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Abstract

Esophageal adenocarcinoma (EAC) is a molecularly heterogeneous disease that is rising rapidly in
incidence and has poor prognosis. We developed a heterobivalent peptide to target detection of
early Barrett’s neoplasia by combining monomer heptapeptides specific for either EGFR or ErbB2
in a heterodimer configuration. The structure of a triethyleneglycol linker was optimized to
maximize binding interactions to the surface receptors on cells. The Cy5.5-1abeled heterodimer
QRH*-KSP*-E3-Cy5.5 demonstrated specific binding to each target and showed 3-fold greater
fluorescence intensity and 2-fold higher affinity compared with either monomer alone. Peak
uptake in xenograft tumors was observed at 2 hours post-injection with systemic clearance by ~24
hours in vivo. Furthermore, ligand binding was evaluated on human esophageal specimens ex
vivo, and 88% sensitivity and 87% specificity were found for detection of either high-grade
dysplasia (HGD) or EAC. This peptide heterodimer shows promise for targeted detection of early
Barrett’s neoplasia in clinical study.

INTRODUCTION

Esophageal adenocarcinoma (EAC) is a deadly cancer that is rising in incidence rapidly, and
is associated with a poor prognosis and low 5-year survival.! Barrett’s esophagus (BE)
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represents a metaplastic transformation of squamous (SQ) into specialized columnar
epithelium in response to long-standing acid and bile reflux.2 BE is known to transform
stepwise through low-grade dysplasia (LGD) and high-grade dysplasia (HGD) before
developing into EAC. HGD is a pre-malignant condition that provides a window of
opportunity for intervention with either curative resection or ablation therapy.? Therefore,
new methods for accurate detection of HGD and early EAC is needed.* Conventional
surveillance using white light illumination with random four-quadrant biopsy has been
found to have limited effectiveness for localizing dysplasia that is flat in appearance, focal in
extent, and patchy in distribution.> Chemoprevention with nonsteroidal anti-inflammatory
drugs, such as COX-2 inhibitors, has been limited by unacceptable side effects.

The ability to identify expression of molecular targets can be used to diagnose, stage, and
classify tumors, and to monitor response to therapy. Gene expression of EAC is
heterogeneous,’ and strategies that focus on a single target are limited. Epidermal growth
factor receptor (EGFR) and ErbB2 have been found to be high-frequency gene amplified and
overexpressed in HGD and early EAC.89 These receptor tyrosine kinases have been
validated as cancer biomarkers and function to stimulate epithelial cell growth, proliferation,
and differentiation.! Emerging evidence supports early expression in progression of BE to
EAC when intervention can improve patient outcome.!! In addition, targets located on the
cell surface are well suited for development of either diagnosis or therapy. Minimal overlap
in expression has been found in studies of surgically resected HGD and EAC specimens.!2
These observations motivate a need for a combined approach that detects multiple targets

concurrently.

Multivalent ligands generate synergistic effects that can increase their affinity, avidity,
selectivity, and potency by binding multiple targets concurrently.!3-17 These properties can
enhance 7n vivo diagnostic imaging performance by improving target-to-background (T/B)
ratio and detecting targets at lower levels of expression.!® Also, this strategy can be effective
for therapy by connecting different cell signaling pathways.!® The ability to interact with
multiple targets simultaneously may reduce acquired resistance that arises with use of a
single target.2 This heterobivalent targeting strategy was first tested as a proof-of-principle
study on receptors of human melanocortin-4 and 8-opioid 7n vitro*! and other G protein-
coupled receptors (GPCR).22-24 Peptides specific for a.,B3 integrin and gastrin-releasing
peptide receptor (GRPR) have been arranged in a heterodimeric configuration and
radiolabeled with 18F for PET imaging.25-27 Recently, the heterodimeric peptide *8Ga-BBN-
RGD was evaluated for prostate cancer diagnosis and clinically translated.?8 A number of
bispecific antibodies have been developed for multivalent targeting,2? however effectiveness
may be limited by poor tumor uptake, immunogenicity, and high manufacture costs.3%3! We
have previously identified and validated heptapeptide monomers specific for EGFR and
ErbB2.32:33 In this study, we arrange heptapeptide monomers in a heterodimer
configuration, and present the first heterodimeric peptide that targets EGFR and ErbB2. This
bivalent probe was screened using variable length linkers to optimize binding efficiency and
was labeled with a near-infrared dye. Further validation was conducted in an OE33 tumor-
bearing mouse model 7n vivo, and with antibodies for binding to HGD and EAC found in
human esophageal specimens.
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Heterodimeric peptide configuration

Stability

The heptapeptide sequences QRHKPRE (green) and KSPNPRF (purple) were synthesized to
bind specifically to EGFR and ErbB2, respectively.32:33 The fluorophore Cy5.5 (red) was
attached to the C-termini via a GGGSK linker (blue), hereafter QRH*-Cy5.5 and KSP*-
Cy5.5, respectively, Figure 1. Cy5.5 was chosen because of good photostability and high
quantum yield in the near-infrared (NIR) spectrum.3* The linker separates the peptide and
fluorophore to prevent steric hindrance. Purity >95% by analytical HPLC was achieved for
both monomers, and an experimental mass-to-charge (m/z) ratio of 1794.98 and 1900.04
was measured by mass spectrometry that agrees with expected values, Figure S1A,B. The
monomers were combined in a heterodimer configuration by introducing a linker with either
a variable PEG spacer, ranging in size from 17-74 atoms, or a hydrophobic 6-aminohexonic
acid linker in the a-, €- amino groups of the second lysine attached to Cy5.5 (red), Figure 1.
The linker length was varied to determine the optimal spacing between monomers to
maximize binding interactions to EGFR and ErbB2.

