Cancer Letters 330 (2013) 200-207

Contents lists available at SciVerse ScienceDirect

Cancer Letters

journal homepage: www.elsevier.com/locate/canlet

In vivo molecular imaging of epidermal growth factor receptor in
patients with colorectal neoplasia using confocal laser endomicroscopy

CrossMark

Jun Liu?, Xiuli Zuo?, Changging Li? Tao Yu? Xiaomeng Gu? Chengjun ZhouP, Zhen Li?, Martin Goetz,
Ralf Kiesslich ¢, Yanqing Li**
2 Department of Gastroenterology, Shandong University Qilu Hospital, Jinan, Shandong Province, China

b Department of Pathology, The Second Affiliated Hospital, Shandong University, Jinan, China
1. Medizinische Klinik und Poliklinik, Universitdtsmedizin Mainz, Mainz, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 17 October 2012

Received in revised form 25 November 2012
Accepted 27 November 2012

Epidermal growth factor receptor (EGFR) plays an important role in tumorigenesis of colorectal cancer
(CRC), and its in vivo molecular imaging in rodent models has become the subject of an increased number
of studies using novel imaging techniques for gastrointestinal endoscopy. Current study aimed to evalu-
ate the use of confocal endomicroscopy (CLE) for in vivo molecular imaging of EGFR in patients with colo-
rectal neoplasia. Molecular imaging of colorectal neoplasia in patients was performed by CLE after topical
application of a fluorescent-labeled molecular probe against EGFR. Representative images of CLE were
chosen to calculate EGFR-specific fluorescence intensity. Targeted biopsy specimens were taken from
each examined site during in vivo imaging for histology and immunohistochemistry (IHC). During
in vivo molecular imaging in 37 patients, an EGFR-specific fluorescence signal was present in 18/19
CRC, and 12/18 colorectal adenomas. No or only weak fluorescence signal was observed in vivo in 10 cases
of normal mucosa. CLE is a novel tool that could be used in molecular imaging with specific targeting of
EGFR in patients with colorectal neoplasia. This technique demonstrates a promising imaging approach
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for targeted therapies of colorectal neoplasia.
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1. Introduction

Colorectal cancer (CRC) is the world’s fourth leading cause of
cancer-related death in males and the third in females. An esti-
mated 608,700 CRC-related deaths occurred globally in 2008 [1].
The well-accepted pathogenetic framework for sporadic colorectal
tumorigenesis is an adenoma-carcinoma sequence, possibly with a
series of genetic events and environmental alterations [2-4].

Epidermal growth factor receptor (EGFR) is a 170-kDa ligand-
activated tyrosine kinase receptor [5]. Dysregulated activation of
EGFR signaling pathway correlates strongly with the malignant
behavior of colorectal tumors [6-8]. In premalignant colorectal
adenoma, EGFR has been reported to be overexpressed in 24-80%
of cases [9,10]. Overexpression of EGFR in CRC ranges between
25% and 97% [11-13], and seems to be related to a potential inva-
sive risk and a poor outcome [14]. On the basis of these observa-
tions, EGFR has become a rational target in molecular therapeutic
strategies for CRC [15]. However, the expression level of EGFR, as
detected by current immunohistochemistry (IHC), does not seem
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to predict clinical response to treatment with monoclonal antibody
therapies against this target [16]. The variation in EGFR expression
and the inconsistency between EGFR expression and prediction of
clinical response may, at least partially, be due to the technical pit-
falls [17]. Different arbitrary cut-offs to define positive staining fur-
ther complicate the observation. The desired goal in CRC therapy is
to individualize treatment in accordance with the underlying pre-
dictive factors to minimize unnecessary adverse events [18].
Therefore, there is a need for better methods to guide patient selec-
tion for individualized therapy.

Endoscopy is the gold standard for diagnosis of colorectal neo-
plasia; however, up to 20% of precursor lesions may be missed
using this procedure [19]. With the advances in optical instru-
ments, especially the emergence of confocal laser endomicroscopy
(CLE), the paradigm for detecting gastrointestinal tumors is chang-
ing from purely macroscopically structural imaging to include
molecular imaging [20]. Currently, CLE can be performed using
two devices, including an integrated CLE and a probe-based CLE
(pCLE). Recent trials have reported in vivo molecular imaging using
CLE, with the potential to significantly influence the diagnostic and
therapeutic strategies in the field of gastrointestinal endoscopy
[21,22]. Important breakthroughs in molecular imaging have been
achieved in a first study targeting EGFR for in vivo imaging in a
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rodent model with human xenograft CRC using CLE [21]. The feasi-
bility of in vivo molecular imaging using pCLE has also been re-
ported with topically applied fluorescent-labeled heptapeptide in
human [23] and fluorescent-labeled antibodies in porcine esopha-
geal and gastric mucosa [24]. However, at present, no trial has used
fluorescein-conjugated antibodies for labeling of neoplasia in hu-
mans in vivo. The aims of the current trial, therefore, were to eval-
uate the use of CLE for in vivo molecular imaging of EGFR in
patients with colorectal carcinoma and adenoma and to perform
a comparative analysis of in vivo EGFR molecular imaging using
CLE and ex vivo detection of EGFR expression with IHC.

