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Abstract

Background: Differentiating high-grade dysplasia (HGD) and T1 colorectal cancer 
(T1CRC) from low-grade dysplasia (LGD) in colorectal polyps can be challenging. 
Incorrect recognition of HGD or T1CRC foci can lead to a need for additional treatment 
after local resection, which might not have been necessary if it was recognized correctly. 
Tumor-targeted fluorescence-guided endoscopy might help to improve recognition.

Objective: Selecting the most suitable HGD and T1CRC-specific imaging target from a 
panel of well-established biomarkers: carcinoembryonic antigen (CEA), c-mesenchymal-
epithelial transition factor (c-MET), epithelial cell adhesion molecule (EpCAM), folate 
receptor alpha (FRα), and integrin alpha-v beta-6 (αvβ6).

Methods: En bloc resection specimens of colorectal polyps harboring HGD or T1CRC 
were selected. Immunohistochemistry on paraffin sections was used to determine the 
biomarker expression in normal epithelium, LGD, HGD, and T1CRC (scores of 0–12). The 
differential expression in HGD-T1CRC components compared to surrounding LGD and 
normal components was assessed, just as the sensitivity and specificity of each marker.

Results: 60 specimens were included (21 HGD, 39 T1CRC). Positive expression (score 
>1) of HGD-T1CRC components was found in 73.3%, 78.3%, and 100% of cases for CEA, 
c-MET, and EpCAM, respectively, and in <40% for FRα and αvβ6. Negative expression 
(score 0–1) of the LGD component occurred more frequently for CEA (66.1%) than c-MET 
(31.6%) and EpCAM (0%). The differential expression in the HGD-T1CRC component 
compared to the surrounding LGD component was found for CEA in 66.7%, for c-MET 
in 43.1%, for EpCAM in 17.2%, for FRα in 22.4%, and for αvβ6 in 15.5% of the cases. 
Moreover, CEA showed the highest combined sensitivity (65.0%) and specificity (75.0%) 
for the detection of an HGD-T1CRC component in colorectal polyps.

Conclusion: Of the tested targets, CEA appears the most suitable to specifically detect 
HGD and T1 cancer foci in colorectal polyps. An in vivo study using tumor-targeted 
fluorescence-guided endoscopy should confirm these findings.
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Graphical abstract 

Key summary

Summarize the established knowledge on this subject
•	 To determine the preferred local resection technique for colorectal polyps, it is 

crucial to estimate the risk of high-grade dysplasia (HGD) or early stage colorectal 
cancer (T1CRC).

•	 The accuracy of optical diagnosis is not optimal, especially in larger polyps.
•	 Tumor-targeted fluorescence-guided endoscopy might help to improve the 

recognition of a focus of HGD or T1CRC in colorectal polyps.
•	 The most suitable imaging target for specifically detecting a focus of HGD or T1CRC 

in colorectal polyps is currently unknown.

What are the significant and/or new findings of this study?
•	 It is feasible to detect HGD and T1CRC foci in colorectal polyps in vitro by staining 

for tumor-specific targets.
•	 Of the tested targets, carcinoembryonic antigen (CEA) most frequently showed 

differential expression in the HGD and T1CRC components compared to surrounding 
polyp tissue with low-grade dysplasia.

•	 An in vivo study is needed to confirm CEA as suitable target to specifically detect 
HGD or T1CRC foci in colorectal polyps by fluorescence-guided endoscopy.

3
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Introduction

Since the introduction of population-based screening programs, a growing number of 
large colorectal polyps have been detected.1 These large polyps can often be removed 
by local resections.2,3 To determine the preferred local resection technique, it is 
crucial to estimate the risk of high-grade dysplasia (HGD) or early stage T1 colorectal 
cancer (T1CRC). Preferably, polyps suspected to harbor a focus of HGD or T1CRC are 
removed en bloc to facilitate complete histological assessment, after which the need 
for additional treatment is determined.4 In contrast, incorrect recognition of a focus 
of HGD or T1CRC may lead to inappropriate treatment (i.e. piecemeal resection) and 
the need for oncological surgery, thereby unnecessarily exposing patients to the risk 
of surgical morbidity and mortality. Although the reported percentages vary greatly, 
it is clear that there is room for improvement in the optical diagnosis of T1CRCs. 
Among experts, the rate of unrecognized T1CRCs is still 13%–22%,5,6 whereas among 
endoscopists at the community level, the rate of misclassified T1CRCs can increase up 
to 81%.7 Unfortunately, the additional value of imaging modalities such as endoscopic 
ultrasound or magnetic resonance imaging seems limited. Tumor-targeted fluorescence 
optical imaging (FOI) might help to improve the recognition of a focus of HGD or T1CRC 
in colorectal polyps during endoscopic assessment, possibly aiding the process of 
decision-making for the preferred local resection technique.

