreatic

liver

pancreatic

liver tumor P

pancreatic
tumor

spleen

10mm

In contrast, fluorescence illumination of anti-CEA-labeled tumors
revealed easy identification of primary tumor (e, f), which was much
more extensive than initially appreciated. Animals given conjugated
control IgG demonstrated no fluorescence signal in the orthotopic
tumor (d). All tumor tissue was confirmed by histology; n=3.

6, 8, 24, 48, 192 (8 days), and 360 h (15 days) after
delivery of a single dose of antibody. Two animals were
imaged for each time point. A small amount of fluorescence
signal could be seen at 30 min post-antibody injection and
the signal steadily increased to peak intensity at 24 h after
injection. This signal remained relatively stable over the
next 24 h and then decreased over the following 6 days to
yield again a very low-level signal at 8 days post-injection.
By 15 days post-injection, there was minimal signal
remaining within the tumor tissue (Fig. 5).

Use of Fluorescent Anti-CEA Antibody to Image
Post-resection Residual Tumor

In animals bearing larger (3—10 mm diameter) subcutane-

ous tumors, we investigated the use of fluorophore-
conjugated anti-CEA to improve our ability to perform a
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Primary Colon Tumor Imaged After Systemic Delivery of
AlexaFluor 488-Conjugated anti-CEA or AlexaFluor IgG Control

IgG

Intravital Imaging

Brightfield

liver
Fluorescence

bowel %" tumor

g /

Figure 2 Imaging of orthotopic human colon tumors in vivo under
fluorescence illumination improved primary tumor visualization at
laparotomy. Animals with orthotopically implanted AC4104 colon
tumors were imaged using both bright field (a—c) and fluorescence (d—
f) illumination. Primary tumors labeled with conjugated anti-CEA

complete tumor resection. Animals were given a single
dose of AlexaFluor 488-conjugated anti-CEA 24 h prior to
attempted surgical resection. At the time of surgery, animals
were anesthetized and their tumors were imaged using
brightfield and fluorescence illumination (Fig. 6a,b). The
tumors were then carefully resected under a dissecting
microscope under brightfield illumination with careful
attention paid to removing all visible tumor tissue without
adjacent normal skin or muscle (Fig. 6b,c). Following
resection, the operative bed was then imaged using
fluorescence microscopy and all remaining areas of
fluorescence (Fig. 6e,f) were documented and biopsied.
Of the three animals that underwent resection in this
manner, all three had residual tumor present within the
tumor bed which was not visible under brightfield
illumination. The presence of tumor tissue within the
resected tissue as well as the presence of tumor tissue
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Intravital Imaging

CEA
Higher Magnification

appeared bright green under fluorescence illumination (e, f). Animals
given conjugated control IgG demonstrated no fluorescence signal in
the orthotopic tumor (d). All tumor tissue was confirmed by histology;
n=3.

within the green fluorescent portions of the resection
margin were confirmed by histology (data not shown).

Comparison of Fluorophores for Anti-CEA Antibody
Conjugation

The choice of fluorophore can have a profound effect on
fluorescence imaging in vitro and in vivo. For this reason,
we elected to compare a commonly used green fluorophore,
Oregon Green, to the AlexaFluor 488 fluorophore. We
initially looked at anti-CEA conjugated with each of these
fluorophores in an in vivo dosing experiment. Animals
bearing 1-2-mm diameter subcutaneous ASPC-1 tumors
were given a single administration of either AlexaFluor 488-
or Oregon Green-conjugated anti-CEA in doses ranging
from 12.5 to 75 pg by tail vein injection. 24 h after
antibody delivery, the tumors were imaged using the
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Figure 3 In vivo imaging of
intraabdominal metastases from
the human pancreatic cancer cell
line BXPC-3 reveals greatly im-
proved metastatic-tumor visuali-
zation at laparotomy. Animals
with intraperitoneally injected
BxPC-3 cells were

imaged using both bright field
(a, b) and fluorescence (¢, d)
illumination. Small metastatic
implants on the bowel and
mesentery were difficult to find

with bright field imaging under s +

both lovg (a) and higﬁ (l%) Brightfield ) o
magnification. In contrast, fluo- o %‘"
rescence illumination of anti- ademinaI 2 G
CEA-labeled tumors revealed metastasés -~ ~
easy identification of metastatic g "l
implants tumor (¢, d); n=3. . "

Fluorescence

Olympus OV100 Small Animal Imaging System. Three
animals were evaluated at each dose for each fluorophore.
Tumor fluorescence intensity increased for both fluoro-
phores with increasing dose of fluorophore-conjugated
antibody, as expected. The AlexaFluor 488-conjugated
antibody showed a greater rate of in vivo fluorescence
intensity increase at the three lower doses tested but
demonstrated little increase from the 50 to 75 ug dose.
Conversely, while the Oregon Green-conjugated antibody
yielded greater in vivo fluorescence signal at the lowest
dose tested, the signal remained lower than that for
AlexaFluor 488 at all other doses (Fig. 7).

