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Abstract

For many solid tumors, surgical resection remains the gold standard and tumor-involved margins
are associated with poor clinical outcomes. Near-infrared (NIR) fluorescence imaging using
molecular agents has shown promise for /n situ imaging during resection. However, for cancers
with difficult imaging conditions, surgical value may lie in tumor-mapping of surgical specimens.
We thus evaluated a novel approach for real-time, intraoperative tumor margin assessment.

21 adult patients with biopsy-confirmed squamous cell carcinoma arising from the head and neck
(HNSCC) scheduled for standard-of-care surgery were enrolled. Cohort 1 (n=3) received
panitumumab-IRDye800CW at an intravenous microdose of 0.06 mg/kg, cohort 2A (n=5) received
0.5mg/kg, cohort 2B (n=7) received 1mg/kg, and cohort 3 (n=6) received 50 mg. Patients were
followed 30 days post-infusion and adverse events were recorded. Imaging was performed using
several closed- and wide-field devices. Fluorescence was histologically correlated to determine
sensitivity and specificity.

In situimaging demonstrated tumor-to-background ratio (TBR) of 2-3, compared to ex vivo
specimen imaging TBR of 5-6. We obtained clear differentiation between tumor and normal tissue,
with a three-fold signal difference between positive and negative specimens (p<0.05). We achieved
high correlation of fluorescence intensity with tumor location with sensitivities and specificities
>B89%; fluorescence predicted distance of tumor tissue to the cut surface of the specimen.

This novel method of detecting tumor-involved margins in surgical specimens using a cancer-
specific agent provides highly sensitive and specific, real-time, intraoperative surgical navigation
in resections with complex anatomy which are otherwise less amenable to image guidance.
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INTRODUCTION

Surgical resection remains the primary treatment for many solid tumors, and failure to
pinpoint residual neoplastic tissue results in positive surgical margins, which are correlated
with locoregional recurrence and poor patient outcomes, emphasizing the need for improved
intraoperative identification of tumor-involved margins (1-3).

Surgeries for squamous cell carcinomas of the head and neck (HNSCC) may especially
benefit from real-time tumor discrimination due to the unforgiving nature of tumor margins
in complex head and neck anatomy. If the resection is too conservative, the patient may
suffer local recurrence from residual tumor — too aggressive, and critical functional and
aesthetic features of the face may be compromised. Currently, intraoperative margin
assessment relies on frozen analysis of select tissue specimens, a time-intensive method
which can only sample a small portion of the wound bed or the primary specimen and is
limited to certain tissue types.

There have been several attempts in different cancer types at developing suitable techniques
for the real-time assessment of tumor margins, including radiofrequency spectroscopy,
Raman spectroscopy, photoacoustics, optical coherence tomography, Cerenkov
luminescence using fluorodeoxygluocse (FDG) tracers, and sheet light microscopy, among
others (4-6). These methods all have their own challenges and limitations. Notably, these
methods have largely focused on /n situ imaging of tumor tissue during resection.

Although HNSCC resections may especially benefit from fluorescence guidance, they are
also uniquely challenging for optical imaging due to the orientation difficulties created by
complex and heterogeneous topography and interference from shadowing — especially
within the oral cavity (7). As such, in the case of head and neck cancers and other cancers
with difficult /n sitvimaging conditions, surgical value may primarily lie in the fluorescence
evaluation of surgical specimens.

Conveniently, over 90% of HNSCC overexpress the epidermal growth factor receptor
(EGFR), presenting an attractive, cancer-specific target for contrast agents (8). EGFR is a
transmembrane cell surface glycoprotein frequently overexpressed in many other types of
solid tumors as well, broadening its oncologic applicability (9). We conjugated the
therapeutic anti-EGFR antibody panitumumab to a near-infrared (NIR) fluorescent dye and
evaluated panitumumab-IRDye800CW in a dose-escalation clinical trial. We chose to
repurpose an FDA-approved therapeutic agent for imaging given the already-demonstrated
safety, regulatory efficiency, cost savings, and promising in-human results (10-14).

Panitumumab is a fully-humanized monoclonal 1gG2 antibody that binds to the extracellular
domain of EGFR with high affinity, and it was first FDA-approved in 2006 for metastatic
colorectal cancer (15,16). Preclinical research with panitumumab-IRDye800CW showed
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high tumor-to-background ratios (TBRs) and the ability to detect microscopic areas of
disease invisible to the naked eye (16,17). Previous research on another anti-EGFR antibody,
cetuximab-IRDye800CW, demonstrated promising results, and, due to the higher binding
affinity and improved safety profile of panitumumab, we chose panitumumab-IRDye800CW
to evaluate a new, innovative method of utilizing fluorescence for tumor discrimination and
tumor-mapping of surgical specimens (18).

The primary aims of our study were to provide evidence of safety, tumor-specific uptake,
and assessment of tumor-involved margins in surgical specimens vs. /n situimaging using an
intravenously administered panitumumab-IRDye800CW in patients with HNSCC.

MATERIALS AND METHODS
Study Design

We performed a single center, non-randomized, prospective phase | study. The study
protocol was approved by the Stanford University Institutional Review Board (IRB 35064)
and the FDA (NCT 02415881), and written informed consent was obtained from all patients.
The study was performed in accordance with the Declaration of Helsinki, FDA’s ICH-GCP
guidelines, and United States Common Rule.