Near-infrared FOI is a promising technique that combines the administration of a 
targeted fluorescent contrast agent with the use of Near-infrared light. It allows for 
real-time optical imaging by selectively highlighting cells that express certain molecular 
targets.8 In the surgical field, tumor-targeted FOI has been applied for different aspects 
of CRC,8 including intraoperative detection and demarcation,9 and intraoperative 
imaging of metastases.10 In the endoscopic field, FOI has been applied to aid polyp 
detection11 and to evaluate neoadjuvant treatment response in locally advanced rectal 
cancer.12 Fluorescence-guided endoscopy enables intraluminal visualization of polyps 
based on specific biomolecular features by using fluorescently labeled molecular 
probes that bind to specific molecular targets for which a tracer is administered prior 
to imaging.13 These fluorescent-targeting tracers can be administered intravenously, 
orally, or as spray dyes. By adding a layer of information to the conventional endoscopic 
assessment of polyps, this strategy can potentially improve the accuracy of optical 
diagnosis and thereby improve real-time clinical decision-making for the preferred 
local resection techniques of larger polyps. To the best of our knowledge, no study 
has focused on the ability of tumor-targeted FOI to detect foci of HGD or T1CRC in 
colorectal polyps. Before embarking on a clinical study, examining which biomarker is 
most suitable as a FOI tumor target is necessary.

The target selection for imaging purposes depends on different characteristics, including 
the differential expression in the target tissue compared to normal tissue.14 Enhanced 
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protein expression in the target tissue and low or even absent expression in normal 
tissue are prerequisites. T1CRCs often reside in polyps that consist of several stages 
of dysplasia. A suitable target should be able to distinguish a focus of HGD or T1CRC 
from the surrounding LGD component of a polyp. Promising targets in CRC detection, 
with available fluorescence targeting probes, include carcinoembryonic antigen-
related adhesion molecule 5 (CEACAM5, from here on to be referred to as CEA), 
c-mesenchymal-epithelial transition factor (c-MET), epithelial cell adhesion molecule 
(EpCAM), folate receptor alpha (FRα) and integrin αvβ6. Carcinoembryonic antigen is 
a membrane-bound glycoprotein with known expression in the majority of CRCs and 
little expression in normal mucosa.15 c-MET is the membrane-bound hepatocyte growth 
factor receptor involved in proliferation and invasion. C-MET overexpression has been 
demonstrated in the sequence of colorectal adenoma-carcinoma sequence as an early 
event.16,17 EpCAM is a transmembrane glycoprotein involved in cell-cell interactions and 
cell-stroma adhesions that is generally overexpressed in epithelial malignancies such 
as colorectal cancer.18 FRα is a membrane-bound folic acid-binding and transporting 
protein, with higher expression in CRCs than in normal mucosa or adenoma.19 αvβ6 is 
an integrin subtype that is expressed only in epithelial cells, with significantly increased 
expression in epithelial tumors.20 Although several studies have reported the enhanced 
expression of these markers in CRC, neither have studied the differential expression 
between a component of HGD or T1CRC and the surrounding component of LGD in 
colorectal polyps.

We aimed to select the most HGD-T1CRC specific fluorescence-guided endoscopy target 
for an in vivo pilot study.

Materials and methods

Population
Formalin-fixed paraffin-embedded tissue blocks from patients who underwent en bloc 
endoscopic submucosal dissection (ESD) (between February 2013 and November 2019) 
in the Leiden University Medical Center for lateral spreading polyps harboring a focus 
of T1CRCs or HGD located in the rectum or sigmoid were retrieved from the pathology 
department. To increase the sample size, we also included a random sample of 10 FFPE 
blocks from patients who underwent en bloc endoscopic mucosal resection (EMR) for 
non-granular T1CRCs in the rectum or sigmoid (between February 2013 and November 
2019). Prior to inclusion, slides were reexamined by a pathologist specialized in gastro-
intestinal pathology (S.C.) and re-staged accordingly. Patients with an insufficient 
amount of tissue were excluded. Ethical approval was obtained from the Medical Ethical 
Committee of the Leiden University Medical Center, and the requirement for obtaining 
informed consent was waived (reference: B20.016, 11-06-2020). The study protocol 
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conforms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a 
priori approval by the institution›s human research committee.

