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Abstract

BACKGROUND—Surveillance colonoscopy using random biopsies to detect colitis-associated
cancer (CAC) suffers from poor sensitivity. Although chromo-endoscopy improves detection,
acceptance in the community has been slow. Here, we examine the usefulness of near infrared
fluorescence (NIRF) endoscopy to image molecular probes for cathepsin activity in colitis-induced
dysplasia.

METHODS—In patient samples, cathepsin activity was correlated with colitis and dysplasia. In
mice, cathepsin activity was detected as fluorescent hydrolysis product of substrate based probes
(SBPs) after injection into IL-10~/~ colitic mice. Fluorescence colonoscopy and colonic whole
mount imaging were performed prior to complete sectioning and pathology review of resected
colons.

RESULTS—Cathepsin activity was 5 and 8 — fold higher in dysplasia and CAC respectively,
compared to areas of mild colitis in patient tissue sections. The signal to noise ratios for dysplastic
lesions seen by endoscopy in IL-10~/~ mice were 5.2 1.3, (P=0.0001). Lesions with increased
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NIRF emissions were classified as raised or flat dysplasia, lymphoid tissue and ulcers. Using
images collected by endoscopy, a receiver operating characteristic curve (ROC) for correctly
diagnosing dysplasia was calculated. The area under the curve was 0.927. At a cut off of 1000
MFI, the sensitivity and specificity for detecting dysplasia were 100% and 83% respectively.
Analysis revealed that enhanced NIRF emissions derived from increased numbers of infiltrating
myeloid derived suppressor cells and macrophages with equivalent cathepsin activity.

CONCLUSIONS—These studies indicate that cathepsin SBP imaging correctly identifies
dysplastic foci within chronically inflamed colons. Cathepsin-based NIRF endoscopy presents
unique advantages that may increase sensitivity and specificity of surveillance colonoscopy in
patients with CUC.

Keywords
Dysplasia; colitis; macrophages; cathepsin activity; fluorescence endoscopy

Introduction

The relative risk for colorectal cancer (CRC) is high in patients with a history of extensive
ulcerative colitis and Crohn’s colitis 1 2 3. For this reason, colitis patients undergo
surveillance colonoscopy at regular intervals after eight years of disease 4. Surveillance
examinations increase the detection of CAC at early stages compared to patients not being
followed® 7. In addition, detection of low grade dysplasia (LGD) identifies patients at
increased risk for development of high grade dysplasia (HGD) and CRC 268, Thus, current
surveillance programs improve survival for patients who develop CAC as well as alert
physicians to those individuals who require more aggressive surveillance or colectomy.

Surveillance colonoscopy involves taking random biopsies from the colon and sampling or
removing suspicious lesions 210, The detection of intraepithelial neoplasia (IN) raises
concerns that patients have synchronous cancers or progress to HGD or CAC 11,1213,
Previously, most dysplasia detected microscopically by random biopsies was thought to be
“invisible” by white light colonoscopy 1914, Using modern colonoscopic technologies,
Rutter et al found that most dysplasia was visible with only 22% detected by random
biopsies alone 2. Dye-enhanced methods increase yields of dysplasia detection 2-3-fold over
non-dye-enhanced methods?814, In a recent study employing random and dye-enhanced
methods, dye-enhanced strategies improved detection 5-fold over random biopsies.
Interestingly in 2 of the 102 patients studied, foci of LGD detected by random biopsy
methods were not detected by non-dye or dye-enhanced targeted biopsies?. Together these
findings support the notion that dye-enhanced methods improve sensitivity for LGD
detection but raise concerns that some foci may escape detection even by these improved
techniques. The clinical relevance of these findings pertain to the potential that early
detection of LGD may allow some patients to choose resection and careful follow-up over
colectomy15.

