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ABSTRACT: The epidermal growth factor receptor (EGFR) is closely associated with tumor development and progression and
thus an important target structure for imaging and therapy of various tumors. As a result of its important role in malignancies of
various origins and the fact that antibody-based compounds targeting the EGFR have significant drawbacks in terms of in vivo
pharmacokinetics, several attempts have been made within the last five years to develop peptide-based EGFR-specific radioligands
based on the GE11 scaffold. However, none of these approaches have shown convincing results so far, which has been proposed to
be attributed to different potential challenges associated with the GE11 lead structure: first, an aggregation of radiolabeled peptides,
which might prevent their interaction with their target receptor, or second, a relatively low affinity of monomeric GE11, necessitating
its conversion into a multimeric or polymeric form to achieve adequate EGFR-targeting properties. In the present work, we
investigated if these aforementioned points are indeed critical and if the EGFR-targeting ability of GE11 can be improved by
choosing an appropriate hydrophilic molecular design or a peptide multimer system to obtain a promising radiopeptide for the
visualization of EGFR-overexpressing malignancies by positron emission tomography (PET). For this purpose, we developed several
monovalent ®*Ga-labeled GE11-based agents, a peptide homodimer and a homotetramer to overcome the challenges associated with
GEL11. The developed ligands were successfully labeled with **Ga*" in high radiochemical yields of >97% and molar activities of 41—
104 GBg/umol. The resulting radiotracers presented logp; 4y values between —2.17 + 0.21 and —3.79 + 0.04 as well as a good
stability in human serum with serum half-lives of 112 to 217 min for the monovalent radiopeptides and 84 and 62 min for the GE11
homodimer and homotetramer, respectively. In the following in vitro studies, none of the *Ga-labeled radiopeptides demonstrated a
considerable EGF receptor-specific uptake in EGFR-positive A431 cells. Moreover, none of the agents was able to displace ['*I]I-
EGF from the EGFR in competitive displacement assays in the same cell line in concentrations of up to 1 mM, whereas the
endogenous receptor ligand hEGF demonstrated a high affinity of 15.2 + 3.3 nM. These results indicate that it is not the aggregation
of the GE11 sequence that seems to be the factor limiting the usefulness of the peptide as basis for radiotracer design but the limited
affinity of monovalent and small homomultivalent GE11-based radiotracers to the EGFR. This highlights that the development of
small-molecule GE11-based radioligands is not promising.

Bl INTRODUCTION

The epidermal growth factor receptor (EGFR), also termed as Received: June 1, 2022
the human epidermal growth factor receptor (HER1), is part of Accepted: July 15, 2022
the EGF receptor family comprising, besides the EGFR, three Published: July 28, 2022
other important members, namely, HER2—HER4. All receptors

of this family exert important functions in cell physiology as they
regulate protein transcription, proliferation, cell cycle pro-
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gression, apoptosis and cell differentiation, for example.'™
Dysregulation of the EGF receptor family is closely associated
with oncogenesis and cancer progression. Especially, the EGFR
is involved in different cancer-promoting processes such as the
induction of anti-apoptotic effects, tumor cell proliferation,
angiogenesis, increased cell motility, and metastatic growth."*>
Furthermore, it represents one of the most frequently altered
oncogenes in solid cancer.” Thus, EGFR upregulation can be
found in many human cancers such as colorectal, lung, breast,
prostate, head and neck, liver, ova?r, and esophageal cancer as
well as gliomas and glioblastoma.”*~®

Due to its high relevance in cancer development and
progression, the EGFR is an attractive target for radionuclide-
based imaging and therapy of malignancies."”* In the case of
tumor imaging with positron emission tomography (PET) and
single photon emission computed tomography (SPECT),
different EGFR-specific carrier molecules have been introduced
to achieve a cancer cell-specific accumulation of the radiotracer,
mostly based on highly receptor-specific proteins such as full-
length antibodies in the IgG format or antibody fragments in the
F(ab’),, Fab, or (scFv), format.” Despite high target affinity and
specificity, the application of antibodies and other large proteins
results in several problems for imaging, namely, a long
circulation, limited tissue penetration, and slow pharmacoki-
netic profile, entailing slow clearance from background organs
and tumor uptakes, limiting tumor-to-background contrasts
especially at early time points. Furthermore, the enhanced
permeability and retention (EPR) effect can lead to an
unspecific uptake into tumor lesions and decreases imaging
sensitivity and specificity. In contrast, smaller molecules such as
peptides usually show fast pharmacokinetics and efficient tissue
penetration while enabling a high target affinity and specificity.
Furthermore, they can be easily synthesized, chemically
modified, and adapted to the specific needs in molecular design,
making them ideal candidates for the development of EGFR-
specific radiotracers. Therefore, it is not surprising that in the
last, approximately, S years, there has been increased effort to
develop peptide-based radiotracers suitable for sensitive and
specific imaging of the EGFR.

Most of these compounds were based on the peptide GE11
(Figure 1) as an EGFR-specific lead. GE11 was identified as a
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Figure 1. Structure of the EGFR-specific peptide GE11.

potential EGFR-specific peptide in 2005 by phage display and
was shown to bind with a K;j of 22.3 + 0.4 nM to the EGFR and
in the same position as the physiological ligand hEGF.” GE11
was furthermore repeatedly reported to be a promising carrier of
cancer therapeutics to EGFR-positive tumor cells.”

As a result, several groups have reported the development of
GE11-based radiotracers over the past five years. Some of these
comprised y emitters such as *™Tc and '*'In for application in
SPECT imaging,'°~"* but most of the attempts focused on the
development of PET radiotracers comprising #* emitters such as
18 68Ga, %Cy, and 411211 Although some of the studies

only described the synthesis and radiosynthesis of the
radioligands without evaluating them in silico, in vitro, or in
vivo, several agents were also studied in vivo in tumor-bearing
mice. In these studies, some consistent features with respect to in
vivo pharmacokinetics, tumor uptakes, and organ distribution of
the radiotracers were observed: (i) their primarily renal
excretion, (ii) relatively low tumor accumulation with resulting
low tumor-to-muscle ratios of 3—3.5 within the observation
period of 2—4 h post injection, and (iii) an only moderately
blockable accumulation ranging from '/5 to about '/, of the
uptake into the tumor, raising doubts about a high EGFR
specificity of the radioligands.'”'""*'*'7 At best, the
pharmacokinetic characteristics of the radioligands enabled
only suboptimal visualization of the corresponding tumors.

A recent well-designed study by Striese et al.'” attempted to
systematically study and explain these frequently described
phenomena of unfavorable in vivo properties of GE11-based
diagnostic radiotracers and proposed the following theories.
First, they inferred from their own results and those found in the
literature that the peptide itself may be prone to aggregation,
which would limit the interaction probability of the peptide with
the target receptor explaining the unfavorable tumor uptake
pattern of the radioligands. It was hypothesized that the
introduction of hydrophilic linkers between peptide and
radiolabel might improve the pharmacokinetic properties of
the radiotracers. Furthermore, it was determined that the
targeting agents successfully binding to the EGFR were based on
constructs comprising many copies of the peptide. Thus, a
sufficiently strong EGFR interaction might be present only in
the case of using GE11 multimers or polymers as targeting units,
whereas the application of a monovalent GE11 peptide would
consequently result in a very limited target affinity. This
assumption is supported by a recent study by Abourbeh et al.'®
who systematically investigated the EGFR-targeting properties
of GE11 in monomeric and polymeric forms. In contrast, the
endogenous ligand hEGF showed a very high EGFR affinity
under the same conditions.

