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ABSTRACT

Background Esophageal adenocarcinoma (EAC) is a mole-
cularly heterogeneous disease with poor prognosis that is
rising rapidly in incidence. We aimed to demonstrate
specific binding by a peptide heterodimer to Barrett’s neo-
plasia in human subjects.

Methods Peptide monomers specific for EGFR and ErbB2
were arranged in a heterodimer configuration and labeled
with IRDye800. This near-infrared (NIR) contrast agent was
topically administered to patients with Barrett’s esophagus
(BE) undergoing either endoscopic therapy or surveillance.
Fluorescence images were collected using a flexible fiber
accessory passed through the instrument channel of an up-
per gastrointestinal endoscope. Fluorescence images were
collected from 31 BE patients. A deep learning model was
used to segment the target (T) and background (B) regions.
Results The mean target-to-background (T/B) ratio was
significantly greater for high grade dysplasia (HGD) and
EAC versus BE, low grade dysplasia (LGD), and squamous
epithelium. At a T/B ratio of 1.5, sensitivity and specificity
of 94.1% and 92.6 %, respectively, were achieved for the de-
tection of Barrett’s neoplasia with an area under the curve
of 0.95.No adverse events attributed to the heterodimer
were found. EGFR and ErbB2 expression were validated in
the resected specimens.

Conclusions This “first-in-human” clinical study demon-
strates the feasibility of detection of early Barrett’s neopla-
sia using a NIR-labeled peptide heterodimer.
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Introduction

Esophageal adenocarcinoma (EAC) has been rising rapidly in in-
cidence in Western countries, and is associated with a low 5-
year survival rate of ~20% [1, 2]. Improved methods for early
cancer detection are needed to mitigate this growing health-
care burden. Barrett’s esophagus (BE) is a precursor condition
that progresses to EAC via low grade dysplasia (LGD) and high
grade dysplasia (HGD) [3]. The effectiveness of endoscopic
screening with white-light illumination and random biopsy is
limited by sampling error [4]. Regions of dysplasia are often
characterized by a flat architecture and patchy distribution [5].
Therefore, wide-field endoscopic imaging technologies that
target molecular expression may improve diagnostic perform-
ance [6].

During progression of BE to EAC, the epithelium undergoes a
number of molecular changes that may be detected by targe-
ted imaging methods. EGFR and ErbB2 are cell surface targets
that have been found to be gene amplified and highly overex-
pressed in surgically resected specimens of HGD and EAC
[7, 8]. We have previously identified and validated 7mer pep-
tides specific for EGFR and ErbB2 [9,10], and have arranged
these monomers in a heterodimer configuration [11,12]. Im-
proved imaging performance was demonstrated in a preclinical
model of EAC. This heterobivalent peptide was labeled with IR-
Dye800, a near-infrared (NIR) fluorophore, to provide high con-
trast. In this study, we aimed to clinically translate this NIR-la-
beled heterodimer by performing a “first-in-human” clinical
study to demonstrate its feasibility for the early detection of
Barrett’s neoplasia.

Methods
NIR fluorescently labeled peptide heterodimer

IRDye800CW maleimide (LI-COR) was conjugated to the free
sulfhydryl (-SH) on the terminal cysteine of the peptide hetero-
dimer. The NIR-labeled heterodimer was synthesized using
current good manufacturing practices (cGMP) methods by
CPC Scientific (Table 15, see online-only Supplementary Materi-
al) and was lyophilized and aliquoted in sterile 10-mL amber
vials (protection from light) in quantities of 0.6 and 1.8 mg.
Purity 295.0 % was measured by high performance liquid chro-
matography (HPLC), and a mass-to-charge (m/z) ratio of
3510.06 was found using electrospray ionization (ESI) mass
spectroscopy. Stability of the lyophilized heterodimer was
monitored by appearance, purity, and molecular weight every
6 months over the duration of the study (Table2s). Patient use
of the heterodimer was regulated under IND #139,834.

In vivo imaging

Consecutive patients referred to Michigan Medicine for either
evaluation or therapy of Barrett’s neoplasia were recruited. In-
clusion criteria included: (i) history of Barrett’s neoplasia; (ii)
medically able to tolerate upper gastrointestinal (Gl) endos-
copy; and (iii) age over 18. Exclusion criteria included: (i) history
of esophagectomy and (ii) on an active chemotherapy or radia-
tion protocol. Prior endoscopic therapy was not an exclusion.
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The clinical study was approved by the Michigan Medicine
institutional review board (IRB). The lyophilized peptide hetero-
dimer was reconstituted in 5mL of normal saline, and the solu-
tion was topically administered to the distal esophagus using a
standard spray catheter (PW-5V-1; Olympus). The flexible fiber
imaging instrument was passed through the working channel
of the endoscope to collect in vivo images. The fluorescence
images were evaluated using a deep learning algorithm to
quantify the T/B ratios (see Appendix 1s). Tissue specimens
were collected with either standard pinch biopsy forceps or
using endoscopic mucosal resection (EMR) from regions that
appeared suspicious on imaging.

