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Background and Aims: Accurate endoscopic detection of premalignant lesions and early
cancers in the colon is essential for cure, since prognosis is closely related to lesion size and
stage. Although it has great clinical potential, autofluorescence endoscopy has limited tumor-
to-normal tissue image contrast for detecting small preneoplastic lesions. We have developed a
molecularly specific, near-infrared fluorescent monoclonal antibody (CC49) bioconjugate which
targets tumor-associated glycoprotein 72 (TAGT72), as a contrast agent to improve fluorescence-
based endoscopy of colon cancer. Methods: The fluorescent anti-TAG72 conjugate was evalu-
ated in vitro and in vivo in athymic nude mice bearing human colon adenocarcinoma (LS174T)
subcutaneous tumors. Autofluorescence, a fluorescent but irrelevant antibody and the free flu-
orescent dye served as controls. Fluorescent agents were injected intravenously, and in vivo
whole body fluorescence imaging was performed at various time points to determine pharma-
cokinetics, followed by ez vivo tissue analysis by confocal fluorescence microscopy and histology.
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Results: Fluorescence microscopy and histology confirmed specific LS174T cell membrane tar-
geting of labeled CC49 in wvitro and ex wvivo. In vivo fluorescence imaging demonstrated sig-
nificant tumor-to-normal tissue contrast enhancement with labeled-CC49 at three hours post
injection, with maximum contrast after 48 h. Accumulation of tumor fluorescence demonstrated
that modification of CC49 antibodies did not alter their specific tumor-localizing properties, and
was antibody-dependent since controls did not produce detectable tumor fluorescence. Conclu-
sions: These results show proof-of-principle that our near-infrared fluorescent-antibody probe
targeting a tumor-associated mucin detects colonic tumors at the molecular level in real time,
and offer a basis for future improvement of image contrast during clinical fluorescence endoscopy.

Keywords: Autofluorescence imaging; endoscopy; colon adenocarcinoma; TAG72; CC49; mucin;
monoclonal antibody; conjugate; confocal fluorescence microscopy.

1. Introduction

Endoscopic detection of early preneoplastic lesions
is critical to improving the cure rate of colon
cancer.!  Conventional white-light endoscopy
(WLE) in the colon detects large benign hyperplas-
tic polyps and preneoplastic adenomatous polyps
(>5mm diameter) before they reach advanced can-
cer stage.”? However, it is difficult to detect smaller
and early preneoplastic lesions, detect flat adeno-
mas, or identify lesion boundaries with WLE.

In our ongoing clinical studies, light-induced
fluorescence endoscopic (LIFE) imaging was used
in vivo, adjunctively with WLE, to detect hyper-
plastic and adenomatous polyps, based on tis-
sue autofluorescence.> With LIFE imaging using
blue-light excitation, adenomatous polyps have red-
shifted fluorescence compared with normal colon
or benign hyperplastic lesions, resulting in a
contrast image.* These differences are due pri-
marily to local concentration changes in intrin-
sic fluorescent biomolecules [i.e., collagen, elastin
and the metabolic coenzymes nicotinamide ade-
nine dinucleotide (NADH) and flavins|, to altered
microvascularity and to changes in mucosal layer
thickness associated with neoplastic transforma-
tion, the latter two factors altering the tissue light
attenuation. However, despite significant technolog-
ical advantages as well as growing clinical exper-
tise using autofluorescence endoscopy,®>° there is
still room for improvement in the fluorescence con-
trast between preneoplastic lesions and surrounding
background normal tissue. Hence, there is continued
interest in developing contrast agents to increase
the detection sensitivity and specificity of colonic
adenomas.

Clinical studies have been reported” ° using
sub-therapeutic doses of the exogenous pro-
drug aminolevulinic acid (ALA) which leads to

selective synthesis of fluorescent protoporphyrin IX
(PpIX) in some tumors and is commonly used
in photodynamic therapy.' > However, in the
colon this had an unacceptable false-positive rate,
associated with microscopic inflammation of the
mucosa or feces in the colon.!> Here we have
investigated, in a pre-clinical model, the strategy
of using an exogenous fluorescent agent that is
specifically targeted to a known tumor-associated
antigen.

Changes in mucin glycoproteins are one of the
most common phenotypic markers of colorectal
carcinogenesis, play an important pathobiological
role and may offer a means to specifically target
colonic neoplastic lesions. In colonic epithelial can-
cers, both qualitative and quantitative alterations
occur in carbohydrate and polypeptide moieties
of mucin glycoproteins. The expression of some
of these antigens appears to correlate with poor
prognosis and increased metastatic potential.141?
The increased exposure of mucin glycoproteins in
colorectal cancer cells appears to be associated
with aberrant glycosylation, altered levels of mucin
gene transcription and/or dysregulation of tissue
specific mucin genes.'® 20 Monoclonal antibod-
ies (MAbs) have been developed against some of
the carbohydrate epitopes. CC49 is one such MAb
that recognizes the tumor-associated glycoprotein-
72 (TAGT72). TAGT2 is a high-molecular-weight
glycoprotein (220-400 kDa) that localizes to the
cytoplasm and cell membrane of malignant cells.
Most human adenocarcinomas, including breast,
colon, gastric, ovarian, prostate and lung, express
TAG72, recognizable by the CC49 antibody,?!
but these mucins are rarely expressed in normal
epithelium or benign tissues.?? In addition, the
widespread distribution of the antigen on malignant
cells makes the CC49 MADb a potentially powerful
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tool for various immunodiagnostic and therapeutic
purposes.?? In particular, for our purposes, CC49
MAbs directed against TAG72 offer an opportu-
nity to selectively deliver a fluorescent dye to tumor
cells for targeted “immunophotodetection” of pre-
neoplastic and neoplastic lesions.