The fluorescence spectra of the Cy5.5-labeled peptide monomers and optimized heterodimer
revealed peak fluorescence absorbance and emission at A = 680 and 708 nm, respectively,
Figure S2A,B. On confocal microscopy, the strength of binding of each candidate
heterodimer with different length linkers to the surface (arrow) of SKBr3 cells is shown,
Figure 2A—E. These cells are well-known to express EGFR and ErbB2.33 The mean
intensity for each heterodimer was quantified, Figure 2F. The heterodimer QRH*-KSP*-E3-
Cy5.5 with the triethyleneglycol linker (E3) showed highest signal, and was found to have
good hydrophilicity, as well. The signal decreased dramatically with longer linkers because
of either increased flexibility or internal entropy. Aminohexonic acid linkers can also be
used to provide comparable binding affinities, however their decreased hydrophilicity as
compared with PEG linkers may be more challenging for clinical translation. A Western blot
of the cells is shown, Figure 2G.

We also evaluated heterodimer binding using structural models for EGFR (1IVO) and ErbB2
(2A91), and found that the triethyleneglycol linker (E3) provides spacing for the heterodimer
QRH*-KSP*-E3-Cy5.5 to bind to domain 2 of EGFR and domain 3 of ErbB2, Figure S3A—
C. The model suggests that a linker length of ~60 A is needed for the heterodimer to
conform to the spacing between these binding domains. We then synthesized QRH*-KSP*-
E3-Cy5.5 with >95% purity by analytical HPLC, and measured an experimental mass-to-
charge (m/z) ratio by mass spectrometry of 2974.69 that agreed with the expected value,
Figure S1C. The spectra revealed no change in peak values after arranging the peptide
monomers in this heterodimeric configuration.

The stability of the peptide heterodimer in PBS containing 0.1% BSA at pH 7.4 and 37°C
was monitored by HPLC at 0.5, 2, 6 and 12 hours, Figure S4A. No noticeable degradation
was observed. We also monitored enzymatic stability by incubating the heterodimer at a

concentration of 30 uM in mouse serum at 37°C at 0.5, 1.0, 1.5 and 2 hours of incubation,

J Med Chem. Author manuscript; available in PMC 2019 June 28.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Chen et al.

Page 4

Figure S4B. We observed a new peak formed that may arise from degradation and at 2 hour
the area of new formed peak is about 20%.

Validation with confocal microscopy

On confocal microscopy, strong binding by the peptide heterodimer (red) to the surface
(arrow) of OE33 human esophageal adenocarcinoma cells was observed, Figure SSA. By
comparison, we visualized much less fluorescence intensity with either monomer, Figure
SB,C. Minimal binding was observed for all peptides to QhTERT human non-dysplastic
Barrett’s esophagus cells (control) that do not express either EGFR or ErbB2, Figure SSD-F.
Quantified results show a greater signal for the heterodimer compared with that of the
individual monomers combined, Figure S5G. Western blot is shown, Figure SSH. These
results support effective use of peptide heterodimers at much lower concentrations than that
of monomers.

siRNA knockdown

The siRNA knockdown experiments were performed to validate specific binding of the
heterodimer to either EGFR or ErbB2 using SKB13 cells. On confocal microscopy, QRH*-
KSP*-E3-Cy5.5 (red) binds strongly to the surface (arrow) of cells transfected with siCL
non-targeting siRNA (control), Figure 3A. Reduced fluorescence intensity was seen with
knockdown cells transfected with sSiEGFR targeting siRNA, Figure 3B. Similar results were
found with the heterodimer and monomer for ErbB2, Figure 3C,D. The fluorescence
intensities were quantified, and the differences were found to be significant, Figure 3E.
Western blot is shown for control and knockdown SKBr3 cells, Figure 3F.

Binding properties

The binding parameters of the peptide heterodimer were measured using flow cytometry
with OE33 cells, and an apparent dissociation constant of kq = 23 nM was measured, Figure
3G. This result is much improved compared with that of kg = 98 or 54 nM for peptide
monomers QRH*-Cy5.5 or KSP*-Cy5.5, respectively. The apparent association time
constant of k = 0.22 min~! (4.5 min) was measured for the heterodimer compared with k =
0.21 min~! (4.7 min) and 0.35 min~! (2.8 min) for the monomers QRH*-Cy5.5 and KSP*-
Cy5.5, respectively, Figure 3H.

