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Abstract Early and accurate detection of primary or metastatic tumors is of great value in
staging, treatment management, and prognosis. Tumor angiogenesis plays an essential role in
the growth, invasion, and metastatic spread of solid cancers, and so, is a promising approach
for tumor imaging. The GX1 (CGNSNPKSC) peptide was identified by phage display library
and has been investigated as a marker for human cancers. This study aims to evaluate the
99MTe HYNIC-PEG,-¢ (GX1) as a biomarker for tumor imaging. Our results showed that GX1
specifically binds to tumor cells in vitro. SKMEL28 and MDA-MB231 cells achieved total
binding peak at 60 min of incubation. For BI6F10 and MKN45 cells, the total and specific
binding were similar during all time points, while A549 cell line showed rapid cellular total
uptake of the tracer at 30 min of incubation. Biodistribution showed low non-specific uptakes
and rapid renal excretion. Melanoma tumors showed enhanced GX1 uptake in animal model at
60 min, and it was significantly blocked by cold peptide. The radiotracer showed tumor
specificity, especially in melanomas that are highly vascularized tumors. In this sense, it should
be considered in future studies, aiming to evaluate degree of angiogenesis, progression, and
invasion of tumors.
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Introduction

Nuclear medicine plays a pivotal role in the management of patients affected by tumors [1-3].
Although positron emitting radionuclides are increasingly used in clinical medicine, **™Tc
remains important for clinical scintigraphic imaging due to its favorable physical properties
(t1/2=6 h, Ey =140 keV), low cost, and widespread availability. In addition, it can also be
easily produced by a generator system (*?Mo/”*™Tc generator) [4, 5]. A recent report shows
that *”™Tc represents approximately 80% of the radioactive isotopes used in nuclear medicine
around the world [6].

Metastases and recurrence are the major causes of mortality in cancer patients. Early and
accurate detection of primary or metastatic tumors is of great value in staging, treatment
management, and prognosis in these patients [7]. In this context, tumor angiogenesis plays an
essential role in the growth, invasion, and metastatic spread of solid cancers by facilitating the
delivery of oxygen, nutrients, and growth factors to tumor cells, providing the rationale that
targeting tumor vasculature is a promising approach for tumor imaging [8].

The literature is full of studies about cancer statistics pointing to the most common and
deadly tumors. Melanoma is the most aggressive skin cancer and causes over 80% of all deaths
in these patients [9]. Lung tumors is the more fatal worldwide, especially in men [10], followed
by gastric cancer as the second [11]. Breast cancer is the most common tumor in women, and
the metastasis due this tumor is the main cause of death [12].

Small-molecular compounds, such as peptides, can overcome the limitations of long half-
life in circulating plasma and the low permeability in solid tumors, owing to the fact that they
can rapidly bind in the tumor lesions due to the higher permeability in the target tissue [13—15].

The GX1 (CGNSNPKSC) peptide was identified by phage display library and recently has been
investigated as a marker for human cancers [16—18]. In the literature, there are few reports showing
GX1-specific binding in gastric, colorectal, and glioma tumor vasculature [16, 19-21]. All these
studies indicate that this peptide holds promise both for targeting and antiangiogenic therapy, not
only in early tumors but also as a tracer for staging, therapy, and prognosis management. The
radiolabeling efficiency of this GX1 sequence with technetium-99 m was already established and
published [22]. The radiotracer has high radiochemical purity; it is hydrophilic with preferential renal
excretion, an advantageous property for diagnostic radiopharmaceuticals, and also showed excellent
in vitro stability under physiological conditions in human serum remaining intact after 4 h. The
biodistribution studies showed that most organs and tissues achieved good clearance by 60 min, an
advantage in the development of clinically relevant tracers, and this time point was adopted for this
study using tumor-bearing models [22]. This study aims to evaluate the GX1 peptide radiolabeled
with technetium-99 m as a promising biomarker for different types of tumor imaging in order to
provide a new tool for tumor detection in early stages.

Materials and Methods

All of the chemicals used were reagent-grade (Sigma-Aldrich and Merck, Sao Paulo, Brazil).
The conjugated peptide HYNIC-PEG4-¢(GX1), purchased from CPC Scientific Inc. (CA,
USA), was diluted in water at the concentration of 774.9 uM.
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9MTe in the form of Na’”™TcO4, was eluted from *’Mo/”°™Tc generator (Institute of
Energetic and Nuclear Research, IPEN/CNEN, Sao Paulo, Brazil), which was supplied by the
Institute of Energy and Nuclear Research/Brazilian Commission of Nuclear Energy
(IPEN/CNEN, Sao Paulo, Brazil) using 0.9% saline. Silica gel strips (ITLC-SG, Agilent
Technologies, CA, USA) were used for instant thin-layer chromatography. Reverse-phase
high-performance liquid chromatography (RP-HPLC, Agilent Technologies—1260 Infinity,
CA, USA) was also performed using a Symmetry C-18 column (5.0 pm, 100 A, 4.6 x
250 mm, Waters, Milford, MA, USA). Radioactivity measurements were conducted using
an automated, well-typed c-counter Nal (T1) crystal (Canberra, Meriden, CT, USA).