Over the past 20 years, “proof-of-principle”
has been clearly shown for specific radioim-
munodetection (RID) of tumors using radiola-
beled MAbs directed against tumor-associated
epitopes.?4?> Moreover, such nuclear medicine
imaging has been used in conjunction with radi-
olabeled MAbs intended for treatment of tumors
(radioimmunotherapy) and for prediction of radi-
ation absorbed doses to tumors and normal
tissues.?6730 RID has advantages in terms of
sensitivity for probing tumor-associated epitope
expression in lesions throughout the body but
is limited by its relatively poor spatial resolu-
tion (0.5-1cm). Fluorescence-based imaging offers
a form of imaging that is more convenient, less
expensive and of much higher resolution, which
can be applied to localized anatomic regions (e.g.,
endoscopy).

Adapting the immunotargeting principle for
fluorescence imaging involves the conjugation of
a fluorophore dye to a MAb or other tumor-
targeting moiety. Typically, fluorophores used for
this purpose are excited in the red spectral range
(~600-700nm) with near-infrared (NIR) fluores-
cence emission. The main advantage of using these
longer wavelengths is reduced background tissue
autofluorescence. Dyes are available with adequate
stability for im wivo imaging and produce flu-
orescence that is detectable through millimeter
thicknesses of tissues.3'32 Recent improvements
in MAbs or MAb fragments,®® the commercial
availability of NIR-emitting fluorophores and the
availability of high-sensitivity digital cameras in
this spectral region have made tumor-localization
using NIR-fluorescence contrast agents practical
and attractive.

In this report, we describe the use of a
commercially-available, NIR  fluorescent dye,
AlexaFluor647™ (Molecular  Probes, Oregon,
USA), which we conjugated to the CC49 MAb with
a high affinity (K, = 1.6 x 101 M~1) for the TAG72
antigen expressed in up to ~94% of human colorec-
tal tumors,?* and evaluated this construct in vitro
in human colon tumor cells and then in vivo and
ex vivo with the cells grown as solid tumors in a
xenograft nude mouse model.

2. Materials and Methods

2.1. Establishment of colon cancer
xenografts

LS174T human colon cancer cells were obtained
from the American Type Culture Collection
(Rockville, MD, USA) and were grown in Eagle’s
Minimal Essential Medium supplemented with 10%
fetal calf serum (Sigma, St. Louis, MO, USA)
at 37°C in a humidified environment containing
5% CO3. Sub-confluent cells were harvested by
trypsinization with 0.25% trypsin/EDTA (Sigma,
St. Louis, MO, USA). Cells were centrifuged at
300x g for ~5 minutes and then re-suspended in
sterile NaCl (150 mmol/L). Approximately 2 x 105
cells were injected subcutaneously in the right hind
leg (flank) of 6-8 week-old female (~20g) Swiss
athymic (nu/nu) mice (n = 11) (Taconic, Ger-
mantown, NY). Animals were maintained in the
Animal Resource Centre of the Ontario Cancer
Institute/Princess Margaret Hospital in compli-
ance with the guidelines of the Canadian Coun-
sel on Animal Care, and animal procedures were
performed according to an animal use protocol
(AUP) approved by University Health Network,
Toronto (No. TG:00-026). Tumors were allowed to
reach a diameter of ~5-12mm before the in vivo
imaging studies (~12-14 days). During this time,
mice were fed autoclaved rodent diet (Cat. #5010,
LabDiet, St. Louis, Missouri, USA) and sterilized
water.

2.2. Relevant monoclonal antibody

The anti-TAG72 murine CC49 MAb was selected
as the relevant test monoclonal antibody. Mouse
ascites containing the second-generation TAGT72
MADb CC49 (IgG1) were generously provided by Dr.
J. Schlom, National Institutes of Health (Bethesda,
MD, USA). CC49 MADb was purified from the
ascites on a Protein G agarose affinity column
(Pierce, Rockford, IL, USA), then desalted on a
PD-10 Sephadex G-25 column (Pharmacia, Baie
d’Urfe, PQ, Canada), and eluted with 50 mmol/L
sodium bicarbonate in 150 mmol/L NaCl at pH 7.5.
Pure CC49 MAb was concentrated to 10 mg/mL
on a Centricon-30 ultra-filtration device (Amicon,
Beverly, MA, USA). The purity of the CC49 MAb
was confirmed by sodium dodecylsulphate polyacry-
lamide gel electrophoresis (SDS-PAGE) on a 4-
20% Tris-glycine gradient gel (BioRad, Hercules,
CA, USA) stained with Coomassie R-250 blue
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(BioRad), which showed a single band correspond-
ing to a protein with the expected M, of 150 kDa.

2.3. Irrelevant monoclonal antibody

Humanized M195 (HuM195) MAb was selected as
the irrelevant monoclonal antibody for these experi-
ments. This is a genetically engineered, human IgGy
version of the parent M195, a mouse IgGsy, anti-
CD33 MAb. CD33 is a 67-kD cell-surface glycopro-
tein found on most myeloid leukemia cells and on
committed myelomonocytic and erythroid progen-
itor cells. HuM195 MAb was obtained from PDL
(Protein Design Labs, Fremont, CA).

