1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Cancer Biomark. 2008 ; 4(6): 329-340.

In Vivo Biomarkers for Targeting Colorectal Neoplasms

Pei-Lin Hsiung! and Thomas Wang?
1Department of Pediatrics, Stanford University School of Medicine, Stanford, CA USA, 94305

“Division of Gastroenterology and Hepatology, University of Michigan School of Medicine, Ann
Arbor, MI USA, 48109

Summary

Colorectal carcinoma continues to be a leading cause of cancer morbidity and mortality despite
widespread adoption of screening methods. Targeted detection and therapy using recent advances
in our knowledge of in vivo cancer biomarkers promise to significantly improve methods for early
detection, risk stratification, and therapeutic intervention. The behavior of molecular targets in
transformed tissues is being comprehensively assessed using new techniques of gene expression
profiling and high throughput analyses. The identification of promising targets is stimulating the
development of novel molecular probes, including significant progress in the field of activatable
and peptide probes. These probes are being evaluated in small animal models of colorectal
neoplasia and recently in the clinic. Furthermore, innovations in optical imaging instrumentation
are resulting in the scaling down of size for endoscope compatibility. Advances in target
identification, probe development, and novel instruments are progressing rapidly, and the
integration of these technologies has a promising future in molecular medicine.
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Introduction

Colorectal cancer is the second leading cause of cancer related deaths in the western world,
leading to approximately 148,800 new cases and 50,000 deaths annually in the US [1]. The
morbidity and mortality associated with this disease may be significantly improved by
developing better methods of early detection, risk stratification, and therapeutic monitoring
[2,3]. Currently, early detection is performed using standard white light endoscopy to
identify morphological changes, such as polyps, in the mucosa to guide tissue biopsy.
However, the polyp miss rate, as determined by tandem colonoscopy, can be as high as 20%
[4], and there is evidence that up to 10% of spontaneously occurring adenomas arise from
sporadically occurring flat or depressed lesions that are not seen on standard endoscopy [5].
These lesions have a greater association with progression to carcinoma compared to that of
polypoid neoplasms irrespective of size [6,7]. Furthermore, the presence of flat dysplasia in
the setting of chronic ulcerative colitis presents a significantly increased risk for the
development of colorectal cancer [8,9]. As a result, current screening guidelines recommend
that random biopsies be collected every 10 cm, an approach that is limited by sampling error
and requires a significant increase time, cost, and risk of the procedure [10]. Risk
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stratification is needed to provide an accurate prediction of the clinical and biological
behavior of colorectal neoplasms. Currently risk is determined by factors related to the
patient, including age, personal history, family history, and symptoms, and by those
associated with the tumor, including depth of invasion, extent of differentiation, lymphatic
and vascular invasion, and genetic features. Despite knowledge of all of these parameters,
our ability to predict future progression is inadequate in most cases. Finally, therapeutic
monitoring is important for assessing tumor response to chemotherapy. While the primary
treatment for colorectal cancer is surgery, adjuvant chemotherapy can reduce the risk of
developing recurrent or metastatic disease [11,12]. Improved diagnostic information is
needed to determine how a tumor will respond to therapy and which therapies will be most
effective. Patients who would not benefit from chemotherapy could be spared from
associated toxicities.