Clinical variables
Demographic patient characteristics (sex, age) and clinical data (polyp morphology, 
procedure-related parameters, histology parameters) were collected from electronic 
medical records. En bloc resection was defined as macroscopic removal of the lesion 
in a single piece. High-grade dysplasia was defined as architectural abnormality and 
severe cytologic atypia without invasion through the muscularis mucosae. T1 colorectal 
cancer was defined as tumors with tumor invasion through the muscularis mucosae 
and into, but not beyond, the submucosa.

Antibodies and immunohistochemistry
Based on hematoxylin-eosin (HE)-stained slides, a pathologist specialized in gastro-
intestinal pathology (S.C.) selected a representative formalin-fixed paraffin-embedded 
tissue block for each patient, containing as many stages of dysplasia (normal, LGD, HGD, 
and T1CRC) as possible. Selected tissue blocks were sectioned (4 μm) and mounted 
on adhesive slides. Sections were deparaffinized with xylene for 15 min, rehydrated 
in decreasing ethanol concentrations and then rinsed in demineralized water. 
Subsequently, endogenous peroxidase was blocked using 0.3% hydrogen peroxide 
(Merck Millipore, Netherlands) in demineralized water for 20 min. Specifications 
regarding antigen retrieval and antibodies are provided in supplementary Table 
1. Afterward, the slides were rinsed in phosphate-buffered saline (PBS, pH7.4), and 
stained with the appropriate secondary antibody (EnVision anti-mouse or anti-
rabbit horseradish peroxidase) (Dako) for 30 min, followed by another washing step. 
Immunoreactions were visualized with diaminobenzidine substrate buffer (Dako) after 
10 min, counterstained using Mayer’s hematoxylin solution (Sigma-Aldrich, USA), and 
dehydrated at 37°C before being mounted with Pertex (Leica Microsystems, Germany). 
Negative (PBS) and conjugate control (only secondary antibody) were included to rule 
out nonspecific staining.

To ensure that the different stages of dysplasia were the same throughout all sectioned 
slides of one block, the first and last slides from each block were stained with HE and 
examined by a pathologist specialized in gastrointestinal pathology (S.C.).

Scoring method
All stained slides were digitally scanned (InstelliSite Ultra-Fast Scanner, Philips). HE-
slides of each case were utilized to determine one clear region of each present stage 
of dysplasia (S.C. and N.D.). These regions were then marked on the digitally scanned 
HE slide. Subsequently, the same regions were marked in the remaining slides of that 
case that were stained with study markers (N.D.). The marking process for one case is 
shown in Supplementary Figure 1. The target expression in all stages of dysplasia was 
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quantified using the immunoreactive score (IRS). The IRS was calculated by multiplying 
the positive cell proportions (PS) and staining intensity score as previously described.21 
PS represented the percentage of positively stained cells and ranged between 0 and 4 (0 
= no positive cells; 1 = <10% positive cells; 2 = 10–50%, 3 = 51–80%, 4 = >80%). Intensity 
score represented staining intensity and ranged between 0 and 3 (0 = no color reaction; 
1 = mild reaction; 2 = moderate reaction; 3 = intense reaction). The total IRS was a 
range between 0 and 12 and was further subdivided into subgroups (0–1 = negative, 
2–3 = mild, 4–8 = moderate, 9–12 = strongly positive). Three observers independently 
evaluated the marker expression (N.D., J.B., and J.H.). All cases with disagreement 
regarding the IRS subgroup were discussed until a consensus was reached. The average 
of the individual scores within the same subgroup resulted in the definitive IRS.

Statistical analyses
Statistical analyses were performed using IBM SPSS version 24.0 (Chicago, USA) and 
GraphPad Prism 6 (La Jolla, CA, USA). The differential expression of each biomarker was 
studied by subtracting the expression scores of the LGD or normal colon component 
from the expression scores of the adjacent HGD-T1CRC component from the same slide. 
Sensitivities and specificities of HGD-T1CRC detection were calculated from the mean 
staining scores by receiver operating characteristic (ROC) curves. In the two markers 
that showed the greatest differential expression, the influence of morphological polyp 
characteristics on the occurrence of negative expression in the HGD-T1CRC component 
was explored using the chi-squared test. Mean IRS for different stages of dysplasia were 
compared using the Wilcoxon rank test. A p-value ≤0.05 was considered statistically 
significant.

Results

In total, tissue blocks of 39 T1CRC patients and 21 patients with HGD were included 
(Figure 1). A component of normal colon tissue was present in all cases, but due to 
the small size of this component, it was deemed insufficient for scoring in 3/60 cases. 
In two other cases, no distinct LGD component could be identified. For these 5 cases, 
components of the other stages of dysplasia were included in the results.