As there are only few studies available on the development of
EGFR-specific radiotracers based on the GE11 peptide lead and
all of them showing suboptimal results, we aimed here to test the
abovementioned hypotheses on potential limitations in
molecular design of GEll-based radiopeptides. For this
purpose, we created a set of several different monovalent
hydrophilic chelator-modified GE11 peptides as well as two
multivalent GE11 analogues in order to systematically
determine the influence of molecular design on the properties
of the resulting radiotracers. The developed agents were
radiolabeled with ®®Ga** and evaluated regarding their hydro-
philicity/lipophilicity profile and their stability toward peptidase
degradation in human serum. Further, the substances were also
evaluated in vitro regarding their uptake into EGFR-positive
A431 cells and in competitive displacement assays in the same
cell line to determine their EGFR affinity. We aimed at
answering the question whether an increased peptide hydro-
philicity or valency can improve the EGFR-targeting properties
of GE11 and identifying the most appropriate approach toward
potent GE11-based radiopeptides.

B MATERIALS AND METHODS

General. Chemicals, Radiochemicals, and Materials for in
Vitro Assays. All chemicals were purchased from commercial
sources in analytical grade quality and used without further
purification unless otherwise stated. Fmoc- and side chain-
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protected amino acids and all resins (Fmoc-Ile-Wang resin LL
(100—200 mesh) (loading 0.31—0.40 mmol/g), Rink Amide
MBHA resin LL (100—200 mesh) (loading 0.36 mmol/g), Rink
Amide AM resin LL (100—200 mesh) (loading 0.36 mmol/g),
NovaPEG Rink Amide resin LL (loading 0.15—0.25 mmol/g),
and benzotriazol-1-yloxytripyrrolidinophosphonium hexafluor-
ophosphate (PyBOP)) were purchased from NovaBiochem
(Darmstadt, Germany). Bis(2,5-dioxopyrrolidin-1-yl)
4,7,10,13,16,19-hexaoxadocosanedioate (PEGs-bis-NHS ester)
was purchased from Broadpharm (San Diego, USA), tetrakis-
(triphenylphosphine)palladium(0) (Pd(PPh,),) from TCI
(Eschborn, Germany), and 4-(4,7-bis(2-(t-butoxy)-2-oxoeth-
yl)-1,4,7-triazacyclononan-1-yl)-5-(tert-butoxy)-5-oxo-penta-
noic acid ((R)-NODA-GA(tBu);) from CheMatech (Dijon,
France). 8-(9-Fluorenylmethyl-oxycarbonyl-amino)-3,6-diox-
aoctanoic acid (PEG;, Fmoc-NH-PEG;-COOH), 15-(9-
fluorenylmethyloxycarbonyl)amino-4,7,10,13-tetraoxapentade-
canoic acid (PEG;, Fmoc-NH-PEG;-COOH), 21-(9-
fluorenylmethyloxycarbonyl)amino-4,7,10,13,16,19-hexaoxahe-
neicosanoic acid (PEG;, Fmoc-NH-PEG,-COOH), 1-(9-
fluorenylmethyloxycarbonyl)amino-3,6,9,12,15,18,21,24-oc-
taoxaheptacosan-27-oic acid (PEG,, Fmoc-NH-PEG,-COOH),
and 2-(bis(3-(((9H-fluoren-9-yl)methoxy)-carbonylamino)-
propyl)-amino)-acetic acid potassium hemisulfate ((Fmoc-
NH-Propyl),Gly-OH X KHSO,) were obtained from Iris
Biotech (Marktredwitz, Germany). Dichloromethane (DCM),
diethylether, dimethylformamide (DMF), piperidine, 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate (HBTU), trifluoroacetic acid (TFA), and water were
purchased from Carl Roth (Karlsruhe, Germany), acetonitrile
(MeCN) from Haberle Labortechnik (Lonsee-Ettlenschief,
Germany), and N,N-diisopropylethylamine (DIPEA) and
triisopropylsilane (TIS) from Sigma-Aldrich (Taufkirchen,
Germany). Formic acid was obtained from Thermo Fisher
Scientific (Schwerte, Germany). Human serum (pooled serum
from male AB clotted whole blood) was also purchased from
Sigma-Aldrich (Taufkirchen, Germany). A431 epidermoid
carcinoma cells were obtained from DSMZ (Braunschweig,
Germany) and cell culture media from Bio & Sell (Feucht,
Germany). ['*I]I-EGF in a molar activity of 81.4 TBq/mmol
was obtained from PerkinElmer as custom synthesis
(NEX083000MC, Rodgau, Germany). [®Ga]GaCl; for ®*Ga
radiolabeling reactions was obtained from an IGG100
%8Ge/%%Ga generator system (Eckert & Ziegler, Berlin,
Germany). H,O (Tracepur quality), hydrochloric acid (30%,
Suprapur quality), and sodium hydroxide (30%, Suprapur
quality) for radiolabeling reactions were purchased from Merck
(Darmstadt, Germany).

Instrumentation. HPLC: For HPLC chromatography, a
Dionex UltiMate 3000 system was used together with
Chromeleon Software (version 6.80). For analytical chromatog-
raphy and semipreparative analyses, a Chromolith Performance
(RP-18e, 100—4.6 mm, Merck, Germany) and Chromolith
SemiPrep (RP-18e, 100—10 mm, Merck, Germany) columns
were used, respectively. For radioanalytical chromatography, a
Dionex UltiMate 3000 system equipped with a Raytest GABI
Star radioactivity detector was used together with a Chromolith
Performance (RP-18e, 100—4.6 mm, Merck, Germany) column.
All operations were performed with a flow rate of 4 mL/min
using H,O (supplemented with 0.1% TFA or formic acid) and
MeCN (also supplemented with 0.1% TFA or formic acid) as
solvents. The gradient used for analytical and radioanalytical
chromatography was typically 0—100% MeCN within S min,

whereas gradients for semipreparative chromatography were
chosen individually and are reported in the respective synthesis
section. MALDI-TOF MS: Matrix-assisted laser desorption/
ionization (MALDI) time-of-flight mass spectra were obtained
utilizing a Bruker Daltonics Microflex spectrometer (linear
acquisition mode, positive ion source, and 200 shots per spot).
a-Cyano-4-hydroxycinnamic acid (a-CS) or 2,5-dioxybenzoic
acid (GS) was chosen as the matrix, and the dried-droplet
method was used for sample preparation on a microscout target
(MSP 96 target polished steel BC, Bruker Daltonics, Germany).
The data were recorded with flexControl version 3.3 and
analyzed with flexAnalysis version 3.3 software. HR-ESI-MS:
For high-resolution electrospray ionization mass spectroscopy
(HR-ESI-MS), a Thermo Finnigan LTQ FT Ultra Fourier
Transform Ion Cyclotron Resonance (Dreieich, Germany) mass
spectrometer was used. The resolution was adjusted to 100.000
at m/z 400. Depending on the sample, a mass range of 50—2000
u was chosen. The spray capillary voltage at the JonMax ESI-
nozzle was 4 kV, the temperature of the heater capillaries was
250 ° C, the nitrogen sheath gas flow was 20, and the sweep gas
flow was S units. Flow injection analysis (FIA/ESI) utilized a
surveyor MS pump at a flow rate of 100 yL/min with 20/80%
(v/v) or 80/20% (v/v) water/acetonitrile as solvent. A volume
of 1—-10 uL of the sample was injected under use of an inline
filter. y counter: y counting was performed using a 2480 Wizard
gamma counter system from PerkinElmer. Ultrasonic bath:
Ultrasound-assisted syntheses were performed in a Bandelin
Sonorex Super RK 225 H ultrasonic bath (Berlin, Germany)
with the temperature of the water kept at ambient temperature.