2.4. Preparation and characterization
of fluorescent contrast agents

Conjugation of monoclonal antibodies was per-
formed using an AlexaFluor647™ MADb label-
ing kit (A-20186, Molecular Probes, Eugene, OR,
USA) according to the manufacturer’s instructions.
AlexaFluor647™ has a maximum absorption at
650nm and a maximum fluorescence emission at
668 nm. AlexaFluor647™ reactivity with proteins
is based on the reactivity of the succinimidyl esters
with reactive primary amine groups of the MAbD.
Briefly, approximately 100 ug each of CC49 and
M195 MAbs in appropriate buffers, free of ammo-
nium ions or primary amines, was used for con-
jugation. Each antibody solution was buffered by
1 M sodium bicarbonate buffer (Molecular Probes)
at a concentration of 1mg/mL and ~100 uL was
added to a vial containing the amine-reactive
AlexaFluor647™ dye. The vials were capped and
gently inverted several times to fully dissolve the
dye, but avoiding excessive agitation. They were
then incubated for one hour at room tempera-
ture during which they were gently inverted every
10-15 minutes to mix the reactants. Unbound dye
was removed by using size-exclusion spin columns
optimized for proteins >30kDa (Molecular Probes).
The 100 pL. reaction volume was added dropwise
onto the center of the spin column and allowed
to absorb into the gel bed. The column was then
centrifuged for five minutes at 1,100 x g. Thereby,
either labeled CC49 or labeled M195 MAbs was
obtained in approximately 100 L of phosphate
buffered saline (PBS) adjusted to pH 7.2, with
2mM sodium azide.

In order to determine the concentration of pro-
tein in the sample and the labeling ratio (moles of

fluorescent dye/MADb), a small measured amount
of the purified conjugate (either CC49 or M195)
was diluted in a known volume of PBS in a
1-cm pathlength quartz cuvette and the optical
absorbance was measured at both 280 nm (mainly
IgG) and 650 nm (AlexaFluor647™). The protein
concentration (Molarity) was then calculated by the
following;:

Aago — (Agso x 0.03)] - (dilution factor)
203,000 '
(1)
where the factor 203,000 is the molar extinction
coefficient in cm ™M~ of IgG at 280 nm and 0.03 is
a correction factor for the fluorophore absorption at
280 nm. For labeled CC49 and M195, each vial con-
tained 97 ug/100 uL. and 95 pug/100 uL. of protein,
respectively. Equation (2) was then used to calcu-
late the degree of conjugate labeling:

P(M) = |

Moles of dye per mole of protein

B Agso X dilution factor
239,000 x protein concentration (M)’

(2)

where 239,000 cm—!M~! is the molar extinction
coefficient of AlexaFluor647™ at 650 nm. Conju-
gated CC49 and M195 were labeled at ~5.8 and
4.8 moles of AlexaFluor647™ to 1 mole of CC49,
respectively, which are within the optimal range
(4-9) for IgG labeling specified by the kit manufac-
turer. The labeled MAbs were protected from light
by wrapping the vials in aluminum foil, and stored
at 4°C until used. Their optical absorption and fluo-
rescence emission spectra were confirmed to be the
same as those of free AlexaFluor647™ as deter-
mined using a UV-VIS spectrophotometer (Model
UV-160U, Shimadzu, Pleasanton, CA, USA), and
a scanning spectrofluorimeter (Model PTT LS-101,
Photon Technologies Inc., Lawrenceville, NJ, USA),
respectively.

2.5. In vitro binding studies of
AlexaFluor647™ bioconjugates

The specificities of the relevant (CC49) and irrel-
evant (M195) conjugates for the LS174T cell
line were examined using confocal fluorescence
microscopy (CFM) in wvitro. Under sterile condi-
tions, LS174T cells (~20 uL of a 1 x 10* cells/mL
suspension) were seeded in 8-well chambered cov-
erslip plates (Nunc, Sigma Aldrich, Oakville, ON,
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Canada) and incubated in Eagle’s Minimal Essen-
tial Medium supplemented with 10% fetal calf
serum and antibiotics (Sigma) (at ~300 uL/well)
overnight, at 37°C in a humidified environment con-
taining 5% COs. Conjugated CC49 (final concen-
tration 0.02 pg/pl), conjugated M195 (0.02 pug/pL)
or free AlexaFluor647™ dye (unconjugated) was
added to the culture medium in each well and
the cells were incubated with the agents for a fur-
ther 30 minutes. Prior to CFM imaging, the cul-
ture media containing the unbound agents were
removed from the wells and cells were gently washed
three times with ice-cold PBS. CFM was performed
on a Zeiss LSM 510 instrument (Carl Zeiss, Jena,
Germany) on both single cells and cell colonies,
using 635nm excitation from a HeNe laser and
detecting the AlexaFluor647™ fluorescence emis-
sion at 650710 nm (false-colored red). Confocal flu-
orescence micrographs (8-bit, 1024 x 1024 pixels,
average of 4 scans/image) were collected, with the
pinhole size, laser intensity and detector gain set-
tings optimized and kept constant for all imaging
procedures. Transmitted light images were also col-
lected for comparison of cell morphology. In addi-
tion, reconstructed 3D CFM images were used to
determine qualitatively the binding specificity and
distribution of the conjugated CC49 probe on the
cell surface. For this, serial confocal sections were
collected and 3D projections were rendered using
the Zeiss Image Analysis software package. As a fur-
ther control, two wells received no agents and the
background cellular autofluorescence was imaged.