Consequently, greater knowledge and better use of in vivo cancer biomarkers is greatly
needed to improve outcomes. Tremendous progress in our understanding of the molecular
mechanisms of cancer transformation has been made in recent years which can provide new
insights into achieving this aim. There are several genetic pathways that are known to lead
to colorectal cancer development. First, the adenoma-carcinoma sequence is a widely
accepted model for cancer transformation in which normal mucosa progress to malignancy
through a pre-malignant (dysplastic) phase that results from chromosomal instability or loss
of heterozygosity, accounting for ~80% of all sporadic colon cancers [13,14]. These tumors
are characterized by mutations in specific genes, including the oncogenes k-ras, c-erb2, and
c-myc, and the tumor suppressor genes APC and p53 [15]. Also, microsatellite instability
may result from mutations in mismatch repair genes that lead to replication errors that occur
during DNA synthesis [16,17]. These defects accumulate, resulting in cancer due to
abnormal cell cycle regulation or apoptosis. Finally, the CpG island methylation phenotype
(CIMP) occurs when aberrant methylation occurs in this promoter region and is associated
with transcriptional inactivation of tumor suppressor genes [18,19]. Methylation affects
genes that regulate the growth and differentiation of colonocytes, and stimulates
hyperproliferative states that precede the development of colorectal cancer. Moreover,
technological advances in high throughput gene expression profiles and a diverse library of
antibodies for molecular markers have provided new approaches for evaluating the human
genome to perform colon cancer staging and risk stratification [20-22].

In addition to human studies, the development of pre-clinical (mouse) models plays an
important role in advancing our understanding of the molecular biology, environmental
factors, and novel therapies for colorectal cancer. These animal models can be studied in a
longitudinal fashion to reveal evolving details about key biological mechanisms involved in
tumorigenesis over a shortened natural history. A number of spontaneous tumor models
have been genetically engineered to mimic cancer syndromes in humans, such as hereditary
non-polyposis colon cancer (HNPCC) and familial adenomatous polyposis (FAP) [23,24].
Mouse models are now being developed using conditional knockouts, regulated oncogenes,
and tumor suppressor genes to more faithfully reproduce the process of sporadic tumor
formation [25]. In these mice, somatic mutations are induced in a tissue-specific and time-
controlled fashion [26] to provide new strategies for studying the role of various genes in the
initiation, progression and treatment of colorectal cancer. The combination of gene
knockouts of tumor suppressors have resulted in a number of models that cover the range
from dysplastic lesions to invasive cancers and they correlate, in part, with common genetic
alterations in sporadic cancers [27]. In addition, other transgenic mouse strains have
modeled colon cancer development in the setting of inflammatory bowel disease [28]. These
and other emerging models can be used to better understand the biological and
environmental factors and to test the efficacy of novel therapeutic agents.
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Molecular Biomarkers

Cancer biomarkers are expressed by transformed tissues rather than by normal tissues and
not only reflect tumor phenotype but can also predict how the cancer will behave [29,30].
Recent advances in biotechnology have allowed for the development on new molecular
biomarkers that enhance diagnostic accuracy, better predict patient outcome, accurately
measure disease progression, and assess risk of recurrence. For example, gene expression
profiling provides a systematic approach to examining potential biomarkers from a tumor
specimen by providing a simultaneous analysis of a large number of genes for level of over-
expression [31,32]. This method provides a comprehensive assessment of the molecular
events involved in tumor development and progression, enabling profiles from a group of
tumors to be analyzed and used to predict the natural history of the disease. Molecular
changes in biomarker expression can also be detected much earlier than morphological
differences in tissue histology. In addition, these measurements are quantitative and thus less
prone to inter-observer variation than interpretation of histologic features. Biomarkers may
also be used to determine the most effective type of therapy and to predict patient response
to treatment. Currently, the use of single targeted biomarkers, such as vascular endothelial
growth factor (VEGF) and epidermal growth factor (EGF) are promising; however, multiple
biomarkers will likely to be needed for clinical use because cancer arises from many
accumulated mutations.

Vascular Endothelial Growth Factor (VEGF)

VEGF stimulates angiogenesis and enhances the development of neoplasia by binding to
tyrosine kinase receptors on the plasma membrane of cells [33,34]. VEGF plays an
important role in the proliferation and migration of vascular endothelial cells which in turn
feed the growth of tumors. Furthermore, both primary and metastatic colorectal neoplasms
have been found to express high levels of VEGF and its receptor (VEGFR. The level of
expression not only correlates with more advanced stages of cancer but with metastatic
disease. [35]. Moreover, in one study, 30% of 121 colorectal cancer specimens were found
to stain positive for VEGF, and the recurrence rate in patients with VEGF positive tumors
was significantly higher than that for VEGF negative tumors (50% vs. 11%, p < 0.001).
Higher levels of VEGF expression are also associated with increased recurrence, cancer-
related mortality, and lymph node metastasis [36]. These findings have led the development
of Bevacizumab (trade name Avastin), a monoclonal antibody therapy that targets VEGF in
colorectal neoplasia. A number of clinical studies using anti-VEGF therapy in colorectal
cancer have demonstrated clinical benefit [37].