Peptide Syntheses. Solid-phase peptide synthesis (SPPS)
was performed according to standard Fmoc protocols' in
standard syringes (S mL, HSW, Tuttlingen, Germany) equipped
with 35 pm porous high-density polyethylene frits (Reichelt
Chemietechnik, Heidelberg, Germany). Two different methods
were used for coupling, namely, mechanical agitation, where
reactions were carried out in DMF for 60 min on a shaker at
ambient temperature using 4 equiv of the respective amino acid
and 3.9 equiv of HBTU as the coupling reagent with 4 equiv of
DIPEA as the base, and ultrasound-assisted couplings, where
reactions were carried out in DMF for 15 min in an ultrasonic
bath at ambient temperature using 2 equiv of the respective
amino acid and 1.9 equiv of HBTU as the coupling reagent with
2 equiv of DIPEA as the base. Fmoc-protecting groups were
removed using 50% piperidine in DMF (v/v) (2 and S min).
Cleavage from the resin and simultaneous removal of acid-labile
protecting groups was performed with a mixture of TFA, TIS,
and H,0 (v/v/v 95/2.5/2.5) for 2—3 h at room temperature
followed by evaporation of the volatile materials. The residue
was dissolved in 1:1 MeCN/H,O + 0.1% TFA (v/v), purified by
semipreparative HPLC, and subsequently lyophilized. HR-ESI-
MS spectra of 1—7 and 9—11 can be found in the Supporting
Information (Figures S1—S10).

NODA-GA-PEG;-GE11 (1). NODA-GA-PEG,-Tyr-His-Trp-
Tyr-Gly-Tyr-Thr-Pro-Gln-Asn-Val-Ile (1) was synthesized on
solid support according to standard amino acid coupling
protocols on a commercially available Fmoc-Ile-Wang resin
LL (100—200 mesh, loading 0.31—0.40 mmol/g), standard N,,-
Fmoc amino acids, HBTU as a coupling reagent, Fmoc-NH-
PEG,-COOH, and (R)-NODA-GA(tBu);. The cleavage of the
crude product from the solid support and the simultaneous
removal of acid-labile protecting groups were performed using a
mixture of TFA, TIS, and H,O (v/v/v 95/2.5/2.5) for 3 h at
room temperature followed by evaporation of the volatile
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materials. The crude product was dissolved in 1:1 MeCN/H,O
+ 0.1% TFA (v/v), purified by semipreparative HPLC, and
subsequently isolated as a colorless solid after lyophilization.
Gradient: 0—80% MeCN + 0.1% formic acid in 10 min (R, = 5.4
min), yield: 17%. MALDI-TOF-MS (m/z) using a-cyano-4-
hydroxycinnamic acid as the matrix substance for [M + H]*
(calculated): 2042.47 (2043.24), [M + Na]* (calculated):
2064.53 (2065.22), [M + K]* (calculated): 2080.40 (2081.33).
MALDI-TOF-MS (m/z) using 2,5-dihydroxybenzoic acid as the
matrix substance for [M + H]* (calculated): 2042.37 (2043.24),
[M + Na]* (calculated): 2065.35 (2065.22), [M + K]*
(calculated): 2080.61 (2081.33). HR-ESI-MS (m/z) [M +
2H]** (calculated): 1021.9756 (1022.1250), [M + H + Na]*
(calculated): 1032.9699 (1033.1159), [M — 2H]* (calcu-
lated): 1019.9651 (1020.1090).

NODA-GA-PEG;-GE11 (2). NODA-GA-PEG;-Tyr-His-Trp-
Tyr-Gly-Tyr-Thr-Pro-Gln-Asn-Val-Ile (2) was synthesized on
solid support according to standard amino acid coupling
protocols on a commercially available Fmoc-Ile-Wang resin
LL (100—200 mesh, loading 0.31 mmol/g), standard N,-Fmoc
amino acids, HBTU as a coupling reagent, Fmoc-NH-PEG;-
COOH, and (R)-NODA-GA(#Bu);. The cleavage of the crude
product from the solid support and the simultaneous removal of
acid-labile protecting groups were performed using a mixture of
TFA, TIS, and H,0 (v/v/v 95/2.5/2.5) for 3 h at room
temperature followed by evaporation of the volatile materials.
The crude product was dissolved in 1:1 MeCN/H,0 + 0.1%
TFA (v/v), purified by semipreparative HPLC, and sub-
sequently isolated as a colorless solid after lyophilization.
Gradient: 20—80% MeCN + 0.1% formic acid in 8 min (R, =
3.06 min), yield: 26%. MALDI-TOF-MS (m/z) using a-cyano-
4-hydroxycinnamic acid as the matrix substance for [M + H]*
(calculated): 2145.25 (2145.38), [M + Na]* (calculated):
216631 (2167.36), [M + K]* (calculated): 2182.84 (2183.47).
MALDI-TOF-MS (m/z) using 2,5-dihydroxybenzoic acid as the
matrix substance for [M + H]* (calculated): 2145.46 (2145.38),
[M + Na]* (calculated): 2167.54 (2167.36), [M + K]*
(calculated): 2183.50 (2183.47). HR-ESIMS (m/z) [M +
2H]** (calculated): 1073.0099 (1073.1915), [M + H + Na]*
(calculated): 1084.0044 (1084.1824), [M — 2H]*" (calcu-
lated): 1070.9991 (1071.1755).

NODA-GA-PEGs-GE11 (3). NODA-GA-PEG;-Tyr-His-Trp-
Tyr-Gly-Tyr-Thr-Pro-Gln-Asn-Val-Ile (3) was synthesized on
solid support according to standard amino acid coupling
protocols and ultrasound-assisted synthesis instead of mechan-
ical agitation on a commercially available Fmoc-Ile-Wang resin
LL (100—200 mesh, loading 0.31—0.40 mmol/g), standard N,,-
Fmoc amino acids, HBTU as a coupling reagent, Fmoc-NH-
PEG;-COOH, and (R)-NODA-GA(‘Bu);. The cleavage of the
crude product from the solid support and the simultaneous
removal of acid-labile protecting groups were performed using a
mixture of TFA, TIS, and H,O (v/v/v 95/2.5/2.5) for 3 h at
room temperature followed by evaporation of the volatile
materials. The crude product was dissolved in 1:1 MeCN/H,0O
+ 0.1% TFA (v/v), purified by semipreparative HPLC, and
subsequently isolated as a colorless solid after lyophilization.
Gradient: 10—40% MeCN +0.1% TFA in 8 min (R, = 5.14 min),
yield: 50%. MALDI-TOF-MS (m/z) using a-cyano-4-hydrox-
ycinnamic acid as the matrix substance for [M + H]*
(calculated): 2233.76 (2233.48). HR-ESLMS (m/z) [M +
2H]** (calculated): 1117.0394 (1117.2445), [M — 2H]*~
(calculated): 1114.5187 (1115.2285), [M — 4H + 3 K]~
(calculated): 1171.8424 (1172.8680).

