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Abstract

Background—Mohs micrographic surgery (MMS) examines all margins of the resected sample
and has a 99% cure rate. However, many non-melanoma skin cancers (NMSCs) are not readily
amenable for MMS. This defines an unmet clinical need to assess the completeness of non-MMS
resections during surgery to prevent re-excision/recurrence.

Objective—Examine the utility of quenched activity-based probe (QABP) imaging to
discriminate cancerous versus normal skin tissue.

Methods—The QABP GB119 was applied to NMSC excised from 68 patients. We validated
activation of the probe for H&E confirmed cancerous tissue versus normal skin tissue.

Results—Topical application of the probe differentiated basal cell carcinoma (BCC) and
squamous cell carcinoma (SCC) from normal skin with overall estimated sensitivity and
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specificity [95% CI] of 0.989 [0.940-1.00] and 0.894 [0.769-0.965], respectively. Probe activation
accurately defined peripheral margins of NMSC as compared to conventional H&E based
pathology.

Limitations—This study only examined NMSC debulking excision specimens. The sensitivity
and specificity for this approach using final NMSC excision margins will be clinically important.

Conclusions—These findings merit further studies to determine whether QABP technology may
enable cost-effective increased cure rates for NMSC patients by reducing re-excision and
recurrence rates with a rapid and easily interpretable technological advance.

Keywords

molecular optical imaging; quenched activity based probe; topical application; cathepsin-L; non-
melanoma skin cancer; re-excision rate; cathepsin-B

Introduction

Non-melanoma skin cancers (NMSC) are the most common form of human cancer with
approximately 3.5-million diagnosed in the USA in 2006 and approximately 4 million
diagnosed each year hencel:2. Approximately 80% of all NMSC are basal cell carcinomas
(BCC) with most of the remaining being squamous cell carcinomas (SCC).3 Several
approaches to ensure complete removal of diseased tissues with minimal resection of normal
tissue have been developed, including Mohs micrographic surgery (MMS)*® that checks
margins during surgery and has the highest cure rate of all approaches (99%). However,
conventional or non-MMS resection is the most common surgical approach for skin cancers
representing approximately 75% of surgical procedures for BCC and SCC? and has much
lower cure rates than MMS. Well-differentiated SCC cure rates approach 81% using non-
MMS procedures but drops to 46% for poorly differentiated lesions®. Resections of BCC
fare slightly better with approximately 93% cure rates’. Since rates are related to the size of
margins that the dermatologist removes, conventional resections generally results in larger
resections of normal tissue to ensure clear margins, which are determined by conventional
pathology several days after the surgery82. Here we describe an easily interpretable
methodology that could be cost-effectively deployed and rapidly executed to enable
surgeons to better assess peripheral surgical margins, thus reducing the amount of normal
tissue resected during conventional NMSC excisions.

The study presented exploits molecular imaging technology0-11 to target overexpressed skin
cancer-associated cathepsin proteases'?-16. The technique uses a cysteine cathepsin selective
class of quenched near-infrared fluorescent activity-based probes (QABPs)! effective for
imaging tumor-expressed cathepsins, /7 vitroand in vivo*8-22, which are hydrophobic and
readily penetrate the skin. Interaction of QABPs with target proteases results in de-
quenching and production of a fluorescent signal. Here GB119 is employed to target cancer
cysteine cathepsin enzymes to discriminate NMSC from normal skin ex vivo creating a 2D-
fluorescent map for each sample. Specifically, ex vivotopical administration of this probe is
used to develop a standardized method to differentiate cancer from normal skin in excised
human skin cancer specimens.
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Collection of human skin specimens

This study was approved by the University Hospitals Case Medical Center’s IRB (IRB-
protocol #12-05-17). Discarded skin tissues containing previously diagnosed BCC or SCC
were taken during debulking for MMS (eTable) for this prospective case series. All
BCC/SCC debulk specimens = 1x1-cm were processed, imaged, and analyzed.