Epidermal growth factor receptor (EGFR)

EGF also binds to a tyrosine kinase receptor on the plasma membrane and activates an
intracellular signaling cascade that promotes cell adhesion, proliferation, differentiation,
apoptosis, and metastasis [38]. EGFR is expressed in between 60 to 80% of all human
colorectal cancers, and is activated by transforming growth factor a (TGFa) as well as EGF
[39]. EGFR provides prognostic information about cancer staging, as demonstrated by 35%
of 134 colorectal cancer specimens staining positive. Moreover, the Kaplan—Meier curve for
recurrence demonstrated that this level of expression was associated with an increased risk
of recurrence (p = 0.04), and multivariate analysis has indicated that high EGFR staining
was an independent negative predictor of survival (p = 0.01) [40]. In another study, resected
specimens from 126 patients who were EGFR positive had a >10 fold risk of cancer-related
death in comparison to those which were EGFR negative, and this difference was
maintained after multivariate analysis [41]. These findings have led the development of
Cetuximab (trade name Erbitux), an FDA-approved chimeric monoclonal (IgG4) antibody,
as therapy that binds to the extracellular domain of EGFR to inhibit activation by EGF and
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TGFa, resulting in the blockage of downstream signaling and impaired cell growth and
proliferation [42,43]. Panitumumab (trade name Vectibix) is a human monoclonal 1gG,
antibody also targeting EGFR and approved by the FDA. Clinical studies with both anti-
EGFR therapies are being conducted to evaluate their efficacy in the treatment of colorectal
cancer [44].

Gene Expression Profiling

Gene expression profiling measures the activity of the entire human genome within a tissue
specimen at once, creating a global picture of tumor function. These profiles can identify
biomarkers that are either upregulated downregulated in neoplastic tissues and assess
response to therapy. The use of gene expression profiling for target identification, risk
stratification, and therapeutic monitoring has the potential to overcome the heterogeneity of
gene expression among cancer cells by performing a comprehensive analysis of the genome
in order to elucidate the different mechanisms involved in tumor development [45]. The first
study of gene expression profiling in colon cancer used the U133a GeneChip (Affymetrix,
Santa Clara, CA) to evaluate ~22,000 genes in tumors from 74 patients with Dukes' B
cancer [46]. A panel of 23 genes was found to predict recurrence in a validation set of 36
patients with an overall performance accuracy of 78%. Correct predictions were made in 13
of 18 patients that relapsed and 15 of 18 patients that were disease free after treatment,
resulting in an odds ratio of 13 (95% ClI, 2.6 to 65; p = 0.003). These results demonstrated
the clinical value of gene expression profiling to identify patients with an increased risk of
relapse on adjuvant chemotherapy. More recent studies have expanded the capabilities of
this approach to more comprehensive datasets, including identifying a separate 43 gene
signature with a 32,000 gene microarray to predict survival from 78 colon cancer specimens
[47]. This gene cluster was able to separate patients into a good prognostic group (survival >
36 months) and a poor prognostic group (survival < 36 months). For all stages of tumors, a
prognostic accuracy of 90% was found and for the individual stages B, C, and D, the results
were 87%, 90%, and 91%, respectively. This gene set did a better job of risk stratifying
patients into good and poor prognostic groups than did the conventional Dukes' B and C
staging (p = 0.04).