Histology

All specimens were processed for routine histology, and were
evaluated by an expert Gl pathologist (H.D.A.) without knowl-
edge of the patient’s clinical information or the in vivo imaging
results. Immunohistochemistry was performed using a stand-
ard protocol, as described previously [9,10]. Monoclonal anti-
bodies used include anti-EGFR (H11; mouse monoclonal anti-
body #MA-13070, Invitrogen) and anti-ErbB2 (#29D8; rabbit
monoclonal antibody #2165, Cell Signaling Inc). Immunohisto-
chemistry scoring was performed independently by a second
expert Gl pathologist (S.R.0.). Scoring was performed using
the DAKO HercepTest guidelines.

Results
NIR fluorescently labeled peptide heterodimer

The monomer peptides QRHKPRE and KSPNPRF, specific for
EGFR and ErbB2, respectively, were connected by ashort triethy-
leneglycol linker (E3) to the a-, &- amino groups of lysine to form
the heterodimeric structure. IRDye800 was attached to the
terminal cysteine of the heterodimer via thiol-ene click chemis-
try, hereafter called QRH*-KSP*-E3-IRDye800 (Fig.1s, part A).
The absorbance and emission spectra of the heterodimer had
minimal overlap with standard white-light illumination (400-
700 nm; Fig. 1s, part B). QRH*-KSP*-E3-IRDye800 was synthe-
sized in compliance with cGMP (Table 1s). Purity 295.0% was
measured by HPLC (Fig. 2s, part A), and a mass-to-charge (m/z)
ratio of 3510.06 was found using ESI mass spectra (Fig.2s, part
B).

Patient demographics

A clinical imaging study was performed to evaluate the detec-
tion of early Barrett’s neoplasia using the heterodimerin 31 pa-
tients with a history of Barrett’s neoplasia (»Table1). The
mean (SD) age of the patients was 62.1 (13.0) years and their
mean (SD) body mass index (BMI) was 34.4 (10.7) kg/m?. A to-
tal of 11, 3, 4, and 13 patients with non-dysplastic BE, LGD,
HGD, and EAC, respectively, confirmed by histopathology,
were enrolled.

Imaging instrument

A flexible fiber multimodal scanning fiber endoscope was
passed through the instrument channel of a standard upper Gl
endoscope to collect wide-field images in vivo [13] (Fig.3s,
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> Table1 Demographics of the 31 patients with Barret’s esophagus who had near-infrared fluorescence images collected in vivo from the distal
esophagus following administration of QRH*-KSP*-IRDye800.

Patient number Age, years Sex BMI, kg/m? Prague criteria' (stage) Tissue sampling? Pathology?
1 61 Male 31.6 Cc10M10 EMR/biopsy NDBE
2 83 Male 35.2 com1 Biopsy NDBE
3 64 Male 32.7 c2M3 Biopsy NDBE
4 54 Male 51.9 @m7 EMR/biopsy NDBE
5 62 Male 24.8 C10M10 Biopsy NDBE
6 64 Male 27.4 COMO0I12 Biopsy NDBE
7 52 Male 31.4 COMO.5 EMR/biopsy NDBE
8 44 Male 41.7 COMO0.5I1 Biopsy NDBE
9 77 Male 31.1 com214 Biopsy NDBE

10 76 Male 33.2 COMO0.5 Biopsy NDBE

11 80 Male 39.2 CcomM9 EMR/biopsy NDBE

12 62 Female 21.6 COMS8I13 Biopsy LGD

13 51 Male 32.4 c1omM12 Biopsy LGD

14 64 Female 31.8 C1M6 Biopsy LGD

15 63 Male 30.4 com1 EMR/biopsy HGD

16 61 Male 23.6 C4M6 Biopsy HGD

17 30 Male 28.7 C1m4 EMR HGD

18 55 Male 42.6 com3 EMR/biopsy HGD

19 81 Female 241 COM1(T1a) EMR/biopsy EAC

20 57 Male 39.3 CoM1 Biopsy EAC

21 84 Male 25.9 cemM7 Biopsy EAC

22 79 Female 20.8 T3N1 Biopsy EAC

23 54 Male 51.9 C2M7(T1a) EMR EAC

24 46 Male 47.1 c6M7 EMR/biopsy EAC

25 72 Male 31.6 COMO0.5 EMR EAC

26 59 Male 45.9 com2 EMR EAC

27 46 Male 52.4 c4amM4 EMR/biopsy EAC

28 52 Female 38.9 Tla EMR/biopsy EAC

29 52 Male 21.1 comM3 EMR EAC

30 66 Male 33.1 Cc8M10 EMR/biopsy EAC

31 74 Male 30.5 C1M1 EMR/biopsy EAC

BMI, body mass index; EMR, endoscopic mucosal resection; NDBE, non-dysplastic Barrett’s esophagus; LGD, low grade dysplasia; HGD, high grade dysplasia; EAC,

esophageal adenocarcinoma

" Modified Prague criteria (C, circumferential; M, maximum; 1, island) were used to define the anatomic extent of the Barrett’s segment based on conventional
white-light endoscopy.