2. Materials and methods
2.1. Patients enrollment

From January 2011 to June 2011, 40 consecutive patients known to have large
polypoid lesions in the colon or rectum from previous examinations as outpatients
or inpatients at Qilu Hospital were enrolled in the study. Exclusion criteria were:
tumor stenosis, acute lower gastrointestinal tract bleeding, familial adenomatous
polyposis, metastatic carcinoma derived from organs other than the colorectum,
impaired cardiac, liver or renal function, coagulopathy, fever, age <18 years, preg-
nancy, breastfeeding, or known allergy to fluorescein.

In all participants, surgical or endoscopic resection was planned in accordance
with the evaluative results of the preoperative colonoscopy. Informed written con-
sent was obtained from all participants prior to participation. The study protocol
was approved by the Institutional Ethics Committee of Qilu Hospital and was con-
ducted according to the revised Declaration of Helsinki (1989) (Trial Registration
ID: NCT01372189).

All CLE procedures were conducted by three senior endoscopists (X.Z., X.G. and
T.Y.) who were blinded to the histologic results of all participants. Each endoscopist
had conducted more than 300 CLE procedures before embarking on the current
study.

2.2. Confocal laser endomicroscopy system

The CLE system used in this study was a Pentax EC-3870K endomicroscope
(Pentax, Tokyo, Japan) with a miniature laser scanning microscope integrated into
the distal end of a conventional endoscope. Laser excitation was at 488 nm. The
white-light endoscopy images and CLE images were simultaneously captured and
stored.

2.3. Pilot study

Commercially available Alexa Fluor 488 (AF 488) conjugate-labeled anti-EGFR
monoclonal mouse antibody (catalog number 16-246, Upstate Biotechnology, Bille-
rica, MA, USA) was used to mark colorectal neoplasia in vivo. To establish the proper
antibody concentration and incubation time, the first three participants with histo-
logically confirmed colorectal carcinoma were recruited for a pilot study. After top-
ical spray of 5 ml of AF 488 conjugate-labeled anti-EGFR antibody to the colorectal
carcinoma at randomly assigned concentrations (1:500, 1:100, or 1:50 in 0.9% sal-
ine), CLE imaging was performed after a 10- and 15-min incubation.

A targeted biopsy was taken from the observed site which was located 5 mm
immediately to the left of the mucosal erythema created by suction to stabilize
the endomicroscope on the lesion. IHC of targeted biopsy samples was performed
with a monoclonal mouse anti-EGFR antibody (catalogue number ab62, Abcam,
Cambridge, UK). Consistency in fluorescence signal of CLE and immunostaining
was achieved at a dilution of 1:50 and incubation time of 10 min. All three partic-
ipants in the pilot study were not included in the prospective study.

2.4. In vivo molecular imaging of EGFR using CLE: prospective study

Thirty-seven patients were subsequently enrolled in the prospective part of the
study. The bowel preparation with ingestion of hypertonic polyethylene glycol
solution (SF-PGE, Staidson Biopharmaceuticals, Beijing, China) was performed
24 h before the study. First, all patients underwent conventional colonoscopy by
CLE in white-light mode. The identified large polypoid lesions the in colon and rec-
tum were examined by CLE microscopic view. The 1-2 cm? neoplastic region of
interest (ROI) was rinsed at least three times with tap water to remove mucus
and blood. CLE imaging was performed before applying the anti-EGFR antibody to
check for autofluorescence. Using a standard colonoscopic spray catheter, approxi-
mately 5 ml of AF 488-labeled anti-EGFR antibody at a dilution of 1:50 was sprayed
topically to the ROI. After a 10-min incubation, excess antibody was removed by
gently rinsing the region with water. Confocal imaging of the 1-2-cm? colorectal
neoplasia was then performed. Unspecific binding was excluded by confocal imag-
ing of four cases of colorectal neoplasia after topical spray of an AF 488-labeled iso-
type control antibody (catalog number 16-240, Upstate Biotechnology, Billerica,

MA, USA). Confocal imaging of normal mucosa adjacent to the neoplastic lesions
from the same patients before and after antibody administration was also con-
ducted in 10 cases of colorectal neoplasia. During CLE imaging of each observed site,
the laser power and brightness were set at the same level. Then, targeted biopsy
samples of the observed neoplastic lesions and normal mucosa were taken as de-
scribed in the pilot study.