NODA-GA-PEG,-GE11 (4). NODA-GA-PEG,-Tyr-His-Trp-
Tyr-Gly-Tyr-Thr-Pro-Gln-Asn-Val-Ile (4) was synthesized on
solid support according to standard amino acid coupling
protocols on a commercially available Fmoc-Ile-Wang resin
LL (100—200 mesh, loading 0.31 mmol/g), standard N,-Fmoc
amino acids, HBTU as a coupling reagent, Fmoc-NH-PEG,-
COOH, and (R)-NODA-GA(tBu);. The cleavage of the crude
product from the solid support and the simultaneous removal of
acid-labile protecting groups were performed using a mixture of
TFA, TIS, and H,0 (v/v/v 95/2.5/2.5) for 3 h at room
temperature followed by evaporation of the volatile materials.
The crude product was dissolved in 1:1 MeCN/H,O + 0.1%
TFA (v/v), purified by semipreparative HPLC, and sub-
sequently isolated as a colorless solid after lyophilization.
Gradient: 0—80% MeCN + 0.1% TFA in 8 min (R, = 3.54 min),
yield: 27%. MALDI-TOF MS (m/z) using a-cyano-4-
hydroxycinnamic acid as the matrix substance for [M + H]*
(calculated): 2321.34 (2321.59), [M + Na]* (calculated):
2342.57 (2343.57), [M + K]* (calculated): 2358.50 (2359.68).
MALDI-TOF-MS (m/z) using 2,5-dihydroxybenzoic acid as the
matrix substance for [M + H]* (calculated): 2321.45 (2321.59),
[M + Na]* (calculated): 2343.34 (2343.57), [M + K]*
(calculated): 2358.61 (2359.68). HR-ESI-MS (m/z) [M +
2H]** (calculated): 1161.0621 (1161.2975), [M + H + Na]**
(calculated): 1172.0567 (1172.2884), [M — 2H]* (calcu-
lated): 1159.0520 (1159.2815).

NODA-GA-Asp-Gly-Asp-PEGs-GE11 (5). NODA-GA-Asp-
Gly-Asp-PEG;-Tyr-His-Trp-Tyr-Gly-Tyr-Thr-Pro-Gln-Asn-
Val-lle (5) was synthesized on solid support according to
standard amino acid coupling protocols on a commercially
available Fmoc-Ile-Wang resin LL (100—200 mesh, loading 0.31
mmol/g), standard N, -Fmoc amino acids, HBTU as the
coupling reagent, Fmoc-NH-PEG,-COOH, and (R)-NODA-
GA(#Bu);. The cleavage of the crude product from the solid
support and the simultaneous removal of acid-labile protecting
groups were performed using a mixture of TFA, TIS, and H,O
(v/v/v 95/2.5/2.5) for 3 h at room temperature followed by
evaporation of the volatile materials. The crude product was
dissolved in 1:1 MeCN/H,O + 0.1% TFA (v/v), purified by
semipreparative HPLC, and subsequently isolated as a colorless
solid after lyophilization. Gradient: 0—60% MeCN + 0.1%
formic acid in 10 min (R, = 6.40 min), yield: 14%. MALDI-TOF
MS (m/z) using a-cyano-4-hydroxycinnamic acid as the matrix
substance for [M + H]" (calculated): 2432.06 (2432.60), [M +
Na]* (calculated): 2454.02 (2454.08), [M + K]* (calculated):
2470.79 (2470.69). MALDI-TOF-MS (m/z) using 2,5-
dihydroxybenzoic acid as the matrix substance for [M + H]*
(calculated): 2432.61 (2432.60), [M + Na]" (calculated):
2454.69 (2454.08), [M + K]* (calculated): 2471.24 (2470.69).
HR-ESI-MS (m/z) [M + 2H]** (calculated): 1216.3672
(1216.8055), [M + H + Na]** (calculated): 1227.5397
(1227.7964), [M — 3H]*>" (calculated): 809.3551 (809.5237).

GE11 Homodimer (6). To a solution of the NODA-GA-bis-
amino dendron (9) (2.2 mg, 2.4 ymol) in absolute DMF (1 mL)
were added DIPEA (1S equiv, 6 uL) and GE11-PEG,-NHS
ester (11) (2.6 equiv, 12.5 mg, 6.2 ymol), and the reaction was
conducted in the ultrasonic bath. The reaction progress was
monitored by analytical HPLC and was found to be complete
within 15 min. The product was purified by semipreparative
HPLC and subsequently isolated as a colorless solid after
lyophilization. Gradient: 20—40% MeCN + 0.1% TFA in 8 min
(R, = 5.84 min), yield: 23%. MALDI-TOF-MS (m/z) using a-
cyano-4-hydroxycinnamic acid as the matrix substance for [M +
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H]* (calculated): 4701.08 (4694.29). HR-ESI-MS (m/z) [M +
4H]* (calculated): 1174.0890 (1174.3285), [M + 3H]**
(calculated): 1565.1184 (1565.4353).

GE11 Homotetramer (7). To a solution of the NODA-GA-
tetra-amino dendron (10) (3.0 mg, 2.4 ymol) in absolute DMF
(1 mL) were added DIPEA (15 equiv, 6 uL) and GE11-PEG-
NHS ester (11) (4.6 equiv, 11.0 ymol, 22.0 mg), and the
reaction was conducted in the ultrasonic bath. The reaction
progress was monitored by analytical HPLC and was found to be
complete within 60 min. The product was purified by
semipreparative HPLC and subsequently isolated as a colorless
solid after lyophilization. Gradient: 30—40% MeCN + 0.1%
TFA in 8 min (R, = 2.94 min), yield: 20%. MALDI-TOF-MS
(m/z) using a-cyano-4-hydroxycinnamic acid as matrix
substance for [M + 2Na]* (calculated): 8852.25 (8853.93).
HR-ESI-MS (m/z) [M + 7H]™ (calculated): 1259.2019
(1259.2863), [M + 6H]®* (calculated): 1468.9013
(1468.9993), [M + SH]®* (calculated): 1762.4770
(1762.5976).

NODA-GA-bis-amino Dendron (9). The NODA-GA-bis-
amino dendron (9) was synthesized according to standard solid
phase-based synthesis methods by coupling Fmoc-Lys(Mtt)-
OH and Fmoc-PEG;-OH to a standard Rink amide resin. Using
1% TFA in DCM (v/v) 3 X 15 min, the Mtt-protecting group of
the lysine was removed and (R)-NODA-GA(tBu), (excess: 2
equiv instead of 4) was coupled to the £-amino functionality of
the lysine, utilizing PyBOP instead of HBTU (excess: 1.9 equiv
instead of 3.9) as a coupling reagent and prolonged reaction
times of 30 min / 2.5 h (ultrasound-assisted/mechanical).
Afterward, (Fmoc-NH-Propyl),Gly-OH x KHSO, was coupled
by applying standard conditions but prolonged reaction times of
30 min/2.5 h (ultrasound-assisted/mechanical) to the amino
functionality of the PEGj-linker. Cleavage from the resin and
simultaneous removal of the acid-labile tBu-protecting groups
were performed using a mixture of TFA, TIS, and H,O (v/v/v;
95/2.5/2.5) for 3 h at room temperature followed by
evaporation of the volatile materials. The resulting residue was
dissolved in 1:1 MeCN/H,O + 0.1% TFA (v/v), purified by
semipreparative HPLC, and subsequently isolated as a colorless
hardening oil after lyophilization. Gradient: 0—40% MeCN +
0.1% TFA in 8 min (R, = 4.13 min), yield: 78 / 45% (ultrasound-
assisted/mechanical). MALDI-TOF-MS (m/z) using a-cyano-
4-hydroxycinnamic acid as matrix substance for [M + H]*
(calculated): 921.52 (921.56). HR-ESI-MS (m/z) [M + H]*
(calculated): 921.5616 (921.5615), [M + 2H]** (calculated):
461.2843 (461.5600).