Patient and polyp characteristics are shown in Table 1. The overall median polyp size 
was 40 mm (range 8–100). The median polyp size was 15 mm (range 8–20) in the en 
bloc EMR subgroup and 40 mm (range 14–100) in the ESD subgroup. Macroscopic polyp 
morphology was flat elevated in 24 (40%) and sessile in 36 (60%). Polyps were mainly 
located in the rectum or rectosigmoid.

3
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Table 1. Clinical-pathological characteristics of the study cohort.

Number of cases n=60 (%)

Patient characteristics

Sex, male 44 (73.3)

Age, years, median (range) 65 (35-84)

Treatment
ESD 
En bloc EMR

51 (85.0)
9 (15.0)

Polyp characteristics

Location
Sigmoid
Rectosigmoid
Rectum

11 (18.3)
10 (16.7)
39 (65.0)

Diameter polyp, mm, median (range) 40 (8-100)

Gross morphology
Flat elevated
Sessile

24 (40.0)
36 (60.0)

Paris classification
Is
0-IIa
0-IIa + Is
0-IIa + c

29 (48.3)
5 (8.3)
18 (30.0)
8 (13.3)

Granularity
Granular
Non-granular

20 (33.3)
40 (66.7)

Maximal degree of dysplasia
HGD
T1CRC

21 (35.0)
39 (65.0)

Adenoma component (n=42)
Tubular
Villous
Tubulovillous
Serrated

12 (20.0)
4 (6.7)
25 (41.7)
1 (1.7)

Values are n (%) unless otherwise defined.
CRC colorectal cancer, EMR endoscopic mucosal resection, ESD endoscopic submucosal 
dissection, HGD high-grade dysplasia, LST lateral spreading tumor.
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Figure 1. Flowchart of patient selection. CRC colorectal cancer, EMR endoscopic mucosal resec-
tion, ESD endoscopic submucosal dissection, HGD high-grade dysplasia.

Expression of markers in different stages of dysplasia
Positive cell proportions and intensity scores varied widely for all markers throughout 
the cohort in normal, LGD, HGD and T1CRC tissues. Figure 2 shows all individual 
staining scores (IRS) in normal, LGD and HGD or T1CRC for each target; these scores 
are independently arranged in ascending order per target to illustrate the distributions 
across the cohort. The mean IRS of each target in the different stages of dysplasia is 
shown in Table 2.

If the HGD or T1CRC component showed positive expression (i.e. staining score >1), 
CEA and FRα were predominantly expressed on the apical membrane of the HGD-
T1CRC component, while c-MET, EpCAM, and αvβ6 showed a more membranous, 
circumferential staining pattern in the HGD-T1CRC components. Figure 3 shows 
the positive expression pattern of the different targets; for each target, the most 
representative case of positive expression in the HGD-T1CRC component was selected. 
An example of the staining pattern in the entire polyp of all targets in the same case of 
T1CRC is shown in Figure 4.

3
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Figure 2. Staining scores of CEA, c-MET, EpCAM, FRα, and αvβ6 in normal colorectal tissue, 
low-grade dysplasia (LGD) and high-grade dysplasia (HGD) or T1 colorectal cancer (T1CRC) were 
expressed as immunoreactive scores. The total immunoreactive scores were independently 
arranged in ascending order to demonstrate the distributions across our cohort. CEA carci-
noembryonic antigen, c-MET c-mesenchymal-epithelial transition factor, CRC colorectal cancer, 
EpCAM epithelial cell adhesion molecule, FRα folate receptor alpha, IRS immunoreactive score.

Table 2. The mean immunoreactive score (IRS) for the component of normal tissue, low-grade 
dysplasia (LGD), high-grade dysplasia (HGD), and T1 colorectal cancer (T1CRC) (minimum 0, 
maximum 12)

Target Normal 
mean IRS 

(n=57)

LGD
mean IRS 

(n=58)

HGD-T1CRC 
mean IRS 

(n=60)

p-value
Normal vs

HGD-T1CRC

p-value
LGD vs

HGD-T1CRC

CEA 0.08  1.83* 4.78 <0.001 <0.001

c-MET 0.02 2.64 3.58 <0.001 0.003

EpCAM 8.79 10.95 11.75 <0.001 0.011

FRα 0.04 0.70 1.23 0.001 0.051

αvβ6  0.42* 1.01 0.76 0.075 0.930
* Data of one case was missing due to a broken slide on which the IRS of that component could 
not be assessed properly.
CEA carcinoembryonic antigen, c-MET c-mesenchymal-epithelial transition factor, EpCAM 
epithelial cell adhesion molecule, FRα folate receptor alpha, IRS immunoreactive score.
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Figure 3. Positive staining pattern of all targets in the high-grade dysplasia (HGD) or T1 colorec-
tal cancer (T1CRC) component. For each target, an illustrative case was selected with positive 
expression in the HGD-T1CRC component (i.e. staining score >1). The region enclosed by the 
rectangle with dashed line consists of HGD or T1CRC. An overview image (left) and enlargement 
of the HGD-T1CRC region (right) are provided for each target. (a) CEA expression and (b) c-MET 
expression. (c) EpCAM expression. (d) FRα expression. (e) αvβ6 expression. CEA carcinoembry-
onic antigen, c-MET c-mesenchymal-epithelial transition factor, EpCAM epithelial cell adhesion 
molecule, FRα folate receptor.