2.5. Ex vivo detection of EGFR expression

Targeted fresh biopsy samples from each examined site were fixed in 10%-pH
neutral formalin, and embedded in paraffin. Slides of 5-pm sections were deparaff-
inized and hydrated. After antigen retrieval and blocking procedures, IHC staining
for EGFR was performed by mouse monoclonal anti-EGFR antibody (catalog number
ab62, Abcam, Cambridge, UK) and Dako Dual Envision + Detection Systems Peroxi-
dase/DAB (Dako, Carpinteria, CA, USA) as per the manufacturers’ instructions.
Hematoxylin and eosin (H&E) staining according to the standard protocol served
as the gold standard to classify the biopsy samples. In two cases (one CRC and
one colorectal adenoma), an additional biopsy specimen was transferred to liquid
nitrogen. Then, bench-top fluorescence microscopy (BX51, Olympus, Tokyo, Japan)
of cryostatic sections was performed without EGFR re-staining (to visualize in vivo
bound AF 488-labeled anti-EGFR). AF 488-labeled EGFR antibody was detected at
520 nm, nuclear counterstaining with Hoechst 33342 (C1026, Beyotime Institute
of Biotechnology, Jinan, China) at 460 nm.

2.6. Evaluation

Fluorescence intensity of in vivo confocal imaging was quantified offline with
Image ] (NIH, Bethesda, MD, USA). For each observed neoplasia and normal region,
a representative image with minimum motion artifact, and a strong fluorescence
intensity was chosen by one evaluator (Z.L.) who was blinded to all the histologic
diagnoses. Three different ROIs of 60 x 60 um with the strongest fluorescence in
the representative image were selected. The mean gray-scale value of the three
ROIs was calculated within each image: black (0)-white (255), as described in detail
previously [22].

The diagnosis and graduation of H&E staining results were performed by an
experienced gastrointestinal pathologist (C.Z.) in a blinded manner in accordance
with the modified Vienna classification [25].

EGFR staining intensity in IHC samples was evaluated as follows: EGFR expres-
sion was defined as positive if any membrane or cytoplasmic staining above back-
ground level was detected. Negative staining was reported when the absence of
membrane or cytoplasmic staining was observed.

2.7. Human anti-mouse antibodies detection

Serum samples from four participants were taken 4-6 weeks after CLE imaging
and were tested for human anti-mouse antibodies (HAMAs) by using a quantitative
enzyme-linked immunosorbent assay plate (Medac, Hamburg, Germany), as de-
scribed previously [26]. Before participating in the study, none of the four patients
had received any type of mouse antibody application. Potential related side effects
were defined and monitored based on a published study, which were classified into
four grades: generalized skin symptoms, mild to moderate pulmonary and cardio-
vascular symptoms, unstable hemodynamics and cardiac or respiratory arrest [27].

2.8. Statistical analysis

Demographic and clinical data were collected by one investigator (J.L.) using a
standardized record form. Data were analyzed using a statistical software package
SPSS v11.0 (SPSS Inc., Chicago, IL, USA). Significance of comparison of the fluores-
cence signal intensity between CRC and colorectal adenoma, and between neoplasia
and normal mucosa was calculated by a two-sided t-test. Kappa values were used to
correlate in vivo confocal EGFR imaging and ex vivo immunostaining agreements:
0.01-0.20, poor; 0.21-0.40, fair; 0.41-0.60, moderate; 0.61-0.80, substantial, and
0.81-1.00, almost excellent. All tests of significance were two-tailed with the con-
fidence interval of 95%. p values <0.05 were defined as significant.

3. Results

Table 1 illustrates the demographic characteristics and final his-
tologic diagnosis of the patients with colorectal neoplasia in the pi-
lot and prospective studies.

3.1. Pilot study
Three participants (three men; age range 60-79 years, mean

age 72years) with previously confirmed colorectal carcinoma
completed the study protocol (Table 1), and none of them
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Table 1
Patient demographics and clinical characteristics of all colorectal neoplasia in this
study.

Pilot study Prospective study
Patients (n) 3 37
Gender (n/n, male/female) 3/0 21/16
Mean age, years (range) 72 (60-79) 68 (40-83)
Histologic type (n)
Adenoma (HGD/LGD) 0 18 (10/8)
Well-differentiated CRC 2 8
Moderately differentiated 1 11
Poorly differentiated 0 0

CRC, colorectal cancer; HGD, high-grade dysplasia; LGD, low-grade dysplasia.

experienced a severe adverse reaction during the entire imaging
procedure. A specific fluorescence signal was observed in one par-
ticipant after EGFR staining at the antibody dilution of 1:50 and
incubation time of 10 min, whereas cancerous lesions incubated
at 1:100 and 1:500 dilutions did not demonstrate a specific signal
(Fig. 1). Imaging at the incubation time of 15 min yielded a de-
creased EGFR signal. One potential explanation is intestinal peri-
stalsis and difficulty in locating the labeled antibodies. IHC
performed in all of the three targeted biopsy samples showed po-
sitive staining correlating with the CLE imaging at the 1:50 anti-
body dilution.

