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Formation and growth of metastases require a new vascular network. Angiogenesis plays an essential role in the
expansion and progression of most malignancies. A high number of molecular pathways regulate angiogenesis,
including vascular endothelial growth factor (VEGF), oyf3 integrin, matrix metalloproteinases (MMPs), or
aminopeptidase N. The aim of this study is to involve new, easily accessible peptide sequences into the of neo-
angiogenesis in malignant processes. Labelling of these peptide ligands with ®®Ga enable PET imaging of neo-

1. Introduction

Angiogenesis is fundamental in the progression of cancer, and pro-
mote the formation of metastatic lesions (Simons, 2005; Folkman, 1971;
Nishida et al., 2006). This complicate mechanism is regulated by a
balance between pro- and anti-angiogenic factors (Ellis et al., 2002;
Kazerounian et al., 2018). Therefore, non-invasive detection of this
process has a great importance in the early diagnosis of different ma-
lignancies. Hence, promising biologic targets for the specific imaging of
angiogenesis can involve different endothelial cell markers of angio-
genesis, non-endothelial cells contributing to neovascularization, and
markers of the extracellular matrix (Denekamp, 1993; Ellis et al., 2001).
Previous studies demonstrated the presence of the aminopeptidase N
(CD13) - a zinc-dependent membrane-bound ectopeptidase - on the new
tumor vasculatures (Pasqualini et al., 2000; Luan and Xu, 2007). High

expression of CD13 can be found in several human solid tumors,
including melanoma (van Hensbergen et al., 2004), prostate-, lung- and
ovarian cancer (Chen et al., 2013). A strong correlation was determined
between the CD13 expression and the invasive feature of the tumors.
Novel specific markers of angiogenic endothelium, and CD13 have been
identified by phage display experiments in tumor models. The peptide
motif, NGR (Asn-Gly-Arg) has been shown to home specifically to tumor
vessels in xenografted animal models but not other CD13-rich tissues
(Arap et al., 1998; Wang et al., 2011; von Wallbrunn et al., 2008),
despite CD13 is expressed in various normal tissues also. The reason of
this particular behaviour can be due to the expression of different forms
of CD13. It has formerly been demonstrated that the cyclic form of NGR
has approximately ten-fold higher targeting efficacy than linear versions
of the identical peptide sequence for targeting various tumors (Colombo
et al.,, 2002). These results suggest that NGR-containing peptides
labelled with positron emitting nuclides can be a useful predictive
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Abbreviations

ACN acetonitrile

ANOVA analysis of variance

APN/CD13 aminopeptidase N (CD13)

APRPG  alanyl-prolinyl-argininyl-prolinyl-glycyl

ATCC american type culture collection

¢(KNGRE)-NH2 cyclic(lysyl-asparaginyl-glycyl-argininyl-glutamic
acid amide)

CITrt chlorotrityl

DIC/HOBt diisopropylcarbodiimide/ 1-hydroxybenzotriazole

DIPEA  N,N-Diisopropylethylamine

DMEM  dulbecco’s modified eagle medium

DMF N,N-Dimethylformamide

DOTA  1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid
ESI-MS  electrospray ionisation mass spectrometry

FBS fetal bovine serum

Fmoc-Arg(Pbf)-OH No-Fmoc-Nw-(2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl)-L-arginine,
Na-Fmoc-No-Pbf-L-arginine

He/De rat hepatocellular carcinoma

HLB hydrophilic-lipophilic-balanced

Maleimide-NODAGA Maleimide-1,4,7-triazacyclononane,1-glutaric
acid-4,7-acetic acid

MEM non-essential amino acid

Ne/De rat mesoblastic nephroma

NGR asparaginyl-glycyl-arginine

NODAGA 1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid

NODAGA-c(NGR) c[Lys(NODAGA)-Asn-Gly-Arg-Glu]-NH2

NOTA  1,4,7-triazacyclononane-triacetic acid

NOTA-c(NGR) c[Lys(NOTA)-Asn-Gly-Arg-Glu]-NH2

PET positron emission tomography

p-SCN-Bn-NODAGA  S-2-(4-isothiocyanatobenzyl)-1,4,7-
triazacyclononane-1-glutaric acid-4,7-acetic acid

p-SCN-Bn-NOTA  2-S-(4-Isothiocyanatobenzyl)-1,4,7-
triazacyclononane-1,4,7-triacetic acid

RP-HPLC reversed phase-high pressure liquid chromatography

SPPS solid phase peptide synthesis

SUVmean standardized uptake value (mean)