NODA-GA-tetra-amino Dendron (10). NODA-GA-tetra-
amino-dendron (10) was synthesized following the same
protocols used for the synthesis of 9. Fmoc-Lys(Mtt)-OH and
Fmoc-PEG;-OH were coupled to Rink amide resin followed by
Mtt-protecting group removal using 1% TFA in DCM (v/v) for
3 X 15 min. (R)-NODA-GA(tBu), (excess: 2 equiv instead of
standard 4 equiv) was coupled to the £-amino functionality of
the lysine, utilizing PyBOP (excess: 1.9 equiv instead of 3.9) as a
coupling reagent and prolonged reaction times of 30 min by
ultrasound-assisted synthesis. (Fmoc-NH-Propyl),Gly-OH X
KHSO, was coupled twice using 2 equiv of the synthon in the
first reaction step and 6 equiv during the second reaction step
and prolonged reaction times of 30 min for ultrasound-assisted
synthesis. Cleavage from the resin and simultaneous removal of
the acid-labile tBu-protecting groups were performed using a
mixture of TFA, TIS, and H,O (v/v/v 95/2.5/2.5) for 3 h at
room temperature followed by evaporation of the volatile

materials. The resulting residue was dissolved in 1:1 MeCN/
H,0 +0.1% TFA (v/v), purified by semipreparative HPLC, and
subsequently isolated as a colorless hardening oil after
lyophilization. Gradient: 0—40% MeCN + 0.1% TFA in 8 min
(R, = 4.67 min), yield: 72%. MALDI-TOF-MS (m/z) using a-
cyano-4-hydroxycinnamic acid as the matrix substance for [M +
H]* (calculated): 1263.22 (1263.84). HR-ESLMS (m/z) [M +
H]* (calculated): 1263.8382 (1263.8364).

GE11-PEGs-NHS Ester (11). The GE11-PEGs-NHS ester
(11) (NHS-PEG;-Tyr-His-Trp-Tyr-Gly-Tyr-Thr-Pro-Gln-Asn-
Val-Ile) was synthesized on solid support according to standard
protocols using a commercially available Fmoc-Ile-Wang resin
LL (100—200 mesh, loading 0.31—0.40 mmol/g), HBTU as a
coupling reagent, and standard N,-Fmoc amino acids and bis-
PEGs-NHS ester as agents. The conjugation of the bis-PEG;-
NHS ester (8 equiv) was performed without prior activation
with HBTU but under DIPEA assistance (4 equiv) for 1 h using
mechanical agitation. The cleavage of the crude product from
the solid support and the simultaneous removal of acid-labile
protecting groups were performed with a mixture of TFA, TIS,
and H,0 (v/v/v 95/2.5/2.5) for 3 h at room temperature
followed by evaporation of the volatile materials. The crude
product was dissolved in 1:1 MeCN/H,O + 0.1% TFA (v/v),
purified by semipreparative HPLC, and subsequently isolated as
a colorless solid after lyophilization. Gradient: 0—60% MeCN +
0.1% TFA in 8 min (R, = 6.36 min), yield: 46%. MALDI-TOF-
MS (m/z) using a-cyano-4-hydroxycinnamic acid as the matrix
substance for [M + H]" (calculated): 2001.91 (2003.17). HR-
ESI-MS (m/z) [M + 2H]** (calculated): 1001.4607
(1001.5865).

%Ga Radiolabeling of 1—7. For radiolabeling with %Ga’*,
[**Ga]GaCl, was obtained by fractioned elution of a commercial
8Ge/*®*Ga generator system (IGG100 system, Eckert & Ziegler)
with 0.1 M hydrochloric acid (HCI). A solution of the peptide
derivatives 1—7 (1—20 nmol) in H,O (Tracepur quality, 1-20
uL) was added to 50—250 MBq [**Ga]GaCl, (0.5 mL), and the
pH was adjusted to 3.5—4.0 by addition of sodium acetate
solution (1.25 M, 100—150 uL). After a 10 min reaction at 45—
50 °C, samples were analyzed by radio-HPLC. The radiolabeled
products were found to be 98—100% pure and obtained in non-
optimized molar activities of 80—104 GBq/umol.

Determination of logp;, Values for [**GalGa-1 to
[®®Ga]Ga-7. The water,y;4/1-octanol partition coefficient
(logp(74)) of the developed radiotracers was determined by
addition of a solution of the respective radiolabeled peptide (5
uL, 0.5-2 MBq) to a mixture of l-octanol (800 uL) and
phosphate buffer (0.05S M, pH 7.4, 795 uL). The mixtures were
vigorously shaken for 5 min on a mechanical shaker and
subsequently centrifuged at 13,000 rpm for 2 min to achieve
complete phase separation. A volume of 125 uL of each phase
was taken, and the amount of radioactivity in each phase was
determined by ¥ counting. Experiments were performed thrice,
each in triplicate.

Determination of the Stability of [*®GalGa-1 to [*®Ga]Ga-7
in Human Serum. A sample of the respective radiolabeled
peptide (125 uL, 10—30 MBgq, pH 7.4) was added to human
serum (500 yL) and warmed to 37 °C. At defined time points (¢
=0, 5,15, 30, 45, 60, and 90 min), 75 uL of the mixture was
added to ice-cold ethanol, further cooled on ice for 5 min, and
centrifuged at 13,000 rpm for 90 s. The supernatant was
collected, the activity of the supernatant and the precipitate
measured, and whereafter, the supernatant was analyzed by
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Figure 2. Depiction of the chemical structures of the developed monovalent GE11-based agents 1—S5, the homodimer 6, and the homotetramer 7.
Hydrophilic structure elements, namely, PEG linkers of different lengths and the additionally introduced Asp-Gly-Asp amino acid sequence, are

depicted in dark and light blue, respectively.

radio-HPLC. Experiments were performed thrice for each
radioligand.

Cell Culture. A431 epidermoid carcinoma cells were grown in
DMEM, high glucose medium (Gibco) supplemented with 10%
(v/v) fetal bovine serum and 1% (v/v) penicillin—streptomycin
(10,000 U/mL) (Gibco) at 37 °C in a humidified CO, (5%)
atmosphere and were split at >80% confluence.

Internalization Studies. A431 cells (10° per well) were
seeded into 24-well cell culture multiwell plates (cellstar) and
incubated for 2 days at 37 °C in a humidified CO, (5%)
atmosphere. Immediately before the experiment, each well was
washed twice with fresh internalization medium (DMEM, high
glucose containing 1% fetal bovine serum) followed by the
addition of internalization medium to a final volume of 1.35 mL
per well. To half of the wells was added PBS containing 0.5%
bovine serum albumin (BSA) (150 uL), while to the other half
was added a blocking solution of a 100-fold molar excess of
hEGF (5 nM) in PBS containing 0.5% bovine serum albumin
solution (150 uL) followed by incubation at 37 °C for 10 min.
Hereafter, a solution of the respective radiolabeled peptide (0.05
nM) in internalization medium (8 uL) was added to each well,
and the plate was incubated at 37 °C for 30 min, 1 h, 2 h, or 3 h.
Afterward, the medium was separated from the cells and each
well was washed twice with 1 mL of an ice-cold internalization
medium, and the washing solutions were added to the collected
internalization medium (this combined solution represents the
unbound fraction) and measured in a y counter. To determine
the surface-bound fraction, each well was incubated twice for 5
min with ice-cold glycine buffer (pH 2.8, 0.05S M, 1 mL) and the
supernatants were collected and measured. The internalized
fraction was determined by lysing the cells twice for 5 min with
sodium hydroxide solution (2 M, 1 mL) and collection and
measurement of the solutions. The amount of radiotracers in
each fraction was determined by y counting and referenced

against a standard solution of the radiolabeled peptide (8 uL).
Each experiment was performed thrice.