3.2. In vivo molecular imaging of EGFR using CLE: prospective study

A total of 37 patients (21 men, 16 women; age range
40-83 years, mean age 68 years) with 37 neoplastic lesions in the
colon or rectum were enrolled in prospective study (Table 1). After
in vivo EGFR staining by topical application of the labeled anti-
EGFR antibody to all 37 lesions, a specific fluorescence signal and
EGFR accumulation could be detected in 18 (94.7%) of the 19 car-
cinomas (Fig. 2) and in 12 (66.7%) of the 18 adenomas (Fig. 3).
The intensity of EGFR-specific fluorescence varied from only a
weak fluorescence signal to heavy tissue staining in 30 neoplastic
tissues (Figs. 2 and 3). A specific cellular signal could be observed
by CLE imaging with 1000x magnifying power (Fig. 4). The
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transition zone could be observed as the region where the EGFR-
specific fluorescence signal abruptly disappeared (Fig. 5). Eight
fluorescence signal-positive carcinomas contained well-differenti-
ated carcinomas (8/8), 10 moderately differentiated (10/11), and
0 poorly differentiated (0/0). Six out of 10 high-grade dysplasias
(6/10) and six out of eight low-grade dysplasias (6/8) were CLE po-
sitive. A total of seven out of 37 (18.9%) colorectal lesions did not
show an EGFR-specific signal. Quantitative assessments of the fluo-
rescence intensity were measured in ROIs of colorectal carcinomas
and adenomas. The mean fluorescence intensity was 52.84 +5.73
for carcinomas and 44.31 £ 4.86 for adenomas (p = 0.329). By con-
trast, normal mucosa sprayed with labeled antibody showed no
specific fluorescence signal in seven cases and weak fluorescence
signal in three cases (Fig. 6). The fluorescence signal intensity of
normal mucosa was 36.23 +7.90 compared with 53.78 £ 7.06 in
neoplastic tissues of the same ten patients (p < 0.001).

CLE of neoplasia before labeled anti-EGFR antibody application
or imaging after spraying labeled isotype control antibody showed
no specific signal.

3.3. Ex vivo EGFR immunohistochemistry and fluorescence microscopy

Ex vivo IHC performed on targeted biopsy samples revealed an
increased EGFR staining in 18 of the 19 carcinomas and 13 of the
18 adenomas, correlating with the in vivo CLE findings (Figs. 2
and 3). The kappa value showed a substantial agreement between
in vivo EGFR imaging using CLE and ex vivo EGFR staining by IHC
(x =0.788). In fluorescence microscopy, cryostatic sections of one
CRC and one adenoma confirmed the respective CLE fluorescence
patterns after in vivo binding of AF 488-labeled EGFR antibodies

(Fig. 7).

3.4. HAMA:s detection

After topical application of the AF 488-labeled anti-EGFR anti-
body, no side effects were observed during in vivo CLE imaging
and at the 4-6-week follow-up study by telephone. None of the
four serum samples were found to be elevated for HAMAs titers.

Cc

Fig. 1. Molecular imaging of colorectal cancer (CRC) in the pilot study. (A) An epidermal growth factor receptor (EGFR)-specific fluorescence signal is observed using confocal
laser endomicroscopy at a probe dilution of 1:50. (B) and (C) No specific fluorescence is present at dilutions of 1:100 (B) and 1:500 (C). (D-F) Corresponding
immunohistochemical staining demonstrated positive staining of EGFR in all three targeted biopsies of CRC (original magnification 400x ).
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Fig. 2. Molecular imaging of epidermal growth factor receptor (EGFR) in patients with colorectal cancer (CRC). (A-C) In vivo confocal laser endomicroscopy views of three
CRCs with different EGFR expression levels. Mean gray-scale value was 57.85 (A), 52.61 (B), and 39.41 (C), respectively. An example of signal intensity quantification on one

confocal image (A) shows three regions of interest (ROI) (boxed in (A)) and the gray-scale values. (D-F) Corresponding ex vivo immunohistochemical staining of three CRCs
with different EGFR expression levels (original magnification 400x ).

A =

Fig. 3. Molecular imaging of epidermal growth factor receptor (EGFR) in patients with colorectal adenoma. (A) and (B) Confocal laser endomicroscopy imaging of colorectal
(]

adenomas after targeted molecular staining of EGFR reveals specific fluorescence (A) or no positive signal (B). (C) and (D) Immunohistochemistry of the respective biopsy
specimens confirms the in vivo results (original magnification 400x).

4. Discussion targeting EGFR, such as cetuximab, have been approved by the

US Food and Drugs Administration (FDA) [28]. Currently, patient
selection for cetuximab targeted therapy mainly depends on IHC,
which is influenced by various of factors, such as tissue sample

EGFR has been found to be an excellent epitope for molecular
targeted CRC therapy. Therapeutic monoclonal antibodies
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Fig. 4. High resolution of epidermal growth factor receptor (EGFR)-specific molecular imaging in colorectal cancer (CRC). (A) During in vivo confocal laser endomicroscopy
imaging, a specific cellular signal of EGFR is observed in a CRC (arrows). (B) Magnification of a single cell (boxed in (A)) depicting an accumulation of EGFR-specific

fluorescence.