Co-localization

Co-localization experiments were performed to further validate specific binding of the
peptide heterodimer to either EGFR or ErbB2. On confocal microscopy, QRH*-KSP*-E3-
Cy5.5 (red) binds strongly to the surface (arrow) of SKBr3 cells, Figure S6A. Binding by
AF568-labeled anti-EGFR (yellow) and AF488-labeled anti-ErbB2 (green) to the surface
(arrows) of the same cells are shown for comparison, Figure S6B,C. We measured a
Pearson’s correlation coefficient of p = 0.77 and 0.65 between the heterodimer and the anti-
EGFR and anti-ErbB2 antibodies, respectively, Figure S6D,E. The DAPI image shows the
locations of the cell nuclei, Figure SOF.
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Internalization

We collected confocal images over time to demonstrate heterodimer internalization. From 1—
4 min, QRH*-KSP*-E3-Cy5.5 accumulates on the surface of SKBr3 cells, Figure S7TA-C.
At 8 min, internalization begins, and reaches near completion at 40 min, Figure S7D-G.
DAPI images show cell nuclei location, Figure S7TH-N. The spatial distribution of the ligand
can be appreciated on merged images, Figure S70-U. Ligand-mediated endocytosis can
result in signal amplification, and supports use for mediating targeted therapy.

Effect on cell signaling

The effect of heterodimer binding on downstream signaling was evaluated in SKBr3 cells.
Western blot shows no change in phosphorylation of either EGFR (p-EGFR) or ErbB2 (p-
ErbB2) with addition of up to 20 pM of QRH*-KSP*-E3-CyS5.5, Figure 4. Similarly, no
downstream change was observed in AKT (p-AKT) and ERK (p-ERK). By comparison,
strong phosphorylation activity of AKT (p-AKT) and ERK (p-ERK) was observed with
addition of EGF used as a positive control. Also, the addition of lapatinib, a tyrosine kinase
inhibitor known to disrupt ErbB2 signaling in solid tumors, showed reduced expression of p-
ErbB2, p-AKT, and p-ERK.

Pharmacokinetics

The heterodimer (300 uM, 150 pLL) was injected via tail vein to evaluate in vivo uptake by
OE33 xenograft tumors. Fluorescence images were collected before peptide injection to
assess baseline, and then at various time points up to 24 hours when the probe cleared,
Figure 6A. A set of images was also collected with a Cy5.5-1abeled control peptide, Figure
6B. Peak intensity was observed at 2 hours post-injection, and the mean result for the
targeted peptide was significantly greater than that for control, Figure 6C,D. We also
performed blocking studies by injecting unlabeled QRH*, KSP*, and both monomers
together prior to measuring the fluorescence intensity from the tumor (arrow) at 2 hours
post-injection, Figure 6E. A significant reduction in signal was observed for each condition,
Figure 6F.

Biodistribution

Heterodimer biodistribution was evaluated in nude mice bearing OE33 xenograft tumors
following systemic injection (300 uM, 150 uL PBS) of either targeted peptide QRH*-KSP*-
E3-Cy5.5 (n=6) or control (GGGAGGG),KK-Cy5.5 (n=6). The mice were sacrificed 2
hours later, and heterodimer uptake was found to be significantly higher in tumors than in
other organs, including 3-fold higher than in muscle, Figure 7A. High uptake was also
visualized in kidney to support renal clearance. Significantly less intensity was observed in
tumor using the control peptide, Figure 7B. Quantified results show a significantly greater
mean value in tumor for the heterodimer versus control, Figure 7C. Overexpression of
EGFR and ErbB2 was validated in sections of OE33 xenograft tumors ex vivo with
immunohistochemistry (IHC), Figure S8, and no evidence of acute toxicity was found on
histology (H&E), Figure S9.

J Med Chem. Author manuscript; available in PMC 2019 June 28.



1duosnuep Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Chen et al. Page 6

Validation with human esophageal specimens

On confocal microscopy, specific heterodimer binding was validated to human specimens of
Barrett’s neoplasia ex vivo. We observed minimal fluorescence intensity with SQ and BE,
and increased signal with HGD and EAC, Figure 7A-D. The same set of specimens was also
stained with AF568-labeled anti-EGFR antibody (yellow), and AF488-labeled anti-ErbB2
antibody (green). Co-localization of heterodimer and antibody binding can be appreciated on
the merged images. Fluorescence intensities were measured from a set of 3 boxes with
dimensions of 20x20 um? placed within random crypts of heterodimer and antibody images,
Figure 8A. At higher magnification, cell surface binding (arrows) can be appreciated, Figure
8B. Co-localization of binding was evaluated between the heterodimer QRH*-KSP*-E3-
Cy5.5 (red) and the anti-EGFR-AF568 (yellow) and anti-ErbB2-AF488 (green) antibodies,
and a Pearson’s correlation coefficient of p = 0.60 and 0.75, respectively, was measured.

We measured the mean (£SD) fluorescence intensity for the heterodimer from n = 31, 8, 23,
and 12 human specimens of SQ, BE, HGD, EAC, respectively, Figure 8C. The result for
HGD was significantly higher than that for BE and SQ. Similar findings were found with the
anti-EGFR and anti-ErbB2 antibodies. From receiver-operator characteristic (ROC) curves,
we found 88% sensitivity and 87% specificity for the heterodimer to detect Barrett’s
neoplasia (HGD and EAC) at a T/B ratio of 5.9 when compared with pathology, Figure 8D.
The sensitivity and specificity for the heterodimer were higher than that for either antibody.