Competitive Displacement Studies. In vitro binding affinities
were acquired by competitive displacement experiments with
each performed in triplicate. MultiScreenys-BV, 1 and 2 yim 96-
well plates were incubated with PBS/BSA (1%) solution (200
uL per well) for 1 h before use. Each well was seeded with 10°
A431 cells suspended in an Opti-MEM 1 (GlutaMAX I)
medium, and the plate was incubated at 37 °C for 1 h with 0.25
kBq ["™I]JL-EGF (25 uL) in the presence of 11 increasing
concentrations ranging from 107® to 107> M of the respective
competitor (1—7, 25 uL) or 5 X 107'° to 107° M (hEGF) with
one well empty ensuring 100% binding of the radioligand. After
the incubation, the filters were washed three times with PBS (1 X
200 uL, 2 X 100 uL) to remove unbound ['**I]I-EGF, collected,
and measured in a y counter. The 50% inhibitory concentration
(ICsp) values for each compound were obtained by nonlinear
regression analysis using GraphPad Prism Software (v5.04).
Each experiment was performed at least three times with each
experiment being performed in triplicate.

B RESULTS AND DISCUSSION

Synthesis of GE11-Based Radiolabeling Precursors 1—
7. A set of several monovalent chelator-modified GE11 peptides
(1-5) as well as two derivatives of higher valency (6 and 7,
Figure 2) were developed and radiolabeled with %Ga®*. All
compounds were finally evaluated toward their hydrophilicity
and stability in human serum and in vitro toward their EGF
receptor interaction properties. The monovalent agents
comprised a NODA-GA ((1,4,7-triazacyclononane-4,7-diyl)-
diacetic acid-1-glutaric acid) chelator for stable and efficient
%Ga* and **Cu®" radiolabeling’”*' and hydrophilic PEG
(polyethylene glycol) linkers of different lengths (1—4). The
varying linker lengths result in different distances between the
chelator/radiolabel and the peptide, which might have an
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influence on the receptor interaction properties of the GE11
peptide carrier.””** Further, the varying PEG linker length is
supposed to result in changes in the hydrophilicity profiles of the
agents>”* and thus might have an influence on a potential
aggregation of the radiopeptides. Another derivative (5) was
designed, which additionally comprised two negatively charged
aspartic acids to further increase hydrophilicity and thus reduce
potential radiopeptide aggregation. Previously, this approach
was furthermore able to positively influence the in vivo
pharmacokinetic profile of radiopeptides for tumor imaging.*’
In parallel, we also developed two GE11 derivatives of higher
valency, namely, a GE11 dimer (6) and a respective tetramer
(7), to investigate the influence of the peptide valency on the
achievable EGFR affinities.

A further important advantage of using peptide multimers for
targeting is their commonly increased metabolic stability
compared to their monovalent counterparts, the resulting
prolonged bioavailability of receptor-affine structures, and bZ
this, their higher probability of a receptor interaction.”””
Multimers further usually exhibit increased avidities (avidity is
the affinity of a multivalent binder to its target) to their target
receptor compared to the respective monomers, which can be
attributed to concomitant (and thus tighter) receptor binding
and a higher probability of re-binding upon dissociation due to
the “forced proximity effect” (Figure 3). These parameters

\Fhomomultivalent binding\J

(higher probability of target
interaction, rebinding and higher
avidity to target)

[ common monovalent binding] A

(faster degradation, lower affinity
and lower probability of target
interaction)

Figure 3. Schematic depiction of the receptor interaction character-
istics of radiolabeled monovalent and multivalent peptides used for
tumor targeting.

usually result in higher tumor uptakes combined with higher
tumor-to-background ratios as well as prolonged tumor
retention compared to the respective monovalent systems.”* >’

For ligation of the molecular building blocks within the target
agents, acid—amide bonds were chosen as they show high
chemical stability and do not produce potential unintended
effects of artificial structure elements such as susceptibility to
certain chemical or physiological conditions or immunogenicity.

The monovalent peptide precursors 1—5 were synthesized by
standard Fmoc-based solid phase peptide synthesis (SPPS)
protocols'” by successive conjugation of the required building
blocks on an Ile-preloaded Wang resin. For this purpose, the
NH-Fmoc- and side-chain-protected amino acids of the GE11
peptide sequence, Fmoc-PEGy-OH linkers, additional amino
acids (if applicable), and NODA-GA chelator in the form of its
(R)-NODA-GA(tBu), derivative were successively coupled to
the resin before the peptides were cleaved and simultaneously
deprotected under acidic conditions. The schematic depiction of
the synthesis process is shown in Scheme 1, and all monomers
were obtained in moderate to good yields of 14—50%.

For the coupling of the activated building blocks, two different
approaches were followed for some of the compounds: the
standard mechanical agitation-aided conjugation and the

ultrasound-assisted conjugation using a conventional ultrasonic
bath. In contrast to the frequently used microwave-assisted
peptide synthesis,®" the application of ultrasound for more
efficient coupling performance is still a rather new field.”*~**
Although all peptide syntheses were successful using both
approaches, the ultrasound-assisted conjugation reactions
required lower excesses of the activated building blocks (only
2 equiv instead of 4) and shorter reaction times to complete
reactions (15 instead of 60 min for standard building blocks to
be coupled), usually giving the products in considerably higher
yields (1.5 to 2-fold).

The only exception from this general observation was the
synthesis of the GE11-PEG4-NHS ester (11) which is an
important intermediate for the following assembly of the peptide
homodimer (6) and homotetramer (7) (Scheme 2).

During the synthesis of 11 from GE11 peptide intermediate 8
with PEG;-bis-NHS ester on solid support, a significant amount
of peptide dimers was formed by cross-linking of two GE11
peptides being immobilized in direct vicinity to each other on
the resin by the applied PEG,-bis-NHS ester (Figure 4).
Although low-loading resins were used during the synthesis, the
distance between the peptides was so small that a substantial
amount of dimers formed either using mechanical agitation or
ultrasound-assisted synthesis. However, the amount of unin-
tended cross-linking was considerably higher in the case of
ultrasound-assisted synthesis as well as was the rate of NHS-
ester cleavage, yielding in the GE11-PEG; acid instead of the
ester: thus, the ratio between intended product 11 and
undesired byproducts was shifted to the disadvantage of 11
using the ultrasound-assisted synthesis so that lower overall
isolated yields of 26% were obtained using an excess of 5 equiv of
PEG;-bis-NHS ester. In contrast, mechanical agitation-aided
conjugation gave 11 in a 46% yield by applying an excess of 8
equiv of PEG;-bis-NHS ester. Other factors also affecting
product yields were the solvent used (non-anhydrous DMF
reduced the achievable yields due to a considerable hydrolysis of
the active ester) and the cleavage time of the peptide from the
resin (significantly prolonged cleavage times also caused an
increased hydrolysis rate).

The homodimer and homotetramer agents 6 and 7 were
obtained by first synthesizing the NODA-GA chelator-modified
bis- and tetra-amines 9 and 10 (Scheme 2), which were
assembled on solid support by successive conjugation of the
respective. HBTU or PyBOP acid-activated building block
(Fmoc-Lys(Mtt)-OH, (R)-NODA-GA(tBu);, Fmoc-NH-
PEG;-OH and (Fmoc-NH-Propyl),Gly-OH) followed by acidic
cleavage and simultaneous deprotection, giving both products in
good yields of 78% for 9 and 72% for 10. In parallel, GE11-
PEG;-NHS (11) was completely synthesized on solid support,
including the conjugation of the PEG;-bis-NHS ester to peptide
intermediate 8 before cleavage from the resin.