All adult patients with biopsy-proven, primary or recurrent HNSCC scheduled to undergo
standard-of-care surgery with curative intent were eligible. Exclusion criteria included: a life
expectancy of less than 12 weeks, a Karnofsky performance status <70%, prior infusion
reactions to monoclonal antibodies, QT prolongation on screening electrocardiogram (ECG)
(> 440ms in males, and > 450ms in females), significant cardiopulmonary or liver disease,
abnormal electrolyte values, and/or utilization of Class 1A or Class 11l antiarrhythmic agents.

Four cohorts of patients were enrolled in this dose escalation study. Cohort 1 (n=3) received
a microdose of 0.06 mg/kg (1/100 of one therapeutic panitumumab dose) and was primarily
assessed for safety. Cohort 1 was not included in the statistical analysis and served only as a
negative reference point, as the devices were insufficiently sensitive to detect this
concentration level of dye. Cohort 2 was used to assess for ranging dose. Cohort 2A (n=5)
received a loading dose of 100 mg of unlabeled panitumumab followed by a 0.5 mg/kg (1/12
of therapeutic) infusion of the study drug, conjugated panitumumab-IRDye800CW. Cohort
2B (n=7) received the same loading dose as cohort 2A and an infusion of 1 mg/kg (1/6 or
therapeutic) of panitumumab-IRDye800CW. Cohort 3 (n=6) received a fixed dose of 50 mg
of panitumumab-1RDye800CW. Preclinical research suggested the utility of a loading dose
for improved tissue contrast, and we thus examined dosages both with and without a loading
dose, as flat dosing may simplify dosing and minimize costs (19).

Briefly, patients were infused with the study drug 1-5 days prior to surgery, fluorescence
imaging was obtained both of the surgery and of the surgical specimens intraoperatively, and
final pathology correlation was obtained (Figure 1A-D).
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Panitumumab-IRDye800CW Conjugation

Panitumumab-IRDye800 was produced under GMP at the Leidos Biomedical Research
Center (Frederick, MD). IRDye800CW-NHS (IRDye800CW-A-hydroxysuccinimide ester;
LI-COR Biosciences) as a fluorescent probe with a NIR absorption and emission peak of
778 nm/794 nm as discussed previously (17,20,21). Briefly, panitumumab (Vectibix;
Amgen, Thousand Oaks, CA, USA; 147 kDa) was conjugated to IRDye800CW-NHS by a 2-
hour incubation at 20°C in the dark with a dye to protein ratio of 2.3:1. Quality control of
the conjugate included analysis of drug product in sterile vial for particulates, and integrity
of the sterilizing filter. Upon production and vialing, vials were transported to Stanford
University where they were stored at the Stanford Health Care Investigational Pharmacy.

Safety Assessment

Adverse events were categorized according to the National Cancer Institute Common
Terminology Criteria (Version 4.0). Safety data and adverse events were collected at 15
days, and patients were followed for 30 days post-infusion. General physical exam and
Karnofsky performance status were assessed prior to enrollment and on the day of surgery,
day 15, and day 30. Serum chemistry, metabolic panels, complete blood count, prothrombin/
partial thromboplastin times, and thyroid stimulating hormone levels were obtained on day
0, day of surgery, and as needed for up to 30 days post-drug infusion. ECGs were performed
at screening, 30 minutes post-infusion of the unlabeled-antibody loading dose, 2 hours post-
infusion of the antibody-dye complex, and day 30.

Intraoperative NIR Imaging

Intraoperative imaging was performed using two wide-field optical imaging systems
modified for IRDye800 fluorescence imaging: PINPOINT (Novadagq, Burnaby, Canada), and
SurgVision Explorer Air (SurgVision BV, Netherlands). During surgery, NIR imaging of the
primary tumor was performed prior to and during tumor resection. After tumor removal, the
wound bed was imaged. The surgeon then obtained tissue specimens from the wound bed at
select margin areas most suspicious for residual tumor involvement according to clinical
judgment. In patients undergoing neck dissections, we imaged the lymph nodes and post-
dissection wound bed. Our protocol stipulated that imaging data would not guide the
surgical procedure, and all resections was performed per standard of care. To minimize
ambient lighting, overhead, head-lamp, and room lights were turned off for imaging.

All patient specimens (including the primary tumor specimen, wound bed margins, and
lymph nodes) were imaged on the OR back table immediately after resection. Imaging was
performed using a closed-field NIR optical imaging system (Pearl Triology imaging
platform; LI-COR Biosciences; 800 nm channel) and the two wide-field imaging devices
previously described. Images from the open-field devices were immediately available on the
screen in real-time as a continuous video. The images for the closed-field device (i.e.
PEARL) took approximately 15 seconds to capture.

Histopathology Processing

The surgical specimens were processed for frozen section or formalin-fixation by the
pathologist. Select wound bed margins underwent frozen section analysis and the specimens
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were exhausted. All other specimens were fixed in formalin. After formalin-fixation, the
primary tumor was sliced at 5-mm intervals and sectioned to fit in cassettes. The cassettes
were imaged with a closed-field NIR optical imaging system (Pearl Triology imaging
platform; LI-COR Biosciences; 800 nm channel) for measuring fluorescence signal. The
specimens in the cassettes were embedded in paraffin for standard histologic processing.