2 Tissue sampling was performed by either EMR or standard pinch biopsy.

3 Pathology represents the highest grade found.

part A). Excitation at A, 785 nm was delivered via a scanning fi-  Imaging study in vivo

ber.Fluorescence and reflectance were collected by a ring of  On the fluorescence images, minimal background was seen
multimode fibers at 30 frames per second, and separated for  from areas of esophagus prior to peptide administration (» Vid-
detection (Fig.3s, part B). eo 1). The mean duration for image capture was ~7 minutes
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merged

merged

> Fig.1 Representative in vivo images using white light (WL), fluorescence (FL), and reflectance (R) collected endoscopically following topical
administration of QRH*-KSP*-IRDye800 onto: a squamous epithelium (SQ); b non-dysplastic Barrett’s esophagus (BE); c low grade dysplasia
(LGD); d high grade dysplasia (HGD); e esophageal adenocarcinoma (EAC). In the white-light images, the salmon-red areas (arrows) identify
regions of BE. Co-registered reflectance images provide anatomical correlation. The merged images show areas of high contrast in pseudocolor

that indicate regions of increased target expression (arrows).
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» Fig. 2 The imaging performance shown graphically. a A scatter plot of the T/B ratios measured from the near-infrared fluorescence images
illustrate the mean (SD) values for squamous epithelium (SQ; n=13), Barret’s esophagus (BE; n=11), low grade dysplasia (LGD; n=3), high grade
dysplasia (HGD; n=4), and esophageal adenocarcinoma (EAC; n=13), which were found to be 1.24 (0.06), 1.40 (0.10), 1.49 (0.19), 1.69 (0.15),
and 1.72 (0.24), respectively (the results were confirmed by histology using H&E staining and P values were determined using a Tukey-Kramer
test). b Log-transformed data were classified as either positive (HGD, EAC) or negative (SQ, BE, LGD) for Barrett’s neoplasia; mean (SD) T/B ratios
of 1.71 (0.22) and 1.33 (0.13), respectively, were measured (P<0.001). c The tradeoffs in imaging performance. d Receiver operating charac-
teristic (ROC) curves showing the optimal values of 94.1 % sensitivity and 92.6 % specificity (arrow).

AUC, area under the curve.

(range 3-15 minutes). Representative high definition white-
light, fluorescence, and reflectance images are shown for squa-
mous, non-dysplastic BE, and LGD (» Fig. 1a-c). The location of
BE in the white-light images is defined by mucosa with a sal-
mon-pink appearance located above the gastric folds. The bor-
der between squamous epithelium and BE can be clearly distin-
guished on fluorescence. Representative in vivo images show-
ing increased fluorescence intensities from regions of HGD
and EAC are shown in » Fig.1d,e.

Image analysis

Fluorescence images collected from a total of 31 patients were
evaluated. A deep learning model was used to segment the tar-
get (T) and background (B) to calculate the T/B ratio. This
parameter was calculated at ~15 frames per second. The T/B
ratios measured for squamous epithelium, BE, LGD, HGD, and
EAC are shown (»Fig.2a). The mean values for HGD and EAC
were significantly greater than that for BE. The data were sep-
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arated as either positive (HGD, EAC) or negative (squamous
epithelium, BE, LGD) for either neoplasia or high risk Barrett’s,
and the mean T/B ratio for positive was found to be significantly
greater than for negative (» Fig. 2b). Tradeoffs in imaging per-
formance are shown (> Fig. 2c). At a T/B ratio of 1.5, the recei-
ver operating characteristic (ROC) curve showed 94.1% sensi-
tivity and 92.6 % specificity with an area under the curve of
0.95 for the detection of either HGD or EAC (» Fig. 2d). At this
threshold, the imaging results revealed 16, 1, 25, and 2 true po-
sitives, false positives, true negatives, and false negatives,
respectively.