Fig. 5. Transitional zone. (A) Endoscopic view. (B) The transition zone could be seen which divides the images into positive-stained tumor (asterisk) and suspected healthy
mucosa with no specific fluorescence signal (cross). (C) Immunohistochemistry of the transitional zone. Increased epidermal growth factor receptor (EGFR) expression is
demonstrated in CRC compared with unstained healthy mucosa. (D) Corresponding hematoxylin and eosin staining ((C) and (D) original magnification 400x ).

fixation, storage, and processing [29]. In addition, EGFR immuno-
reactivity is altered because the antigen is removed from its nat-
ural microenvironment. Ex vivo IHC only provides a momentary
snapshot of the mucosa from where the tissue specimen has
been taken. However, it has been reported that irregular EGFR
expression may occur in a given tumor [30]. In vivo molecular
imaging using CLE is closer to the natural situation than
ex vivo procedures and may provide a more comprehensive state
of EGFR expression by means of multiple optical biopsies. Fur-
thermore, taking biopsy samples for IHC staining increases the
risk of bleeding and other potential complications compared
with the in vivo CLE method. This demonstrates the strong need
for a molecular imaging method for CRC detection and surveil-
lance [31].

Tremendous advancements in endoscopic techniques for imag-
ing of the gastrointestinal tract, such as conventional endoscopy
with narrow-band filters [26], near-infrared imaging [32], and cap-
sule endoscopy [33], have been investigated for molecular imaging.
The emergence of CLE, which permits real-time in vivo imaging of
the gastrointestinal mucosa with a 1000-fold magnification, en-
ables subsequent in situ immunofluorescence staining at the cellu-
lar and subcellular levels. In a landmark study, specific binding of
topically applied fluorescent-labeled heptapeptide to colonic neo-
plastic cells could be shown by pCLE, with high sensitivity and
specificity of 81% and 82%, respectively [23]. In further studies,
molecular imaging has been proven to be feasible by targeting
EGFR and vascular endothelial growth factor (VEGF) with fluores-
cent-labeled antibodies against EGFR and VEGF in vivo in rodent
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Fig. 6. Molecular imaging of epidermal growth factor receptor in normal mucosa. (A) and (B) No specific fluorescent signal (A) or only a slight fluorescence signal (B) was
observed in normal mucosa of patients with colorectal neoplasia after topical application of fluorescent-labeled antibody by confocal laser endomicroscopy imaging. (C) and
(D) Immunohistochemical staining of the respective biopsy specimens confirmed the intravital fluorescence patterns (original magnification 400x).

100 pm 100 pm

Fig. 7. Ex vivo fluorescence microscopy. (A) and (B) Molecular imaging of epidermal growth factor receptor (EGFR) in one colorectal cancer (CRC) (A) and one colorectal
adenoma (B). (C) and (D) Corresponding ex vivo fluorescence microscopy of cryosections with in vivo bound AF 488-labeled anti-EGFR antibodies and ex vivo Hoechst 33342
blue nuclei counterstaining confirmed an intravital fluorescence pattern in one CRC (C) and one colorectal adenoma (D) ((C) and (D) original magnification 400x ).



206 J. Liu et al./ Cancer Letters 330 (2013) 200-207

models and ex vivo in human tissue specimens using CLE [21,22].
These feasibility studies demonstrate that sufficient fluorescence
intensity and an adequate contrast could be displayed by CLE in fu-
ture investigations, by targeting an appropriate biomarker in vivo.

In this study, it has been proven, for the first time, that in vivo
endomicroscopic molecular imaging of EGFR in patients with colo-
rectal neoplasia is possible using CLE by targeting EGFR with a fluo-
rescent-labeled antibody. Our pilot in vivo study demonstrated that
specific EGFR staining was achieved at an antibody dilution of 1:50
and incubation time of 10 min. By topical application of fluores-
cent-labeled anti-EGFR antibody, CLE could observe and differenti-
ate EGFR staining types based on the fluorescence intensity in
patients with CRC and colorectal adenoma in vivo. The normal mu-
cosa surrounding the neoplastic lesions showed no or only a weak
fluorescence signal, and topical application of fluorescent-labeled
isotype control antibody did not show a specific EGFR signal. These
results corroborated the specificity of EGFR staining in colorectal
neoplasia in vivo.