Here we present data that fluorescence imaging of cathepsin activity can be used as a
functional indicator of cells that infiltrate into dysplastic lesions. Cathepsins are lysosomal
cysteine proteases that contribute to the proteolytic network in tumor microenvironments 16

Inflamm Bowel Dis. Author manuscript; available in PMC 2015 January 26.
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Cathepsin activity is localized to subsets of tumor associated macrophages (TAM) and
myeloid derived suppressor cells (MDSC). We and others have shown that TAM and MDSC
recruitment is increased in colitis 17 and in several tumors including intestinal polyps?8,
pancreatic tumors!20 and implanted intra-peritoneal tumors?. These findings led to the
proposed application of functional imaging to uncovering early dysplasia 18. To detect
active cathepsin, mice are injected with a substrate-based probe (SBP) that fluoresces in the
near infrared frequency (NIRF) when cleaved. Intact probes fail to emit light due to self-
quenching whereas cleavage exposes fluorophores to excitation by NIRF light 22. In
addition, the strategy for using cathepsin-based probes in the NIRF wavelength allows
detection of light emitted at greater tissue depth than reflected white light.

In this article cathepsin activity of the dysplasia infiltrating MDSCs and macrophages were
detected by employing fluorescence endoscopy in the colons of IL-10~/~ mice. We found
that cells with cathepsin activity could be detected using a mouse colonoscope modified to
image in white light and in NIRF spectrum simultaneously. We observed that NIRF
emissions from focal areas of dysplasia were significantly brighter than surrounding areas of
colitis. Further studies correlated cathepsin activity with dysplastic pathology in mouse and
human colitis tissue. Together the results suggest imaging of cathepsin activity is a sensitive
and specific tool for detecting dysplasia in patients with longstanding colitis.

Validation of cathepsin activity emissions in dysplastic lesions using reflectance NIRF

imaging

To validate the efficiency of SBPs to detect autochthonous dysplasia over colitis we
examined excised colons, previously stained with SBP 680, by reflectance imaging with the
reflectance fluorescence device Olympus OV100 device, and calculated the linear NIRF
emission profiles of whole colons with Image J software. To correlate the increased
emission signal with the relevant histology, colons were Swiss rolled sectioned in 5pm
sections (~150 sections) and every 10t section was stained with H&E. The sections were
examined by pathologists (EC & GL) to determine the type of lesions and distance from the
rectum. Examining 3 mice with severe colitis (d28) no dysplasia was detected (Figure 1, A
d28 1-3). Areas of moderate increased emission corresponded to focal ulcers (ulcers Vs
non-ulcerated inflamed mucosa, mean +/— SEM: 117+32.45 Vs 78+19.8 AU, p < 0.05) and
lymphoid aggregates (lymphoid Vs inflamed, mean +/- SEM: 126+25.6 Vs 78+19.8 AU,
p<0.05). Differences of emissions between ulcerations and lymphoid aggregates were not
statistically significant (Figure 1 B). Colons of d35 mice (n=3) contained ulcers and large
lymphoid aggregates with intermediate NIRF emissions (Figure 1, A 35d 1-3).

In one third of the d35 mice examined we observed three high emission peaks that were
histologically identified as dysplastic lesions (192.5+32.6 AU; Figure 1 B). These dysplastic
lesions localized to proximal colon, where we normally detect high densities of ulcerated
lesions. We speculate that in some cases ulcers and regenerative tissue may be etiologically
linked with dysplastic lesions. In six out of nine d56 IL-10~~ mice examined, dysplastic
lesions with high intensity NIRF emissions were detected. In all nine mice large lymphoid
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aggregates were detected in the distal colon with intermediate signal emission (Fig. 1, A 56d
1-3).

By examining all the emission values in aggregate, we found that the mean gray value of
dysplastic areas was more than 50% higher than the mean gray value of lymphoid
aggregates, 70% higher than ulcers and nearly 2.5-fold higher than microscopic colitis (Fig
1B). All emissions were statistically higher than the emissions from control C57BL/6 mice
(n=3) examined indicating inflammation alone increases cathepsin activity. Based on these
findings, we conclude that the level of cathepsin activity detected by SBP 680 emission
readily discriminates dysplasia from colitis.

The prototype fluorescence endoscope

Having established that NIRF imaging of cathepsin activity discriminates dysplastic lesion
on inflamed colitis we collaborated with Olympus Japan in designing and implementing a
NIRF fluorescence endoscope. Our aim was to define the condition, under which we could
detect dysplastic lesions in vivo with a minimally invasive technique.