Attempts to first isolate the GE11 peptide and conjugate the
PEG;-bis-NHS ester in solution resulted in very low product
amounts due to the formation of several side products,
preventing efficient purification of the product. An alternative
approach to conjugate the PEG-bis-NHS ester still on solid
support to 9 and 10 to obtain the bis-NHS and tetra-NHS esters
to which GE11 could have been coupled was also not successful.

Finally, the bis- and tetra-amines 9 and 10 were reacted with
11 in solution, giving the peptide homodimer 6 and the
homotetramer 7 in moderate isolated yields of 23% and 20%,
respectively.
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Scheme 1. Synthesis Pathway toward the Monovalent Chelator and Linker-Modified Peptide Derivatives 1—5“
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“Reaction conditions: (a) cleavage of Fmoc-PG: piperidine/DMF (1/1, v/v), 2 + S min; (b) activation of amino acids: 4.0 equiv amino acid
derivative, 4.0 equiv DIPEA, 3.9 equiv HBTU in DMF, 2 min, 60 min coupling; alternatively: 2.0 equiv amino acid derivative, 2.0 equiv DIPEA, 1.9
equiv HBTU in DMF, 2 min, ultrasound-assisted coupling for 15 min; (c) cleavage of peptide from resin and simultaneous deprotection of side-

chain functional groups: TFA/TIS/H,0 (95/2.5/2.5, v/v), 2—3 h.

Scheme 2. Synthesis of GE11 Peptide Dimer 6 and GE11 Tetramer 7
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“Reaction conditions: (a) cleavage of Fmoc-PG: piperidine/DMF (1/1, v/v), 2 + S min; (b) activation of amino acids: 4.0 equiv amino acid
derivative, 4.0 equiv DIPEA, 3.9 equiv HBTU in DMF, 2 min, 15 min coupling; (c) cleavage of Mtt-PG: 1% TFA in DCM, 3 X 1S min; (d)
activation of (R)-NODA-GA(Bu);: 2.0 equiv, 2.0 equiv DIPEA, 1.9 equiv PyBOP in DMF, 2 min, 30 min coupling; (e) activation of (Fmoc-NH-
Propyl),Gly-OH: 6.0 equiv, 6.0 equiv DIPEA, 5.9 equiv HBTU in DMF, 2 min, 30 min coupling; (f) 8.0 equiv of PEG-bis-NHS ester, DMF, 1 h
coupling using mechanical agitation; (g) cleavage of peptide from resin and simultaneous deprotection of side-chain functional groups: TFA/TIS/
H,0 (95/2.5/2.5, v/v) for 3 h; (h) 2.6 or 4.6 equiv 11, 6 uL DIPEA, DMF, 15 min (6) or 60 min (7) reaction.

%8Ga Radiolabeling of 1-7 and Evaluation of [®*Ga]Ga- 7 were radiolabeled with %Ga®* and the labeled products

1 to [®®Ga]Ga-7 in Terms of logp;4 and Stability in [®Ga]Ga-1 to [**Ga]Ga-7 evaluated in terms of their hydro-
Human Serum. Peptide monomers 1—5 and multimers 6 and philicity/lipophilicity profile and their stability toward metabolic
27697 https://doi.org/10.1021/acsomega.2c03407
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Figure 4. Schematic depiction of the cross-linking process during the synthesis of 11: Depicted is a resin bead with bound and Fmoc-deprotected
GEL11 peptide intermediate 8 (blue), which is supposed to react with the PEG4-bis-NHS ester (red); the intended conjugation product is depicted in
magenta and the cross-linking product in green.
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Figure S. (A) Analytical radio-HPLC chromatograms of [**Ga]Ga-1 to [*Ga]Ga-7 obtained directly after radiolabeling, (B) logp,4) values for
[**Ga]Ga-1 to [®*Ga]Ga-7, and(C) half-lives for [**Ga]Ga-1 to [*®*Ga]Ga-7 in human serum.

degradation by human serum peptidases. The *Ga** was Ge/%Ga generator system, the pH was adjusted to 3.5—4.0 by
obtained as *GaCl; by fractioned elution of a commercial the addition of sodium acetate solution before 1—20 nmol of the
27698 https://doi.org/10.1021/acsomega.2c03407
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Figure 6. Graphical depiction of the results of the competitive displacements assays of hREGF, 3, and 7 on EGFR-positive A431 cells using ['**I]I-EGF

as the competitor.

respective precursor 1—7 were added, and the labeling reaction
was carried out. Using NODA-GA as chelating agents instead of
the more common DOTA ((1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetrayl)tetraacetic acid) allows labeling at much milder
temperatures (45 °C instead of 90—100 °C) within short
reaction times of 10 min, giving stable cornplexes.20 The labeled
agents [%Ga]Ga-1 to [**Ga]Ga-7 were obtained in radio-
chemical yields and purities of >97% (Figure SA) as well as non-
optimized molar activities of 41—104 GBq/umol, starting from
230 to 310 MBq **Ga*".

[**Ga]Ga-1 to [*®*Ga]Ga-7 were evaluated in terms of their
hydrophilicity/lipophilicity profiles as this is a good indicator for
the likely major route of excretion during an in vivo application of
the radiotracer.”>*° The logp(7.4) values were determined by
distribution experiments and partition of the respective
radiotracer between an aqueous phosphate buffer phase at pH
7.4 and 1-octanol. The results of these evaluations (Figure SB)
showed high hydrophilicity of the monovalent radioligands
[®*Ga]Ga-1 to [*®*Ga]Ga-§ of —3.12 + 0.06 to —3.79 = 0.04,
whereas the peptide dimer [%Ga]Ga-6 and tetramer [**Ga]Ga-7
showed considerably lower hydrophilicities of —2.52 + 0.03 and
—2.17 =+ 0.21, respectively, nevertheless pointing to a
presumably mainly renal clearance of all agents. High hydro-
philicity of the radiotracers is beneficial for their application in
PET imaging as EGFR-specific peptidic radiotracers are
interesting agents for the visualization of several different
malignancies (vide supra), but among these especially, the
delineation of hepatocellular carcinomas (HCCs) and liver
metastases of colon carcinomas would be an important
application as these express the EGFR to a high extent and are
usually difficult to detect using common radiotracers.””** A high
unspecific uptake of the radiopeptides into the liver would
impede lesion detection and delineation especially in these two
malignancies, making high hydrophilicity of the radiopeptides
mandatory for successful tumor imaging.

Another important factor influencing the applicability of a
radiotracer is its stability. Thus, the stability of [**Ga]Ga-1 to
[%*Ga]Ga-7 was evaluated by incubating them in human serum
as a standard in vitro stability test, showing the stability toward
degradation by human serum peptidases. For this purpose, the
respective radiolabeled agent was incubated in commercially
available pooled human serum of healthy donors at 37 °C and
aliquots of the mixtures were analyzed after defined time points
of 0, 5, 15, 30, 45, 60, and 90 min by analytical radio-HPLC in
order to determine the intact fraction of the radiopeptides. From
these data (Figure SC and Figure S11—S17), the serum half-life
of each radioligand was determined, showing values between
112 and 217 min for the peptide monomers [®Ga]Ga-1 to

27699

[%*Ga]Ga-5 and 84 and 62 min for the peptide dimer [**Ga]Ga-
6 and tetramer [**Ga]Ga-7, respectively. Within the line of the
peptide monomers [**Ga]Ga-1 to [®*Ga]Ga-4, the length of the
introduced PEG linker does not seem to have a significant
influence on the peptide stability, whereas the introduction of
the additional amino acid sequence Asp-Gly-Asp seems to
introduce another point of attack for peptidases: the half-life of
[®*Ga]Ga-5 is considerably decreased by half compared to its
analogue [**Ga]Ga-3, being composed of the same structure
elements (GE11 peptide, PEG;-linker, NODA-GA chelator)
apart from the Asp-Gly-Asp motive. For the peptide multimers
[®*Ga]Ga-6 and [**Ga]Ga-7, considerably shorter half-lives
were interestingly observed compared to the monomers.
However, it has also been shown that, despite degradation of
peptide copies within a peptide multimer, the remaining intact
peptide units nevertheless enable us to still take advantage of the
favorable properties of peptide multimers such as increased
avidity, prolonged bioavailability, and increased probability of
target binding and rebinding.3 Overall, the half-lives of all
radiopeptides are thus in a reasonable range for PET imaging
using the clinically most relevant diagnostic radiometal “*Ga.