3
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Figure 4. Overall staining pattern of all targets in the same case of T1 colorectal cancer (T1CRC). 
The region enclosed by the rectangle with dashed line consists of HGD-T1CRC. (a) Endoscopic 
images and resection specimen after endoscopic submucosal dissection. (b) HE slide. (c) CEA 
expression. (d) c-MET expression. (e) EpCAM expression. (f) FRα expression. (g) αvβ6 expres-
sion. HE hematoxylin-eosin, CEA carcinoembryonic antigen, c-MET c-mesenchymal-epithelial 
transition factor, EpCAM epithelial cell adhesion molecule, FRα folate receptor.

Expression of markers in normal tissues
Carcinoembryonic antigen expression was negative in 56/57 (98.2%). C-MET expression 
was negative in all cases. Epithelial cell adhesion molecule expression was positive in 
all cases, showing moderate (41/57, 71.9%) to strong (16/57, 28.1%) expression. Folate 
receptor alpha expression was negative in 56/57 (98.2%). αvβ6 expression was negative 
in 49/56 (87.5%).
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Expression of markers in low-grade dysplasia
Carcinoembryonic antigen expression was negative in 37/57 (64.9%). C-MET expression 
was negative in 19/58 (32.8%), most of cases showed a moderate expression (22/58, 
37.9%). Epithelial cell adhesion molecule expression was positive in all cases, showing 
moderate (10/58, 17.2%) to strong (48/58, 82.8%) expression. Folate receptor alpha 
expression was negative in 47/58 (81.0%). αvβ6 expression was negative in 48/58 
(82.8%).

Expression of markers in high-grade dysplasia or T1 colorectal cancer
Carcinoembryonic antigen expression was positive in 44/60 (73.3%), showing a strong 
expression in 16/60 (26.7%). C-MET expression was positive in 47/60 (78.3%), showing 
a strong expression in 3/60 (5%). Epithelial cell adhesion molecule expression was 
positive in all cases, showing a strong expression in 57/60 (95%). Folate receptor alpha 
expression was positive in 18/60 (30.0%), strong expression was observed in 1/60 (1.7%). 
αvβ6 expression was positive in 12/60 (20.0%), but strong expression was not observed.

Differential HGD-T1CRC expression compared to normal
The staining intensity was higher in the HGD-T1CRC component than the adjacent 
normal component for CEA in 46/57 (80.7%), c-MET in 46/57 (80.7%), EpCAM in 40/57 
(70.2%), FRα in 20/57 (35.1%), and αvβ6 in 14/56 (25.0%) (Figure 5). Carcinoembryonic 
antigen showed the greatest increase in IRS. If there was an increase, the HGD-T1CRC 
component scored on average 6.0 points higher (95% CI 5.0–7.0) than the adjacent 
normal component. For c-MET this was 4.4 (95% CI 3.8–5.1) (Table 3).

Table 3. The magnitude of the increase in the immunoreactive score (IRS) between the high-
grade dysplasia (HGD) or T1 colorectal cancer (T1CRC) component and the normal or low-grade 
dysplasia (LGD) component if an increase was present, expressed as mean and 95% confidence 
interval.

Target
Increase in IRS between the HGD-

T1CRC and normal component 
Mean (95%CI)

Increase in IRS between the HGD-
T1CRC and LGD component

Mean (95%CI)

CEA 6.0 (5.0-7.0), n=46 4.5 (3.4-5.5), n=38

c-MET 4.4 (3.8-5.1), n=46 3.0 (2.2-3.9), n=25

EpCAM 4.3 (4.0-4.6), n=40 5.0 (3.5-6.5), n=10

FRα 3.6 (2.6-4.5), n=20 2.9 (1.8-4.0), n=13

αvβ6 2.9 (2.0-3.7), n=14 2.3 (1.0-3.7), n=9
CEA carcinoembryonic antigen, CI confidence interval, c-MET c-mesenchymal-epithelial 
transition factor, CRC colorectal cancer, EpCAM epithelial cell adhesion molecule, FRα folate 
receptor alpha, HGD high-grade dysplasia, IRS immunoreactive score, LGD low-grade dysplasia.