T/M tumor-to-muscle ratio
TFA trifluoroacetic acid
TIS triisopropylsilane

YEVGHRC tyrosinyl-glutamic acidyl-valinyl-glycyl-histidinyl-
argininyl-cystene

diagnostic agent or, applying therapeutic isotopes they can serve as
promising tools against the tumors. On the other hand, it is well known
that the NGR sequence, has a strong propensity to undergo deamidation
of Asn side chain (Meinwald et al., 1986), and the process can lead to the
formation of isoAsp and Asp residues (Kirikoshi et al., 2017). Despite of
the stability issue of the NGR muotif, in the literature one can see several
NGR analogues labelled with different radionuclides through different
bifunctional chelators. The most studied nuclides were %8Ga (Zhang
et al., 2014; Mté et al., 2015; Shao et al., 2014; Zhao, 2016) and ®*Cu
(Chen et al., 2013; Li et al., 2014) for positron emission tomography
(PET) imaging but one can find examples for the application of **™Tc
(Ma et al., 2013) for single-photon emission computed tomography
(SPECT) imaging.

The vascular endothelial growth factor receptor- (VEGFR-1) is also
one of the key molecules in the process of tumor-associated neo-angio-
genesis. The VEGFR-1 - as a tyrosine kinase transmembrane receptor — is
overexpressed in several human cancers, furthermore, due to VEGFR-1
plays an important role in tumor neo-angiogenesis, in the inhibition of
apoptosis and, in the induction of chemoresistance, the presence of this
receptor in the tumors predicts poor prognosis in patients (Graziani
et al., 2016).

Therefore, the discovery of easily available and less susceptible
peptide sequences targeting the neo-angiogenetic processes can have a
great impact. In this work we aimed to involve into our research area
new linear sequences, which can serve as a lead compound for further
radioligand development. In this proof-of-concept type study the APN
selective peptide LN peptide (YEVGHRC) (Jia et al., 2017) and the
VEGFR-1 selective APRPG (Oku et al., 2002) were conjugated with
macrocyclic chelators and were labelled with %8Ga.

The PET-isotope, 58Ga bears close to ideal physical properties,
furthermore it is easily accessible via %8Ge/®®Ga-generators and offers
well-established complexation chemistry for the labelling of bio-
molecules (Velikyan, 2013; Smith et al., 2013; Banerjee and Pomper,
2013). The Ga®" ion can be complexed by macrocyclic and acyclic
chelators also and its most common coordination number is six. DOTA is
one of the most widely used chelators which is applied for complexing
radioactive metals. However, due to the size of the ring, and the existing
8 donor atoms it is better suited for complexation with larger cations
Bi%*, Y3*, Sc3t). The labelling with ®®Ga at room temperature is
extremely slow and it is incompatible with the half-life of %®Ga.

The NOTA-type chelator family is excellent for complexing Ga>* due
to the appropriate ring size and coordination number. The NOTA
chelator provides quantitative radiolabelling with ®®Ga at room tem-
perature. NODAGA carries an extra carboxyl group than NOTA and has
even more hydrophilic character than the former, which can influence
beneficially the biological behaviour of radiotracer (Satpati et al., 2018).
Therefore, during our research, we selected NODAGA from the NOTA
family, as a chelator to conjugate various, neo-angiogenesis-selective
peptide derivatives and then radiolabel the substances with ®Ga.
Moreover, we have evaluated the isotope-labelled peptide-derivatives in
vivo, as an imaging biomarker of angiogenesis in different tumor models
and using them in preclinical imaging studies.

2. Materials and methods
2.1. Materials

The chemicals for the peptide-synthesis and for the HPLC-
purification were ordered from Reanal (Budapest, Hungary), IRIS
Biotech GmbH (Marktredwitz, Germany) and Molar Chemicals Kft
(Halasztelek, Hungary). The ®%Ge/®®Ga generator was produced by
Eckert-Ziegler, GalliaPharm® (Berlin, Germany). The p-SCN-Bn-NOTA,
p-SCN-Bn-NODAGA and Maleimide-NODAGA macrocyclic chelators
were obtained for CheMatech (Dijon France), the HCl, NaOAc buffer and
water were Ultrapure quality and were purchased from Merck KGaA
(Darmstadt, Germany). Oasis HLB 1 cc cartridge was the product of
Waters Corporation (Massachusetts, USA). All other reagents and sol-
vents were the products of Sigma-Aldrich Kft. (Budapest, Hungary) and
were analytical grade, moreover we used them without further purifi-
cation every case.