Photobleaching of Fluorophore-conjugated Anti-CEA
Antibody

In a second comparison between AlexaFluor 488 and
Oregon Green, we evaluated the propensity of these
fluorophores to be affected by continuous bright-light
illumination both in vitro and in vivo. Photobleaching is a

Intravital Imaging

stomach——

oy
abdominale

metastases

Abdominal Pancreatic Metastases Imaged
After Systemic Delivery of AlexaFluor 488-Conjugated Anti-CEA

Higher Magnification

“« liver

stomach —=,

f; 3 abdominal
’ metastases

4.1)“'"
>

liver

stomach

liver

%

[///" -"
abdominal
metastases

well-documented phenomenon in many fluorophores but is
usually caused under conditions of laser excitation. It is
unclear whether exposure to bright operating room (OR)
lighting would cause any significant amount of fluores-
cence signal loss for either of these fluorophores. To
evaluate this, we first looked in vitro at a confluent
monolayer of ASPC-1 cells stained with either AlexaFluor
488-conjugated or Oregon Green-conjugated anti-CEA at
1 png per well in triplicate in a 96-well plate. The cells were
exposed to bright OR lighting for 24 h and were imaged
each hour for the first 9 h and again at 24 h by fluorescence
microscopy. The intensity of the fluorescence signal did
decrease over the first 8 h by approximately 10% in the
AlexaFluor 488-stained cells and by over 50% in the
Oregon Green-stained cells. After 24 h, this had progressed
to a 45% loss of fluorescence signal in the AlexaFluor
group and a 67% loss for Oregon Green (Fig. 8a).

In vivo photobleaching was also evaluated using a
subcutaneous tumor model. Nude mice bearing 1-2-mm
diameter subcutaneous ASPC-1 tumors were given a single
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Figure 4 Imaging of metastatic
human colon tumors in vivo
reveals improved tumor visuali-
zation at laparotomy. Animals
with intraperitoneally injected
Colo4104 colon cancer cells
were imaged using both
brightfield (a, b) and fluores-
cence (c—f) illumination. The
metastatic implants were small
and difficult to clearly discern
under brightfield imaging under
both low (a) and high (b) mag-
nification. In contrast,

Abdominal Colon Metastases Imaged After
Systemic Delivery of AlexaFluor 488-Conjugated anti-CEA
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dose of 75 ng AlexaFluor 488- or Oregon Green-conjugated
anti-CEA by tail-vein injection (three animals were in-
cluded in each group). Twenty-four hours after antibody
delivery, the animals were anesthetized and their subcuta-
neous tumor exposed to bright OR lighting via the excision
of a small patch of overlying skin. The animals were
imaged on the Olympus OV100 at 0, 2, 4, 6, and 8 h after
exposure of the tumors to light. The amount of signal loss
in vivo was much lower than that seen in cultured cells.
Over an 8-h period, the AlexaFluor 488-labeled tumors lost

Figure 5 Evaluation of fluorescence signal duration in subcutaneous P

ASPC-1 tumors following a single administration of AlexaFluor 488-
conjugated anti-CEA reveals a rapid onset and prolonged duration of the
in vivo fluorescence signal. Animals with small subcutaneous tumors
were given a single dose of conjugated antibody and imaged at 30 min, 1,
2,6, 8,24, and 48 h, and 8 and 15 days after antibody administration. The
fluorescence signal can be seen at 30 min and reaches its peak at 24 h
after injection. The signal remains high at 48 h but by 8 days (192 h) after
delivery has decreased to levels comparable to that seen at 30 min and by
15 days (360 h) was comparable to background; n=18.
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about 10% fluorescence signal while the Oregon Green-
labeled tumors lost approximately 20% of their baseline
fluorescence intensity (Fig. 8b). In both experiments, the
amount of photobleaching observed was greater in the
Oregon Green group.