Formalin-fixed paraffin-embedded (FFPE) specimen blocks were serially sectioned at 5 um
thickness. The slides were dried overnight at 37°C and baked for 2 hours at 65°C. Both
FFPE blocks and slides were scanned for NIR fluorescence using the Odyssey CLx scanning
system (LI-COR Biosciences, Lincoln, Nebraska, USA), using the 800-nm channel, at 21-
um lateral spatial resolution and the highest quality setting.

Immunohistochemistry

FFPE tissue slides were deparaffinized with xylene and rehydrated in 100/70/50%
concentration ethanol. One slide from each FFPE blocks was stained with hematoxylin and
eosin (H&E) according to standard procedure. All slides were examined by a board-certified
pathologist to delineate tumor.

Additionally, selected blocks were immunohistochemically (IHC) evaluated for EGFR
expression and tumor identification. Briefly, slides were treated with heat-induced antigen
retrieval in EDTA-based buffer (pH 9.0) for 15 minutes, followed by endogenous peroxidase
blocking for 30 minutes. For EGFR staining, tissue sections were incubated for 2 hours with
anti-EGFR primary antibody (clone EP38Y, prediluted; in 0.025mol/L Tris-HCI, Thermo
Fisher Scientific, Waltham, Massachusetts, USA), then followed by a 30-minute incubation
with goat-anti-rabbit secondary antibody (Vector Laboratories, Burlingame, California,
USA). For cytokeratin (CK) staining, the slides were incubated with the anti-pan cytokeratin
monoclonal antibody AE1/AE3 (ab961, Abcam, Cambridge, United Kingdom) and followed
by a 30-minute incubation with goat anti-mouse secondary antibody (Vector Laboratories,
Burlingame, California, USA). Both EGFR and CK slides, were treated with streptavidin for
1 hour and ImmPACT DAB Peroxidase (HRP) (Vector Laboratories, Burlingame, California,
USA) for 5 minutes. Sections were counterstained with Mayer’s hematoxylin, dehydrated in
a series of alcohol and xylene, and coverslipped with mounting media. Stained slides were
scanned digitally using a whole slide scanner (Hamamatsu NanoZoomer 2.0-RS,
Hamamatsu, Japan).

Microscopy Fluorescence Imaging

For fluorescence microscopy, selected tissue slides were deparaffinized, and the nuclei were
counterstained with 4”,6-diamidino-2-phenylindole (DAPI, Prolong Gold, Life
Technologies, California, USA). Stained slides were dried in the dark at 4°C overnight. The
slides were imaged using a custom set-up inverted digital fluorescence microscope (DM6B
Leica Biosystems, Amsterdam, Netherlands) equipped with a highly-sensitive Leica
DFC9000GTIs camera (4.2M Pixel SCMOS camera), a metal halide LED light source (X-
Cite® 200DC, Excelitas™ Technologies, Fremont, California, USA) for DAPI imaging, and
a xenon arc lamp LB-LS/30 (Sutter Instrument, Novato, California, USA) for NIR imaging
of IRDye800. Image acquisition and processing was done through LAS X software (Leica

Cancer Res. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gao et al. Page 6

Biosystems, Amsterdam, Netherlands). Images were stitched using Adobe Photoshop CS6.0
software.

Data Analysis

Image Analysis—The images from the wide-field devices were analyzed using ImageJ
(version 1.50i, National Institutes of Health, Bethesda, Maryland, USA). For imaging data
acquired by the SurgVision Explorer device, images were processed into a compatible
format using integrated instrument software for the SurgVision (SV_view, SurgVision BV,
Netherlands) prior to ImageJ analysis.

For in situ imaging of the primary tumor, the tumor-to-background ratios (TBRS) were
calculated as fluorescence intensity of the primary tumor divided by the fluorescence
intensity of the background (peritumoral area). Peritumoral tissue for /n sifu imaging was
standardized and defined as the area immediately adjacent to tumor tissue with the same-
sized area as the tumor. The region of interest (ROI) for tumor was determined based on the
fluorescence images and confirmed with H&E. Peritumoral tissue was chosen as the
background fluorescence to capture a TBR more reflective of realistic views of the tumor
during resections.

For the back-table imaging of the lymph nodes and sectioned primary tumor specimens,
TBRs were calculated as fluorescence intensity of the entire specimen divided by the
fluorescence intensity of a piece of muscle from the patient. Muscle has low EGFR
expression and therefore served as a negative control.18 This alternate method was used
because tumor vs. peritumoral area could not be delineated, since the purpose of
pathological analysis of these specimens is to determine whether or not tumor tissue is
involved.

For the back-table imaging of the wound bed margins, TBRs were calculated as fluorescence
intensity of the entire specimen divided by average fluorescence intensity of three randomly-
selected spaces (not including the specimen itself) with the same size as the specimen. This
calculation method was used because the wound bed margins are often sent for frozen
section pathological analysis intraoperatively, prior to availability of a muscle specimen for
comparison.