DISCUSSION AND CONCLUSIONS

Progression of BE to EAC is characterized by high molecular heterogeneity that has limited
the usefulness of conventional ligands that recognize a single target. Here, we demonstrate a
peptide heterodimer that binds either EGFR or ErbB2 concurrently for improved
performance by matching the linker length in the heterodimer with the mean distance
between the extracellular binding domains of either target. We found that QRH*-KSP*-E3-
Cy5.5 with triethyleneglycol (PEG3) consisting of 30 atoms as the linker produced 3-fold
greater fluorescence intensity from binding to OE33 cells than either monomer alone. On
immunofluorescence, this heterobivalent probe provided higher sensitivity and specificity
for detection of Barrett’s neoplasia in human esophageal specimens by comparison with that
for known monoclonal antibodies to either target. The in vivo imaging results in OE33
xenograft tumors showed peak uptake in ~2 hours and systemic clearance within ~24 hours
to provide pharmacokinetic parameters that are compatible with diagnostic imaging. No
evidence of acute toxicity was found on pathology. This combination strategy for target
binding is promising for developing novel diagnostic and therapeutic agents for clinical use
to manage this heterogeneous disease.

Bi-specific ligands are promising for their potential to improve iz vivo binding performance.
By covalently linking two unique peptide sequences, multivalent ligand-target interactions
were generated to improve binding affinity by >2-fold. This synergy is reflected by the mean
fluorescence intensity for heterodimer binding to OE33 cells being greater than the sum of
that for the two individual monomers, allowing for targets to be detected at lower levels of
expression. With the heterodimer, we achieved 88% sensitivity and 87% specificity for
detection of either HGD or EAC, a result that was better than that for the monoclonal
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antibody to either target. Higher sensitivity results from detection of two independent
targets, and greater specificity arises from dual binding to a larger combined target epitope
by comparison to the monomer.3% High T/B ratio was achieved using Cy5.5 to emit NIR
fluorescence, which is least affected by hemoglobin absorption, tissue scattering, and
autofluorescence background,?” and provides maximum tumor imaging depth.

To our knowledge, this is the first bivalent heterodimer demonstrated for targeting of
Barrett’s neoplasia. Peptides offer a number of advantages over bulky antibodies for in vivo
targeting.38 Their small size and low molecular weight facilitate greater vascular
permeability, enhanced tissue diffusion, and deeper tumor penetration. Peptides have less
potential for immunogenicity than antibodies, allowing for repetitive use.3” In the future,
this dual targeting agent will undergo rigorous pharmacology/toxicology studies and will be
synthesized under Good Manufacturing Practice (GMP) conditions for FDA approval to be
used in human clinical studies with fluorescence endoscopy. This combination approach
greatly simplifies the process for FDA review by comparison with that for two ligands
separately. Development of bivalent peptides can be performed at a substantially lower cost
than that for other protein based agents separately to be used in combination therapy.
Established peptide synthesis processes are easy to scale up for mass manufacture with
reproducible results.*? By recognizing two different cell surface targets that are validated
EAC biomarkers, enhanced diagnostic and therapeutic effects can be achieved as compared
with ligands that bind only one target.

EXPERIMENTAL SECTION

Cells, media and chemicals

All cells were maintained at 37°C and 5% CO, and were supplemented with 10% FBS and
1% penicillin/streptomycin. Penicillin/streptomycin was omitted for the siRNA knockdown
studies, and FBS was omitted in keratinocyte-SFM media. Human SKBr3 breast cancer cells
were obtained from the American Type Culture Collection (ATCC) and cultured in McCoy’s
5A media. Human OE33 and QhTERT esophageal cells were cultured with Roswell Park
Memorial Institute (RPMI) 1640 media and keratinocyte-SFM media (Gibco), respectively.
Cells were passaged using 0.25% EDTA containing trypsin (Mediatech), and a
hemocytometer was used to count cell number. Peptide synthesis reagents (N*-Fmoc
protected amino acids, HBTU and HOBt) were purchased from either Anaspec or AAPPTec.
The side-chain protecting groups used the following amino acids: Arg(/N®-Pbf), Asn(/N?-
Trt), Glu(O-Bu), His(N™-Trt), Ser(Bu), Lys(N?-Alloc), Lys(/N-Ivdde). Fmoc-AEA, Fmoc-
AEEA, Fmoc-AE3A, Fmoc-AE6A Fmoc-AE10A and 6-aminohexanoic acid were purchased
from AAPPTec. These reagents are analytical grade with >99% purity, and were used
without further purification. Rink amide MBHA resin with initial loading of 0.2 mmol/g was
acquired from Protein Technologies, Inc. Cy5.5-NHS ester was acquired from Lumiprobe.
Analytical grade solvents for peptide synthesis and HPLC were purchased from Fisher
Scientific, and were used without further purification unless otherwise stated.