In Vivo Fuorescence Intensity of Tumors After Systemic Delivery of
AlexaFluor 488-Conjugated anti-CEA
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Figure 6 Tumor resection un-
der bright-light microscopy.
Larger subcutaneous AlexaFluor
488-conjugated anti-CEA-
labeled BxPC-3 tumors were
imaged under a dissecting mi-
croscope via both brightfield
(a) and fluorescence (b) illumi-
nation. Under brightfield mi-
croscopy all visible tumor was
resected, and the ex-vivo tumor
was imaged under bright field
(¢) and fluorescence (d) micros-
copy. The tumor resection bed
(e) was then imaged under fluo-
rescence microscopy for any
evidence of residual fluores-
cence (f). In all animals
resected, there was residual tu-
mor based on positive fluores-
cence signal within the tumor
bed. Resected and residual tu-
mor was confirmed by histolo-
gy. All images taken at 20x,
scale bars=1 mm; n=3.
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Discussion

Targeted tumor imaging techniques are of great interest
currently as we seek to improve our ability to localize and
therefore appropriately treat the cancer burden in our
patients. Fluorophore-conjugated antibodies, because they
utilize technologies that have already been shown to be safe
and efficacious in humans, present a unique opportunity to
deliver highly specific fluorescence signals to the tissues of
interest with minimal risk to patients. Monoclonal anti-
bodies have been used safely in patients for some time,*® as
have several different fluorophores including fluoresce-
in,>"** a compound very similar to Oregon Green.”> We
sought to combine the specificity of a monoclonal antibody
to a tumor-associated antigen with the enhanced imaging
technologies afforded by fluorescence illumination to
improve cancer imaging. In our nude mouse models of
human pancreatic and colon cancer, the administration of
conjugated anti-CEA improved our ability to visualize both

tumor bed

7

primary tumor as well as small intraabdominal lesions that
were almost impossible to see under standard white light
illumination even at high magnification.

In this study, we have investigated the use of fluorophore-
conjugated anti-CEA for the in vivo imaging of pancreatic
and colorectal cancer. The human carcinoembryonic antigen
has been used clinically for many years to stage and follow
patients with colorectal cancer.'®'” This tumor-associated
antigen is strongly positive in virtually all colon cancers”**>
and up to 98% of pancreatic ductal adenocarcinomas.
The lower percentage of established colorectal and pancre-
atic cancer cell lines expressing CEA in vitro likely reflects
changes in antigen expression after prolonged maintenance
in culture. It would be expected that prior histology studies
reporting the proportion of primary pancreatic and colorectal
cancers with CEA expression would more accurately reflect
the likelihood of CEA expression in human tumors. Several
groups have looked at the use of CEA expression for the
identification of occult tumor cells in distant sites including

14,15
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In vivo Tumor Fluorescence Intensity Increases with
Escalating anti-CEA Dose
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Figure 7 Dose response in vivo was compared for AlexaFluor 488-
conjugated anti-CEA versus Oregon Green-conjugated anti-CEA.
Animals bearing small subcutaneous ASPC-1 tumors were given
doses of either AlexaFluor 488- (blue circles, upper pictures) or
Oregon Green (green circles, lower pictures)-conjugated anti-CEA
ranging from 12.5 pug to 75 pg per animal; 24 h after antibody
delivery, the animals were imaged on the OV100. Although the
Oregon Green-labeled tumors showed greater in vivo fluorescence
intensity at the lowest dose (12.5 pg), the AlexaFluor 488-labeled
tumors were brighter at the remaining doses (25, 50, and 75 ug); n=
12 AlexaFuor 488, n=12 Oregon Green.

AlexaFluor 488

Oregon Green

bone marrow, peripheral blood, and lymph nodes.® Kim et
al. used CEA expression in liver metastases from primary
colorectal cancer and found 100% of the metastatic implants
tested expressed CEA.?’ Based on these data, we would
expect a high proportion of metastatic lesions in patients
with CEA-expressing primary tumors to also express this
tumor-associated antigen.

Although there are some adult tissues which express a
small amount of anti-CEA, including the colon, stomach,
tongue, esophagus, and cervix,”**’ the level of expression
in normal adult tissue is very low.'**® In the case of
intestinal expression of CEA, the signal is predominantly
present on the luminal surface,'**° and this non-tumor
staining is unlikely to be great enough to obscure the signal
from a CEA-expressing tumor. Our findings of weakly
positive CEA staining only within the cervix and small
intestine in our non-cancerous adult human tissue array
parallels this previously published work. Although the
tissue array used in our study did not contain a colon
specimen, we expect that the CEA expression in colonic
mucosa would also parallel historic reports. Given these
findings, we expect that the use of this fluorophore-
conjugated antibody would have relatively low non-tumor
binding and thus low background fluorescence staining in
patients.