In Vivo Molecular Imaging Instruments

Small Animal Molecular Imaging Systems

Small animal molecular imaging systems are useful for observing the onset and progression
of neoplastic transformation after a prolonged period of latency, and endoscopic methods
can be used to guide the collection of tissue specimens. The ability of small animal
endoscopy to detect mucosal changes without requiring animal sacrifice can reduce the
numbers needed to perform a statistically significant study by accurately timing the onset of
disease and by using each animal as its own control, allowing for robust longitudinal studies
related to chemoprevention and therapeutic intervention. Endoscopic instruments have been
developed to image the colon in genetically engineered mice over organ level surface areas
to guide tissue biopsy and to perform sequential in vivo studies [48-50]. In addition, small
animal molecular imaging systems that use near-infrared (NIR) light have been developed to
reduce tissue autofluorescence and to increase image contrast. For example, a flexible
endoscope has been adapted to collected NIR fluorescence in two channels [48]. Broadband
illumination is provided by a 300 W xenon lamp, and fluorescence excitation is generated by
a 736 nm GaAs laser diode. Both beams are focused into the illumination port of the
endoscope. A modified fiber optic angioscope (1.4 mm diameter) collects both the white
light and NIR fluorescence images, as shown in Fig. 1. The schematic for spectral
processing is shown in the top left inset. The first dichroic mirror transmits white light from
the endoscope and reflects the broad band NIR fluorescence. The second dichroic transmits
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and reflects fluorescence in the upper (750 to 800 nm) and lower (675 to 725 nm) NIR
bands, respectively. The lower right inset shows several different angioscopes with
diameters of 0.8, 1.6, and 2.4 mm. A color video camera (WL) and a NIR sensitive CCD
detector are used to collect the reflected white light and NIR fluorescence, respectively.

Clinical Molecular Imaging Systems

Clinical systems for molecular imaging of the colon have become available as a result of
several recent technological advancements in fluorescence detection that are compatible
with medical endoscopes and are sensitive to FDA-approved fluorescence contrast agents.
Endoscopes are available that image in several modes, including white light and
fluorescence, to observe macroscopic surface areas in real time [51-53]. In white light mode,
the full visible spectrum (400 to 700 nm) from a xenon lamp is delivered through the two
light guides onto the tissue and the reflected light is collected by a CCD detector, as shown
in Fig 2. In the fluorescence mode, a filter wheel flips into the illumination path and
provides fluorescence excitation in the 395 to 475 nm spectral band [51]. In addition,
illumination from 525 to 575 nm provides reflected light in the green wavelengths
modulated by the absorption features of tissue hemoglobin. Fluorescence images are
collected by a second CCD detector located on the distal tip of the endoscope that has a
490-625 nm band pass filter for blocking excitation light. Autofluorescence from normal
mucosa appears as green, and that from neoplasia appears as magenta. Furthermore,
hemoglobin absorbs both the fluorescence and excitation light, thus pre-malignant mucosa,
which contains more hemoglobin due to increased vascularization, will appear with reduced
green intensity.

Techniques of confocal microscopy have also been scaled down in size for compatibility
with medical endoscopes so that optical sectioning can be performed below the tissue
surface, as shown in Fig 2. This approach uses an optical fiber as a pinhole, placed in
between the objective lens and the detector, to allow only the light that originates from
within a tiny volume below the mucosal surface to be collected [54]. All other sources of
scattered light do not have the correct path to be detected, and thus become *spatially
filtered.” These images can be collected at sufficiently fast frame rates using high speed
scanning mechanisms to observe biological behavior with minimal disturbance from motion
artifacts caused by patient peristalsis. The Cellvizio®-GI confocal imaging system(Mauna
Kea Technologies, Paris, France) is one such system that consists of a flexible (1.5 mm
diameter) miniprobe, control unit, and processing software [55]. A 488 nm (peak absorption
of fluorescein) semiconductor laser delivers the excitation beam to a 4 kHz oscillating
mirror for horizontal scanning (lines) and then to a 12 Hz galvanometer mirror for vertical
scanning (frames) [56]. The mirrors raster scan the beam across the proximal face of an
imaging fiber bundle that contains ~30,000 optical fibers (1.9 um core diameter, 3.3 um
average intercore spacing). A gradient index (GRIN) microlens is located at the distal end to
focus the beam. The miniprobes have zero or 50 um working distance with a corresponding
lateral resolution of either 5 or 2.5 um and an axial resolution of either 15 or 20 pum,
respectively. Images are collected in a horizontal plane (en face) at 12 frames per second
with a field of view of either 600x500 or 240x200 um?. Fluorescence is collected by the
same lens, and refocused back into the illumination fiber. The cores of the fiber act as
collection pinholes for rejecting out of focus light to perform optical sectioning. A long pass
filter rejects the excitation light, and fluorescence is detected with an avalanche photodiode.
Image processing performed includes subtraction of fiber autofluorescence and calibration
of individual fiber transmission efficiencies.
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In Vivo Molecular Probes