Ex vivo imaging of human skin specimens

Freshly removed debulk specimens were covered with saline-soaked gauze and delivered to
the laboratory 90-120-min after surgery. Samples were rinsed with saline, blotted dry with
gauze followed by baseline imaging (0-min). Probe GB119 (10 uM in DMSO; Sigma) was
applied to the dermal side. After 5-min, excess probe was rinsed from the sample with saline
and the dried sample was imaged in the Maestro Imaging System (Perkin Elmer) with a
near-infrared filter set. Two sectioning approaches were used (eFigure 1/Graphical Abstract,
step 4). In the bread-loaf section ink was used to mark the location of fluorescence before
signals sectioning.

Analysis of Cy5-fluorescence

Fluorescence was measured and pseudo-color images were derived using a Maestro™ and
supplied software 3.0.1.2 (Perkin Elmer). Levels of auto-fluorescence (0-min) were
subtracted from fluorescence at 5-min with GB119 and remaining signal intensity was
pseudo-colored. Signal was mapped onto the surface of the samples and inked in some
cases. Samples were immersed in OCT compound, snap-frozen, and kept at —80°C for
further study.

Histological and immunofluorescent analysis of human skin samples

Microscopy

Frozen blocks were sectioned (10-pm) in a bread-loaf manner at —30°C (Leica-CM3050S).
The cryo-sections were then fixed and stained with H&E. For en face sectioning specimens
were not inked and the entire frozen blocks were sectioned from dermal side toward
epidermal side. Immunohistochemistry (IHC) for activated GB119 and cathepsin expression
was performed on adjacent 10-um sections for detection of unquenched/activated GB119
and cathepsin-L or —B, as described in Walker et al.11. Tissue nuclei were contrasted with
Fluoro-Gel-11 with DAPI (EMS).

Fluorescent images were viewed with a Leica-DM4000B microscope (bandpass=480/527,
anti-cathepsin-L and -B and bandpass=560/645, anti-Cy5) and analyzed with QCapturePro-7
software. An Olympus-VS120/S5 versatile microscope-based scanner was used to generate
histological images larger than a single field of view. Overlays between H&E and Cy5-
fluorescent images were done manually. Technically validated results were included in the
analyses and no data was excluded as “outliers”. H&E examination of BCC/SCC slides was
performed by two pathologists without knowledge of Cy5-fluorescent imaging or other
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information. All annotations of the position of BCC/SCC as well as normal tissue were
made by pathologists directly on the histological slides via marking pens.

Sensitivity and specificity analysis

RESULTS

Sensitivity and specificity were estimated as binomial proportions and exact 95% confidence
intervals were calculated. The data set consisted of 55 samples from 54 patients (35 BCC
and 20 SCC). A total of 72 histology sections (slides), containing 137 Regions of Interest
(ROI) were examined. Ninety ROIs having tumor and 47 marked as having no tumor were
treated as independent observations in a per-spot analysis; these sample sizes allowed
estimation of overall sensitivity and specificity within + 0.06 and 0.09 respectively using
95% confidence intervals when true sensitivity or specificity equal 0.90. The subtypes of all
available samples are reported in the supplemental table.

QABP fluorescence discriminates between NMSC and normal tissue ex vivo

First we determined that normal human skin does not activate our imaging probe, GB119,
after topical application (Figure 1A). Following topical application of GB119 to the non-
epidermal surface of a sample containing either BCC or SCC there was significant probe
activation resulting in increased fluorescence viewed en face (Figure 1B and C).
Pathological correlation of the location of cancer and fluorescent signal in conventional
bread-loaf sections taken from these specimens showed a good association and clear
demarcation between normal and cancerous tissues (lower panels Figure 1B and C).