3
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Differential HGD-T1CRC expression compared to low-grade dysplasia
The staining intensity was higher in the HGD-T1CRC component than the surrounding 
LGD component for CEA in 38/57 (66.7%), c-MET in 25/58 (43.1%), EpCAM in 10/58 
(17.2%), FRα in 13/58 (22.4%), and αvβ6 in 9/58 (15.5%) (Figure 5). For CEA, if there was 
an increase in IRS, HGD-T1CRC components scored on average 4.5 points higher (95% 
CI 3.4–5.5) than adjacent LGD components. For c-MET, this was 3.0 (95% CI 2.2–3.9) 
(Table 3).

Separate results for the HGD and T1CRC subgroups can be found in the supplemen-
tary results.

Specificity and sensitivity for HGD-T1CRC detection
Varying the limit of detection, we examined what proportion of HGD-T1CRC components 
would be visualized (sensitivity) and what proportion of LGD components would be 
visualized (specificity). A receiving operating characteristic (ROC) was plotted for each 
marker to select the optimal cut-off scores (i.e. scores with the greatest combined 
sensitivity and specificity). Using these optimal cut-off scores, sensitivity and specificity 
for detection of the HGD-T1CRC component versus surrounding LGD were 65.0% and 
75.0% for CEA (cut-off >2.5), 55.0% and 60.3% for c-MET (cut-off >3.5), 93.3% and 22.4% 
for EpCAM (cut-off >11), 16.7% and 93.1% for FRα (cut-off >3.5), and 28.3% and 75.9% 
for αvβ6 (cut-off <0.5). Supplementary Figure 2 shows the ROC curves for detection of 
the HGD-T1 components compared to the normal and LGD components.

Correlation between carcinoembryonic antigen and c-mesenchymal-epithelial 
transition factor expression and morphological characteristics
For CEA and c-MET, negative staining in the HGD or T1CRC component did not 
statistically differ between flat elevated and sessile polyps, granular and non-granular 
polyps, and smaller or larger polyps (dichotomized, using 40 mm as cut-off), all p > 0.05 
(supplementary Table 2). Additional information regarding the cases with negative CEA 
staining in the HGD or T1CRC component is provided in supplementary results.
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Figure 5. Differential expression plots. Differential expression scores were calculated by sub-
tracting the IRS of the normal or low-grade dysplasia component from the IRS of the HGD-T1CRC 
component. Differential expression scores were independently arranged and connected in as-
cending order to demonstrate the distributions across the cohort. (a) shows the differential 
expression plot for HGD-T1CRC components compared to surrounding normal colorectal tissue. 
(b) shows the differential expression plot for HGD-T1CRC components compared to surrounding 
components of LGD. CEA carcinoembryonic antigen, c-MET c-mesenchymal-epithelial transition 
factor, CRC colorectal cancer, EpCAM epithelial cell adhesion molecule, FRα folate receptor alpha, 
IRS immunoreactive score, LGD low-grade dysplasia.
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Discussion

This study is the first to evaluate the suitability of CEA, c-MET, EpCAM, FRα, and αvβ6 
as possible targets to detect a focus of HGD or T1CRC in large colorectal polyps using 
tumor-targeted fluorescence-guided endoscopy. Our results indicate that CEA shows 
the most differential expression for the HGD-T1CRC component of the tested markers. 
Therefore, CEA appears to be the most promising target for in vivo testing.

Carcinoembryonic antigen outperformed the other markers by showing the greatest 
differential HGD-T1CRC expression, especially compared to the LGD component. In 
comparison to CEA, positive expression (i.e. Immunoreactive score >1) in the HGD-T1CRC 
component was found more frequently for c-MET (47/60, 78.3%). However, c-MET 
lacked the degree of differential expression with LGD because the expression in the 
LGD component was also positive in a considerable amount of cases, which was in line 
with previous studies. C-MET was even successfully used as an in vivo FOI target for 
polyps.11 EpCAM showed a positive expression in the HGD-T1CRC component most 
frequently of all tested biomarkers (60/60, 100%) but hardly showed any differential 
expression with the LGD components. The number of cases with a positive expression 
in the HGD-T1CRC component for FRα (18/60, 30.0%) and αvβ6 (12/60, 20.0%) were 
too low to be considered as suitable targets.