Correlation of EGFR Expression and Fluorescence Intensity—To determine the
correlation between fluorescence intensity and EGFR expression, three ROIs were randomly
drawn based on each IHC stained EGFR slide. The mean fluorescence intensity of the ROls
was measured in a consecutive tissue slide from Odyssey® CLX fluorescence scanning
system (LI-COR Biosciences, Lincoln, Nebraska, USA) and the system’s integrated
instrument software (ImageStudio, LI-COR Biosciences, Lincoln, Nebraska, USA). Staining
intensities for EGFR in each of the corresponding ROIs were calculated through analysis of
whole slide scanned images (Hamamatsu NanoZoomer 2.0-RS, Hamamatsu, Japan). Image
analysis was done in ImageJ. Images thresholds and the percentage of EGFR positive
stained area related to the total ROI area were calculated (EGFR-stained area/total ROI
area), and a regression line was generated.
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Correlation of Fluorescence Signal with Tumor Depth—After removal from the
patient, the gross primary tumor specimen was imaged by closed-field fluorescence imaging
devices of the entire deep margin surface (Supplementary Figure 2A-B). The threshold was
calculated using the average of the mean fluorescence intensities of tumor tissue in primary
tumor specimens as the standard for tumor tissue fluorescence signal, and we used one half
that MFI value as the threshold for fluorescence. All areas on the deep margin surface of the
gross specimen exceeding this threshold were considered positive for fluorescence, and all
other areas were negative. Pathology slides sectioned from fluorescent areas of the deep
margin were considered fluorescence-positive.

The distance between the tumor-involved tissue and the deep margin surface of the specimen
for each pathology slide was measured using ImageJ for both fluorescence-positive and
fluorescence-negative slides. The lateral width of the tumor area was measured and divided
into ten equal intervals (Supplementary Figure 2C). At the beginning of each interval, the
straight-line distance between the tumor-involved area and the deep margin surface was
measured for a total of ten measurements per slide (Supplementary Figure 2D). The average
distances of tumor-involved tissue from the deep margin in fluorescent-positive slides were
compared to average distances in fluorescence-negative slides using unpaired, two-tailed t-
tests by patient and by cohort.

Sensitivity and Specificity—To determine the sensitivity and specificity of
panitumumab-IRDye800CW for surgical specimens, a receiver operating characteristic
(ROC) analysis was performed on data from all tissue specimens submitted for pathological
evaluation. Based on each tissue cassette, we determined the mean fluorescence intensity
(MF1), defined as total counts divided by ROI pixel area. Next, the pathologist, using the
corresponding H&E slide as the gold standard, assessed whether or not tumor was present in
the cassette using a binary (yes/no) approach. We calculated the sensitivity and specificity of
the fluorescence signal of the formalin-fixed tissues against the H&E result. Gland regions
exhibited elevated fluorescence and were excluded.

To determine the sensitivity and specificity for wound bed margin assessment, we used a
slightly different approach. Recognizing the importance of sensitivity over specificity (i.e.
exclusion of false-negatives), we aimed for maximal sensitivity. The TBRs for each wound
bed margin specimen were compared to the pathology diagnosis, and the differences
between the TBRs for negative margins and positive margins were analyzed using an
unpaired t test (2-tail). Dysplastic tissue was considered “positive” because it resulted in
further surgical resection. Specimens composed completely of bone tissue were excluded
due to poor fluorescence penetration. For cohort 3 (50mg), the primary resecting surgeon
was asked to predict whether each margin specimen was involved by malignancy, and the
resulting sensitivity and specificity were compared to predictions by the fluorescence
imaging.

For the deep margins, the sensitivity and specificity of the fluorescence signal in detecting
tumor-involved areas within 1mm and 2mm of the deep margin were calculated in
GraphPrism by cohort. Imm and 2mm were selected because these are the distances
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commonly used by pathologists to indicate close and/or negative resection margins for
HNSCC.

Statistical Analysis

Statistical analysis was performed using a two-way ANOVA for validity of the differences
between groups where a single condition changed (\Version 6.0c, GraphPad Software, La
Jolla, California, USA). Correlations of surgical imaging to quantitative measures of
fluorescence in surgical specimens, and IHC analyses of specimens were investigated for the
purposes of co-localization and correlation (Pearson correlation) and for determination of
MFI obtained by fluorescence signal. A p-value of 0.05 or less was considered statistically
significant.

RESULTS

Safety Assessment

From December 2015 to October 2017, 31 patients with biopsy-proven HNSCC were
screened for enrollment. Ten patients did not meet eligibility criteria. Patient and tumor
characteristics of the remainder 21 patients are summarized in Supplementary Figure 1. The
average age at diagnosis was 62 years old (range 32-85), and the majority presented with
oral cavity SCC (81%). Tumor size (determined by pathology) ranged from 6 to 55 mm
(median 32.5 mm) in maximum dimension. Patients in cohort 1 received a microdose
(0.06mg/kg or an average of 4.7 £ 0.7mg of panitumumab-IRDye800CW), cohort 2A
received 0.5mg/kg (average 39.2 + 6.9mg), cohort 2B received 1.0mg/kg (average 69.1

+ 12.3mg), and cohort 3 received a fixed 50 mg dose.

No infusion reactions occurred, nor were there any abnormalities in hematology or blood
chemistry levels after infusion of panitumumab-IRDye800CW that could be attributed to the
study drug. There was a single grade-1 related adverse event in the microdose cohort (0.06
mg/kg); the patient experienced an increase in the QTc interval after infusion of the study
drug but returned to baseline at the 30-day follow-up.