Male nude mice (1820 g) were used for the in vivo studies approved by the Animal
Welfare Ethical Committee, and the animals were provided by the Animal Facility of IPEN/
CNEN in Séo Paulo, Brazil.

Radiolabeling and Radiochemical Purity

The conjugated peptide HYNIC-PEGy4-c(GX1), in salt form, was dissolved in water (1/1 ml).
Radiolabeling was performed adding 0.5 ml of Na”™TcO, (740 MBq) to a sealed reaction vial
containing 20 mg of tricine and 5 mg of EDDA (ethylenediamine-N,N'-diacetic acid) dissolved
in 500 uL of 0.1 M of nitrogenated phosphate buffer solution, 10 pl of conjugated peptide
solution (uL/mL), and 5 uL of SnCl,-2H,0 solution in 0.1 N HCI (nitrogen-purged). The
reaction was induced by heating the mixture to 100 °C for 20 min. Radiochemical evaluation
was performed using instant thin-layer chromatography on silica gel strips, and the mobile
phase consisted of methylethylketone (MEK) and a solution of 50% acetonitrile (CH;CN).

Each of the radiolabeled conjugates was also characterized by reverse-phase high-perfor-
mance liquid chromatography analysis. The HPLC solvents consisted of H,O, which
contained 0.1% trifluoroacetic acid (solvent A), and CH5CN, which contained 0.1%
trifluoroacetic acid (solvent B). The HPLC gradient system began with a solvent composition
0f95% A and 5% B, which was followed by a linear gradient of 30% A and 70% B from 0 to
25 min and 5% A and 95% B from 25 to 30 min.

Cell Culture

Tumor cell lines B16F10 (murine melanoma/CRL-6475), SKMEL28 (human melanoma/
HTB-72), A549 (human lung adenocarcinoma/CCL-185), MDA-MB231 (human breast ade-
nocarcinoma/HTB-26), and MKN45 (human gastric adenocarcinoma/CRL-1739) obtained
from the American Type Culture Collection (ATCC, VA, USA) were cultured in monolayers
in DMEM (Dulbecco’s modified Eagle’s medium) or RPMI medium (Roswell Park Memorial
Institute-1640 medium), supplemented with 10% fetal bovine serum, in an humidified atmo-
sphere of 5% CO, at 37 °C. After being harvested by centrifuging, cells were resuspended,
either in fresh medium containing 0.1% bovine serum albumin (BSA), for in vitro receptor
binding assay, or in pH 7.4 phosphate-buffered saline (PBS), for tumor inoculation in animals.

In Vitro Cell Binding Experiments
The cells were seeded in six-well plates (10° cells/well) and cultivated for 24 h before the

experiments. The culture medium was replaced by fresh medium with only 1% o FCS. **™Tc-
HYNIC-PEG4-¢(GX1) (100 pL) was added to the cell culture (5.55 mBg/well), and incubated
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for various time periods (from 5 to 120 min) at 37 °C. Unlabeled conjugated peptide (1 uM)
was used for blocking evaluation. The supernatant was collected, and cell surface-bound
radioligand was removed by acid wash buffer (50 mM glycine buffer pH 2.8, 0.1 M NaCl)
at room temperature for 5 min. Internalized radioligand was determined by solubilization of
the cells with 1 N NaOH. Results were expressed as percentage of total radioactivity,
considering cell surface-bound activity plus internalized activity.

Biodistribution Studies

Experiments were carried out in compliance with the guidelines for animal experimentation,
Scientific Ethics Committee, IPEN/CNEN-SP n:88/2011. Suspensions of cells (5 % 10° in
0.1 mL) were subcutaneously injected into the upper back regions of male nude mice. When
tumors reached approximately 1 cm diameter, **™Tc-HYNIC-PEG4-c(GX1) was injected via
the tail vein of the mice (50 ul/23 MBq). Gamma-camera images were acquired, whereas
samples for biodistribution assessment in different organs and tissues were retrieved, 1 h post
injection (p.i.) of the radiotracer. All urethane-anesthetized animals (n = 5) were sacrificed by
cervical dislocation, and organs and tissues of interest were harvested, weighed, and counted.
The radioactivity in each organ was expressed as a percentage of the injected dose per gram of
organ (%ID/g).

Receptor blocking studies were also carried out by administration of 100 pg of cold-
conjugated peptide diluted in sterile water along with the radiopeptide in the same injection.
Using these data, tumor/tissue or tumor/organ ratios were calculated.