New methods for the early detection of cancer can be greatly enhanced by the use of
molecular probes that are specific to cancer biomarkers in vivo. A wide variety of different
strategies for developing in vivo molecular probes are being pursued. For example,
monoclonal antibodies and antibody fragments have been developed to target tumor-
associated biomarkers for the detection of solid tumors and tumor-associated angiogenesis
[57-59]. However, these approaches have been met with limited success for a variety of
reasons, including insufficient probe delivery, limited target-to-background specificity, and
immunogenicity. New methods are being developed to increase probe localization and
improve binding, including activatable probes and tumor specific peptides.

Activatable Probes

There have been a number of fluorescent probes developed that produce near-infrared light
to maximize tissue imaging depth and to minimize interference from autofluorescence in
vivo in small animal models [60-62]. These near-infrared labeled molecular beacons are
activated by proteases that cleave lysine bonds, resulting in signal amplification of 6 to 20
fold. Cathepsin B is an example of a protease that cleaves (activates) this probe in vivo.
Various versions of this probe have been used in animal models for cancer detection and
imaging of inflammatory response. A non-activatable probe used for control purposes
consists of a magnetofluorescent nanoparticle labeled with Cy5.5, a monofunctional dye
located adjacent to lysine cleavage sites on a macromolecular assembly, and acts in the
intravascular space with a plasma half-life of ~10 hours. The assembly consists of a
synthetic graft copolymer containing partially pegylated poly-L-lysine. The injection dose of
2 nmol per animal and time of imaging after injection has been optimized in non—-APC min
mice. The use of this activatable probe has been demonstrated ex vivo in Apc™i"* mice,
where cathepsin B was found to be over-expressed in adenomas with a target-to-background
ratio of 2.2+1 on NIR images collected, and lesions as small as 50 um were detected [63].
This study demonstrates the potential for use of cathepsin B as an in vivo cancer biomarker.

Peptide Probes

Peptides have tremendous advantages for performing targeted detection and therapy in the
colon of small animal models and human subjects because of their high diversity, rapid
binding kinetics, and potential for deep diffusion in diseased mucosa [64-66]. In addition,
peptides can be labeled easily, are generally non-toxic, and not immunogenic. Peptide
probes are particularly attractive for clinical use in the digestive tract where the luminal
surface can be easily accessed by medical endoscopes and methods of topical administration
can be used safely. These probes have been developed using techniques of phage display, a
powerful combinatorial method that uses recombinant DNA technology to generate a library
of peptides that bind preferentially to the cell surface. The protein coat of bacteriophage,
such as the filamentous M13 or T7, is genetically engineered to express a very large number
(>10°) of different peptides with unique sequences. Selection of sequences with affinity
binding is then performed by biopanning the library against cultured cells that over-express
desired targets. The DNA sequences are then recovered and used to synthesize the candidate
peptides. Techniques of phage display have been successfully used to identify peptides that
bind preferentially to dysplastic colonic mucosa and not to normal mucosa by employing a
biopanning strategy that uses cultured cells and freshly excised normal and dysplastic tissue.
First, non-specific binding phage are removed from the library by biopanning against
‘normal” (non-transformed) human columnar intestinal cells. These cells exhibit
morphology similar to that of normal colonic epithelium, and express a large number of non-
specific cell surface antigens. Over 97% of the phage can be removed after three rounds of
biopanning. The unbound phage was collected and then biopanned against a total of ten
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consecutive specimens of human colonic adenoma immediately upon excision, and yielded
numerous candidate phage.