Currently, there are two possible routes of application for the
molecular probes to gain access to the ROI Topical application of
the molecular probe onto the mucosal surface, used in current
study, has been explored in many molecular imaging studies since
it has many advantages compared with intravenous application
[21,23,26]. With topical application using a spray catheter during
colonoscopy, molecular imaging of an ROI can be carried out with-
in a time frame for the endoscopic procedure, usually a few min-
utes, and local concentration may be higher than that used for
systemic administration, whereas intravenous application needs
a lead time for the probe to be distributed throughout the body.
Furthermore, immunogenicity may be less and potential side ef-
fects fewer with topical application than with intravenous applica-
tion. In accordance with this, we could not demonstrate the
formation of HAMAs in a subset of our patients. All patients had
been admitted to hospital for surgical or endoscopic resection.
On the other hand, intravenous application is efficient for use in
complete tumor tissue, while topical application is not a reason-
able option for a large mucosal area.

There are some limitations to our approach of molecular imag-
ing in patients with colorectal neoplasia using CLE. First, in vivo
antibody labeling of the colorectal neoplasia may interfere with
the in vitro IHC staining protocol. However, in vitro IHC correlated
well with the in vivo findings. Topical application of a molecular
probe in a local ROI might reduce the effect of in vivo labeling com-
pared with systemic administration. Second, molecular imaging of
EGFR by topical application of the probe in the local ROI could not
demonstrate the expression status of the entire tumor, since EGFR
expression is only captured at the tissue surface [34]. In the future,
the development of a safe, intravenously applied molecular probe
might overcome the drawback of topical application in detecting
irregular biomarker expression. Third, the total number of patients
in the prospective study was limited. Future study is to be per-
formed to validate the current findings and correlate the progres-
sion features of neoplasia with in vivo molecular imaging in a
larger study population. Fourth, the limited infiltration depth of
CLE and the limited permeation of the antibody after topical
administration might be possible disadvantages in clinical use.
However, deeper tissue imaging can be achieved by near-infrared
probes or use of small molecules [23,35,36]. Novel confocal sys-
tems with multiple excitation wavelengths may emerge with the
perspective to facilitate clinical translation of the concept of molec-
ular imaging in the field of gastrointestinal endoscopy. Ideally,
such approaches would be combined with a macroscopic mode
of molecular detection of lesions of interest (“molecular chromo-
endoscopy”). Finally, although the level of fluorescence was quan-
tified, the fact that normal mucosa had a weak fluorescence in
some cases suggests the limited applicability of this model in its

present form. More selective biomarkers may prove valuable in
the future.

In conclusion, our study shows, for the first time, that molecular
imaging of EGFR is feasible in vivo using a fluorescent-labeled anti-
body against EGFR in combination with CLE in patients with colo-
rectal neoplasia. More researches should be performed before
clinical application. This technique shows a promising imaging ap-
proach for targeted individual therapies of colorectal neoplasia.

Role of the funding source

This study was funded by a Key Clinical Project from the Health
Ministry of China, and the Taishan Scholar Program, a Scientific
and Technology Development Project (2010GSF10247) from the
Shandong Province.

Acknowledgments

None.

References

[1] A. Jemal, F. Bray, M.M. Center, ]. Ferlay, E. Ward, D. Forman, Global cancer
statistics, CA Cancer J. Clin. 61 (2011) 69-90.

[2] E.R. Fearon, B. Vogelstein, A genetic model for colorectal tumorigenesis, Cell 61
(1990) 759-767.

[3] F. Tezuka, R. Chiba, N. Iwama, T. Takahashi, Development of the human colonic
adenocarcinoma from adenoma as a histopathologically continuous process,
Tohoku J. Exp. Med. 168 (1992) 257-263.

[4] B. Vogelstein, E.R. Fearon, S.R. Hamilton, S.E. Kern, A.C. Preisinger, M. Leppert,
Y. Nakamura, R. White, A.M. Smits, J.L.. Bos, Genetic alterations during
colorectal-tumor development, N. Engl. J. Med. 319 (1988) 525-532.

[5] G.P. Cowley, J.A. Smith, B.A. Gusterson, Increased EGF receptors on human
squamous carcinoma cell lines, Br. J. Cancer 53 (1986) 223-229.

[6] F. Ciardiello, G. Tortora, A novel approach in the treatment of cancer: targeting
the epidermal growth factor receptor, Clin. Cancer Res. 7 (2001) 2958-2970.

[7] R. Jaszewski, E. Levi, P. Sochacki, J. Frank, O. Kucuk, B.N. Axelrod, A.P.
Majumdar, Expression of epidermal growth factor-receptor related protein
(ERRP) in human colorectal carcinogenesis, Cancer Lett. 213 (2004) 249-255.

[8] L. Kaklamanis, K.C. Gatter, N. Mortensen, A.L. Harris, Interleukin-4 receptor and
epidermal growth factor receptor expression in colorectal cancer, Br. ]. Cancer
66 (1992) 712-716.

[9] Y.D. Han, Y.K. Hong, J.G. Kang, Y.J. Choi, C.H. Park, Relation of the expression of
cyclooxygenase-2 in colorectal adenomas and adenocarcinomas to
angiogenesis and prognosis, ]J. Korean Soc. Coloproctol. 26 (2010) 339-346.