J Med Chem. Author manuscript; available in PMC 2019 June 28.
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Peptide monomers and heterodimer

Peptide monomers and heterodimers were synthesized and labeled with CyS5.5 using
standard Fmoc solid-phase chemical synthesis with rink amide MBHA resin in a PS3
automatic synthesizer (Protein Technologies Inc). Fmoc protected L-amino acids were
applied with standard HBTU/HOBL activation. The C-terminus lysine was incorporated as
Fmoc-Lys(Alloc)-OH for fluorophore labeling. Upon completion of peptide assembly, the
resin was transferred to a reaction vessel for manual labeling with dye. The Alloc side chain
protecting group was removed with a palladium catalyst. The resin was washed with
dimethylformamide (DMF) and dichloromethane (DCM) for 1 min 3X. The protected resin-
bound peptide was reacted with Cy5.5-NHS ester and (N,N-Diisopropylethylamine) DIPEA
for 12 hours. The completion of the reaction was monitored with a qualitative ninhydrin test.
A cleavage cocktail reagent TFA: TIS: HyO (95:2.5:2.5 v/v/v) was mixed with the resin, and
stirred for 2 hours in dark conditions at 25°C. The crude peptides were isolated from the
resin by filtration and evaporated with N, gas followed by precipitation with chilled diethyl
ether and stored at —20°C for 12 hours. The precipitated peptides were centrifuged and
washed 2X with ether, dried, dissolved in water, and lyophilized to produce a dark-green
powder. The crude peptides were purified by prep-HPLC with a C18 column (Waters Inc)
using a water (0.1% TFA)-acetonitrile (0.1% TFA) gradient. Peptide purity was tested using
an analytical C18-column. Further characterization was confirmed by either ESI (Waters
Inc.) or Q-TOF (Agilent Technologies) mass spectrometry.

The absorbance spectra of the Cy5.5-labeled peptides were characterized with a
spectrophotometer (NanoDrop 2000, Thermo Scientific). Fluorescence excitation and
emission from a 1 uM peptide solution diluted in PBS was collected with a fiber coupled
spectrophotometer (Ocean Optics) using a diode-pumped solid-state laser (Technica Laser
Inc) with A¢ = 671nm. The spectra were plotted with Origin 8.5 software (OriginLab Corp).

Peptide heterodimer validation with confocal microscopy

Cells were cultured to ~70% confluence on glass coverslips, washed with PBS, and
incubated with 2% BSA in PBS for 30 min to block non-specific binding. 1 uM of Cy5.5-
labeled peptides were added and incubated for 30 min at 4°C. The cells were then washed
3X with PBS, fixed with ice cold 4% paraformaldehyde (PFA) for 10 min, washed with PBS
1X, and then mounted on glass slides with ProLong Gold reagent containing DAPI
(Invitrogen). For antibody staining, cells were incubated with either anti-EGFR (1:500,
#2232S) or anti-ErbB2 (1:500, #29D8) primary antibody from Cell Signaling Inc overnight
at 4°C after fixation, and then washed with PBS 3X and processed with secondary antibody
staining. Either goat anti-rabbit IgG (H+L) labeled with Alexa-Fluor 488 (1:1000,
#A-11008, Invitrogen) or goat anti-mouse IgG (H&L) labeled with Alexa-Fluor 568
(1:1000, #ab175473, Abcam) was added and incubated for 1 hour at room temperature (RT).
The cells were washed with PBS 3X, and mounted onto glass coverslips. Confocal
fluorescence images were collected using DAPI, AF488, AF568 and CyS5.5 filter sets.
Fluorescence intensities from 3 independent images were quantified using custom Matlab
(Mathworks) software.

J Med Chem. Author manuscript; available in PMC 2019 June 28.
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Western blot

Western blot was performed by lysing cells in Pierce® RIPA lysis buffer containing HaltTM
protease inhibitor cocktail (#87786, Thermo Scientific) for 30 min on ice. The lysates were
centrifuged at 10,000 rpm for 10 min at 40C. A BSA protein assay kit (#23227, Thermo
Scientific) was used to quantify protein concentration in the supernatant. Aliquots of protein
(10 uL) were used for electrophoresis on NuPAGETM 4-12% Bis-Tris gels (#17031471,
Invitrogen) followed by electrophoretic transfer onto membranes (#ISEQ00010, Merck
Millipore Ltd). The membranes were incubated with primary rabbit anti-EGFR monoclonal
antibody (1:1000, #2232S) and rabbit anti-ErbB2 monoclonal antibody (1:1000, #2165S)
from Cell Signaling Inc. Mouse anti-p-tubulin monoclonal antibody (1:500, #32-2600,
Invitrogen) was used for loading control. For visualization, horseradish peroxiase (HRP)-
conjugated secondary antibodies consisting of goat anti-rabbit IgG (H+L) HRP (1:5000,
#65—6120) and goat anti-mouse IgG (H+L) HRP (1:5000, #62-6520) from Thermo
Scientific were used, and followed by the ECL kit (#RPN2106, GE Healthcare) per
manufacturer instructions.

Heterodimer stability

The stability of the heterodimer was evaluated in 0.01 mol/L. PBS containing 0.1% bovine
serum albumin (BSA, pH 7.4) at 37°C. Degradation was monitored by HPLC at 0.5, 2, 6 and
12 hours. Enzymatic stability was also evaluated by incubating 30 uM of the heterodimer in
mouse serum at 37°C. The samples were centrifuged at 14,000 rpm, and 20 pL aliquots of
the supernatant were analyzed by HPLC at 0.5, 1.0, 1.5 and 2 hours of incubation.

siRNA knockdown

We performed separate knockdown of either EGFR or ErbB2 expression in SKBr3 cells to
validate specific peptide binding. ON-TARGETplus human EGFR siRNA (#L-003114—
00-0005), ONTARGETplus human ErbB2 siRNA (#L.-003126-00-0005) and ON-TARGET
plus non-targeting pool (#D-001810-10-05) were used. siRNA at 5 uM concentration in 5
uL was transfected into SKBr3 cells using DharmaFECT transfection reagents (Thermo
Scientific). Briefly, cells were seeded in 6-well culture plates at 30% confluence in McCoy’s
5A media supplemented with 10% FBS without antibiotics. The cells were transfected with
siRNA at a final concentration of 5 uM using oligofectamine (Thermo Scientific).
Knockdown of either EGFR or ErbB2 was confirmed by Western blot.