2.2. Synthesis of peptide APRPG-NH, and APRPG-COOH

The APRPG-NH; peptide was prepared on Rink-Amide MBHA resin
while the APRPG-COOH peptide was synthesized on 2-ClTrt resin by
SPPS, using standard Fmoc-chemistry. The only side chain protected
amino acid derivative was Fmoc-Arg(Pbf)-OH. The mixture of 2% DBU
and 2% piperidine in DMF was applied for the removal of Fmoc pro-
tecting group and for the coupling of amino acid derivatives DIC/HOBt
coupling agents (3 equivalent each) were used. The free peptides were
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cleaved from the resins with 95% TFA, 2.5% water and 2.5% TIS as
cleavage cocktail. The crude peptides were purified by RP-HPLC and the
pure compounds were analysed by analytical RP-HPLC and ESI-MS. The
yield of the end products was over 70% in both cases.

2.3. Mass spectrometry

Electrospray (ESI)-mass spectrometric analyses were carried out on
an Esquire 3000+ ion trap mass spectrometer (Bruker Daltonics, Bre-
men, Germany). Spectra were acquired in the 50-2500 m/z range.
Samples were dissolved in a mixture of ACN/water (1:1, v/v) and 0.1%
formic acid.

The YEVGHRC peptide was purchased of Bankpeptide Biological
Tech Co., LTD (Hefei, China).

2.4. Synthesis of NODAGA-YEVGHRC, NODAGA-APRPG-NH; and
NODAGA-APRPG-COOH

2.4.1. Conjugation reaction of YEVGHRC linear peptide with Maleimide-
NODAGA

9.7 mg (11 pmol) Maleimide-NODAGA was coupled to the Cys thiol-
group of the linear YEVGHRC peptide (6.7 mg; 13.5 pmol). The in-
gredients were dissolved in a pre-deoxygenated DMF/water 3:1 solution
and the pH were adjusted between 7 and 7.5. The reaction was carried
out by stirring the mixtures for 2 h under He atmosphere at room tem-
perature. The product of the reaction (NODAGA-YEVGHRC) was puri-
fied with semi-preparative RP-HPLC and then were lyophilized. The
final product analysed by analytical HPLC and ESI-MS (Shimadzu LCMS
IT-TOF Mass Spectrometer, Shimadzu Corp., Tokyo, Japan).

2.4.2. Conjugation reaction of APRPG-NH, linear peptide with p-SCN-Bn-
NODAGA

5.8 mg (12 pmol) from the linear APRPG-NH, peptide was dissolved
in 0.5 mL of DMF and 8.3 mg (14 pmol) of p-SCN-benzyl-NODAGA was
introduced into reaction solution. Thenceforth, 4.7 pl DIPEA was added
into mixture and then 50 pl water added. The reaction mixture was
stirred for 24 h at room temperature. The resulting crude product
(NODAGA-APRPG-NH;) was purified on semi-preparative RP-HPLC.
The pure fractions of the product were collected in a vial and then were
lyophilized. The material was characterized by ESI-MS (Shimadzu LCMS
IT-TOF Mass Spectrometer, Shimadzu Corp., Tokyo, Japan) and
analytical RP-HPLC (as described below).

2.4.3. Conjugation reaction of APRPG-COOH linear peptide with p-SCN-
Bn-NODAGA

The conjugation reaction of NODAGA-APRPG-NH; was identical as
for NODAGA-APRPG-COOH, except that the linear peptide and amounts
were different. Briefly, 10.5 mg (21 pmol) from the linear APRPG-COOH
peptide was dissolved in 0.5 mL of DMF. 15.05 mg (25 pmol) of p-SCN-
Bn-NODAGA was added into the mixture. Furthermore, 7.4 pl DIPEA
was introduced into the reaction. The work-up processes were identical
to the procedures described above.

2.5. RP-HPLC methods

The crude, APRPG-type peptides were purified on a KNAUER HPLC
system equipped with a 2501 UV detector (H. Knauer, Bad Homburg,
Germany) using a preparative Phenomenex Luna C18(2) column (100 f\,
10 pm, 250 mm x 21.2 mm) (Torrance, CA, USA). Linear gradient
elution (0 min 5% B; 5 min 5% B; 50 min 50% B) with eluent A (0.1%
TFA in water) and eluent B (0.1% TFA in ACN/H50 (80:20, v/v)) was
used at a flow rate of 4 mL/min. Peaks were detected at 220 nm.

Analytical RP-HPLC was performed on a KNAUER HPLC system and
a 2501 UV detector using a Phenomenex Luna C18 column (100 f\, 5 pm,
250 mm x 4.6 mm) as a stationary phase. Linear gradient elution (0 min
0% B; 5 min 0% B; 50 min 90%) at a flow rate of 1 mL/min with eluents
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described above. Peaks were detected at 220 nm.