In Vivo Imaging Studies

Activatable Probes

Molecular imaging has been performed using intravenously delivered activatable probes to
evaluate colon tumors with real-time endoscopy in mouse models. In Fig. 3, in vivo white
light images of normal mucosa, small adenoma, large adenoma, and adenocarcinoma
collected with a 1.4 mm diameter angioscope in the colon of APC™IV* mice are shown in
the first row,. In the second row, NIR images from the same mucosal regions are collected
after i.v. injection of the protease-activatable probe and reveal increased fluorescence
intensity. In the third row, the ratio of the NIR images collected after injection of protease-
activatable and non-activatable probes are shown in pseudocolor. This ratio corrects for
differences in object distance, collection angle, tissue reflectance and probe delivery. The
colons were resected after animal sacrifice and these regions of tissue were found on
immunohistochemistry to demonstrate increased levels of cathepsin B expression in a
progressive manner from normal colonic mucosa to dysplasia to adenocarcinoma.
Furthermore, tumors in non-injected animals were not detectable on NIR fluorescence.

Peptide Probes

Molecular imaging has also been performed using topically administered peptide probes
using genetically engineered mice that develop adenomas in the distal colon. Mutations in
the adenomatous polyposis coli (APC) gene are important in colorectal tumorigenesis;
however, existing mouse intestinal tumor models display mainly small intestinal lesions and
carcinomas are rare. A new mouse model of colon cancer has been developed that can
express dysplastic polyps in the distal colon that can be easily imaged with a small animal
endoscope. These mice that carry transgenes regulated by 9.5 kb fragment containing human
CDX2 homeobox gene promoter and upstream flanking elements (CDX2P9.5), and have
been shown to tightly restrict transgene expression in the mucosa of the distal small
intestine, cecum, and colon of adult mice [67,68]. As a result, a CDX2P9.5-regulated Cre
transgene with a long mononucleotide tract altering the reading frame can lead to colonic
polyposis and tumor formation after about 30 weeks of age. The CDX2 sequences confer
preferential transgene expression in colonic epithelium in the adult mouse, and mice
carrying a CDX2P-NLS-Cre recombinase transgene and a loxP-targeted Apc allele
developed mainly colon tumors, with carcinomas seen in 6 of 36 (17%) mice after 300 days.
Like human colorectal lesions, the mouse tumors showed bi-allelic Apc inactivation, B-
catenin dysregulation, global DNA hypomethylation, and chromosomal instability.