2.6. In vivo NIR fluorescence
imaging

Autofluorescence images were acquired from two
tumor-bearing controls which were not injected
with any agent. Three groups of three mice each
were given equal intravenous (i) doses (~30 ug
conjugate/animal) of AlexFluor647™-conjugated
CC49, AlexFluor647™-conjugated M195 or uncon-
jugated free dye, via the tail vein. The mice were
anesthetized by subcutaneous injection (0.1 mL of
stock anesthetic solution containing 6.7 mL saline,
2.5mL ketamine, 0.6 mL xylazine and 0.25 mL ace-
promazine) and a butterfly catheter was placed in
the tail vein for v bolus injections of the fluores-
cent probes. The mice were then imaged, using
a stereo epifluorescence microscope (MZ FLIII,
Leica Microsystems, Richmond Hill, ON, Canada)
equipped with a 16-bit, C-mounted ICCD camera

(Model DH510, Andor Technology, South Wins-
dor, CT, USA) at 0, 3, 24, 48, and 72 hours later.
Excitation at 635 + 2nm from a home-built diode
laser source (Laboratory for Applied Biophoton-
ics, Toronto, ON, Canada) illuminated the dorsal
or abdominal surface using an optical fiber bun-
dle with a diverging lens to expand the beam to
a 9-cm diameter circle at a power density of 20
mW /cm?. The illumination field was homogenous
to £10% over a 10 x 10 cm area, and adequately illu-
minated the tumor and surrounding normal tissues.
White-light images were acquired by illuminating
the dorsal surface using a 50-W mercury arc lamp
(Leica) for anatomical comparison. Whole body flu-
orescence imaging was performed in a darkened
room using a longpass (>670nm) filter (Chroma
Technology Corp., Brattleboro, VT, USA) fitted to
the camera lens that blocked any reflected excita-
tion light. Fluorescence images were also acquired
from the dorsal side so that both the tumor-bearing
and tumor-free hind legs were within the same field
of view (FOV). In addition, fluorescence images
were collected from the abdominal side of the un-
injected control mice to determine any autofluores-
cence and contrast agent fluorescence level in the
gastrointestinal (GI) tract. All fluorescence images
were acquired digitally over about three seconds
as 16-bit grey-scale TIFF files and captured on
a PC using Andor MCD imaging software (Ver-
sion 5.1, Media Cybernetics, Silver Spring, MD,
USA). Fluorescence images were processed and ana-
lyzed using MATLAB (The MathWorks Inc., Nat-
ick, MA, USA). Briefly, region of interest (ROI)
segmentation of a defined area (6-mm diameter cir-
cle/0.28 cm?) was used to determine the average flu-
orescence intensity per unit area within the tumor
boundary and within the same ROI area in normal
tissue from the opposite tumor-free hind leg of the
same mouse. For each group of mice, the net aver-
age tumor fluorescence intensity in the ROI images
was calculated by taking the average autofluores-
cence intensity on the contralateral normal side for
all mice and subtracting this from the tumor fluo-
rescence intensity. The results were plotted versus
time after injection to show the contrast and kinet-
ics of the fluorescent probes in vivo.

2.7. Ex vivo NIR fluorescence

maging
All mice were sacrificed at 72 hours and organs
(stomach, colon, kidneys, liver, heart, spleen, gall
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bladder) and tumors were resected carefully and
rinsed with PBS to remove excess blood. For each
mouse, the freshly excised organs and tumor were
placed on a black, non-fluorescent surface and
imaged after excision by fluorescence using the
stereo epifluorescence microscope. Portions of each
tissue were then cut and fixed for one hour in 10%
buffered formalin for histology and immunohisto-
logical staining. To determine the tissue microdis-
tribution of the fluorescent bioconjugates, samples
of normal colon (cleansed of fecal matter by flush-
ing with PBS), muscle and tumor from each mouse
were placed quickly in Optimal Cutting Temper-
ature (OCT) compound (Fisher Scientific, Nepean,
ON, Canada) and snap-frozen at —80°C. Unstained
thin sections (~b5pm) were cut and mounted on
glass microscope slides (Fisher). Drops of inert, non-
fluorescent mineral oil (Fisher) were placed on the
tissue sections to prevent dehydration and cover
slips were applied. This process took about 10
to 15 minutes. The slides were examined immedi-
ately using CFM. After fluorescence microscopy, the
cover slips and mineral oil were carefully removed
and the sections were fixed in 10% buffered forma-
lin for 10 minutes and stained with hematoxylin and
eosin (H&E) to correlate the fluorescence microdis-
tribution with the tissue microarchitecture.

2.8. Histopathology and
immunohistochemistry

Fixed portions (one hour in 10% buffered formalin)
of resected tumor and select organs from all mice
were embedded in paraffin. Serial 4-pym tissue sec-
tions were cut and one section from each sample was
stained with H&E. Immunohistochemical staining
of tumor, muscle and normal colon samples from
tumor-bearing control mice (un-injected with fluo-
rescent agents) was done to compare the intrinsic
tumor antigen-expression patterns with the in vivo
tumor-labeling specificity and microdistribution of
the fluorescence conjugates as determined by the
CFM imaging of ex vivo tissue sections. Staining of
paraffinized tissue sections from un-injected control
mice was performed according to a standard pro-
tocol with a mouse monoclonal anti-TAG72 (SC-
20043, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) (1:50 dilution overnight) and M195 (1:100
dilution overnight) (Protein Design Labs, Fremont,
CA, USA). Negative controls were performed for
each MAb by omitting the primary antibody in
order to confirm the reactivity. Briefly, for these