The excitation light (680 nm, 750 nm) was produced after spectral separation of the white
light produced from a Xe lamp. The excitation and the visible light are transmitted through
the Olympus BF-XP60 fiberscope into the colon. This fiberscope has a 90° field of view,
and a 2-50 mm focal depth. Its outer diameter is 2.8 mm and is uniform throughout its 600
mm length. The fiberscope is equipped with a 1.2 mm instrument channel and has a bending
section at the tip (180° up, 130° down). The fluorescent light is collected through a splitter
to an emission filter on a high sensitivity CCD camera. The transmitted white light was
collected after a splitter to a color CCD camera. The emitted fluorescence and the
transmitted white light images were projected on a computer screen and recorded
simultaneously with a rate of 10 frames per second (Figure 2). The images collected were
converted to time stacks and videos with the use of the NIH Image J software. To calculate
the signal to noise ratio (SNR) we select three regions of interest (ROI) 25x25 pixels. One
ROI corresponds to the high emissions region, the second is the low emission region, and
the third corresponds to the electronic noise of the system. SNR was calculated using the
formula (high emissions ROI-electronic noise)/(low emissions-electronic noise). MFI and
SNR were recorded using NHI Image J software, and the statistical results were calculated
with GraphPad Prism5.

The resolution of the white light camera is not high, a compromise necessary to achieve both
wide-angle vision and extended focal depth in this endoscope. With the fluorescence
camera, we were able to detect focal increases in emission proven histologically to be
colitis-induced dysplasia.

Endoscopic imaging of cathepsin activity SBP identifies dysplastic lesions in colitis

To test the efficacy of cathepsin activity imaging in vivo, the prototype endoscopic system
was used to detect fluorescent emissions from cathepsin hydrolyzed SBPs in 680nm (Fig. 2).
In Fig. 3 are shown representative results of fluorescence endoscopy of 1L-10~/~ mice.
IL-10~/~ mice, injected with SBP 680 (Fig. 3 B) revealed areas of focally increased

Inflamm Bowel Dis. Author manuscript; available in PMC 2015 January 26.
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emission reflecting elevated cathepsin activity. To determine the histology of tissue areas
with high emission, colons were examined ex vivo by reflectance fluorescence imaging (Fig.
3 C 1-4). Tissues corresponding to areas of high emission were evaluated histologically. An
analysis of the MFI of areas of high emission compared to surrounding non-involved areas
permitted calculation of the SNRs. The histopathology of these lesions fell into four
categories: type A, dysplastic lesions with raised mucosa (Fig.3 A3-D 3) associated with
high MFI and high SNR (Fig. 3; B, 3 white=MFI and magenta=SNR); type B lesions with
flat dysplastic mucosa (Fig. 3 A4-B 4), high MFI and SNR (Fig. 3; B, 4, white=MFI and
magenta=SNR), type C lesions with raised mucosa overlying lymphoid tissue (Fig 3; A2-D
2), intermediate MFI and SNR (Fig. 3; B, 2, white=MFI and magenta=SNR) and areas of
ulceration also exhibited enhanced cathepsin activity (Fig. 3 A1-D 1), with low to
intermediate MFI and SNR (Fig. 3; B, 1, white=MFI and magenta=SNR).

Type A lesions contained raised structures, with numerous dysplastic crypts (Fig.3; D 3).
Type B lesions were flat with microscopic foci of dysplasia containing cells with atypical
nuclear morphologies and aberrant crypt structures (Fig.3; D 4). Type C lesions with
intermediate MFI contained large lymphoid aggregates (Fig 3; D 2). Type D lesions
contained acute granulation tissue surrounded by reactive/regenerative epithelia (Fig 3; D 1).