Binding properties
We measured the apparent dissociation constant kg of the peptide heterodimer to OE33 cells
to assess binding affinity. The heterodimer was serially diluted in PBS at concentrations of
0, 10, 25, 50, 100, and 200 nM with ~10% OE33 cells at 4°C for 1 hour and washed with cold
PBS. The mean fluorescence intensities were measured with flow cytometry (BD LSRII, BD
Biosciences). The equilibrium dissociation constant kg = 1/k, was calculated with a least-
squares fit of the data to the nonlinear equation I = (Iy + Ijyaxka[X1)/Ig + ka[X]). Ip and Iipax
are the initial and maximum fluorescence intensities, corresponding to no peptide and at
saturation, respectively, and [X] represents the concentration of bound peptide. Prism 5.0
software (Graphpad Inc) was used to calculate kg and k,.
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We measured the apparent association time constant k to OE33 cells to assess binding
kinetics. OE33 cells were grown to ~80% confluence in 10 cm dishes, and detached with
PBS-based cell dissociation buffer (Invitrogen). ~10° cells were incubated with 1 uM of the
heterodimer at 4°C for different time periods ranging from 0—60 min. The cells were
centrifuged, washed with cold PBS, and fixed with 4% PFA. Flow cytometry was performed,
and the median fluorescence intensity (y) was ratioed with that of OE33 cells without
addition of peptide at various time points (t) using Flowjo software. The rate constant k was
calculated by fitting the data to the first-order kinetics model, y(t) = Ipac[1-exp~*V], where
Ihax = maximum value, using Prism 5.0 software.

Co-localization

We evaluated co-localization of binding by the peptide heterodimer, anti-EGFR antibody
and anti-ErbB2 antibody to SKBr3 cells. The heterodimer at 1 pM concentration was
incubated with cells for 1 hour at 4°C. The cells were washed and fixed with 4% PFA for 10
min, and then incubated with either primary mouse anti-EGFR and secondary AF568-
labeled antibody or primary rabbit anti-ErbB2 and secondary AF488-labeled antibody.

Effect on cell signaling

SKBr13 cells were seeded in 6-well flat-bottom plates. For EGFR activation, serum free
media was used to culture the cells for 16 hours. EGF (#E9644, Sigma) was reconstituted to
1 mg/mL using 10 mM acetic acid, diluted with 0.1% BSA, and added to SKBr3 cells at a
concentration of 100 ng/mL. Lapatinib (CDS022971, Sigma) was diluted to 100 nM in
DMSO and PBS from 1 mg/mL stock solution, and was added to the cells incubated with the
heterodimer at concentrations of 1, 5, 20 uM in separate wells. The cells were washed and
harvested by RIPA buffer containing protease inhibitors (#11836170001, Roche), and
evaluated by Western blot. Anti-EGFR antibody (#2232S), anti-HER2 antibody (#2165),
anti-phospho-EGFR sampler kit (#9922s), anti-phospho-HER2/ErbB2 (Tyr1248) antibody
(#2247), anti-AKT (#4691P), anti-ERK1/2 (#4695P), anti-phospho-AKT (pS473; #4060P),
anti-phospho-ERK1/2 (#4370P) were used per manufacturer’s instructions (Cell Signaling,
Inc).

Pharmacokinetics

All experimental procedures were performed in accordance with relevant guidelines and
regulations of the University of Michigan, and all animal studies were conducted with
approval by the University Committee on the Use and Care of Animals (UCUCA). Animals
were housed per guidelines of the Unit for Laboratory Animal Medicine (ULAM).

Female athymic nude mice (002019 Foxnl, Jackson Laboratories) were obtained at 4—5
weeks of age, housed with 4 animals per cage, and fed with sterilized pellet chow and water.
Mice were anesthetized in an isoflurane chamber, and OE33 xenograft tumors were
generated by subcutaneous injection of ~5x107 tumor cells suspended in 100 uL of sterile
PBS in the hind limb flank. Mice were studied at ~3—4 weeks post-inoculation when the
tumor volume reached ~0.5-0.8 cm in size.
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We collected fluorescence images in vivo using the Xenogen IVIS™ 200 small animal
system. The fluorescence intensity was measured and normalized. Mice were anaesthetized
using isoflurane, administered 300 uM of either targeted or control peptide diluted in 150 uL
of PBS via tail vein. Images were collected prior to peptide injection to assess baseline
autofluorescence and at various time points post-injection. Fluorescence images were
excited at Aex = 675 nm, and emission was collected at A, = 740 nm with 5 sec exposure
(fstop = 8).