The chelator-conjugated peptides (NODAGA-YEVGHRC, NODAGA-
APRPG-NH; and NODAGA-APRPG-COOH) were purified on KNAUER
HPLC system using a semi-preparative Kromasil EternityXT-10-C18
column (100 1°\, 10 pm, 10 x 150 mm) with a flow rate 4 mL/min.
The gradient elution (0 min 10% B; 5 min 10% B; 10 min 40% B; 13 min
75% B; 20 min 75% B) in case of NODAGA-APRPG-COOH and NODAGA-
APRPG-NH,. The gradient elution was also used for the NODAGA-
YEVGHRC compound (0 min 8% B; 2 min 8% B; 15 min 19% B; 20
min 50% B; 22 min 50% B). The eluent A (0.1% TFA in water) and eluent
B (0.1% TFA ACN/H20 (95:5 v/v)) were used in all instances. Peaks
were identified at 220 nm.

For the determination of the radiochemical purities of the radio-
ligands, [%®Ga]Ga-NODAGA-YEVGHRC, [%®Ga]Ga-NODAGA-APRPG-
NH, and [68Ga]Ga-NODAGA-APRPG-COOH a KNAUER HPLC with a
radiodetector was used. The KNAUER HPLC was equipped with a Halo
C18 column (100 mm x 3 mm) 5 pm diameters, and 0.7 mL/min flow
rate was applied, with a gradient profile 0 min 4% B; 2 min 4% B; 5 min
10% B; 10 min 30% B; 15 min 45% B in case of [*®Ga]Ga-NODAGA-
APRPG-COOH and [68Ga] Ga-NODAGA-APRPG-NH; and 0 min 0% B; 4
min 0% B; 10 min 40% B; 18 min 45% B for [*®Ga]Ga-NODAGA-
YEVGHRC. (mobile phases are identical than mentioned earlier). Signals
were detected by radiodetector and UV detector (254 nm).

2.6. Radiolabelling of NOTA-NGR, NODAGA-YEVGHRC, NODAGA-
aprpg-NH; and NODAGA-aprpg-COOH with %6Ga

Prior the determination of the protocol for the radiolabelling, opti-
mization reactions were performed. During these experiments, the
concentration of the peptides suitable to achieve a quantitative radio-
labelling were discovered. Subsequently, the radiosynthesis of the
NOTA-NGR, NODAGA-YEVGHRC NODAGA-APRPG-NH; and NODAGA-
APRPG-COOH were performed manually using the allocated values. For
the isotope production a fractional elution procedure was applied. The
68Ge/68G:11-ger1erator was eluted with 0.1 M HCI (aq), and the 1 ml
fraction of the highest activity was used for the labelling. The isotopic
solution was buffered with sodium-acetate (1 M; 0.15 mL, aq.) and the
pH of the mixture was adjusted to 4.0-4.1. Finally, 5 pL of 3 mM NOTA-
NGR, NODAGA-YEVGHRC, NODAGA-APRPG-NH; or NODAGA-APRPG-
COOH stock solution was introduced to the mixture and it was incubated
for 5 min at 95 °C. The reaction mixture was cooled down, and the crude
material was transferred to an Oasis HLB 1 cc cartridge (the column was
conditioned with 400 pL of 96% EtOH and then it was rinsed with 2 mL
of water). The immobilized radioactive substance was rinsed with 2 mL
of water to remove the traces of the reaction media. The activity was
recovered from the column with 0.2 mL of isotonic NaCl solution/EtOH
2:1 mixture, it was further diluted with saline to decrease the organic
content below 10% and finally the solution was sterile filtered. [*®Ga]
Ga-NOTA-NGR, [*®Ga]Ga-NODAGA-YEVGHRC, [*®Ga]Ga-NODAGA-
APRPG-NH, and [%®Ga]Ga-NODAGA-APRPG-COOH were produced
with high specific activity and with good radiochemical purity, in all
cases.

2.7. Determination of partition coefficient of [°°Ga]Ga-NODAGA-
YEVGHRC, [®®Ga]Ga-NODAGA-aprpg-NH; and [°®Ga]Ga-NODAGA-
aprpg-COOH

The hydrophobicity of a compound is a significant feature of a
radioligand, therefore the determination of it has a predictive value for
the applicability of it. The partition coefficient of our new compounds
was determined by measuring the activity-ratio in 1-octanol and PBS-
solution (pH = 7.4). 1-2 MBq of [%®Ga]Ga-NODAGA-YEVGHRC,
[*%Ga]lGa-NODAGA-APRPG-NH, and  [®3Ga]Ga-NODAGA-APRPG-
COOH in 10 pL aq. solution were introduced into a centrifuge tubes
containing a mixture of 0.49 mL of PBS and 0.5 mL of 1-octanol. After
20 min of vigorous shaking, the tubes were centrifuged at 20.000 rpm
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Table 1
Representative parameters of the newly synthetized peptide derivatives, *for the
conditions see the “Material and methods” section.