For CEA, positive expression in the HGD-T1CRC component was seen in 44/60 (73.3%) 
cases. This was slightly lower than the previously reported 87%–99% in studies that 
mainly included more advanced CRC stages.15,22 Since not all HGD-T1CRC components 
show positive expression for CEA, not all patients will benefit from tumor-targeted 
FOI targeting CEA. It would be preferable to be able to select those patients who 
would. This study could not identify morphological polyp characteristics that were 
associated with negative tumor expression. However, it should be kept in mind that 
the current study may be underpowered to identify relevant factors. Moreover, serum 
CEA levels do not appear informative for predicting expression levels.23 Additionally, 
screening CEA expression on pre-operative biopsies does not appear to be a feasible 
selection strategy because, in accordance with the motive of this study, recognizing 
and thus being able to take biopsies from the HGD-T1CRC component in larger polyps 
can be challenging. CEA›s imperfect tumor expression rate may hamper its clinical 
implementation as HGD- and T1CRC-specific FOI targets. However, the perfect target 
has yet to be discovered and CEA appears to be the most promising. Alternatively, a 
combination of two complementary targets could be considered. Based on our results, 
c-MET and EpCAM could enhance the detection of HGD-T1CRC versus normal tissue, 
but this does not contribute to better distinction between HGD-T1CRC foci versus LGD 
components compared to single target CEA, which was the aim of this study.
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Based on the results of this study, we are conducting a clinical pilot study to assess 
whether it is possible to specifically detect an HGD or T1CRC component in non-
pedunculated rectal polyps using SGM-101, a fluorochrome-labeled anti-CEA 
monoclonal antibody. After intravenous administration of this fluorescent CEA-targeting 
tracer, imaging will be performed using a fluorescence-endoscope. For this clinical 
study, it should be taken into account that immunohistochemical studies can only 
partly mimic the in vivo situation where several other factors can potentially influence 
the performance. These factors include tissue penetration, background staining, 
immunological response and sensitivity of the NIR-camera system. However, despite 
these challenges, the feasibility and safety of fluorescence-labeled contrast agents 
targeting CEA for in vivo tumor imaging have already been shown. For example, SGM-101 
showed enhanced differentiation between normal and cancerous tissues in pancreatic 
cancer and CRC.24 Additionally, its application during CRC surgery influenced clinical 
decision-making.9 A promising novel clinical application of CEA-targeted fluorescent 
agents might be during endoscopic assessment of colorectal polyps where it could 
help to improve the recognition of HGD-T1CRC foci and therefore aid the process of 
decision-making for the preferred local resection technique.

Although the results are promising, the present study has some limitations. 
The main drawbacks are the relatively small number of cases and the use of 
semiquantitative immunohistochemistry to measure protein expression. Even though 
immunohistochemistry is routinely used, it frequently lacks standardization and 
therefore interpretation of staining patterns might be heterogeneous. Our study 
attempted to minimize this by using validated antibodies and a previously published 
scoring system.21 Lastly, the biomarker panel only consisted of well-established 
biomarkers with clinically available tracers to save time-consuming steps in the cascade 
of developing new imaging tracers, such as safety trials.25 By using this pragmatic 
approach, there is a possibility that the most suitable HGD-T1CRC specific target is yet 
to be discovered and was not included in the panel of this study. 

Conclusion

Of the tested targets, CEA appears the most suitable to specifically detect foci of HGD 
and T1CRC in colorectal polyps. An in vivo study using tumor-targeted fluorescence-
guided endoscopy should confirm these findings.
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Supplemental materials

Supplemental Table 1. Specifications of antigen retrieval and used antibodies.

 Antibody Company Clone Stock 
concentration

Dilution Antigen 
Retrieval

Fluorescent 
agents

Anti-
CEACAM5

Santa Cruz 
Biotechno- 
logy

CI-P83-1 0.2 µg/mL 1/2500 Dako PT 
Target 
Retrieval 
Solution, pH 
6.0

SGM-101

Anti-c-MET Bio SB EP1454Y 1 µg/mL 1/50 Dako PT 
Target 
Retrieval 
Solution, pH 
6.0

EMI-137

Anti-EpCAM Acris 
Antibodies

MOC-31 0.64 mg/mL 1/10000 Dako PT 
Target 
Retrieval 
Solution, pH 
6.0

VB5-845D- 
800CW

Anti-FRα BioCare 
Medical

26B3.F2 Ready-to-use Ready-
to-use

Diva 
Decloaker 
Solution, pH 
6.2

OTL-38

Anti-αvβ6 Biogen Idec 6.2A1 0.5 μg/mL 1/100 0.4% pepsin cRGD-
ZW800-1*

*Also has to ability to bind integrins such as αvβ3 and αvβ5.
CEA (CEACAM5) carcinoembryonic antigen, c-MET c-mesenchymal-epithelial transition factor, 
EpCAM epithelial cell adhesion molecule, FRα folate receptor alpha.