1In vivo heterodimer specificity was assessed by competition with 3000 uM of unlabeled
peptide monomer or mixture of two monomers diluted in 50 uLL of PBS injected 20 min

beforehand in tumor-bearing mice (n = 3 per group). Images were collected at two hours
after heterodimer injection of when peak uptake was expected. The ratio of fluorescence
intensity in the tumor was calculated using regions of interest.

Biodistribution

We evaluated peptide biodistribution in nude mice bearing OE33 xenograft tumors. Mice (n
= 6 per group) were injected with either the heterodimer or control at a concentration of 300
uM, 150 pL in PBS, and were euthanized 2 hours later. Organs were harvested, separated,
and imaged ex vivo using the Xenogen IVISTM 200 small animal imaging system.
Fluorescence intensity from each organ was quantified using regions of interest (ROI).

Validation with human esophageal specimens

Formalin-fixed, paraffin-embedded (FFPE) specimens of human esophagus were obtained
from the archived tissue bank in the Department of Pathology. The tissues were cut into 10
um sections, deparaffinized, and rehydrated using standard conditions. Two-step acidic and
protease-based antigen retrieval was performed. The sections were blocked with protein
serum for 10 min at RT followed by rinsing with PBS, and then incubated with 0.5 uM of
the heterodimer for 10 min in dark conditions at RT. The sections were then washed for 3
min with PBS 3X and further incubated sequentially with 1:200 dilution of EGFR
monoclonal antibody (H11, #MAS5-13070, Invitrogen) and 1:500 goat anti-mouse IgG (H
+L) AF-568-labeled secondary antibody (#A-11004, Thermo Fisher Scientific), 1:500
dilution of ErbB2 primary antibody (#29D8, rabbit monoclonal antibody #21658S, Cell
Signaling Inc) and 1:1000 goat anti-rabbit IgG (H+L) AF-488-labeled secondary antibody
(#A11008, Life Technologies Corp). Each antibody was incubated for 1 hour at RT. Sections
were washed with TBST 3X and mounted with Prolong Gold reagent containing DAPI
(Invitrogen) using #1 cover glass (1.5 um thickness). Confocal fluorescence microscopy was
performed using DAPI, AF488, AF568 and CyS5.5 filter sets. Image quantification was
performed by placing 3 boxes with dimensions of 20x20 um? completely within cells found
in the epithelium. Mean fluorescence intensities were measured using custom Matlab
software. Regions of saturated intensities were avoided.
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We fit the fluorescence intensities from the human esophageal specimens according to 4

histological classifications, including squamous (SQ), Barrett’s esophagus (BE), high-grade

dysplasia (HGD), and esophageal adenocarcinoma (EAC), and used a unpaired t test and

one-way ANOVA. Co-localization of peptide and antibody binding was evaluated using

Pearson’s correlation coefficient.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
AFI autofluorescence imaging
BE Barrett’s esophagus
EAC esophageal adenocarcinoma
EGF epidermal growth factor
EGFR epidermal growth factor receptor
EMR endoscopic mucosal resection
ErbB2 epidermal growth factor receptor 2
FFPE formalin-fixed paraffin-embedded
HGD high-grade dysplasia
NBI narrow band imaging
NIR near infrared
RFA radio-frequency ablation
ROI regions of interest
RT room temperature
T/B target-to-background
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Figure 1. Design of peptide heterodimer.
Chemical structures for heptapeptide monomers QRHKPRE (QRH*) and KSPNPRF (KSP*)

are shown along with arrangement of heterodimer configuration with variable length linkers.
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Figure 2. Optimization of peptide heterodimer.
On confocal microscopy, fluorescence from binding of candidate heterodimer with linkers

A) E2, B) Hex, C) E3, D) E6, and E) E10 to the surface (arrow) of SKBr3 cells can be seen.
F) Quantified results show that the E3 linker provides the highest mean fluorescence
intensity. P-values were determined using unpaired t-test. Measurements are an average of
10 randomly chosen cells from 4 images collected independently. G) Western blot shows
EGFR and ErbB2 expression in SKBr3 and QhTERT cells.
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Figure 3. Characterization of peptide heterodimer.
In siRNA knockdown experiments, QRH*-KSP*-E3-Cy5.5 (red) shows significantly greater

binding to the surface (arrows) of A) siCL (control) SkBr3 cells compared with that for B)
siEGFR (knockdown) cells. Similar results were found for C) siCL and D) siErbB2
(knockdown) cells. E) Quantified results show significantly greater intensity for siCL versus
siEGFR and siCL versus siErbB2, P=3.6x10~* and P=7.8x1073, respectively, by unpaired t-
test. The mean value was calculated from 5 cells chosen randomly from 3 images collected
independently. F) Western blot shows EGFR and ErbB2 expression in control and
knockdown cells. G) The apparent dissociation constant (binding affinity) for QRH*-KSP*-
E3-Cy5.5 was found to be kg = 23 versus 98 and 54 nM for QRH*-Cy5.5 and KSP*-Cy5.5.
H) The apparent association time constant for QRH*-KSP*-E3-Cy5.5 was found to be k =
0.22 min~! (4.5 min) versus 0.21 min~! (4.8 min) and 0.35 min~! (2.9 min) for QRH*-Cy5.5
and KSP*-Cy5.5. Results for each measurement are representative of 3 independent
experiments.
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Figure 4. No effect of peptide heterodimer on cell signaling.
We evaluated the effect of the QRH*-KSP*-E3-CyS5.5 on downstream cell signaling after