Cellular Localization of Panitumumab-IRDye800CW

In Figure 2A-2F, clear co-localization of fluorescence intensities from fluorescence imaging
at 800 nm showed uniform, strong cytoplasmic and membranous binding of panitumumab-
IRDye800CW (green channel) to the tumor cells. This fluorescence was not observed in the
normal tissues or the stromal compartment. Regions of high grade dysplasia showed lower
to normal uptake of dye compared to invasive cancer (Figure 2E and 2F). DAPI (blue
channel) was also used to stain the nuclei of the tissue improve image visualization. To
determine the correlation between the fluorescence intensity and tumor location, cytokeratin,
and EGFR expression, a board-certified pathologist outlined the areas of tumor (T) and
normal tissue (N) on routine H&E slides (Figure 2G-J). EGFR was highly expressed in
tumor tissue and correlated well to high levels of fluorescence; Linear regression analysis of
percentage of EGFR area and fluorescence revealed a strong correlation (r2=0.8599,
p<0.001) (Figure 2K).
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In Situ Surgical Imaging

Video and still-frame images were obtained during surgery, and, from these images, TBRs
were calculated to determine the ability of panitumumab-IRDye800CW to discriminate
between normal and tumor tissue (Figure 3A-D). In situ images of the primary tumor were
analyzed and plotted by cohort. Average TBRs of 2.4 + 0.4 was found for cohort 2A (0.5
mg/kg), 2.6 £ 0.4 for cohort 2B (1.0 mg/kg), and 2.5 £ 0.4 cohort 3 (50 mg fixed dose). No
statistically significant differences were observed between the TBRs of the wide-field
devices (p>0.05). In all patients, fluorescence imaging of the surgical specimens confirmed
intraoperative findings. No intraoperative imaging was performed in cohort 1 (0.06 mg/kg
panitumumab-IRDye800CW), as the dose was too low for in situ imaging, and the primary
goal was to determine study drug safety.

Identifying the Smallest Amount of Detectable Disease—When evaluating
fluorescence intensities of different tissue types in the resected specimens, a strong
correlation was found between fluorescence intensities, tissue weight, and tissue type, with
r2 of 0.93, 0.83 and 0.79 for tumor, normal muscle, and normal epithelium, respectively
(p<0.001) (Figure 3E-F). Moreover, when looking at the normalized fluorescent signal by
weight, a 12-fold increase in fluorescence signal was observed when comparing tumor and
normal muscle (p<0.0001). Similarly, a 3-fold fluorescence intensity difference was found
between tumor and normal epithelium (which also expresses EGFR) (p=0.0002).

Surgical Specimen Tumor Mapping

Tumor Detection in the Primary Tumor Specimen—~Evaluation of fluorescence
intensity immediately after surgical resection and prior to formalin-fixation was performed
in a closed-field device. A quantitative comparison of mean fluorescence intensity (MFI) of
the primary tumor and the enveloping uninvolved tissue (background) and TBR are shown
by cohort (Figure 3C). There is no statistically significant difference in the background
signal from cohorts 2A, 2B and 3. We achieved average TBRs of 2.67 + 0.7 for cohort 1
(0.06 mg/kg), 5.40 £ 0.6 for cohort 2A (0.5 mg/kg) and 5.44 + 0.7 for cohort 2B (1.0 mg/kg)
and 6.53 + 1.2 for cohort 3 (50 mg). As expected, in cohort 1 (0.06 mg/kg), minimal
fluorescence signal in surgical specimens was detected. The difference in MFIs and TBRs
between cohort 1 and the three other cohorts was statistically significant (p<0.05), but there
was no difference in TBRs between cohorts 2A, 2B, and 3.

To determine the overall specificity and sensitivity of panitumumab-IRDye800CW for
neoplastic tissue, a ROC curve was generated from the MFI data from the specimen
cassettes from each patient and plotted as sensitivity versus (1-specificity). Average positive
predictive value (PPV), negative predictive value (NPV) and area under the curve (AUC) are
also displayed (Table 1). All cohorts showed very high sensitivity and NPV (290%). Cohorts
2B and 3 both showed higher specificity (91%, 92% vs. 78%) and PPV (86%, 82% vs. 68%)
compared to cohort 2A. They also demonstrated higher AUC values (0.95, 0.93 vs. 0.83),
although there was no statistical difference between cohorts 2B and 3 compared to cohort
2A, (p=0.09, p=0.2).
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Tumor Detection in Margin Samples—When strips of tissue were obtained from the
wound bed by the surgeon, these samples were imaged prior to frozen sectioning (Figure
4A). The average TBR of positive wound bed samples in cohort 2A was 18.14 and 4.63 for
negative margins (p=0.0005) (Figure 4B). The average SBR for positive margins in cohort 3
was 50.27 and 11.12 for negative margins (p<0.0001) (Figure 4C). Only cohorts 2A and 3
had positive wound bed margins for comparison.

Additionally, panitumumab-IRDye800CW demonstrated a high sensitivity and specificity
for the intraoperative detection of tumor-involved margin samples. In cohort 2A (0.5 mg/kg
dose), there was a sensitivity of 100%, a specificity of 90%, an AUC of 0.98 (p=0.007), PPV
of 80%, and NPV of 100% (Table 2). For cohort 3 (50mg dose), there was a sensitivity of
100%, specificity of 74%, AUC of 0.97 (p=0.002), PPV of 52%, and NPV of 100%.
Compared to the resecting surgeon, fluorescence signal revealed the presence of disease
more consistently: fluorescence had a much greater sensitivity (100% vs. 36%) and NPV
(100% vs. 84%) with less specificity (74% vs. 97%) and PPV (52% vs. 80%).