studies serial 4-pm paraffin sections on micro-
scope slides were de-waxed through five changes of
xylene and “brought down” through graded alco-
hols. Endogenous peroxidase and biotin activities
were blocked with hydrogen peroxide solution and
an avidin-biotin blocking kit (SP-2001, Vector Lab-
oratories, Burlington, ON, Canada), respectively.
Sections were subject to appropriate pre-treatments
(for TAGT2: pepsin digestion and heat-induced epi-
tope retrieval (HIER) by microwave heating of sec-
tions with 10mM citrate buffer at pH 6.0) inside
a pressure cooker (~20 min) before blocking with
protein blocker (ID Labs Biotechnology, London,
ON, Canada) for 15 minutes. Sections were then
stained for one hour or overnight with the appro-
priate antibodies at dilutions previously optimized
in a moist chamber. Staining was finished by either
a catalyzed signal amplification (CSA) system
(K1500, Dako Cytomation, Carpinteria, CA, USA)
or streptavidin-biotin (IDMR2001, ID Labs) detec-
tion systems and developed with either NovaRed
(Vector Laboratories, Burlington, Ontario, CAN)
or DAB (Dako Cytomation), producing red and
brown colors, respectively. Finally, sections were
counterstained lightly with Mayer’s hematoxylin,
dehydrated with graded alcohols, cleared in xylene
and mounted in Permount (Fisher).

Imaging of immunohistochemically stained tis-
sue sections was performed under standard white-
light microscopy (OPTIPHOT, Nikon, Mississauga,
ON, Canada), and images were collected with a
color CCD camera (CoolSnap Pro, Houston, TX,
USA) using Image Pro Plus Version 5.1 software.

3. Results
3.1. In wvitro targeting

CFM was used to determine  whether
AlexaFluor647™ conjugation had any effect on
the TAGT72 receptor binding characteristics of the
CC49 MAb and to demonstrate that the bind-
ing specificity of the AlexaFluor647™-conjugate
C(C49 is retained after this conjugation. The in vitro
results are shown in Fig. 1. No significant aut-
ofluorescence was observed in the LS174T cells
at the wavelengths used (635nm excitation, 650—
710nm detection), either at the cell surface or
intracellularly [Fig. 1(a)]. For comparison, when
the following wavelengths were used: 458 nm exci-
tation and 500-550 nm or >560nm detection, the
cells did autofluoresce as expected, showing weak



J. Innov. Opt. Health Sci. 2009.02:407-422. Downloaded from www.worldscientific.com

by HUAZHONG UNIVERSITY OF SCIENCE AND TECHNOLOGY on 10/24/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

Mucin-Targeted NIR Fluorescence Imaging of Colon Adenocarcinoma 413

Fluorescence Transmission

AF (control)

Free AlexaFluorg47™

(©)

AlexaFluor647™-M195

AlexaFluorG47™-CC49

(d)

Fig. 1. Transmission and confocal fluorescence micrographs (635nm excitation, 650-710nm emission) of LS174T cells
in vitro showing (a) autofluorescence, and cells incubated for 0.5h with (b) AlexaFluor647™™-conjugated M195 (c) free
AlexaFluor647™ dye, and (d) AlexaFluor647™-conjugated CC49.

green fluorescence in the cytoplasm, non-fluorescent
nuclei and some bright yellow-orange-red intracellu-
lar vesicles, most likely lysosomes.?®> There was no
significant red fluorescence in cells incubated with
free dye, confirming minimal non-specific labeling
[Fig. 1(c)]. By contrast, intense fluorescence was
observed at the cell surface of all cells incubated
with AlexaFluor647™ +CC49 conjugate, demon-
strating specific tumor-antigen targeting [Fig. 1(d)]
and no fluorescence for AlexaFluor647™ conju-
gated with the irrelevant M195 MAD, confirming
the specificity of the CC49 conjugate targeting
[Fig. 1(b)].

3.2. In vivo targeting

Fluorescence imaging was performed with the mice
in the dorsal position to image the tumors and
in the supine position to image any abdominal
fluorescence. In the latter case, all mice (both
un-injected and injected) showed strong red flu-
orescence (635nm excitation, >670nm detection)
that was most pronounced in the intestines of
un-injected control mice, and was attributed to gut
contents. Fluorescence images of fresh mouse chow
pellets (and their aqueous extract) and excreted
feces confirmed this (data not shown), suggest-
ing that future studies should use low-fluorescence

mouse chow or mice should be fasted for about
24 hours prior to use. However, since the LS174T
tumors studied in these experiments were implanted
subcutaneously on the hind leg, the red fluorescence
in the intestines caused by the standard mouse chow
used here did not affect the results of the tumor con-
trast imaging.

Figure 2(a) shows a white-light image of
the dorsal view of a tumor-bearing mouse, while
Fig. 2(b) shows a typical NIR autofluorescence
image (635nm wide-beam excitation, >670nm
emission). The cecum and stomach can be seen in
the autofluorescence image while the tumor had low
autofluorescence, comparable to the adjacent nor-
mal skin. Administration of free AlexaFluor647™
dye did not produce any tumor fluorescence up to
72 hours post injection [Fig. 2(c)] (dye fluorescence
was observed in the tail at the injection site in some
animals). Similarly, mice injected with the irrele-
vant AlexaFluor647™-M195 bioconjugate showed
no increase in tumor fluorescence relative to back-
ground normal tissue at any of the time points
tested up to 72 hours [Fig. 2(d)].