[10] 1. Porebska, A. Harlozifiska, T. Bojarowski, Expression of the tyrosine kinase
activity growth factor receptors (EGFR, ERB B2, ERB B3) in colorectal
adenocarcinomas and adenomas, Tumour Biol. 21 (2000) 105-115.

[11] D.S. Salomon, R. Brandt, F. Ciardiello, N. Normanno, Epidermal growth factor-
related peptides and their receptors in human malignancies, Crit. Rev. Oncol.
Hematol. 19 (1995) 183-232.

[12] RL. Rego, N.R. Foster, T.C. Smyrk, M. Le, M,J. O’Connell, DJ. Sargent, H.
Windschitl, F.A. Sinicrope, Prognostic effect of activated EGFR expression in
human colon carcinomas: comparison with EGFR status, Br. J. Cancer 102
(2010) 165-172.

[13] J.P. Spano, C. Lagorce, D. Atlan, G. Milano, J. Domont, R. Benamouzig, A. Attar, J.
Benichou, A. Martin, J.F. Morere, M. Raphael, F. Penault-Llorca, J.L. Breau, R.
Fagard, D. Khayat, P. Wind, Impact of EGFR expression on colorectal cancer
patient prognosis and survival, Ann. Oncol. 16 (2005) 102-108.

[14] AW. Hemming, N.L. Davis, A. Kluftinger, B. Robinson, N.F. Quenville, B.
Liseman, ]. LeRiche, Prognostic markers of colorectal cancer: an evaluation of
DNA content, epidermal growth factor receptor, and Ki-67, J. Surg. Oncol. 51
(1992) 147-152.

[15] D. Cunningham, Y. Humblet, S. Siena, D. Khayat, H. Bleiberg, A. Santoro, D. Bets,
M. Mueser, A. Harstrick, C. Verslype, I. Chau, E. Van Cutsem, Cetuximab
monotherapy and cetuximab plus irinotecan in irinotecan-refractory
metastatic colorectal cancer, N. Engl. ]. Med. 351 (2004) 337-345.

[16] K.Y. Chung, J. Shia, N.E. Kemeny, M. Shah, G.K. Schwartz, A. Tse, A. Hamilton, D.
Pan, D. Schrag, L. Schwartz, D.S. Klimstra, D. Fridman, D.P. Kelsen, L.B. Saltz,
Cetuximab shows activity in colorectal cancer patients with tumors that do
not express the epidermal growth factor receptor by immunohistochemistry, J.
Clin. Oncol. 23 (2005) 1803-1810.

[17] L. Saltz, Epidermal growth factor receptor-negative colorectal cancer: is there
truly such an entity?, Clin Colorectal. Cancer (Suppl. 2) (2005) S98-100.

[18] S.R. Hamilton, Targeted therapy of cancer: new roles for pathologists in
colorectal cancer, Mod. Pathol. 21 (2008) S23-30.

[19] D.K. Rex, C.S. Cutler, G.T. Lemmel, E.Y. Rahmani, D.W. Clark, D.J. Helper, G.A.
Lehman, D.G. Mark, Colonoscopic miss rates of adenomas determined by back-
to-back colonoscopies, Gastroenterology 112 (1997) 24-28.



J. Liu et al./ Cancer Letters 330 (2013) 200-207 207

[20] M. Goetz, T.D. Wang, Molecular imaging in gastrointestinal endoscopy,
Gastroenterology 138 (2010) 828-833.

[21] M. Goetz, A. Ziebart, S. Foersch, M. Vieth, M.J. Waldner, P. Delaney, P.R. Galle,
M.F. Neurath, R. Kiesslich, In vivo molecular imaging of colorectal cancer with
confocal endomicroscopy by targeting epidermal growth factor receptor,
Gastroenterology 138 (2010) 435-446.

[22] S. Foersch, R. Kiesslich, M.J. Waldner, P. Delaney, P.R. Galle, M.F. Neurath, M.
Goetz, Molecular imaging of VEGF in gastrointestinal cancer in vivo using
confocal laser endomicroscopy, Gut 59 (2010) 1046-1055.

[23] P.L. Hsiung, J. Hardy, S. Friedland, R. Soetikno, C.B. Du, A.P. Wu, P. Sahbaie, J.M.
Crawford, A.W. Lowe, C.H. Contag, T.D. Wang, Detection of colonic dysplasia
in vivo using a targeted heptapeptide and confocal microendoscopy, Nat. Med.
14 (2008) 454-458.

[24] Y. Nakai, S. Shinoura, A. Ahluwalia, A.S. Tarnawski, KJ. Chang, Molecular
imaging of epidermal growth factor-receptor and survivin in vivo in porcine
esophageal and gastric mucosae using probe-based confocal laser-induced
endomicroscopy: proof of concept, J. Physiol. Pharmacol. 63 (2012) 303-307.