Radio-peptide Retention time Monoisotopic mass (m/  (m/z)

(radio-peptide) z) (calculated) peptide- (measured)
(min)* precursor peptide-
precursor
[*8Ga]Ga- 12.53 1359.59 1359.66
NODAGA-
YEVGHRC
[*®GalGa- 7.38 1016.49 1016.41
NODAGA-
APRPG-NH,
[*®GalGa- 10.06 1017.47 1017.35
NODAGA-
APRPG-
COOH

for 5 min for complete separation of layers. 100 pL were taken from each
layer and the aliquots were transferred into test tubes; the radioactivity
was measured with a PerkinElmer Packard Cobra gamma counter.

2.8. Determination of in vitro stability of [°®Ga]Ga-NODAGA-
YEVGHRC, [®®Ga]Ga-NODAGA-aprpg-NH; and [*®Ga]Ga-NODAGA-
aprpg-COOH

The stability of [*®Ga]Ga-NODAGA-YEVGHRC, [®®Ga]Ga-NODAGA-
APRPG-NH, and [®®Ga]Ga-NODAGA-APRPG-COOH were tested in
mouse serum at 37 °C. A few MBq from the radiolabelled compounds
were added into a mouse serum and the mixture was incubated. In order
to perform a serum stability analysis, 50 pL aliquot of [%®Ga]Ga-
NODAGA-YEVGHRC, [%®Ga]Ga-NODAGA-APRPG-NH, and [%®Ga]Ga-
NODAGA-APRPG-COOH at different time points (0, 30, 60, 90, 120 min)
were blended with 50 pL cold abs. EtOH. The obtained precipitate was
elutriated by centrifugation at 20.000 rpm for 5 min. After the collection
of the supernatant and its further dilution with water, the radiochemical
purity of substances was determined by the application of the analytical
radio-RP-HPLC.

2.9. Cell culture method
The cell culturing method was described earlier by Kertész et al.

(2017) and Trencsényi et al. (2017). Briefly, B16F10 (mouse melanoma)
cells were obtained from ATCC (ATCC® CRL-6475™) and B16F10 cells
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were cultured in Dulbecco’s Modified Eagle’s medium (DMEM, GIBCO
Life Technologies) supplemented with 10% Fetal Bovine Serum (FBS,
Gibco Life technologies), 1% MEM Vitamins solution (Sigma-Aldrich),
1% (v/v) MEM Non Essential Amino Acid solution (Sigma-Aldrich), and
1% Antibiotic and Antimycotic solution (Sigma-Aldrich). B16F10 cells
were maintained in T75 flasks (Sarstedt Ltd.) at 37 °C and 5% CO
tension. For tumor induction B16F10 cells were used after five passages,
and the cell viability was higher than 90% which was verified by tripan
blue exclusion test.

2.10. Animal housing

12 weeks old male C57BL/6 mice (n = 60) were used for in vivo
animal studies. Animals were purchased from Animalab Ltd. (Distrib-
utor of The Jackson Laboratory, USA). The animals were housed under
conventional conditions (26 + 2 °C and 55 + 10% humidity) with the ad
libitum accessibility of tap water and VRF-1 rodent diet (Special Diets
Services, Akronom Ltd.). The animal experiments were authorized by
the Ethical Committee for Animal Research, University of Debrecen,
Hungary (permission number: 8/2016/DEMAB). Laboratory animals
were kept according to the Hungarian Laws and animal welfare di-
rections and regulations of the European Union.

2.11. Animal model

The C57BL/6 mice were anaesthetized with 3% Isoflurane (Forane)
using a preclinical anaesthesia device (Eickemeyer, Tec3 Isoflurane
Vaporizer), and after depilation of the area of left shoulder, 5 x 10°
B16F10 cells were inoculated subcutaneously in 150 pL sterile saline.