Tumor Imaging

Anesthetized mice were horizontally placed under a Mediso Imaging System (Budapest,
Hungary), employing a low-energy high-resolution collimator. Images were acquired at 1 h
p.i., using a 256 x 256 % 16 matrix size, with a 20% energy window set at 140 keV, for a period
of 180 s.

Statistical Analysis

Statistical analyses and graphical representations were generated using GraphPad version 7.0
(GraphPad Software, La Jolla, CA, USA). All data were expressed as mean + standard
deviation (SD). Two-way analysis of variance (ANOVA) was used for comparison and
significant differences in the means were determined using multiple comparisons with the
Bonferroni test at a significance level of p <0.05.

Results

GX1 Specifically Binds to Tumor Cells In Vitro

Radiochemical purity of **Tc-HYNIC-PEG,-¢(GX1) was higher than 96% with single peak
for each in HPLC analysis, as established in Oliveira and Faintuch [22]. Cell culture studies
with tumor cells showed very different binding profiles (Fig. 1). SKMEL28 and MDA-MB231
cells achieved total binding peak at 60 min of incubation, with values of 1.76 £0.02% (22% of
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Fig. 1 Uptake binding of **™Tc-HYNIC-PEG,-c(GX1) in 1 h. a B16F10 murine melanoma cells. b SKMEL28
human melanoma cells. ¢ A549 human lung adenocarcinoma. d MDA-MB231 human breast adenocarcinoma. e
MKN-45 gastric adenocarcinoma. TB total binding, TSB total specific binding, TI total internalization, TSI total
specific internalization
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specific binding) and 0.51 +0.09% (29% of specific binding), respectively. For B16F10 and
MKN4S5 cells, the total and specific binding were similar during all time points, while A549
cell line showed rapid cellular total uptake of the tracer at 30 min of incubation with values of
0.81+0.10%.

Biodistribution of Radiolabeled GX1 Showed Low Non-Specific Uptakes and Rapid
Renal Excretion

The results of the biodistribution studies in B16F10, SKMEL28, A549, MDA-MB231, and
MKNA4S5 cells at 1 h p.i. are summarized in Table 1. Values are expressed as % of injected dose/
g (for blood %ID/mL). The biodistribution revealed predominant renal excretion with a
percentage remained in intestinal tract as already reported before by our group. Blood uptake
was in the range of 1 to 2% ID/mL and uptake in most organs and tissues around or less than
1% ID/g. The 1-h time adopted for biodistribution and imaging assays were based on blood
clearance of the radiotracer in a previous study using Balb/c mice [22] and from in vitro results
in this work.

Melanoma Tumors Showed Enhanced GX1 Uptake in Animal Model

Biodistribution results showed a remarkable uptake in mice bearing melanoma cells BI6F10
and SKMEL28 at 60 min with *™Tc-HYNIC-PEG4-¢(GX1) (1.41+0.18 and 2.42+0.75
%1D/g, respectively). The tumor was 45.39% blocked in B16F10 and 33% in SKMEL28 by
GX1 cold peptide, with significant difference when compared to total uptake. The A549,
MDA-MB231, and MKN45 cell lines achieved lower uptakes with very similar binding with
blocking injection (Fig. 2).

The tumor/muscle ratios in all cell lines are shown in Table 2. The tumor/blood, tumor/bone, and
tumor/liver values were higher in animals bearing melanoma tumor cells, reaching 1.05, 2.32, and
2.73 for BI6F10 cells, and 1.11, 2.09, and 2.75 for SKMEL28 cells, respectively. Tumor/intestines
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Fig. 2 ™ Tc-HYNIC-PEG,-c¢(GX1) in vivo uptake. Tumor and blocked tumor of nude mice bearing B16F10,
SKMEL28, A549, MDA-MB231, and MKN45 1 h after injection. Significances are indicated by ***p < 0.001
and ¥ <0.01

and tumor/kidneys were low in all tumors. Tumor/muscle had a range between 0.69 in A549 tumor
and 3.51 in SKMEL28 tumor. The images were shown in Fig. 3.

Discussion

The early and specific detection of tumors remains a barrier in oncology. Even though cancer
is still one of the leading causes of morbidity and mortality worldwide, with approximately 14
million new cases and 8.2 million deaths per year, as stated by the World Health Organization
[23]. Many tumor cells can overexpress surface receptors, due to that small molecule ligands,
such as peptides, have been developed to work as biomarkers at earlier stages of malignancy
[24-27].

Some features as high stability and integrity under physiological condition and low
immunogenicity and toxicity for human trials that would afford massive production are all
necessary for clinical translation [27]. For these reasons, this molecule was designed in a cyclic
conformation and PEGylation was applied, since it can improve the pharmacokinetic proper-
ties [28-30].