[25] RJ. Schlemper, R.H. Riddell, Y. Kato, F. Borchard, H.S. Cooper, S.M. Dawsey, M.F.
Dixon, C.M. Fenoglio-Preiser, J.F. Fléjou, K. Geboes, T. Hattori, T. Hirota, M.
Itabashi, M. Iwafuchi, A. Iwashita, Y.I. Kim, T. Kirchner, M. Klimpfinger, M.
Koike, G.Y. Lauwers, K.J. Lewin, G. Oberhuber, F. Offner, A.B. Price, C.A. Rubio,
M. Shimizu, T. Shimoda, P. Sipponen, E. Solcia, M. Stolte, H. Watanabe, H.
Yamabe, The Vienna classification of gastrointestinal epithelial neoplasia, Gut
47 (2000) 251-255.

[26] R. Keller, G. Winde, H.J. Terpe, E.C. Foerster, W. Domschke, Fluorescence
endoscopy using a fluorescein-labeled monoclonal antibody against
carcinoembryonic antigen in patients with colorectal carcinoma and
adenoma, Endoscopy 34 (2002) 801-817.

[27] D. Mariotte, B. Dupont, R. Gervais, M.P. Galais, D. Laroche, A. Tranchant, E.
Comby, K. Bouhier-Leporrier, ].M. Reimund, B. Le Mauff, Anti-cetuximab IgE
ELISA for identification of patients at a high risk of cetuximab-induced
anaphylaxis, MAbs 3 (2011) 396-401.

[28] D.J. Jonker, CJ. O'Callaghan, C.S. Karapetis, J.R. Zalcberg, D. Tu, H.J. Au, S.R.
Berry, M. Krahn, T. Price, RJ. Simes, N.C. Tebbutt, G. van Hazel, R. Wierzbicki, C.
Langer, M.J. Moore, Cetuximab for the treatment of colorectal cancer, N. Engl. J.
Med. 357 (2007) 2040-2048.

[29] D. Atkins, K.A. Reiffen, C.L. Tegtmeier, H. Winther, M.S. Bonato, S. Storkel,
Immunohistochemical detection of EGFR in paraffin-embedded tumor tissues:
variation in staining intensity due to choice of fixative and storage time of
tissue sections, J. Histochem. Cytochem. 52 (2004) 893-901.

[30] N.S.  Goldstein, M. Armin, Epidermal growth factor receptor
immunohistochemical reactivity in patients with American Joint Committee
on Cancer Stage IV colon adenocarcinoma: implications for a standardized
scoring system, Cancer 92 (2001) 1331-1346.

[31] R. Atreya, M.J. Waldner, M.F. Neurath, Molecular imaging: interaction between
basic and clinical science, Gastroenterol. Clin. North Am. 39 (2010) 911-922.

[32] H. Alencar, M.A. Funovics, ]. Figueiredo, H. Sawaya, R. Weissleder, U.
Mahmood, Colonic adenocarcinomas: near-infrared microcatheter imaging of
smart probes for early detection-study in mice, Radiology 244 (2007) 232-
238.

[33] H. Zhang, D. Morgan, G. Cecil, A. Burkholder, N. Ramocki, B. Scull, P.K. Lund,
Biochromoendoscopy: molecular imaging with capsule endoscopy for
detection of adenomas of the GI tract, Gastrointest. Endosc. 68 (2008) 520-
527.

[34] NS.  Goldstein, M. Armin, Epidermal growth factor receptor
immunohistochemical reactivity in patients with American Joint Committee
on cancer stage IV colon adenocarcinoma, Cancer 92 (2001) 1331-1346.

[35] N.G. Deane, H.C. Manning, A.C. Foutch, M.K. Washington, BJ. Aronow, D..
Bornhop, RJ. Coffey, Targeted imaging of colonic tumors in smad3-/- mice
discriminates cancer and inflammation, Mol. Cancer Res. 5 (2007) 341-349.

[36] H. Gong, ]. Kovar, G. Little, H. Chen, D.M. Olive, In vivo imaging of xenograft
tumors using an epidermal growth factor receptor-specific affibody molecule
labeled with a near-infrared fluorophore, Neoplasia 12 (2010) 139-149.



	In vivo molecular imaging of epidermal growth factor receptor in patients with colorectal neoplasia using confocal laser endomicroscopy
	1 Introduction
	2 Materials and methods
	2.1 Patients enrollment
	2.2 Confocal laser endomicroscopy system
	2.3 Pilot study
	2.4 In vivo molecular imaging of EGFR using CLE: prospective study
	2.5 Ex vivo detection of EGFR expression
	2.6 Evaluation
	2.7 Human anti-mouse antibodies detection
	2.8 Statistical analysis

	3 Results
	3.1 Pilot study
	3.2 In vivo molecular imaging of EGFR using CLE: prospective study
	3.3 Ex vivo EGFR immunohistochemistry and fluorescence microscopy
	3.4 HAMAs detection

	4 Discussion
	Role of the funding source
	Acknowledgments
	References