2.12. In vivo animal study and quantitative PET analysis

8-9 days after B16F10 tumor induction, tumor-bearing (n = 40) and
healthy, control (n = 20) animals were anaesthetized by 3% Isoflurane,
and 5.5 + 0.7 MBq of [®®Ga]Ga-NOTA-cNGR or [*®Ga]Ga-NODAGA-
YEVGHRC or [*®Ga]lGa-NODAGA-APRPG-NH, or [®3Ga]Ga-NODAGA-
APRPG-COOH was injected via the lateral tail vein. After 90 min uptake
time, the animals were anaesthetized, and static PET scans (t = 20 min)
were performed using the preclinical small animal MiniPET-II scanner.
The 3D reconstructed images were evaluated with BrainCAD image
analysis software. The subcutaneous B16F10 tumor and muscle (as
background) areas were manually drawn round to determine the VOI
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Fig. 1. RP-HPLC of [®®Ga]Ga-NODAGA-YEVGHRC
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Fig. 2. RP-HPLC of [°®Ga]Ga-NODAGA-APRPG-NH,.
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Fig. 3. RP-HPLC of [*®Ga]Ga-NODAGA-APRPG-COOH.

(volume of interest) of these tissues. The radiotracer uptake was defined
in SUV (standardized uptake value) value.

2.13. Ex vivo animal study

After in vivo PET imaging animals were euthanized with 5% iso-
flurane. For the determination of the biodistribution of [*8Ga]Ga-NOTA-
¢NGR, [*®GalGa-NODAGA-YEVGHRC, [%8Ga]Ga-NODAGA-APRPG-NH,

and [®8Ga]Ga-NODAGA-APRPG-COOH blood and urine were collected
and small tissue samples were taken from liver, spleen, kidneys, small-
and large intestine, stomach, muscle, fat and B16F10 tumor. The weight
of the samples was measured and the radioactivity was determined by a
gamma-counter (PerkinElmer Packard Cobra, Waltham, MA, USA). The
radiotracer uptake was expressed as %ID/g.
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Fig. 4. Conjugation and radiolabelling of YEVGHRC peptide.

2.14. Statistical analysis

Experimental data was presented as mean + SD of at least three in-
dependent experiments. The significance was calculated by two-tailed
Student’s t-test, and two-way ANOVA test. The significance level was
p < 0.05, unless otherwise indicated.

3. Results and discussion
3.1. Chemical and radiochemical synthesis

The APRPG-COOH peptide was prepared on 2-ClTrt resin by SPPS
using standard Fmoc-chemistry. The APRPG-NH; peptide was synthe-
sized on Rink-Amide MBHA. The crude peptides were purified by RP-
HPLC, and the isolated yields of the end products were over 70%. The
purity of the carrier peptides APRPG-NH;, APRPG-COOH were assessed
with analytical HPLC (the retention times of the pure peptides were tg =
13.7 min of APRPG-COOH; tg = 12.9 min of APRPG-NH;) and proved to
be > 99%. The chemical identity of the peptides were assessed by MS
and the molecular mass was found to be [M+H]?>" = 249.1 and [M+H]*
= 497.3 for APRPG-COOH and [M+H]*" = 248.7 and [M+H] " = 493.3
for APRPG-NH, respectively.

The free amino group on the alanine moiety of APRPG peptides were
reacted with p-SCN-benzyl-NODAGA chelator. The complete ligands
were purified with RP-HPLC and then were lyophilized. The YEVGHRC

analogue was decorated with the chelator on the side chain of the Cys,
forming a thioether bond with the maleimide moiety. The chemical
identity — assessed by MS - of the precursor peptides and the HPLC
properties of the applied radioligands are summarized in Table 1.

The labelling protocols of all peptide-derivates were manual pro-
cedures and the overall synthesis time was 25 min all cases including the
cleaning and the formulation step also. The decay corrected yield was in
the range 67-73% (n = 12) and the radiochemical purity was better than
95% except the [%8Ga] Ga-NODAGA-APRPG-NH,, where the purity ex-
ceeds the 90% (Figs. 1-3). The specific activity was 14.87 + 0.13 GBq/
pmol for [®®Ga]Ga-NODAGA-YEVGHRC, 15.40 + 0.09 GBg/pmol for
[®®Ga]Ga-NODAGA-APRPG-NH, and 19.47 + 0.12 GBq/pumol for [*8Ga]
Ga-NODAGA-APRPG-COOH. The chemical structures of the newly syn-
thesized peptides can be seen in Fig. 4 and Fig. 5.

3.2. Partition coefficient and in vitro stability of all radiolabelled peptide-
derivates

The partition coefficients (logP) were determined for the three,
newly synthetized radiotracers, thus logP of [68Ga]Ga-NODAGA-
YEVGHRC proved to be —4.421, [°®Ga]Ga-NODAGA-APRPG-NH, was
—3.024 and [%®Ga]Ga-NODAGA-APRPG-COOH resulted in —2.370,
proposing that these radiopharmaceuticals are highly hydrophilic.
Moreover, the stability of the labelled substances in rat and mouse serum
at 37 °C was investigated, by means of an analytical radio-HPLC. After 2
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Fig. 5. Conjugation and radiolabelling of APRPG peptides R = OH [®®Ga]Ga-NODAGA-APRPG-COOH; R = NH, [*®Ga]Ga-NODAGA-APRPG-NH.,.

h of incubation in serum, more than 80% of the original labelled pep-
tides were found intact, in all cases.