In Vitro Tumor Cell Uptake Studies of [®Ga]Ga-1 to
[®GalGa-7 and Competitive Displacement Assays on
A431 Cells. Finally, we determined if the developed radio-
ligands still show the ability to target EGFR-expressing tumor
cells.

First, we performed cell uptake studies*” on A431 cells
(human epidermoid carcinoma cell line), which are known to
highly express the EGFR"" and are thus the standard cell line for
the evaluation of EGFR-specific radioligands.*”*’ For this
purpose, we incubated the cells in the presence and absence of
the endogenous EGFR ligand hEGF (human epidermal growth
factor) with the respective **Ga-labeled peptide and quantified
EGFR-specific and EGFR-unspecific cell interactions differ-
entiated by membrane-bound and internalized activity after 30
min, 1, 2, and 3 h. However, we were not able to detect a
measurable EGFR-specific uptake into the cells but only a
relatively high unspecific interaction of the tracers with the cells.
This finding is in line with former reports, mentioning a high
unspecific interaction of GE11-based radioligands with tumor
cell lines of different origin.'>'” These results seem to indicate
that the proposed aggregation of the radiopeptides and the
resulting limited receptor interaction probability discussed
above should not be the reason for the absent tumor cell uptake
of GEl1-based tracers into EGFR-positive cells as the chosen
hydrophilic molecular designs, especially in the case of the twice
negatively charged derivative [**Ga]Ga-5, should hinder
aggregation. Also, the introduction of PEG linkers of different

https://doi.org/10.1021/acsomega.2c03407
ACS Omega 2022, 7, 27690—27702


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03407/suppl_file/ao2c03407_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03407?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03407?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03407?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03407?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

lengths was not able to result in an EGFR-specific cell uptake of
the radioligands being facilitated by an increased hydrophilicity
and a larger distance between the GE11 peptide and the
chelator/®*Ga complex. Thus, at least some difference in tumor
cell uptake behavior should have been observed between the
different radiotracers if a hydrophobicity-driven aggregation
were the main reason for the absent EGFR-specific tumor cell
interaction.

In contrast, a previous work on phthalocyanine (Pc)
conjugates of GE11 showed that the introduction of a
hydrophobic structure element at the N-terminus of the peptide
can even result in a positive contribution to receptor binding. It
was found that phthalocyanines, especially when being attached
to the peptide at an appropriate distance, can support EGF
receptor binding by Pc-induced anchoring near the hydrophobic
region around amino acid residues Tyr89, Tyr93, and Phel48
outside the EGFR binding pocket.**

Due to the absent EGFR-mediated tumor cell uptake of
[**Ga]Ga-1 to [**Ga]Ga-7, we further evaluated 1—7 and also
unmodified GE11 for their ability to displace hEGF from its
receptor and thus with respect to their in vitro receptor affinity
profile on the same cell line. By this, we intended to determine
potential positive effects of introduced hydrophilic structure
elements or multivalency on EGFR-specific binding. For this
purpose, we conducted competitive displacement assays using
['*I]I-EGF as the competitor and endogenous hEGF as internal
reference standard with known high affinity for this receptor
type.'® The results of these assays are depicted in Figure 6
(exemplary binding curves obtained for hEGF, 3, and 7) and
Figures S18—S23 (binding curves for the rest of the agents,
namely, 1, 2, 4—6, and unmodified GE11), showing a high
EGEFR affinity of hEGF with an IC;, value of 15.2 + 3.3 nM but
no measurable affinity of the newly developed monovalent or
multivalent agents up to a concentration of 1 mM.

These results match those of the internalization assays and are
also in accordance to several examples in the literature where a
rather heterogeneous picture is drawn with regard to binding
affinities of GE11-based compounds to the EGFR: While many
studies did not show/investigate EGFR affinities at all,® there are
certainly examples of GE11-based compounds showing good
affinities to this receptor type.m’14 However, the bigger part of
publications dealing with the development of GEll-based
compounds describe effects similar to those observed here,
namely, that no or very low affinities to the EGFR were
found.'”""'”'® This heterogeneous literature situation is mostly
justified by the fact that GE11 presumably shows a relevant
EGFR affinity only in a multivalent form, as for example, during
its discovery by phage display” or in the case of GE11-modified
dendrimers, polymers, or particle-based systems.”™** This is
confirmed by a recent study that addressed this very question
and found an unmeasurably low affinity for the unmodified
GE11 monomer of more than 1 mM on different EGFR-positive
cell lines (among these, A431, MDA-MB-468, and U87MG
cells), while showing a moderate affinity for a GE11 polymer
(GE11-modified polyethyleneimine-polyethyleneglycol) of
1900 + 432 nM.'® This affinity profile is however still
considerably worse than the affinity of hEGF to the EGFR of
5.1 + 0.9 nM being determined in the same study.

This clearly demonstrates the effect of insufficient affinity of
GE11 monomers and is confirmed by the results of the present
study. However, the GEll-based agents of higher valency
(dimer and tetramer) developed here were also not able to
produce agents of measurable affinities, so it can be assumed that

GE11 indeed shows relevant affinity to the EGFR only for
considerably higher peptide copy numbers per molecule. The
development of GEll-based polymers however remains a
challenge and matching a defined molecular structure is difficult
to achieve, which is nevertheless highly desirable for the clinical
application of a receptor-specific agent.

To develop monovalent GE11 peptide-based radiotracers or
analogues carrying a low number of GE11 peptide units does
thus not seem to be a promising approach in order to achieve a
considerable EGFR-specific tumor uptake and as a result a
relevant tumor visualization specificity and sensitivity.

B CONCLUSIONS

We were able to show in the present study that the points having
been discussed to be potential reasons for the suboptimal
pharmacokinetic properties of the GE11-based radiopeptides
developed for in vivo tumor imaging so far are in part correct.
One potential problem previously identified is a hydrophobicity-
induced aggregation of the peptide, which could be the reason
for a lacking EGF receptor interaction of the peptidic lead
structure. The results of our work however suggest that this
appears to be only a small part of the problem, if any, as we
developed several rather hydrophilic radiolabeled GE11
derivatives, one of which further carrying mutually repulsive
charged functional groups with all of them showing no EGF
receptor targeting ability. The other potential problem
previously identified is a rather low affinity of the isolated
GEIl1 lead structure and the necessity to incorporate a high
number of peptide copies into a polymer matrix to achieve
sufficient affinities of the constructs. Our results support this
theory and show that even GEll-based multimers of low
valency (dimer and tetramer) are still too small to enable a
sufficient target receptor interaction.

In conclusion, a monovalent GE11 peptide or alow number of
GEI11 peptide units per radiotracer molecule appears to be of
limited utility to achieve a relevant EGFR interaction, impeding
the development of non-protein-based EGFR-specific radio-
ligands for tumor diagnosis and therapy based on this peptide
lead.
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