Molecular imaging has been performed using topically administered peptide probes to target
pre-malignant colonic mucosa with real-time endoscopy. The predominantly distal
distribution of tumors in affected CDX2 mice implies that somatic defects promoting clonal
outgrowth of epithelial cells with a single Apc-mutant allele occur in a non-uniform fashion
in the colon. The distal expression of colonic neoplasia in this genetically engineered mouse
model allows for validation of peptide binding to colonic adenomas in vivo. Numerous
adenomas that range in size from 2 to 5 mm can be found in the distal colon, and additional
tumors can be seen in the small bowel. A small animal endoscope for imaging the mouse
colon has been used with visible light, and consists of a 9.5 Fr (3 mm) diameter rigid
Hopkins 11 0 deg telescope with a 11.5 cm working length and a 3 Fr (1 mm) diameter
instrument channel for performing tissue biopsy (Karl Storz Veterinary Endoscopy, Goleta,
CA). Fluorescence excitation is produced with a 450 to 475 nm passband filter that can be
manually switched into the optical path of a xenon (175 W) light source, and is delivered to
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the endoscope via a fluid light cable. Fluorescence images are collected with 510 nm barrier
filter to block the excitation light, detected with a CCD camera, and digitized as a real time
video. The distal colon and rectum of the mouse was first cleaned of stool and debris by
performing tap water lavage, and then the distal end of the small animal endoscope was
lubricated and inserted into the rectum of the mouse. Once adenomas were identified on
white light, shown in Fig. 4a, a 1 ml solution of FITC-labeled target peptide “VRPMPLQ”
at a concentration of 10 pM was applied through the instrument channel with a syringe,
allowed to incubate for ~10 minutes, and the unbound peptide was gently rinsed off with tap
water. The corresponding fluorescence image, shown in Fig. 4b, demonstrates peptide
binding to the adenomas. The rectum was then rinsed vigorously with PBS. Complete
removal of the peptide from the rectal mucosa was observed on fluorescence. FITC-labeled
scrambled (control) peptide was administered at the same concentration (10 pM) and did not
reveal peptide binding. These results demonstrate the feasibility of performing in vivo
targeted imaging in small animal models of colon cancer.

Macroscopic Peptide Imaging

Fluorescence-labeled peptides can also be used for localizing pre-malignant mucosa in the
colon that is difficult to visualize on macroscopic imaging in the clinic. These approaches
are needed to screen large surface areas during routine endoscopy for further evaluation,
such as by confocal microscopy. A study that included adult patients previously scheduled
for elective outpatient screening colonoscopy has been performed to demonstrate the use of
fluorescence-labeled target peptides. Each subject recruited into the study was required to
obtain pre- and post-procedure blood tests to monitor for potential peptide toxicity. In Fig.
5a, a standard white light image shows a sessile mass approximately 10 mm in diameter,
later found on histology to be carcinoma-in-situ (CIS). The lesion dimensions were assessed
using the span of an opened biopsy forceps, and validated with a ruler after resection. The
peptide targeted image, shown in Fig. 5b, and reveals increased fluorescence intensity at the
site of the lesion compared to that of the adjacent normal mucosa. An average signal-to-
noise ratio of 12+5 and a mean target-to-background ratio of 1.5+0.5 were found forn =7
adenomas. The detection criterion for each site was compared to a threshold intensity, and
designated positive if greater (negative if less). A sensitivity of 71% and specificity of 89%
for detection was found using an intensity threshold of 1.20. Furthermore, no toxicities
associated with peptide administration were observed in any of the patients based on follow
up blood test results, defined by parameters > 20% above baseline, and by results of patient
interviews.

Microscopic Peptide Imaging

Binding of fluorescent-labeled peptides to colonic dysplasia in vivo on the microscopic scale
with confocal microscopy has also been demonstrated. As before, adult patients who are
already scheduled for elective outpatient screening colonoscopy were recruited for the study.
Upon detection of a suspicious lesion, the confocal microscope was passed through the
instrument channel of a standard colonoscope, and fluorescence videos were collected. In
Fig. 6a, the conventional white light endoscopic image of the colonic adenoma shows a
raised lesion, and in Fig. 6b, the confocal fluorescence image shows significant peptide
binding to colonocytes in the dysplastic but not in the normal crypts. The target-to-
background ratio for peptide binding from dysplastic and adjacent normal crypts was
measured from the confocal images that met the following criteria: 1) minimum motion
artifact, 2) lack of stool, debris, or excess mucus obscuring the image, and 3) the presence of
crypt morphology. A mean target-to-background ratio of 18+4 was calculated for the target
peptide “VRPMPLQ” from a total of n = 18 adenomas. The detection criterion for each site
was compared to a threshold intensity and designated positive if greater (negative if less),
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and a sensitivity of 81% and specificity of 82% were achieved. As with the previous study,
no toxicity associated with peptide administration was observed in any patients. This study
demonstrated the feasibility of using topically administered peptides to target pre-malignant
mucosa in the colon in vivo. The use of multiple peptides that bind to independent targets
has potential to achieve even better results.