3.3. Invivo and ex vivo biodistribution studies on healthy animals

For the determination of the biodistribution of the newly synthesized
APN/CD13 specific [68Ga]Ga-NODAGA-YEVGHRC, and the VEGFR-1
specific [°®Ga]Ga-NODAGA-APRPG-NH, and [®®Ga]Ga-NODAGA-
APRPG-COOH probes, in vivo and ex vivo studies were carried out using
healthy control C57BL/6 mice. After the qualitative analysis of the
decay-corrected PET images it was found that the kidneys showed high
accumulation 90 min post injection of [68Ga]Ga-NOTA-cNGR, °8Ga]
Ga-NODAGA-YEVGHRC, [%8Ga]Ga-NODAGA-APRPG-NH; and [*%Ga]
Ga-NODAGA-APRPG-COOH which was applied as a reference com-
pound (Fig. 6). In previous studies of our research group, we also found
that the ®®Ga-labelled APN/CD13 specific peptides ([*®Ga]Ga-NOTA-
cNGR, [%8Ga]Ga-NODAGA-cNGR, [®3Ga]Ga-NODAGA-cNGR (MG1) or
[68Ga]Ga—NODAGA—cNGR (MG2)) are excreted through the urinary
system of the animals due to their highly hydrophilic properties, which
was confirmed by the logP values (Kis et al., 2020a; Maté et al., 2015).

However, there was a significant difference between the logP values of
the newly synthesized radiopharmaceuticals. The [*®Ga]Ga-NODA-
GA-APRPG-COOH molecule was less hydrophilic (logP: 2.37), which
was also confirmed by ex vivo biodistribution studies. Significantly (at p
< 0.05 and p < 0.01) higher %ID/g tissue values were observed in the
blood, spleen, stomach, lung, heart, and fat after the injection of [%8Gal
Ga-NODAGA-APRPG-COOH, than that of the three other investigated
radiotracers (Fig. 6E). Due to its less hydrophilic property, it remains in
the circulation for longer time resulting a higher background radioac-
tivity. Between the %ID/g values of [68Ga] Ga-NOTA-cNGR, [68Ga]
Ga-NODAGA-YEVGHRC, and [8Ga] Ga-NODAGA-APRPG-NH; we found
no significant difference (at p < 0.05) in any of the organs and tissues
examined.

3.4. In vivo and ex vivo comparative studies on subcutaneous tumor
model

For the assessment of the APN/CD13 specificity of the [%®Ga]Ga-
NOTA-c(NGR) and [68Ga]Ga-NODAGA-YEVGHRC, and the VEGFR-1
specificity of [*®Ga]Ga-NODAGA-APRPG-NH; and [®®Ga]Ga-NODAGA-
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Fig. 6. Invivo PET imaging and ex vivo biodistribution data for [*®Ga]Ga-NOTA-c(NGR), [*8Ga]Ga-NODAGA-YEVGHRC, [®8Ga]Ga-NODAGA-APRPG-NH, and [*Ga]
Ga-NODAGA-APRPG-COOH. Representative decay-corrected coronal PET images of healthy control C57BL/6 mice 90 min after intravenous injection of [®Ga]Ga-
NOTA-c(NGR) (A), [*®Ga]lGa-NODAGA-YEVGHRC (B), [°®Ga]Ga-NODAGA-APRPG-NH, (C) and [**Ga]Ga-NODAGA-APRPG-COOH (D). Black arrow: liver; red ar-
rows: kidney. E: quantitative analysis of ex vivo biodistribution data (n = 5 healthy control mice/radiotracer) 90 min after tracer injection %ID/g values are presented
as mean =+ SD. Significance levels: p < 0.05 (*) and p < 0.01 (**). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