Mapping Tumor Depth Around the Margins of the Primary Specimen—At the
deep surface of the primary tumor specimen, we examined the distance of tumor tissue from
the specimen edges using fluorescence. In all three cohorts, fluorescence signal in an area
indicated that tumor tissue was significantly closer to the margin edges than in areas without
fluorescence (p<0.0001) (Figure 5A-D). There was a significant difference between the
tumor distance from the edges of fluorescent areas in cohort 2B compared to 2A and 3 (2A
(p<0.001, 3 p<0.001). There was no difference between the tumor distance in fluorescent
areas between cohorts 2A and 3 (p=1).

Comparison of tumor tissue depth from the deep margin surface of the primary tumor
specimen in fluorescent areas compared to areas without fluorescence was 2.5 + 2.4 mm vs.
7.6 £ 4.9 mm for cohort 2A (p < 0.0001, 95% confidence interval 4.3-5.9), 2.5 + 1.8 mm vs.
6.9 + 3.5 mm for cohort 2B (p < 0.0001, 95% CI 3.6-5.1), and 3.8 £ 2.5 mm vs. 8.6 + 3.7
mm for cohort 3 (p < 0.0001, 95% ClI 5.3-6.2).

Fluorescence had >95% sensitivity and >98% NPV for areas where the tumor-tissue was <
1mm from the margin edge in all three cohorts 2A, 2B, 3 and 80-90% sensitivity and >90%
NPV for tumor tissue < 2mm (Supplementary Tables 2 and 3). At both the < 1mm and <
2mm cutoffs, the cohorts showed lower specificity (50-60%) and PPV (14-50%). Generally,
the < 2mm cutoff showed modestly higher specificity and PPV and lower sensitivity and
NPV compared to the < Imm cutoff. Cohort 2B demonstrated the lowest specificity and
PPV compared to cohort 2A and cohort 3.

DISCUSSION

Fluorescently-labeled antibodies have been a promising development for achieving tumor-
specific, intraoperative guidance for oncologic resections. The focus, however, for optical
image-guided surgery has predominantly centered around /7 situ surgical navigation during
specimen removal. Experience in recent clinical trials suggests that open-field imaging may
have distinct limitations using current hardware, depend on instrument positioning
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intrusions, and intrude on surgeon workflow (7). HNSCC and other cancers with limited
exposure and narrow wound beds that result in difficult imaging conditions may derive more
benefit from specimen tumor-mapping rather than intermittent /7 situ imaging. To this end,
we developed several specimen-mapping strategies to improve real-time information needed
by the surgeon that integrates into the workflow of oncologic surgery.

Compared to previous research on other cancer-specific fluorescence tracers, we present two
unique methods of utilizing fluorescence to detect tumor-involved margins within surgical
specimens: screening intraoperative margin samples and identifying close or positive
margins on deep margin of the primary tumor specimen (10-14,18,22). Margin sampling is
an active area of research and controversy, which is a primary driving motivation for our
research to improve intraoperative margin analysis through fluorescence imaging. There is
significant controversy for which locations in the wound bed and how many locations are
necessary to comprehensively determine the presence of residual disease. Surgical margins
generally are obtained using two widely-accepted methods: The first is removal of small
tissue biopsies from the wound bed by the surgeon. The second is that the entire specimen is
examined by the surgeon and/or pathologist after which margins are taken. Thus, margin
selection remains a controversial area of surgical oncology, and it is most often that the
surgeon chooses the method based on personal preference, clinical circumstance, and
institutional bias (23). Sending multiple margin samples is a resource-intensive method
which can prolong anesthesia time while waiting for results. Our data shows that positive,
tumor-involved margin samples are significantly more fluorescent than normal, negative
margin samples. While the specificity is limited (74-90%), the sensitivity and negative
predictive value is exceptionally high (100%, 100%). This enables fluorescence to be an
ideal “rule out” test, allowing the clinical team to screen these margin samples and prioritize
the fluorescent ones for further examination, leading to savings of time and labor.

On the other hand, while margin samples are used for the binary evaluation of whether or
not tumor tissue is present in the sampled location, the goal for evaluating the primary tumor
specimen is altogether different. The presence of tumor in the primary tumor specimen is
undisputed, and it is instead necessary to determine resection completeness by examining
how closely tumor tissue extends to the specimen edges. The presence of tumor tissue within
1 mm of the specimen surface is generally considered a positive margin, while tumor greater
than 5 mm away is considered negative. Presence of tumor between 1 and 5 mm from the cut
surface is often considered as a close margin. Our data indicates that fluorescence is
sensitive for detection of tumor within the 0-5 mm range, which has potential future
applications in allowing pathologists to prioritize fluorescent areas for further analysis, also
leading to savings of time and labor.

Even more specifically, our data suggests that panitumumab-IRDye800CW can distinguish
between areas of the primary specimen harboring tumor close to the edges and areas in
which tumor is farther away — thus creating a fluorescent “map” predicting tumor depth
across the entire surface of the specimen. This mapping capability can also be used to reduce
the sampling error inherent to the current standard of sampling areas of the primary tumor
specimen or the wound bed to determine the presence of tumor-involved margins. This
sampling error may be further worsened by the limited ability of the surgeon to predict (and

Cancer Res. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gao et al.