Image-guided therapy

The potential for this technique to guide therapy of HGD or
neoplasia was demonstrated in a patient with HGD where fluor-
escence images were collected from the same location in the
distal esophagus before and 14 weeks after endoscopic resec-
tion (»Fig.3a,b). The image intensities were quantified and

Chen Jing et al. Detection of Barrett’s... Endoscopy 2022; 54: 1198-1204 | © 2022. The Author(s).
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> Fig. 3 A set of white light (WL), near-infrared fluorescence (FL), and reflectance (R) images from a patient with high grade dysplasia: a before
treatment; and b 14 weeks after endoscopic mucosal resection. Prior to resection, the WL images show a Barret’s esophagus segment with a
region of high grade dysplasia (arrow), which shows greater intensity on the FL images. c Log T/B ratios before and after therapy show mean (SD)
results of 1.72 (0.13) vs. 1.39 (0.05) respectively; P<0.001 by paired, one-tailed t test.

the mean T/B ratio was found to be significantly greater before
therapy (» Fig. 3c).

Histology

The presence of Barrett’s neoplasia was validated by pathologi-
cal assessment of routine histology. The pathology was defined
by the highest grade found. Immunohistochemistry was used
to validate EGFR and ErbB2 expression in the resected speci-
mens. Minimal expression of either EGFR or ErbB2 was observed
in squamous epithelium, BE, and LGD, while significantly higher
expression was seen in HGD and EAC (Fig.4s).

Discussion

Targeted wide-field fluorescence imaging is a promising ap-
proach for early cancer detection in patients with BE during
endoscopy. Barrett’s neoplasia is molecularly heterogeneous,
and target expression levels can vary widely among different
patients and even within the same esophagus, therefore con-
current imaging of multiple targets may improve diagnostic
performance. Previously, lectins have been investigated for the
detection of Barrett’s neoplasia ex vivo [14], but have not been
demonstrated clinically. Bevacizumab, an FDA-approved thera-
peutic antibody originally developed for anti-angiogenesis, was
repurposed for diagnostic imaging by labeling with IRDye800
[15]. Advanced endoscopy techniques, such as chromoendos-
copy, narrow-band imaging, and autofluorescence imaging,
have been evaluated clinically, but provide intrinsically low con-
trast and are based on non-specific mechanisms. We developed
monomer peptides specific for either EGFR and ErbB2 [8, 9] to
detect HGD or EAC in a previous clinical study in which the two
peptides were topically administered separately [13]. Here, we
arranged the monomer peptides in a heterobivalent configura-
tion. This structure was achieved by matching the linker length
with the mean distance between the extracellular binding do-
mains of each target.
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Heterodimers are playing an emerging role in molecular
imaging for their ability to visualize multiple targets currently
[16-20]. The integration of two unique ligands into a single en-
tity that recognizes different targets can enhance binding ef-
fects and improve diagnostic performance. High sensitivity
can be achieved by simultaneous detection of two unique tar-
gets, and greater specificity may arise from the structure bind-
ing to a larger combined region of the target epitope by com-
parison with the monomers. These advantages can potentially
detect molecular targets at lower levels of expression and may
be useful for identifying EAC at an earlier timepoint or in the

D Vvideo1 Imaging studies with white light, fluorescence, re-
flectance, and merged images using the near-infrared (NIR)-la-
beled heterodimer and a multimodal scanning fiber endoscope
are shown for patients with esophageal adenocarcinoma, high
and low grade dysplasia, Barrett’s esophagus, and squamous epi-
thelium.

Online content viewable at:
https://doi.org/10.1055/a-1801-2406
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premalignant stage. Moreover, this integrated imaging agent
simplifies the clinical procedure whereby only one rather that
two imaging agents are administrated during endoscopy. Pre-
viously, the apparent dissociation constant (binding affinity) of
the heterodimer was found to increase by between 2- to 4-fold
versus either monomer alone, while the apparent association
time constant (binding onset) of k=4.5 minutes was found to
be similar [10]. After the peptides were administered, a com-
plete endoscopic examination of the upper digestive tract was
performed prior to imaging.

The fluorescence emission spectrum of IRDye800 has mini-
mal overlap with that of standard white-light illumination. Use
of this fluorophore allows the physician to visualize anatomical
features on the white-light image and molecular expression on
the fluorescence image at the same time. Topical administra-
tion of this imaging agent was found to be safe in human sub-
jects. A limitation of this study is that fluorescence images were
collected from only a small number of patients. A randomized
controlled study with a larger number of patients is needed to
more definitively characterize imaging performance.

Herein, we have demonstrated the clinical use of two unique
7mer peptides specific for either EGFR or ErbB2 arranged in a
heterodimer configuration to detect either HGD or EAC. The
use of targeted imaging methodologies may help clarify the
pathological classification of Barrett’s mucosa by providing
molecular expression levels and patterns. This study represents
the first use of a heterobivalent peptide in human subjects
combined with wide-field fluorescence imaging. This integra-
ted imaging methodology has the potential to improve visuali-
zation of flat and subtle premalignant lesions in BE patients
who are at increased risk for cancer.
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