Supplemental Table 2. Morphological polyp characteristics and its relation to positive or negative 
staining, using Chi-squared test. - negative staining (i.e. score 0-1), + positive staining (i.e. score 
>1). CEA carcinoembryonic antigen, c-MET c-mesenchymal-epithelial transition factor.

CEA - CEA + p-value c-MET - c-MET + p-value

Granularity
Granular
Non-granular

4
12

16
28

0.409 3
10

17
30

0.375

Gross morphology
Sessile
Flat elevated

9
7

27
17

0.721 8
5

28
19

0.898

Size
<40mm
≥40mm

6
10

23
21

0.311 6
7

23
24

0.859
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Supplementary Figure 1. Marking of areas in a case of T1CRC. One distinctive region of normal 
colon tissue (green), low-grade dysplasia (blue), high-grade dysplasia (yellow) and T1 colorectal 
cancer (red) was assessed by a pathologist specialized in gastro-intestinal pathology (S.C.) and 
marked by a researcher (N.D). Hematoxylin and eosin slide (upper) and  immunohistochemical 
staining for carcinoembryonic antigen expression (lower).
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Supplementary Figure 2. Receiver operating characteristic (ROC) curves were plotted for each 
marker. The left figure shows the ROC curves for HGD-T1CRC and normal tissue: CEA and c-MET 
follow the left y-axis and top x-asis, identifying it as sensitive and specific discriminator between 
the HGD-T1CRC component and normal tissue (left). FRα and αvβ6 tend to follow the reference 
line, indicating poor performance. EpCAM follows the top x-as closely, indicating high sensitivity, 
however lacks the specificity of CEA and c-MET. The right figure shows the ROC curves for the 
HGD-T1CRC component compared to the component of low-grade dysplasia: all markers but CEA 
follow the reference line, indicating poor performance. ROC Receiver operating characteristic, 
CRC colorectal cancer, LGD low-grade dysplasia, HGD high-grade dysplasia, CEA carcinoembry-
onic antigen, c-MET c-mesenchymal-epithelial transition factor, EpCAM epithelial cell adhesion 
molecule, FRα folate receptor alpha.

Supplementary Figure 3. Expression levels of CEA, c-MET, EpCAM, FRα and αvβ6 in high-grade 
dysplasia and T1CRC. The total immunoreactive scores were independently arranged in ascending 
order to demonstrate the distributions across our cohort. CRC colorectal cancer, HGD high-grade 
dysplasia, IRS immunoreactive score, CEA carcinoembryonic antigen, c-MET c-mesenchymal-ep-
ithelial transition factor, EpCAM epithelial cell adhesion molecule, FRα folate receptor alpha.
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Supplementary Figure 4. Expression scores of normal colon components were subtracted from 
those of adjacent T1 CRC components to quantify the degree of differential expression for each 
case. Differential expression scores were independently arranged and connected in ascending 
order to demonstrate the distributions across our cohort (left). CRC colorectal cancer, CEA car-
cinoembryonic antigen, c-MET c-mesenchymal-epithelial transition factor, EpCAM epithelial cell 
adhesion molecule, FRα folate receptor alpha.

Supplementary Figure 5. Expression scores of low-grade dysplasia components were subtract-
ed from those of adjacent T1CRC components to quantify the degree of differential expression 
for each case. Differential expression scores were independently arranged, and connected, in 
ascending order to demonstrate the distributions across our cohort (left). CRC colorectal cancer, 
LGD low-grade dysplasia, CEA carcinoembryonic antigen, c-MET c-mesenchymal-epithelial tran-
sition factor, EpCAM epithelial cell adhesion molecule, FRα folate receptor alpha.

3



54

Chapter 3

Supplementary Figure 6. Expression scores of normal colon components were subtracted from 
those of high-grade dysplasia components to quantify the degree of differential expression for 
each case. Differential expression scores were independently arranged, and connected, in as-
cending order to demonstrate the distributions across our cohort (left). CRC colorectal cancer, 
CEA carcinoembryonic antigen, HGD high-grade dysplasia, c-MET c-mesenchymal-epithelial 
transition factor, EpCAM epithelial cell adhesion molecule, FRα folate receptor alpha.

Supplementary Figure 7. Expression scores of low-grade dysplasia components were subtracted 
from those of high-grade dysplasia components to quantify the degree of differential expres-
sion for each case. Differential expression scores were independently arranged, and connected, 
in ascending order to demonstrate the distributions across our cohort (left). CRC colorectal 
cancer, HGD high-grade dysplasia, LGD low-grade dysplasia, CEA carcinoembryonic antigen, 
c-MET c-mesenchymal-epithelial transition factor, EpCAM epithelial cell adhesion molecule, 
FRα folate receptor alpha.
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