The sensitivity and specificity of the probe for detecting NMSC in BCC samples were 100%
and 87%, respectively, Table 1. Similarly, using SCC samples only, the sensitivity and
specificity were 97% and 92%, respectively, Table 1. There were no significant differences
in probe activation among the subtypes of BCC and SCC and signal strength was
significantly higher in NMSC versus normal skin, eTable and eFigure 7.

Presence of activated GB119 correlates with the expression of cathepsin-L in and around

skin cancer

To further validate and characterize the relationship of probe activation with its cognate
enzyme, IHC analysis was performed for cathepsin proteases (Figure 2). Bread-loaf sections
were prepared from normal, BCC and SCC skin samples that were treated with GB119, and
then underwent H&E staining and IHC for cathepsins and the activated probe. The results
confirm that normal tissue expresses low levels of cathepsins and also shows little to no
activation of the probe. Within cancer lesions, cathepsin expression was elevated and
correlated to probe activation, with the highest probe signal and expression of cathepsins
occurring at the edge of the cancer nests both in BCC and SCC (Figure 2). Controls
confirmed the specificity of the assay (eFigure 2 in the Supplement). These studies also
demonstrated that probe activation occurred in the thickest sample analyzed, approximately
2.5 mm (eTable and eFigure 8).
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Fluorescence imaging defines the cancer diameter at different depths within the skin
cancer lesion

Next 2D epi-fluorescence imaging of flat skin samples was correlated to the location of
cancer within different depths of the skin specimens. Figure 3 shows a BCC skin sample that
was topically treated with GB119, imaged (Figure 3A), frozen, and then en face sectioned
followed by histology and IHC to identify the location of activated probe and NMSC.
Sections from four different depths from the dermal site of application were assessed by
blinded pathologists (Figure 3B, up to 0.8-mm and eFigure 8, up to 2.5 mm) and bolded
contour lines representing the cancer (black/purple) and inflammation (red) perimeters at
each depth were superimposed on the 2D-fluorescence image of the corresponding skin
sample (Figure 3C), the larger distances representing the farthest distance from the dermal
site of probe application.

These data show the heterogeneous location of the edge of cancerous tissue at different
depths within the tissue specimens. The inflammatory milieu of cancer was found both
inside and at the edge of the cancer lesions at different depths. As is evident in both Figure
3B and 3C the combination of the histology contour maps depicting cancer and its
inflammatory milieu completely outline the fluorescence maps, demonstrating that the
fluorescence signal, which comes from different depths within the lesion, accurately marks
the perimeter of the cancerous lesion for BCC samples and potentially could be used to
inform the location of peripheral margins for conventionally resected skin cancer. Similar
results were obtained for SCC skin samples where sections at the depths up to 1.9-mm were
analyzed by pathologists (see eFigure 3 and eTable).

To determine the exact correlation of fluorescence signal within cancer borders, the data
from Figure 3 were used to identify regions depicting normal tissue, regions of cancer only,
and the interface between cancer and normal tissues (rectangles, Figure 4A). These regions
were then further analyzed to achieve a more detailed correlation of the location of cancer,
cathepsin-L, and activated GB119 probe. Figure 4B-D show that there was a high degree of
correlation between the presence of fluorescence and the location of BCC lesions and
normal skin. Similar results were obtained for SCC samples, and inflammation associated
with the sample was also observed in the regions with the highest level of GB119 activation
and have demonstrated Cathepsin B is also associated with probe activation, (eFigures 4 and
5). The effect of blood clots affecting signal was demonstrated in eFigure 6.