Future Directions

In summary, a number of promising cancer biomarkers have been identified using new
discoveries in biotechnology and novel techniques of molecular imaging have been
developed for in vivo surveillance of neoplasia in the colon. Targeted detection and therapy
in patients at increased risk of developing cancer represents an exciting new direction in the
field of medicine. Before widespread use of these techniques can have an impact in clinical
practice, greater progress is needed in the understanding of in vivo cancer biomarkers,
development of molecular probes, and maturation of imaging technologies. In particular, the
relationship between the expression of in vivo biomarkers and the natural history of colonic
neoplasia needs to be better worked out so that risk stratification can be performed.
Moreover, probes that bind to molecular targets with high specificity, low background, and
minimal toxicity require further development, and delivery mechanisms that are simple,
efficient, and effective are needed. Moreover, multi-modal imaging technologies that
combine wide area surveillance to rapidly evaluate large surface areas for probe localization
with high resolution techniques to observe sub-cellular features for validating probe binding
are needed. Thereafter, well-designed multi-center, randomized controlled clinical trials are
needed to validate and standardize these integrated imaging strategies. Thus, the use of in
vivo cancer biomarkers has great potential to improve methods for the early detection of
neoplasia, increase the efficacy of surveillance, and ultimately to improve patient outcomes.
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Fig. 1. Near-Infrared Small Animal Endoscope

A modified fiber optic angioscope (1.4 mm diameter) collects both the white light and near-
infrared (NIR) fluorescence images. The schematic for spectral processing is shown in the
top left inset. The first dichroic mirror transmits white light from the endoscope and reflects
the broad band near-infrared fluorescence. The second dichroic transmits and reflects
fluorescence in the upper (750 to 800 nm) and lower (675 to 725 nm) NIR bands,
respectively. The lower right inset shows several different angioscopes with diameters of
0.8, 1.6, and 2.4 mm.
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Fig 2. Multi-modal in vivo imaging system

A prototype medical endoscope provides standard wide area imaging with white light and is
also sensitive to fluorescence for localization of probe binding. A confocal microscope can
pass through the instrument channel of this endoscope to visualize below the mucosal
surface to perform validation of probe binding.
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Fig. 3. Endoscopic images from APCMN* mouse

In the first row, in vivo white light images of normal mucosa, small adenoma, large
adenoma, and adenocarcinoma collected with a 1.4 mm diameter angioscope in the colon of
APC™MI+ mice are shown. In the second row, NIR images from the same mucosal regions
are collected after i.v. injection of the protease-activatable probe and reveal increased
fluorescence intensity. In the third row, the ratio of the NIR images collected after injection
of protease-activatable and non-activatable probes are shown in pseudocolor. This ratio
corrects for differences in object distance, collection angle, tissue reflectance and probe
delivery. Increased intensity on the ratio images was found to correlated to cathepsin B
expression on immunohistochemistry.
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Fig. 4. Targeted in vivo images from adenoma in distal colon
a) White light endoscopy shows spontaneous adenomas in the distal colon. b) Fluorescence
image demonstrates increased intensity from binding with target peptide.
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Fig 5. Targeted macroscopic imaging in vivo

Endoscopic images collected in vivo of carcinoma-in-situ (CIS) on a) white-light and b)
fluorescence after target peptide was topically administered reveal increased fluorescence
intensity at the site of the lesion with an average target-to-background ratio of 1.5.
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Fig 6. Targeted microscopic imaging in vivo

a) Conventional white light endoscopic image of colonic adenoma, and b) in vivo confocal
fluorescence image collected after topical administration of FITC-labeled target peptide
shows preferential binding to dysplastic colonocytes. The dysplasia:normal border shows an
average target-to-background ratio of 21, scale bars 20 um.
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