To determine the statistical significance of endoscopic NIRF values, the mean fluorescence
emission from individual lesions (n=15 mice) were calculated and segregated into groups
according to their histology. The mean values associated with both raised and flat dysplastic
regions were nearly 2.2-fold higher than those values associated with ulcers or lymphoid
aggregates (MFI£SEM: 2049+720 AU for raised dysplasia, 2331+668 AU for flat dysplasia,
939.4+1608 AU for ulcers and 874+408 AU for lymphoid aggregates) and more than 3-fold
higher than the microscopically inflamed tissue (647+58.5 AU). One-way ANOVA analysis
showed that the MFIs of dysplastic regions were statistically higher than MFIs of non-
dysplastic lesions (P>0.0001). Non-inflamed colons from C57BL/6 mice had lower
cathepsin activity with mean emission 141+26.6 AU (Fig. 3, E). This analysis suggests that
MFI values above 1000AU detected all dysplastic lesions. However, the sensitivity for
detecting dysplasia dropped as lesions with MFI >1000AU were analyzed. Conversely, the
specificity of dysplasia being correctly identified increased progressively for lesions with
MFI1 >1000 (Fig. 5 A&C).

Fluorescence emissions segregates dysplastic from benign lesions

To determine the efficacy of the method of detection we constructed a receiver operating
characteristic (ROC) curve using the MFI of raised and flat dysplasia as the test group and
the MFI of the lymphoid aggregates, ulcers, and microscopic inflammation as controls. The
area under the curve was calculated (Fig. 4). The estimated value of 0.972 confirmed that
imaging of cathepsin activity has excellent diagnostic power for discerning dysplasia and
cancer from benign tissue inflammation in colitis.

Cathepsin* cells are infiltrating colitis tissue and adenocarcinoma in human colon (CRC)

The efficacy of SBPs to detect cathepsin activity in colitis, sporadic colorectal cancer (CRC)
and colitis-associated cancer (CAC) in snap-frozen human biopsy specimens was addressed.

Inflamm Bowel Dis. Author manuscript; available in PMC 2015 January 26.
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The signal attributed to cathepsin activity was abolished in sections treated with the pan-
cathepsin inhibitor, JPM-OEt (Sup. Fig. 1 C 1,2). Results show that compared to un-
inflamed controls, 5-fold more cells with cathepsin activity (cathepsin®) were present in
mild colitis (MLD), 12-fold more in moderate colitis (MOD), 23-fold more in low grade
dysplasia (LGD) and 33-fold more in HGD/CAC), compared to normal tissue (Fig. 5).
These data indicate that detection of cathepsin activity discriminates dysplastic tissue from
benign areas of active colitis in human biopsies.

Discussion

The current study found data to support the clinical testing of fluorescence endoscopy for
cathepsin activity in patients with chronic colitis. We propose that imaging of cathepsin
activity provides a highly sensitive and specific means for detecting foci of dysplasia within
tissue that has ongoing chronic inflammation. Staining for cells with increased cathepsin
activity in human tissue sections revealed that areas of LGD and HGD/CAC contained
significantly more cathepsin* cells than colitis or normal tissue (Fig. 5 & sup. fig. 1). The
increased numbers of cells seen in tissue sections with dysplasia led us to test the practical
value of this marker as a tool for detecting dysplasia by endoscopy in mice with colitis-
induced dysplasia. Our primary goal was to determine whether imaging of cathepsin activity
could detect dysplastic foci within colons with ongoing active inflammation. The results of
endoscopic and whole mount tissue imaging indicate that cathepsin activity imaging clearly
discriminates dysplasia from surrounding colitis.

Detection of active cathepsins was made possible through use of a novel poly-lysine homo-
peptide linked with self-quenching Cy 5.5 fluorophores. These probes accumulate within the
lysosomes of MDSC and macrophages that infiltrate dysplasia and cancer tissue 18. This
feature of SBPs may have increased emissions from dysplastic areas as probes accumulate
within cells over the period from injection to imaging 24h later. Thus, live imaging was not
reliant on the static assessment of active cathepsin but rather the dynamic activity of
cathepsin to hydrolyze probes and accumulate product within areas of dysplasia.