binding to SKBr3 cells. On Western blot, we observed no change in phosphorylation of
EGFR (p-EGFR), ErbB2 (p-ErbB2) or of downstream AKT (p-AKT) and ERK (p-ERK)
with incubation of heterodimer at 1, 5, and 20 uM. By comparison, the addition of EGF, an
endogenous ligand for EGFR, showed increased expression of p-AKT and p-ERK. The
addition of 100 nM of lapatinib, a tyrosine kinase inhibitor known to interrupt EGFR/ErbB2
signaling in solid tumors, showed reduced expression of p-EGFR, p-ErbB2 and p-AKT.
Cells treated with 1% DMSO and untreated cells showed no suppression of EGFR and
ErbB2 mediated signaling. B-tubulin is used as loading control.

J Med Chem. Author manuscript; available in PMC 2019 June 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Chen et al.

0
S,
Q
©
Sy
o
0
X
o

—— ta-rge;ed D 3.0- : 5 2

3.0 —=— control * -
2.51 2.51
*
o 2.01 o 2.01 .
'ﬁ '..3 —— - -
g 1.51/ : 1.51 s
F1.0{ F 1.0 iy
; P=0.0029 ,
0.51 [ targeted
0 2 hours [] control
control targ‘eted
3.04 |
o P=0.018
2.0 | P=41x10%
© . P=3.4x10%
& ;
~ 1.0 l

no block QRH* KSP* QRH*.KSP*

Figure 5. Pharmacokinetics of peptide heterodimer.
A) Representative whole-body NIR fluorescence images show uptake of targeted peptide

heterodimer QRH*-KSP*-E3-Cy5.5 in xenograft tumor (arrow) over time. B)
(GGGAGGG);KK-Cy5.5 was used as control. C) Quantitative analysis shows peak mean
signal from (n = 6) tumors at 2 hours following iv injection. A mean (£SD) T/B ratio of
2.3940.52 and 1.43+0.28 was measured at the tumor for the targeted (n = 6) and control (n =
6) peptides, respectively. Signal returns to baseline by ~24 hours. D) The mean fluorescence

intensity from individual tumors at 2 hours is significantly greater for the targeted versus
control peptide, P=2.9x1073 by unpaired t-test. E) Unlabeled QRH*, KSP*, and both
(QRH*, KSP*) monomer peptides were injected iv prior to heterodimer for blocking. F)
Quantified results show significant reduction in mean intensity from tumor (n = 3).
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Figure 6. Biodistribution of peptide heterodimer.

Representative fluorescence images are shown from excised mouse organs at ~2 hours post-
injection of A) targeted peptide heterodimer QRH*-KSP*-E3-Cy5.5 and B) control peptide
(GGGAGGG),KK-Cy5.5. C) Fluorescent signals were quantified from individual organs (n
= 6) for each peptide. The mean fluorescence intensity for targeted was significantly greater

than that for control, 5.28+1.14 versus 2.24+0.82, P=5.5x10~% by unpaired t-test.
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anti-EGFR-AF568 QRH*-KSP*-E3-Cy5.5

anti-ErbB2-AF488

Figure 7. Specific binding of peptide heterodimer to Barrett’s neoplasia.
On representative confocal microscopy images of human esophageal specimens ex vivo,

QRH*-KSP*-E3-Cy5.5 (red) shows minimal staining to A) squamous (SQ) and B) Barrett’s
esophagus (BE), and increased intensity with C) high-grade dysplasia (HGD) and D)
esophageal adenocarcinoma (EAC). Similar results were found with AF568-1abeled anti-
EGFR antibody (yellow) and for AF488-labeled anti-ErbB2 antibody (green). Merged
images show co-localization of peptide and antibody binding.
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Figure 8. Co-localization of peptide heterodimer and antibody binding to Barrett’s neoplasia.
A) On confocal microscopy, serial sections of HGD in human esophageal specimens are

shown following staining with QRH*-KSP*-E3-Cy5.5 (red), anti-EGFR antibody labeled
with AF568 (yellow) and anti-ErbB2 antibody labeled with AF488 (green). Fluorescence
intensities were quantified from the mean of a set of 3 boxes with dimensions of 20x20 um?

placed over random crypts. Co-localization of binding can be appreciated on the merged

image. B) High-magnification images are shown from dashed boxes. On the merged image,

Pearson’s correlation coefficient of p = 0.60 and 0.75 was measured for EGFR and ErbB2,
respectively. C) From n = 31, 8, 23, and 12 specimens of SQ, BE, HGD, and EAC,
respectively, we found significantly greater mean fluorescence intensity from HGD and EAC
compared with that for BE and SQ with QRH*-KSP*-E3-Cy5.5, the P-value for difference
are calculated by Tukey’s multiple comparisons. A similar result was found for anti-EGFR-
AF568 and anti-ErbB2-AF488. D) ROC curve shows 88% sensitivity, 87% specificity and
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0.95 AUC with QRH*-KSP*-E3-Cy5.5; 74% sensitivity, 69% specificity, and 0.79 AUC
with QRH*-Cy5.5, and 85% sensitivity, 79% specificity, and 0.91 AUC with KSP*-Cy5.5.
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