Compared with the control autofluorescence
images, the time-course of in wivo fluorescence
showed distinct contrast enhancement of the
tumor against the surrounding normal tissue with
the AlexaFluor647™™-CC49 bioconjugate (Fig. 3).
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Fig. 2. (a) White-light reflectance image of the dorsal side of an uninjected mouse with LS174T cell tumor (white arrow).
(b) Corresponding in vivo whole body autofluorescence image (635 nm excitation, >670 nm emission; false colored). Note the

absence of any appreciable tumor autofluorescence (white arrows) or tumor fluorescence in mice receiving (c) free AlexaFluor

™™

dye or (d) AlexaFluor647TM—conjugated M195, but some weak, non-specific fluorescence from internal organs (red arrows).
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Fig. 3. In vivo whole body (635 nm excitation, >670 nm emission; false colored) fluorescence images of the dorsal side at 3,
24, 48 and 72 after tail vein injection in tumor-bearing (tumor indicated by arrow) mice of (a) AlexaFluor647 ™ -conjugated

M195 MAb, and (b) AlexaFluor647™™-conjugated CC49 MAb.

Immediately after injection, intense fluorescence
was observed in the tail, but this cleared after
a few hours. Immediately and up to three hours
post injection, fluorescence was observed in the
vascular-rich preputial glands (Fig. 3), but again
this diminished after a few hours, returning to
background levels. Tumor fluorescence was appar-
ent as early as three hours and increased to a
maximum tumor-to-normal contrast at 48 hours
[Fig. 3(b)]. By 72 hours the tumor fluorescence
began to decrease. Semiquantitative changes in

tumor fluorescence intensities for uninjected and
injected mice are depicted in Fig. 4. The highest
tumor-to-normal contrast was observed with the
C(C49 conjugate, peaking at 48 hours.

In one animal with the CC49 conjugate, a small
satel-
lite tumor (~1mm diameter) was detected adja-
cent to the primary tumor (Fig. 5). This was also
apparent in the white-light image about one week
after tumor cell injections. Image segmentation of
the grey-scale fluorescence image revealed a high
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Fig. 4. Tumor contrast (tumor-to-normal tissue ratio: mean
+1 s.d.) as a function of time after i.v. administration of the
different agents.

signal at the primary tumor site and a distinct but
weaker fluorescence intensity at the satellite tumor
[Fig. 5(e)].

To determine the tissue distribution of the flu-
orescence probes, mice were sacrificed at 72 hours
and fluorescence imaging was done on the excised
organs and tumors using the stereo epifluorescence
microscope [Figs. 6(a) and 6(b)]. With 635 nm exci-
tation, intense autofluorescence (668 + 10 nm) was
seen in the stomach, cecum and colon, resulting
from porphyrins and chlorophyll in the digested
food. This fluorescence was observed in all mice.
The tumor fluorescence intensity was highest with
the TAGT72 targeting probe, compared with no or
very weak fluorescence in tumors from un-injected
animals or those receiving free dye. However, weak
fluorescence was observed only at 72 hours in tumor

(d)

(e)

Fig. 5. (a) White-light image of tumor-bearing mouse, and (b) corresponding in vivo fluorescence image (635 nm excitation,
>670nm emission) of the same tumor at 72h post administration of AlexaFluor647™-CC49 conjugate, (c) one-millimeter
diameter satellite tumor (blue arrow) adjacent to the primary xenograft (green arrow), confirmed by H&E-staining (inset),
(d) corresponding fluorescence image, and (e) grey-scale intensity-segmented image of the area in (d).
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Fig. 6. (a) and (b) White-light and fluorescence (635nm
excitation, 668 +10 nm emission) images of excised organs (1-
liver, 2-stomach, 3-spleen, 4-tumor, 5-tail, 6-colon, 7-cecum,
8-kidneys) and tumors from a tumor-bearing mouse 72 h after
i.v. administration of AlexaFluor647T™-CC49 conjugate. (c)
White-light image (top) and the corresponding fluorescence
micrographs (bottom) of excised LS174T tumors (overlying
skin removed) from mice receiving (i) no injection (autofluo-
rescence), (i) unconjugated free dye, (iii) AlexaFluor647TM-
M195 conjugate and (iv) AlexaFluor647T™-CC49 conjugate,
all at 72 h.

from one of the three mice with the irrelevant M195
probe, suggesting slight non-specific accumulation.
Intravenous bolus administration of ~30 ug conju-
gated MAbs (CC49 and M195) as well as free dye
to tumor-bearing mice showed no apparent toxic-
ity up to the maximum time point of observation

(72 hours).

3.3. Ex vivo fluorescence confocal
microscopy and
immunohistochemistry

High-resolution CFM was performed on unfixed
frozen tissue sections from excised normal colon

and LS174T tumors from all animals. We chose
normal colon to check for cross-reactivity of
the AlexaFluor647™ 4 CC49 conjugates with any
endogenous TAGT2 receptors found in normal
colonic epithelial cells. No appreciable fluores-
cence from the fluorescent probe was observed
in the normal colon [Figs. 7(a) and 7(b)]. How-
ever, some fluorescence was observed at the base
of the normal mucosa, which we have attributed
previously to autofluorescent endogenous endocrine
cells.?® Intense fluorescence was observed through-
out the tumor cross sections, and CFM imaging
demonstrated specific labeling of tumor epithe-
lial cells with conjugated CC49 [Figs. 7(c) and
7(d)]. Additionally, fluorescence from conjugated-
CC49 was observed within tumor neovasculature
(Fig. 7). Anti-TAG72 MAb immunohistochem-
istry with CC49 MADb of ex wivo normal colon
and LS174T tumors from un-injected control mice
showed strong positive staining of tumor cell
membranes and mucin vacuoles throughout the
tumor, although not all the tumor cells were pos-
itively stained [Fig. 7(e)] negligible TAG72 stain-
ing was observed in normal colonic epithelia. Light
microscopy of a tumor section stained with anti-
TAGT2 (CC49) revealed high expression through-
out the entire tumor volume. This supported the
observation of the high tumor fluorescence seen
in vivo with the AlexaFluor647™4+CC49 conju-
gate. Some positive staining of TAGT72 antigen was
also observed in endothelial cell-lined microvessels
[Fig. 7(e)]. Staining for M195 was negative in all
tumors (and other organs examined), confirming
the irrelevant nature of M195 as a control MAb in
these experiments. This was in agreement with the
lack of appreciable tumor fluorescence in vivo with
the AlexaFluor647™ 4+M195 conjugate.