Page 12

thus select to sample) areas with tumor-involved margins, as suggested by a 36% surgeon
sensitivity for positive margins in our trial. Fluorescence, however, may be able to map out
the entire specimen surface (the surgical margin) to identify suspicious areas of residual
tumor tissue, as sampling can only inspect a fraction of this space. By using tumor-mapping
of surgical specimens, fluorescence can potentially assist in achieving complete resections
and improved oncologic outcomes.

Our data suggests that, at our current level of technology, closed-field fluorescent tumor-
mapping of surgical specimens on the OR back table may provide more consistent data
compared to open-field /n situimaging. /n situ surgical imaging requires open-field devices
that are subject to interference from ambient light, reflectance, and placement at variable
angles to the tumor, whereas back-table imaging of surgical specimens can utilize closed-
field devices with a controlled environment. The /n s/itu images showed an average TBR of
2.5 compared to 5.8 for the surgical specimen images, in part due to interference from
ambient lighting. We attempted to overcome these difficulties by reducing overhead lighting,
but this often interrupts surgical workflow, whereas surgical specimen imaging can be
performed in parallel on the back table while the surgeons operate, minimizing disruption
from maneuvering the imaging devices. These closed-field devices are inexpensive, readily
available, and relatively small. Given these advantages, closed-field devices with a
controlled, standardized environment and the potential to generate three-dimensional tumor-
maps of surgical specimens may be an optimal way to leverage current technology.

We validated our results by examining fluorescence signal with tumor and normal tissue by
linear weight measurements, and fluorescence intensity also correlated well with EGFR
expression and density. Fluorescence signal was shown to be relatively homogeneous across
the cytoplasm and cellular membrane of tumor tissue, consistent with the known antibody-
receptor complex transition from the cell surface to the cytoplasm (24). Imaging contrast
between tumor and normal tissue was consistent with preclinical data (25).

In terms of patient safety, panitumumab-IRDye800CW demonstrated a highly favorable
safety profile. There were no infusion reactions, and only one Grade 1 adverse event. This
shows improved safety over cetuximab-IRDye800CW, a compound we previously used to
demonstrate simple, initial feasibility and safety of a fluorescently-labeled anti-EGFR
antibody (10). When designing this study to evaluate the new methods for surgical specimen
mapping we proposed, we chose panitumumab-IRDye800CW instead of cetuximab-
IRDye800CW in order to improve patient safety, as panitumumab is a fully-humanized
monoclonal antibody, whereas cetuximab is a human-mouse chimera. Accordingly, since we
are using much lower doses for imaging compared to the therapeutic dose of panitumumab
(which also has a safer profile as a parent compound compared to cetuximab), it is
unsurprising to see minimal adverse effects (15,16).

We also evaluated the optimal dosing necessary to achieve these detection goals. The three
cohorts (2A, 2B, 3) did not show significantly different TBRs of the primary tumor
specimen. A larger difference between fluorescence of positive and negative wound bed
margins in cohort 3 (1mg/kg) compared to cohort 2A (0.5mg/kg) suggest that a higher dose
may be more effective. However, cohort 2B (1mg/kg) might have an unnecessarily high dose
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for mapping tumor depth on the primary specimen. Fluorescence intensity from tumor in
cohort 3 (Img/kg) was strong enough to be detected at a deeper depth than cohort 3
(0.5mg/kg) or cohort 3 (50mg) but had trade-offs in specificity and PPV. Additionally, the
loading dose of unlabeled antibody does not appear to add additional value. As such, cohort
3 (flat dose of 50mg of panitumumab-IRDy800CW) appears to be the safest and most cost-
effective dose.

The primary limitation of our trial is the small cohort sizes which limited the power to
distinguish how tumor size and location may affect fluorescence signal. The tumors were not
evaluated preoperatively for EGFR status, although we did not see different EGFR
expression levels impact TBR on histological examination. EGFR is also modestly
expressed in the basal layer of normal mucosa and skin, which can increase background
fluorescence (26). Additionally, we did not examine and quantify the histologic
characteristics of the resected tumors to assess for aggressive or complex features such as
perineural invasion, distant tumor nests, and stromal alterations which may affect drug
uptake. HNSCC also exhibit inter and intra-tumor heterogeneity, which we attempted to
correct for by using each patient as his/her own control in the analysis.

A physical limitation of the technology is the penetration depth of NIR fluorescence
(approximately 5mm) (27). This depth can identify tumor tissue in small margin samples
and at distances relevant for determining resection completeness (0-5mm) but cannot
provide complete internal pictures of large specimens >10mm in thickness. Compared to
other intraoperative imaging methods in development, fluorescence imaging has acceptable
penetration depth (compared to 1-2mm for Cerenkov luminescence with radiotracers), faster
imaging speeds (compared to 15-30 minutes for multispectral imaging), lack of ionizing
radiation, and high spatial resolution (although less than sheet light microscopy) (4-6,28).
Additionally, new combinatory uses of fluorescence in optoacoustics (such as multispectral
optoacoustic tomography) have shown potential to incorporate the high image fidelity of
optical imaging with the increased penetration depth (3-5 cm) afforded by acoustic
technology (28-30).