DISCUSSION

The results of this study suggest a potentially promising approach to the surgical resection of
NMSC, showing that the QABP GB119 topically applied to tissue after excision, can
discriminate between normal skin and either BCC or SCC tissues within minutes. Following
the procedure outlined in eFigure 1 these studies used 55 skin cancer specimens to
demonstrate 90% or higher overall sensitivity and specificity for detecting BCC/SCC cancer
lesions in a background of normal human tissue (Table and Figure 1). Further, subtypes of
BCC (nodular, micronodular, superficial, and infiltrative) and SCC (well differentiated) were
detected equally well by this technology, eTable and eFigure 7. Using an IHC assay for
detection of activated GB11911, it was possible to ascertain microscopic resolution of the
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location of activated probe, protease expression, and cancerous cells showing that they co-
localized at almost all locations, Figures 2 and 4. Comparing probe activation and
pathological findings using en face sections at different depths below the application surface
revealed that the perimeter of the 2D-fluorescence image reproducibly outlined the location
of cancer at all depths assessed. Taken together, these data demonstrate that GB119/
cathepsin-dependent fluorescent images of NMSC excisions discriminates cancerous tissue
from normal skin defining the peripheral margins of BCC/SCC lesions and are not
significantly affected by light scatter or diffusion by the tissue.

While previous efforts to enhance the detection and removal of skin cancer have resulted in
the development of several optical fluorescence techniques?3-2°, these approaches rely both
on systemic and local administration of the imaging agents or imaging using endogenous
differences in contrast. However, none of these methods have yet been clinically approved in
the USA. For example, skin cancers investigators have attempted to utilize autofluorescence
of skin cancer lesions?®, photodynamic diagnosis?”:28, or the use of a near-infrared
fluorescent-labeled skin cancer targeted antibody, Panitumumab-IRDye8002°. Each of these
approaches, however, has drawbacks, resulting in lower sensitivity and specificity, longer
times (6-hrs) for lesion discrimination, or the need for systemic injection with the potential
of immunogenic response. Further the systemically administered agents require costly Phase
I-111 clinical trial to move towards clinical use. This approach utilizing topical application of
imaging probes to detect cancer associated enzymes!%30 is the only example to show ex vivo
topical application of imaging probes to excised samples can rapidly visualize tumor
margins during surgical procedures. Our previous studies demonstrated the feasibility of this
approach using a brain tumor model% and now we use this technology to demonstrate for
the first time its potential to impact conventional skin cancer resections in humans. We are
currently conducting an IRB-approved trial to examine the specificity and sensitivity of this
approach in the setting of such conventional wide local excisions. Ultimately, we envision
this technology to inform the surgeon of margin status within 15 minutes of a conventional
excision. This may enable surgeons to use minimal margins (e.g. 3mm vs. up to 5mm
margins used for non-morpheaform BCCs) while obtaining similar or possibly more
favorable recurrence rates. Commercialization of such a product would need to be
economically viable to enable community practitioners to adopt this technology. Finally, we
envision that this technology could improve health care access for superior margin control
for those ineligible for MMS due to a variety of reasons; but QABP would not provide
significant improvement as an additional step in modern MMS workflows.

In agreement with previous studies,10:11.25.31 the data show close correlation between probe
activation and the presence of cancer and areas of inflammation, which contain
macrophages, activate GB119 and are presumably an important source of activated
cathepsins. Areas of strong accumulation of macrophages (eFigure 4B, region 4) at the
cancer lesion/normal tissue interface stained with both anti-cathepsin-L and for activated
probe. Also GB119 activation occurs in the extracellular milieu of cancer cells, a likely
result of the fact that cathepsins can be secreted from the cells. Since cathepsin-B (eFigure
5) expression is also associated with GB119 activation, it seems likely that Cy5-fluorescence
imaging depends not only on presence of cathepsin-L but rather represents GB119/multi-
cathepsin-dependent fluorescence from the top to bottom of the skin samples. These studies
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demonstrate that overexpression of cathepsin proteases is prevalent in both BCC and SCC
lesions making cathepsins an excellent biomarker for skin cancer margin detection.