4. Discussion

Early endoscopic detection of small and subtle pre-
malignant and early-staged primary gastrointesti-
nal tumors is essential for successful cure, and
increases survival rates. Conventional white-light
endoscopy fails to provide sufficient image contrast
for sensitive and accurate identification of early
dysplastic lesions. Consequently, significant interest
has evolved over the past decade in fluorescence-
based and other optical imaging technologies (e.g.,
chromoendoscopy, narrow-band imaging, confocal
microendoscopy).® However, to date, fluorescence
endoscopy and chromoendoscopy have relied upon
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(d)

(e)

Fig. 7. (a) and (c): Confocal fluorescence micrographs (635nm excitation, 668 & 15 nm emission) of ez vivo tissues showing
the microdistribution of conjugated CC49. (a) Normal mouse colon and (b) corresponding H&E section showing very weak
autofluorescence of the normal colonic epithelia and the slightly brighter autofluorescence from endogenous endocrine cells at
the base of the normal colonic crypts (white arrow). (c) LS174T tumor (blue arrow marks tumor edge), (d) corresponding H&E
section, and (e) tumor section immunostained with anti-TAG72 MAb (brown) and counterstained with hematoxylin (blue)
showing strong positive TAG72 expression. Some endothelial cell-lined blood vessels show weak TAGT72 antigen expression

(black arrow).

endogenous tissue fluorophores (autofluorescence),
tumor-localizing prodrugs (such as aminolevulinic
acid that generates the fluorophore protoporphyrin
IX) and non-specific binding of exogenous chro-
mogenic dyes. These have certainly increased the
detection sensitivity or small lesions but there is
still room for further improvement. By combin-
ing near-infrared fluorescence with the antigen-
binding specificity of a monoclonal antibody, in
this case CC49 with a high affinity for a tumor-
associated glycoprotein (TAGT2) over-expressed in
colon adenocarcinoma, we have shown here that it
is possible to significantly improve tumor-to-normal
fluorescence contrast in wvivo. Previous targeting
studies using fluorophore-antibody probes have
been reported in various animal tumor models,3”38

including for gastrointestinal cancers.?? Thus,
Bando et al. (2002) first investigated the use of a
anti-MUC1 conjugate to image mucin expression in
human gastrointestinal tumor tissues but this was
limited to ez vivo tissue analysis onl.!

In this study, using a commercially-available
conjugation kit, we have demonstrated that
conjugation of a NIR fluorescent dye to the
monoclonal antibody CC49 did not alter the optical
properties of the dye nor the antibody specificity or
antigen-binding affinity. In vitro imaging in LS174T
cells that over-express TAGT2 antigen showed
bright and specific cell surface membrane labeling
with as little as ~20ng/ull of conjugate. This was
the case also in ex vivo LS174T tumor sections,
and immunohistological staining with anti-TAG72
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MAD also showed similar positive TAG72 hetero-
geneous expression. However, a small subpopula-
tion of LS174T tumor cells did not express the
TAGT2 antigen: heterogeneity of expression may
be an inherent characteristic of these cells,*? while
heterogeneous microdistribution of the fluorescent-
CC49 in the LS174T tumor tissue may be due
to intrinsic cell variability or differences in anti-
gen density and/or penetration of the fluorescent
probe. Nevertheless, although homogeneous antigen
expression is desirable for antibody targeting, it is
not critical for fluorescence-based diagnosis, since
even partial expression of an antigen in a tumor
will still result in successful targeted detection.??43

The 2D imaging done here permitted only semi-
quantitative fluorescence intensity measurements.
Future studies may employ tomographic techniques
for more quantitative results.** However, for flu-
orescence endoscopy the limited light penetration
in tissue (even with NIR excitation) is well suited
for detection of small superficial epithelial lesions
(e.g., flat adenomas and dysplastic polyps in the
colon), for which there are various quantification
algorithms that can be applied.*> Also, in this
study the contrast agents were delivered system-
ically but it would be possible to apply them
topically as with chromogenic dyes,*® although it
might then be necessary to employ also a mucolytic
or penetration-enhancing agent.*”*® More interest-
ingly, novel strategies such as the use of pathogen-
based delivery may be considered.*’ In either case,
further research is required to evaluate the in vivo
utility of topical application of targeted fluorescence
contrast agents, and advances in confocal fluores-
cence microendoscopy may be an enabling technol-
ogy for these studies.®”

The use of NIR fluorescence dyes and appro-
priate optical filters reduces the confounding tissue
autofluorescence compared with the use of visible
fluorophores. However, here the use of 635-nm exci-
tation light produced bright red fluorescence from
endogenous bacterial porphyrins in the gut. This
could be avoided by selecting a fluorescent dye with
a somewhat longer excitation.