It is possible that areas of early LGD have few surface abnormalities detectable by modern
optics or dye-enhanced methods. The current study addresses whether technology directed at
alterations in the sub-epithelial layer provide signals for dysplasia. Data in human tissue and
live animals suggest that NIRF imaging of a molecular probe for cathepsin activity detects
dysplasia in its earliest form. In some cases (Fig 3), LGD was seen in flat lesions indicating
that cathepsin imaging delineates dysplastic behavior before surface alterations occur. Thus,
detection of functional changes aligned with dysplasia may offer enhanced sensitivity for
even invisible forms of LGD.

Analysis of fluorescence emission values from LGD and surrounding flat mucosa indicates
that the SNR averages 5:1 over the colitis environment that already has increased cathepsin
activity 17(Fig. 5, B). Some variability in SNR was due to differing size and severities of
lesions and histology of surrounding mucosa. In areas of LGD surrounded by ulcerated
mucosa, the SNR was lower than in regions where LGD occurred amongst mild colitis. In
patients undergoing surveillance colonoscopy, LGD may be surrounded by microscopic

Inflamm Bowel Dis. Author manuscript; available in PMC 2015 January 26.
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colitis 14. Given that dysplastic lesions represent accumulations of MDSC and macrophages
within focal lesions, their emission is more concentrated 18. By comparison, cathepsin
activity in mild active colitis is more dispersed and therefore less likely to be confused with
relatively bright emissions from LGD. One potential area of difficulty may relate to
lymphoid tissue. Findings in Fig 3 suggest that NIRF emission from cathepsin activity in
raised lymphoid lesions may be confused with raised LGD. Future studies in patients will
need to discern how often lymphoid tissue reaches the threshold for targeted biopsies.

We propose that these performance characteristics support the use of a cathepsin-based
imaging system in dysplasia detection 8. The potential that NIRF imaging of cathepsin
activity will enable detection of colitis-induced dysplasia prior to appearance of endoscopic
changes may alter the paradigm of surveillance colonoscopy. It is possible that detection of
dysplasia at its earliest stage may allow endoscopists to resect dysplasia at its inception
thereby impairing the progression to HGD and cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A) Representative patterns of three colons each from d28, d35 and d56 mice are shown. The
patterns represent the emission values per pixel alongside a box 5 pixels x the length of the
colon. The color shaded areas of the graphs represent verified areas of ulcers (blue),
lymphoid aggregates (green) and dysplasia (red). On the top of each graph are the
reflectance fluorescence images of each colon analyzed. (B) Cumulative plots of the
emission values of each type of lesions analyzed: microscopic (gray), ulcer (blue), lymphoid
aggregates (green), dysplastic lesions (red) and healthy B6 colon (black) are shown.
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Diagram of the small animal fluorescence endoscope as designed by Olympus.
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Figure 3. Focal increases of cathepsin activity emission designate dysplastic lesions in 1L10—-/-
mice with active colitis

(A) White light endoscopic images of lesions that correspond to (B) representative areas of
focally increased NIRF emission of cathepsin activity mouse colon MFI of the lesions are
shown in white fonts and SNR in magenta. In (C) is shown reflectance fluorescence image
of the lesions extracted from whole mounts colon examined in A and B (660nm). (D) H&E
images (x400) of the representative lesions shown in (A) & (B). (E) Cumulative plot of MFI
of the lesions observed in the 15 mice examined.
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Figure 4.
OC curve testing the sensitivity and specificity in detecting raised and flat lesions over

colitis associated structures
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Figure 5.

Numbers of cathepsin+ cells are increased in areas of dysplasia compared to colitis in
patient biopsies: Dot plot frequencies of cathepsin+ cells stratified according to H&E
analysis. Control (C), mild colitis (MLD), moderate colitis (MOD), low-grade dysplasia
(LGD) and high grade dysplasia and colitis-associated cancer (HGD/CAC)
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Table 1

Types of lesions with high to moderate emissions.

Mucosa | MFI SNR Histology
Type A | Raised High High Dysplastic
Type B | Flat High High Dysplastic
Type C | Raised Moderate | Moderate | Lymphoid aggregate
Type D | Raised Moderate | Moderate | Ulcer
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