Table 2 Tumor/organ and tumor/tissue ratios of M Te-HYNIC-PEG4-¢(GX1) 1 h after injection in nude mice
bearing B16F10, SKMEL28, A549, MDA-MB231, and MKN45 cells

Ratio B16F10 cells SKMEL28 cells A549 cells MD MB231 cells MKN45 cells
Tumor/blood 1.05408 1.116189 0.509854 0.395267 0.654934
Tumor/muscle 0.991335 3.517085 0.693607 2.429683 2.383499
Tumor/bone 232 2.096317 0.700557 1.216627 0.327735
Tumor/intestines 0.884893 0.770705 0.562364 0.25469 0.586329
Tumor/liver 2.739984 2.752006 0.889804 1.052203 1.49548
Tumor/kidneys 0.10146 0.163582 0.0461 0.022619 0.030672
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Fig. 3 Scintigraphic image of *™Tc-HYNIC-PEG4-¢(GX1) in xenograft tumor models. Urethane-anesthetized
nude mice bearing subcutaneous tumor at 1 h p.i. (0.05 mL/18,5 MBq). a BI6F10 murine melanoma cells. b
A549 human lung adenocarcinoma. ¢ MDA-MB231 human breast adenocarcinoma. d MKN-45 gastric
adenocarcinoma

A previous study evaluated the same molecule in such aspects, pointing out the high radiochem-
ical purity achieved, the preferential renal excretion, and the optimal blood and organ depuration
after 1 h of injection [22]. Based on that, we chose to evaluate the in vivo binding at 1 h p.i., even
though the in vitro binding suggested shorter times with higher binding, because without a good
body clearance, it is not possible to visualize specific binding in the target tissue.

Nuclear medicine offers a possibility for early cancer diagnosis through molecular imaging
modalities such as single-photon emission computed tomography (SPECT) or positron emis-
sion tomography (PET) [31, 32]. These techniques are based in premature physiological and
biochemical alterations while conventional imaging techniques, such as ultrasonography, X-
ray, computerized tomography, and magnetic resonance imaging, detect anatomical and
morphological organ changes, which appear only at advanced stages of the disease [33, 34].
Molecular imaging allows less aggressive and multi-targeted treatments of patients leading to
better prognostics. Besides that, it would result in a reduction of cancer treatment costs at
advanced stages and metastasis [35].

In this context, several peptides have been designed as specific probes for molecular
imaging. Many radiolabeled peptides have been introduced into the clinic, for example
RGD, bombesin, and somatostatin, with high sensitivity and accuracy for tumor detection
[27, 36-40]. Regarding RGD radiotracers, the most recent works indicate the safety and
efficiency of these probes radiolabeled, with different radioisotopes, such as **™Tc and **Ga,
for imaging tumors by SPECT and PET approaches, also including new molecule design, as
peptide multiplicity that could increase the binding in the tumor [41-43].

The GX1 peptide has been investigated for glioma imaging with ROI of 5.21 and 1.66% for
blocking [19]. Also, Yin et al. [21] in a very similar radiolabeling with **™Tc and using
PEGylation showed in uptake in the range of 1.3% ID/g in LoVo tumors (human colorectal
cancer). Du et al. [44] developed a novel theranostic drug platform based in GX1 peptide for
fluorescent imaging and therapy of colorectal tumor successfully. GX1 peptides also have been
studied for magnetic resonance imaging in orthotopic glioma tumors [45].
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We chose to investigate these distinct types of tumors because of their high metastatic
potential and due to their relevance in clinical incidence. Melanomas, here represented by
B16F10 murine cells and SKMEL28 human cells, are known to be very angiogenic tumors,
and for this reason, are expected to present higher uptake of GX1-radiolabeled, as we observed
[46, 47]. Although A549 and MDA-MB231 cell lines are frequently used in angiogenesis
studies [48, 49], Zhang et al. [SO] showed that these cell lines are in a medium level, among
several other cell lines, of an important angiogenesis receptor, integrin av33. Also, angiogenic
level of gastric cancer is still not clear [51]. These factors can be the reason of the lower uptake
of'these cells when compared with melanoma models. Following that, xenograft tumors can be
well visualized in all situations by gamma-camera imaging, but as expected, the B16F10
melanoma model achieved the best result. Taking all into consideration, this work contributes
to the understanding of a target peptide for specific detection of tumors, GX1, which has been
investigated as a promising probe for molecular imaging of angiogenic tumors.

Conclusions

The radiotracer showed tumor specificity; however, the performance of *™Tc-HYNIC-PEG,-
¢(GX1) in melanomas was better, probably due to difference in the angiogenic level in each
tumor analyzed. In this sense, it should be considered in future studies, aiming to evaluate
degree of angiogenesis, progression, and invasion of tumors, especially melanoma models.
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