Since the TAGT72 antigen is highly expressed
in colonic dysplasia® and adenocarcinoma com-
pared with normal tissue and benign hyperplas-
tic lesions, the fluorescent CC49 probe could be
useful clinically. The tendency for TAGT72 expres-
sion to increase with more severe degrees of
dysplasia® suggests that the expression of this gene
product correlates with the dysplasia-to-carcinoma

sequence, thus implying that TAG72 would be
an ideal fluorescence contrast agent for detect-
ing early pre-malignant lesions as well as late
staged cancers. The frequent expression of TAG72
in actively inflamed colonic mucosa (ulcerative col-
itis and other colitides) may limit the clinical
utility of this antigen for detecting colon cancer
in ulcerative colitis patients by in wvivo fluores-
cence localization techniques.’? It should be noted
that although the CC49 used in this study was a
murine antibody, the recent construction and clini-
cal evaluation of a humanized version of CC49 (e.g.,
HuCC49DeltaCH2) is promising for future clinical
use. 5355

Distinct tumor fluorescence contrast was
observed in the LS174T tumors as early as three
hours post administration of the conjugate, sug-
gesting the possibility of a “same-day” diagnos-
tic procedure. Such fluorescence contrast agents
may also be useful for guiding the endoscopic
mucosal resection,”®®” since any residual tumor at
the margins could potentially be visualized. This
has already been demonstrated intraoperatively
using radiolabeled antibody to the TAG72 antigen
(CC49) to assess the extent of colorectal carcinoma
in patients.?®58

The metastatic behavior of LS174T cells has
been well documented.?®%° Our fluorescent-CC49
probe detected a 1-mm diameter microscopic satel-
lite LS174T lesion, suggesting that it may also be
potentially useful for detecting very small lesions
as well as metastases from primary colorectal can-
cers, although further studies are required to con-
firm this. Furthermore, the CC49 antibody has been
used both intraoperatively with radioimmunogu-
ided surgery®® and immunohistochemically®! for
detection of occult colon cancer micrometastases.
Additionally, the TAG72 antigen is also highly
expressed in ovarian and breast cancers, suggesting
further potential applications.%?

To the best of our knowledge, this is the first
study to report non-invasive fluorescence imag-
ing of relative TAGT2-expression in human colon
cancer in wvivo. Compared with using a radio-
labeled form of CC49 with a gamma detect-
ing probe (i.e., radioimmunoguided surgery), our
fluorescence-based approach is especially compat-
ible with clinical endoscopic diagnostic imaging.
Despite the fact that radioimmunoguided imaging
may permit detection of deeper tumors, fluores-
cence endoscopic imaging offers the advantage of
higher spatial resolution and is especially useful for
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detecting fluorescence from the superficial mucosal
layer where most early intra-epithelial lesions
arise.%3 Another advantage is that using fluorescent
CC49 would avoid the inherent safety concerns and
complications associated with radioactive probes.
In addition, whereas the use of radiolabeled CC49
would require invasive exploratory surgery which is
incompatible with large-scale colon cancer screen-
ing, a fluorescent form of CC49 combined with flu-
orescence endoscopy potentially offers a minimally
invasive imaging approach compatible with popula-
tion screening protocols.

There are several other planned improvements
in the work to date. First, the single intravenous
dose of fluorescence-conjugated CC9 used was
based on previous studies using radiolabeled CC49
(private communication, Dr. R. Reilly, Toronto).
Unlike previous reports involving fluorescent anti-
body conjugates in which substantial quantities
of protein were injected (typically ~100ug per
mouse),3"38 we used only ~30ug of dye-labeled
antibody per animal — it may be useful to deter-
mine the dose-dependence of the tumor-to-normal
fluorescence contrast in wvivo. Second, the use of
whole monoclonal antibodies has been associated
with sub-optimal tumor penetrance,%4%° so that
future investigations should also consider the use
of CC49 antibody fragments®®%" or peptide lig-
ands for tumor-associated TAG72 antigen®® that
should have better penetrance as well as faster
tumor uptake and clearance.%% Third, further
optimization of the fluorophore-to-antibody bind-
ing ratios may also improve accumulation of the
contrast probe in the tumors by reducing the
overall size of the probe for the best possi-
ble tumor penetration.”’ Additionally, cytokine-
based tumor antigen augmentation is one approach
to improve the effectiveness of MAb-directed
diagnosis™: for example, interferon-y has been
used to enhance tumor-associated glycoprotein-
72 expression, thereby augmenting the antitumor
effects of radioimmunoconjugate.”™ Also, “multi-
modal” contrast agents may also be designed, by
coupling a fluorescent dye with magnetic iron-oxide
nanoparticles for magnetic resonance imaging.”™
Such nanoprobes could potentially be used to image
endoscopic surgical resections of GI tumors in real
time and to correlate pre-operative MR images
with intraoperative pathology at cellular-level res-
olution. Also, the possibility of simultaneous imag-
ing of multiple tumor biomarkers using a cocktail of
spectrally-distinct fluorescent dyes, each conjugated

to different antibodies, is under investigation in our
laboratory.

In conclusion, this study successfully used a
highly sensitive NIR fluorescent monoclonal anti-
body which targeted an over-expressed human colon
tumor-associated mucin to demonstrate a signifi-
cant enhancement in tumor-to-normal fluorescence
contrast n vivo. The bioconjugate retained strong
affinity for the TAGT72 antigen, sufficiently evaded
systemic biodegradation and specifically targeted
the TAGT72 antigen at the LS174T tumor site. This
study represents a basis for future improvements
for detection of early pre-malignant lesions dur-
ing endoscopy, in monitoring of disease progression
and metastases, and in image-based guidance of
therapeutic intervention (e.g., endoscopic mucosal
resection).
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