Overall, our data presents a promising new avenue of utilizing fluorescence to identify both
the presence of tumor tissue in margin samples as well as to map tumor depth in the primary
tumor specimen. Tumor-mapping of surgical specimens may be more revealing than /n situ
imaging in cancers with difficult imaging conditions in particular, but margin assessment
utilizing the methods presented in this trial may potentially applicable to all oncologic
surgeries. These promising results from conjugating fluorescent dyes to therapeutic
monoclonal antibodies may prove to be a valuable method of combining existing
technologies to develop safe, tumor-specific imaging agents to improve intraoperative
detection of cancerous tissue to ultimately improve oncologic outcomes.

CONCLUSIONS

We present a novel method of detecting tumor-involved margins in surgical specimens using
a cancer-specific agent to provide highly sensitive and specific, real-time, intraoperative
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surgical navigation in resections with complex anatomy otherwise poorly amenable to
image-guidance.
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LIST OF ABBREVIATIONS AND ACRONYMS

EGFR epidermal growth factor receptor
HNSCC squamous cell carcinoma arising from the head and neck
FDG fluorodeoxygluocse

NIR near-infrared

TBR tumor-to-background ratio

MFI mean fluorescence intensity
ECG electrocardiogram

IHC immunohistochemistry

CK cytokeratin

ROC receiver operating characteristic
ROI region of interest
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SIGNIFICANCE STATEMENT

This study demonstrates that fluorescence can be used as a sensitive and specific method
of guiding surgeries for head and neck cancers and potentially other cancers with
challenging imaging conditions, increasing the probability of complete resections and
improving oncologic outcomes.
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Figure 1. Clinical workflow
The patient is intravenously infused with the panitumumab-IRDye800CW 1-5 days prior to

surgery (A). During surgery, in situ fluorescence imaging is obtained intraoperatively with
open-field imaging devices (B). Closed-field fluorescence imaging of the surgical specimens
is also performed (C). After surgery, all surgical specimens undergo standard
histopathological analysis, and fluorescence intensity is compared to EGFR expression and
tumor location (D).
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Figure 2. Target validation
Microscopy images H&E stains of tumor and normal tissue (A,C) are compared to images

showing EGFR expression (B,D). Areas of high-grade dysplasia (E) show increased EGFR
expression (F), although less compared to areas of invasive carcinoma. A section of tumor
and normal tissue is compared by H&E (G), cytokeratin staining (H), EGFR expression (1),
and fluorescence intensity (J). EGFR expression shows a strong positive correlation with
fluorescence intensity (K).
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Figure 3. In Situ and Surgical Specimen Mapping

TBRs by cohort of the in situ primary tumor obtained using an open field device (A). An
example of an /n situ image (B). MFIs of tumor tissue in the primary tumor surgical
specimen and background muscle by cohort obtained using a closed-field imaging device
with TBRs (C). Sample image of a primary tumor specimen (D). Brightfield and
fluorescence images of serial sections of tumor tissue, muscle, and skin by weight (E).
Muscle, normal epithelium, and tumor tissue show positive linear correlation of weight and
fluorescence signal (F). Normalized fluorescence by weight shows statistically significant
difference between fluorescence of tumor compared to muscle and normal epithelial tissue

(G).
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Figure4. Margin Samples

Examples of tumor-involved (positive) and normal (negative) margin samples biopsied from
the wound bed by the resecting surgeon per clinical judgement (A). TBRs of muscle,
negative margin samples, and positive margin samples in cohort 2A (0.5 mg/kg) (B) and
cohort 3 (50mg) (C). There is a statistically significant difference between positive and

negative margins (p = 0.0005, p < 0.0001).
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Figure 5. Tumor-Mapping of Surgical Specimens
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Distance of tumor tissue to the deep margin surface of the primary tumor specimen given as
average tumor depth (mm) + standard deviation. Views of the entire deep margin surface of
representative samples from cohort 2A (A), cohort 2B (B), and cohort 3 (C) are shown here.
Comparison of tumor tissue depth from the deep margin surface of the primary tumor

specimen in fluorescent areas versus areas without fluorescence (D).
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Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and area under the

curve (AUC) by cohort of the primary specimen shown as average values * standard error of the mean.

Cohort 2A | Cohort 2B Cohort 3 | All Cohorts
Dose 0.5 mg/kg 1.0 mg/kg 50 mg
n 165 550 186 972
Sensitivity (%) 92+3.6 92+27 89+5.1 91+2.1
Specificity (%) 78+10.3 91+15 92+35 88+3.3
Positive Predictive Value (PPV) 68+11.4 86 +8.2 82+95 80+4.4
Negative Predictive Value (NPV) 95+35 96 +3.1 94+28 93+2.0
Avrea Under the Curve (AUC) 0.83+0.07 | 0.95+0.01 | 0.93+£0.03 | 0.91+0.02
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Table 2
Sensitivity and Specificity of Fluorescence for Tumor-Involved Margin Samples

Sensitivity, specificity, positive predictive value, negative predictive value, and area under the curve of
fluorescence signal predictions of tumor-involved margin samples in cohort 2A and cohort 3. Fluorescence
signal predictions were compared to predictions made by the primary resecting surgeon.

Cohort 2A | Cohort 3 | Surgeons
Sensitivity 100% 100% 36%
Specificity 90% 74% 97%
Positive Predictive Value (PPV) 80% 52% 80%
Negative Predictive Value (NPV) 100% 100% 84%
Area Under the Curve (AUC) 0.98 0.97 N/A
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