The study also addressed potential limitations to this approach. A particular concern is the
effect of surgery, tissue thickness, and tissue structures on the ability to visualize probe
fluorescence. The presence of activated probe was detected in SCC zones but not in the
cancer cell-free zones at the depth ~1.9-mm (eFigure 3B and 4B) and correlated to the
deepest cancer in the specimens that were collected, 2.5 mm (eFigure 8). These depths of
detection are well suited to detect cancer in the peripheral margins of the cancer indicating
low impact, if any, of scattering or absorption of near-infrared light for imaging quality. In
this study, we observed no difference in detection signal for the 4 subtypes of BCC and 2
subtypes of SCC examined (eFigure7). It will be critical to determine if this pattern is
observed for other subtypes of BCC and SCC and to ensure that benign fibrosis/scarring in
the absence of cancerous cells in addition to benign growths, e.g. do trichoepitheliomas
produce a QABP signal similar to tumor.

Bleeding that might occur during sample preparation could cause another potential
limitation to the technique (eFigure 6). Depending on the location, clot attenuation may
compromise the ability to assess surgical margins ex vivo. However, blood clots in these
samples were likely due to the transport time to the research lab, 90-120 min. Further
development of imaging protocols will involve the use of only fresh-excised specimens
imaged within 10-min of resection using a portable imaging device making them virtually
free from clots as well as addressing other practical limitations of the approach presented
here.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Bread-loafed Skin Cancers: Probe activation corresponds to the presence of cancer
Activation of GB119 and corresponding pathology from bread-loaf sections of specimens.

A, Normal tissue. B, BCC. C, SCC. Presence of pathology ink on the dermal side of the
samples that was used to mark the areas of high Cy5-fluorescence. White lines— plane of
section. Black lines demark the cancer zone borders. Scale Bars= 2 mm.
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Normal skin

=]

Figure 2. Basal Cell and Squamous Cell Carcinomas: Correlation of probe activation to cancer
and cathepsin-L expression in BCC/SCC samples

A, H&E histology of bread-loaf sections of human skin samples pretreated with GB119. B,
IHC of the bread-loaf section shows co-localization of cathepsin-L (green) and Cy5
(activated probe, red) in image overlays. Scale bars = 100 um.
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Figure 3. Basal Cell Carcinoma: Correlation of pathology throughout the BCC specimen with
epi-fluorescence imaging

A, Cy5-fluorescent image of skin sample pre-treated with GB119. B, £n face section
histology at different depth; bold contour markings = pathologist H&E mapped cancer
perimeter. C, Overlay of contour markings on the fluorescence image of the skin sample; red
contours = tissue inflammation. Scale bars (H/E) — 1-mm and 2-mm (large).
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Figure 4. Basal Cell Carcinoma: Microscopic analysis of regions representing different locations
within the sections

A, Fluorescent images of BCC skin specimen treated with GB119. B — D, Overlay of
cathepsin-L (green) and Cy5 (red) from different locations of the sample; red dotted line =
borderline between BCC and normal tissue. Scale bars= 100 pm.
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Table

Analysis of relationship between GB119 activation and presence of skin cancer in human skin samples

Measure Group Examined | Regions of Interest (ROIs) | Sensitivity/Specificity | 95% Confidence Interval (2-sided)
Sensitivity | All patients 90 0.989 (89/90) 0.940-1.000

BCC only 56 1.000 (56/56) 0.936-1.000

SCC only 34 0.971 (33/34) 0.847-1.000
Specificity | All patients 47 0.894 (42/47) 0.769-0.965

BCC only 23 0.870 (20/23) 0.664-0.972

SCC only 24 0.917 (22/24) 0.730-0.990

For these studies 55 patient samples were assessed. These samples included 35 BCC (N=8, MN=10, I1=4, and S=8, M=5) and 20 SCC (WD=15,
MD=3, PD=0, M=2) specimens. BCC - basal cell carcinoma; N — nodular, MN — micro-nodular, S — superficial, and | — infiltrative form of BCC;
SCC - squamous cell carcinoma; WD — well differentiated, MD — mildly differentiated, and PD — poorly differentiated of SCC. M=mixed
pathology for either BCC or SCC.
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