APRPG-COOH probes, in vivo and ex vivo comparative studies were
performed on B16F10 tumor-bearing mice. Previous studies have
demonstrated that B16F10 tumor cells showed APN/CD13 and VEGFR-1
positivity by molecular biological methods and PET imaging (Graziani
et al., 2016; Guzman-Rojas et al., 2012; Satpati et al., 2017). Our in vivo
PET imaging results correlated well with these findings where the
B16F10 tumors were clearly visualized by our tumor-associated neo--
angiogenic marker specific %®Ga-labelled radiopharmaceuticals. How-
ever, among the investigated radiopharmaceuticals the APN/CD13
specific [68Ga]Ga-NOTA-c(NGR) and the VEGFR-1 receptor-specific
[°8GalGa-NODAGA-APRPG-COOH showed the highest accumulation in
the subcutaneously growing B16F10 tumors (Fig. 7A-D). After the
quantitative SUV analysis of the decay-corrected PET images we found
significantly (p < 0.01) lower uptake in the BI6F10 tumors after the
injection of the APN/CD13 specific [®®Ga]Ga-NODAGA-YEVGHRC
(SUVmean: 0.03 + 0.01) and the VEGFR-1 specific [68Ga]Ga—NODA—
GA-APRPG-NH, (SUVmean: 0.04 + 0.003) than that of APN/CD13
specific [68Ga]Ga-NOTA-cNGR and the VEGFR-1 specific [68Ga]
Ga-NODAGA-APRPG-COOH, where the SUVmean values were 0.12 +
0.02 and 0.10 + 0.01, respectively (Fig. 7E). Interestingly, previous

studies (Jia et al., 2017) have shown that YEVGHRC
peptide-functionalized liposomes  effectively  targeted  the
APN-CD13-positive tumors. In our study, the radiolabelled YEVGHRC
did not show sufficient targeting properties. These in vivo results
correlated well with the ex vivo findings where we also find remarkable
[®®Ga]Ga-NOTA-cNGR (%ID/g: 1.60 + 0.30) and [%®Ga]Ga-NODA-
GA-APRPG-COOH (%ID/g: 1.35 + 0.11) uptake in the B16F10 tumors.
Significantly lower accumulation was observed in the tumors after the
injection of [®3Ga]Ga-NODAGA-YEVGHRC (%ID/g: 0.13 + 0.06) and
[68Ga] Ga-NODAGA-APRPG-NH; SUVmean: (%ID/g: 0.23 + 0.05)
(Fig. 7F). Similar results were found when the APN/CD13 specificity of
68Ga-labelled different NGR derivatives were investigated using hepa-
tocellular carcinoma, mesoblastic nephroma and melanoma tumorous
models (Kis et al., 2020a, 2020bbib Kis et al 2020 7bib_Kis_e-
t_al_2020b; Mate et al., 2015; Satpati et al., 2017). Among the several
NGR forms the ®®Ga-labelled cyclic NGR (KNGRE) showed the best
tumor targeting properties.
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Fig. 7. Invivo PET imaging and ex vivo biodistribution data for [*®Ga]Ga-NOTA-c(NGR), [®GalGa-NODAGA-YEVGHRC, [*®Ga]Ga-NODAGA-APRPG-NH, and [*®Ga]
Ga-NODAGA-APRPG-COOH. Representative decay-corrected coronal PET images of B16F10 tumor-bearing C57BL/6 mice 90 min after intravenous injection of
[°8Ga]Ga-NOTA-c(NGR) (A), [°®Ga]Ga-NODAGA-YEVGHRC (B), [°®Ga]Ga-NODAGA-APRPG-NH, (C) and [®®Ga]Ga-NODAGA-APRPG-COOH (D). Red arrows: sub-
cutaneous B16F10 tumor. Quantitative SUV (E) and %ID/g (F) analysis of biodistribution data (n = 10 B16F10 tumor/radiotracer) 90 min after tracer injection. SUV
and %ID/g values are presented as mean =+ SD. Significance level: p < 0.01 (**). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

4. Conclusion

Among markers of tumor neo-angiogenesis, APN/CD13 is a very
promising target in positron emission tomography imaging, however,
the selection of the appropriate %8Ga-labelled NGR-based radiophar-
maceutical (e.g: [68Ga]Ga-NOTA- and NODAGA-c(NGR) with the
highest binding affinity in this study) is critical for the precise detection
of tumors neo-angiogenesis and for monitoring the efficacy of anticancer
therapy. But the NGR motif is prone to non-enzymatic deamidation
through succinimide ring formation followed by hydrolysis (Curnis
et al., 2006), therefore it could be essential to find new sequences with
improved chemical stability to create the ideal radiopharmaceutical for
the detection of neo-angiogenesis. In this work we examined new,
non-NGR linear analogues to visualize angiogenesis with non-vulnerable
amino acid sequences to evaluate the potency in them. Despite the
APRPG and YEVGHRC are not optimized vectors yet, but we have found
specific accumulation of the radioligands in the animal model. From the
newly developed radioligands [®®Ga]Ga-NODAGA-APRPG-COOH
showed comparable parameters on the B16F10 tumor-model than the
reference compound [GSGa]Ga-NOTA-c(NGR), and can be a promising
candidate for further development.
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