One potential issue in the use of fluorescence imaging
intraoperatively is the propensity of certain fluorophores to
lose their fluorescence intensity with prolonged exposure to
bright light, a phenomenon known as photobleaching.*'
Due to differences between fluorophores in their signal
intensity, photobleaching, and signal duration, it is of vital

In Vitro and In Vivo Photobleaching of anti-CEA-Stained ASPC-1 Cells

a In vitro Photobleaching of CEA-stained Cells b In vivo Photobleaching of CEA-Stained Tumors
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Figure 8 Both in vitro and in vivo photobleaching were compared for
AlexaFluor 488- versus Oregon Green-labeled cells. In vitro Alexa-
Fluor 488- and Oregon Green-stained ASPC-1 cells (a) were exposed
to bright OR lighting for 24 h. The cells were imaged on a
fluorescence microscope at 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 24 h. The
in vitro fluorescence signal in Oregon Green-labeled cells decreased
by 50% and 67% at 9 and 24 h, respectively. AlexaFluor 488-stained
cells lost only 10% and 45% of their signal at 9 and 24 h. In vivo
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AlexaFluor 488- and Oregon Green-stained subcutaneous ASPC-1
tumors (b) were exposed to bright OR lighting for 8 h. The tumors
were imaged on the OV100 at 0, 2, 4, 6, and 8 h. The in vivo
fluorescence signal in Oregon Green-labeled tumors decreased by
about 20% over 8 h, whereas that of the AlexaFluor 488-labeled
tumors decreased by only 10%; n=3 AlexaFluor 488, n=3 Oregon
Green.
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importance to choose a stable fluorophore with appropriate
signal intensity for in vivo use. We have compared two
fluorophores, AlexaFluor 488 and Oregon Green, for their
in vivo signal intensity and photobleaching kinetics under
standard bright lighting compatible with OR lights. In our
model, the AlexaFluor compound appeared to offer both a
stronger and a more stable in vivo signal when compared to
Oregon Green.

Several groups have recently looked at the use of
fluorophore-conjugated monoclonal antibodies for the
detection of tumor in animal models.”* > Kulbersh and
Withrow evaluated fluorescent-conjugated anti-EGFR and
anti-VEGF respectively, in mouse models of head and neck
cancer. Both groups found that the use of fluorophore-
conjugated antibodies improved the sensitivity of tumor
resection at surgery.”*** Koyama et al. showed improved
ability to image lung metastases using a rhodamine-
conjugated antibody specific for Her2.>> Hama et al. used
a secondary antibody system in which the primary
antibody, specific for Herl, was biotinlyated. Mice bearing
Herl-overexpressing intraabdominal tumors were given the
biotinylated Herl followed by a neutravidin-fluorescent
conjugate to facilitate imaging of peritoneal tumor
implants.>> We have previously described the use of
fluorophore-conjugated CA19-9 in the evaluation of pan-
creatic cancer in a murine model system and found that the
use of this antibody—fluorophore conjugate improved our
ability to image orthotopic and metastatic pancreatic
cancer.’® CEA offers the advantage of being widely
expressed in many gastrointestinal cancers and is frequently
strongly positive in both pancreatic and colon cancer, with
minimal expression in normal adult human tissues.

Limited studies have been done to date utilizing
fluorescence technology to image tumor implants in human
subjects. Fluorescence imaging has the potential for use in
both laparoscopic and open surgery via either fluorescence
laparoscopy or with the use of simple handheld LED lights
and appropriate emission filters.>” Fluorophore emissions
can be affected by overlying tissue, with tissue absorption
and scatter causing loss of the fluorescence signal. With
respect to deep tumor deposits within solid organs such as
the liver, the absorption and scatter of the fluorescence
signal by the overlying tissue may hamper visualization of
small lesions. For this reason, fluorescence-imaging techni-
ques would best be paired with another method for
evaluating deep tissue deposits such as intraoperative or
laparoscopic ultrasound. Fluorescence laparoscopy follow-
ing the pretreatment of tumor implants with sensitizing
agents such as 5-aminolevulinic acid have been described
in a small number of patients with encouraging improve-
ments in the intraoperative localization of tumor implants.*®
The technology described here could easily be used
intraoperatively either at staging laparoscopy, laparoscop-

ic-assisted surgical resection, or even at laparotomy to
improve not only detection of tumor metastases but also to
facilitate the complete resection of the primary tumor.

Conclusions

In this study, we have used a fluorophore-antibody
conjugate specific for the oncofetal antigen CEA to image
both primary and metastatic colon and pancreatic tumors in
mouse model systems. Our approach offers the advantage
of a single antibody delivery and is very effective for
imaging of primary and disseminated tumor. Fluorophore-
conjugated anti-CEA improved visualization of primary
and metastatic pancreatic and colorectal cancer and im-
proved the identification of residual tumor tissue at the time
of resection in a murine model. Fluorophore-conjugated
anti-CEA has the potential to improve intraoperative
visualization of both primary and metastatic pancreatic
and colorectal cancer when CEA expression is present.
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